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Abstract A size-fractionated library of Brassica napus L.
(rapeseed), composed of 15000 clones, was screened for
the presence of GA-, CA-, and GATA-simple-sequence
repeats (SSRs). GA-SSRs were four- and five-fold more
abundant than CA- and GATA-SSRs, respectively, and
present at a frequency of approximately one SSR for every
100 kb of DNA. Following the sequencing of 124 positive
clones, primer pairs were designed and evaluated for seven
selected SSRs. Products were amplified in an array of in-
dividuals of B. napus, B. oleracea and B. rapa, demon-
strating that the seven SSRs were conserved among spe-
cies. Two SSRs were polymorphic. Among 11 accessions,
the dinucleotide (GA)-repeat, B.n.9A, yielded 12 frag-
ments, while the tetranucleotide-repeat (GATA), B.n.6A2,
revealed two fragments. Automated, fluorescence-based
detection of polyacrylamide gels has been employed to si-
multaneously increase throughput, reduce unit cost, im-
prove analytical resolution, and expedite data acquisition
of SSR analysis. Though initial financial investment and
technical capabilities may prevent some from directly em-
ploying our documented approach, SSR analysis warrants
further investigation as a tool in genetic studies for enhanc-
ing both the conservation and utilization of genetic re-
sources.
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Introduction

Effective conservation of plant genetic resources requires
a comprehensive understanding of genetics. This under-
standing attempts to integrate organizational levels (mole-
cules, chromosomes, cells, individuals, populations, spe-
cies, and ecosystems) as well as to firmly establish the re-
lationship of genotype to phenotype. With increasing de-
mand by scientists for ready access to useful and represen-
tative genetic resources, the present is a challenging yet
opportune time to enhance our knowledge of the genetics
and genome organization of crop species for improving
conservation planning and practice. In particular, curators
of plant genetic resources require a more accurate meas-
urement of the following genetic parameters: (1) identity:
the determination that an accession in the genebank is cat-
alogued correctly and true to type; (2) relationship: the de-
gree of relatedness among genotypes in an accession or
among accessions in a collection; (3) structure: the amount
of genetic variation present, and how it is partitioned
among individuals, accessions, and collections; and (4) lo-
cation: the presence of a desired gene/gene complex in a
specific accession and of a the mapped site of a desired
DNA sequence on a particular chromosome in an individ-
ual (Kresovich et al. 1992).

The development and application of molecular genetic
markers provide the opportunity to reveal DNA sequence
polymorphisms uvseful to discriminate genetic variation
among individuals and within populations. As with appli-
cations in plant breeding (Ragot and Hoisington 1993), not
all molecular markers are suitable for use in all applica-
tions of plant genetic resources conservation. Both restric-
tion fragment length polymorphisms (RFLPs) and random
amplified polymorphic DNA polymorphisms (RAPDs)
have been used extensively to characterize plant genetic
resources (Tanksley et al. 1989; Rafalski et al. 1991).
Though useful in selected applications, both RFLPs and
RAPDs exhibit limitations and can be misused, misrepre-
sented, or misinterpreted. For example, in certain situa-
tions it may be difficult to infer molecular genotype from



phenotype, to detect the state (heterozygotic or homozy-
gotic) at a locus, or to identify allelic relationships. Also,
the feasibility of employing either technique to resolve
questions that require a large number of samples (>1000)
to be profiled is questionable based on technical (discrim-
inatory ability, sensitivity, reproducibility, and need for
further genetic analysis and diagnostics development) as
well as operational (protocol characteristics, time, and
cost) considerations.

To examine the use of molecular genetic markers for
improved conservation of plant genetic resources, we have
focused our research efforts on marker development, inte-
gration of advanced technology, and improved analysis of
generated data. This effort has been founded on: (1) the ap-
plication of polymerase chain reaction (PCR)-based DNA
amplification, (2) the utilization of repetitive sequence
DNA as markers, and (3) fluorescence-based automated
DNA detection (Ziegle et al. 1992). Among the classes of
repetitive DNA sequences that have proven amenable for
PCR amplification is the simple-sequence repeat (SSR)
(Weber and May 1989), a variety of di-, tri-, tetra-, and
penta-nucleotide tandem repeats that are dispersed
throughout the genome. Based on studies in humans, the
advantages of an SSR locus include: (1) its great abun-
dance and distribution, (2) its ability to be “tagged” in the
genome, (3) its high level of polymorphism (Fregeau and
Fourney 1993; Kimpton et al. 1993), (4) its clearly defined
genetic definition (Queller et al. 1993), and (5) its ease of
detection via automated systems (Morgante and Olivieri
1993; Rafalski and Tingey 1993). However, technical
drawbacks that currently restrict the use of this type of
marker on a large scale are also apparent. Cregan (1992)
highlighted technical concerns about the development and
application of SSR markers, including the costly and time-
consuming nature of the identification of polymorphic loci
and the possible detection problems incurred when alleles
differ only slightly in length.

At present, information on SSR markers in plant spe-
cies is limited (Condit and Hubbell 1991; Akkaya et al.
1992; Lagercrantz et al. 1993; Senior and Heun 1993;
Thomas and Scott 1993; Thomas et al. 1993; Saghai-Ma-
roof et al. 1994; Wang et al. 1994; Rongwen et al. 1995).
Moreover, primary applications of SSR markers have fo-
cused on the use of these landmarks for genome mapping.
Like other investigators, we have been concerned about the
potentially great investment needed for the generation of
100s—1000s of SSR markers needed for mapping. How-
ever, the utilization of SSR markers to resolve curatorial
needs may be far less ambitious in both scope and size,
e.g., a goal of 20-30 highly polymorphic loci (with poly-
morphism information content values of 0.5) per crop spe-
cies. The objective of this initial phase of research was (1)
to establish measures of abundance, and (2) to character-
ize selected di- and tetra-nucleotide SSRs, isolated from a
size-fractionated genomic library of Brassica napus L., for
ultimate use in resolving genetic identity, relatedness, and
structure.
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Materials and methods

Construction of small insert genomic libraries

Genomic DNA was isolated from leaf tissue of B. napus L. ‘Jet Neuf’
using a modified CTAB technique with subsequent purification em-
ploying a cesium chloride gradient (Sambrook et al. 1989). Follow-
ing isolation, DNA was digested with Tagl and electrophoresed on
a low-melting-temperature agarose gel (Nusieve GTG, FMC). The
100-500-bp fragments were excised and isolated from the gel via
agarase digestion (Dumais et al. 1987). Selected fragments were li-
gated to Clal-digested pGEM-7Zf(+) (Promega) that had been de-
phosphorylated with calf intestinal alkaline phosphatase (Sambrook
et al. 1989). Recombinant clones were transformed in E. coli IM109
cells (Promega) using a standard protoco! provided by the supplier.

Screening of libraries for clones containing selected
di- and tetra-nucleotide repeats

Colonies were transferred onto Duralose UV filters (Stratagene) fol-
lowing protocols provided by the supplier. Two dimeric repeats,
(GA)p and (CA);q, and a single tetrameric repeat, (GATA)g, oligo-
nucleotide (supplied by Applied Biosystems, Inc.) were labeled with
32P by a 5’ Terminus Labeling System (Gibco, BRL). The selection
of a core repeat sequence was based on surveys of databases for the
abundance and informativeness of loci in human and plant species,
particularly B. napus. The oligonucleotides were used as probes to
screen 15000 clones each from the B. napus genomic library, accord-
ing to the protocol supplied by Stratagene. Hybridizations and sub-
sequent washes were conducted at 45 °C under high stringency. Each
filter was screened twice and only positives colonies detected in both
screens were sequenced.

Sequencing of positive clones

Plasmid DNA of GA-, CA-, and GATA-positive clones was isolated
using a modified phenol-chloroform protocol supplied by Applied
Biosystems, Inc. Clones were sequenced from M13 sequencing prim-
er sites of the pGEM 7Zf(+) using either the Tag DyeDeoxy Termi-
nator Cycle Sequencing Kit or the Prism Sequenase Terminator Dou-
ble-Stranded DNA Sequencing Kit on an upgraded ABI model 370
DNA Sequencing System (Applied Biosystems, Inc.).

Primer design

Primers complementary to the flanking regions of the repeats (Table
1) were designed using Designer PCR (Research Genetics). Two key
criteria in primer pair formulation included a primer T,, of 65-66°C
and a primer pair T, variance of 1.0°C. These stringent criteria were
employed to preclude problems with spurious banding patterns gen-
erated during amplification. Because one of our operational goals is
to perform multiplex PCRs with SSRs, a uniform annealing temper-
ature across all SSRs was essential. Also, primer pairs were gener-
ated to produce amplified DNA fragments between approximately
96 and 347 bp in length. Primers were synthesized by Operon Tech-
nologies, Inc. or on an ABI model 392 nucleic-acid synthesizer and
were purified by either HPLC or by OPC purification cartridges (Ap-
plied Biosystems, Inc.), respectively.

PCR profiling

A test array of 11 Brassica accessions was selected to represent a
range of diversity within the U.S. National Plant Germplasm System
Brassica collections. Three species, B. napus, B. oleracea, and
B. rapa, were represented in the array (Table 2). Ten plants of each
accession were grown in the greenhouse for DNA isolation. Tissue
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Table 1 Sequences of Brassica SSR primer pairs

Locus 5’ Flanking sequence Repeat sequence 3’ Flanking sequence

B.n.6A2 SCTTTGTGTGGACTTTTAGAACTTTA (GATT), 5'CGCAGCTTTTGGCCCACCTG
B.n.6A3 5'GCTACCCACTCATGTCCTCTG (CATAT), 5’CCAAGCTTATCGAATCTCAGGTA
B.n.9A 5'GAGCCATCCCTAGCAAACAAG (GA),; 5'CGTGGAAGCAAGTGAGATGAT
B.n.16A 5’CGACCGTGGAAGCAAGTGAG (CT)yg 5’CCATGATTACGCCAAGCTATTTA
B.n.18A1 5'TCAATCCCACCAACCAGACAAA (CT);5 5'TAAGACAGGTAAGGTTTGGCCC
B.n.20A 5'GACAATCAATCCCACCAACCAG (GA)og 5'TAAAAGAAGAGTGCCAATCCCAT
B.n.25A 5'CACGTGGTATGTTGGTATTGGG (CDyo 5"TGATTCTCCTCCGACGCATGC

Table 2 Brassica spp. test array

Table 3 Characterization of positive GA, CA, and GATA clones

Accession Taxon Source Clone GA CA GATA

Jet Neuf napus var. olifera Belgium Number 51 42 31

Westar napus var. oleifera Canada

Laurentian napus var. radicola Canada Regzﬁlftezpe 18 3 3

Wisconsin Golden Acre  oleracea var. capitata USA I

Jersey Wakefield oleracea var. capitata USA mperfect 7 2 5
y . -cap Compound 5 5 0

Couve Nabica oleracea var. costata Portugal None/Other 21 32 23

Westland Winter oleracea var. selenesia  Netherlands

Span rapa var. oleifera Canada

Tatsoi rapa var. narinosa Japan

Michihili rapa var. pekinensis USA

Purple Top White Globe  rapa var. rapifera USA

from each plant was subsequently harvested and freeze-dried. DNA
from an individual plant of each accession was extracted by a mod-
ified CTAB extraction according to Colosi and Schaal (1993). PCRs
were carried out in a 20-pl solution containing 30 ng of DNA tem-
plate, 1.0 pM of each primer, 0.25 mM of dNTPs, 3.125 mM MgCl,,
1xPerkin Elmer Cetus reaction buffer, and 1.0 unit of Perkin Elmer
Cetus AmpliTag DNA polymerase. After one denaturing step of
2 min at 94°C, a “touchdown” amplification profile was utilized
(Mellersh and Sampson 1993). This profile included a denaturing
step of 60 s at 94°C and an extension step of 45 s at 72°C. The in-
itial annealing step was 30 s at 68 °C for two cycles and subsequent-
1y was dropped by 1°C every two cycles until a final temperature of
58°C was reached. The annealing temperature of 58°C was em-
ployed for the last 20 cycles of the amplification. Loading dye was
added to the reaction mixtures and the amplified products were elec-
trophoresed at 50 V for 18 h on a 4% FMC NuSieve 3:1 agarose gel
with 1XTBE buffer. Following completion of the run, the gel was
stained with ethidium bromide (0.10 pg/ml), visualized with UV
light, and photographed. Subsequent generation and detection of
fluorescently labeled amplification products was accomplished fol-
lowing the protocols of Ziegle et al. (1992).

Results
Sequencing of positive clones

Sequence data were obtained for a total of 124 size-frac-
tionated clones. This total represented 51 GA-, 42 CA-,
and 31 GATA-positive inserts. Our subsequent description
of the repeat units among the positive clones follows the
initial definitions as proposed by Weber and May (1989)

and is highlighted in Table 3. We were surprised by the low
number of CA-clones with perfect repeats of any length.
The GA-, CA-, and GATA-positive clones with uninter-
rupted motifs averaged 12 (ranging from 3 to 28), six (rang-
ing from 3 to 11), and four (ranging from 3 to 5) repeats,
respectively.

Primer design

Primer pairs were designed for seven sequences that in-
cluded five long (core repeat number of 10-28), perfect di-
nucleotide repeats and two more complex, tetra- and penta-
nucleotide repeats (see Table 1). As expected, amplifica-
tions utilizing ‘Jet Neuf’ genomic DNA generated prod-
ucts in the range of 96-347 bp for the seven SSRs.

PCR Profiling

A summary of the PCR profiling of the selected SSRs is
presented in Table 4. With the exception of SSR B.n.9A,
primer pairs, produced an amplified product(s) with every
genomic DNA from the test array. However, three of the
four B. oleracea accessions (‘“Wisconsin Golden Acre’,
‘Jersey Wakefield’ and ‘Westland Winter’) failed to pro-
duce a product at this locus. Amplification of products in
all species provided evidence that these seven SSRs were
conserved among the three species of Brassica. Though
resolution was limited by ethidium-bromide staining of ag-
arose, two SSRs were observed to be polymorphic. The
other SSRs appeared monomorphic. However, because
only a limited number of individuals were typed, further
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Table 4 Characteristics of

Brassica SSR primer-pair Locus Expected‘ ' Range of. Conservation Polymorphic
assays product size in product sizes of locus among in test array
“Jet Neuf” (bp) (bp) Brassica spp. (yes/no)
(yes/no)

B.n.6A2 96 92-96 Yes Yes (2 fragments)

B.n.6A3 347 - Yes No

B.n.9A 184 180-260 Yes Yes (12 fragments)

B.n.16A 267 - Yes No

B.n.18A1 161 - Yes No

B.n.20A 215 - Yes No

B.n.25A 123 - Yes No

Fig. 1 Multiplex PCR of
B.n.6A2 (green fluorescent
fragments) and 9A (yellow flu-
orescent fragments). Lane I is
clone DNA. Lanes 2—4, 5-8,
and 9-12 include accessions of
B. napus, B. oleracea, and

B. rapa, respectively. Red frag-
ments are internal lane size-
standards

testing of these SSRs for variants with more accessions
would be justified before discarding them as uninforma-
tive. Another option would be to re-design primer pairs for
these uninformative SSRs. Subsequent characterization of
variant SSRs B.n.6A2 and B.n.9A employing fluorescent-
based detection proved highly informative (Fig. 1, accom-
panying electropherogram not shown). With the tetranu-
cleotide SSR B.n.6A2, seven plants (among a total of 11)
were putatively heterozygotic. Similarly, among plants
which produced products (a total of eight) with the dinu-
cleotide SSR B.n.9A, six were putatively heterozygotic.
Within the 11-plant array, two fragments (92 and 96 bp)

were observed at B.n.6A2, while 12 fragments (ranging in
size from approximately 180 to 260 bp) were observed at
B.n.%A.

Discussion

The attributes of SSRs in B. napus L. and related Brassica
species may ultimately establish these types of molecular
genetic markers as valuable tools for use in the character-
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ization of plant genetic resources. SSR markers are abun-
dant and relatively easy to isolate and characterize.

On the basis of the number of clones exhibiting some
type of SSR per amount of genome covered by the 15000
clones (assuming an average insert size of 300 bp), a GA-,
CA-, and GATA-SSR can be estimated to be present every
100 kb, 440 kb, and 560 kb of DNA, respectively. These
values for GA- and CA-SSRs correspond well with the es-
timates of 125 kb and 350 kb, respectively, of Lagercrantz
et al. (1993). Therefore, our data corroborate the hypoth-
esis of Lagercrantz et al. (1993) and others (Morgante and
Olivieri 1993; Wang et al. 1994) that in absolute values,
dinucleotide SSRs may be approximately three- to five-
fold less abundant in plants than in vertebrates (estimated
to be about one dinucleotide repeat every 6 kb in the hu-
man genome). However, it must be reiterated that data in
plant species are still scant in terms of the number of spe-
cies evaluated as well as the amount of genome surveyed
or the technique employed for library construction. In
the present case, we examined approximately 4500 kb,
amounting to about 0.5% of the haploid genome of B. na-
pus.

The abundance of the GATA-SSRs in B. napus was sig-
nificantly higher than one might expect based on previous
database surveys. Our survey suggested that this tetranu-
cleotide repeat was approximately equal in abundance to
the CA-SSRs. Perhaps previous estimates of the abundance
of this tetranucleotide repeat have been biased by database
surveys (EMBL and GenBank) limited to only DNA se-
quences associated with coding regions of the genome (La-
gercrantz et al. 1993; Morgante and Olivieri 1993; Wang
et al. 1994) or else our results were biased by the amount
of genome examined or the library construction tech-
niques. Because a tetranucleotide core repeat permits
easier allelic size discrimination than a dinucleotide repeat,
a more extensive effort to isolate and characterize more
GATA-SSRs may be warranted. Though employed in a
different manner, the classical hybridization-based DNA
profiling strategy of Poulsen et al. (1993) in plants in gen-
eral, and in Brassica spp. in particular, also adds value to
the ready access and use of this specific tetranucleotide re-
peat.

Like the findings of Lagercrantz et al. (1993), we noted
that each of the seven designed primer pairs amplified a
product (or products) in each of the three Brassica species
typed. It has been hypothesized (U 1935) that B. oleracea
and B. rapa are the progenitors of the amphidiploid, B. na-
pus. If so, it may not be unexpected that the SSRs evalu-
ated were conserved among these closely related species.
However, we were surprised by the results at B.n.9A where
three of the four B. oleracea accessions exhibited no prod-
uct. These results may reflect alterations (as a result of an
insertion, deletion or single-basepair change) in the nucle-
otide sequence of the flanking regions of this site. This em-
pirical evidence supports the hypothesis that there exists a
possibly greater divergence between B. oleracea and the
other two Brassica species. However, further investigation
with more molecular markers is needed to support this hy-
pothesis.

From a perspective of the utility of SSR primer pairs,
our results were encouraging because they provide further
evidence that a high degree of conservation exists among
plant species in a genus, and potentially among genera in
a family. If so, primer-pair sharing among researchers
working within plant families may be highly desirable and
fruitful. In preliminary work, we have found selected pairs
of oligonucleotide primers of Arabidopsis thaliana (Bell
and Ecker 1994) to amplify DNA sequences in the three
species of Brassica tested in this effort. This ability to
cross-amplify may be expected based on the relatively high
levels of macro- and micro-synteny noted between B. ole-
racea and A. thaliana (Kowalski et al. 1994). Sharing of
oligonucleotide primer pairs will potentially reduce the
cost of SSR marker analysis in plant species and unify maps
across taxa of a family.

Among the seven SSRs assayed for polymorphism,
B.n.6A2 and B.n.9A were polymorphic among the array
of Brassica entries typed. The dinucleotide repeat B.n.9A
exhibited a higher amount of polymorphism than the tet-
ranucleotide repeat B.n.6A2. This comparative difference
is consistent with findings in other organisms that dinucle-
otide SSRs are more polymorphic than either tri- or tetra-
nucleotide repeats (Cooper 1992). This result may be cor-
related with greater slippage rates and instability asso-
ciated with dinucleotide motifs (Economou et al. 1990).
Therefore, in addition to their abundance, the higher lev-
els of information obtained on a per locus basis suggests
why dinucleotide loci, particularly CA-SSRs, have served
as the markers of choice for human genome mapping.
Though GA-SSR markers are less abundant than AT-SSRs
in plants (Condit and Hubbell 1991; Lagercrantz et al.
1993; Morgante and Olivieri 1993; Wang et al. 1994), it is
possible that GA-SSR markers may serve as the dinucleo-
tide repeat candidates for use because of their relative ease
of isolation and characterization when compared to
AT-SSRs. However, this suggestion will require further
scrutiny as information becomes available across addi-
tional plant taxa.

The remaining five SSRs were monomorphic across the
Brassica test-array typed. This proportion (5 of 7) of in-
variant SSRs was surprising and discordant with other
literature on plants (Akkaya et al. 1992; Lagercrantz et al.
1993: Senior and Heun 1993; Thomas and Scott 1993;
Thomas etal. 1993; Rongwen et al. 1995). Moreover, Bras-
sica species are primarily allogamous, insect-pollinated
taxa and a certain level of polymorphism at given locus
would be expected. Therefore, whether the relatively low
amount of polymorphism detected can be attributed to the
limited array of genotypes profiled or to some other fac-
tor(s) may only be established as more individuals and
SSRs are characterized.

Our ultimate goal has been to develop higher-quality
plant genetic resource collections through the application
of molecular analyses of identity, relatedness, and struc-
ture. Though initial financial investment and technical ca-
pabilities may now currently prevent some from directly
employing the strategy and technology we have utilized,
the output from our problem-oriented research is made



available to allow users of genetic resources more ready
access to a broader range of appropriately defined materi-
als for both present and future needs.
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