
Abstract A set of informative simple sequence repeat
markers has been identified for use in the marker-assist-
ed breeding of Beta vulgaris. Highly enriched small in-
sert genomic libraries were constructed, consisting of
1536 clones (with inserts of between 250–900 bp).
Screening the clones with CA, CT, CAA, CATA and
GATA nucleotide-repeat probes revealed positive hybrid-
isation to over 50% of the clones. Of these 340 were se-
quenced. Primer pairs were designed for sequences
flanking the repeats and, of these, 57 pairs revealed
length polymorphism with 12 Beta accessions. Heterozy-
gosity levels of the SSR loci ranged from 0.069 to 0.809.
Heterozygosity levels were found to be similar to those
detected employing RFLP probes with the same acces-
sions. Phenetic analysis using the markers, indicated re-
lationships in accordance with known pedigrees. Twenty
three of the SSR markers were polymorphic in one or
both of two F2 mapping populations, and were placed
relative to a framework of RFLP probes. The markers
are distributed over all nine linkage groups of sugar beet.
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Introduction

The transfer of desirable alleles to create or improve elite
cultivars can be aided by the use of molecular markers
(Sorrells and Wilson 1997), which allow individuals to
be selected on the basis of their genotype, both for spe-

cific regions associated with qualitative or quantitative
traits and for genetic background. This marker-assisted
selection (MAS) can increase selection efficiency by al-
lowing the identification of optimal genotypes within
populations of manageable size (Staub et al. 1996).

The marker systems most commonly used in plants
are restriction fragment length polymorphisms (RFLPs),
randomly amplified polymorphic DNAs (RAPDs), am-
plified fragment length polymorphism (AFLP) and sim-
ple sequence repeats (SSRs or microsatellites) (Powell et
al. 1996). SSRs are tandemly repeated units of between
1–6 nucleotides and are found dispersed throughout eu-
karyotic genomes (Tautz 1989). The frequencies of dif-
ferent SSR classes vary between plant species, with
(AT)n and (AA)n being the most prevalent (Akkay et al.
1992; Lagercrantz et al. 1993; Powell et al. 1996). SSRs
are frequently highly polymorphic, largely due to varia-
tion in the number of repeat units, in turn thought to be
caused by errors in replication (Tautz 1989), DNA repair
(Sai et al. 1997), or recombination processes (Innasn et
al. 1997).

Dense linkage maps for sugar beet (Beta vulgaris)
have been published, with lengths ranging between
540 cM (Barzen et al. 1992) and 1057 cM (Pillen et al.
1993). Some subsequently developed markers have been
integrated into these maps, e.g. AFLPs into RAPD or
RFLP maps (Pillen et al. 1992, 1993; Barnes et al.
1996). SSRs have previously been found in sugar beet,
with Mörchen et al. (1996) developing four sequence-
tagged SSRs. The integration of SSR markers into link-
age maps has been reported for a number of crops, in-
cluding barley (Lui et al. 1996), Sorghum (Taramino et
al. 1997), rice (Cho et al. 1998), and wheat (Stephenson
et al. 1998).

Sugar beet is an outbreeding commercial crop, and
the co-dominant nature of SSR markers makes them par-
ticularly well-suited for application in such species. This
paper describes the development of SSRs as sequence
tagged sites for Beta species. Twelve Beta accessions,
representative of material used in breeding programmes,
have been employed to detect useful SSR markers and
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measure the levels of polymorphism and heterozygosity.
The markers selected have been shown to distinguish the
accessions according to known pedigrees; and heterozy-
gosity levels have been compared with those of selected
RFLP probes. The informative SSRs have been incorpo-
rated into the genetic map of sugar beet, with markers
identified on each of the nine chromosome pairs
(Schmidt et al. 1993).

Materials and methods

Sugar beet germplasm

Accessions used for polymorphism analysis were provided from
the Advanta germplasm collection (shown in Table 1) and in-
cludes commercial pollinators, maintainers (O-type), fodder beet
accessions as well as Beta maritima and Beta cicla (Swiss Chard).
The Lars K1 sugar beet genotype (B. vulgaris) was used for the
construction of the highly enriched small insert genomic library.

DNA extraction

DNA was extracted from plant leaf material using either the Nu-
cleon Phytopure kit (Amersham) or the CTAB technique (Della-
porta et al. 1983).

Genomic libraries highly enriched for SSRs

Enriched genomic DNA libraries were prepared according to
Edwards et al. (1996). Briefly, 1 µg of genomic DNA was digested
with SspI or RsaI. Filter-immobilised oligonucleotides represent-
ing the CA, CT, CAA, CATA and GATA SSR marker classes were
used to select for genomic fragments containing SSRs, and en-
riched fragments were amplified by PCR and ligated into a modi-
fied pUC19 vector, pJV1. Plasmids were transformed into DH10B
(Life Technologies) and plated on to L-agar plates containing
100 µg ml–1 of ampicillin. After overnight incubation at 37°C, single
colonies were transferred to microtitre plates. Following an over-
night incubation at 37°C, glycerol was added to a final concentra-
tion of 25% for long-term storage at –70°C.

Hybridisation screening of enriched libraries

The genomic libraries were screened by transferring clones onto
nylon membranes and probing with radiolabelled oligonucleotides
(Sambrook et al. 1989). A Beckmann Biomek 2000 was used to
replicate 1536 colonies onto an 8×12-cm membrane [Hybond -N
(Amersham)], which was placed on L-agar containing 100 µg ml–1

of ampicillin, and incubated for 16 h at 37°C. The membranes
were transferred onto Whatman 3mm paper, soaked in denatur-
ation buffer (1.5 M NaCl, 0.5 M NaOH) for 5 min, and then twice
onto paper soaked in neutralisation buffer (1.5 M NaCl, 0.5 M
Tris-HCl, pH 7.5) for 3 min. The membranes were then washed
vigorously in 2×SSC (0.3 M NaCl, 0.03 M trisodium citrate) for 5
min. After air-drying the filters, DNA was fixed by crosslinking to
the membrane using the optimal crosslink function of a Spectro-
linker XL-1000 UV Crosslinker (Spectronics Corporation).

Filters were screened using each of the following oligonucleo-
tides probes: (CA)15, (CT)15, (CATA)10, (CAA)10 and (GATA)10,
each end-labelled using γ-32P-ATP (DuPont-NEN) and T4 polynu-
cleotide kinase (Pharmacia Biotech). Membranes were pre-washed
with hybridisation buffer (6×SSC, 0.25% dried milk powder and
0.01% SDS) and incubated in a OV5 (Biometra) rotary oven at
50°C for 1 h. The wash buffer was replaced by 25 ml of hybridisa-
tion buffer containing 100 ng of the radiolabelled oligonucleotide
and incubated at 50°C for 16 h. Membranes were washed at 50°C,
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four times for 5 min, with 200 ml of 2×SSC containing 0.1%SDS,
then air dried and exposed to X-ray film overnight.

Plasmid purification

Plasmid DNA was extracted using the Wizard Minipreps D Purifi-
cation System (Promega) from 5-ml overnight cultures in L-broth
(1% w/v NaCl, 5% w/v Yeast Extract, 1% w/v Bacteriological
Peptone) containing 50 µg ml–1 of ampicillin.

Sequencing

Plasmid DNA was added to the Dye Terminator Cycle Sequencing
Ready Reaction mix (Perkin-Elmer) and cycle sequenced using
the following conditions: 25 cycles of 96°C for 10 s, 50°C for 5 s,
60°C for 2 min, and then held at 25°C. The amplified product was
precipitated with ethanol and sequenced using an ABI PRISM 377
DNA Sequencer (Perkin Elmer) according to the manufacturer’s
instructions.

Primer design

Before primers were designed, each sequence was examined, us-
ing the program Autoassemble version 1.4 (Applied Biosystems,
Perkin Elmer Corporation), for sequence similarity to other
clones. For those clones containing three or more repeats of a SSR
element, pairs of primers of 21 nucleotides were designed from
the regions flanking the repeat, following the guidelines described
by Bej et al. (1991). Oligonucleotide primers were synthesised by
Genosys.

Microsatellite primer characterisation

The forward primer of each pair was end-labelled with 20 nCi [γ-
33P-ATP (DuPont-NEN] per 30 pmol of primer. The SSR loci were
then amplified in 25-µl reactions containing: 50 ng of DNA tem-
plate, 1×PCR buffer (GibcoBRL), 1 U of Taq DNA polymerase
(Perkin Elmer), 200 mM of each dNTP, and 45 pmol of both prim-
ers. Thermocycling was performed using a Perkin Elmer 9600, us-
ing 35 cycles of 94°C for 30 s, 56°C for 1 min, 72°C for 1 min,
and a final extension at 72°C for 10 min prior to holding at 25°C.

An equal volume of formamide containing 0.4% w/v bromo-
phenol blue and 0.25% w/v xylene cyanol FF, was added to each
reaction, prior to electrophoresis on 6% denaturing polyacrylamide
gels [19:1 acrylamide:bis-acrylamide – EASIgel (Scotlab)]. The
gels contained 7 M urea and 1×TBE (89 mM Tris, 89 mM boric ac-
id, 2 mM EDTA, pH 8.4). Electrophoresis was at 55-W constant
power for between 3–4 h (Sambrook et al. 1989). The gels were
dried onto Whatmann 3MM paper and exposed to X-ray films.

Table 1 Germplasm used for the study of marker polymorphism

Accession Type Abbreviated
name

BOA893 Tetraploid pollinator T1
BOA113 Tetraploid pollinator T2
S146 Diploid pollinator D1
S111 Diploid pollinator D2
D164 O-type (diploid) S1
D214 O-type (diploid) S2
R119–24 Beta maritima (diploid) Bm
RS93615F9/2 Doubled-haploid DH
DBB5 Fodder beet (diploid) F1
DBC3 Fodder beet (diploid) F2
DBD3 Fodder beet (diploid) F3
BC3–3 Beta cicla (diploid) Bc
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Phenetic analysis

Autoradiograms were scored for the presence or absence of
“alleles” (defined operationally as bands of the same size) generated
by each primer pair. The information content of each SSR marker
was calculated using its expected heterozygosity (He), the proba-
bility that two individuals taken at random from the population
considered will have different alleles at a locus (Nei 1987), and
defined as:

He=1–∑(pi)2,

where (pi) is the frequency of the ith allele in the population stud-
ied for a particular SSR locus.

Cluster analyses were based on similarity matrices using the
unweighted pair group method arithmetic average (UPGMA) (Nei
1987) with the Jaccard coefficient (presence of shared bands).
Analysis was performed using Genstat V3.2 (Grant 1997) and rela-
tionships between accessions were visualised using a dendrogram.

Linkage analysis and map construction

Two separate F2 mapping populations were used. Population B
was produced by selfing a single plant which was the F1 between
cloned plants BUF1 (from the genotype S111.217, a diploid sugar
beet breeding line) and DBC5 (from the genotype K9S30857, a
fodder beet line). Population C also resulted from the selfing of a
single F1 plant made between male-sterile (genotype SBMS501)
and male-fertile (SBDP6353) sugar beet plants. The SSR markers
were pre-screened for polymorphism in each mapping population,
and polymorphic loci applied to 96 and/or 178 plants for popula-
tions B and C, respectively. Amplification was performed as de-
tailed in the characterisation section, except that unlabelled prim-
ers were used, and the polymorphisms were detected by electro-
phoresis in 3% MetaPhor (FMC) agarose gels.

A framework of RFLP probes, chosen to give approximately
even coverage of the nine sugar beet linkage groups, was applied
to the mapping populations, as described previously (Barnes et al.
1996); 32 RFLP probes were used in population ‘B’ and 48 in
population ‘C’. A third reference population “A” (described in
Barnes et al. 1996), which was polymorphic for common RFLP
markers, was also used to help merge the information obtained
from populations B and C.

The segregation of all markers was checked by a χ2 test. Mark-
ers showing distorted segregation at P<0.05 (i.e. not 3:1 or 1:2:1
for dominantly or co-dominantly scored loci, respectively: see Ta-
ble 3) were excluded from the initial framework map construction.
Linkage analysis for all the markers was performed using the pro-
gram JoinMap (Stam and Van Ooijen 1995), as suggested in the
manual, using a minimum LOD value of 3.0 and the Kosambi
mapping function. These parameters were maintained with the ex-
ception of the ‘Jump’ value that needed to be increased to 5.0 for
linkage group 5 to be fully combined. Fixed orders were not ap-
plied when combining linkage groups unless discrepancies with
the known RFLP probe orders had already been encountered.

Results

Abundance of SSRs within the enriched sugar beet
genomic libraries

A total of 1536 clones were screened for the presence of
CA, CT, CAA, CATA and GATA repeats. The RsaI libra-
ry revealed 763 (49.7%) positive clones, and, the SspI li-
brary 918 (59.7%).

The frequencies of the dinucleotide classes found
here (Table 2) are similar to those published Mörchen et
al. (1996); who reported that CA repeats are most com-
mon in sugar beet genomic libraries. A number of clones

(19.8%) contained two different repeat motifs and 0.6%
contained three different repeat classes. The results also
confirm the observation that SSRs with a large number
of repeat units (>20) are less frequent than SSRs with a
small number of repeat units (Lagercrantz et al. 1993;
Morgante and Olivieri 1993; Wang et al. 1994). Thus we
can assume that at a first approximation the loci analysed
here are roughly representative of the SSRs found within
the sugar beet genome.

Sequencing of SSR-containing clones

From the library screening, 340 clones were sequenced.
Of these, 66.4% were unsuitable for designing primers
due to redundancy, no clear SSR being found, or else the
SSR was too close to the vector linker site. A total of
114 clones (33.6%) were used to design primers.

Screening of the primers to reveal SSRs

Primer pairs were first tested by amplification of the
cloned fragment from which their sequence was derived:

Table 2 Frequency of SSR motifs in two sugar beet genomic
libraries revealed by colony hybridisation

SSR Classes RsaI library SspI library

CA 617 (40.2%) 884 (57.6%)
CT 53 (3.5%) 34 (2.2%)
CAA 49 (3.2%)c N/A
CATA 39 (2.5%) N/A
GATA 5 (0.3%) N/A
Total Positive Clones 763 (49.7%) 918 (59.7%)

Fig. 1 Analysis of Beta species accessions using the microsatellite
6D4. Lane numbers 1–12 refer to the amplification products from
the following accessions; T1, T2, S1, S2, D1, D2, B. maritima,
DH, F1, F2, F3, B. cicla. The band sizes (bp) of the observed al-
leles are indicated on the left and were extrapolated by electro-
phoresing the sequencing products of the pBSMB sequencing con-
trol on the same gel
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91 of the 114 pairs produced a product of the base-pair
size calculated from their nucleotide sequencing. These
91 primer pairs were then tested for their ability to reveal
polymorphism across the set of lines (see Fig. 1 for an
example), following electrophoresis on sequencing gels.
Twenty four of the primer pairs failed to give simple
scorable patterns and a further ten SSRs were monomor-
phic, reducing the number of the primer pairs investigat-
ed to 57; a second distinct locus was observed in five
cases, giving a total of 62 SSR loci.

Table 3 summarises the polymorphisms detected by
the mapped loci, along with their SSR motifs. It is note-
worthy that the allele sizes do not always differ by sim-
ple multiples of the repeat length (Fig. 1). As expected,
loci that have the highest number of alleles tend to give
higher levels of heterozygosity; with this limited data
set, however, there is no relationship between repeat
number and heterozygosity. The accessions of different
ploidy are capable of revealing different numbers of al-
leles – only one for doubled-haploids and up to four for
tetraploids (though note that from the 62 loci, none re-
vealed more than three alleles in the tetraploid acces-
sions). In six cases, amplification resulted in more bands
than expected from the known ploidy levels. For 19 of

the SSR loci, no amplification occurred with one or more
of the accessions, indicating the presence of null alleles.
Since some null alleles may have gone undetected in
plants where another allele has amplified this estimated
null frequency must be considered a minimum.

Of the characterised SSR markers, ten could be de-
scribed as perfect (using the nomenclature of Weber and

Table 3 Characterised and mapped SSRs; including heterozygosity level and Chi-square value from the segregation of their alleles in
two mapping populations

Clone Repeat Major Observed size Number of He Expected Probability
accession Repeat range (bp) alleles segregation value

ratio Chitest

Ms3A4 (TT)3–(AC)14 CA 154–174 3 0.472 1:2:1 0.145a

Ms3D2 (CAA)3–(CAA)3 CAA 308–349 5 0.704 1:3 0.790b

Ms3G8 (CCG)4–(GA)4 CCG 75–97 3 0.165 1:2:1 0.153a

Ms4D3 (AC)17–(CA)4 CA 120–146 4c 0.694 1:2:1 0.845b

Ms5A1a (TA)3–(AC)18 CA 152–180 6c 0.790 1:3 0.450b

Ms5A1b (secondary loci) 173–232 8d 0.515 1:3 0.307b

Ms6B7 (AC)23 (with mapping population C) CA 146–152 4 0.564 1:3 0.481b

Ms6B7 (with mapping population B) 1:2:1 0.055a

Ms6D4 (TC)8–(CT)3–(TT)3 CT 209–246 7 0.763 1:2:1 0.074a

Ms9B11 (AC)16–(AA)8–(AA)4 CA 238–275 6 0.779 1:2:1 0.791b

Ms10B9 (AT)4–(CA)5(CACAA)3(CATA)22 CATA 301–320 7c 0.796 1:2:1 0.789a

Ms11A5 (CA)18 CA 273–308 5 0.737 1:2:1 0.933b

Ms12G10 (TC)6–(CT)17 CT 110–159 4c 0.615 1:2:1 0.767a

Ms13D2 (TC)13(CA)8 CT 208–231 4 0.651 1:2:1 0.129a

Ms13E10 (CAA)14–(CT)3–(AA)3 CAA 363–395 5 0.718 1:2:1 0.661a

Ms14A2 (AC)15-(TA)5 CA 171–226 6 0.742 1:3 0.003b

Ms14H6 (TT)6–(GT)3–(CT)26 (GT)13–(GT)5 CT 239–283 4d 0.698 1:2:1 0.207b

Ms15A11 (CA)10–(CA)6–(CA)3 CA 117–170 4d 0.658 1:3 0.2×10–3b

Ms15G8 (TA)3(AC)3–(AC)16–(AC)11 CA 157–217 6c 0.450 1:2:1 0.096a

Ms16C1 (AA)6–(CA)16 CA 205–240 9c 0.809 1:2:1 0.175a

Ms17B7B (CT)17(CA)20–(CT)3–(CT)8–(TC)3 CA 242–341 5c 0.584 1:2:1 0.482a

–(CCT)3–(CT)4–(CT)3
Ms17C7 (AT)3–(TT)3–(AC)6–(AC)14–(AC)27 CA 213–279 5 0.692 1:2:1 0.992a

Ms17F2 (CAA)3-(CA)28 CA 120–221 7 0.773 1:2:1 0.673b

Ms17F11 (AT)3(AC)23–(AG)3 CA 199–207 3 0.357 1:3 0.431b

Ms18A7 (CA)3–(AC)9–(CA)6–(CA)4(CA)12 CA 241–317 4c 0.556 1:3 1.000b

–(GA)4

a Segregation pattern observed with mapping population b
b Segregation pattern observed with mapping population c
c In at least one of the accession lines used in the polymorphism screen
no amplification was observed. When an accession has such a result it
was excluded from the calculation of the SSR’s heterozygosity

d On amplification the number of bands observed from one or
more lines was greater than that expected given the accessions
known ploidy levels. Lines giving such results were excluded
from the calculation of heterozygosity levels

Fig. 2 Comparison of the heterozygosity levels between SSR and
RFLP markers. The histogram displays SSR markers and RFLP
probes sorted by the heterozygosity levels they reveal
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May 1989), of which five also contained a run of five or
more single nucleotides (SNR), e.g. A6. Fourteen of the
SSRs were interrupted, and 32 were classified as com-
pound (Table 3).

Comparison of SSR marker polymorphism
to that produced by RFLP probes

The levels of polymorphism detected by the SSR mark-
ers developed here were compared with that produced by
a set of 33 RFLP markers from which data was for the
same 12 accessions (Barnes et al. 1996). Figure 2 com-
pares the heterozygosity revealed by the two marker sys-
tems, and shows that SSR markers produce a similar ex-
pected heterozygosity (0.545) to that produced by the
RFLP probes (0.583).

Phenetic analyses based on the SSR polymorphism

Genotypic data from the 62 SSR loci were used to ana-
lyse the phenetic relationship of the 12 Beta spp. acces-
sions, which is shown as a dendrogram in Fig. 3. The re-
lationships conform to expectations for the sections of
Beta previously described (Ford-Lloyd and Williams
1975; Hansen et al. 1999; McGrath et al. 1999). B.
maritima and Beta provulgaris have evolutionary affini-
ties to the ancestral maritime form, section B. provulgar-
is having diverged into the B. cicla (Swiss chard and
spinach beet) and B. vulgaris (sugar beet, fodder beet
and red beet) sections. From Fig. 3, the fodder beet ac-
cessions form a group distinct from the sugar beet lines,
and within the sugar beet group the pollinators form a
cluster in which the tetraploids are more similar to one
another. The diploid O-type accessions are less similar
than the pollinators within the sugar beet grouping,

whereas the doubled-haploid accessions appears to be
the most distinct of the B. vulgaris section (see Discus-
sion).

Linkage mapping

SSR polymorphism screening revealed 12 and 14 mark-
ers that were polymorphic in populations ‘B’ and ‘C’, re-
spectively. Chi-sqaure-values for SSR marker segrega-
tion are shown in Table 3. SSRs which had a segregation
ratio of approximately 1:2:1 were scored as co-dominant
markers, whereas SSRs which had a segregation ratio
of approximately 3:1 were scored as dominant markers
(Table 3).

Linkage mapping was first performed with each pop-
ulation individually. The 32 RFLP marker framework
(covering 351 cM) of population B covered all nine link-
age groups of markers, and 12 SSR loci could be placed
at a LOD-threshold of 3.0 (Stam and Van Ooijen 1995).

Similarly, 14 SSRs were mapped in population C,
from which one linkage group was excluded because of
severe segregation distortion. The total size of the frame-
work for population C, comprising 48 RFLP probes was
401 cM. One SSR marker (Ms5A1) revealed two loci in
this population.

Data from the two populations were merged with data
from a third population (A: Barnes et al. 1996) to create
the combined map, with nine linkage groups (note that
the data for linkage group 8 are derived solely from popu-
lation B), without any statistical problems, using JoinMap
(Fig. 4). The total size for the joined framework is
458 cM, with the largest gap between two markers being
23 cM. Twenty three SSR markers have been positioned on
the joined map, although this includes one SSR marker
(Ms14A2) which has a distorted segregation. There are
clusters of SSR markers, within 1 cM of each other, on

Fig. 3 The phenetic relation-
ship of Beta germplasms. The
genetic distance tree (UPGMA)
of ten sugar beet breeding lines
and B. cicla and B. maritima.
The indicated groupings show
agreement with the evolution-
ary affinities found by Ford-
Lloyd and Williams (1975)
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linkage groups 2, 5 and 8. Sequence alignment conducted
on the clustered SSR markers found no homology.

Discussion

The use of enriched libraries for efficient SSR isolation
has been demonstrated for a number of species, and the
proportion of SSR-containing clones reported here is
typical of that reported elsewhere (Edwards et al. 1996).

Although such enrichment may introduce bias between
microsatellite classes and select for longer than average
SSR loci, the frequency of polymorphic loci of different
sequence classes is in broad agreement with that reported
in other plant species (Kresovich et al. 1995; Weising et
al. 1996; Jarret et al. 1997), and within Beta itself (Mör-
chen et al. 1996).

Sequence analysis of 340 clones has resulted in 62
polymorphic loci, of which 23 have been mapped in the
present study. Only a small number of clones (24) lacked

Fig. 4 Sugar beet genetic link-
age map. Markers prefixed with
Ms are the SSR markers
developed in this study. The
three markers prefixed with
MMs were developed by
Morchen et al. (1996). Markers
not prefixed with either Ms
or MMs are RFLP framework
markers chosen from the
Advanta linkage map (Barnes
et al. 1996)



any SSR motif, showing that the hybridisation selection
is an efficient procedure. Two major factors affected our
ability to design primers for the remaining clones. First-
ly, a number were rejected due to apparent duplication
within the library, presumably caused by selective ampli-
fication of certain sequences during the enrichment, or
possibly by the presence of SSRs within families of re-
peated sequences (Schmidt et al. 1991). Secondly, a
number of clones contained insufficient flanking se-
quences for the design of suitable primers. Thus from the
original 340 clones sequenced only 114 primer pairs
could be designed. Of these only 57 pairs proved useful
in the accessions tested. A similar success rate has been
recently reported by Rossetto et al. (1999) for Tea Tree.

A striking feature of the sequence motifs detected in
these enriched libraries is the proportion of clones that
contain compound SSRs – several different runs of the
same repeat, separated by other sequences, or contiguous
runs of different repeats. This explains the presence of
certain repeats (e.g. CGG) in the SSRs, even though
these were not used to select the sequences during en-
richment. The fact that the great majority of SSRs are
compound appears to have little influence on the levels
of polymorphism detected in the limited germplasm
screen that we have carried out. Levels of heterozygosity
are comparable to those detected by RFLPs (which had
been pre-selected for their polymorphism during the con-
struction of the RFLP map). The complex structure of
the loci makes it difficult to explore the relationship be-
tween repeat number and levels of polymorphism, al-
though no obvious trend (comparing either the sum of
the repeat units or only the number of repeats of the larg-
est repeat) can be seen with the loci described here. Our
work has produced further evidence that even short re-
peats can be highly polymorphic (Mörchen et al. 1996),
e.g. 15B2 with its repeat (CGG)3 and possessing a He of
0.426.

The majority of primer pairs appear to amplify a sin-
gle locus, although five gave a clear second locus. Six
other markers, although apparently single loci, gave
more bands than theoretically possible for at least one
plant, having regard to its ploidy (e.g. two bands in a
doubled haploid, or three in a diploid), indicating the
possible presence of secondary loci. We presume that
this is due to the occurrence of duplicated chromosome
regions (Barnes et al. 1996; Pillen et al. 1996). There are
other reasons to suggest that the estimates of allele num-
ber and heterozygosity are low. In the screen of primer
pairs on the 12 Beta accessions used here, a number of
pairs gave no amplification in some of the accessions,
indicating that ”null” alleles can exist. Any plant hetero-
zygous for such alleles would appear to be homozygous
for the other allele. As expected, the nulls were seen
most frequently in the doubled-haploid lines (because
their presence cannot be masked by heterozygosity), and
in the ”wild” B. maritima and B. cicla accessions. The
conservation of primer regions will be highest in acces-
sions most similar to that used to construct the genomic
libraries (Westman and Kresovich 1998). It has been re-

ported in other species that sequence conservation is of-
ten low in regions immediately flanking the SSRs (Ed-
wards 1999), which could lead to the absence of primer
sites and to non-amplification, and hence to null alleles.

The observations that sequence variation occurs in a
locus, without necessarily being reflected in a length
polymorphism, and that null alleles may be relatively
frequent, could lead us to question the utility of micro-
satellite markers as a phenetic tool. It could be argued
that simple identity in amplicon length is not a guarantee
of identity by descent. The results presented here, how-
ever, show that, at least within the accessions used (culti-
vated beets and some near relatives), the variation re-
vealed correlates well with the expectations from the
known relationships between the accessions (breeder in-
formation and see Ford-Lloyd and Williams 1975) and
predictions from RFLP polymorphism. The observation
that the tetraploid lines clustered the closest among the
sugar beet germplasm, and that the doubled-haploid line
was relatively distant, is related in part to their biology,
and to the statistical method used to calculate their simi-
larity. The use of the Jaccard coefficient, where only the
presence of shared bands are accounted for in the simple
matrix-cluster analysis, is advocated because of the vary-
ing ploidy levels of the accessions and because null al-
leles and/or extra bands were encountered. However, be-
cause a tetraploid has more possible alleles at a given lo-
cus, and a doubled-haploid less, this gives a double-hap-
loid fewer chances than a tetraploid of finding an allele
in common with another line. Thus the dendrogram re-
flects in part the known genetic relationships (wild ac-
cessions being placed most distantly) and in part the lev-
els of heterozygosity (with most heterozygous lines tend-
ing to cluster together).

For molecular markers to be useful not only for
phenetic but also for breeding applications, it is impor-
tant to establish their coverage of the genome, and to an-
chor their positions on genetic maps. The latter are es-
sential to permit comparability between programmes,
and to enable the selection of a set of markers for ge-
nome scanning and background genome selection. In the
present study we have mapped 23 of the SSRs in two
mapping populations, and found markers on each of the
nine beet linkage groups. The markers that have been
mapped in the F2 populations (F2s were chosen because
of their high information content; Staub et al. 1996) were
those showing the clearest polymorphism in the two pop-
ulations, which could be mapped easily using agarose-
gel electrophoresis. There is, however, no reason to sup-
pose that these represent a biased subset of beet SSRs.

The uneven distribution of some types of molecular
marker in the genetic linkage map of sugar beet has al-
ready been described (Barnes et al. 1996), and is likely
to be due to a combination of effects. One major influ-
ence is the possibility of localisation of recombination,
so that equally spaced markers will appear to cluster in
regions of low recombination (Barzen et al. 1992;
Schondelmaier et al. 1996; Schumacher et al 1997). A
second effect could be due to the type of sequence that
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generates the marker; where these can be derived from
repeated sequences (for example, some types of AFLP
marker) polymorphisms may be concentrated in hetero-
chromatic or other repeat-rich regions of the genome.
The distribution of the SSR markers over the linkage
groups in this study, however, appears to be fairly even,
although major conclusions cannot be drawn with this
sample size. The numbers of markers in each sequence
class are even smaller, although so far there is no evi-
dence to support the suggestion that CA repeats, being
located mainly around centromeric regions by in situ hy-
bridisation, are likely to be unsuited for use (Schmidt
and Heslop-Harrison 1996). Whilst markers of this major
repeat class are responsible for two of the three SSR
marker clusters, they are the most common (17 out of
23) and are distributed throughout this map. DNA se-
quences have been checked to ensure that these clustered
markers are not from the same physical locus.
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