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Abstract Microsatellite or simple sequence repeat (SSR)
markers are routinely used for tagging genes and assessing
genetic diversity. In spite of their importance, there are lim-
ited numbers of SSR markers available for Brassica crops.
A total of 627 new SSR markers (designated BnGMS) were
developed based on publicly available genome survey
sequences and used to survey polymorphisms among six
B. napus cultivars that serve as parents for established popula-
tions. Among these SSR markers, 591 (94.3%) successfully
amplified at least one fragment and 434 (73.4%) detected
polymorphism among the six B. napus cultivars. No corre-
lation was observed between SSR motifs, repeat number or
repeat length with polymorphism levels. A linkage map
was constructed using 163 newly developed BnGMS
marker loci and anchored with 164 public SSRs in a dou-
bled haploid population. These new markers are evenly
distributed over all linkage groups (LGs). Given that the
majority of these SSRs are derived from bacterial artificial
chromosome (BAC) end sequences, they will be useful in
the assignment of their cognate BACs to LGs and facilitate
the integration of physical maps with genetic maps for
genome sequencing in B. napus.
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Introduction

The detection of DNA sequence variation is of great
importance in genetic studies of the Brassica genomes.
Restriction fragment length polymorphism (RFLP) markers
have been extensively used to map agronomically impor-
tant genes (Uzunova et al. 1995), comparative mapping of
the Brassica genomes (Lagercrantz 1998) and also for com-
parative evolution in the related model crucifer, Arabidopsis
thaliana (Lan et al. 2000; Parkin et al. 2005). However,
RFLP requires a large amount of DNA and the procedure is
inefficient. With the invention of polymerase chain reaction
(PCR), a variety of PCR-based markers, such as random
amplified polymorphic DNA, amplified fragment length
polymorphisms, sequence-related amplified polymor-
phisms, simple sequence repeats (SSRs) and single nucleo-
tide polymorphisms (Batley et al. 2007b) were successively
developed. Among different types of molecular markers,
SSRs are becoming the preferred markers of choice for tag-
ging genes and assessing genetic diversity. This is largely
because SSRs require only a small amount of DNA, are
easily detectable by PCR, amenable to high-throughput
analysis, codominantly inherited, multi-allelic, highly poly-
morphic, abundant and evenly distributed in genomes
(Gupta and Varshney 2000). SSRs have been extensively
used in tagging qualitative genes and dissecting the genetic
basis of complex traits (Delourme et al. 2006; Padmaja
et al. 2005; Zhao et al. 2006).

The abundance, characterization and the usefulness of
microsatellite markers in Brassica species is well docu-
mented (Lowe et al. 2004; Plieske and Struss 2001; Suwabe
et al. 2002). The number of publicly available Brassica
microsatellite markers is increasing as several projects have
been conducted to develop SSR markers in Brassica spe-
cies including B. rapa, B. oleracea, B. napus and B. nigra
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(Lowe et al. 2004; Plieske and Struss 2001; Suwabe et al.
2002), and several genetic linkage maps were constructed
using these SSR markers for gene mapping (Padmaja et al.
2005; Saito etal. 2006) and QTL analysis (Chen et al.
2007b; Delourme etal. 2006; Lombard and Delourme
2001; Long et al. 2007; Qiu et al. 2006; Zhao et al. 2006).
However, relatively few SSR markers are publicly avail-
able when compared to many other crops such as soybean
and rice (McCouch et al. 2002; Shoemaker et al. 2008). The
number of currently available mapped SSR markers is
about 1,000 (Choi etal. 2007; Lagercrantz etal. 1993;
Lowe et al. 2002, 2004; Piquemal et al. 2005; Suwabe et al.
2002) and insufficient for genetic analysis and map-based
gene cloning in Brassica. Therefore, a great demand exists
for many more SSR markers to construct high-density link-
age maps for Brassica genome research and breeding.

The traditional procedure for developing SSR markers
involves the generation of a small-insert genomic library,
screening for SSR-containing clones by several rounds of
hybridization with tandemly repeated oligonucleotides and
sequencing the candidate clones. This process is time
consuming, costly and labor-intensive. Development of
SSR markers from publicly available DNA sequences has
become a fast and cost-effective alternative for many
crop species (Chen etal. 2007a; McCouch et al. 2002;
Shoemaker etal. 2008; Shultz etal. 2007; Song et al.
2005). During the past few years, several genome projects
have been conducted in Brassica species to decipher partial
or whole genomes (Ayele et al. 2005; Hong et al. 2008) and
to reveal gene expression profiles (Lim et al. 1996, 2000).
A total length of 283 Mb whole genome shotgun sequences
was obtained and deposited in the GenBank (Ayele et al.
2005). The B. rapa genome sequencing project (BrGSP),
which seeks to decode the complete sequence of the Bras-
sica A-genome using a bacterial artificial chromosome
(BAC) by BAC sequencing approach, was launched based
on the Chinese cabbage line Chiifu-401 (Hong et al. 2006).
To date, a vast array of B. rapa genomic sequences, includ-
ing BAC-end sequences (BESs) and seed BACs sequences
have become available. Recently, great efforts have been
made to develop GSS-SSRs and EST-SSRs for B. rapa
(Choi et al. 2007; Ling et al. 2007), B. oleracea (Iniguez-Luy
et al. 2008), B. juncea (Hopkins et al. 2007) and B. napus
(Batley et al. 2007a). The utilization of publicly available
Brassica sequence information for detecting SSR motifs
provides a promising methodology for the development of
a large number of useful molecular markers.

We describe the development of microsatellite markers
in B. napus from publicly available genome survey
sequences (GSSs) which mainly consist of BESs. The fre-
quency and length variation of different types of di-, tri-,
tetra- and pentanucleotide microsatelittes in B. napus are
analyzed. A total of 627 SSR markers were developed and
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evaluated for PCR amplification and polymorphisms using
six cultivars. A subset of the polymorphic SSR markers was
assigned to linkage groups (LGs) in the B. napus genome.

Materials and methods
Plant materials and DNA extraction

Six rapeseed cultivars or lines (S1, S2, M201, M202, No.
2127 and ZY821) were used for SSR marker polymorphism
detection. These were chosen based on their use as parents
of pre-existing populations that segregate for traits of inter-
est. Using S1 with long siliques and large seeds, and S2
with short siliques and small seeds, an F, population of 186
individuals was produced to map genes controlling the sil-
ique length and seed weight. M201 and M202 have high
and low seed oil content, respectively. With these two lines,
a RIL population consisting of 157 lines was generated for
mapping genes controlling oil content in seeds. No. 2127 is
a purely yellow double-haploid (DH) line derived from a
resynthesized B. napus line obtained from an interspecific
cross of a light brown seeded B. alboglabra (a form of
B. oleracea) and a yellow-seeded B. rapa var. trilocularis
(yellow sarson) (Chen et al. 1988). ZY821 is a widely culti-
vated black-seeded elite cultivar. A DH population derived
from the F; hybrid between No. 2127 and ZY821, which
was previously used for mapping the genes controlling the
seed coat color (Xiao et al. 2007), was used for the map
construction. Total DNA was isolated from young leaves of
88 DH lines using the cetyltrimethylammonium bromide
method (Li and Quiros 2001) and was used for the genetic
mapping described herein.

Source of sequences

A total of 13,794 GSSs were downloaded from the NCBI.
The majority of the GSSs (12,278) (DU110997-
DU(098720) are BESs from a BamHI BAC library con-
structed with the inbred line “Tapidor”. The GSSs also
include 957 (CZ886936-CZ887892) and 398 (CZ887893-
CZ888290) genomic clones from the methylation filtered
and unfiltered libraries, respectively. There were an addi-
tional 57 (CZ692860-CZ692804) and 104 (CZ906382-
CZ906485) genomic sequences of RFLP probes from the
plJ2925 and the WG libraries, respectively.

Searching for microsatellites

A web-based tool, SSR Primer, that integrates the SSR
repeat finder SPUTNIK (http://abajian.net/sputnik/) with
the primer design program Primer3 (Rozen and Skaletsky
2000) within one pipeline, was used for mining SSR markers
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from GSS sequences (GSS—SSR) as previously described
(Robinson et al. 2004). Multiple FASTA formatted GSSs
were submitted to the online SSR Primer tool (http://hornbill.
cspp.latrobe.edu.au/ssrdiscovery.html) to screen each
sequence for microsatellites. The criteria for SSR selection
were as follows: dinucleotides, six repeats; tri-, tetra- and
pentanucleotides four repeats. Mononucleotide repeats
were not considered in this analysis due to the difficulty of
distinguishing bona fide microsatellites from sequencing or
assembly error.

Removal of redundant sequences and primer design

Microsatellites with repeat lengths of >16 bp for di-, >18
for tri- and >20 for tetra- and pentanucleotides were
selected for SSR marker development. To eliminate redun-
dancy and to avoid designing redundant sets of primers for
the same locus, the selected SSR-containing sequences
were assembled using the CAP3 software (Huang and
Madan 1999). The resulting contigs and singletons were
parsed to SSR Primer again for primer design with the fol-
lowing settings. The primer length was between 18 and 23
nucleotides, with an optimum size of 20 nucleotides. The
melting temperatures ranged from 50 to 70°C, with an opti-
mum temperature of 55°C. The optimum GC content was
set to 50%, with a minimum of 30% and a maximum of
70%. The predicted PCR products ranged from 100 to
400 bp. The newly developed GSS—SSR markers were des-
ignated as “BnGMS”, representing Brassica napus
genomic microsatellites. All primers were synthesized by
GeneRay Biotech (Shanghai, China).

Polymorphism detection

All SSR markers developed in this study and 546 public
SSR markers were subjected to polymorphism detection
using six rapeseed cultivars. The SSR primers prefixed by
“Ra”, “Ol”, “Na” and “Ni” were derived from genomic
sequences of B. rapa, B. oleracea, B. napus and B. nigra,
respectively, and obtained at http://ukcrop.net/ace/search/
BrassicaDB (Lagercrantz etal. 1993; Lowe etal. 2002,
2004). Primer pairs prefixed “MR” were developed from
SSR-containing genomic clones (Uzunova and Ecke 1999),
“BRAS” and “CB” were from Piquemal et al. (2005), “MB”
were developed by Lagercrantz et al. (1993). “BN” were
developed from B. napus genomic sequences (Kresovich
etal. 1995; Szewc-McFadden et al. 1996) and “BRMS”
markers are derived from microsatellite-enriched genomic
library and obtained from the National Institute of Vegetable
and Tea Science, Japan (Suwabe et al. 2002). The markers
prefixed by “sN”, “sR” and “sO” are developed by Agricul-
ture and Agri-Food, Canada (http://brassica.agr.gc.ca/
index_e.shtml), “nia” and “cnu” are from the Korea (Choi

et al. 2007) and the FITO markers were obtained at http://
www.osbornlab.agronomy.wisc.edu/research/maps/ssrs.
html. PCR amplifications were performed in a volume of
10 pl containing 50 ng genomic DNA, 1x Taq buffer,
2mM MgCl,, 0.2 mM dNTPs, 0.2 pM each primer and
0.25U Tag DNA polymerase (Fermentas). The reaction
mixture was initially denatured at 94°C for 5 min, followed
by 40 cycles of amplification at 94°C for 30 s, 56°C for 60 s
and 72°C for 45 s, and a final extension at 72°C for 5 min in
a GeneAmp PCR system 9700 (Applied Biosystems). The
PCR products were separated on 6% denaturing polyacryl-
amide gels. After electrophoresis, the gels were stained as
previously described (Sanguinetti et al. 1994).

Linkage analysis and map construction

For map construction, the segregation was analyzed in the
DH population for all SSR markers showing polymor-
phisms between the parental lines No. 2127 and ZYS821.
For markers that detected more than one polymorphic
locus, the marker name is followed by a letter to distinguish
the loci. For instance, the two loci detected by BnGMS 147
were designated as BnGMS147a and BnGMS147b. Link-
age analysis was performed using JoinMap3.0 (Van Ooijen
and Voorrips 2001). The threshold for goodness-of-fit was
set to <5.0, a recombination frequency of <0.4 and mini-
mum logarithm of odds scores of 2.0. All genetic distances
were expressed in centimorgan (cM) as derived by the Kos-
ambi function (Kosambi 1944). Segregation of each marker
in the DH population was analyzed by a chi-square test for
“goodness-of-fit” to a 1:1 ratio. In order to assign the
BnGMS markers to specific LGs and compare with pub-
lished linkage maps, 164 public SSRs were used as anchor
markers.

Results

Frequency and length variation of microsatellites
in B. napus

To facilitate the development of new microsatellite markers
for oilseed rape genome research and breeding, a total
of 13,794 GSSs available in the GenBank database as of
February 2007, representing a total length of 10.2 Mb of
the B. napus genome, were searched for SSR-containing
sequences (Rozen and Skaletsky 2000). A total of 2,113
GSSs containing 2,578 SSRs with repeat lengths of at least
12 nucleotides were identified, which represented a fre-
quency of 15.7% of the B. napus GSSs. The frequency of
microsatellites in these elements is one SSR every 4.0 kb.
Of the total SSRs identified, the di- and trinucleotide repeat
motifs are the most abundant repeat types and have
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frequencies of 34 and 33%, respectively. The pentanucleo-
tide repeats also occurred at a high frequency (19.2%) in
the B. napus genome. The tetranucleotide repeat motifs
had the lowest frequency (13.7%). Table 1 lists the number
of the major SSR types identified from the B. napus GSSs.
In dinucleotide repeats (DNRs), the most abundant repeat
motif was (AT), (20%), followed by (AG), (12%) and
(AC),, (2%). No (GC),, repeat SSRs were identified in the
GSSs. All ten possible types of trinucleotide repeats
(TNRs) occurred in the GSS-SSRs. Among the TNRs,
(AAG), motif was the most common (10.2%), followed by
the (AAT),, (5.7%) and (AAC),, (5.1%) motifs. The GC-rich
TNRs including (ACG),, (AGC), and (CCG), were the
least abundant (Table 1). Among tetra- and pentanucleotide
repeats in B. napus, (AAAN), and (AAAAN),, the
(AAAT), and (AAAAT),, were especially more common
than other combinations.

n’

Development of SSR marker and detection
of polymorphisms

In many organisms empirical data indicated that microsat-
ellites with longer repeat lengths are highly polymorphic

(Temnykh et al. 2001; Yi etal. 2006) and those having
shorter repeat lengths tend to be less variable. From the
2,113 SSR-containing GSSs, all microsatellites having a
repeat length >16 bp for di-, >18 for tri- and >20 for
tetra- and pentanucleotides were selected for SSR marker
development. The selected GSS—SSRs were assembled
into contigs to remove redundant microsatellites, the
results of which were 627 unique GSS—SSRs, designated as
“BnGMS” markers hereafter. The majority of these
BnGMS markers were from BESs. Only 48 markers were
designed from the methylation filtered or unfiltered geno-
mic library. None of these SSR markers were found in the
sequences derived from RFLP probes. The BnGMS mark-
ers included 357 (56.9%) di-, 112 (17.8%) tri-, 28 (4.5%)
tetra-, 48 (7.7%) pentanucleotide repeats and 82 composite
repeat microsatellites (Table 2). The composite microsatel-
lites either contain the same repeat motif that is interrupted
by a short nonrepetitive sequence or consist of more than
two repeat motifs.

All these 627 GSS—SSR markers were evaluated for suc-
cessful PCR amplification and polymorphism by testing the
genomic DNA of six oilseed rape cultivars. Among these
markers, 591 (94.3%) successfully amplified at least one

Table 1 The distribution of the

major SSR types identified from Motif Number (%) Range Total Average
the GSS of B. napus (bp) length (bp) length (bp)
Dinucleotide 871 (33.79) 12-178 16,795 19.28
AT 504 (19.55) 12-62 10,198 20.23
AG 305 (11.83) 12-178 5,619 18.42
AC 62 (2.40) 12-36 978 15.77
Trinucleotide 859 (33.32) 12-177 13,090 15.24
AAG 264 (10.24) 12-65 4,058 15.37
AAT 147 (5.70) 12-56 2,214 15.06
AAC 132 (5.12) 12-177 2,152 16.3
ATC 114 (4.42) 12-29 1,685 14.78
AGG 73 (2.83) 12-29 1,103 15.11
ACC 47 (1.82) 12-34 688 14.64
AGC 32 (1.24) 12-19 459 14.34
CCG 22 (0.85) 12-19 299 13.59
ACG 18 (0.70) 12-26 270 15
ACT 10 (0.39) 12-30 162 16.2
Tetranucleotide 352 (13.65) 13-174 5,488 15.59
AAAT 115 (4.46) 13-31 1,730 15.04
AAAG 42 (1.63) 13-30 634 15.1
AAAC 39 (1.51) 13-19 583 14.95
Others 156 (6.05) 13-174 2,541 16.29
Pentanucleotide 496 (19.24) 14-39 7,942 16.01
AAAAT 84 (3.26) 14-25 1,299 15.46
AAATT 75 (2.91) 14-26 1,119 14.92
Others 337 (13.07) 14-39 5,524 16.39
Total 2,578 (100) 12-177 43,315 16.8

@ Springer



Theor Appl Genet (2009) 118:1121-1131

1125

Table 2 Characteristics of B. napus GSS-SSRs and efficiency of
marker development

Motifs Primers Amplified Polymorphic
designed primers* (%) primersb (%)
Dinucleotide 357 333 (93.3) 267 (80.2)
AT 231 217 (93.9) 177 (81.6)
AG 114 107 (93.9) 81 (75.7)
AC 12 9 (75.0) 8(88.9)
Trinucleotide 112 108 (96.4) 57 (52.8)
AAG 33 32 (97.0) 19 (59.4)
GC-rich TNRs 21 21 (100) 13 (61.9)
AAC 20 18 (90.0) 3(16.7)
AAT 17 16 (94.1) 8 (50.0)
ATG 17 17 (100) 11 (64.7)
ACT 4 4 (100) 3 (75.0)
Tetranucleotide 28 28 (100) 23 (82.1)
Pentanucleotide 48 48 (100) 29 (60.4)
Composite 82 74 (90.2) 58 (78.4)
Total 627 591 (94.3) 434 (73.4)

# Percentage of successfully amplified GSS—SSRs per designed primer
pair

® Percentage of polymorphic markers per amplified primer pair

fragment from the B. napus genome. A majority of the
primer pairs amplified one or two main fragments, which
might correspond to the amplification from either the A or
C or both genomes (Plieske and Struss 2001). Among the
successfully amplified markers, 434 primer pairs (73.4%)
showed polymorphism among the six cultivars. There were
206, 205 and 238 polymorphic markers between parents
S1 and S2, M201 and M202, and No. 2027 and ZY821,

respectively. Eighty-four markers were polymorphic across
the parents of all populations. The resynthesized B. napus
line No. 2127 usually has band patterns distinct from the
other five lines, indicating that No. 2127 is a desirable line
to generate populations for the construction of high-density
linkage maps and gene mapping. Information about the new
markers is listed in Supplementary Table 1, which included
the GenBank ID of the SSR-containing sequence, source
library, SSR motif, primer sequences and corresponding 7,
values, scorability of bands, and polymorphism survey
results.

The efficiency of marker development was examined for
each repeat motif. The success rate of PCR amplification
and the level of polymorphism of the GSS—SSR markers
for each SSR motif are listed in Table 2. The average suc-
cess rate of PCR amplification was 94.3%. The tetra- and
pentanucleotide motifs had the highest success rate (100%)
of PCR amplification, followed by tri- (96.4%), di- (93.3%)
and composite (90.2%) nucleotide repeats. All repeat
motifs had success rates higher than 90%, except for the
(AC),, repeat motif, which had a 75% success rate. BhGMS
markers with tetra- (82.1%) and dinucleotides (80.2%) had
the highest levels of polymorphism, followed by composite
(78.4%), penta- (60.4%) and trinucleotide repeats (52.8%).
The (AC), motif had the highest level of polymorphism
(88.9%), while the (AAC), repeat motif had the lowest
level of polymorphism (16.7%). The other motifs had poly-
morphism levels in excess of 50%. The relationships
among repeat lengths, repeat numbers and polymorphism
levels are shown in Fig. 1. There was no correlation
between polymorphism level and repeat length of SSR
markers in B. napus (r=0.21 and r=041, P<0.01,
respectively).

21 22 24 25 26 27 28 30 >30
repeat length (bp)

Fig. 1 Relationship between Ir a
SSR length and polymorphism Q
rate (a), and between repeat g
number and polymorphism rate :;)
(b). Polymorphism rate was g"
calculated as polymorphic =
markers per amplified primer %‘
=%
16 18 20
b
Q
Sl 0.8
2
= 06
3
g 04 r
S 02+
0 1
4 5

7 8 9 10 >10

repeat number
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Construction of the linkage map

One hundred and fifty-three GSS—SSRs that showed poly-
morphism between the parental lines No. 2027 and ZY821
were used to construct a SSR map. Among these, 136 new
SSR markers, corresponding to 163 BnGMS loci, could be
assigned to specific LGs and 17 failed to be integrated onto
the map. From previously published linkage maps, 164
polymorphic SSRs were selected to serve as anchor mark-
ers on the basis of even chromosome distribution to ensure
full coverage of the linkage map. The linkage map consist-
ing of 19 LGs was constructed with 163 BnGMS loci and
196 anchor loci (Fig. 2). The linkage map had a total length
of 1821.33cM with an average interval of 5.07 cM
between adjacent loci (Fig. 2). The 19 LGs were designated
as A1-A10 and C1-C9 based on multiple anchor markers
located on each chromosome. The marker order in our map
was in perfect agreement with previously published linkage
maps (Lowe et al. 2004; Chen et al. 2007b; Piquemal et al.
2005; Suwabe et al. 2008).

Of the mapped BnGMS loci, 75 and 88 loci were located
on the A and C genomes, respectively, indicating that there
was no genome bias for these GSS—SSR markers. The
BnGMS loci were evenly distributed on most of the rape-
seed LGs, especially for A3, A5, C4 and C9 (Fig. 2). LGs
C3 and C9 had 17 and 18 GSS—SSR markers, respectively.
Al and C5 only contained one and two GSS—SSR markers,
respectively. The other LGs had 4-14 GSS—SSR markers.
The GSS—SSR markers greatly extended the length of C9 in
the linkage map published by Piquemal et al. (2005). Most
of the markers segregated with the expected 1:1 Mendelian
ratio in the DH population. However, 124 (34.54%) mark-
ers deviated significantly (P < 0.05) from this ratio. Of
these, 59 loci showed distorted segregation skewed towards
the ZY821. Loci with skewed segregation tended to cluster
on A2, A3, A4, C3, C4 and C9.

Discussion

In this study, we analyzed the frequency and length varia-
tion of microsatellites identified from a total length of
10.2 Mb of GSSs, which represents a random sampling of
the 1132 Mb B. napus genome (Johnston et al. 2005). The
frequency of SSR occurrence (one every 4.0 kb) in the
B. napus GSSs is similar to that reported in the BESs of
B. rapa, one of the diploid progenitors of B. napus (Hong
et al. 2007), in the genome shotgun sequences of B. oleracea,
the other diploid progenitor (Iniguez-Luy et al. 2008), as
well as in the genome of rice (Temnykh et al. 2001). This
frequency is much higher than the estimation based on
SSR-containing clones obtained using traditional hybrid-
ization methods (Kresovich et al. 1995; Uzunova and Ecke
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Fig. 2 An SSR-based B. napus linkage map. The map was constructed
from 88 DH plants derived from a resynthesized B. napus line No.
2127 and ZY821 using 136 new GSS—SSR markers named “BnGMS”
(boldface) with 164 public SSRs as anchors (italics and underlined)
(Chen et al. 2007b; Piquemal et al. 2005; Suwabe et al. 2008). Posi-
tions of loci are given in cM. The 19 LGs were designated as A1-A10
and C1-C9 based on multiple anchor markers located on each chromo-
some

1999). Among the dinucleotide repeats, (AT), is the most
frequent repeat motif, followed by (AG), and (AC),
repeats. This distribution is in good agreement with the pat-
terns observed in B. rapa (Hong et al. 2007), Arabidopsis
(Katti et al. 2001) and rice (Temnykh et al. 2001). But it is
different from the observations in humans and Drosophila,
in which (AC), are the most frequent dinucleotide repeat
sequence, followed by (AT), and (AG), (Katti et al. 2001).
(GC),, repeats are extremely rare in eukaryotic genomes and
this is also the case for B. napus (Katti et al. 2001). The dis-
tribution of trinucleotide repeats in B. napus GSS—SSRs is
consistent with that in B. rapa, A. thaliana and Oryza sativa
(Hong et al. 2007; Lawson and Zhang 2006), with (AAG),,
being the most frequent repeat motif and GC-rich motifs
being very rare (Table 2). In tetra- and pentanucleotide
repeats, (AAAN), and (AAAAN),, especially (AAAT),
and (AAAAT),, are more common than other combina-
tions, which is consistent with the pattern observed in other
plant genomes (Hong et al. 2007). These data suggest that
the SSRs in the B. napus genome tend to skew toward AT
rich motifs.

The relationships among repeat motifs, repeat lengths
and polymorphic rates are very important for the selection
of SSRs for marker development. Most of the current
SSR markers in Brassica species were developed from
SSR-containing clones (Lowe etal. 2004; Saal et al.
2001; Suwabe et al. 2002; Szewc-McFadden et al. 1996).
These markers usually have repeat length >20 bp and
show good PCR amplification and a high level of poly-
morphism (Lowe et al. 2004; Saal et al. 2001; Szewc-
McFadden et al. 1996). In this study, two-thirds of the
BnGMS markers were empirically designed from SSRs
with repeat length >20 bp. In addition, one-third of the
BnGMS markers were intentionally designed from SSRs
having repeat length >16 and <20 bp to test their poly-
morphism levels. The results indicated that there were no
significant correlations between the type of repeat motifs,
the length and number of repeats and the polymorphism
levels in B. napus. Similar results have also been observed
in Brassica species (Iniguez-Luy et al. 2008; Plieske and
Struss 2001; Suwabe et al. 2004; Szewc-McFadden et al.
1996), soybean (Shultz et al. 2007) and Medicago trunca-
tula (Mun et al. 2006). Indeed, the SSRs with a repeat
length of 11-20 nucleotides detected a even higher level
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of polymorphism than SSRs with longer repeats in
Brassica (Iniguez-Luy et al. 2008; Shultz et al. 2007). In
contrast, the level of polymorphism of SSRs often
increases with increasing SSR length and number of
repeat units in maize, pepper and rice (Sharopova et al.
2002; Temnykh et al. 2001; Yi et al. 2006). However, the
BnGMS markers do not include those having a repeat
length of <16 and >12 bp, which are the most abundant in
all organisms (Katti etal. 2001; La Rota etal. 2005;
Temnykh et al. 2001). Thus, it is worthwhile to design
more primers from those shorter SSRs to further test the
relationship between the repeat length and the polymor-
phic rate in Brassica. If the relationship is true, the shorter
SSRs that represent a large portion of the B. napus GSS—
SSRs would be a rich potential source to develop a great
number of polymorphic SSR markers for genetic analysis
and molecular breeding.

Microsatellite markers developed from the A genome of
B. rapa and the C genome of B. oleracea, the two diploid
progenitors of B. napus, tend to only amplify a product in
the original genome from which the markers were derived,
rather than the other genome in B. napus (Lowe et al.
2004). These markers are usually mapped to the original
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genome, therefore are not suitable for the construction of a
genetic linkage map covering all LGs of B. napus. For
example, Suwabe et al. (2008) integrated the Brassica A
genetic map with B. napus and B. rapa using 46 polymor-
phic BRMS markers derived from the A genome of
B. rapa. Among these markers, 33 were mapped to the
A1-A10 LGs, while only 13 mapped to the C1-C9 LGs
(Suwabe et al. 2008). In contrast, the BnGMS markers are
evenly distributed in both A and C genomes and do not
skew to any genome, indicating SSR markers derived from
BESs would be very useful for the construction of a satu-
rated genetic linkage map (Chen et al. 2007a; Shoemaker
et al. 2008). The mapping of the BES—SSR markers located
their source BAC clones on B. napus chromosomes, which
will facilitate the map-based cloning of tightly linked
genes, comparative genome analysis and the integration of
physical maps with genetic maps for future chromosome-
based genome sequencing in B. napus (Choi et al. 2007).
The genetic linkage map constructed in this study inte-
grated the BnGMS markers with the SSR markers from all
the existing SSR linkage maps, and will be very useful for
their application in gene mapping and marker-assisted
selection.
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