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Abstract

Hybrids between transgenic crops and wild relatives have been documented successfully
in a wide range of cultivated species, having implications on conservation and biosafety
management. Nonetheless, the magnitude and frequency of hybridization in the wild is still
an open question, in particular when considering several populations at the landscape
level. The 

 

Beta vulgaris

 

 complex provides an excellent biological model to tackle this issue.
Weed beets contaminating sugar beet fields are expected to act as a relay between wild
populations and crops and from crops-to-crops. In one major European sugar beet produc-
tion area, nine wild populations and 12 weed populations were genetically characterized
using cytoplasmic markers specific to the cultivated lines and nuclear microsatellite loci. A
tremendous overall genetic differentiation between neighbouring wild and weed popula-
tions was depicted. However, genetic admixture analyses at the individual level revealed
clear evidence for gene flow between wild and weed populations. In particular, one wild
population displayed a high magnitude of nuclear genetic admixture, reinforced by direct
seed flow as evidenced by cytoplasmic markers. Altogether, weed beets were shown to act
as relay for gene flow between crops to wild populations and crops to crops by pollen and
seeds at a landscape level.
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Introduction

 

Seeds and pollen are the vehicles of genes in plant species
and their transport is the only way for sessile plants to
overcome local genetic differentiation and adaptation. The
relationships between geographical isolation, life-history
traits, local adaptation and gene flow are critical issues
when examining crop–weed complexes. Ellstrand 

 

et al

 

.
(1999) demonstrated that hybridization occurs between
crop species and their wild relatives in 12 of 13 worldwide
crops. Possible consequences of this gene flow include a
decrease of the genetic diversity of wild populations and
the evolution of more aggressive weeds. This has import-
ant implications for the management and conservation of

genetic resources (Frankham 

 

et al

 

. 2002), as well as for
biosafety studies such as the likelihood of transgene escape
from crop to wild relatives (Jarvis & Hodgkin 1999; Bartsch
& Schuphan 2002). Weeds may be a potential way for the
escape of transgenes through gene flow between cross-
compatible taxa (Gray & Raybould 1998; Ellstrand 2003).
However, the magnitude and the frequencies of hybrid-
ization and introgression in the field is still an open
question, especially when considering several populations
within a landscape (Hails 2000; Papa & Gepts 2003;
Wilkinson 

 

et al

 

. 2003). If wild individuals, crops and their
weedy relatives are found over a narrow geographical
area, overlap in flowering period, share pollinators and are
cross-compatible, then hybridization events have a strong
potential to continuously introduce transgenes into weedy
and/or wild populations (Gray & Raybould 1998; Bartsch

 

et al

 

. 2003; Gepts & Papa 2003). Concerning the potential
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effects of gene flow and introgression between domesticated
plants and their wild relatives, the 

 

Beta vulgaris

 

 complex
is of immediate concern as wild, crop and weedy forms of the
same species are fully cross-compatible and can coexist in
close parapatry in Europe (Letschert 1993; Bartsch 

 

et al

 

. 1999;
Desplanque 

 

et al

 

. 1999).
In Western Europe, two subspecies of 

 

B. vulgaris

 

 are
recognized: 

 

B. vulgaris

 

 ssp. 

 

maritima

 

 Arcang, the typical
wild and coastal subspecies (‘sea-beet’) and 

 

B. vulgaris

 

 ssp.

 

vulgaris

 

, the cultivated beet (Letschert 1993). Sugar beets,
extensively cultivated in northern France, are biennial and
harvested before bolting and flowering. Within sugar beet
fields, noncultivated bolting individuals are commonly
found contaminating the fields and competing with cultiv-
ated individuals. These individuals are conspecific weeds
that have been proved to arise from hybridization between
cultivated lines and wild individuals in the seed produc-
tion areas (southern France and eastern Italy, see Boudry

 

et al

 

. 1993; Mücher 

 

et al

 

. 2000; Desplanque 

 

et al

 

. 2002; Viard

 

et al

 

. 2002; Bartsch 

 

et al

 

. 2003). Hence, gene flow from
transgenic cultivars into surrounding weed individuals is
likely to lead to more problematic weeds, in particular for
traits such as herbicide resistance (Viard 

 

et al

 

. 2002).
Weed beets might also play a major role (1) in the escape

of genes by acting as a bridge between crops and wild
relatives (Desplanque 

 

et al

 

. 2002) and (2) in the spread of
genes between sugar beet fields, a factor not yet well
studied as stressed recently by Ellstrand (2003). In northern
France, wild populations (i.e. sea beet 

 

B. vulgaris maritima

 

)
are coastal, located along estuaries, just at the upper level
of the tide. In a previous study (Arnaud 

 

et al

 

. 2003) we
examined the likelihood for gene flow from weed to wild
beets over a very restricted geographical scale, i.e. along
a river bank characterized by a continuum between
crop, weedy and wild individuals (Arnaud 

 

et al

 

. 2003). Our
results suggested that weed seeds dispersed and colonized
the river-bank, creating a connection between cultivated
and coastal areas. In contrast, we did not find strong evid-
ence for pollen flow between weed and wild individuals.
Non-overlapping flowering period and rapid extinction of
the weed population were invoked to explain these results.
However, the extent to which this particular situation is
representative of the global dynamics of wild–weed gene
exchanges in the sugar beet production area remains to
be investigated. To address this issue, we examined the
genetic differentiation between wild and weed beets at
both populational and individual levels over a regional
scale, thereby encompassing events on a longer time scale
than previously studied. In order to trace back contempor-
ary migration events and detect rare introgression events,
we used a Bayesian admixture analysis to assign each
individual into two clusters of wild and weedy lineages.
This allowed us to analyse the extent of gene flow and
introgression that occur over a landscape (i.e. at a regional

scale) within the 

 

B. vulgaris

 

 complex in the light of the like-
lihood of transgene escape from genetically engineered
sugar beet crops to wild beet populations.

 

Materials and methods

 

Species and sampling

 

Beta vulgaris

 

 ssp. 

 

maritima

 

 is a diploid short-lived perennial
species (2

 

n

 

 = 18) distributed widely around the Mediter-
ranean Basin and along the coasts of Western Europe. In
the North of Europe, sea beets colonize areas located along
estuaries, just at the upper level of the tide and, more
rarely, cliffs overhanging the sea. Northern France is a
major area of sugar beet (

 

B. vulgaris

 

 ssp. 

 

vulgaris

 

) produc-
tion and sugar beet fields are distributed in the vicinity of
the coastal wild populations (

 

B. vulgaris

 

 ssp. 

 

maritima

 

). In
many sugar beet fields, weed beets infest sugar beet fields
(Boudry 

 

et al

 

. 1993; Viard 

 

et al

 

. 2002; Arnaud 

 

et al

 

. 2003;
Bartsch 

 

et al

 

. 2003). Nine wild sea beet populations (309
individuals) were sampled together with 12 populations of
weed beets (494 individuals sampled outside the sowing
line, see Viard 

 

et al

 

. 2002), located in sugar beet fields as
close as possible from the coastline (Fig. 1, Table 1). The dis-
tance between wild and weed populations ranged between
one and 10 km. This sampling illustrates the actual dis-
tribution of the cultivated and wild species in Northern
France.

 

Genetic data collection

 

DNA was extracted and purified from dried leaves by
using a DNeasy® 96 Plant Kit and following the standard
protocol for isolation of DNA from plant leaf tissue outlined
in the DNeasy 96 Plant protocol handbook (Qiagen Inc.).

The maternal cultivated origin was assessed by means of
a chloroplastic polymerase chain reaction–restriction frag-
ment length polymorphism (PCR–RFLP) marker defined
by Ran & Michaelis (1995). Weedy lineages carry a chloro-
plastic haplotype which is characteristic of cultivated lines,
i.e. the Owen cytoplasmic male (CMS) sterility used uni-
versally in sugar beet breeding programmes (Owen 1945;
Boudry 

 

et al

 

. 1993). 

 

Hin

 

dIII fragments digests of cpDNA
from Owen CMS and nonOwen CMS lines are, respect-
ively, characterized by one 

 

Hin

 

dIII fragment of 563 base
pairs (bp) and two 

 

Hin

 

dIII fragment of 454 and 109 bp,
respectively (Ran & Michaelis 1995). The nonOwen CMS
group comprises several haplotypes that are nondistinguish-
able with this marker (Desplanque 

 

et al

 

. 2000). Primers used,
PCR conditions, DNA digestion and gel electrophoresis
were applied as described by Ran & Michaelis (1995) and
Viard 

 

et al

 

. (2002).
The nuclear polymorphism was assessed using seven

microsatellite loci (CT4, GTT1, GCC1, GAA1, BVM3, CAA1
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Fig. 1 Location of wild (coastal) and weed
(within sugar beet fields) populations sam-
pled along the coastline of Northern France
and distribution of CMS vs. non-CMS haplo-
types within each population.

Table 1 Geographical coordinates, occurence of CMS-Owen haplotype and summarizing statistics for nuclear genetic diversity across loci
of study populations. N: sample size; CMS-Owen: percentage of CMS-Owen haplotype; Ar. allelic richness; HO: observed heterozygosity;
HE: expected heterozygosity (gene diversity); FIS: intrapopulation fixation index; P-value associated to the exact test for deviations to Hardy–
Weinberg proportions. Mean values of these parameters are indicated for each of the two study population groups (i.e. weed vs. wild)
 

Population Acronym Latitude Longitude N CMS-Owen Ar HO HE FIS P-value

Weed populations (sampled in sugar beet fields)
Falaise Gris-nez W-Gn N 50°50.4′ E 1°35.2′ 40 100% 3.84 0.47 0.53 0.126 0.019
Cap Gris-nez W-Gite N 50°51.0′ E 1°35.2′ 39 23% 5.12 0.44 0.56 0.209 < 10−6

Bazinghem W-Baz N 50°47.3′ E 1°38.6′ 40 100% 4.94 0.53 0.58 0.084 < 10−6

Wimille W-Wim N 50°45.9′ E 1°38.3′ 40 100% 5.49 0.39 0.62 0.371 < 10−6

Villiers W-Vil N 50°29.7′ E 1°39.0′ 39 100% 6.12 0.47 0.62 0.234 < 10−6

Maresville W-Mar N 50°31.3′ E 1°42.6′ 42 81% 5.63 0.42 0.61 0.320 < 10−6

Lefaux W-Lef N 50°34.3′ E 1°38.8′ 39 100% 5.96 0.52 0.60 0.131 < 10−4

Tigny W-The N 50°21.0′ E 1°41.7′ 42 100% 4.51 0.42 0.54 0.216 < 10−6

Le Muret W-Mur N 50°20.0′ E 1°39.0′ 40 100% 6.22 0.48 0.65 0.276 < 10−6

Le Champ Neuf W-Rue N 50°15.8′ E 1°37.0′ 41 100% 4.62 0.41 0.52 0.225 < 10−6

Le Hourdel W-Hour N 50°11.2′ E 1°33.2′ 40 100% 6.09 0.49 0.58 0.170 0.003
Hable d’Ault W-Ault N 50°09.6′ E 1°29.6′ 52 84.6% 4.89 0.41 0.55 0.263 < 10−4

Mean: weed 494 4.93 0.45 0.58 0.22

Wild populations (coastal populations — sea beet)
Audresselles Aud N 50°49.4′ E 1°35.4′ 30 0% 7.27 0.54 0.61 0.108 0.001
Ambleteuse Slack N 50°48.5′ E 1°36.4′ 37 0% 6.65 0.57 0.63 0.095 0.003
Wimereux Wim N 50°46.1′ E 1°36.6′ 38 0% 7.18 0.61 0.61 −0.006 0.107
Etaples Can N 50°30.9′ E 1°38.4′ 39 0% 6.99 0.56 0.64 0.124 < 10−3

La Madelon Aut N 50°22.3′ E 1°37.6′ 33 6.3% 5.12 0.53 0.56 0.064 < 10−6

Maye Maye N 50°15.7′ E 1°37.2′ 36 0% 5.79 0.52 0.56 0.074 0.185
Noyelles Crotoy NoyCro N 50°12.8′ E 1°40.1′ 34 0% 5.79 0.50 0.55 0.088 0.122
Le Hourdel Hour N 50°12.9′ E 1°33.9′ 27 0% 4.86 0.50 0.48 −0.052 0.825
Ault Ault N 50°06.4′ E 1°27.2′ 35 5.7% 5.93 0.54 0.64 0.164 < 10−4

Mean: wild 309 6.18 0.55 0.59 0.079



1360 F .  V I A R D  E T  A L .

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 1357–1364

and CA2), as described by Mörchen et al. (1996), Viard et al.
(2002) and Arnaud et al. (2003). Electrophoresis and geno-
typing were carried out on a LI-COR automated sequencer
(LI-COR Inc., NB, USA).

Statistical analyses

For each population, genetic polymorphism was examined
by calculating allele frequencies for each locus, allelic
richness (Ar) (El Mousadik & Petit 1996), the observed
heterozygosity (HO), the genetic diversity HE sensu Nei
(1978) over all loci using genepop version 3.3 (Raymond
& Rousset 1995) and fstat version 2.9.3.2. (Goudet 1995).
Population heterozygote deficiencies were quantified
by calculating the Weir & Cockerham’s (1984) f, a multi-
locus estimator of the fixation index FIS, and exact tests
(Markov chain parameters set to 200 batches and 5000
iterations per batch) for deviations to Hardy–Weinberg
proportions were carried out with genepop. Mean values
of genetic diversity parameters for each population
group (i.e. weed vs. wild) was calculated and differences
in HE, HO, FIS and allelic richness were tested between
weed and wild groups by using permutation procedures
as implemented in fstat (tests carried out with 10 000
permutations). Genotypic linkage disequilibrium was esti-
mated prior to other analyses using genepop. Bonferroni
adjustments for simultaneous statistical tests were applied
(Rice 1989).

The overall genetic structure was investigated by cal-
culating the o estimator of FST as described by Weir &
Cockerham (1984). Significance of o values was assessed
using the G-test that accounts for deviations to Hardy–
Weinberg expectations (Goudet et al. 1996). A hierarch-
ical analysis of the molecular variance was also conducted
using arlequin version 2.0 (http://lgb.unige.ch/arlequin) to
analyse the partition of the genetic variance within and
between wild and weed groups. The overall genetic dis-
tances among populations were illustrated through a
principal component analysis (PCA) carried out on gene
frequency data with the pca-gen version 1.2.1 software
(http://www2.unil.ch/izea/softwares/pcagen.html).

To test individual admixture proportions and the
correspondence of genetic clusters with geographically
labelled groups, we applied a model-based clustering algo-
rithm described in Pritchard et al. (2000) by using struc-
ture version 2.1. This software is based on a Bayesian
method that enables the identification of clusters of
genetically similar individuals from multilocus genotypes
(e.g. Pierpaoli et al. 2003). We assumed here that each indi-
vidual belonged either to a wild group or to a weedy group,
given their sampling location (coastal populations vs. sugar
beet fields). For each individual, the probability of belong-
ing to the wild or the weed lineage was calculated as well
as the probability to have ancestry in the other group, either

in the sampled generation (immigrant from the alter-
native cluster) or in the first or second past generation
(admixed individual). Each run consisted of a burn-in
period of 200 000 steps followed by 106 MCMC (Monte
Carlo Markov chain) replicates, with the number K of speci-
fied clusters being two and assuming that allele frequencies
might be correlated.

Results

Chloroplastic diversity and seed flow

In the present study, 89.5% of weed individuals carried
the Owen CMS type, demonstrating a maternal cultivated
origin. However, three of the 12 weed populations showed
nonOwen CMS haplotypes at high frequency (W-Gite:
87%, W-Mar: 19% and W-Ault: 15.4%, Fig. 1 and Table 1).
Some rare sea beet individuals were found to have the
Owen CMS cytoplasm (1.3%; Fig. 1) and only two wild
populations contained individuals carrying the Owen CMS
cytoplasm (6.3% and 5.7% in Aut and Ault, respectively)
indicating the trace of gene flow through seeds from crop
to wild populations.

Microsatellite diversity and within-population structure

Exact tests for genotypic linkage disequilibria between
microsatellite loci within each population showed five
(1.13%) significant P-values out of 441 comparisons, i.e. a
proportion comparable to that expected by chance alone.
A high level of nuclear diversity was observed over the
whole study with a total of 96 alleles over seven micro-
satellite loci. Summary statistics describing the genetic
diversity across loci within the 21 study populations are
given in Table 1. From group comparisons (wild vs. weed),
mean allelic richness (Ar) and observed heterozygosity (HO)
were significantly higher for wild beet populations (P <
0.001). The overall genetic diversity (HE) was not statistically
different between the two groups (P = 0.56). Weed beet
populations exhibited a mean FIS significantly higher (P <
0.001) than that observed for the wild group. Consistent
heterozygote deficiencies were observed within all weed
populations in contrast to wild sea beet populations that
fitted Hardy–Weinberg expectations more closely (Table 1).

Gene flow and assignment analyses

Significant genetic differentiation (o = 0.115, P < 10−4)
occurred among all the 21 populations. The amova analysis
showed a significant genetic structure between the two
groups of wild and weed populations with an overall
FCT value (i.e. fixation index corresponding to the genetic
variance among groups over total) equal to 0.11, whereas
the mean genetic variance among populations within each
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group (FSC) was equal to 0.065. This structure is illustrated
by a graphical ordination of the samples following a PCA
on gene frequency data (Fig. 2a). The first axis (51.71% of
the total inertia) was found to be significant (P < 10−4) and
separated clearly the wild from the weed populations.

When analysing genetic structuring within each of the
groups, the genetic variance among populations within
wild and weed groups did not differ significantly (o = 0.063,
P < 10−4 and 0.062, P < 10−4, respectively). However, the
spatial distribution of allelic diversity differed between
wild and weedy lineages. As depicted in Fig. 2b,c, a
geographical substructuring was apparent for the weed
populations (e.g. W-GN and W-Gite; W-Wim and W-Baz;
W-Vil, W-Lef and W-Mar) but less evident for the wild
populations (axis 1 separates the three most southern
populations NoyCro, Hour and Maye from the other
populations). In agreement with the apparent step-by-
step geographical structuring of weed populations, a

significant isolation by distance pattern was found for
weed populations (Mantel-like test, 5000 permutations,
P = 0.03) but not for wild populations (Mantel-like test,
5000 permutations, P = 0.08).

Further insights about the individual clustering and
possible immigrants came from the Bayesian analysis. By
first carrying out a clustering analysis without prior
information, we observed a high proportion of individual
membership (0.913 and 0.916) to one of two clusters
(K = 2). Using prior information on the status of collected
individuals [i.e. sampled within coastal habitat (‘wild’) vs.
sugar beet field (‘weed’)], the overall individual assign-
ment increase up to 0.986 and 0.993 within each of the two
assumed groups (Fig. 3). Of the 801 individuals analysed
only 24 individuals (3%) showed probabilities (P < 0.90),
indicating that they were not from the presumed cluster
(Table 2), with 12 of 309 (3.9%) coastal individuals and
12 of 494 (2.4%) individuals sampled in sugar beet fields
showing evidence for genetic admixture. In the coastal
group, half of the admixed individuals belonged to the
Ault population (17% of the individuals in this population).
In general, the misclassified individuals sampled in the
wild populations exhibited high probabilities of ancestry
in the sampled generation, demonstrating that they were
most probably (seed) immigrants. On the contrary, the mis-
classified individuals from the sugar beet fields generally
showed high probabilities of resulting from hybridization
one or two generations ago (Table 2). Interestingly, one of
the two individuals carrying a CMS-cytoplasm from Ault
(individual 289) exhibited a probability of 0.97 of being an
immigrant, based on nuclear genes. This demonstrated that
this individual arose from a seed migration at the present
generation. The other individual with CMS in the wild did
not show misclassification into the coastal wild group, sug-
gesting that it resulted from several generations of cross-
breeding by pollen from surrounding wild individuals.

Discussion

In spite of vast evidence for long-distance dispersal
in wind-pollinated plants (reviewed in Hamrick & Godt
1996), our results show highly significant genetic differen-
tiation between neighbouring wild and weedy populations
(separated by 1–10 km) of the species B. vulgaris. This
finding contrasts with the study of Bartsch et al. (1999), who
found the presence of two sugar beet cultivar alleles at
unusually high frequencies in natural sea beet populations
from northeast Italy. Our results were unexpected as sea
beets, weed beets and cultivated beets both belong to the
same outcrossing species, are fully cross-compatible and
mainly wind-pollinated. Additionally, they share a recent
common coancestry, reinforced by the recurrent use of
wild genetic resources in sugar beet breeding programmes
and by the recent paternal ruderal origin of weed beets

Fig. 2 Graphical ordination of sampled populations on the first
frequency data. (a) Over the whole population; the first two axes
represent 60.7% of the total inertia. (b, c) Analyses carried out over
the weed and the wild populations only, respectively; the first two
axes represent 59.1% and 47.8% of the total inertia, respectively.
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(Boudry et al. 1993; Desplanque et al. 1999). Recent indirect
estimates of pollen mediated gene flow in the seed produc-
tion area of sugar beets suggested that gene dispersal
greatly exceeds 1000 m (Saeglitz et al. 2000; Lavigne et al.
2002). However, our results demonstrate clearly that experi-
mental cross-fertility, wind-mediated dispersal and close
vicinity do not provide a basis for regular high gene flow

from crops (through weed lineages) to wild populations in
the study sugar beet production area.

The maintenance of such an overall genetic distinctive-
ness between weed and sea beets cannot be explained only
by geographical isolation between weed and wild popu-
lations. Within each group, we found evidence for ample
gene flow between populations on scales greater than 1–10

Fig. 3 Bayesian analysis of the nuclear
genetic structure between wild and weed
populations. Estimated individual member-
ship assuming K = 2 using prior population
information (geographical location: within
or without a sugar beet field). Each indi-
vidual is represented as a thin vertical line,
which is partitioned into two coloured seg-
ments that indicate the individual’s member-
ship fractions in the two clusters (black and
light grey picture wild and weed groups,
respectively). The vertical black arrow
separates individuals assumed to be either
wild (on the left) or weedy (on the right).

Table 2 Population assignment and inferred ancestry of individuals. For each individuals with a probability (q) of being from its cluster of
origin (clusters 1 and 2 are for wild and weed, respectively) inferior to 90%, the probability P to have an ancestry either in the sampled or
first or second past generations (q-values computed with prior migration rate = 0.01) is given. The most significant values (P < 0.75) are
indicated in bold characters
 

Population
Individual 
label

Presumed 
cluster q-value

P alternative cluster/ancestry 

Immigrant Previous 1st Previous 2nd

Wild-presumed (sampled along the seashore, coastal habitats)
Aud 30 1 0.577 0.216 0.142 0.065
Can 135 1 0.656 0.000 0.200 0.144
Maye 198 1 0.533 0.102 0.251 0.114
Maye 206 1 0.865 0.077 0.026 0.033
NoyCro 234 1 0.816 0.063 0.048 0.073
NoyCro 236 1 0.364 0.529 0.077 0.031
Ault 284 1 0.800 0.066 0.087 0.048
Ault 289 1 0.014 0.971 0.011 0.004
Ault 292 1 0.630 0.005 0.24 0.125
Ault 307 1 0.746 0.164 0.055 0.035
Ault 308 1 0.687 0.247 0.038 0.028
Ault 309 1 0.433 0.292 0.206 0.069

Weed-presumed (sampled within sugar beet fields)
W-Gite 375 2 0.853 0 0.015 0.133
W-Gite 358 2 0.498 0.072 0.217 0.213
W-Wim 448 2 0.462 0.001 0.145 0.391
W-Wim 438 2 0.594 0.004 0.191 0.211
W-Wim 457 2 0.858 0.039 0.057 0.045
W-Wim 458 2 0.859 0.021 0.053 0.067
W-Vil 483 2 0.872 0.001 0.035 0.092
W-Mur 656 2 0.010 0.945 0.036 0.009
W-Mur 657 2 0.787 0.005 0.057 0.152
W-Mur 658 2 0.411 0.216 0.109 0.264
W-Mur 660 2 0.618 0 0.274 0.108
W-Hour 732 2 0.734 0.006 0.080 0.180
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km. The hierarchical analyses of genetic variance showed
a lower genetic differentiation (FSC = 0.06) within each
cluster than between them (FCT = 0.11). In particular, a
genetic isolation by geographical distance was observed
within the weedy group. Weed pollen flow might there-
fore contribute to spread genes across sugar beet fields.
The overall genetic differentiation in this wind-pollinated
outcrossing complex might result from a time-lag between
the peak of the flowering period of sea beets and wild beets:
June and July, respectively. Pollen-mediated gene flow
probably occurs between only a few individuals during a
putative short overlapping period (Arnaud et al. 2003).

Interestingly, despite this general trend, rare immigra-
tion and hybridization/introgression events were found
in several weed and wild populations. This was detected
based not only on the frequency of CMS-Owen haplotypes
found in the wild (demonstrating the occurrence of seed
flow in several populations in the study landscape), but
also on the nuclear admixture proportion in wild plants.
Assignment analyses based on multilocus microsatellite
genotypes proved to be a powerful tool for tracing con-
temporary cross-breeding events between domesticated/
cultivated relatives in our case study: we detected 24
potentially admixed individuals of 803. Although rare (3%),
this is the first evidence for nuclear gene flow between
weed and wild individuals of B. vulgaris on a regional scale.
In ‘presumed’ wild populations, half of the 12 admixed
individuals were found in the Ault population, in which
they represented a large fraction (17%) of the total number
of individuals. It is noteworthy that Ault is surrounded by
crops infested heavily by weed beets, a situation hardly
encountered elsewhere. Regardless of whether GMOs are
involved, consequences of crop–wild gene flow may also
involve genetic assimilation or demographic swamping of
wild populations (Gepts & Papa 2003; Haygood et al. 2003).
Such intraspecific hybridizations are a main concern, as
they can lead to loss of local adaptation of native/wild
populations, which can be of primary importance during
periodic disturbances or extreme environmental conditions
(Allendorf et al. 2001). The main difficulty now is to deter-
mine if any proportion of admixture can be acceptable,
a question difficult to tackle in the case of genetically
engineered crops for which the level of acceptable hybrid-
ization (if any) will rely on the fitness conferred by the
transgenes to the hybrids in the wild (Hails 2000; Meagher
et al. 2003; Wilkinson et al. 2003).

Another critical feature in the B. vulgaris complex is the
occurrence of individuals characterized by a cytoplasm
typical of cultivated lines in several wild populations (i.e.
CMS Owen). The results reported here extend, over several
populations at a regional scale, our preliminary findings
carried out in one population only and on a very fine scale
(Arnaud et al. 2003). Seed flow appears to be a major vector
for transportation of cultivated genes through weeds

(proved to arise from hybridization between wild and
cultivated lines) in the wild in the B. vulgaris complex.
Furthermore, the presence of individuals carrying the
nonOwen CMS cytoplasm in three weed populations could
be the result of seed migration from natural populations to
the sugar beet fields, or might be the relict of an ancient
contamination before the worldwide use of Owen CMS
in sugar beet breeding. However, additional studies are
needed to identify which nonOwen CMS were present in
these weed populations (Desplanque et al. 2000). The popu-
lation of Ault is worth considering carefully, as display-
ing both seed flow and the highest frequency of nuclear
admixture. In spite of our flowering time-lag hypothesis,
the situation in Ault suggested that seed migration may
have created a local hot-spot of hybridization and enhanced
further introgression between wild and weed individuals
due to simultaneous flowering within the population.

This study demonstrated that both seed and pollen flow
contribute to the transfer of genes into wild populations of
sea beet. However, seed flow plays a prominent role in the
settlement of weed individuals, which act as pollen donors
and enhance the probability of overlap between the flower-
ing periods of wild and weedy subspecies. As pointed
out recently by Gepts & Papa (2003), the spread of crop
genes in wild populations must be monitored more closely.
Our finding suggests that a reduction of gene transfers
from weed to wild populations of sea beets would require
setting up a large zone (at least several kilometres) free
of crops along the coastline. Pollen flow between weed
populations also has implications for biosafety study, as
such pollen dispersal may promote the spread of trans-
genes across crops (Ellstrand 2003). However, risk assess-
ment analyses based primarily on gene flow by pollen/
seed transfers is not in itself a sufficient information and,
as suggested by Meagher et al. (2003) and Wilkinson et al.
(2003), the focus of attention should be on the relative
fitness of plants that have acquired any transgenes.
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