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Abstract Previous locations of flowering time (FT) QTL
in several Brassica species, coupled with Arabidopsis syn-
teny, suggest that orthologues of the genes FLC, FY or
CONSTANS might be the candidates. We focused on FLC,
and cloned paralogous copies in Brassica oleracea,
obtained their genomic DNA sequences, and confirmed
their locations relative to those of known FT-QTL by
genetical mapping. They varied in total length mainly due
to the variable size of the first and last introns. A high level
of identity was observed among Brassica FLC genes at the
amino acid level but non-synonymous differences were
present. Comparative analysis of the promoter and intra-
genic regions of BoFLC paralogues with Arabidopsis FLC
revealed extensive differences in overall structure and orga-
nisation but showed high conservation within those seg-
ments known to be essential in regulating FLC expression.
Four B. oleracea FLC copies (BoFLCI, BoFLC3, BoFLC4
and BoFLC5) were located to their respective linkage
groups based on allelic sequence variation in lines from a
doubled haploid population. All except BoFLC4 were
within the confidence intervals of known FT-QTL.
Sequence data indicated that relevant non-synonymous
polymorphisms were present between parents A12DHd and
GDDH33 for BoFLC genes. However, BoFLC alleles seg-
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regated independently of FT in backcrosses while the study
provided evidence that BoFLC4 and BoFLC5 contain pre-
mature stop codons and so could not contribute to flowering
time variation. Therefore, there is strong evidence against
any of the 4 BoFLC being FT-QTL candidates in this popu-
lation.

Introduction

A key priority of contemporary crop genetics and plant
breeding is to identify the genes underlying quantitative
trait loci (QTL); one obvious initial route to this end is
candidate gene analysis. Flowering (FT) time is an excel-
lent system to explore the candidate gene approach
because, on the one hand, numerous studies have explored
populations to locate FT-QTL, while on the other we have
extensive detailed knowledge, largely from Arabidopsis,
of the key genes involved in controlling FT. It is a trait of
importance in plant breeding, which has a high heritabil-
ity in most species and responds readily to artificial and
natural selection.

Numerous studies in different Brassica species have
identified FT-QTL in very similar paralogous chromosomal
regions that are syntenous to a region at the top of Arabid-
opsis chromosome 5 (At5) (Lagercrantz et al. 1996; Osborn
et al. 1997; Bohuon et al. 1998; Rae et al. 1999; Axelsson
et al. 2001; Parkin et al. 2002; Schranz et al. 2002; Okazaki
et al. 2007). This is a region where several well character-
ised flowering time genes such as FLC, FY and CONSTANS
(CO) are located. The CO homologues identified on linkage
groups 2 and 8 of B. nigra were coincident with the genes
controlling flowering time (Lagercrantz et al. 1996). CO
orthologues appeared to be close to the most likely QTL
positions in eight out of nine QTL controlling flowering
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time studied in different Brassica species (B. rapa, B. oler-
acea and B. juncea), whereas FLC orthologues were
mapped farther away (Axelsson et al. 2001). Of six FT-
QTL found using a doubled haploid population in B. olera-
cea, three were mapped to genomic regions on linkage
groups 02, O3 and O9 syntenic with the CO contig at the
top of At5 (Bohuon et al. 1998). These were confirmed and
more FT-QTL were later identified using substitution lines
derived from the same parental lines (Rae et al. 1999). Oka-
zaki et al. (2007) found BoFLC2 as a putative candidate
gene for a large effect FT-QTL on linkage group O2. They
did not detect any FT-QTL in the regions in which other
BoFLC copies were mapped. In B. napus, a genomic region
containing a FT-QTL called VFN2 showed strong synteny
with the top of At5 (Osborn et al. 1997). It was reported
that VFR2, which is one of the major QTL controlling ver-
nalization-responsive flowering time in B. rapa (Osborn
etal. 1997), might be homologous to FLC (Kole et al.
2001). Further investigation revealed that BrFLCI co-seg-
regates with VFR2 (Schranz etal. 2002). BrFLC2 and
BrFLCS5 were also proposed as possible candidates for two
FT-QTL identified on chromosomes R2 and R3 in B. rapa
(Schranz et al. 2002).

Genetic redundancy, as occurs in diploid and amphidip-
loid Brassica species, is a potential source of novel genetic,
and hence phenotypic, variation. It is assumed that the dip-
loid Brassicas are derived from an ancient hexaploid
~10 My BP (Lagercrantz and Lydiate 1996; Lagercrantz
1998; Parkin et al. 2005) because of extensive triplication
across their genomes (Cavell et al. 1998; O’Neil and Ban-
croft 2000; Parkin et al. 2002; Yang et al. 2005). Replicated
copies of genes may continue to function similarly to the
ancestral gene to jointly influence the target trait, they may
diverge and gain new functions to broaden phenotypic and
genotypic effects, or one or more copies may lose function
(Lagercrantz and Axelsson 2000; Wendel 2000). High lev-
els of genome replication in Brassica species also compli-
cate the characterisation and evaluation of individual genes
in a genome-wide context.

Comparative microsynteny studies disclosed a high rate
of conservation between Arabidopsis and Brassica
sequences particularly in coding regions (Roberts et al.
1998; Quiros et al. 2001; Schranz et al. 2002; Suzuki et al.
2003; Ayele et al. 2005), although sequence alterations and
disruptions of gene content were higher than predicted by
comparative genetic mapping experiments (O’Neil and
Bancroft 2000; Quiros et al. 2001). Such a high similarity
in structure and function makes it possible to explore major
physiological and developmental processes in Brassicas
using Arabidopsis information.

While more than 80 genes that control flowering time in
Arabidopsis (Levy and Dean 1998) have been identified,
natural variation for FT mainly results from allelic differ-
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ences at two regulatory genes, FRI and FLC, which are cen-
tral genes in vernalization requirement and response
(Gazzani et al. 2003; Shindo et al. 2005). The genetic and
molecular basis of vernalization has been comprehensively
studied in Arabidopsis (Michaels and Amasino 2000; Shel-
don et al. 2000a; Henderson et al. 2003; Sung and Amasino
2005).

In this paper we will consider the candidate gene FLC,
which encodes a MADS domain transcription factor which
represses flowering in a dosage-dependent manner
(Michaels and Amasino 1999; Sheldon et al. 1999). A high
level of FLC expression is detected in vernalization-
responsive late flowering accessions while even higher
levels occur in over-expressing transgenic plants. Con-
versely, early flowering ecotypes show low levels of FLC
transcript and protein (Sheldon etal. 1999, 2000b;
Michaels and Amasino 2000). FLC activity is exerted
through down-regulation of floral pathway integrator
genes, F'T and SOCI (Hepworth et al. 2002; Michaels et al.
2005). FLC expression is mainly up regulated by FRI syn-
ergistically to cause late flowering (Michaels and Amasino
1999; Michaels and Amasino 2000). Conversely, vernali-
zation strongly decreases FLC-mRNA level and so short-
ens flowering time (Michaels and Amasino 1999; Sheldon
etal. 1999). Different regions within the promoter and
intron 1 are required to regulate Arabidopsis FLC activi-
ties, including non-vernalized expression, initial down-
regulation and maintenance of repression induced by
vernalization (Sheldon et al. 2002; Michaels et al. 2003;
Bastow et al. 2004).

A number of Arabidopsis FLC orthologues have been
cloned in Brassica crop species (Tadege et al. 2001; Sch-
ranz et al. 2002; Martynov and Khavkin 2004; Li et al.
2005; Lin etal. 2005; Yang etal. 2006; Okazaki et al.
2007). Phylogenetic reconstruction supported orthology
between Brassica FLC genes and Arabidopsis FLC (Tad-
ege et al. 2001; Schranz et al. 2002; Li et al. 2005) because
they are more similar to Arabidopsis FLC than mads affect-
ing flowering (MAF) genes, which have been shown to be
the closest gene family to FLC in Arabidopsis (Ratcliffe
et al. 2003).

Three FLC genes (BoFLCI, BoFLC3 and BoFLCS5) were
isolated and partially sequenced in a rapid cycling line of B.
oleracea (Schranz et al. 2002). A tandem duplication of
BoFLC1 was later identified (Salathia 2003). BoFLC3 and
BoFLC5 were shown to be on linkage group O3 (Pires et al.
2004; Okazaki et al. 2007), while BoFLC1 was assigned to
linkage group O9 (Salathia 2003; Pires et al. 2004). In con-
trast, Okazaki et al. (2007) mapped BoFLC] to the top of
linkage group O2. Also, two fully sequenced FLC copies,
BoFLC3-2 and BoFLC4-1, were reported in B. oleracea
var. capitata (Lin et al. 2005). More recently, Okazaki et al.
(2007) identified a copy of FLC in B. oleracea (BoFLC2)
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mapped on O2, which showed very high homology (98%)
to BoFLC4-1. Despite great similarity with Arabidopsis
FLC in coding sequences, variation in promoter and
intronic regions were presumed to cause different regula-
tory mechanisms in response to vernalization between
Brassica and Arabidopsis (Lin et al. 2005).

In the present study, three fully sequenced B. oleracea
FLC genes including promoter regions are reported and
their genomic organisation and polymorphism in a QTL
mapping population is characterised. Intragenic and pro-
moter regions of BoFLC genes are compared to Arabidop-
sis FLC and phylogenetic relationships among Brassica
FLCs are analysed. We also compare the locations of
known FT-QTL in Brassica oleracea with the position of
four replicated FLC copies using genetical mapping. The
results provide evidence to assess whether the BoFLC
genes are possible candidates for three QTL identified in
the mapping population or whether the other linked genes
are responsible.

Materials and methods
Plant materials

The source material was derived from two parental lines,
A12DHd and GDDH33, obtained from separate micro-
spore-derived doubled haploid (DH) lines of B. oleracea.
AI2DHd is a rapid-cycling and self-compatible line
derived from B. oleracea var. alboglabra. GDDH33 came
from a commercial F; hybrid Calabrese variety, Green
Duke (B. oleracea var. italica) (Bohuon et al. 1998) and is
a late-flowering and self-incompatible genotype. For sim-
plicity, they will be referred to as A12 and GD, respec-
tively.

We used selected DH lines from the A12 x GD popula-
tion, which had been genotyped for ~430 molecular mark-
ers (Sebastian etal. 2000; Brassica Genome Gateway
website: http://brassica.bbsrc.ac.uk/) to locate FLC genes.
A set of DH lines was used to assign FLC copies to their
appropriate linkage groups. Subsequently, each FLC was
positioned more precisely using additional DH lines with
crossovers at different points within these regions.

Three B. oleracea part-chromosome substitution lines
(SL128, SL.133 and SL175) were selected from a sample of
79 substitution lines produced from A12 and GD (Ramsay
et al. 1996). These lines flowered significantly later than the
early flowering parent (A12) due to their single introgres-
sed region of GD-DNA (Rae etal. 1999). These regions
overlapped the confidence intervals of three FT-QTL iden-
tified in the A12 x GD DH mapping population (Bohuon
etal. 1998; Rae etal. 1999). The substituted regions of
these lines were predicted to contain the locations of three

Brassica FLC copies (BoFLCI, BoFLC3 and BoFLCS5) on
linkage groups 09, O3 and O3, respectively. F, plants,
derived from crosses between the three substitution lines
and A12, were backcrossed to A12 and the three backcross
families were sown along with the recurrent parent (A12) in
a glasshouse on May 2004. The latest flowering individuals
in each backcross family were self-pollinated to produce
BC,S, seed. Sets of BC,S; individuals, 169, 177 and 192
derived from SL.133, SL128 and SL175, respectively, were
sown alongside 15 replicates of A12 in mid-February 2005
in a glasshouse trial to evaluate flowering time in a fully
randomised trial with guards. Flowering time was recorded
as the number of days from sowing to the appearance of the
first flower opening on each individual.

Sub-clone library; construction and screening

Three previously identified BAC clones, which carried FLC
genes (Razi 2006) were used to construct a sub-clone
library. The BAC clones 032J18, 043102 and 019H24 con-
tained BoFLCI, BoFLC3 and BoFLC5, respectively, and
were from the B. oleracea JBoBAC library constructed
from the A12 genome (O’Neil and Bancroft 2000). The
clones were grown on LB agar plates containing 12.5 pg/ml
kanamycin. Single colonies were picked and grown over-
night in a large volume of LB broth containing kanamycin.
DNA was extracted on a large scale using QIAGEN Large-
Construct kit (Qiagen, Valencia, CA, USA) to obtain
~20 pg DNA. The TOPO Shotgun sub-cloning kit (Invitro-
gen, Paisley, UK) was employed to construct sub-clone
libraries, following the manufacturer’s recommended pro-
tocol. PCR screening of the three resulting libraries was
performed in several rounds in order to build up an overlap-
ping series of inserts and eventually complete the sequence
of all FLC genes. Primers corresponding to the sequences
flanking the inserts in the vector, T3 (5'-ATTA-
ACCCTCACTAAAGGGA-3") and T7 (5'-AATACGACT-
CACTATAGGG-3'), were exploited accompanied with
primers designed from FLC genes to amplify and then
sequence the inserts of positive clones. The sequences of all
primers are given in Table 1.

PCR was carried out as follows: 2 min 30 s initial dena-
turation at 95°C followed by 30 cycles of amplification
including 30s for DNA denaturation at 95°C, 30s for
annealing primers at 56°C and 1 min for elongation at
72°C. The last step was 2 min 30 s for final extension at
72°C. PCR products were separated on 0.8% agarose gel,
purified and quantified prior to sequencing. PCR products
were sequenced by ABI 3700 sequencer (Applied Biosys-
tems Inc., Foster City, CA, USA) using the dideoxy chain
termination method. Sequencing was performed using the
Big Dye Terminator labelling mix following the manufac-
turer’s instructions.
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Table 1 Forward and reverse primers used to amplify different FLCs
in Brassica oleracea (Bo)

Primer Sequence

FLCI primers

Bo FLC1 F1 5'-CCTAGACGGGTCCGAATCTGGGAC-3’
Bo FLC1 F2 5'-GTCTCTAATTGTCTTCTGTGCCC-3’

Bo FLC1 F3 5'-GGTGTTAGAATGTATTGGCATGCCC-3'
Bo FLC1 F4 5'-CTTGCTCAAGGGTCCAGTGGTG-3'

Bo FLC1 F5 5'-CATCCGTCTATTCAAACGTCCG-3’

Bo FLC1 R1 5'-GTCCCAGATTCGGACCCGTCTAGG-3'
Bo FLC1 R2 5'-GGTTGTCTCATGTATCTAGCAAC-3’
Bo FLC1 R3 5'-CGGTACGGGTTCGGTTCGGATTTC-3'
Bo FLC1 R4 5'-GAGTGCGAAACTAAACGCTTGGG-3'
Bo FLC1 RS 5'-GGCGTAGAGGTAATCCATAGAAGC-3'
Bo FLC1 R6 5'-GGTTGTGCATGAGGATCCATCA-3’

Bo FLC1 R7 5’-GCAGTGGGAGCGTTACCGGAAG-3’
Bo FLC1 RS 5'-GAGCTGAAGATACATGGGAGCGAG-3'
FLC3 primers

Bo FLC3 F1 5'-GGTACACGTGGCTGTCTTCTCGTC-3'
Bo FLC3 F2 5'-GAGGTATTGCATTGTTGGTCCACC-3'
Bo FLC3 F3 5'-GTGCCGGTGTTCATTCAAATTTGG-3’
Bo FLC3 R1 5'-CGGGTACCCGAAATATTTCGGTTC-3’
Bo FLC3 R2 5'-GTCAATAGCTGGACAATGTCGTAC-3’
Bo FLC3 R3 5'-CCAGGGCTTTAAGATCATCAGC-3’

Bo FLC3 R4 5'-GACTGAAGATCCTGTCCACGGAG-3’
Bo FLC3 RS 5'-CAAGAAGTGCTTATCGGCTTTTGC-3'
Bo FLC3 R6 5'-CTCCATATTATCAGCTTCGGCTCCC-3’
Bo FLC3 R7 5'-GGAGTACACACAATCTCTCAGCC-3’
FLC4 primers

Bo FLC4 F1 5'-CTCCTCTTCAGCCTGGTCAAGGTC-3’
Bo FLC4 F2 5'-GACAGGATCTTCAGTCAGAAGCTCC-3’
Bo FLC4 F3 5'-CGAATGTATGCCACATTGTGCAGC-3’
Bo FLC4 R1 5'-CTAACAAAAACGCCCTTCTCGGC-3’
Bo FLC4 R2 5'-GGGCATCTCCGTCCCAACTCCAT-3’
Bo FLC4 R3 5'-GGAGCTTCTGACTGAAGATCCTGTC-3'
FLCS primers

Bo FLC5 F1 5'-GCGGTGCACGTGGCTGTCTTGTCG-3’
Bo FLCS F2 5'-GAGAGATCTCAGAATATACTCTCG-3’
Bo FLCS5 F3 5'-CTGAATGCTAGGTTCAGCCTTGG-3'
Bo FLCS F4 5'-GGTAGATTCCAGTGGTGTCTTC-3’

Bo FLCS F5 5'-ATACACTGGTCCTTTACCGCCTC-3'
Bo FLCS F6 5'-GCTTTCCTAGCTAGTTCAGCCAGG-3'
Bo FLC5 R1 5'-CGGAGGAGAAGCTGTAGAGCTTG-3’
Bo FLC5 R2 5'-GATTCGCCGGGTAAATCTAAGTGTC-3'
Bo FLC5 R3 5'-CGCGAAGAGACAGCCAACGGTATC-3’
Bo FLCS R4 5'-GGTATCAGAGGGTTCTAGCGATCC-3’
Bo FLC5 RS 5'-GACTAATGGAACTCGGCACTAAC-3’
Bo FLCS5 R6 5'-CAACTGATGCACATTACGTGCTGC-3'
Bo FLC5 R7 5'-CAGGGCGTGTGTTGCTGCACTTCC-3'
Bo FLC5 R8 5'-CCAGGGCATTGAGATCATCAGC-3’

Bo FLC5 R9 5'-CATTTGTAATGAAAGGAGGAGAGC-3'
Bo FLC5 R10 5'-CCTGGCTGAACTAGCTAGGAAAGC-3'
Bo FLC5 R11 5'-GCAGCGGAAAGCAAAACCTACATC-3’
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Data analysis

The coding regions of Brassica oleracea FLC genes were
predicted from the sequence information of mRNA in pre-
viously reported FLCs from Arabidopsis and Brassica spe-
cies and also by identifying the consensus splicing sites at
the ends of introns. Amino acids were deduced from the
putative exon sequences using “BCM searchlauncher”
online service (Smith et al. 1996). Multiple alignment of
the deduced amino acid sequences of FLC genes from A.
thaliana and Brassica species together with Arabidopsis
MAF genes were performed using ClustalW (Thompson
etal. 1994). Percentage similarities between FLC para-
logues were calculated using Align (http://www.ebi.ac.uk/
emboss/align). Phylogenetic relationships were conducted
using MEGA version 3.1 (Kumar et al. 2004) with neigh-
bour-joining based on Kimura’s (1980) two-parameter
model. Values were estimated from 500 bootstrap repli-
cates. Highly conserved DNA segments among FLC genes
were detected by DNA Block Aligner (http://
www.ebi.ac.uk/wise2/dbaform.html). Putative gene pro-
moter regions were identified using the PLACE database
(Higo et al. 1999), the TSSP (Softberry, http://www.soft-
berry.com) and the TSSP-TCM (Shahmuradov et al. 2005).

Results

The B. oleracea BAC library (JBo) was probed with a frag-
ment (1.2 kb) of BoFLC3 (AY115673) containing exon 3 to
exon 6 and three clones (032J18, 043102 and 019H24), con-
taining B. oleracea FLC genes BoFLCI, BoFLC3 and
BoFLCS, respectively, were identified by locus-specific
PCR. Full-length genomic sequences of these three BoFLC
genes were obtained and genomic walking subsequently
isolated different lengths including 5'-upstream and 3'-
downstream of these genes providing approximately 6.2,
5.1 and 8.2 kb of the genomic regions of Al2 covering
BoFLClI, 3 and 5, respectively. These sequences have been
submitted to the EMBL/GenBank databases under the fol-
lowing accession numbers: AM231517 (BoFLCI),
AM231518 (BoFLC3) and AM231519 (BoFLCY).
Different primers in different parts of the fully sequenced
B. oleracea FLC4 gene (BoFLC4-1: AY306124) were
designed (Table 1) to amplify this gene in A12 and GD, but
none amplified any fragment in Al12. However, we
obtained a sequenced fragment (1.2 kb) containing exon 2
to exon 6 of BoFLC4 (AM231524) from GD. In order to
predict the deduced amino acids, exon—intron splicing sites
were assumed to be the same as BoFLC4-1. A single base
pair deletion was detected in exon 4 of the GD allele of
BoFLC4. It created a frame-shift mutation, which eventu-
ally led to an in-frame stop codon (TAA) in exon 4 which
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may cause premature termination. Because BoFLC4 was
not identified in A12, we would not expect to detect BAC
clones containing BoFLC4 from a BAC library constructed
from A12 genome.

The structures of the three B. oleracea FLC paralogues,
as well as the existing fully sequenced BoFLC4-1
(AY306124), were compared with each other and with Ara-
bidopsis FLC (Table 2). They all showed the same structure
with seven exons. Each particular exon was of similar size
among Arabidopsis FLC and BoFLCs. The genes differed
in total size mainly because of the highly variable sizes of
introns 1 (fourfold) and 6 (sixfold). BoFLCS5 has an addi-
tional nucleotide in exon 2 creating a premature stop codon
and it also has an additional nucleotide in exon 7. The
BoFLC3 copy from A12 was slightly larger than BoFLC3-2
(AY306125), which was previously sequenced in B. olera-
cea var. capitata (Lin et al. 2005), mainly due to a large gap
(255 bp) in intron 1, but the coding regions were identical.

Overall, high nucleotide sequence conservation was
observed within the coding regions among the three FLC
genes. They showed nucleotide identity between 83 and
88% to Arabidopsis FLC in the coding regions (Table 3)
but exons 4 and 7 showed lower identities to Arabidopsis
FLC, ranging 73-82%. The least conservation was between
exon 6 of BoFLCI and BoFLCS5 (71%). The degree of
intron identity could be reliably determined only for introns
3 and 4 because they were conserved in length while the
others varied widely in size. Intron 3 identity ranged from
93% between BoFLC3 and BoFLCS5 to 76% between Ara-
bidopsis FLC and BoFLCI. BoFLC3 and BoFLC5 carried
the most conserved intron 4 with 86% identity. Intron 4

from BoFLC4-1 had less similarity with other FLC para-
logues, ranging 55-66% because of its size difference.

Brassica oleracea FLC copies exhibited high levels of
identity to each other (83%) and also to Arabidopsis FLC
(65-85%) at the amino acid level (Table 4). The degree of
similarity was even higher indicating that conserved amino
acids have been substituted in some sites. For example,
when the predicted amino acids of Arabidopsis MAFI
were compared to BoFLC genes, the identity level signifi-
cantly decreased whilst amino acid similarity showed a
smaller reduction.

Phylogenetic analysis

Phylogenetic relationships were inferred using the aligned
amino acid sequences of several FLC genes as well as MAF
genes. Arabidopsis MAF genes were used as an “out-
group” and comprised five genes; MAF1 (also called FLM
or AGL27) is located on Arabidopsis chromosome 1 (Atl)
and the other four genes (MAF2-MAFS5) are located in a
tight cluster at the bottom of At5 (Ratcliffe et al. 2003). Pre-
vious phylogenetic analyses revealed that they constitute
the most similar gene family to FLC genes whilst being
classified as a separate group supported by a high bootstrap
value (Tadege et al. 2001; Parenicova et al. 2003). Because
the sequences of exon 1 in B. rapa FLCI, FLC2, FLC3 and
FLC5 genes were unavailable, a fully amino-acid-
sequenced B. rapa FLC gene (BrsFLC: AAP31678) was
added to the alignment to clarify the degree of similarity
across the entire gene. The resulting neighbour-joining tree
for these genes is shown in Fig. 1.

Table 2 Intron and exon sizes in Arabidopsis FLC (AtFLC) (AF116528) and four B. oleracea FLC paralogues [BoFLC1 (AM231517), BoFLC3

(AM231518), BoFLC4-1 (AY306124) and BoFLC5 (AM231519)]

Exon1 Intron1 Exon?2 Intron2 Exon3 Intron3 Exon4 Intron4 Exon5 Intron5 Exon6 Intron6 Exon7 Total

AtFLC 185 3493 58 178 62 90 100 78 42 194 42 992 102 4757
BoFLC1 185 2342 58 433 62 78 100 85 42 225 42 177 105 3934
BoFLC3 185 1364 58 438 62 87 100 80 42 234 42 493 105 3290
BoFLC4 185 1123 61 208 62 85 97 65 42 236 42 1171 105 3482
BoFLC5 185 4537 59 410 62 85 97 81 42 77 42 970 106 6753
AF and AM codes refer to EMBL/GenBank accession numbers
CT;:’Irafi si:ﬂ?;“g;;‘igg‘;fz c AtFLC BoFLCI BoFLC3 BoFLC4
paralogues and Arabidopsis tha- Coding 272 bp Coding 272 bp Coding 272 bp Coding 272 bp
liana FLC (% identity) within region upstream  region upstream  region upstream  region upstream
coding region and also 272 bp 5’
upstream of ATG BoFLCI  88.1 58.1

BoFLC3 873 70.4 88.0 62.1

BoFLC4 853 63.9 86.4 55.4 88.1 57.5

BoFLC5 82.8 62.7 83.6 46.8 86.4 67.6 83.2 54.8
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Table 4 Percentage of identities and similarities (in parentheses) of
amino acid sequences of A. thaliana FLC, A. thaliana MAF 1 and three
B. oleracea FLC paralogues

AtFLC BoFLCI BoFLC3 BoFLC4
BoFLCI  85.4(91.4)
BoFLC3 83.3(90.9) 83.2 (90.4)
BoFLC4  80.9 (91.0) 82.8(88.9) 83.3(91.9)
AtMAF1 65.3 (80.1) 66.0 (79.2) 62.4 (78.4) 65.7 (79.3)
oo BnFLC4
59 L BoFLC4
o7 BnFLC2
63 BrFLC2
BoFLC3
100 BnFLC3
8 so [~ BrsFLC
40! BrFLC3
——————————— AtFLC
100 40 BoFLC1
4100[“8nFLC1
76 L BrFLCAH
BoFLC5
o] | BnFLCS
9|1_|— BrFLC5
AtMAF4I
AtMAFSI
AtMAF1
AtMAF21
AtMAF3I

0.05

Fig. 1 Neighbour-joining phylogenetic analysis for the deduced ami-
no acids of A. thaliana MAF (AtMAF1.: AAK37527, AtMAF2I.
AAO065307; AtMAF31: AAO65310; AtMAF4I: AAOG65315; AtIMAF5I:
AAO065320), A. thaliana FLC (AtFLC: AAD21249) and 14 Brassica
FLC genes (BoFLCI: CAJ77613; BoFLC3: CAJ77614; BoFLC4:
AAQ76275; BoFLC5: CAJ77618; BrFLCI: AAO13159; BrFLC2:
AAOB6066 + AAO86067;  BrFLC3:  AAOI13158;  BrFLCS:
AAO13157; BrsFLC: AAP31678; BnFLCI: AAK70215; BnFLC2:
AAK70216; BnFLC3: AAK70217; BnFLC4: AAK70218; BnFLCS:
AAK70219). Numbers at the nodes denote bootstrap support (%) out
of 500 replicates

Phylogeny reconstruction showed that Brassica FLC
genes and Arabidopsis FLC grouped together and were
well separated from the MAF genes, indicating that all
Brassica FLC copies are orthologues of Arabidopsis FLC.
Therefore, the neighbour-joining tree represents a mono-
phyletic group including all FLC genes with high bootstrap
value (100). Brassica FLC genes fell within four well-sup-
ported clades. Each clade comprised FLC genes from dip-
loid Brassicas and amphidiploid Brassica napus,
supporting the consensus view that gene duplication
occurred before the divergence of the diploid Brassica spe-
cies. It is consistent with the previous results reported by
Lagercrantz and Axelsson (2000) and Rana et al. (2004).
BnFLC4 and BoFLC4 formed a subgroup within the clade,
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which also contained BnFLC2 and BrFLC2 indicating that
FLC2 and FLC4 copies are very similar to each other.

The neighbour-joining tree also showed that the three
clades containing BoFLCI, BoFLC3 and BoFLC4 were
derived from a common ancestral gene supported by a rela-
tively high bootstrap value (86) but with weak internal res-
olution. Three of the five identified BnFLC genes (BnFLCI,
BnFLC3 and BnFLC5) are sisters to B. rapa FLC copies.
BnFLC4 and BoFLC4 were sisters to each other supported
by a high bootstrap value. The BnFLC2 relationship
remains uncertain due to poor resolution.

Analysis of promoter regions

The regions, approximately 1.4, 1.8 and 0.7 kb in size car-
rying the putative promoter elements upstream of the trans-
lational start site were sequenced in BoFLCI, BoFLC3 and
BoFLC5, respectively (Fig. 2). The previously sequenced
regions approximately 2.7 and 2.0 kb in size upstream of
Arabidopsis FLC and BoFLC4-1 genes were also used to
compare the promoters of all four Brassica FLC genes with
the relatively well characterised Arabidopsis FLC pro-
moter. Previous results indicated that 272 bp of the pro-
moter region, upstream of the ATG codon, in combination
with the intragenic region, are required to initiate Arabidop-
sis FLC transcription in non-vernalized conditions and also
its initial down-regulation induced by cold treatment (Shel-
don et al. 2002). The degree of similarity within this critical
5" upstream segment was evaluated between B. oleracea
FLC copies and Arabidopsis FLC (Table 3). Unlike coding
regions, the level of conservation was low and quite vari-
able (47%-70%). Compared to Arabidopsis FLC, BoFLC3
shared a high level of nucleotide identity (70%) and
BoFLCI showed the least (58.1%). Low similarity within
the 272 bp of 5’ upstream sequence was observed even
among BoFLC copies, although the Arabidopsis region and
the 5’ regions of Brassica FLCs are highly conserved for the
first ~150 bp, which contains transcribed but not translated
regions (Fig. 2).

A 75 bp region between —197 and —272 bp upstream of
Arabidopsis FLC had been reported as essential for non-
vernalized expression of FLC (Sheldon et al. 2002). High
conservation between this region in Arabidopsis and the
three BoFLC copies (BoFLC3, BoFLC4 and BoFLC5) was
revealed using “DNA block aligner”. BoFLC3 and BoFLC5
showed high homology (~75%) with almost the whole
75 bp region in Arabidopsis. BoFLC4 showed very high
homology (85%) with the first 42 bp of the 75 bp region of
Arabidopsis FLC. While the start positions of conserved
regions were within 272 bp upstream of the BoFLC3 and
BoFLC5 sequences, the conserved region began at position
—315 bp in BoFLC4 but had interruptions to the sequence
(Fig. 2).
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Comparing the promoter sequences of BoFLC genes to
Arabidopsis FLC revealed that the level of similarity
decreased in the extended region upstream of the ATG
codon and only a few stretches of nucleotides were con-
served among FLC paralogues (shaded in Fig. 2). We did
not detect any conserved segments between the promoter
regions of B. oleracea FLC genes and those parts of the FLC
promoter in Arabidopsis (=272 to —526 and —678 to
—1031), which had been shown previously to have negative
and positive regulatory elements (Sheldon et al. 2002). Ara-
bidopsis FLC displayed an (AT),; microsatellite sequence
2,135 bp upstream of the ATG codon and an extended ver-
sion of this, (AT),5;, was observed 983 bp upstream of the
BoFLC] start codon (Fig.2). A stretch of 60 nucleotides
was identified in BoFLC5 showing high conservation to the
region of BoFLCI, which contains the microsatellite. Lin
etal. (2005) identified a gene encoding 3-keto-acyl-ACP
dehydratase about 0.9 kb upstream of the translational start
site of their BoFLC3-2 but we did not detect any such gene
within 1.8 kb upstream of A12 BoFLC3.

The region upstream of the ATG codon of FLC genes
contains putative promoter motifs, which may be impli-
cated in responses to different environmental factors. In
Arabidopsis FLC, the nucleotide sequences upstream of the
start codon do not contain a TATA box, whilst a TATA-
less promoter site was predicted at the beginning of the 5’
untranslated region by TSSP-TCP programme (Shahmura-
dov et al. 2005). One CAAT box at —247 bp within the
essential segment of the promoter region for FLC expres-
sion and three more CAAT boxes beyond this region at
positions —290, —351 and —359bp were identified.
BoFLCI, BoFLC3 and BoFLC4 had a putative TATA box
—181, —188 and —209 bp upstream of the translational ini-
tiation signal. BoFLC5 did not have a TATA box in its pro-
moter region. A TATA-less promoter site was identified at
151 bp upstream of the ATG codon in BoFLC5. CAAT
boxes were identified in the sequences further upstream of
the start codon in Brassica FLC genes. BoFLC] displayed a
CAAT domain at —377 bp. Three CAAT boxes, close to

-706 +1

srcs [ U777

one another, were identified in the promoter region of
BoFLC3 at positions —596, —619 and —636 bp. Also, two
CAAT motifs in BoFLC4 promoter region at —563 and
—863 bp and two in BoFLC5 promoter region at —384 bp
and —391 bp were identified.

Analysis of intron regions

In addition to the 2.0 kb promoter region, the 3.7 kb exon1-
intronl-exon2 segment of Arabidopsis FLC has been
known to contain essential regulatory regions (Sheldon
et al. 2002; Bastow et al. 2004). As mentioned earlier, exon
regions were very similar among all FLC copies. The
intronl sequence of the A12 allele of three B. oleracea FLC
genes (BoFLCI, BoFLC3 and BoFLC5) was compared to
intron 1 of Arabidopsis FLC which had already been char-
acterized in terms of regulating various FLC activities
(Sheldon et al. 2002). Several segments within intron 1 of
Arabidopsis and Brassica FLC genes could be aligned with
a high level of identity. Figure 3 shows the conserved seg-
ments between intron 1 of Brassica FLC genes and Arabid-
opsis FLC with at least 75% identity. As reported for
BoFLC4-1 (Lin et al. 2005), the three Brassica FLC genes
have conserved segments with fragments A and F of intron
1 of Arabidopsis FLC which are presumably involved in
two major FLC activities, non-vernalized expression and its
repression by vernalization. It is known that some parts of
the 2.8 kb region of Arabidopsis FLC intron 1 containing
segments B, C, D and E are required for the maintenance of
FLC repression induced by prolonged low temperature
(Sheldon et al. 2002). The segments which show high con-
servation with fragments B and C of Arabidopsis FLC
intron 1 were found within intron 1 of B. oleracea FLC
copies. No conserved region was identified between seg-
ments E of Arabidopsis FLC intron 1 and those B. oleracea
FLC genes, which have a shorter intron 1 sequence than
that in Arabidopsis. Within the BoFLCS intron 1, large seg-
ments could be observed which did not contain any con-
served segments with the other FLC genes.

@ Springer



186

Theor Appl Genet (2008) 116:179-192

101
> <

BoFLCS mﬁ“

AtFLC

+1 419493 1792

BoFLC1

BoFLC3

Fig. 3 Ideogram of intron 1 of A. thaliana FLC and B. oleracea FLC
paralogues showing conserved segments. Bordering exon regions are
shown in black. Intron 1 of AtFLC is partitioned to show regulatory
segments, shaded by different patterns, involved in various FLC
activities (Sheldon et al. 2002). Segments A and F are essential for

Two tandem direct repeats, 40 and 39 bp in size, starting
at positions (+4069, +4109) and (+4525, +4567) are present
along the BoFLCS5 intronl. Three inverted repeats; 14, 35
and 16 bp in size; were also identified in intron 1 of
BoFLC5 located at (+274, +486), (+3099, +3328) and
(+3540, +3788). The positions are relative to ATG as +1.
No duplications were detected in other FLC genes.

Evaluating BoFLC genes as flowering time QTL candidate
genes

Allelic differences between the parental lines

In addition to the early flowering parental line (A12), the
sequences of all predicted exon regions of BoFLCI,
BoFLC3 and BoFLCS5 were obtained in the late flowering
parental line (GD) in order to assess whether FLC genes
could be involved in causing flowering time variation in
this population of B. oleracea. Two fragments of the GD
allele of each BoFLC gene were sequenced; one covered
exon 1 (>500 bp of each BoFLC) and the other contained
exon 2 to exon 7 (1.7 kb for BoFLCI, 2.0 kb for BoFLC3
and 2.1 kb for BoFLC5). Primers were designed from the
Al2 gene sequences. All six sequenced fragments were
placed in EMBL/GenBank databases (AM231520-
AM231523, AM231525 and AM231526).

Comparisons between the Al2 and GD alleles of
BoFLCI and BoFLC3 revealed a number of amino acid
differences (Fig. 4). Four nucleotide changes were observed
within BoFLCI coding regions between Al2 and GD
allele. One was a synonymous substitution but three were
non-synonymous substitutions, which may confer different
physico-chemical properties to the resulting protein. They
are residue 63 (Leu to Pro), residue 85 (Ser to Leu), and
residue 176 (Tyr to Asn) Within the BoFLC3 coding
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non-vernalized expression and FLC down-regulation by vernalization.
The other segments are involved in maintenance of FLC low expres-
sion. Direct sequence repeats within the BoFLCS5 intron 1 are shown by
arrows with the same direction and the three inverted sequence repeats
are shown by arrows with opposite direction

sequences, GD showed four nucleotide differences in com-
parison with A12; three resulted in amino acid polymor-
phism, whereas one, in exon 7, was a synonymous
substitution. A non-conserved amino acid substitution
(Gly-110 to Val) was identified in the K-box, which is a
coiled-coil region of the FLC protein. Another two amino
acid differences, Lys-74 to Asn and Lys-151 to Arg, were
conserved substitutions, which may be functionally silent.
Only one nucleotide difference was detected within
BoFLC5 coding regions between A12 and GD, which made
no change at the amino acid level. As in A12, the GD allele
of BoFLC5 contained an in-frame stop codon in exon 2.

Locating paralogous FLC loci using the selective set of DH
lines

We chose eight DH lines which represented all possible
combinations of both parental alleles of the three FT-QTL
on linkage groups O2, O3 and O9 of B. oleracea (Bohuon
et al. 1998) based on their estimated 95% confidence inter-
vals. These lines exhibited unique QTL allelic patterns for
the three linkage groups of interest (Fig. 5). They were tar-
geted to locate BoFLC copies because the QTL confidence
intervals on O2 (partially) or on O3 and O9 (entirely) over-
lapped with the segments collinear with the top of At5 con-
taining FLC. The three target fragments provided by the
eight selected DH lines were as follows, cM position
(marker name):

(a) 56.3 (pR86J1)-106.6 (AC-CTAEO03) cM on 02,
(b) 0 (pW116J1)-29.2(pN180E3) cM on O3 and
(c) 67.7(pO160E1)-113 (AC-CATR14) cM on 09.

Figure 5 shows the QTL regions and the identified FLC
alleles in all eight DH lines. Because the patterns for
BoFLCI and BoFLC3 exactly corresponded with QTL alle-
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lic patterns on O9 and O3, respectively, they were posi-
tioned within the target regions (c) and (b), respectively.
The pattern for BoFLC5 was the same as that for BoFLC3
for seven of the eight lines suggesting that BoFLC5 is prob-
ably also located on linkage group O3. However, the fact
that DH6105 displayed a GD allele for BoFLC5, even
though it had an A12 haplotype for all three target QTL
regions, indicates that, in spite of locating to linkage group
03, BoFLC5 is outside the putative confidence interval of
the FT-QTL. BoFLC5 was located using haplotype data
from DH lines 4199 and 6105 between 24.2 and 55.3 cM
on linkage group O3. It falls within the confidence interval
of a second FT-QTL on O3 situated between 36.5 and
77.3 cM, identified by Rae et al. (1999) using substitution
lines.

Using BoFLC4 primers F1 and R1, a PCR product was
obtained from three lines only (DH 1011, DH 1017, and
DH 6105), and the sequence from each corresponded to the
GD fragment. PCR amplification with other BoFLC4
primer pairs supported this result. It was assumed that those
lines in which BoFLC4 was not amplified had the A12
genotype. The BoFLC4 allelic pattern was compared to the

QTL allelic pattern for these lines (Fig. 5) but it did not cor-
respond to any of them and, therefore, BoFLC4 must fall
outside these FT-QTL confidence intervals. To locate
BoFLC4, the haplotype data for these eight lines were
searched for any loci which shared an allelic pattern with
BoFLC4 in these eight lines. This occurred at just one
locus, pN121E1 at 31.2 cM on linkage group O2. There-
fore, the most likely position for BoFLC4 is on linkage
group O2 between markers pW116E1 and pN102E2, 0-
38.7 cM.

To locate each BoFLC copy more precisely, AG-DH
lines with crossovers at different points within these QTL
regions were selected and the allelic sequence of the appro-
priate BoFLC gene determined (Fig. 6). A BoFLCI frag-
ment was amplified and then sequenced in DH lines
(DH2190, DH5079 and DH2056). All three lines had the
A12 allele and therefore BoFLCI must be situated between
84.6 and 113 cM on O9 (Fig. 6). This agrees with previous
results, which located BoFLCI on O9 between 87.2 cM
(pN47E4NM) and 103.5 cM (pN3E1) (Salathia 2003). The
BoFLC3 fragment was amplified and sequenced in DH
lines (DH2056, DH3123, DH4030 and DH5008) and was
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located between 8 and 19.3 cM on O3 (Fig. 6). Four DH
lines (DH2056, DH3209, DH4201 and DH5081) were used
to locate BoFLC5 between 37.6 and 41.9cM on O3
(Fig. 6). Because there is no marker mapped between 0 and
31.2 cM on linkage group O2, BoFLC4 cannot be located
more precisely at present. The locations of these four FLC
genes in relation to FT-QTL are summarised in Fig. 7. The
use of a common set of RFLP markers mapped onto Ara-
bidopsis chromosomes (Parkin et al. 2005) and the inte-
grated genetic map from B. oleracea (Sebastian et al. 2000)
allowed us to define the collinear segments between the top
of At5 and B. oleracea linkage groups 02, O3 and O9. The
tracts (and corresponding flanking markers) homologous
with the top of At5 shown in Fig. 7 are as follows: 0.0
(pW116J1)-56.3 (pR86J1) cM on 02, 0.0 (pW116J1)-31.0
(pW152J1) cM on O3 and 60.8 (pN18OE1)-103.5
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(pW200J1) ¢cM on O9. Three FLC copies in B. oleracea
(BoFLCI, BoFLC3 and BoFLC4) were situated within the
predicted regions collinear with the top of AtS5 suggesting
that they may have arisen by genome polyploidisation. In
contrast, the BoFLC5 location (03; 37.6-41.9 cM) was out-
side these collinear segments.

FLC segregations and FT in backcross progeny from sub-
stitution lines

To pursue the role of B. oleracea FLC genes as possible
candidates for FT-QTL variation further, the allelic source
(A12 vs. GD) of three BoFLC genes were explored among
the three selected substitution lines and the late flowering
individuals of generation BC,S; derived from these lines.
The presence of individuals among BC,S,; families, which
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Fig. 7 The position of four FLC loci on linkage groups 02, O3, and
09 in B.oleracea in relation to FT-QTL locations. Hatched areas show
syntenic regions with the top of At5. Black bars correspond to FT-QTL
confidence intervals with horizontal arrows indicating most likely po-
sition. The dotted arrow for FLCI is the location given by Salathia
(2003)

differed significantly in flowering time from A12, implies
that the GD fragment of each substitution line contains
QTL, which affect flowering time.

We genotyped 15 BC,S, individuals that were signifi-
cantly later flowering than A12, to check if the homozygotes
were preponderantly GD for the BoFLC genes. SL128,
which had a single GD fragment (8-43.3 cM) on linkage
group O3, carried the A12 allele of BoFLC3 (8-19.3 cM)
strongly suggesting that a gene and or genes other than
BoFLC3 caused late flowering in this line. As expected,
therefore, all the late flowering individuals among the BC1S1
also had the A12 allele of BoFLC3. Both SL133 and SL175
carried the GD allele for BoFLC5 and BoFLCI, respectively,
implying that they could be considered as potential candidate
genes for late flowering. However, both A12 and GD alleles
were approximately equally represented among the late flow-
ering progeny from BoFLCI and BoFLCS5, suggesting that
FLC is not responsible for their late flowering.

Discussion

The presence of replicated copies of most genes is a general
characteristic of diploid Brassica species and may contrib-

ute to novel phenotypic variation within them (Lukens et al.
2004). In this study, B. oleracea FLC paralogues were iso-
lated and sequenced in a rapid cycling line (A12) and a late
flowering line (GD) to discover if BoFLCs show variation
that might support their being candidates for FT-QTL. Such
sequence information may also lead us to a better under-
standing of the entire gene structure and their promoter
regions with respect to Arabidopsis FLC. It can be argued
that FLC does not constitute a strong candidate gene for
FT-QTL in the context of the AG population because they
are annuals and were grown in the absence of cold stress.
However, given that the Brassica QTL regions syntenous
to the top of At5 have been found in a wide range of species
including those that do and that do not require cold treat-
ment to flower, it is important to test whether or not they
are candidates here. They also offered the opportunity for
a thorough sequence comparison across four ancient
paralogues.

Prior to this work, four partially sequenced B. oleracea
FLC copies [BoFLCI (AY115672), BoFLC2 (DQ222849-
DQ222850), BoFLC3 (AY115673) and BoFLC5 (AY115674)
and two fully sequenced B. oleracea FLC copies { BoFLC3-2
(AY306123) and BoFLC4-1 (AY306122)] had been placed
in the GenBank/EMBL databases

DNA sequence comparisons showed similar structure
and high homology in the coding regions both between the
paralogous BoFLC genes and between them and Arabidop-
sis FLC. Although the A12 alleles of BoFLC3 (AM231518)
and BoFLC3-2 (AY306123) represented identical coding
sequences, they differed in intron and promoter regions.
This suggests that unlike BoFLC3-2, A12 BoFLC3 may be
expressed because its promoter region (1.8 kb) showed two
large, unique DNA inserts, which may contain necessary
regulatory elements, not present in BoFLC3-2 (Lin et al.
2005). Moreover, the promoter region of the A12 allele of
BoFLC3 was not interrupted by the sequence of another
gene, as occurred in BoFLC3-2 (Lin et al. 2005). It is possi-
ble, therefore, that two variants of FLC3 may exist within
the B. oleracea genome; two tandemly located FLC3 have
been found in B. rapa (Yang et al. 2006). Similarly, two
copies of BoFLC1 have been reported within a single BAC
clone (JBo032J18) (Salathia 2003).

Phylogenetic analysis confirmed that Brassica FLC cop-
ies are Arabidopsis FLC orthologues as previously reported
by Schranz et al. (2002), Martynov and Khavkin (2004) and
Lin et al. (2005). MAF genes form a separate group, well
differentiated from the FLC clade. The functional diver-
gence observed between Arabidopsis FLC and MAF genes
might be explained by differences in their amino acid
sequences. It is interesting to note that amino acid residue
30, which is occupied by two polar amino acids (Asp or
Glu) in both Arabidopsis FLC and MAF genes, was also
conserved in Brassica FLC and they all had Glu at this
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position. Conversely, all other Arabidopsis genes encoding
MADS domain proteins other than FLC and MAF genes
produce a positively charged amino acid (Lys) at residue
30. These features suggest that residue 30 could confer spe-
cific DNA binding properties to Arabidopsis FLC and MAF
proteins (Ratcliffe et al. 2001).

Phylogenetic reconstruction supports the view that the
FLC gene duplications occurred before B. oleracea and
B. rapa diverged about 4 MYA (Rana etal. 2004)
because each clade contained FLC copies from different
Brassica species. This agrees with the results of Schranz
et al. (2002), Lin et al. (2005) and Okazaki et al. (2007).
Furthermore, there is some suggestion that gene duplica-
tion events had taken place before the divergence of
Brassica and Arabidopsis lineages because FLC genes,
including Arabidopsis FLC, formed a monophyletic
group. Previous work showed no consensus outcome for
Arabidopsis FLC placement within the phylogenetic tree
(Schranz et al. 2002; Martynov and Khavkin 2004; Li
et al. 2005; Lin et al. 2005; Okazaki et al. 2007). This
may be because they used different lengths of aligned
coding sequences or amino acid sequences to reconstruct
the phylogenetic tree. Therefore, the different numbers of
polymorphic sites recognized by the tree-building meth-
ods might cause Arabidopsis FLC to locate to different
positions in the trees.

Comparisons between promoter and intron regions of
Arabidopsis FLC and B. oleracea FLC copies demon-
strated that those parts which are essential for normal
FLC expression and vernalization-induced FLC repres-
sion in Arabidopsis were conserved in all BoFLC genes,
indicating that similar sequence motifs are involved in
controlling major FLC activities in both species.
Whether there are any cis-acting elements, which are
specifically involved, in down-regulating FLC expres-
sion in response to vernalization remains to be investi-
gated. On the other hand, lack of conservation of the
segments found in the Arabidopsis FLC promoter region,
which are known to contain positive and negative regula-
tory elements (—272 to —526 bp and —687 to —1031 bp
upstream of the ATG codon) (Sheldon et al. 2002), may
suggest different regulatory mechanisms in B. oleracea
and Arabidopsis FLC genes, probably in connection with
the distinct vernalization response between B. oleracea
(plant-vernalization-responsive) and Arabidopsis (seed-
vernalization-responsive), as previously described by Lin
et al. (2005).

Whether BoFLC genes are the candidates for their
respective flowering time QTL was a key question of this
project. The presence of QTL affecting flowering time in
the regions of a B. oleracea genetic map collinear with the
top of Arabidopsis chromosome 5 containing FLC (Bohuon
et al. 1998; Rae et al. 1999) was the reason underlying our
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exploration of BoFLC paralogues as putative candidate
genes. From this point of view, two principal questions
were raised; first whether BoFLC genes are located within
the confidence intervals of their corresponding QTL and
second, whether allelic variation of BoFLC loci exists
between parental lines (A12 and GD) of the mapping popu-
lation which has led to the identification of the flowering
time QTL. Our mapping of four BoFLC loci onto the
genetic map confirmed that three BoFLC copies (BoFLCI,
BoFLC3 and BoFLC5) are located within the confidence
interval of their respective FT-QTL (Bohuon et al. 1998;
Rae et al. 1999), while BoFLC4 is located on a region of
linkage group O2 where no flowering time QTL was
detected. Conversely, Okazaki et al. (2007) detected an FT-
QTL with large effect in the region of linkage group O2
where their BoFLC2, which is probably the same as
BoFLC4, was mapped. It should be noted that Okazaki
et al. (2007) detected an allele of BoFLC2 with no prema-
ture stop codon in one of the parental lines, while our map-
ping population was generated from two lines, one (A12)
with no BoFLC4 allele and another line (GD) with a
BoFL(C4 allele containing a premature stop codon in exon 4
resulting from a single base deletion. This deletion was also
identified in some cultivars of broccoli and cauliflower
(Okazaki et al. 2007).

BoFLC5 (AMZ231519) almost certainly represents a
pseudogene due to a premature in-frame stop codon in exon
2. It also contains a very large intron 1 (4,537 bp) which is
almost as large as intron 1 of the FLC allele in Arabidopsis
accession Landsberg erecta (Ler) (4,695bp). Lack of
BoFLC5 expression had also been reported in a rapid
cycling B. oleracea, which did not have any pre-existing
stop codon within exon 2-7 (Pires et al. 2004; Okazaki
etal. 2007). Lack of polymorphism in coding regions
between BoFLCS alleles of an early (A12) and a late flow-
ering line (GD) implied that it was not responsible for the
differences in flowering time. So, other genes must underlie
the FT-QTL located in the FLC region of O3.

Both BoFLC1 and BoFLC3 were polymorphic between
Al2 and GD parents for non-synonymous amino acid
codons that could affect FT. Okazaki et al. (2007) did not
detect any link between BoFLCI and BoFLC3 genes and
FT-QTL in their population. The lack of any correlation
between the segregation of GD alleles of BoFLCI and
BoFLC3 with late flowering in the BC,S, progenies
strongly argues against the genes being FT-QTL candidates
in our population. Moreover, both BoFLC5 and BoFLC4
appear to be pseudogenes. Thus, we have strong evidence
against any identified BoFLC being candidates for the FT-
QTL in our population. Of course, this does not preclude
polymorphism in FLC paralogues being responsible for FT-
QTL in other populations of B. oleracea or, indeed, in other
species.
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