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Abstract A single base change in the Bn-FAE1.1 gene in
the A genome and a two-base deletion in the Bn-FAE1.2
gene in the C genome produce the nearly zero content of
erucic acid observed in canola. A BAC clone anchoring Bn-
FAE1.1 from a B. rapa BAC library and a BAC clone
anchoring Bn-FAE1.2 from a B. oleracea BAC library were
used in this research. After sequencing the gene Xanking
regions, it was found that the dissimilarity of the Xanking
sequences of these two FAE1 homologs facilitated the
design of genome-speciWc primers that could amplify the
corresponding genome in allotetraploid B. napus. The two-
base deletion in the C genome gene was detected as a
sequence-characterized ampliWed region (SCAR) marker.
To increase the throughput, one genome-speciWc primer
was labeled with four Xuorescence dyes and combined with
20 diVerent primers to produce PCR products with diVerent
fragment sizes. Eventually, a super pool of 80 samples was
detected simultaneously. This dramatically reduces the cost
of marker detection. The single base change in the Bn-
FAE1.1 gene was detected as single nucleotide polymor-
phic (SNP) marker with an ABI SNaPshot kit. A multiplex-
ing primer set was designed by adding a polyT to the 5�

primer end to increase SNP detection throughput through
sample pooling. Furthermore, the Bn-FAE1.1 and Bn-FAE1.2
were integrated into the N8 and N13 linkage groups of our
previously reported high-density sequence-related ampliWed

polymorphism (SRAP) map, respectively. There were 124
SRAP markers in a N8 bin in which the Bn-FAE1.1 gene-
speciWc SCAR marker was located and 46 SRAP markers
in a N13 bin into which the Bn-FAE1.2 SNP marker was
integrated. These three kinds of high throughput molecular
markers have been successfully implemented in our canola/
rapeseed breeding programs.

Introduction

Canola/rapeseed (Brassica napus L.) is a major oilseed crop
in Canada, Europe, Australia, China and the Indian subconti-
nent. The quality of canola/rapeseed oil is determined pri-
marily by its constituent fatty acids. The major fatty acid
constituents of Brassica oil are palmitic acid (C16:0), stearic
acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), lino-
lenic acid (C18:3), arachidic acid (C20:0), eicosenoic acid
(C20:1) and erucic acid (C22:1). Erucic acid is one of the
main fatty acids in rapeseed oil. Low erucic acid in rapeseed
improves the quality of the oil, because high erucic acid is rel-
atively low in digestibility and has been associated with health
problems (Beare et al. 1963). On the other hand, high erucic
acid rapeseed (HEAR) has several potential applications
in the oleo-chemical industry for the production of high-
temperature lubricants, nylon, plastics, slip and coating agents,
soaps, painting inks and surfactants (Töpfer et al. 1995).

In B. napus, additive alleles at two gene loci control the
erucic acid content in seeds (Harvey and Downey 1964),
and these two genes (E1 and E2) are mapped in rapeseed
(Ecke et al. 1995; Jourdren et al. 1996; Thormann et al.
1996). Development of low or high erucic acid content
B. napus cultivars requires a long process of crossing, back-
crossing and selWng of the segregating generations followed
by identiWcation of low or high erucic acid content lines

Communicated by I. L. Goldman.

M. Rahman · Z. Sun · P. B. E. McVetty · G. Li (&)
Department of Plant Science, University of Manitoba, 
Winnipeg, Manitoba, Canada, R3T 2N2
e-mail: g_li@umanitoba.ca

Z. Sun
Guangxi Academy of Agricultural Sciences, Nanning, China
123



896 Theor Appl Genet (2008) 117:895–904
from fatty acid proWles of seed lots from individual seeds
by gas chromatography (GC). However, DNA molecular
markers, which are tightly linked to the erucic acid genes or
inside the candidate genes, can be applied with high
eYciency in marker-assisted selection (MAS) for rapid
transfer of a character into an otherwise desirable genotype
eYciently and eVectively. For instance, 15 of 16 plants in
the F2 generation of canola/rapeseed crosses could be
discarded at the seedling stage by selecting homozygous
Bn-FAE1.1 and Bn-FAE1.2 genotypes with high or low
erucic acid content instead of growing plants to full maturity
and then doing seed quality analysis and selection.

The pathway for erucic acid biosynthesis and the major
reactions involved in this pathway has been well character-
ized in Arabidopsis. Oleic acid is the main precursor for eru-
cic acid biosynthesis via an elongation process in the
developing embryos of B. napus (Bao et al. 1998). In A. tha-
liana seeds, it was reported that fatty acid elongase 1 (FAE1)
is the candidate gene and that the gene product was essential
for elongation of C18:1 (oleic acid) to C22:1 (erucic acid)
(Lemieux et al. 1990; Kunst et al. 1992). The elongation pro-
cess has four diVerent steps. The Wrst step is the condensa-
tion of oleoyl-CoA to malonyl-CoA to form a 3-ketoacyl-
CoA. The second step is the reduction of the 3-ketoacyl-CoA
to produce 3-hydroxyacyl-CoA. The third step is the dehy-
dration of the 3-hydroxyacyl-CoA to form trans-(2,3)-enoyl-
CoA. The Wnal step is the further reduction of the trans-(2,3)-
enoyl-CoA. These reactions are catalyzed by four diVerent
enzymes 3-ketoacyl-CoA synthase, 3-ketoacyl-CoA reduc-
tase, 3-hydroxyacyl-CoA dehydratase and trans-(2,3)-enoyl-
CoA reductase, respectively (Fehling and Mukherjee 1991).
The role of the FAE1 gene in producing erucic acid was
genetically ascertained by genetic transformation of a low
erucic acid content rapeseed (Lassner et al. 1996). In rape-
seed, the two loci E1 and E2 of FAE1 homologs encode the
rapeseed 3-ketoacyl-CoA synthases for the elongation pro-
cess to generate erucic acid from oleoyl-CoA (Barret et al.
1998; Fourmann et al. 1998). In B. napus, these two homo-
logs of the FAE1 gene (Bn-FAE1.1 and Bn-FAE1.2) have
been characterized. These two homologs show 99.4% nucle-
otide identity and a two-base deletion results in a functional
loss of Bn-FAE1.2 gene in the C genome (Fourmann et al.
1998). Katavic et al. (2002) reported that the amino acid ser-
ine at position 282 in high erucic acid content genotypes is
substituted by phenylalanine in low erucic acid content geno-
types due to single base change in the Bn-FAE1.1 gene in the
A genome. In this report, BAC clones containing Bn-FAE1.1
and Bn-FAE1.2 genes from the A and C genome libraries
were used to extend the sequence adjacent to these two genes
to develop genome-speciWc high throughput molecular
markers. These markers will considerably facilitate the
selection of the four diVerent erucic acid content control alle-
les in canola/rapeseed breeding programs.

Materials and methods

Plant materials

The pure breeding high erucic acid content cultivar ‘Mil-
lenniUM 03’ (»55% erucic acid) was crossed with the pure
breeding canola line ‘SRYS-3’ (0% erucic acid) and the F1

was backcrossed to SRYS-3. The F1, F2, F3 and BC1 gener-
ations were grown in the greenhouse. Self-pollinated seeds
of 279 F2 and 159 BC1 plants were examined for erucic
acid content by gas chromatography (GC). Another 58 cul-
tivars or breeding lines with high or low erucic acid content
(determined by GC) in diVerent Brassica species that were
collected from various countries of the world were used to
check the FAE1 genes markers (Table 3). Fifty-eight DH
lines for constructing a B. napus high density map (Sun
et al. 2007) were analyzed for erucic acid content and used
for marker integration.

DNA extraction and sequencing of Xanking sequence 
of the FAE1 genes

DNA was extracted using a modiWed version of the CTAB
method according to Li and Quiros (2001) from the Xower
buds of B. rapa, B. oleracea and B. napus. The broccoli
BAC library and library screening strategy, as described by
Quiros et al. (2001), was used to pick up the BAC clone
anchoring the Bo-FAE1.2 gene. The B. rapa BAC library,
constructed from a male sterile line (kindly provided by Dr.
Quiros, University of California, Davis), was used to select
the BAC clone containing the Br-FAE1.1 gene. BAC DNA
was prepared from the A-genome library and the C-genome
library of pooled cultures of all clones from each 384-well
plate. Targeted positive clones from positive plates were
identiWed using a column and row (24 £ 16) pooling strat-
egy. The length of the FAE1 gene is approximately 1.6 kb
with a single exon, and the primers were designed according
to the FAE1 sequence in the GenBank data (u50771,
AF009563, Y14974, Y14975, Y14980). The Xanking
sequences of the FAE1 gene in the A-genome and C-genome
were sequenced by primer walking with the selected BAC
clones. With the extended Xanking sequences, the polymor-
phic regions between the A-genome and C-genome were
found and used to design genome-speciWc primers.

Multiplexing SCAR markers by targeting the two-base 
deletion in the Bn-FAE1.2 gene

The two-base deletion in the Bn-FAE1.2 gene is located at
the end of this gene. With the extended 3�-end Xanking
sequence of Bn-FAE1.1 and Bn-FAE1.2, a polymorphic
region was found and a genome-speciWc primer FE42A tar-
geting the Bn-FAE1.2 in the C genome was designed and
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another 20 primers were located inside the gene to form 20
primer pairs for multiplexing detection (Table 1). The
genome-speciWc primer was labeled with one of the four
Xuorescent dyes (6-FAM, VIC, NED and PET, ABI, Cali-
fornia) and the PCR products in a range of 200–500 bp
were separated with an ABI 3100 DNA analyzer (ABI, Cal-
ifornia).

SNaPshot detection of the Bn-FAE1.1 alleles

SNP markers were developed through targeting the single
base change in the Bn-FAE1.1 gene in the A genome. A
genome-speciWc primers, ‘FEAG4 and FEAS1,’ were
designed on the basis of the extended gene Xanking sequence
to amplify the Bn-FAE1.1 gene in the A genome. For multi-
plexing, another 22 primers were designed to detect the sin-
gle nucleotide polymorphism (SNP) in the Bn-FAE1.1 by
adding polyT at the 5� end of the primers (Table 1).

The Wrst step for SNP detection was to produce genome-
speciWc PCR products containing the SNP position. PCR
reactions were performed in a 10 �l volume containing 60
ng of genomic DNA, 100 �M of each dNTP, 0.15 �M of
each primer, 1£ PCR buVer, 1.5 mM MgCl2 and 1 Unit of
Taq polymerase. The PCR program was as follows: 94°C
for 3 min, followed by 35 cycles of 94°C for 1.0 min, 55°C
for 1.0 min, 72°C for 1.0 min and Wnal extension at 72°C
for 10 min. SNP detection was performed using the single
nucleotide primer extension method in the ABI 3100
Genetic Analyzer using a SNaPshot multiplex kit (ABI,
California), following the instructions in the kit.

The SNaPshot products were pooled Wrst and 2 �l pooled
DNA was mixed with 8 �l formamide containing Gene-
ScanTM 120 LIZTM size standard (ABI, California). After
the DNA was denatured for 5 min at 95°C, the DNA frag-
ments were analyzed with an ABI 3100 Genetic Analyzer.
Genotypes were scored manually, using peak color veriWca-
tion.

Marker testing with diVerent Brassica species and marker 
integration on a high-density map

DNA samples from 25 cultivars or breeding lines in diVer-
ent Brassica species and 58 DH lines used for the high-den-
sity SRAP map (Sun et al. 2007) was prepared as in the
aforementioned protocol and were analyzed with the SNP
marker for the Bn-FAE1.1 gene and the SCAR marker for
the Bn-FAE1.2 gene.

For integrating these two Bn-FAE1 genes on the avail-
able high-density SRAP map, new data for the SNP and
SCAR markers were put together with the data for the B.
napus map construction and run with MAPMAKER v2.0
on a Macintosh computer to Wnd the integrated linkage
groups and the corresponding bins (Sun et al. 2007).

Results

Study on erucic acid content of B. napus

Self-pollinated seeds of 279 F2 and 159 BC1 plants from a
cross of ‘MillenniUM03’ and ‘SRYS-3’ were examined for
erucic acid content. The parental lines, ‘MillenniUM03’
and ‘SRYS-3’, have 56 and 0% erucic acid in seed, respec-
tively. Twenty out of 279 plants produced low erucic con-
tent in F2, and 39 out of 159 BC1 plants showed low erucic
acid content in seed. These results were consistent with a
digenic (15:1 for F2 and 3:1 for BC1) segregation ratio indi-
cating that the two genes are responsible for erucic acid
content (�2 test, P = 0.52 and 0.87 in F2 and BC1).

Gene-speciWc SNP markers for Bn-FAE1.1 
in the A genome in B. napus

Gene-speciWc markers for the A-genome (Bn-FAE1.1 gene)
were developed by targeting a transition type base substitu-
tion at position 846 (C to T) from the starting codon in low
erucic acid content lines. Because of the high level of
sequence conservation between Bn-FAE1.1 and Bn-
FAE1.2, some primers targeting the sequence dissimilari-
ties between the Bn-FAE1.1 and Bn-FAE1.2 coding regions
were found to be unreliable to produce genome-speciWc
PCR products. To design reliable primers for genome-spe-
ciWc PCR products, chromosome walking 2.5 kb upstream
and 1.5 kb downstream of the Xanking sequence of the Bn-
FAE1.2 gene from the broccoli BAC clone, and 750 bp
upstream and 700 bp downstream Xanking sequences of the
Bn-FAE1.1 gene from the B. rapa BAC clone was con-
ducted. After Clustalw analysis (http://www.ebi.ac.uk/
clustalw), dissimilarities between the upstream and
downstream Xanking sequences of Bn-FAE1.1 and Bn-
FAE1.2 genes were found (Fig. 1). On the basis of these
dissimilar sequences, one primer FEAG4 in the upstream
Xanking region and another primer FEAF1 inside the gene
were designed to amplify a 1.2 kb A genome-speciWc frag-
ment containing the single nucleotide polymorphic (SNP)
position. The SNP was detected by using the single base
extension method with an ABI SNaPshot Multiplex kit.
The SNaPshot data were analyzed by GeneScan software
and peak information was transformed manually for each
loci. The polymorphic position containing homozygous ‘C’
for high erucic acid content exhibited a black peak, homo-
zygous ‘T’ for low erucic acid content, a red peak, and ‘C/
T’ for heterozygous plants, both a black peak and a red
peak (Fig. 2). Genotypes were assigned accordingly with
E1E1 for the black peak, e1e1 for the red peak and E1e1 for
both the black peak and the red peak. One hundred and sev-
enty-four F2 plants were tested for the Bn-FAE1.1 gene
using SNaPshot. In this F2 population, 43 plants exhibited
123
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Table 1 List of primers used in this experiment

Primers amplifying the A genome-speciWc fragment containing SNP position

Forward: FEAG4: CTCATTCCCGAGAAACACTGA

Reverse: FEAS1: CTACGATCTCCAGGCTTGTT

SNP detection primers

FEAF1: TTTTTGCCGCTATTTTGCTCT

FEAF2: TTTTTTTTTTGCCGCTATTTTGCTCT

FEAF3: TTTTTTTTTTTTTTTGCCGCTATTTTGCTCT

FEAF4: TTTTTTTTTTTTTTTTTTTTGCCGCTATTTTGCTCT

FEAF5: TTTTTTTTTTTTTTTTTTTTTTTTTGCCGCTATTTTGCTCT

FEAF6: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCCGCTATTTTGCTCT

FEAF7: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCCGCTATTTTGCTCT

FEAF8: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCCGCTATTTTGCTCT

FEAF9: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCCGCTATTTTGCTCT

FEAF10: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCCGCTATTTTGCTCT

FEAF11:TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCCGCTATTTTGCTCT

FEAF12: TTTTTTCGATCTCCAGGCTTGTTG

FEAF13: TTTTTTTTTTTCGATCTCCAGGCTTGTTG

FEAF14: TTTTTTTTTTTTTTTCGATCTCCAGGCTTGTTG

FEAF15: TTTTTTTTTTTTTTTTTTTCGATCTCCAGGCTTGTTG

FEAF16: TTTTTTTTTTTTTTTTTTTTTTTTCGATCTCCAGGCTTGTTG

FEAF17: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCGATCTCCAGGCTTGTTG

FEAF18: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCGATCTCCAGGCTTGTTG

FEAF19: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCGATCTCCAGGCTTGTTG

FEAF20: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCGATCTCCAGGCTTGTTG

FEAF21: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCGATCTCCAGGCTTGTTG

FEAF22:TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCGATCTCCAGGCTTGTTG

List of SCAR primers speciWc to C genome amplify the two bases deletion position

Reverse: FE42A (labeled): GACCATCTTTAACCCTAAAACC

Forward: FE42D: CAATGTCAAAGCTTCAA

Forward: FE42D1: GGCTCTAAACAATGTCAAAGC

Forward: FE42E1: TGCAGTTTGGGTGGCTCT

Forward: FE42F: GTGTAACAGTGCAGTTTGGG

Forward: FE42F1: GGCTTTAAGTGTAACAGTGC

Forward: FE42G1: TTAGGGTCAGGCTTTAAG

Forward: FE42 J: GGTAATAAAGTTTGGCAG

Forward: FE42 K: GCAAAAGGAAGGATGAAG

Forward: FE41: GGCATACATAGAAGCAAAAG

Forward: FE42L: TGGTATGAGTTGGCATAC

Forward: FE42M1: CTAGCTCAATATGGTATGAG

Forward: FE42 M: GGAAACACTTCATCTAGCTC

Forward: FE42N1: CATAGATTTGGAAACACTTC

Forward: FE42N2: CAACGTTACATAGATTTGG

Forward: FE42 N: GGCATCAAGATCAACGTTAC

Forward: FE42O: TCGATGTAGAGGCATCAAG

Forward: FE42P: CCTAGCACCGATCGATGTAG

Forward: FE42Q: AGAACCTAGGCCTAGCACCG

Forward: FE42R: GTGCTAGAGAAGAACCTAGG

Forward: FE42S: AGCCGTGATTGATGTGCTAG
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the E1E1 genotype, 81 showed the E1e1 genotype and 50
showed the e1e1 genotype, a good Wt to a 1:2:1 genotypic
ratio for single locus segregation for the Bn-FAE1.1 gene
(�2 = 1.385, P = 0.5–0.7). Similarly, in the BC1 population,
49 plants were found to be the E1e1 genotype and 59 were
the e1e1 genotype, consistent with the 1:1 expected geno-
typic segregation for a single locus inheritance for Bn-
FAE1.1 gene (�2 = 0.926, P = 0.3–0.5).

Gene-speciWc SCAR markers for the Bn-FAE1.2 gene 
in the C genome in B. napus

Gene-speciWc markers for the Bn-FAE1.2 gene in the C
genome were developed after the genome-speciWc primers
were designed. The two-base deletion is located at 1,425–
1,426 bp position for low erucic acid content lines, which
result in a truncated protein due to an early stop codon
(Fourmann et al. 1998). Fortunately, this deletion was close
to the downstream dissimilarity region, where a C genome-
speciWc primer FE42A was designed. Twenty diVerent
primers within the gene coding region from the upstream of
the polymorphic region (CAAAT/C–AT) were also

designed to amplify various fragments ranging from 270 to
484 bp in size. The DNA fragment speciWc for high erucic
acid content lines consistently produced two-base larger
fragments than those of low erucic acid content lines. This
small diVerence was easily detected by the ABI 3100
Genetic Analyzer when the primer FE42A was labeled with
a Xuorescent dye. Therefore, the Bn-FAE1.2 gene for
homozygous high erucic acid content lines generated two-
base larger fragments, the low erucic acid content lines had
two-base smaller fragments and the heterozygous lines had
both larger and smaller fragments (Fig. 3a). Since these
twenty diVerent primer combinations generated fragments
that were diVerent in size, it was possible to pool the PCR
products from 20 diVerent primer combinations to achieve
multiplexed, high throughput markers. With one Xuores-
cent dye color, 320 DNA samples (16 £ 20) were separated
in one run in 30 min with the ABI 3100 DNA analyzer
(Fig. 3b).

A total of 174 F2 plants were analyzed for the Bn-
FAE1.2 gene in the C genome. Of these, 46 were E2E2
genotype (single upper band), 45 were e2e2 genotype (sin-
gle lower band) and 83 were E2e2 genotype (both upper
and lower bands). The F2 population Wts a 1:2:1 genotypic
ratio for single locus inheritance for Bn-FAE1.2 for high,
intermediate and low erucic acid content alleles (�2 = 0.378,
P = 0.7–0.9). Similarly, 108 BC1 plants segregated into two
groups, 51 for the E2e2 genotype and 57 for the e2e2 geno-
type, which also Wt a 1:1 genotypic ratio for single locus
segregation for Bn-FAE1.2 (�2 = 0.334, P = 0.5–0.7).

Association of FAE1 molecular markers with erucic 
acid content

Erucic acid content in the F2 and BC1 populations were
associated with the two FAE1 homologs present in the A
genome and the C genome. On the basis of SNP and SCAR

Fig. 1 The upstream and down-
stream sequence comparison of 
the Bn-FAE1.1 and the Bn-
FAE1.2 genes in the A genome, 
B. rapa, and C genome B. olera-
cea, respectively. Underlines are 
upstream and downstream ge-
nome-speciWc primers position

1. Upstream flanking region  

FAEA            AAATTATCTTATTCCGGTCATGTTGGCCTTAACTAAAC TTCCACACATTTGTTTA- CTGA-  
FAEC            ATGTGGTGACACGT-GGTTTGAAACCCACCAAATAATCGATCACAAAAAACCTAAGTTAA  
                      *      *      *         *          ** *                       *         * *    * **    *         * ** *    *               **  *  *   * 

FAEA            TATTCG AGTATAAACTTTGCGGGAAAACTCATTCCCGAGAAACACTGATCCCATAATTAG
FAEC            GGATCGGTAATAACCTTT CTAATTAAT TTTGATTTAATT AAA-  TCACTCTTTT TA TTTA 
                              * **         * * * *   * * **                 * *      *         *                 * * *       *                      * *    * * *  

FAEA            TCAGAGTCTATGTCGGTTTAGCCTATC- ACTG- CTAAGTACAAAAATTCTCTCGAATTCA 
FAEC            T- AAACCCCACTAAATTATGCGATATTGATTGTCTAAGTACAAAAATTCTCTCGAATTCA 
                      *  *    *      *    *                 *   *           * * *     *    * *   ** **  * ** * * * * * * ** ** * ** ** * * ** * 

2. Downstream flanking region 

FAEA            GTATGTATCTCTTA - - -  - - -  -TTTA - - CATGAAA - -  -TTTTTAAACGCCT - - -  -AACACT 
FAEC            GTATGTATCTCTTAGACCATCTTTAACCCTAAAACCCTTTTTGAGATCCTTAAGAAAATT
                      ** * * ** ** ** * ** *                   * ** *      *   *    * * *        * * ***    *         ** *            * *   *   * 

FAEA            ATGACGTCATATCCTAAATCAAACAA - -CTAAAACCCCGAGTT -  - - -  -  -CTATCATTTAT 
FAEC            TTAATAATAAATTAAACCTTAAGTGGGGTTAAGGATCTC TGTTAAGAAACTTCCATTTTT  
                        *    *           *    * *        *       *  * *                    * * *           *          * **                  * *     * * ** *   * 

Fig. 2 SNP detection and multiplexed with various length of SNP
primers using GeneScan software in ABI 3100 genetic analyzer to ana-
lyze the SNaPshot data. The peak information has been transformed
manually for each loci (e.g., black for ‘C’ and the genotype is E1E1;
red for ‘T’ and genotype is e1e1; black/red for ‘C/T’ and genotype
E1e1)
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markers, the F2 plants were classiWed into nine diVerent
genotypes: E1E1E2E2, E1E1E2e2, E1E1e2e2, E1e1E2E2,
E1e1E2e2, E1e1e2e2, e1e1E2E2, e1e1E2e2 and e1e1e2e2
for Bn-FAE1.1 and BN-FAE1.2 genes in the A genome and
the C genome, respectively (Fig. 2, 3b, and Table 2). A
total of 170 F2 plants were tested for both genes, of which
10 were E1E1E2E2, 22 E1E1E2e2, 11 E1E1e2e2, 23
E1e1E2E2, 37 E1e1E2e2, 19 E1e1e2e2, 11 e1e1E2E2, 24
e1e1E2e2 and 13 e1e1e2e2 (Table 2). The segregation ratio
was consistent with a 1:2:1:2:4:2:1:2:1 genotypic segrega-
tion ratio for two genes (�2 = 2.358, P ¸ 0.95). All geno-
typic classes were tested for erucic acid content in seeds
and it was found that all four dominant allele genotypes had
the highest erucic acid content with an average of 41.2%,
three dominant allele genotypes had an average of 34.4%
(E1E1E2 average = 34.5% and E1E2E2 average = 34.3%),
two dominant alleles contributed an average of 23.7%
(E1E1 = 24.2%, E1E2 = 24.1% and E2E2 = 22.9%), one
dominant allele genotypes had an average of 12.5% (E1 =
12.0% and E2 = 13.0%), while e1e1e2e2 genotype plants
had an average 0.26% erucic acid content (Table 2). The
results indicated that all four dominant alleles had almost
identical contribution to erucic acid content in seed with an
average of 11.2% erucic acid per allele.

A further study was conducted to test the association of
the two genes with erucic acid content in 108 BC1 plants
developed from a cross of ‘MillenniUM03’ and ‘SRYS-3,’
with ‘SRYS-3’ (low ER) as recurrent parent. The genotyp-
ing was done on the basis of SNP detection and two base
deletion detection in ABI 3100 genetic analyzer with four
groups obtained from the BC1 population as E1e1E2e2,
E1e1e2e2, e1e1E2e2 and e1e1e2e2 (Fig. 2, 3b, and
Table 3). Of the 108 BC1 plants, 26 were E1e1E2e2 with an
average 19.8% erucic acid content, 23 E1e1e2e2 with an
average 10.5% erucic acid content, 24 e1e1E2e2 with an
average 10.4% erucic acid content and 35 e1e1e2e2 with an
average 0.18% erucic acid content. The four diVerent geno-
typic classes Wt a 1:1:1:1 backcross segregation ratio for
two genes (�2 = 3.332, P = 0.3–0.5). The contributions of
each allele for erucic acid content in seed in the BC1 popu-
lation were similar to each other at 10.2%.

Applicability of the markers in diVerent Brassica species

Fifty-eight cultivars or breeding lines with high or low
erucic acid content in diVerent Brassica species that were
collected from Australia, Bangladesh, Canada, China,
Denmark, Ethiopia, Germany, India, Japan, Netherlands,

Fig. 3 a Detection of C ge-
nome-speciWc High ER, F1, F1� 
and low ER lines using C15 ge-
nome-speciWc primers FE42A/
FE42F. The upper band is 
responsible for high ER 16 
(E2E2), lower band is for low 
ER (e2e2) and double band is for 
intermediate ER (E2e2). b Iden-
tiWcation of diVerent erucic acid 
contents segregating populations 
using 20 labeled FE42A primer 
with twenty diVerent upstream 
unlabelled primers to produce 21 
various DNA fragments from 
270 to 484 bp. The upper band is 
two bases larger than 22 the low-
er band for all pairs
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Poland, Sweden, Thailand, United Kingdom and USA were
tested with the Bn-FAE1.1 and the Bn-FAE1.2 gene mark-
ers. Among the cultivars or breeding lines, forty-one were
in B. napus, nine in B. rapa, two in B. oleracea and six in B.
juncea. All the cultivars or breeding lines had the SNP and
SCAR markers for the FAE1 genes perfectly matched with
their erucic acid content in seeds (Table 3). In B. napus, all
eighteen canola cultivars showed both mutations in the A
and C genomes and all rapeseed cultivars did not, demon-
strating that the genome-speciWc SNP and SCAR markers
were reliable in the canola cultivars collected worldwide.
As expected, the primers for the A genome-speciWc SNP
marker did not amplify the FAE1 homolog in the C genome
of B. oleracea, and the primers for the C genome SCAR
marker did not produce bands in B. rapa and B. juncea. The
genome speciWcation of the SNP and SCAR markers were
demonstrated with the species such as B. rapa, B. oleracea
and B. juncea.

Integration of the SNP and SCAR markers 
into a high-density SRAP map

All 58 DH lines that were used for constructing the high-
density SRAP map in B. napus were checked with GC for
their erucic acid content. The A genome-speciWc SNP
marker and the C genome-speciWc SCAR markers showed

exactly the expected alleles corresponding to the erucic
acid content (data not shown). The marker data were put
together with the data that were previously used for the
SRAP map construction to Wnd the linkage groups that the
SNP and SCAR markers were integrated into. As expected,
the A genome-speciWc SNP marker was mapped into the
N8 linkage group in the A genome and the C genome-spe-
ciWc SCAR marker into the N13 linkage group in the C
genome. The N8 position integrated with the SNP marker
was the N8-28 bin that contains 124 SRAP markers and the
bin for the SCAR marker was the N13-70 that has 48 SRAP
markers (Sun et al. 2007). Since most SRAP markers on the
high-density B. napus map are genome-speciWc, they can
be used directly for marker-assisted selection of erucic acid
content in canola and rapeseed breeding.

Discussion

In rapeseed, the wild-type genotypes produce high erucic
acid content in the seed. The Wrst and only naturally occur-
ring low erucic acid rapeseed line ‘Liho’ was discovered by
using gas chromotography analysis in 1963 at the Univer-
sity of Manitoba. It had a mutation in the gene for erucic
acid biosynthesis in B. napus (Stefansson and Hougen
1963). This is the only source of the low erucic acid B.
napus that is currently used in canola breeding in the world.
Low erucic acid content genotypes possess mutations
aVecting both E1 and E2 loci controlling erucic acid con-
tent in the seed (Harvey and Downey 1964). The fatty acid
elongation 1 (FAE1) encoding 3-ketoacyl-CoA synthase
has been characterized in Arabidopsis thaliana (James et al.
1995) and jojoba (Lassner et al. 1996). Barret et al. (1998)
identiWed the FAE1 gene in B. napus with two homologous
sequences (Bn-FAE1.1 and Bn-FAE1.2) from the embryo.
The Bn-FAE1.1 gene has been shown to be linked to the E1
locus for B. rapa, and Bn-FAE1.2 was assigned to the E2
locus in B. oleracea. Only three nucleotide changes, a sin-
gle base change in Bn-FAE1.1 and a two-base deletion in
Bn-FAE1.2 account for the fatty acid diVerence of canola
and rapeseed (Barret et al. 1998; Fourmann et al. 1998;
Katavic et al. 2002). By targeting these three base changes,
high throughput gene-speciWc markers for both Bn-FAE1.1
and Bn-FAE1.2 were developed. These markers are perfect
matches with erucic acid content and no recombination
occurs between the markers and trait. As the source of the
low erucic acid content line is common worldwide, the
markers showed the expected pattern in diVerent high and
low erucic acid cultivars and species of Brassica collected
from various countries of the world, which conWrms the
acceptability of the markers for MAS in plant breeding.

Sequence similarity among the homologous genes in the
A and C genes in B. napus is very high for most genes even

Table 2 Erucic acid content in diVerent genotypic class of F2 and BC1
populations

The genotyping were done on the basis of SNP and SCAR markers de-
tected in ABI 3100 Genetic Analyzer as shown in Figs. 2 and 3b
a �2 (F2) = 2.358 (P = 0.90–0.95)
b �2 (BC1) = 3.332 (P = 0.5–0.7)
c Standard deviation

Generation/
genotypes

Expected 
genotypic ratio

Number of 
individuals

Mean erucic 
acid (%) and SDc

F2
a

E1E1E2E2 1 10 41.2 § 0.83

E1E1E2e2 2 22 34.5 § 2.21

E1E1e2e2 1 11 24.2 § 1.88

E1e1E2E2 2 23 34.3 § 1.94

E1e1E2e2 4 37 24.1 § 2.31

E1e1e2e2 2 19 12.8 § 2.00

e1e1E2E2 1 11 22.9 § 1.73

e1e1E2e2 2 24 12.0 § 1.91

e1e1e2e2 1 13 0.26 § 0.29

BC1
b

E1e1E2e2 1 26 19.8 § 1.90

E1e1e2e2 1 23 10.5 § 1.61

e1e1E2e2 1 24 10.4 § 1.11

e1e1e2e2 1 35 0.18 § 0.22
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Table 3 Status of erucic acid (ER) gene markers in diVerent cultivars and species of Brassica collected from various countries of the world

S. no. Cultivars Species Country of origin ER content Bn-FAE1.1 Bn-FAE1.2

1. MillenniUM 01 B. napus Canada High E1E1 E2E2

2. HR 102 B. napus Canada High E1E1 E2E2

3. RR HR 102 B. napus Canada High E1E1 E2E2

4. HR 199 B. napus Canada High E1E1 E2E2

5. HR 200 B. napus Canada High E1E1 E2E2

6. Castor B. napus Canada High E1E1 E2E2

7. Industry B. napus Germany High E1E1 E2E2

8. Savory B. napus Germany High E1E1 E2E2

9. Sheila B. napus Germany High E1E1 E2E2

10. CH 585 B. napus Germany High E1E1 E2E2

11. CH 586 B. napus Germany High E1E1 E2E2

12. Bronowski B. napus Poland High E1E1 E2E2

13. UM-2027 B. napus Poland High E1E1 E2E2

14. UM-2148 B. napus UK High E1E1 E2E2

15. UM-2108 B. napus Turkey High E1E1 E2E2

16. UM-2149 B. napus Brazil High E1E1 E2E2

17. UM-2200 B. napus Ethiopia High E1E1 E2E2

18. UM-2153 B. napus Thailand High E1E1 E2E2

19. UM-2088 B. napus India High E1E1 E2E2

20. AMORI-1 B. napus Japan High E1E1 E2E2

21. Michinoku-natane B. napus Japan High E1E1 E2E2

22. Norin-16 B. napus Japan High E1E1 E2E2

23. ORB-74182 B. napus USA High E1E1 E2E2

24. Sentry B. napus Canada Low e1e1 e2e2

25. Allons B. napus Canada Low e1e1 e2e2

26. Holly 276 B. napus Canada Low e1e1 e2e2

27. Waster B. napus Canada Low e1e1 e2e2

28. Surpass B. napus Canada Low e1e1 e2e2

29. Kelsey B. napus Canada Low e1e1 e2e2

30. Reward B. napus Canada Low e1e1 e2e2

31. Regent B. napus Canada Low e1e1 e2e2

32. Cyclone B. napus Canada Low e1e1 e2e2

33. Huashang 3 B. napus China Low e1e1 e2e2

34. ZS H9 B. napus China Low e1e1 e2e2

35. OSCAR B. napus Australia Low e1e1 e2e2

36. Rainbow B. napus Australia Low e1e1 e2e2

37. UM-2035 B. napus Sweden Low e1e1 e2e2

38. UM-2492 B. napus UK Low e1e1 e2e2

39. UM-2494 B. napus UK Low e1e1 e2e2

40. SCHU-75-03 B. napus Netherlands Low e1e1 e2e2

41. Asahi-natane B. napus Japan Low e1e1 e2e2

42. USU 9 B. rapa Canada High E1E1 –

43. SPAN B. rapa Canada High E1E1 –

44. BARI-6 B. rapa Bangladesh High E1E1 –

45. Sampad B. rapa Bangladesh High E1E1 –

46. Agrani B. rapa Bangladesh High E1E1 –

47. Tori-7 B. rapa Bangladesh High E1E1 –
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in intergenic regions, which is an obstacle for developing
gene-speciWc markers. The Bn-FAE1.1 gene in the A
genome and the Bn-FAE1.2 gene in the C genome have
similar sequence similarities. Since the sequence similarity
of these two genes is very high, it is diYcult to amplify the
SNP position for low erucic acid in the A genome, because
the same gene sequence is present in the C genome for high
erucic acid content. Similarly, it is diYcult to separately
amplify the two-base deletion mutation for low erucic con-
tent genotypes in the C genome, because the same gene
sequence is present in the A genome for high erucic acid,
which hinders the identiWcation of genotypes with homozy-
gous deletion alleles. To overcome these problems, the
extended sequence from the Xanking regions of Bn-FAE1.1
in the A genome and Bn-FAE1.2 in the C genome were
determined. Sequence dissimilarities outside the gene’s
regions in the A and C genomes were large enough for
genome-speciWc primers to amplify the A genome-speciWc
Bn-FAE1.1 containing a SNP position and the C genome-
speciWc Bn-FAE1.2 containing a two-base deletion posi-
tion. This is the Wrst reported approach to amplify the A and
C genome-speciWc FAE1 genes in B. napus for precise tag-
ging of the high and low erucic acid content genotypes in B.
napus.

Sequencing the BAC clones from the B. rapa and B.
oleracea BAC libraries allowed the accurate identiWcation
of the sequences from the A genome and the C genome in
B. napus. Han et al. (2001) cloned the Bn-FAE1.1 promoter
through inverse PCR in B. napus (GenBank accession num-
ber AF275254). After ClustalW alignment of AF275254
and our promoter sequences, we found that the AF275254
shared 99.8% identity to the C genome promoter and only
62.1% identity to the A genome with multiple deletions
(S1). Therefore, the promoter in Han’s analysis is not a Bn-
FAE1.1 promoter in the A genome, but it is a Bn-FAE1.2
promoter in the C genome.

Increasing throughput and reducing the cost for molecu-
lar marker detection is critical for large-scale application of
MAS in canola/rapeseed breeding programs, since large
number of plants have to be screened in a short time. In this
report, multiplexed SNP detection and multiplexed SCAR
markers were demonstrated using a series of SNP detection
primers varying in size by adding polyT at the primer 5�

end. Twenty-two SNP detection primers allow a mixture of
22 reactions in one well. In theory, 17,600 samples (22 £
16 £ 50) can be done with a medium throughput DNA ana-
lyzer, such as ABI 3100 DNA analyzer, within 24 h. Simi-
larly, with an ABI 3100 Genetic analyzer, over sixty
thousand (4 £ 20 £ 16 £ 48) samples can be detected with
the SCAR markers for Bn-FAE1.2 within 24 h, since the
genome-speciWc primer labeled with four Xuorescent dye
colors can be used in our laboratory. Using this approach, it
is possible to pool 80 PCR products for detection in an ABI
genetic analyzer, which could reduce running time and cost
by approximately 80 times.

The ABI 3100 genetic analyzer can be used with high
eYciency to detect two-base diVerence markers. The two
base deletion in the C genome could also be detected using
SNaPshot, but using a SCAR marker is much cheaper than
using SNaPshot, since only a small amount of speciWc PCR
product is required for detection. Additionally, it is a one-
step PCR with a short PCR ampliWcation program, with
about 15–20 cycles. Using a PCR pooling technique,
approximately 60,000 samples could be analyzed with a
medium throughput DNA analyzer and about three million
samples could be analyzed with a high throughput DNA
analyzer, such as ABI 3700 genetic analyzer, within 24 h,
with a per sample cost of just a few cents instead of more
than one dollar.
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Table 3 continued

S. no. Cultivars Species Country of origin ER content Bn-FAE1.1 Bn-FAE1.2

48. Sonali B. rapa Bangladesh High E1E1 –

49. Dhali B. rapa Bangladesh High E1E1 –

50. Kallyania B. rapa Bangladesh High E1E1 –

51. Jun-33 B. juncea Japan High E1E1 –

52. Jun-20 B. juncea Denmark High E1E1 –

53. Jun-83 B. juncea Denmark High E1E1 –

54. Shambal B. juncea Bangladesh High E1E1 –

55. Daulat B. juncea Bangladesh High E1E1 –

56. Rai-5 B. juncea Bangladesh High E1E1 –

57. 454 B. oleracea China High – E2E2

58. 453 B. oleracea China High – E2E2
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