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Abstract Modification of oleic acid (C18:1) and linolenic
acid (C18:3) contents in seeds is one of the major goals for
quality breeding after removal of erucic acid in oilseed rape
(Brassica napus). The fatty acid desaturase genes FAD2
and FAD3 have been shown as the major genes for the con-
trol of C18:1 and C18:3 contents. However, the genome
structure and locus distributions of the two gene families in
amphidiploid B. napus are still not completely understood
to date. In the present study, all copies of FAD2 and FAD3
genes in the A- and C-genome of B. napus and its two dip-
loid progenitor species, Brassica rapa and Brassica olera-
cea, were identified through bioinformatic analysis and
extensive molecular cloning. Two FAD2 genes exist in
B. rapa and B. oleracea, and four copies of FAD2 genes
exist in B. napus. Three and six copies of FAD3 genes were
identified in diploid species and amphidiploid species,
respectively. The genetic control of high C18:1 and low
C18:3 contents in a double haploid population was investi-
gated through mapping of the quantitative trait loci (QTL)
for the traits and the molecular cloning of the underlying
genes. One major QTL of BnaA.FAD2.a located on A5
chromosome was responsible for the high C18:1 content. A
deleted mutation in the BnaA.FAD2.a locus was uncovered,
which represented a previously unidentified allele for the
high oleic variation in B. napus species. Two major QTLs
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on A4 and C4 chromosomes were found to be responsible
for the low C18:3 content in the DH population as well as
in SW Hickory. Furthermore, several single base pair
changes in BnaA.FAD3.b and BnaC.FAD3.b were identi-
fied to cause the phenotype of low C18:3 content. Based on
the results of genetic mapping and identified sequences,
allele-specific markers were developed for FAD2 and
FAD3 genes. Particularly, single-nucleotide amplified poly-
morphisms markers for FAD3 alleles were demonstrated to
be a reliable type of SNP markers for unambiguous identifi-
cation of genotypes with different content of C18:3 in
amphidiploid B. napus.

Introduction

Oilseed rape (Brassica napus L.) is one of the most impor-
tant oil crops worldwide. The edible and processing quality
of rapeseed oil is mainly determined by the fatty acid com-
position of the triglycerol lipid in its seeds. In particular, the
proportions of the three major unsaturated fatty acids, oleic
acid (C18:1), linoleic acid (C18:2) and linolenic acid
(C18:3) in seeds are important for the nutritional and pro-
cessing applications of oilseed rape. High C18:1 content in
rapeseed oil is desirable for its long shelf life and stability
in high temperature during deep frying (Warner and
Knowlton 1997; Matthdus 2006). In addition, high oleic
acid oil is also an ideal raw material for biodiesel produc-
tion (Pinzi et al. 2009). On the other hand, linolenic acid is
a highly unsaturated fatty acid; it is sensitive to oxidation in
air and therefore unstable during frying. Therefore, a
reduced C18:3 level in rapeseed oil is beneficial for storage
and extending its shelf life (Scarth and Tang 2006). One of
the major goals for quality breeding at present is to increase
the C18:1 content (to >75 %) and reduce the C18:3 content
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(to <3 %) in the seeds of oilseed rape cultivars (Scarth and
Tang 2006; Wittkop et al. 2009).

Mutants with reduced C18:3 content of 3-5 % in B. napus
seeds were first obtained by EMS mutation (Rébbelen and
Nitsch 1975; Rakow 1973). The mutated materials with
altered fatty acid profiles were widely used as a source of low
C18:3 breeding and genetic studies. The first low CI18:3
canola spring cultivar with 3 % C18:3 content, Stellar, was
developed by crossing a low C18:3 germplasm M11 with a
high C18:3 cultivar Regent (Scarth et al. 1988).

A molecular marker based on random amplified poly-
morphic DNA (RAPD) for C18:3 content was identified.
The marker accounted for 26.5 % of the genetic variation of
C18:3 content in an F, population derived from a cross
between the cultivar Duplo and a low linolenic acid line
(Hu et al. 1995). Two major QTLs, which explained 24 and
30.7 % of the total phenotypic variation of the C18:3 con-
tent, respectively, were determined with RAPD analysis in
a double haploid (DH) population derived from a cross
between Stellar and a high C18:3 cultivar Drakkar
(Jourdren et al. 1996b). Similar results were obtained in
other DH populations with the same low linolenic source
(Rajcan et al. 1999; Thormann et al. 1996). The two loci
were shown to correspond with the fatty acid desaturase 3
(FAD3) copies located in the A- and C-genome in B. napus,
respectively (Barret et al. 1999; Jourdren et al. 1996a). The
FAD3 gene encodes an endoplasmic delta-15 linoleate
desaturase that catalyzes the desaturation reaction of lino-
leic acid and the formation of linolenic acid (Arondel et al.
1992). The mutations in FAD3 genes in Stellar could be
detected by gene-specific markers, although the exact muta-
tion sites were not known (Jourdren et al. 1996a). More
recently, a single G-to-A mutation of the FAD3 gene was
identified to produce a reduced C18:3 content in DMS100,
a high oleic and low linolenic canola line (Hu et al. 2006).
Two major QTLs for C18:3 content were mapped on A4
and C4. Two point mutations in both FAD3 loci located at
A- and C-genome were reported in a low C18:3 winter
rapeseed line DH219/05 (Mikolajczyk etal. 2010). The
mutation in the allele of FAD3 located at the C-genome
of DH219/05 was exactly the same as the one in DMS100
(Hu et al. 2006; Mikolajczyk et al. 2010).

High oleic acid breeding came to the attention in oilseed
rape breeding in the late 1980s. So far, studies on high oleic
mutants in B. napus are limited. A QTL for C18:1 in spring
turnip rape was identified in an F, population derived from
the line Jo4002 (with 42 % of C18:1) and a high C18:1
individual Jo4072 (with 69 % of C18:1). A co-dominant
RAPD marker was developed for the QTL (Tanhuanpdi
et al. 1996). The QTL was later found to correspond with
the FAD?2 gene, in which there was a single base difference
between the wild type and the high C18:1 allele. Such a
difference allowed for the development of an allele-specific
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marker for high C18:1 for this material (Tanhuanpii et al.
1998). Through EMS mutation, two high C18:1winter
mutant lines, 7488 and 19661, were developed from winter
cultivar Wotan and the mutants had about 15 % higher
C18:1 content than its donor parent. Genetic analysis
showed that the two mutant lines were allelic, and the high
C18:1trait exhibited a single gene segregation in F, families
derived from the F, population between the mutant line
7488 and a wild-type line (Schierholt et al. 2000). Three
AFLP markers were mapped near the locus of the FAD2
gene in rapeseed genome (Schierholt et al. 2000). In a DH
population derived from DMS100 (high in C18:1 content),
a major QTL for C18:1 content was mapped on AS5,
accounting for 76.3 % of the total variation of the fatty
acid. Furthermore, it was found that another minor QTL
localized on the Al accounted for 9.4 % of the variation
(Hu et al. 2006).

Although different molecular markers linked to C18:1
and C18:3 were identified, the exact allelic variations for
many of the markers are still unknown. It has been shown
that in allopolyploid B. napus there are possibly four copies
for FAD2 and six for FAD3 through RFLP analysis
(Scheffler et al. 1997). However, the information on the
sequences of these genes is incomplete. So far, only one
FAD?2 mutation locus located on A5 was determined in
B. napus (Hu etal. 2006). The development of allele-
specific markers for C18:1 and C18:3 mutations is still a
demanding task in B. napus due to its polyploidy nature,. In
many cases, this type of markers has a low resolution, as
multiple copies for the genes are available in B. napus
genome. Therefore, it is important to identify all the copies
in amphidiploid B. napus genome and to develop a more
robust allele-specific type of markers for marker-assisted
selection (MAS) in the breeding of high C18:1 and low
C18:3.

The aims of this study were (1) to analyze the genetic
control of high C18:1 and low C18:3 in a DH population
derived from a cross between a spring-type cultivar with
high C18:1 and low C18:3 contents and a winter-type culti-
var of B. napus, (2) to better understand the gene structures
of all the FAD2 and FAD3 copies in the B. napus genome,
and (3) to develop allele-specific markers for high oleic and
low linolenic contents. In this study, we identified a novel
mutation in FAD2 locus in the A-genome of B. napus. Based
on the thorough annotation of FAD2 and FAD3 genes in
three Brassica species, we developed highly reliable allele-
specific markers for FAD2 and single-nucleotide amplified
polymorphisms (SNAP) markers for FAD3 genes by utiliz-
ing the amplification refractory mutation system (ARMS)
(Newton et al. 1989) and the SNAPER program (Drenkard
et al. 2000). We demonstrated that the locus-specific markers
are highly specific to distinguish different copies of the same
gene and effective for the selection of high C18:1 and low
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C18:3 in different breeding populations. The genome distri-
bution information of the FAD2 and FAD3 genes will be
valuable for breeding for C18:1 and C18:3 contents. Further-
more, successful applications of SNAP markers to B. napus
will improve the efficiency of single nucleotide polymor-
phism (SNP) detection, which is widely available but often
difficult to use with traditional PCR techniques in such a spe-
cies with multiple loci of a same gene.

Materials and methods
Plant materials and phenotypic analysis

Two B. napus genotypes with distinct C18:1 and C18:3
contents were used in this study. One was SW Hickory, a
spring-type B. napus variety with about 78 % of C18:1 and
<3 % of C18:3 (a kind gift from Lantménnen SW Seed,
Sweden), and another JA177 with about 64 % of C18:1 and
8 % of C18:3. A doubled haploid (DH) population includ-
ing 238 DH lines was produced through microspore culture
of F, buds of the cross SW Hickory x JA177. A random
subset of 190 DH lines was sampled for the genetic analysis
and mapping QTL of C18:1 and C18:3 contents. The popu-
lation will henceforward be referred to as the SJ DH popu-
lation (Fan et al. 2010).

The SJ DH population was grown during the winter-type
oilseed rape growing season on the experimental farm of
Huazhong Agriculture University, Wuhan, China for the
three consecutive growing years (2006-2007, 2007-2008
and 2008-2009). Self-pollinated seeds were collected from
individual DH plants in the year of 2006-2007, or from at
least six plants in a DH line in the following seasons (2007—
2008 and 2008-2009) for fatty acid profiling (for the conve-
nience of description, the growing seasons are expressed as
2007-2009 thereafter). Fatty acid analysis was performed by
using gas liquid chromatography (GC) with a Model 6890
GC analyzer (Agilent Technologies, Inc., Wilmington, DE,
USA), following the protocol as described (Thies 1971). The
content of individual fatty acid was expressed as the percent-
age of total fatty acids in mature seeds.

Molecular marker and QTL mapping

A linkage map covering the whole genome of B. napus has
been constructed with the SJ DH population using SSR
markers as described (Fan et al. 2010). The linkage map
was used to localize the loci for C18:1 and C18:3 contents
following the standard QTL mapping procedure (Fan et al.
2010). Significance thresholds at the 0.05 significance level
were estimated on the basis of 1,000 permutations using the
procedure as described (Churchill and Doerge 1994).

Bioinformatic analysis of FAD2 and FAD3 genes
in Brassica species

To identify all putative FAD2 and FAD3 genes in B. napus,
we searched for the sequences homologous to Arabidopsis
FAD2 (AT3G12120.1) and FAD3 (AT2G29980.1) genes in
a Brassica database (BRAD: http://brassicadb.org/brad/,
Chinese Academy of Agricultural Sciences) containing
Brassica rapa and Brassica oleracea genome sequences
(Cheng et al. 2011). The search was conducted first with the
BLASTn program using an E value <1E—20 and identity
and query coverage >80 %. All hits from this search were
then used to locate the homologous sequences in the NCBI
nucleotide collections (http://www.ncbi.nlm.nih.gov) with
the same parameters as above. The nonredundant sequences
resulted from the hits were then collected and compared
with known FAD2 and FAD3 genes in Arabidopsis .

The program FGENESH (HMM-based gene structure
prediction tool) was used for gene prediction (http:/
www.softberry.com/). Sequence alignment was performed
with CLUSTALX1.83 (Thompson et al. 1997) and phylo-
genetic analysis was applied to the alignment results. The
similarity of the predicted protein sequences was compared
based on a BLOSUMG62 matrix (Henikoff and Henikoff
1993). Distance matrices were calculated based on Poisson
correction, and trees were constructed with the neighbor-
joining algorithm using the MEGA4.0 (Tamura et al.
2007). Bootstrap analysis with 1,000 replicates was per-
formed to test the significance of nodes.

All gene nomenclature in this study followed the rules
proposed by @stergaard and King (2008). Gene structure
display server (Guo et al. 2007) was employed to generate
the gene structure draws.

Cloning of FAD2 and FAD3 genes in B. napus

Genomic DNA was prepared from leaf tissues as described
previously (Fan et al. 2010). For cDNA cloning, total RNA
was extracted from the leaves of B. napus using TRIZOL
(Invitrogen, Paisley, UK) and converted into first-strand
cDNA following the manufacturer’s instructions (TIAN-
Script RT Kit, Beijing, China). The primers used for ampli-
fication of the genomic and/or cDNA fragments are listed
in supplementary Table S1.

The PCR products were cloned into pMDI18-T vector
(Takara Corporation, Japan) according to the manufac-
turer’s instructions. The M13F and M13R universal primers
and the BigDye Terminator Cycle Sequencing v3.1
(Applied Biosystems, Foster City, CA, USA) were used for
sequencing. Sequences were aligned using the computer
program of SEQUENCHER 4.1.2 (Gene Codes Corpora-
tion, Ann Arbor, MI, USA).
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SNAP primer design and allele-specific PCR

A SNAPER program (Drenkard et al. 2000) was used to
design the SNAP primers. SNP among all possible FAD3
genes from B. napus was used for the design of locus-spe-
cific primer, and the SNP of the same locus on two parents
was used for the design of allele-specific primers. A locus-
specific primer was then used as the forward primer
together with an allele-specific primer as the reverse primer
for a specific PCR reaction. The PCR products were sepa-
rated by electrophoresis in a 1.0 % agarose gel stained with
ethidium bromide for imaging.

Results

Genetic control of high oleic acid and low linolenic acid
in the SJ DH population

Significant differences between the parents were detected
for the contents of C18:1, C18:2 and C18:3 based on the
data collected from three consecutive field seasons (2007—
2009, Fig. 1). The distribution patterns of the three unsatu-
rated C18 fatty acids from the three seasons were similar in
the SJ DH population (Fig. 1), indicating that they were
genetically stable across generations. The segregation pat-
terns of C18:1 and C18:2 resembled each other. Specifi-
cally, the two fatty acids could be separated into two
distinct groups at the cutoff of about 70.5 % for C18:1 and
about 18.5 % for C18:2 (Fig. 1). The two groups in each of
the two traits fit well into a 1:1 ratio across the three sea-
sons, indicating the involvement of a major gene for the
traits. A continuous distribution within the two groups
(Fig. 1), on the other hand, suggested that there may be
some minor genes involved in each trait and/or the contents
of the two fatty acids were likely affected by the environ-
ment to some extents.

For the content of C18:3, it was difficult to classify indi-
vidual DH lines into distinct groups, although the distribu-
tion curve showed two peaks in 2007 and 2009 seasons
(Fig. 1). This distribution indicated that there was a more
complicated genetic control for the C18:3 content in the
population compared to the C18:1 content.

Genetic mapping of QTLs for the contents of three
unsaturated C18 fatty acids

QTLs for the contents of C18:1, C18:2 and C18:3 in the SJ
DH population were detected using the procedure of com-
posite interval mapping as described in “Materials and
methods”. For C18:1, a major QTL with the largest effect,
OLEA5 on LG AS (Fig. 2) was detected, which accounted
for roughly 83 % of the total variation and the allele from
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Fig. 1 Distribution of the three unsaturated C18 fatty acids measured
in the SJ] DH population derived from the cross of SW
Hickory x JA177. The average measurement of the parents (P1, SW
Hickory; P2, JA177) in 3 years was indicated by an arrow for each of
the three fatty acids

SW Hickory increased C18:1 content by 5.4 % (additive
effect) based on the 3-year average (Table 1). Another QTL
for C18:1 was only detected in the year of 2009 and
mapped on LG A3 (Fig. 2), which only showed a minor
effect (2.5 %) to the phenotypic variation. Three QTLs for
C18:2 content were resolved on A3, AS and C4 in 3 years
(Fig. 2; Table 1). Notably, LAAS, the QTL with the largest
effect accounting for 88 % of the trait variation based on the
3-year average (Table 1), was located at the same position
as the major QTL for C18:1 on LG A5 (Fig. 2). However, it
had an opposite effect in which the allele from SW Hickory
decreased C18:2 content by about 5.0 % (additive effect,
Table 1). This suggested that the two alleles at this locus
affected these two fatty acids differently. The other two
QTLs identified in only one of the years showed small
effects (<3 % contribution from each).



Theor Appl Genet (2012) 125:715-729 719
Fig. 2 The genetic linkage map A3 1?_14 A6
and QTLs for the contents of - BnGMS115 a
C18:1, C18:2 and C18:3 identi- BoGMS707 ' BEENERY
fied in the SJ DH population in BoGMS539 H_ g?lcz}MCSOE'll 3B l
3 years. The bar to the left of the BnEMS711 T pMR‘] 31 BrGMS396A
LG indicates the 1-LOD confi- BnEMS178A sN2025 .::x EST271
dence interval for the QTL and i Ha={ BnGMS64B ‘% BnGMS331
the ﬁriangtl'e indicates the QTL NIAB_SSR10 E T [ ™ BoGMS798 § Nal2-HO7A
peak position
BAGMSA0TA I3 BrGMS343 S
i BnEMS748 BnEMS59
BoGMS487 BrGMS724 sR12156A
BNI12A BrGMS083
H=_ 0110-B01 BnEMS1125
EST295 U~ i B
EST28
BrGMS109 SRS
J— sR12156B
CNU_SSR384 °
- A5 c4
EST245
3 Hal%-6lb BnEMS1030 iED
ey 1 CB10487
§ Ty - R
CNU SSR098 N = 2R TUBREMS730 OO0 .
H— - ~I=J=] ¢ < T BRMS-007 I IXXQ OI10-DO3C
[t SO0 BnGMS265 5 335 BRAS021
S BIiGMS70)] g Eme ~TT BoGMS1044
N T~ ?’é‘?k&%‘é 17 BRGMS630
< H-IBrGMs361 BoGMS378
5 T\ BnEMS727 CB10080
T\ EST32 - 1
= ._% BnGMS313A B FR M st
HA\BrGMS164 <Hl2 BnEMS92 H BoGMS326
._\BrGMSI34 < = H-U BnGMS276B i GMSO11
BrGMS49 =<z sORF73 oOMS313
R\ BnEMS1143A B i T BoGMS052B
BrGMS509 5 T BoGMs092
Nal2-H06 CNU_SSR286 ___\'BOGMS560
T1T— BoGMS298 PsN12353
J— BrGMS20 Scale U BoGMS478 oGMS279
0cM E{ QTL detected at 2007
10cM [ QTL detected at 2008
20 cM

Four QTLs for C18:3 content mapped on A4, AS, A6
and C4 collectively explained more than 90 % of the total
phenotypic variation in each year (Fig. 2; Table 1). All of
the alleles with reduced C18:3 content were contributed by
SW Hickory. The largest effect was caused by a QTL
(LNAC4) located closely to the LAC4 with an additive
effect of about 1 %, which explained over 60 % of the vari-
ation of C18:3 content based on the 3-year average. The
QTL LNAA4 on LG A4 also had a sizeable effect and
accounted for 29 % of the variation, with the allele from
SW Hickory reducing C18:3 content by 0.7 % in average.
Jointly, the two QTLs accounted for over 90 % of the varia-
tion in C18:3 level in this population. The remaining two
QTLs, LNAAS5 and LNAAG6, were detected in 3 and 1 years,
respectively, with their contributions ranging from 2.4 to

QTL detected at 2009

9.1 % of the phenotypic variation individually (Fig.2;
Table 1).

Identification of FAD2 and FAD3 genes
in Brassica A- and C-genome

The conversions of oleic acid to linoleic acid and linoleic
acid to linolenic acid were achieved through consecutive
reduction reactions controlled by the fatty acid desaturase
genes FAD2 and FAD3, respectively (Arondel et al. 1992;
Lemieux etal. 1990; Miquel 1992; Miquel etal. 1993;
Okuley et al. 1994). Therefore, the high oleic content QTL,
OLEA5 may represent one of the copies of the FAD2 gene
and the low linolenic QTLs, LNAA4 and LNAC4, two
copies of the FAD3 gene in B. napus. To gain a full
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3-year mean

2009

2008

2007

QTL?

Table 1 QTLs for oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3) detected with SSR markers

Trait

@ Springer

R* (%) CI and peak (cM) LOD A R? (%)

LOD A

R* (%)* CI and peak (¢cM) LOD A R* (%) CI and peak (cM)

CI and peak (cM)® LOD A°

09 25

32
71.7

142.0-151.5 (145.89)

C18:1 OLEA3

54 826

27.0-29.5 (28.99) 89.5

4.9 83.1

57 836 27.0-29.6 (28.99)
121.3-133.5 (130.69) ~1.1

27.0-29.6 (28.99) 81.7

5.6 79.9

OLEA5 27.0-29.8 (28.99) 71

C18:2 LAA3

2.7

3.7
67.2

87.9

=5

27.0-29.5 (28.99) 90.4

—45 772

27.0-29.6 (28.99)

27.0-29.6 (28.99) 86.9 —5.3 86.9

81.1 —-52 839

27.0-29.6 (28.99)
0.0-14.7 (0.01)

LAAS

LAC4
C18:3 LNAA4 27.9-29.9 (29.31) 23.6

09 22
-0.8 273

—04 7

3.7

—0.7 28.8
-04 8.7

27.6-29.8 (29.31) 29

—-0.6 264
-03 7.2

21.2

27.1-30.3 (29.11)
50.8-55.3 (53.09)

-0.7 27

26.2-29.7 (29.11) 26.6
49.9-64.5 (53.09) 11.1

52.0-86.7 (53.09) 11.1

7.1

—-04 9.1

7.4

LNAAS 51.2-56.3 (53.09)

-02 24

33
46.4

7.0-22.0 (15.78)

LNAA6
LNAC4

62.7

—1

514

3.6-8.7 (6.01)

343 —-09 574

3.0-9.1 (6.01)

—-1.1 624

2.0-8.3 (4.01)

394 -—-12 577

2.0-8.6 (4.01)

# QTL nomenclature is designated using the trait name initials followed by the LG number; an alphabetical letter a or b is added if more than one QTL are identified on one LG

® Confidence intervals were obtained by marking positions +1 LOD from the peak (in bracket)

¢ A additive effect; positive additive effects indicate that the female parent (SW Hickory) allele increases the value of the trait

4 Proportion of the phenotypic variation explained by the QTL

understanding of the FAD2 and FAD3 genes in B. napus
genome, we searched for all possible copies of FAD2 and
FAD3 gene in A-genome (B. rapa) and C-genome (B. oler-
acea) in databases, including a newly released genome
sequence database for B. rapa (Cheng etal. 2011) and
B. oleracea (http://brassicadb.org/brad/).

With Arabidopsis FAD2 sequence (AT3G12120.1) as a
query, each two FAD2 gene loci was identified in B. rapa
(A-genome) and B. oleracea (C-genome), respectively. All
gene coding sequences (CDS) except for one (locus BGI-
Scaffold000151 at A1 chromosome) from the search are
predicted to encode a full open reading frame (ORF) with
high sequence similarity to the Arabidopsis FAD2 gene
(Supplementary Fig. S1). The sequence of the putative
FAD?2 locus located at the scaffold of BGIScaffold000151
in B. rapa genome contained a single-base deletion at the
164th base pair, a 2-bp insertion between the 188—189th
base pairs, a 15-bp deletion between the 230-244th base
pairs and a single-base deletion at the 424th base pairs,
compared to other copies of putative FAD2 genes (Supple-
mentary Fig. S1), which resulted in a premature stop codon
at the 411th position due to the frame shift starting at the
164th base pairs. It is likely that the corresponding
sequence in BGIScaffold000151 may represent a pseudo-
gene of FAD2 in A-genome. These genes were named
BraA.FAD2.a and BraA.FAD?2.b-like, and BolC.FAD2.a
and BolC.FAD?2.b, respectively (Table 2), following the
nomenclature rules proposed by @stergaard and King
(2008). The predicted amino acids encoded by the genes
shared high similarity (Supplementary Fig. S2).

Similarly, with the sequence of Arabidopsis FAD3 gene
(AT2G29980.1) as a query, each three FAD3 gene loci
were identified in B. rapa and B. oleracea, respectively.
These genes were named BraA.FAD3.a, BraA.FAD3.b,
BraA.FAD3.c and BolC.FAD3.a, BolC.FAD3.b, BolC.
FAD?3.c, respectively (Table 2). All of the identified FAD3
loci were predicted to contain an intact CDS based on the
sequence of the Arabidopsis FAD3 gene (Supplementary
Fig. S3; UTRs of the genes are not shown).

Based on the sequence and structure information of the
FAD?2 genes in B. rapa and B. oleracea, the putative geno-
mic and cDNA fragments of FAD2 in B. napus were iso-
lated through a homologous cloning strategy from JA177,
the wild-type parent of the SJ DH population. Four com-
plete genomic DNA sequences of FAD2 were identified
after PCR amplification, molecular cloning and sequencing
(Supplementary Fig. S1). The sequences from cDNA
cloned using the same pair of primers for each FAD2 frag-
ment were identical to corresponding genomic DNA
sequences (data not shown), further demonstrating that
FAD? is an intronless gene as reported in Arabidopsis
(Okuley et al. 1994), B. rapa (Tanhuanpii et al. 1998) and
B. napus (Hu et al. 2006). The cloned four FAD2 nucleotides
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Table 2 Genome distribution of FAD2 and FAD3 in B. napus, B. rapa and B. oleracea

Gene identity® Chr® Sequences available Accession Source
BnaA.FAD2.a AS¢ gDNA and cDNA JN992605¢; IN992606 This study
BraA.FAD2.a A5 gDNA and putative CDS Bra034777 BRAD
BnaC.FAD2.a c5¢ gDNA and cDNA IN992607 This study
BolC.FAD2.a C5 gDNA and putative CDS Bol1010322 BRAD
BnaC.FAD2.b c1é gDNA and putative CDS JN992609 This study
BolC.FAD2.b Cl gDNA and putative CDS Bo01007285°¢ BRAD
BnaA.FAD2.b-like Ald gDNA JIN992608 This study
BraA.FAD2.b-like Al gDNA BGIScaffold000151 BRAD

no CDS in BRAD

BnaC.FAD3.a c49 gDNA and cDNA IN992617 This study
BolC.FAD3.a C4 gDNA and putative CDS Bol017645 BRAD
BraA.FAD3.a A5 gDNA and putative CDS Bra018348 BRAD
BnaA.FAD3.a A5¢ gDNA and cDNA JIN992616 This study
BnaC.FAD3.b C4 gDNA and cDNA JN992614; IN992615° This study
BolC.FAD3.b C4 gDNA and putative CDS Bol033304 BRAD
BnaA.FAD3.b A4 gDNA and cDNA IN992612; JN992613° This study
BraA.FAD3.b A4 gDNA and putative CDS Bra021599 BRAD
BolC.FAD3.c C3 gDNA and putative CDS Bol001628° BRAD
BnaC.FAD3.c 3¢ gDNA and putative CDS IN992611 This study
BraA.FAD3.c A3 gDNA and putative CDS Bra022767 BRAD
BnaA.FAD3.c A3¢ gDNA and putative CDS IN992610 This study

* Gene nomenclature follows the rules proposed by @stergaard and King (2008)

b Chr chromosome. The chromosome locations of the FAD2 and FAD3 genes from B. rapa and B. oleracea are based on the sequencing informa-

tion at Brassica database (BRAD, Cheng et al. 2011)

¢ Because the CDS of gene at the BRAD was incomplete, we annotated the CDS according to the genomic nucleotide sequence by using the gene

prediction program FGENESH (http://linux1.softberry.com/)

4 Chromosome location is deduced based on the synteny of B. napus and its two progenitor species, B. rapa and B. oleracea

¢ The DNA sequences cloned from the high oleic low linolenic parent SW Hichory

in B. napus were then named BnaA.FAD2.a, BnaA.FAD2.b-
like, BnaC.FAD2.a and BnaC.FAD2.b, respectively
(Table 2; Supplementary Fig. S1).

Six genomic DNA fragments corresponding to the six
FAD3 copies in A- and C-genome were isolated (Supple-
mentary Fig. S3). The six copies of the FAD3 gene in
B. napus were designated BnaA.FAD3.a, BnaA.FAD3.b,
BnaA.FAD3.c, BnaC.FAD3.a, BnaC.FAD3.b and BnaC.
FAD3.c, respectively (Table 2; Supplementary Fig. S3).
The genomic sequences of the six copies of FAD3 gene in
B. napus and their gene structure exhibited great variation
from each other (Supplementary Fig. S3 and S4). However,
at cDNA and protein levels, the sequences of the six FAD3
genes and their encoding proteins shared high similarity
with each other (Supplementary Fig. S3 and S5).

Phylogenetic analyses were performed based on the pre-
dicted protein sequences of FAD2 and FAD3 genes identi-
fied in this study (Table2) to reveal evolutionary
relationship among the copies. The three intact FAD2 mem-
bers from B. napus and their corresponding counterparts in
two diploid species could be grouped into two clusters

(FAD2.a and FAD2.b; Fig. 3a). Members belonging to each
of the two categories were more distantly related than the
members within a same category. For example,
BnaC.FAD?2.a and BolC.FAD2.a were more closely related
to each other than members from the same species such as
BolC.FAD2.a and BolC.FAD2.b (Fig. 3a). It seemed that
the FAD2.a was more closely related to Arabidopsis
FAD2.a (Fig. 3a). The protein members encoded by the
FAD3 gene family could be grouped into three categories
(FAD3.a, FAD3.b and FAD3.c; Fig. 3b). Members belong-
ing to the same category were more closely related to each
other regardless of their genome and species origin
(Fig. 3b); this is consistent with the tendency found in the
FAD2 gene family. The bootstrap values in the neighbor-
joining tree for the members of FAD3 from the C-genome
were larger than the ones from the A-genome (Fig. 3b),
indicating that the similarity of BolC.FAD3 and
BnaC.FAD3 proteins is higher than BraA.FAD3 and
BnaA.FAD3 proteins. Phylogenetic analysis with the
cDNAs obtained very similar results (data not shown).
From an evolutionary perspective, these results indicated
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Fig. 3 Phylogenetic analyses of a 68— BnaC.FAD2.a
FADZI and FAP3 genes in three 99 [— BolC.FAD2.a
Brassica species. Neighbor- FAD2.a
joining tree is presented based BnaA FAD2.a
on the deduced amino acid 37— BraA.FAD2.a
sequences of FAD2 and FAD3
genes in B. rapa, B. oleracea and AthFAD2
B. napus. Bootstrap values — BnaC.FAD2.b
(1,000 replications) are shown at [
each branch as a percentage. A 1007 BolC.FAD2.b
branch length scale bar is shown
beneath each tree T
b
ﬁ' BnaA.FAD3.a
99 BraA.FAD3.a
FAD3.a
BnaC.FAD3.a
74 88 ' BolC.FAD3.a
g7 BnaA FAD3.b
BraA FAD3.b
FAD3Db
100 BnaC.FAD3.b
95! BolC.FAD3.b
60 — BnaA.FAD3.c
93 I; BraA.FAD3.c
FAD3.c
BnaC.FAD3.c
] 87 BolC.FAD3.c
AthFAD3
0.005

that the differentiation of more than one of FAD2 and/or
FAD3 members might have occurred before the origin of
two diploid species of B. rapa (AA) and B. oleracea (CC)
as independent species, and this differentiation had been
conserved during the evolution of Brassica species.

A novel mutation in the BnaA.FAD2.a gene responsible
for the high oleic content in SW Hickory

With all the FAD2 and FAD3 gene sequences identified,
experiments were performed to identify the polymorphism
of FAD2 gene in the two parents that shows a significant
difference in the C18:1 content. For that purpose, sequences
of 20-30 cloned FAD?2 fragments from two parents were
compared. All the sequences except for BnaA.FAD2.a were
the same (data not shown). Compared with the wild type,
the sequence of BnaA.FAD?2.a from SW Hickory contained
a 4-bp insertion at the 567-568th base pair (Fig. 4). The
difference was further confirmed with the cDNA compari-
son between the two parents (data not shown). The inser-
tion resulted in a frame shift that led to a misreading and a
premature termination of the translation at 667-669th
(TGA) position (Fig. 4).

@ Springer

To verify that the mutated BnaA.FAD2.a in SW Hickory
was indeed responsible for the high oleic trait, a SCAR
marker was developed based on the difference between the
two parents. Two primer pairs, YQ-fad2a-1 and YQ-fad2a-
2, were designed to detect the deletion polymorphism in the
SW Hichory and JA177 alleles of the FAD2 gene (Table 3).
The YQ-fad2a-1 forward primer contained the 4-bp inser-
tion at its 3’-end to ensure the specificity to the SW Hichory
allele. Similarly, the YQ-fad2a-2 forward primer included
the 4-bp deletion to ensure the specificity to the JA177
allele. Together, the two pairs of primers could be used for
the identification of all possible genotypes at this particular
locus (Fig. 5a).

The SCAR marker was then used to map the mutated
allele in the SJ DH population. The allele-specific
marker of FAD2 gene was co-located on the OLEAS5 with
a higher LOD score (Supplementary Table S2; Supple-
mentary Fig. S6), indicating that the mutation at
BnaA.FAD2.a is responsible for the high oleic trait. In
addition, rescanning of QTL for C18:1 by including the
allele-specific marker also resulted in slight changes
in QTL numbers for C18:1 (Supplementary Table S2;
Supplementary Fig. S6).
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Fig. 4 Alignment of the partial P2 ATGTTAACGGTTEAGTTCACTCTCGGA GGCCTTTGTACTTAGCCTTCAACGTCTCGGGGAGACCTTACGACGGCGGCTTCGCTTG 626
genomic nucleotide sequences LR E T L Gy bl LAy S RE DG G R A
£ the BnaA. FAD?.a eene P1 ATGTTAACGGTT8AGTTCACTCTCGGCRERMIGGCCTTTGTACTTAGCCTTCAACGTCTCGGGGAGACCTTACGACGGCGGCTTCGCTTG 630
° : 48 ML TV F T LG AFVLSLQRLGETTLTZRERTZRLTEIL
cloned from SW Hickory (P1) DMS100 ATGTTAACGGTTAGTTCACTCTCGG(] GGCCTTTGTACTTAGCCTTCAACGTCTCGGGGAGACCTTACGACGGCGGCTTCGCTTG 484
and JA177 (P2). The nucleotide ML TV % FTILG ¥WPLYLAFNVYVYSGRPYDGG GTFATC
mutations between parents are Consensus 482
highlighted in black boxes. The
putative protein sequences are P2 CCATTTCCACCCCAACGCTCCCATCTACAACGACCGTGAGCGTCTCCAGATATACATCTCCGACGCTGGCATCCTCGCCGTCTGCTACGG 716
given below the nucleotide HFHPNAPIYNDRETRL® QIVYTISDAGTITLAYVCTYG
sequences; the asterisk denotes P1 CCATTTCCACCCCAACGCTCCCATCTACAACGACCGTGAGCGTCTCCAGATATACATCTCCGACGCTGGCATCCTCGCCGTCTGCTACGG 720
the termination codon PFPPQRSHLG QRPSXASPDTIHLRERWHPE R RLILRER
DMS100 CCATTTCCACCCCAACGCTCCCATCTACAACGACCGTGAGCGTCTCCAGATATACATCTCCGACGCTGGCATCCTOGOCGTCTGCTACGG 574
HFHPNAPTIVYNDRERL® QTIVYTISDAGTITLAVCYG
Conscnsus 572
Table 3 Primer sequences of the molecular markers developed in the study
Primer pairs Sequence (5'-3")* T, (°O) Size (bp)
P1 P2
YQ-fad2a-1 Forward CAGTTCACTCTCGGCAGC 58 201 -
Reverse GCAACTCCTTGGACAGCA
YQ-fad2a-2 Forward CAGTTCACTCTCGGCTGG 58 - 258
Reverse GATCAAAACTAAGAACCCG
YQ-fad3a-1 Forward GGAGTTTCTCAGACATTCGC 54 797 -
Reverse GTGGTCGTCCAAGCCTCTC
YQ-fad3a-2 Forward GGAGTTTCTCAGACATTCGT 51 - 796
Reverse GTGGTCGTCCAAGCCTCTC
YQ-fad3c-1 Forward CCTTGGTACAGAGGCAACA 52 428 -
Reverse TTGCCACCAAACTTTCCAGT
YQ-fad3c-2 Forward CCTTGGTACAGAGGCAATG 55 - 428
Reverse TTGCCACCAAACTTTCCAGT

Size PCR product size, P SW Hickory, P2 JA177, “— no amplification
? The additional mismatch bases in primer pairs were underlined

Previously, Hu et al. (2006) identified a single base pair
conversion (C to T) in FAD2 copy located on LGS. In our
study, however, this nucleotide in the two parents exhibited
no such difference (Fig. 4). The mutation in SW Hickory,
thus, represents a previously uncharacterized allele muta-
tion for the FAD2 gene in Brassica genome.

Identification of the mutated FAD3 alleles for low linolenic
acid in SW Hickory

Since two major QTLs responsible for low linolenic acid
had been located at LG A4 and LG C4 (Fig. 2; Table 1),
comparison of the sequence difference between the two par-
ents were focused on the loci localized on the LGs where
the mapped two QTLs reside. Based on the distributions of
the corresponding locus in A- and C-genome, we searched
for sequence differences at the loci of BnaA.FAD3.b and
BnaC.FAD3.b between two parents.

Two single-nucleotide mutations between the parents
SW Hickory and JA177 were identified in the locus of

BnaA.FAD3.b. The first one was a T-to-C substitution in
exon 2 leading to a synonymous mutation, and the second a
C-to-T transition in exon 7, which resulted in an amino acid
substitution from arginine to cysteine (Fig. 6a). The later
mutation (C to T) was the same as the one identified by
Mikolajczyk et al. (2010) in the winter-type low C18:3
mutant DH219/05, and the differences were further con-
firmed by comparing the cDNAs from the two parents (data
not shown). At the genomic level, there was a 10-base
insertion in the 6th intron of SW Hichory in addition to sev-
eral single-nucleotide alterations between the two parents
(data not shown).

Sequence analysis and alignment revealed only a single-
nucleotide mutation between SW Hickory and JA177 for
another target sequence, BnaC.FAD3.b, which was a G-to-
A substitution at the 3048th site of genomic DNA in SW
Hickory. Further, comparison with the cDNA sequences
from the two parents revealed that the mutation position in
genomic DNA corresponded to the 5’ splice site of the sixth
intron of BnaC.FAD3.b (Fig. 6b). The mutation, thus,

@ Springer
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1 2 3 4 5 6 7 8 9 10 11 12 13
B o=

14 15 16 17 18 19 Primer pairs

64.2 70.2 77.9 77.3 76.0 76.5 74.7 76.0 75.7 73.9 77.9 63.9 63.9 63.3 62.6 62.3 63.4 63.1 62.4 OLE (%)

21.1 158 12.2 11.2 12.6 124 142 126 13.4 13.6

12.6 25.1 24.2 24.3 24.8 25.2 23.3 24.3 24.1

12 13 14 15 16 17 18 19 20

LA (%)

21 Primer pairs

YQ-fad3a-1

YQ-fad3a-2

YQ-fad3c-1

YQ-fad3c-2

230 4.38 7.46 2.90 2.53 3.25 2.17 3.11 2.51 4.77 435 4.17 3.81 5.22 6.18 7.39 6.92 8.47 6.24 7.03 7.17 LNA (%)

Fig. 5 PCR products amplified from the allele-specific markers for the
fad2 and fad3 genes developed in the study. The PCR products were
separated by electrophoresis in a 1.5 % agarose gel and stained with
ethidium bromide. a PCR products amplified from primer pairs YQ-
fad2a-1 and YQ-fad2a-2; lane 1, JA177; lane 2, the hybrid (F,) from
the cross of SW Hickory x JA177; lane 3, SW Hickory; lanes 4-19,
DH lines 59, 23, 61, 65, 23, 67, 46, 76, 167, 74, 47, 62, 121, 55, 14 and
51 from SJ DH population; the average oleic and linoleic acid contents

resulted in an abnormal splicing with the entire sixth intron
being retained in the mature BnaC.FAD3.b transcript
(Fig. 6b), which was the same as the mutations identified
by Hu et al.(2006) and Mikolajczyk et al. (2010). Another
copy of the FAD3 gene on C4, BnaC.FAD3.a did not show
polymorphisms at both genomic and cDNA levels between
the two parents (data not shown).

Development of SNAP markers of mutated FAD3 gene
for low linolenic content

The SNPs present in the two copies of fad3 genes were sub-
sequently used for he development of their allele-specific
markers. However, our initial efforts using primers contain-
ing only a single base pair difference often resulted in a low
resolution in PCR reactions, making it difficult to detect the
differences among the parents and the progeny lines (data

@ Springer

of the corresponding lines in 3 years were listed below. b PCR prod-
ucts amplified from primer pairs YQ-fad3a-1, YQ-fad3a-2, YQ-fad3c-
1 and YQ-fad3c-2; M DNA ladder, from top to bottom: 5,000, 3,000,
2,000, 1,500, 1,000, 800, 500 and 300 bp; lane 1, SW Hickory; lane 2,
the hybrid (F,) from the cross of SW Hickory x JA177; lane 3, JA177;
lanes 4-21, DH lines 1, 2, 4, 6, 21, 30, 8, 3, 23, 33, 37, 38, 17, 18, 20,
22, 39 and 40 from SJ DH population; the average linolenic acid con-
tents of the corresponding lines in 3 years were listed below

not shown). To overcome this problem, a procedure called
SNAP (Drenkard et al. 2000) was introduced. In this proce-
dure, additional mismatch bases (2—-3) were introduced at
bases in the immediate front of the SNP site to reduce the
non-specific amplification. In the case of BnaA.FAD3.b, the
T/C polymorphism in the exon 2 together with two mis-
match bases were introduced into the 3’-end of forward
primers, YQ-fad3a-1 and YQ-fad3a-2, respectively
(Table 3). We found that high sequence similarity between
the two copies of FAD3 exists near their polymorphic sites
(Supplementary Fig. S3). To achieve locus specificity, we
made use of the 1626th G/T polymorphism between the
two copies of FAD3 and introduced additional mismatched
base pairs in the reverse primers (Supplementary Fig. S3)
in addition to the mismatches in the respective forward
SNAP primers (Table 3). By doing so, both locus and allele
specificities were successfully obtained (Fig. 5b).



Theor Appl Genet (2012) 125:715-729

725

a

Fig. 6 Alignment of the partial BnaA.FAD3.b
genomic nucleotide sequences P2 811 tgftgtaaaatttfatttgaataatacagTGGACATGGGAGCTTCTCAGACATTCCHCTTCTGAATACTGCGGTTGGTCATATTCTTCAT 900
of BnaA.FAD3.b (a) and G HGSFSDTIPLLNTAYVGHTILH
BnaC.FAD3.b (b) genes cloned P1 805 tgftgtaaaatttBatttgaataatacagTCGACATGCGAGCTTCTCAGACATTCBCTTCTGAATACTGCGGTTGGTCATATTCTTCAT 894
from SW Hickory (P1) and GHGSFSDIPLLNTAVGHTILH
JA177 (P2). The cDNA P2 901 T(S?CTgCAiTCECGJTCgATéCC}:\TGgTT;gtaagtcatttattttaacttcttttttcatgcaaatttattcttgttttcgtatttctta 990
sequences are shown m capital PL 895 TCCTTCATTCTCGTTCCATACCATGGTTGgtaagtcatttattttaacttettttttcatgeaaatttattctigttttegtatttetta 984
letters; the introns are in S FILVPYHTGHUW
. - ttaatctaaattattgatgttfitgtgtacaataatag ; ! /
lowercase letters. The nucleo P2 2510 GAATGGAGTTATTTABGTGGAGGATTAACAACTATTGATAGAGATTACGGGAT 2599
tide mutations between parents EWSYLRGGLTTTIDRDYG!I
are highligh[ed in black boxes. P1 2515 ttaatctaaattattgatgttBtgtgtacaataatagGAATGGAGTTATTTARGTGGAGGATTAACAACTATTGATAGAGATTACGGGAT 2604
The putative protein sequences EwsyLCGGLTTIDRDYGI
are given below the nucleotide P2 2600 CTTCAACAACATTCATCACGATATTGGAACTCACGTGATCCATCATCTTTTCCCACAAATCCCTCACTATCACTTGGTTGATGCCgtgag 2689
g A FNNTITIHHDTIGTHYVY IHHLTFPQTIPHYHLVDA
sequences; the asterisk denotes P1 2605 CTTCAACAACATTCATCACGATATTGGAACTCACGTGATCCATCATCTTTTCCCACAAATCCCTCACTATCACTTGGTTGATGC gt gag 2694
the termination codon FNNTIHHDTIGTHYVY IHHLTFPQTIPHYHLVDA
b
BnaC.FAD3.b
P2 2889 gtaagtttcatatatttctttattatatcattgctaatataatttgtttttgacataaaagttttggaaaaatttcagATCTTTGTAATG 2978
I F vV M
Pl 2889 gtaagtttcatatatttctttattatatcattgctaatataatttgtttttgacataaaagttttggaaaaatttcagATCITTGTAATG 2978
I F VM
P2 2979 TGGTTGGACGCTGTCACGTACTTGCATCATCATGGTCACGATGATAAGCTGCCTTGGTACAGAGGCAAGtaagtagatcaacattattt 3068
WLDAVTYULHHUHGHDDI KTLTPWYRGK
P1 2979 TGGTTGGACGCTGTCACGTACTTGCATCATCATGGTCACGATGATAAGCTGCCTTGGTACAGAGGCAAGRTAAGTAGATCAACATTATTT 3068
W LDAVTYULHUHHGHDDT KTL®PWYRGEKTSIRSTTLF
P2 3069 ataagaagcaataatgattagtagttgaataatctgaatttttgatgtttttgtacaataatagGAATGGAGTTATTTACGTGGAGGATT 3158
EWSYLRGG
P1 3069 ATAAGAAGCAATAATGATTAGTAGTTGAATAATCTGAATTTTTGATGTTTTTGTACAATAATAGGAATGGAGTTATTTACGTGGAGGATT 3158

I RS NN D *

Using the same approach, two primer pairs based on the
3048th G/A polymorphism in BnaC.fad3.b gene were
developed, in which YQ-fad3c-1 and YQ-fad3c-2 primer
pairs targeted the SW Hickory and JA177 alleles of
BrnaC.FAD3.b gene, respectively. Furthermore, we used the
3439th G/A polymorphism between BnaA.FAD3.b and
BnaC.fad3.b (Supplementary Fig. S3) to design the locus-
specific primers (Table 3). These allele-specific markers for
the two FAD3 loci amplified distinct bands from SW Hick-
ory, JA177 and their hybrid with expected band size and
specificity (Fig. 5b; Table 3). Although each of two primer
pairs for a particular locus above was dominant, the joint
use of the two primer pairs for each locus was able to oper-
ate in a codominant manner (Fig. 5b).

The codominant markers of BnraA.FAD3.b and
BnaC.FAD3.b genes were subsequently mapped to the
respective linkage groups in the SJ DH population, and
were found to be located exactly on the LNAA4 and LNAC4
QTL peaks, respectively (Supplementary Fig. S6). Rescan-
ning of QTLs for C18:3 including these allele-specific
markers resulted in higher LOD scores of the LNAA4 and
LNAC4 in each of the three seasons (Supplementary Table
S2), suggesting that BnaA.FAD3.b and BnaC.FAD3.b are
likely to be the genes underlying the two QTLs of LNAA4
and LNAC4. In addition, rescanning of QTL for C18:3 by
including the allele-specific markers also resulted in some
slight changes in QTL effects for C18:3 (Supplementary
Table S2; Supplementary Fig. S6).

Validation of the allele-specific markers for C18:1
and C18:3 contents

With the SCAR marker for BnaA.FAD2.a, the 190 DH
lines from the SJ DH population could be classified into
two types of genotype: homozygote for the SW Hickory
allele (aa) and for the JA177 allele (AA). Individuals with
aa genotype exhibited significantly higher C18:1 content
and lower C18:2 content, while there was no significant
difference in C18:3 (Table 4). The average C18:3 content in
AA and aa groups was lower than the wild type because
some low C18:3 individuals were included in each group
(Table 4).

Similarly, with the SNAP markers for BnaA.FAD3.b and
BnaC.FAD3.b, the 190 DH lines could be grouped into four
types of homozygous genotype. C18:3 content in the
groups consisting of the individuals with a mutant allele at
one of the two loci were significantly lower than the wild
type (Table 4), confirming the genetic effects from the
mutation of BnaA.FAD3.b and/or BnaC.FAD3.b gene. As
expected, the individuals with only one mutated locus,
either BnaA.FAD3.b or BnaC.FAD3.b, had significant
higher C18:3 content than the ones with both mutated loci
(Table 4, data not shown). Interestingly, the mutation in
BnaC.FAD3.b resulted in a more obvious reduction of
C18:3 than BnaA.FAD3.b (the difference was significant at
P =0.01 level, data not shown). Apparently, with these
allele-specific markers, C18:3 level can be manipulated
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13

16

118

42

76

33

39

93

97°

6342 +£221 75.29 £ 1.57**

68.99 £+ 6.14
69.13 £ 6.15
70.18 £ 5.31

69.31 £5.90
69.86 = 5.98
70.65 £ 5.21

68.82 £+ 6.30
68.74 + 6.25
69.91 +5.38
18.05 £ 5.6%

68.45 +£6.18
67.99 £ 5.65
70.23 £5.17

69.59 £5.62
69.50 + 6.47
70.76 + 5.64

74.7 £ 2.0%*

63.6 £2.5
634 +2.0
65.5+22
233+22
239+1.9
22.1 £2.1

2007

2008

C18:1

74.73 £2.31%*

62.18 £2.18
64.74 £2.95
2147 £2.10
22.92 £2.04
20.78 £2.50

75.0 £ 1.9%*

76.09 £ 1.24%*

75.3 £ 1.9%*

2009
2007

14.36 £+ 1.26**

18.13 + 5.55*

18.29 £+ 5.52*
18.10 &£ 5.66

20.93 £ 5.63**

15.93 £5.03
16.59 +£5.59
15.67 £ 4.79
6.93 £ 1.16
6.17 £1.21
5.94 £ 1.05

12.8 £ 1.9%*

C18:2

15.22 £+ 1.82%*

18.54 £ 5.57*

18.77 & 5.54*
17.83 + 4.89*

21.47 £ 5.24%*

13.1 £ 1.6%*

2008

14.14 + 1.18%*

17.72 + 4.86%*

17.54 + 4.84*

19.49 + 4.72%*

13.0 £ 1.8**

2009
2007

2.93 £ 0.67**

742 +1.10
6.75 £ 1.31

491 £ 0.75%* 5.25 £ 0.83**

5.43 £ 0.82%*

3.21 £ 0.66%*
2.83 £ 0.37**

51+14
45+12
45+1.1

54+£12
48+ 14
48+ 1.1

C18:3

2.55 £ 0.37**

4.59 + 0.69%**

4.17 £ 0.59%*
443 £ 0.56%*

4.81 £+ 0.64%*
4.88 £ 0.61**

2008

2.69 £ 0.38**

6.42 £1.10

4.72 £ 0.63**

3.06 £ 0.53**

2009

* and ** indicate a significant difference at the 0.05 probability level and 0.01 probability level between wild type (JA177) and corresponding mutated alleles based on 7 test, respectively

# Letters (A, B, C) mean the genotypes with the homozygous alleles from JA177 (capital letters) and SW Hickory (small letters), respectively

b Sample size

with great flexibility (for example, from 3 to 5 %). In all
cases, the C18:1 content among the groups was not signifi-
cantly different, further demonstrating the independent
identification of the target locus with the markers for FAD2
and FAD3 genes.

Discussion

Whole genome annotation for the FAD2 and FAD3 genes
in three Brassica species

Through bioinformatic analysis and molecular cloning, we
identified for the first time all predicted copies of FAD2 and
FAD3 gene in amphidiploid species B. napus as well as in
two diploid Brassica species, B. rapa and B. oleracea
(Table 2). The annotation of the two important gene fami-
lies in these three species will be valuable for the under-
standing of fatty acid synthesis control. For example, the
relative contribution from different alleles to the magnitude
of oleic or linolenic content and the specific roles for each
different copies could be compared through the analysis of
gene expression with the aid of the sequence information.
Through data mining and molecular cloning, we showed
that there is a naturally mutated ORF for one of the FAD2
locus in A-genome of both B. rapa and B. napus. The locus
contained five insertions or deletions (Supplementary Fig.
S1), which resulted in a frame shift starting at the 164th
base pairs and consequently a likely non-functional gene/
protein. The effect of such a mutation on the FAD2 control
in Brassica species awaits further investigation. A thorough
understanding of the functional difference of the alleles will
also facilitate the genetic manipulation of the important
traits of C18:1 and/or C18:3 content through genomic tech-
niques such as the targeting induced local lesion in genome
(TILLING, McCallum et al. 2000). The sequence informa-
tion will also be useful for the development of molecular
markers for breeding.

The sequences of the FAD2 gene and encoding amino
acids in three examined Brassica species were highly simi-
lar among the loci (Supplementary Fig. S1 and S2). On the
other hand, the genomic sequences of the FAD3 gene are
rather divergent (Supplementary Fig. S3). This pattern is
consistent with two diploid species and B. napus, indicating
that the differentiation of the sequences had already occurred
before the origin of two diploid species, B. rapa and B. oler-
acea. Interestingly, at protein levels, both FAD2 and FAD3
members among the loci share high similarities (Supple-
mentary Fig. S2 and SS5), suggesting that plants have
evolved to produce a mechanism to maintain the stability at
protein levels of the two gene families. It is likely that the
conserved protein structures are necessary for plants
to retain functional proteins to survive natural selection.
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This feature could be utilized in genetic engineering of fatty
acid by the application of antisense or RNA interfere
(Rania) techniques to manipulate the content of oleic and
linolenic acids. On the other hand, whether the different cop-
ies of the FAD2 and FAD3 genes are differentially expressed
in different plant tissues awaits further studies, which could
provide a more complete function understanding of the gene
families.

A novel mutation responsible for the high oleic acid in SW
Hickory

Although molecular markers have been previously linked
to the variation of oleic content in B. napus (Hu et al. 2006;
Javidfar et al. 2006; Schierholt et al. 2000), only one allele
of FAD2 gene with determined sequence mutation was
reported prior to the current study (Hu et al. 2006). A sin-
gle-nucleotide substitution (C to T) in DMS100 was identi-
fied, which could result in a premature termination of the
FAD? peptide chain and a truncated polypeptide with only
185 amino acids instead of a wild-type polypeptide with
384 amino acids (Hu et al. 2006). We present here a novel
allele mutation of the gene different in nature from the pre-
vious one. In our study, a 4-bp insertion at 567-568th base
pair was identified in SW Hickory, a spring high C18:1 cul-
tivar. This insertion led to a misreading and premature ter-
mination of BnaA.FAD2.a (Fig.4). The mutation, thus,
results in an obvious aberrant transcript for the mutated
locus as shown with cDNA cloning analysis, which in turn
can be utilized to develop the allele-specific marker
(Figs. 4, 5a). These two different types of mutation in the
same allele resulted in a similar increase of oleic content
(about 78 %), supporting the notion that the BnaA.FAD2.a
encodes a functional fatty acid reductase in B. napus. Our
genotyping analysis with the allele-specific marker shows a
high correlation of the marker genotype and phenotypic
performance (Table 4), providing further evidence that the
mutation in BnaA.FAD2.a identified in this study is respon-
sible for the high C18:1 content in SW Hickory. It is known
that FAD?2 catalyzes the desaturation reaction of oleate that
results in the formation of a new double bond at the 12th
position and thus of linoleic acid (Broun et al. 1998; Cov-
ello and Reed 1996). Blocking of the desaturation reaction
by interference of FAD2 function eventually leads to more
accumulation of oleic acid and a reduced linoleic acid in the
fatty acid synthesis pool.

The four copies of the FAD2 gene in B. napus exhibited
high similarity in both cDNA and protein levels (Supple-
mentary Fig. S1 and S2). The fact that a single locus muta-
tion in BnaA.FAD2.a led to a significant increase of C18:1
content in seeds highlights the importance of the gene and
its encoded protein. An interesting but still unresolved
question is why the other two copies could not completely

compensate for the failure of BnaA.FAD2.a mutation. So
far, all identified markers have been linked to the locus on
chromosome 5 in the A-genome (Hu et al. 2006; Javidfar
etal. 2006; Scheffler etal. 1997; Schierholt et al. 2000;
Tanhuanpdd etal. 1998; Teutonico and Osborn 1994;
Uzunova et al. 1995). The relationship of this locus with
other FAD2 loci would be an interesting topic for further
characterization of FAD2 gene family in Brassica genome.
A better understanding of the gene nature will also facilitate
the further enhancement of C18:1 level in B. napus, which
could be beneficial for the application of rapeseed oil as a
raw material for biodiesel.

Utilization of SNAP markers in amphidiploid B. napus

SNP markers are the powerful tools used to identify the
allelic variation in model plants like Arabidopsis and crops
for positional cloning and MAS (Morgante and Salamini
2003). A common strategy for distinguishing an allele SNP
is to use allele-specific primers designed to include a 3'-ter-
minal nucleotide that corresponds with the site of the SNP
(Ugozzoli and Wallace 1992). Such an allele-specific
primer, thus, matches exactly with the target allele and has
a 3'-terminal mismatch with the non-specific allele. How-
ever, a single base pair difference at the 3’-terminus in an
allele-specific primer is often not sufficient for a robust dis-
crimination between the two SNP alleles, even in Arabid-
opsis with a relatively small genome (Drenkard et al. 2000).
The low amplification efficiency in the traditional PCR
analysis is primarily caused by the different mismatches at
the 3'-end that could result in different extension efficien-
cies by DNA polymerase under normal PCR conditions
(Kwok et al. 1990; Li et al. 1990; Newton et al. 1989). This
would eventually lead to a low resolution for allele specific
detection.

In a genome with complicated structure, like amphidip-
loid B. napus, the application of allele-specific markers
based on SNPs becomes even more difficult. In many cases,
a single base pair change at the 3'-end of the non-specific
allele is not sufficient to create a reliable discrimination
between the two alleles (Cha et al. 1992; Drenkard et al.
2000; Kwok et al. 1990, 1994). There could be four to six
copies for a single gene in B. napus, as demonstrated in this
study by the FAD2 and FAD3 genes. The copies of the
genes usually share high sequence similarity in B. napus.
Our initial efforts to use primers with a single 3’-terminal
nucleotide match to the SNP at BnaA.FAD3.b and
BnaC.FAD3.b resulted in a low resolution to distinguish the
two alleles, although there existed several SNPs between
high and low linolenic parents in the two FAD3 copies (data
not shown). Previously, Hu et al. (2007) used a pair of prim-
ers specific to fad3c (corresponding to BnaC.FAD3.b in
this study) with only a single base pair mismatch for the
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RT-PCR analysis in B. napus, but non-specific amplifica-
tions were observed, which was proposed to be likely due to
the amplifications of other FAD3 copies in A-genome
(Hu et al. 2007). By using SNAP markers, we were able to
overcome the non-specific amplification in resolving the
SNPs in Bna.FAD3 genes (Fig.5b). To the best of our
knowledge, this is the first report of the successful use of
such a type of SNP marker in B. napus. We are now rou-
tinely using the strategy for our mapping work in B. napus.
Over the last decades, different types of molecular markers
have been developed for CI18:1 and C18:3 variations
(Hu et al. 1995, 1999, 2006; Javidfar et al. 2006; Jourdren
etal. 1996b; Mikolajczyk et al. 2010; Rajcan et al. 1999;
Schierholt et al. 2000; Tanhuanpii et al. 1995, 1996, 1998;
Tanhuanpédd and Schulman 2002; Thormann et al. 1996) in
Brassica species. Given the complexity of the B. napus
genome, markers with high specificity and high throughput
natures are most desirable. In this regard, SNP markers offer
greater advantages compared to other types of molecular
markers. In this study, we developed SNAP markers which
allowed for the routing application of a locus-specific primer
together with an allele-specific primer through 3'-mismatch
technique (Table 3). Such a combination made it possible to
utilize the SNP markers reliably in a PCR-Gel system and
significantly reduced the interference of other copies of the
homologous gene in amphidiploid B. napus. As such, we are
able to detect heterozygous statuses in FAD3 loci based on a
single base pair difference. It is plausible that the SNAP
marker technique is also applicable with other genes in
diploid and amphidiploid Brassica species.
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