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ABSTRACT

Weed beet, so-called bolters, can arise either from self
dedomestication of sugarbeet or from hybridisation with
wild sea beet relatives. Previous investigations indicated
that weed beet may evolve from hybridisation between
wild and cultivated beet when they occur in close prox-
imity. Beet seed can persist several years in soil allowing
the formation of a seed bank that subsequently releases
weed beet again. Microsatellite markers were used to trace
hybridisation events within weed beet populations from
12 fields in Brandenburg, Germany. Seeds derived from
bolter offspring were analyzed at three microsatellite loci
and population allelic patterns were compared with sug-
arbeet varieties and wild beet as reference genotypes. The
results demonstrate past hybridisation and introgression of
wild beet alleles, even in the seeds of the bolters. The use
of only three highly polymorphic microsatellites provides
a simple and fast method to monitor individuals for feral
or wild beet characters that may cause adverse effects if
recombination with GM beets were to occur.
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he cultivated beet, Beta vulgaris L. ssp. vulgaris, is a biennial crop.

Wild relatives of sugarbeet, B. vulgaris ssp. maritima, are typically
found on the coastlines of South- and Western-Europe and sometimes
inland, for example France (Hegi, 1979; Desplanque et al., 1999). Most
of the populations of B. vulgaris ssp. maritima are annuals (Hansen et
al., 2001; Hautekeete et al., 2002).

Feral plants are derived from partially or fully dedomesticated
crop plants, dedomestication in terms of a return of a previously domes-
ticated species to a feral form by back mutations. Sugarbeet (B. vulgaris
ssp. vulgaris) is not fully domesticated; they often have a high frequency
of feral traits like bolting (Gressel, 2005). These bolting beet (‘bolters’)
are unwanted in commercial production and thus are considered as weeds.
Sugarbeet gone feral in a sugarbeet field will not necessarily be identical
to the wild type of the species, the sea beet (B. vulgaris ssp. maritima).
Previous investigations showed that gene flow between cultivated and
wild beets is probable where they occur in close proximity (Bartsch &
Schmidt, 1997; Bartsch et al., 1999). Morchen et al. (1996) and Viard et
al. (2002) developed microsatellite markers to investigate hybridisation
on a local scale, especially to explore the influence of hybridisation on the
genetic diversity of beet in commercial fields. Subsequently, these mark-
ers were also utilized to analyze seed and pollen flow among wild and
weed beet populations on a regional scale (Viard et al., 2004). However,
a very important role in gene flow is denoted to seeds: spatially via seed
dispersal through human activities and in time via seed banks (Arnaud
et al., 2003). As they can persist 3 to 7 years in soil (Gunn, 1982 cited
in Longden, 1993; Desplanque et al., 2002) we examined DNA-micro-
satellite markers to determine if they are adequate to trace back former
hybridisation even in the seeds of bolters. It is desirable to identify alleles
or genotypes diagnostic for certain varieties of sugarbeet or characteris-
tic for certain provenances of wild beet. Hence we studied whether the
three beet groups ‘wild’, ‘weed’ and ‘cultivar’ can be distinguished by
frequency based genetic differentiation.

Knowledge about the genetic origin of bolters and their ability
to produce offspring is important, especially for weed management and
monitoring practices. There is still a great need to harmonize monitor-
ing systems by the development of appropriate methods to evaluate the
environmental impact of introgressed transgenes in case of genetically
modified sugarbeet (Bartsch et al., 1996; Saeglitz et al., 2000; Bartsch
et al., 2003). Thus the development of a simple detection system is a
first step to assess the necessity for control measures such as mechani-
cal bolter eradication in production fields or containment strategies
during sugarbeet seed production.
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MATERIAL AND METHODS

Plant Material
Bolters were sampled in Brandenburg, (north-eastern) Germany. In each
of the three cultivation regions, Havelland, Uckermark and Oderbruch,
four randomly chosen sugarbeet fields were sampled (Table 1). At
each field site, seeds of 20 bolters were collected, dried and planted in
a green house. Analyzing seedlings derived from bolters assured that
only fertile bolters were analyzed as contributing to the accumulation
of a seed bank.

As references, seeds of each variety cultivated on the investi-
gated fields were obtained from seed companies. Additionally seeds from
six wild beet regions in Europe were included in this study (Table 2).

Microsatellite-Analysis

For DNA extraction, 50-70 mg fresh plant material from leaves was
used. The extraction followed the method described by Dumolin et al.
(1995), with the modification of using cetyltrimethylammonium bro-
mide (CTAB) instead of alkyltrimethylammonium bromide (ATMAB).
For the analysis of genetic differentiation, the microsatellite loci Bmv3
(Morchen et al., 1996), CAA1 and CT4 (Viard et al., 2002), that were
shown to be polymorphic between closely related individuals, were
chosen. The PCR-amplification of the three microsatellite loci fol-

Table 1. Detailed information about the analyzed bolter populations of
three sugar beet cultivation regions in Brandenburg (Germany).

Pop. Cultivated Sample
Region Identity varieties size
Havelland Bolters H1 Helix-Sorella-Tomba

Wiebke-Ricarda-Mosaik 12
Bolters H2 Katinka-Ricarda-Mosaik 12
Bolters H3 Wiebke-Paloma-Katinka 10

Bolters H4 Katinka 10
Uckermark Bolters Ul Cortina 6
Bolters U2 Kristall 15
Bolters U3 Kristall-Manhattan 12
Bolters U4 Kassandra 18
Oderbruch Bolters O1 Achat 11
Bolters 02 Helix 14
Bolters O3 Mosaik 14

Bolters O4 Mosaik 11
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Table 2. Detailed information about the analyzed references.

a) Varieties

Ricarda RefV 1 KWS 3
Paloma Ref V 2 KWS 3
Kassandra Ref V3 KWS 3
Helix Ref V 4 Strube-Dieckmann 3
Sorella Ref V5 Syngenta Seeds 3
Mosaik Ref V 6 Strube-Dieckmann 3
Achat Ref V7 Strube-Dieckmann 3
Wiebke Ref V 8 KWS 3
Katinka Ref V9 KWS 3
Tomba Ref V 10 Syngenta Seeds 3
Manhattan Ref V 11 Danisco Seed 3
Kristall Ref V 12 Danisco Seed 3
Cortina Ref V 13 Danisco Seed 3

b) Wild beet

Region Ref. Identity Country Sample size
Helgoland Ref W 1 Germany 3
Fehmarn Ref W 2 Germany 3
San Michele Ref W 3 Italy 3
Murano Ref W 4 Italy 3
Grado Ref W 5 Italy 3
Bocasette Ref W 6 Italy 3

lowed the protocol of Viard et al. (2002). For each PCR-reaction,
20-30 ng DNA were used. The resulting PCR fragments were sepa-
rated along with the internal size standard GeneScan 500 Rox (Applied
Biosystems) on an ABI 310 DNA sequencer (Applied Biosystems). For
detection of the fragments the forward primer of each primer pair was
fluorescence-labeled with 6-Fam or Joe (MWG Biotech). Sizing of the
fragments was done with the GeneScan Analytical Software v.3.1.2
(Applied Biosystems). To assess the genetic diversity we used the com-
puter software GenAlEx V5 (Genetic Analysis in Excel) (Peakall and
Smouse, 2001) for calculating the average number of alleles per locus
(allelic diversity, Agjy), the actual level of heterozygosity (observed
heterozygosity, Hop), the heterozygosity expected for a random mating
population (expected heterozygosity, He,) and the number of alleles that
if equally frequent would result in the observed homozygosity (effec-
tive number of alleles ne) (Frankham et al., 2002). Some of the varieties
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were triploid, so the peaks were visually scored. For triploid varieties
with only two alleles, the relative highest peak was assumed to appear
twice. Effective number of alleles and expected heterozygosity were
not calculated for varieties as Mendelian-based inheritance cannot be
assumed. The cluster analysis was carried out using the genetic dis-
tances of Nei (Nei, 1978) and the UPGMA-method (Sneath and Sokal,
1973) with the software POPGENE vers. 1.31 (Population Genetic
Analysis Software) (Yeh et al., 1999).

RESULTS AND CONCLUSIONS

In order to identify foreign genotypes or alleles in seedlings derived
from the bolters, reference genotypes of cultivated and wild beets were
screened for typical alleles or genotypes, respectively.

Based on the genotyping of the 13 varieties included in this
study, it was not possible to identify diagnostic alleles that would charac-
terize each variety. All of the 19 alleles found were identified in at least
two varieties. The varieties are dominated by 3-4 abundant alleles per
locus that occurred with frequencies up to 0.9. In contrast to the cultivated
beet, several alleles in the wild beet references were unique to specific
regions. Altogether 57% of all alleles obtained for the wild beet were
restricted to particular regions. This suggests that there are indeed alleles
characteristic for certain regions, but due to the restricted sample size and
the postulated high genetic diversity of wild beet (Desplanque, 1999), it
needs to be verified by analyzing more individuals. The observed genetic
diversity between the three investigated beet groups revealed considerable
genetic differences (Table 3). For the varieties we ascertained a low allelic
diversity but a high observed heterozygosity. These results confirm the
observations of de Riek et al. (2001) who showed that most of the genetic
diversity of sugarbeet varieties can be found within and not between vari-
eties. The high degree of heterozygosity is due to the fact that the analyzed
varieties are exclusively hybrid-varieties. The wild beet however, had a
large number of effective alleles and, considering the small number of

Table 3. Results of the genetic comparison of the three analyzed beet
types wild beets, bolters and varieties.

Wild beet Bolters _ Varieties

Number of samples, N 18 145 99
Allelic diversity, Adiy 10 17.7 6.3
Number of effective alleles, ng/ Locus 6.9 4.0 -

Observed heterozygosity, Hp/ Locus 0.6 0.5 0.7

Expected heterozygosity, He/ Locus 0.8 0.7 -
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individuals sampled, a high allelic diversity, which was also found previ-
ously in other wild beet provenances (Desplanque et al., 1999). The bolters
shared the high allelic diversity of the wild beet but the low number of
effective alleles of the varieties, indicating an intermediate genetic struc-
ture, at least at the microsatellite loci analyzed. The high allelic diversity
strongly suggests a wild beet introgression into the bolters and conse-
quently their progeny. Furthermore the seedlings comprised 93% of all 57
alleles found over all three loci and groups of beets. The three dominating
alleles for the cultivated beet were also the most abundant alleles in the
bolters, but they occurred with lower frequencies. In the genotypes of the
bolters, 64% of the alleles were foreign alleles that were not detected in the
varieties, whereas 41% were also identified for the wild beets. Altogether
we found such foreign genotypes in half of all analyzed bolters. This
supports the hypothesis of wild beet genetic introgression. The cluster
analysis, based on Nei’s genetic distances, grouped all bolter populations

Ref W5
Ref W2
Ref V2
Ref W8

010 n.oa D0e 004 002 0.00
Disgtance

Fig. 1. Dendrogramm (UPGMA-method) of the three analyzed beet
types based on the genetic distances of Nei (1978). The bolters from
the three different regions Havelland (H1-H4), Uckermark (Ul- U4)
and Oderbruch (O1- O4) are clearly separated from the references of
the varieties (Ref V 1- Ref V 13) and of the wild beets (Ref W 1- Ref
W 6).

*-marked references come from plant material sampled directly on the
respective field sites. For further details see Tables 1 and 2 in ‘Materials
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in a single cluster, clearly separated from the references (Figure 1). This
indicates that the bolters are not identical to the references, neither the
varieties nor the wild beet and again confirms the genetic differences. The
fact that the cluster of the bolters is arranged next to a reference of a wild
beet provenance suggests a possible origin of introgressive gene flow.

We identified genetic introgression in about half of the bolt-
ers, representing at least the second generation after hybridisation. This
may underestimate an even higher percentage occurring in the bolters as
F1 hybrids. Our results suggest that bolting has been induced by genetic
introgression from wild beet; otherwise, the bolters would not have been
separated from the varieties. Hence, we were able to detect the footprints
of previous hybridisation between wild beet and cultivars in the seeds of
bolters.

Our results demonstrate that bolters reproduce in commercial
beet fields in Germany as we analyzed seedlings derived from bolt-
ers. Moreover it is possible to detect the traces of introgression from
wild beets in the progeny of bolters. Considering the large number of
varieties represented in this study, it should be easy to conduct similar
analyses with different varieties and in different beet production areas.
The possibility of detecting foreign genotypes together with the high
reproducibility of the microsatellite-method facilitates the establish-
ment of a simple monitoring system capable of detecting foreign
genotypes in varieties. Thus it is possible to screen bolting individuals
or even complete seed banks for possible wild beet introgression. This
will be extremely useful in risk assessment for estimating the potential
accumulation of non-desired genotypes, i.e. weed beet and genetically
modified beet, in the seed reservoirs of commercial fields.

For technical adjustment and scientific exchange we are
willing to provide size standards for the three microsatellites we used
together with the list of allele sizes obtained.
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