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Abstract The synthesis of very long chain fatty acids
occurs in the cytoplasm via an elongase complex. A key
component of this complex is the f-ketoacyl-CoA syn-
thase, a condensing enzyme which in Arabidopsis is
encoded by the FAEI gene. Two sequences homolog-
ous to the FAEI gene were isolated from a Brassica
napus immature embryo cDNA library. The two clones,
CE7 and CES8, contain inserts of 1647 bp and 1654 bp,
respectively. The CE7 gene encodes a protein of 506
amino acids and the CES clone, a protein of 505 amino
acids, each having an approximate molecular mass of
56 kDa. The sequences of the two cDNA clones are
highly homologous yet distinct, sharing 97% nucleo-
tide identity and 98% identity at the amino acid level.
Southern hybridisation showed the rapeseed f-
ketoacyl-CoA synthase to be encoded by a small
multigene family. Northern hybridisation showed
the expression of the rapeseed FAEI gene(s) to be
restricted to the immature embryo. One of the FAE]
genes is tightly linked to the E1 locus, one of two loci

Note: The nucleotide sequence corresponding to one of the cDNAs
(CES8) reported in this paper has been entered in the Genbank data
base under the accession number U50771
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controlling erucic acid content in rapeseed. The ident-
ity of the second locus, E2, is discussed.

Key words f-ketoacyl-CoA synthase - FAE! -
Brassica napus - Erucic acid - El locus

Abbreviations FAEI Fatty Acid Elongation 1 -
KCS p-ketoacyl-Coenzyme A synthase - C22:1
erucic acid + VLCFA very long chain fatty acid -
LEAR low erucic acid rapeseed -

HEAR high erucic acid rapeseed -

DAF/P days after flowering/pollination -

T AG triacylglycerol + RAPD random amplification
of polymorphic DNA - RFLP restriction fragment
length polymorphism

Introduction

Very Long Chain Fatty Acids (VLCFA), contain at
least 20 carbon atoms and occur ubiquitously in na-
ture. In plants, VLCFAs are found in epidermal barrier
waxes and in seed storage oils. Many Brassica species,
including mustard (B. juncea, B. carinata and B. nigra)
and rape (B. napus), contain the very long chain mono-
unsaturated fatty acids eicosanoic (C20:1) and erucic
(C22:1) as components of their seed oil. Certain var-
ieties of oilseed rape (High Erucic Acid Rapeseed,
HEAR) produce a triacylglycerol (TAG) that contains
a high proportion of erucic acid (45-60% of the oil)
which is used as an industrial feedstock for the produc-
tion of carburants, lubricants and in a variety of other
products, (Murphy and Sonntag 1991). An increase in
the demand for rapeseed rich in erucic acid for indus-
trial purposes has led to an interest in developing very
high erucic acid rapeseed lines by genetic manipulation.
Such an approach is required to overcome the theoret-
ical limit of 66% erucic acid content of TAG imposed
by the substrate specificity of the acyltransferase
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responsible for acylation at position sn-2 of the glycerol
moiety of the TAG, which discriminates against
VLCFAs (Bernerth and Frentzen 1990; Cao et al.
1990).

VLCFAs are synthesised by the microsomal fatty
acid elongation complex (elongase) using acyl-CoA
substrates from a cytoplasmic pool maintained by de
novo lipid biosynthesis in the plastid. Fatty acid elon-
gation is achieved by the sequential condensation of
two carbon units derived from a malonyl-CoA donor
to along chain acyl-CoA primer. The elongase complex
introduces a f-ketoacyl group into the growing acyl
chain via a f-ketoacyl-CoA synthase, and the keto
group is removed by a series of three reactions:
p-ketoreduction to the p-hydroxylacyl-CoA, p-hy-
droxydehydration to the enoyl-CoA and an enoyl
reduction of the double bond, (reviewed by Cassagne
et al. 1994; von Wettstein, 1994). Thus, elongase re-
quires a minimum of four activities (excluding the
transacylase providing the donor malonyl-CoA) for
each C2 addition. These reactions are analogous to the
plastidal FAS and KASIII reactions which utilise Acyl
Carrier Protein (ACP) as the acyl carrier.

The structure and functioning of the acyl-CoA
elongase complex is poorly understood because of the
difficulty in purifying functional membrane proteins to
homogeneity. Recent progress in this area has resulted
from studies on the seed elongases of jojoba and rape.
The acyl-CoA elongase complex has been partially
purified from developing rape embryos and has result-
ed in the enrichment of four proteins between 54 and
67 kDa in size (Creach and Lessire 1996). The /-
ketoacyl-CoA synthase (KCS) was purified from jojoba
embryos by Lassner et al. (1996). The corresponding
c¢DNA, homologous to the Arabidopsis FATTY ACID
ELONGATIONI (FAEI) gene (James et al. 1995), was
used to transform rapeseed plants. Subsequent KCS
activity in developing embryos of Low Erucic Acid
Rapeseed (LEAR) plants resulted in an enrichment (up
to 33.5% by weight) of the seed oil with VLCFAs,
thereby demonstrating that KCS activity had been
confered. The restoration of the elongation activity in
LEAR plants transformed with the jojoba KCS gene
suggests that the mutations that gave rise to the LEAR
phenotype are associated with either the structural
gene encoding KCS or with genes regulating the
expression of KCS.

In rapeseed, the two elongation steps from oleoyl-
CoA to erucic acid are each controlled by alleles at two
loci, E1 and E2, which exhibit additive gene action
(Harvey and Downey 1963; Stefansson 1983). Using
random amplified polymorphic DNA (RAPD)
markers, Jourdren et al. (1996a) mapped the two loci
and determined erucic content in a doubled-haploid
population. Assignment of the two loci to independant
linkage groups via a quantitative trait locus (QTL)
approach confirmed the findings of Thormann et al.
(1996). However, in contrast, Jourdren et al. (1996a)
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correlated individual segregating genotypes with erucic
content to demonstrate that the two loci do not con-
tribute equally to erucic acid content.

In this paper we describe the isolation of two
rapeseed cDNAs corresponding to a f-ketoacyl-CoA
synthase using an heterologous oligonucleotide probe
made to the Arabidopsis FAEI gene. We show that at
least two genes encode the rapeseed enzyme and that
these are temporally expressed in immature embryos.
Furthermore, we show that one of the structural genes
is tightly linked to the El locus, which is associated
with the greatest variation in erucic acid content in
rapeseed.

Materials and methods

Plant material

The progeny of a cross between varieties ‘B002’ (< 1% erucic acid)
and ‘Hokkaido’ ( > 50% erucic acid) were used for the construction
of cDNA libraries and the isolation of the FAEI cDNAs. High
erucic acid segregant lines from a backcrossed B5F, population
(recurrent parent ‘B002’) were obtained by allowing flowers of a B5
F; plant to self-pollinate by covering with paper bags. Seeds of these
plants were vernalised for 2 months at 4°C and long daylength and
transferred to a field nursery in spring 1994. For the mapping
studies, the doubled-haploid (DH) population was used that was
described in Foisset et al. (1996). The DH population was derived
from the cross between varieties ‘Darmor-bzh’ (< 1% erucic acid)
and ‘Yudal’ ( > 50% erucic acid) and was used for the construction
of a genetic map of rapeseed (Foisset et al. 1996). This doubled-
haploid population was previously evaluated for erucic acid content
by Jourdren et al. (1996a).

Extraction of RNA

Total RNA was extracted from embryos dissected from the seeds
of 20 high erucic segregant B5 F, plants isolated at 7-day in-
tervals from day 15 to day 49 after pollination, together with
various other tissues by a protocol based on the method of Kay et al.
(1987).

Construction of an immature embryo cDNA library
of Brassica napus

Poly(A)*RNA was isolated from total RNA extracted from imma-
ture embryos of 20 independant HEAR segregant lines of the B5 F5
population 28 days after pollination, according to a protocol de-
scribed in Sambrook et al. (1989). Approximately 5 ug Poly(A)*
RNA was used to construct a cDNA library in the vector lambda
ZAPII cDNA according to the manufacturer’s protocols (Strata-
gene). The primary library was titred at 4.46 x 10° pfu ml~! with
a non-recombinant background of 0.65%, and an aliquot was ampli-
fied to 1.3 x 10° pfu ml 1.

Isolation of cDNA clones encoding rapeseed
p-ketoacyl-CoA synthase

A 34-mer oligonucleotide probe was designed from the sequence of
the Arabidopsis FAEI gene (James et al. 1995). It was located within
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a conserved region common to condensing enzymes and correspon-
ded to the following sequence:

5" GAT CAA CGT TAC ATA GAT TTG GGA ATA CTT CAT C 3.

The oligonucleotide was labelled with fluorescein (Amersham)
and used to screen 90000 recombinant phage of the immature
embryo cDNA library. Hybridising plaques were detected with
fluorescein-HRP antisera and visualised by ECL (Amersham). Rec-
ombinant pBluescript plasmids were isolated from purified phage
clones by in vivo excision as described in the lambda ZAPII cloning
protocol (Stratagene).

DNA sequencing

DNA sequences were determined using DyeDeoxy Terminator cycle
sequencing (Applied Biosystems) on double-stranded DNA tem-
plates with an ABI 373A sequencer. A series of overlapping size
deletions was obtained by exonuclease III digestions (Erase-a-base
kit, Promega) performed on the largest clone isolated. The DNA
sequences were analysed using the SEQUENCHER, DNA
STRIDER, FASTA and BLAST (Altshul et al. 1990) programmes.

Genomic Southern analysis

Genomic DNA was extracted from young green leaf tissue according
to the protocol of Doyle and Doyle (1990). A series of reactions
containing 10 pg DNA were digested with the appropriate restric-
tion enzyme, and the resulting fragments were separated on a 0.8%
agarose gel, transfered to Hybond N* nylon membrane (Amersham)
via an alkali blotting protocol. A 1.026-kbp probe contained within
the coding sequence was generated by polymerase chain reaction
(PCR) using the primers:

CES8IN: 5 ACA CGC CAT GGG TGC GCT AGA AAATCT ATT
CAAGY3
CE8B: 5 CGG GAT CCT TAG GAC CGA CCG TTT GG 3.

The amplimer was radiolabelled by random priming. Following
hybridisation in 5 x SSC, 5 x Denhardt’s, 0.5% SDS and 20 ug ml !
calf thymus DNA, the membrane was washed initially at 5x SSC,
0.1% SDS at 65°C for 15 min, autoradiographed and then washed
subsequently at 0.125 x SSC, 0.1% SDS, and re-exposed.

Northern hybridisation analysis

Total RNA (20 pg) or poly (A)™ RNA (1 ug) was fractionated on
1.2% agarose gels containing formaldehyde and transferred to Hy-
bond N (Amersham) nylon membrane. Hybridisation was at 65°C in
5% SSC, 5x Denhardt’s solution, 0.5% SDS and 20 ug ml~! calf
thymus DNA. The filter was washed at 65°C in 0.125 x SSC, 0.1%
SDS and then autoradiographed with intensifying screens at
— 80°C. The filters were subsequently stripped and reprobed with
a 18S RNA probe in order to compare the relative amounts of RNA
in each lane.

Amplification and radioactive labelling of the FAEI probe
for mapping

The DNA insert contained within the cDNA clone CE8 was ampli-
fied by PCR using the following primers: pD-5" GTT TTC CCA
GTC ACG A 3" and pR-5 GGA AAC AGC TAT GAC C 3. The
PCR reaction mixture (50 pl) contained 1 x Tag polymerase buffer
(Eurobio, Les Ullis, France), 3 mM MgCl,, 75 uM each of dATP,
dCTP, dGTP, dTTP (Boehringer, Meylan, France), 20 pmole of
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each primer, 0.5 unit of Tag polymerase (Eurobio) and 4 pl of an
overnight culture of the bacterial clone as template. PCR was per-
formed in a Perkin Elmer 480 or 9600 apparatus under the condi-
tions described by Szewc-McFadden et al. (1996) for amplification of
rapeseed microsatellites. After amplification, the DNA was desalted
by microcentrifugation on a Sephadex G50 spin column (Pharma-
cia, Uppsala, Sweden). DNA amount was estimated on agarose
minigels, 50-100 ng of DNA was used for the radioactive labelling
reaction (Quickprime labelling kit, Pharmacia).

Restriction fragment length polymorphism (RFLP) analysis

RFLP analysis was performed as described in Sharpe et al. (1995).
DNA was extracted from young leaves according to the protocol of
Doyle and Doyle (1990). Labelled Southern blots were exposed to
BioMax autoradiography films (Kodak, Rochester, USA).

Genetic analysis

The CE8/HindIll marker was scored for each genotype on the DH
population of 126 lines used by Foisset et al. (1996) and Jourdren
et al. (1996a). Linkage analysis was performed using MAPMAKER
software (Lander et al. 1987) and MAPMAKER QTL software as
described in Jourdren et al. (1996a).

Results

Isolation of cDNAs encoding a fi-ketoacyl-CoA
synthase

An oligonucleotide probe corresponding to a sequence
of the FAE! gene (James et al. 1995) of Arabidopsis and
contained within a consensus sequence common to the
condensing enzymes f-ketoacyl-CoA synthase, chal-
cone synthase and stilbene synthase was used to screen
an immature embryo cDNA library of Brassica napus.
Twelve hybridising clones were isolated after three
rounds of screening. The 2 largest clones, CE7 and
CES3, were sequenced to completion and found to con-
tain 1647- and 1654-bp cDNA inserts, respectively.
These sequences, when aligned with the nucleotide
database, were found to be homologous to the Ara-
bidopsis FAE!I gene (James et al. 1995). Alignment with
the FAEI gene indicated that the rapeseed CES8 se-
quence was truncated 4 nucleotides from the 5" end of
the corresponding Arabidopsis open reading frame
(ORF) and thus lacked the presumed initiation codon.
That the identity of the missing nucleotides was ATGA
was confirmed after isolation of this region of the
rapeseed genomic DNA via a PCR walking protocol
(Devic et al. 1997). This ATG is likely to be the initiat-
ing codon since a stop codon is present in the same
reading frame 3 nucleotides upstream. A second clone,
CE7, was subsequently isolated that was highly homo-
logous to clone CES8; CE7 was presumed to be trun-
cated 10 nucleotides from the 5" end of the ORF. The
complete nucleotide sequence and deduced amino acid
sequence of clone CE7 is presented in Fig. 1, as an
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BnCE7 l mmm e e e e e e e e em e e ST C FHYVIT 28
BnCES 1 mm e e e e eme Mo eaaacooaao ‘ , 28
A.thal e i SV YRIY Vi - F 28
Jojoba 1 MKAKTITNPEIQVSTTMTTTTTTATLPNFKSSINLHBNKLGE g : 60
BnCE7 29 VAGRA RLTI]D LH LYY YLOHNLIT|EAD 88
BnCES 29 VRGKAR-|[LTI 87
A.thal 29 L X RILTINIDL -FL . 87
Jojoba 61 ASAHLSSFSAHpPLISL-LFDLELRRNLILP 119
BnCE7 89 KAD s 147
BnCES 88 KA D s 146
A.thal 88
Jojoba 120
BnCE7 148
BnCES8 147
A.thal 148
Jojoba 170
BnCE7 208
BnCES8 207
A.thal 208
Jojoba 230
BnCE7 268
BnCES 267
A.thal 268
Jojoba 290
BnCE7 328
BnCES8 327
A.thal 328
Jojoba 350
BnCE7 388
BnCES 387
A.thal 388
Jojoba 410
BnCE7 448 QIALGSGFRCNSAVWVAL 506
BnCES 447 \ QIALGSGFKCNSA\IWV‘AL 505
A.thal 448 506
Jojoba 470 521

alignment with clone CE8 (Genbank accession U50771)
to illustrate the differences between the cDNAs.

The principle difference between clones CE7 and
CES& is the absence of an arginine codon after nucleo-
tide 102 in the CE8 sequence. Thus, CE8 encodes
a protein of 505 amino acids and CE7 a protein of 506
amino acids of molecular masses 56 191 and 56 423 Da,
respectively, and a common pl of 9.26. The 2 rapeseed
sequences share 97.6% identity at the nucleotide level.
This variation results in differences between the cDNAs
in the deduced amino acid sequence at nine residues,

4

<

Fig. 1 The nucleotide and deduced amino acid (single letter code)
sequences of rapeseed f-ketoacyl-CoA synthase cDNA clones CE8
(Genbank accession U50771) and CE7. The complete sequence for
CE7 is shown. For clone CES8 the sequence is shown only at posi-
tions of difference from clone CE7. Identical nucleotides or amino
acids are indicated by dots. Gaps introduced for alignment are
indicated by dashes. An asterisk indicates a stop codon. A lower case
letter indicates nucleotide and deduced amino acid sequences ob-
tained from the genomic sequence. The sequences of oligonucleot-
ides used for screening and PCR are underlined
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Fig.2 Comparison of the deduced amino acid sequences of rapeseed
B-ketoacyl-CoA synthases with Arabidopsis and jojoba. Outlined
boxes indicate identity; shading indicates conservative differences
while the absence of shading indicates nonconservative differences

five of which are nonconservative substitutions; thus,
the two proteins share 98.2% identity over a 501 amino
acid overlap. A low level of variation in the nucleotide
sequence between the CE7 and CE8 sequences and the
additional ¢cDNA clones isolated was evident; for
example, the CE3 ¢cDNA differs from CE7 at 8 nucleo-
tide positions over a sequence of 1155 bp, (data not
shown). Several other hybridising clones were partially
sequenced at their extremities. Each of the CE7 and
CE8 cDNAs contain the sequence of the oligonucleo-
tide used for screening (Fig. 1), differing in 2 nucleotides
from the Arabidopsis sequence.

The deduced amino acid sequences for each of the
rapeseed cDNAs were compared with those of Ara-
bidopsis and jojoba and the identity of the rapeseed
proteins confirmed as a f-ketoacyl-CoA synthase
(Fig. 2). In general, a high degree of identity is evident
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throughout the protein sequence with the least conser-
vation at the amino and carboxy terminal extremities.
The jojoba sequence is the most divergent, possessing
a threonine-rich extension of 32 amino acids at the
N-terminus and lacking two blocks of residues towards
the N-terminus after E143 and at the C-terminal
extremity. At the amino acid level, the rapeseed se-
quences share 85% identity with the Arabidopsis
sequence and 54% identity with the jojoba sequence.

The p-ketoacyl-CoA synthase of rapeseed is encoded
by a minimum of two genes

Variation in the nucleotide sequence between the
2 cDNA clones CE7 and CES, the low level but consis-
tantly observed sequence variation among the other
partially sequenced cDNA clones together with the
variation in the 5" nontranslated sequence found using
PCR walking on genomic DNA (Devic et al. 1997)
suggested the existence of several genes encoding f-
keto-acyl-CoA synthase. In order to investigate this, we
performed Southern hybridisation (Fig. 3). Genomic
DNA isolated from plants of the HEAR segregating
lines homozygous for the high erucic acid trait was
digested with enzymes Dral, EcoRI, EcoRV and Xbal.
A 1.026-kbp CES truncated probe was hybridised and
washed at low stringency. The probe did not discrimi-
nate between CE7 and CES8. There were no cleavage
sites within the probe sequence for the enzymes used for
digestion. Sequencing of the genomic clones obtained

Fig. 3 Southern hybridisation
analysis of rapeseed FAE]
genes. Pooled, genomic DNA
isolated from 20 HEAR
segregant plants was digested
with the enzymes Dral, EcoRI,
EcoRV and Xbal, resolved on
an agarose gel and transferred
to a nylon membrane.
A truncated coding sequence

probe (1.026 kbp) was

hybridised, the filter washed at -4
a stringency of 0.125 x SSC, -3
0.1% SDS at 60°C and -

autoradiography was
performed

Dral
EcoRI
EcoRV
Xbal

kbp

-05
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by PCR walking revealed an absence of intron se-
quences, (data not shown). Autoradiography revealed
the presence of two strongly hybridising fragments
from each restriction digest, except Xbal for which
a single strong signal was evident. In addition, a min-
imum of six weakly hybridising fragments were detec-
ted with the DNA digested with Dral and EcoRI. After
washing under high stringency conditions, the number
of hybridising fragments was unchanged. Similarly,
when hybridised with a 117-bp probe made to the 3’
nontranslated sequence common to each cDNA, the
pattern of hybridising fragments was similar to that of
the coding sequence probe (data not shown). Thus,
rapeseed f-ketoacyl-CoA synthase is encoded by
a minimum of two highly homologous genes and may
be present in a small multigenic family consisting of six
to eight members.

Expression of the f-ketoacyl-CoA synthase gene(s)
during seed development

In order to determine the pattern of rapeseed f-
ketoacyl-CoA synthase expression, we performed
Northern hybridisation with total RNA isolated from
embryos dissected at weekly intervals through seed
development to maturation and from flower, root and
leaf tissues (Fig. 4). Expression of the FAEI gene(s) was
found to be restricted to the embryo and temporally
regulated during seed development. A probe corres-
ponding to the entire CE8 sequence was found to
hybridise to a mRNA of embryos at 28-42 days after
pollination (DAP). This transcript was detectable after
21 DAP and was substantially reduced at 49 DAP.
A poly (A)" RNA preparation isolated from immature
embryos confirmed the presence of the FAEI tran-
script(s) at 26 DAP.

Embryo ( DAP)
15 21 28 35 42 49 At
w» CE8

Fig. 4 Northern hybridisation analysis of rapeseed FAE! expres-
sion. Total RNA was extracted from leaf (L), root (R), flower (F) and
immature embryos dissected during seed development. The numbers
above the lanes indicate days after pollination (DAP).
Poly(A) + RNA was isolated at 26 DAP. The RNAs were resolved
on formamide agarose gels, blotted to a nylon membrane and
hybridised with a 1.5-kbp probe corresponding to the CE§ cDNA
insert and subsequently with a ribosomal RNA probe. The filters
were washed at a stringency of 0.125 x SSC, 0.1%SDS at 60°C, and
autoradiography was performed

L R F
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The FAEI gene is linked to the E1 locus controlling
erucic acid content in rapeseed

The RAPD markers linked to the E1 and E2 loci
identified in a previous study (Jourdren et al. 1996a)
were subsequently assigned to two linkage groups
(DY7 and DY9) on the rapeseed genetic map (Foisset
et al. 1996). Hybridisation of the CE8 probe to South-
ern blots of DNA of the parental varieties ‘Darmor-bzh’
and ‘Yudal’ digested with various restriction endonuc-
leases revealed at least two loci, (data not shown). In
the case of digestion by HindIIl, five hybridising frag-
ments were detected (Fig. 5), since CE8 contains three
internal restriction sites for this enzyme. Linkage analy-
sis showed that one of these loci (CE8/HindIIl) mapped
to the DY 9 linkage group and cosegregated with the
El locus. From a test population of 100 plants, no
recombinants were identified. The position of the E1
locus was determined in Jourdren et al. (1996a). The
highest LOD score value for the E1 QTL was found at
CES8/HindIII locus (Fig. 6). The same locus was map-
ped with a CE8 Pstl RFLP. To date, the second locus
has not exhibited polymorphism despite the use of
eight different restriction enzymes with the ‘Darmor-
bhz’ and ‘Yudal’ genomic DNAs.

by
Nz—\
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: o
3§
— O - -
L o n

N
82 § &
& O (&)
EE 5 g
S 3 T -
a >

CE8/HindIlI

Fig. 5 RFLP analysis of FAE! gene. Genomic DNA isolated from
“Yudal’ (HEAR), ‘Darmor-bzh’ (LEAR) and doubled-haploid
progeny of this cross (labelled high or low) was digested with
HindIll, transferred to a nylon membrane and hybridised with
a FAE1 probe (CES8) and autoradiography was performed
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LOD
15 20 25 30 35

OPF01.390

10.0cM I

Lap-1
OPG13.720
5NA2a
OPY15.1270
1ND1a
OPY04.1510
1NF4b
OPL08.790
OPG05.2090
OPA08.960
Aco- 1
OPA15.850

OPF14.770

OPG11.510

Fig. 6 Genetic mapping of the CE8 gene. Localisation of the
CES8/HindIII locus on the DY9 linkage group. The highest LOD
score for the E1 QTL was found at the CE8/HindIII locus

Discussion

As part of our efforts to understand the regulation of
erucic acid biosynthesis in Brassica napus seeds and in
order to gain insight into the molecular basis of the
difference between the LEAR and HEAR phenotypes,
we report here the characterisation of two distinct
c¢cDNAs encoding a f-ketoacyl-CoA synthase. We show
that a gene encoding at least one of these cDNAs
cosegregates with a QTL (E1) controlling erucic acid
content in rapeseed.

Heterogeneity among rapeseed ff-keto-acyl-CoA
synthase cDNAs

The identity of the rapeseed clones was established by
alignment with the Genbank and Swissprot databases.
The rapeseed sequences were highly homologous at
the nucleotide (Fig. 1) and protein (Fig. 2) levels to the
Arabidopsis sequence (James et al. 1995) and to the
jojoba sequence (Lassner et al. 1995) which was shown
to encode f-ketoacyl-CoA synthase activity.

Two highly homologous, yet distinct, cDNAs were
isolated, discriminated principally by the absence of an
arginine codon in clone CES8 together with a low level
of nucleotide variation (Fig. 1). Previous reports have
demonstrated the existence of highly homologous
Brassica napus cDNAs encoding other proteins in-
volved in fatty acid biosynthesis; for example, Loader
et al. (1993) describe two ACP-thioesterase cDNAs
sharing 95.7% nucleotide identity and de Silva et al.
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(1990) describe two acyl carrier protein genes sharing
94% nucleotide identity.

Additional nucleotide variation was evident among
the other clones isolated for which partial sequence
data was obtained. Variation in the nucleotide se-
quence between clones CE3 and CE7 inferred variation
in three amino acid residues, two of which are noncon-
servative substitutions, F,og to S and Qs43 to P. Other
clones sequenced at their extremities, for example CE4
and CE9, resembled clone CE7, and in the case of clone
CE12, resembled clone CES8. In addition, clone CE3
possessed a 3’ nontranslated sequence 80 bp longer
than the sequence common to that of CE7. The size
difference in length of the 3’ nontranslated sequence
between the CE3 and other clones may be due to
differential processing of the 3’ end of the pre-mRNA or
may be a consequence of the cloning. Clones CE7 and
CES8 shared near identical 3’ nontranslated sequences
that differed in only four nucleotides.

The sequence heterogeneity between CE7 and CE8
may be a consequence of the allotetraploid nature of
the Brassica napus genome. Brassica napus is hypothe-
sised to have arisen from a spontaneous cross between
Brassica campestris and B. oleracea (U 1935). The vari-
ation between CE7 and CE8 cDNAs may reflect se-
quence polymorphism between the parental FAEI gene
copy present in each donor genome, as was argued by
Kater et al. (1991) for sequence variants of enoyl-ACP
reductase. Alternatively, CE7 and CE8 may be linked
members of a gene family. The two strong hybridisa-
tion signals detected on the Southern blot may corres-
pond to the 2 cDNAs specifically expressed in embryo
tissue. The minor sequence variation between the CE7
and CE8 cDNAs and the other clones, for example
CE3, may be attributable to allelic variation and to
residual heterozygosity despite intensive selection. The
Southern hybridisation analysis of genomic DNA (Fig.
3) confirmed rapeseed ff-ketoacyl-CoA synthase to be
encoded by a minimum of two genes and possibly by
a small multigene family having up to eight members.
The detection of multiple, weakly hybridising frag-
ments may thus be a consequence of the existence of
structurally related genes encoding enzymes which
function in the synthesis of VLCFA components of the
plasma membrane and as precursors of waxes (Post-
Beittenmiller 1996).

Some of the minor variation in sequence may be
associated with the nature of the cDNA library. This
was constructed from RNA isolated from a population
of 20 individual segregating lines characterised by high
erucic acid content.

Expression of the rapeseed FAEI gene(s) is temporally
regulated during embryo development

Expression of the rapeseed FAEI gene(s) was restricted
to immature embryo tissue and thus confirms the
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identity of the encoded enzyme as a seed specific f3-
ketoacyl-CoA synthase. Analysis by Northern hybrid-
isation using a coding sequence probe revealed the
presence of transcript(s) approximately 1.7 kb in length
in immature embryos between 21 and 42 DAP, with a
maximum between 28 and 42 DAP, (Fig. 2). Under our
growth conditions this corresponded to the early-to-
late cotyledonary stage of embryo development ac-
cording to the developmental key of Piffanelli (1996).
Expression was not detected in pre-cotyledonary stage
embryos nor in mature, pre-dessiccated embryos. No
transcript was detected in leaf, root or flowers (Fig. 3).
Also, FAEI transcripts were not detected in dry seed,
(data not shown). The appearance and disappearance
of the FAEI transcript together with our failure to
detect the transcript in other tissues suggest that the /-
ketoacyl-CoA synthase activity of seeds is regulated at
the level of transcription of embryo-specific genes.
These results are consistant with the observation that
Arabidopsis FAEI is expressed in the seed only and
that mutation of this gene affects VLCFA synthesis in
the seed only (James et al. 1995; Kunst et al. 1992). The
results are also consistant with the appearance of elon-
gase activity at 35 days post-anthesis in developing
seed of Brassica napus grown under similar conditions
Creach et al. (1992).

FAE] is a candidate gene for the E1 locus

Erucic acid content in rapeseed oil is determined by the
synthesis of the substrate, erucoyl-CoA, by the acyl-
CoA eclongase and by its incorporation into TAG by
the action of acyltransferases specific for positions
1 and 3 of the glycerol moiety. Studies in rapeseed have
shown that the synthesis of erucic acid occurs via two
sequential condensation reactions controlled by elon-
gase activities present in HEAR but absent in LEAR
varieties (Stumpf and Pollard 1983). Thus, at least one
of the two loci involved in erucic acid accumulation
controls elongation activity. Arabidopsis fael mutants
have drastically reduced levels of seed VLCFAs (James
and Dooner 1990; Lemieux et al. 1990) and a deficiency
of both elongation activities (Kunst et al. 1992). Clon-
ing of the Arabidopsis FAE! gene revealed homologies
of the encoded protein to condensing enzymes (James
et al. 1995).

El is one of the two loci controlling erucic acid
content in rapeseed (Harvey and Downey 1963). RFLP
analysis did not reveal any recombinant plants between
CES8/HindIIl and E1. Thus, one of the rapeseed FAE!
genes is a good candidate for the E1 locus. The esti-
mated confidence interval of the QTL position covers
2.7 cM (Fig. 6). Hence, several genes could be clustered
in this area and may correspond to the El locus. Thus,
similarly to the case of the FAD3 candidate gene and
linolenic acid content in rapeseed (Jourdren et al
1996b), it is not possible to determine whether the
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FAEI locus is localised adjacent to the E1 locus or
corresponds to the El locus. Furthermore, because of
the near identity in sequence of CE7 and CES it was not
possible to obtain a probe that discriminated between
the genes encoding the 2 cDNAs and hence which of
the genes maps to the E1 locus. Such a gene-specific
probe would be of great value when selecting for high
C22:1 content, especially for use in haplodiploidisation
schemes.

The linkage of the FAE] structural gene with the E1
locus is consistant with the inferrence of Ohlrogge et al.
(1991) that the lack of enzymic activity in LEAR plants
(Stumpf and Pollard 1983) suggests that at least one of
the two loci involved in erucic acid accumulation con-
trols elongation activity. The complementation of
a LEAR variety by a transformation with a jojoba
homologue of the FAEI gene (Lassner et al. 1996),
confirmed that the LEAR phenotype is a consequence
of a mutation in the structural gene encoding seed
p-ketoacyl-CoA synthase or in a gene controlling the
activity of the synthase.

Experiments designed to obtain a functional comple-
mentation of a LEAR plant with the FAE! cDNA
originating from a HEAR segregant are in progress in
order to test the hypothesis that the FAE] gene corres-
ponds to the E1 locus.

The identity of the E2 locus

If one of the rapeseed FAEI structural genes is con-
firmed as a gene corresponding to the E1 locus, what is
the identity of the E2 locus? Since rapeseed possesses
an amphidiploid genome, the E2 locus may be the
homoeologous gene of FAEI. Other markers have been
described close to E1 and E2 genomic regions on the
rapeseed genetic map (Foisset et al. 1996). The three
RFLP probes localised on the DY9 group (E1 group)
revealed only one polymorphic locus, and thus it is
unclear as to whether these two regions are
homoeologous. Indirect evidence associating a FAE]
gene with the E2 locus is suggested by the preliminary
identification of the DY7 linkage group as being ho-
meologous to that of DY9 (data not shown). This
hypothesis will be tested using other combinations of
probe and enzymes to map the second locus revealed
by the CE8 probe. In addition, a polymorphic locus
detected with the CE8 probe in the cross between
varieties ‘Stellar’ and ‘Drakkar’ was found to be linked
to a RAPD marker. This RAPD marker is common to
both the ‘Stellar/Drakkar’ and ‘Darmor-bzh /Yudal
maps and is linked to the E2 locus on the ‘Darmor-
bzh/Yudal’ map, (Barret and Delourme unpublished).

Since elongase comprises three additional activities,
the E2 locus could correspond to one of these struc-
tural genes or to a regulatory gene controlling the
expression or activity of one or more of the three
subunits. However, as pointed out by Ohlrogge et al.
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(1991), in the case of the LEAR phenotype a mutation
in one of the steps subsequent to the condensation
reaction could be deleterious because of sequestration
of coenzyme A. Furthermore, the condensing enzyme
has been shown to be the key regulatory subunit of the
elongase complex (Cassagne et al. 1994). It is unlikely
that the E2 locus corresponds to a seed-specific form of
the acyltransferases since in the LEAR phenotype
a mutation would have to alter substrate specificities of
two enzymes, glycerol-3-phosphate acyltransferase and
diacylglycerol acyltransferase. Thus, it is probable that
the E2 locus corresponds to the second FAE! gene.

E1 and E2 loci do not contribute equally to erucic
acid content in rapeseed (Jourdren et al. 1996a). The
percentages of the total variation of the C22:1 level
determined by the E1 and E2 loci were 56.4 and 28.6%,
respectively, and 90.6% of the trait variation was ex-
plained when the effects of these two genes were
combined. Several explanations to account for the dif-
ference in the contribution of the two genes are pos-
sible. Should each of the 2 cDNAs identified in this
study correspond to the E1 and E2 loci, then the level
of expression of each gene may not be equal in HEAR
possibly as a consequence of parental dominance or
transinactivation of duplicated sequences at unlinked
loci (reviewed in Matzke and Matzke 1993). Thus, the
variation in amino acid sequence could influence the
kinetic properties of one or other of the two enzymes.
Alternatively, transcriptional and/or post-transcrip-
tional regulation or modification may differentially
affect the activity of the enzymes. The possibility that
different high erucic acid alleles may exist in different
genotypes may reconcile the lack of variation observed
by Thormann et al. (1996) between the effects of two
loci controlling erucic acid content in rapeseed.
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