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test for statistical associations between genetic markers and 
environmental variables.

Introduction

Plants closely related to crops (crop wild relatives) have the 
potential to contribute beneficial traits for crop improve-
ment (Maxted et  al. 2006) and are receiving increased 
attention in plant breeding (Warschefsky et  al. 2014). 
Assessing genetic diversity and structure of crops and their 
wild relatives is useful for determining levels of genetic 
variability and estimating potential losses of genetic diver-
sity associated with selection and domestication. A descrip-
tion of the genetic structure of wild and cultivated plants 
is also needed to identify markers under selection through 
genome–environment association methods (Schoville 
et  al. 2012), which require a characterization of the neu-
tral genetic structure of the data, and to correctly estimate 
the linkage disequilibrium between markers (Mangin et al. 
2012), which can then be used to infer the selection history 
of genetic pools and to design genome-wide association 
studies for quantitative trait loci (e.g. Mangin et al. 2015). 
Germplasm collections represent the core resource to con-
duct genetic diversity analysis on crops and their wild 
relatives.

The sugar beet (Beta vulgaris subsp. vulgaris) is one of 
the most important crops in terms of metric tonnage (about 
140 Mt in year 2000) and accounts for approximately one-
fourth of the world’s sugar production (Draycott 2006). The 
domestication of sugar beet started late, in the eighteenth 
century, and is, therefore, relatively recent when compared 
to that of other major crop plants (Biancardi et  al. 2012). 
Wild and cultivated relatives of the sugar beet are included 
in Beta section Beta (Kadereit et  al. 2006; Frese 2010). 
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The genetic diversity of Beta section Beta germplasm 
accessions has been studied with various genetic mark-
ers, including allozymes (Abe and Tsuda 1987; Letschert 
1993), chloroplast, and mitochondrial markers (Mikami 
et al. 1984; Kishima et al. 1987; Fritzsche et al. 1987; Bon-
avent et  al. 1989; Ecke and Michaelis 1990; Senda et  al. 
1998; Cheng et al. 2009, 2011; Yoshida et al. 2012), restric-
tion fragment length polymorphisms (RFLPs; Mita et  al. 
1991; Santoni and Bervillé 1992a; Jung et al. 1993; Hjer-
din et al. 1994; Desplanque et al. 1999), random amplifica-
tion of polymorphic DNA (McGrath et al. 1999; Wang and 
Goldman 1999; Shun et  al. 2000; Litwiniec et  al. 2016), 
satellites and short-sequence repeats (SSRs; Santoni and 
Bervillé 1992b; Fénart et al. 2008; Stevanato et al. 2013), 
amplified fragment length polymorphisms (Saccomani 
et al. 2009), and diversity array technology (Andrello et al. 
2016). These studies differed greatly in the sample size, 
taxonomic coverage, and geographical extent of the geno-
typed accessions. Microsatellites were also extensively 
used to study genetic structure and gene flow among sugar 
beets, ruderal and sea beets (B. vulgaris subsp. maritima), 
and weed (feral) beets in the field (e.g., Viard et al. 2004; 
Fievet et al. 2007; Fénart et al. 2008; Arnaud et al. 2009; 
Leys et al. 2014). The most recent investigations on genetic 
variation in Beta section Beta were performed using single 
nucleotide polymorphisms (SNP) markers (Adetunji et  al. 
2014; Mangin et al. 2015). In addition, the first genome of 
sugar beet was published (Dohm et al. 2014).

SNPs offer numerous advantages over other types of 
markers for studies on genetic diversity and varietal iden-
tification of crop and wild relatives (Kilian and Graner 
2012). Compared to SSR markers, SNPs are often more 
densely and evenly distributed in the genome and their 
number is much larger (Morin et  al. 2004). In addition, 
the bi-allelic nature of SNPs makes them easy to read and 
compare between different data sources. Despite some 
drawbacks, especially for SNPs genotyped by SNP arrays 
(ascertainment bias and low diversity), SNPs are now 
widely used for analysis of genetic diversity in crops (Lu 
et al. 2009; Winkler et al. 2016) and varietal identification 
by DNA fingerprinting (Curk et al. 2015; Tian et al. 2015). 
Species relationships and taxonomic studies on the basis of 
SNP markers have been reported for several crop–wild-rel-
ative systems such as Citrus ssp. (Curk et al. 2015), Bras-
sica ssp. (Mason et al. 2015), carrots (Rong et al. 2014) and 
tomatoes (Bauchet et  al. 2014), including the aforemen-
tioned studies on taxa of Beta section Beta (Adetunji et al. 
2014; Mangin et al. 2015).

The taxonomy and genetic structure of section Beta has 
been extensively studied and today three species are recog-
nized (Letschert 1993): Beta macrocarpa Gussone, Beta 
patula Aiton, and Beta vulgaris. The species B. vulgaris is 
further subdivided into three subspecies: B. vulgaris subsp. 

maritima (L.) Arcangeli, which is considered the ancestor 
of all cultivated beets (Biancardi et  al. 2012); B. vulgaris 
subsp. adanensis (Pamukçuoglu) Ford-Lloyd and Williams; 
and B. vulgaris subsp. vulgaris, which contains all the cul-
tivated forms: sugar beets (the most important source of 
sugar worldwide after sugar cane), fodder beets (used to 
feed livestock), garden beets (also known as table beets or 
red beets, utilized as vegetables for their roots), leaf beets, 
and swiss chards (utilized as vegetables for their leaves). 
Letschert (1993) discouraged any formal classification of 
the cultivated plants and advised referring them to catego-
ries such as the cultivar groups or cultivars.

While the genetic relationships among the wild forms of 
section Beta are substantially clear (Letschert 1993; Jung 
et  al. 1993; Andrello et  al. 2016), the genetic structure of 
the cultivated varieties and the relationships between them 
and the wild forms are still poorly understood. Slight 
genetic differences are shown when comparing cultivated 
varieties with allozymes (Abe and Tsuda 1987; Nagamine 
et  al. 1989). Mitochondrial DNA is very effective to dis-
tinguish male sterile plants from fertile plants and to dis-
tinguish different sterile lines (Santoni et  al. 1991; Weihe 
et  al. 1991), because male sterility is a consequence of 
inactivation of mitochondrial functions (Mikami et  al. 
2011), but does not differentiate among varieties with fer-
tile cytoplasm (Ecke and Michaelis 1990). RFLPs make it 
possible to distinguish between cultivated and wild plants 
(Mita et  al. 1991; Santoni and Bervillé 1992a), but the 
genetic relationships between varieties are not consistent 
across different studies. While some analyses showed a 
clear genetic separation between swiss chards and the other 
varieties (Santoni and Bervillé 1992a; Jung et al. 1993) and 
between fodder and sugar beets (Hjerdin et al. 1994), other 
analyses did not lead to distinct genetic clusters separating 
fodder beets, sugar beets, garden beets, and swiss chards 
(Jung et  al. 1993; Wang and Goldman 1999). The most 
recent studies using SNP markers did not detect a clear dif-
ferentiation between B. vulgaris subsp. maritima and culti-
vated beets (Adetunji et al. 2014) or among varieties (Man-
gin et al. 2015), most likely because of the limited number 
of accessions and SNP markers (91 accessions genotyped 
with 418 SNP markers in Adetunji et al. 2014; 2035 acces-
sions with 320 markers in Mangin et al. 2015).

The first objective of the present study is to describe the 
genetic structure of wild and cultivated accessions of Beta 
section Beta using a larger sample size, a wider geographi-
cal coverage and a higher number of SNP markers than 
all previous studies. The second objective is to compare 
genetic diversity among the taxa and cultivars. Our acces-
sions came from the entire distribution area of the wild 
varieties and the main areas of cultivation of the cultivars 
(Andrello et al. 2016). This large collection effort allowed 
us to describe the genetic diversity and structure within 
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taxa and to account for the effects of within-taxon diversity 
on genetic differentiation between taxa.

Materials and methods

Plant materials and genetic markers

The dataset analyzed in this study comprises 1512 indi-
viduals of beets belonging to 1080 accessions (for 36 
accessions, multiple individuals were genotyped) recov-
ered from 12 germplasm banks worldwide (Mangin et al. 
2015; Andrello et al. 2016). Information on the individu-
als (mainly country of origin, species and subspecies) 
were found in web databases such as GRIN-ARS (USDA, 
US, http://www.ars-grin.gov/npgs/) and EURISCO 
(ECPGR, Europe, http://www.ecpgr.cgiar.org/germplasm_
databases.html). This set included individuals of all taxa 
and cultivated varieties of Beta section Beta (Table 1) and 
covers the entire native range of wild beets and the main 
growing regions of the cultivated varieties. Since different 
ploidies are found in section Beta germplasm (Letschert 
1993; Draycott 2006), only diploid accessions were used 
after ploidy determination using flow cytometry. Poly-
ploids were removed because crossing them with the dip-
loid elite line would generate triploid F1s, which most 
likely would be sterile. Returning to a diploid level would 
have required much labor and time through back-cross-
ing. Of the 25 tetraploid accessions found in our initial 
dataset, there were 1 fodder beet, 1 sugar beet, and 23 B. 
macrocarpa.

Seeds were germinated in the greenhouse and leaf mate-
rial was collected prior to DNA extraction and genotyping 
on a 35 k Axiom® beet array. The 35 k Axiom® beet geno-
typing array was developed based on structural differences 
between an elite line and 16 accessions for which 2 × 100 
paired-end NGS reads were mapped on the reference draft 
genome of the sugar beet (Dohm et al. 2014). The 16 acces-
sions consisted of 13 B. vulgaris subsp. maritima, 2 sugar 
beet, and 1 fodder beet; therefore, this design was suit-
able to detect polymorphism among cultigroups and wild 
beets. The method used to choose the 13 B. vulgaris subsp. 
maritima accessions to develop the Affymetrix array was 
based on genetic diversity and allele richness (determined 
with SNP and DArT markers) and spatial extent. Of these 
13 accessions, 10 were included in subsequent analyses of 
genetic structure.

Using a bioinformatics pipeline, a subset of 33,000 
high-quality SNPs was selected to design the Axiom® 
array. Then, the array was employed to generate 18,333 
high-density SNP markers for the individuals analyzed 
in this study. The analyses presented in this study were 

performed on a subset of 9724 SNPs corresponding to the 
“Poly High Resolution” “Mono High Resolution” and “No 
Minor Homozygote” categories of the Axiom® genotyp-
ing array. These categories comprise the most accurate and 
polymorphic SNPs according to the Axiom® best prac-
tices genotyping workflow (Thermo Fisher Scientific Inc. 
2017).

Analysis of genetic structure

To assess genetic variation at the individual level, we 
first applied a principal component analysis on individual 
genotypes; values were centered but not reduced and the 
analysis was performed in R with the function “glPca” of 
adegenet. The resulting principal components were used 
to cluster individuals into distinct genetic groups, using a 
k-means algorithm as implemented in the “find.clusters” 
function of adegenet. We determined the optimal number 
of genetic groups by visually inspecting the curve of the 
Bayesian information criterion (BIC) against the number 
of groups. We then applied a discriminant analysis of prin-
cipal components (DAPC) to describe the genetic clusters 
(Jombart et al. 2010) using the clusters identified with the 
k-means algorithm, as implemented in the “dapc” function 
of adegenet. All the principal components of genetic data 
(1512) were kept for the k-means algorithm, while only 
701 principal components (which explained 90% of the 
genetic variance) were retained in the discriminant analysis 
to avoid overfitting.

Estimation of genetic diversity

For each wild taxon and each cultivar, genetic diversity 
was estimated using the expected heterozygosity (He) 

Table 1   Number of individuals (N), proportion of polymorphic 
markers (P) and expected heterozygosity (He) for the taxa and culti-
vars of Beta section Beta analyzed in this study

Taxon N P He

Wild taxa B. macrocarpa 66 0.07 0.01

B. patula 1 – 0.09

B. vulgaris subsp. adanensis 26 0.41 0.06

B. vulgaris subsp. maritima 1102 0.89 0.24

Cultivars B. vulgaris subsp. vulgaris Fodder 
beet

40 0.80 0.26

B. vulgaris subsp. vulgaris Garden 
beet

42 0.78 0.23

B. vulgaris subsp. vulgaris Leaf beet 122 0.85 0.26

B. vulgaris subsp. vulgaris Sugar beet 67 0.86 0.29

B. vulgaris subsp. vulgaris Swiss 
chards

46 0.81 0.24

http://www.ars-grin.gov/npgs/
http://www.ecpgr.cgiar.org/germplasm_databases.html
http://www.ecpgr.cgiar.org/germplasm_databases.html
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and the proportion of polymorphic loci (P). He was esti-
mated using the functions “summary” of the R package 
adegenet 2.0.0 (Jombart and Ahmed 2011). P was cal-
culated as Ar −  1, where Ar is the mean allelic richness 
after rarefaction (El Mousadik and Petit 1996) estimated 
using the function “allel.rich” of the R package PopGen-
Report; the rarefaction method allows for comparisons 
between groups with different sample sizes, as it esti-
mates Ar using the smallest sample size of the dataset. 
B. patula was excluded from the calculation of Ar as it 
is represented by only one individual; thus, the smallest 
sample size was represented by the 26 individuals (hence, 
52 alleles) of B. vulgaris subsp. adanensis. Differences in 
P between every pair of taxa or cultivars were assessed 
using one-tailed permutation tests (999 permutations).

Results

Analysis of genetic structure

The visual inspection of the curve of BIC of the k-means 
algorithm suggested between 9 and 20 genetic groups. For 
simplicity, we chose nine groups for the DAPC (Fig.  1). 
Table 2 contains the number of individuals for each taxon 
and cultivar in each genetic group. All posterior member-
ship probabilities were > 0.99.

The DAPC showed several patterns. First, most genetic 
groups comprised several taxa and/or cultivars, thus there 
was no exact correspondence between genetic and taxo-
nomic groups. Second, some groups were not well sepa-
rated by the three first discriminant functions: for example, 

Fig. 1   Discriminant analysis of principal components (DAPC). a The 
first and second discriminant functions, b the first and third discrimi-
nant function. Each individual is represented by a dot colored accord-

ing to its taxonomic identification. The nine genetic groups identified 
with the k-means algorithm are identified by dotted and numbered 
ellipses

Table 2   Distribution of taxa 
and cultivars in the genetic 
groups

Number of individuals of each taxon in each genetic group identified with the k-means algorithm

Taxon/cultivar Genetic group

1 2 3 4 5 6 7 8 9

B. macrocarpa 0 0 0 0 66 0 0 0 0

B. patula 0 0 0 0 1 0 0 0 0

B. vulgaris subsp. adanensis 0 0 0 25 0 0 0 1 0

B. vulgaris subsp. maritima 32 438 263 110 1 45 42 9 162

B. vulgaris subsp. vulgaris Fodder beet 34 0 0 0 0 0 0 2 4

B. vulgaris subsp. vulgaris Garden beet 3 0 0 0 0 0 0 32 7

B. vulgaris subsp. vulgaris Leaf beet 3 0 2 1 0 4 0 2 110

B. vulgaris subsp. vulgaris Sugar beet 61 0 0 1 0 1 0 2 2

B. vulgaris subsp. vulgaris Swiss chards 0 0 0 0 0 0 0 0 46
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group #9 overlapped with group #3, group #1 overlapped 
with group #8. Since the DAPC calculates the discrimi-
nant axes to maximize the separation of genetic groups, 
the overlap demonstrates that these groups are very similar. 
Both these observations suggest that Beta section Beta has 
a complex genetic structure that differs from the taxonomic 
structure.

The first discriminant axis described genetic differentia-
tion between group #4 and the other groups. Group #4 con-
tained almost all the individuals of B. vulgaris subsp. adan-
ensis and 110 individuals of B. vulgaris subsp. maritima, 
plus two individuals belonging to the cultivars. This group 
can therefore be associated with wild accessions from the 
Eastern Mediterranean basin and the Middle East (Fig. 2). 
The 110 B. vulgaris subsp. maritima individuals are prob-
ably misclassified and are actually B. vulgaris subsp. adan-
ensis. Misclassifications are common given the difficulty of 
morphological discrimination for wild beets, which relies 
on floral traits and is thus very difficult without flowers 
(Letschert 1993; Leys et  al. 2014; Andrello et  al. 2016). 
The second discriminant axis described genetic differentia-
tion between group #5 and the others. Group #5 comprised 
almost exclusively individuals of B. macrocarpa, with one 
individual of B. vulgaris subsp. maritima (probably mis-
classified) and the only accession of B. patula. The geo-
graphic distribution of this group; therefore, corresponds to 
the native range of these two species (Mediterranean basin 
and Canary Islands for B. macrocarpa and Madeira for B. 
patula; Fig. 2). In summary, the first and second discrimi-
nant axes separated three clusters of individuals, the first 
one consisting of B. macrocarpa and B. patula, the second 
one formed by the subspecies B. vulgaris subsp. adanensis 
and the third one composed by the other accessions. The 
structure within this third cluster was resolved by the third 
discriminant axis.

The third discriminant axis described the genetic struc-
ture of B. vulgaris subsp. maritima and the cultivars. Four 
large groups, composed almost exclusively by accessions 
of B. vulgaris subsp. maritima, represented the genetic dif-
ferentiation within this taxon (groups #2, #3, #6 and #7). 
Group #2 had its geographical center on the Atlantic coasts 
and extended from Denmark to Western Mediterranean 
(Fig. 2). Group #7 consisted exclusively of accessions from 
Morocco. Group #3 was centered on the Mediterranean 
basin, but extended from the British Isles to the Red Sea. 
Group #6 had an even more Eastern distribution, centered 
on India. The third discriminant axis thus corresponded to 
a geographical gradient going from North–West (negative 
values) to South–East (positive values).

On the third discriminant axis, cultivars were located 
within the geographical gradient of B. vulgaris subsp. 
maritima. Three groups could be recognized. Group # 
1 included fodder and sugar beets and individuals of B. 

vulgaris subsp. maritima. Geographically, the individu-
als of B. vulgaris subsp. maritima of this group were scat-
tered over a large area. Group #8 comprised most garden 
beet accessions, but included individuals of other cultivars 
and of B. vulgaris subsp. maritima. The individuals of B. 
vulgaris subsp. maritima in this group were located in the 
Mediterranean basin. Group #9 included most leaf beet 
and swiss chards accessions and individuals of B. vulgaris 
subsp. maritima. The individuals of B. vulgaris subsp. mar-
itima of this group were scattered over a large geographi-
cal area. In summary, cultivars were distributed in three 
groups, the first one corresponding to fodder and sugar 
beets, the second one to garden beets and the third one to 
leaf beets and swiss chards, but all these groups also con-
tained wild individuals.

The location of the ten accessions of B. vulgaris subsp. 
maritima used to develop the Axiom® genotyping array in 
the DAPC plane is shown in Supplementary Fig.  1. This 
shows that this SNP array is probably more appropriate 

Fig. 2   Geographical distribution of the nine genetic groups identified 
with the k-means algorithm. Each individual is represented by a dot 
colored according to its taxonomic group as in Fig. 1
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to study genetic diversity of groups #2 and #9 than other 
groups.

Estimation of genetic diversity of wild and cultivated 
taxa

The lowest levels of genetic diversity, in terms of propor-
tion of polymorphic markers P and expected heterozygo-
sity He, were observed in B. macrocarpa (Table 1), while 
the other taxa and cultivars exhibited significantly higher 
levels of genetic diversity (permutation tests, p < 0.05). The 
proportion of polymorphic markers did not significantly 
differ among the other taxa and cultivars (permutation tests, 
p > 0.25).

Discussion

Genetic differentiation between species and within  
B. vulgaris subsp. maritima

The first result of our study is the differentiation of B. mac-
rocarpa and B. vulgaris subsp. adanensis relatively to the 
other species. One hundred and ten individuals of B. vul-
garis subsp. maritima (10%) clustered with the accessions 
of B. vulgaris subsp. adanensis. This is likely the result of 
misclassifications of some accessions. In a previous study 
on a similar set of accessions using DArTs (Andrello et al. 
2016), we observed the same patterns of genetic differen-
tiation, which confirms the results of crossings (Abe et al. 
1986) and the patterns of morphological (Buttler 1977; 
Letschert 1993) and genetic differentiation obtained with 
other types of markers: allozymes (Letschert 1993), RFLPs 
(Jung et  al. 1993), RAPDs (Shen et  al. 1998), nuclear 
sequences (Kadereit et  al. 2006; Villain 2007), mitochon-
drial, and nuclear SSRs (Leys et  al. 2014). In the present 
study, B. patula clustered with B. macrocarpa, while 
DArTs led us to cluster B. patula with B. vulgaris subsp. 
maritima. However, both analyses were based on a single 
accession, and a clearer picture of the position of B. pat-
ula among the species of section Beta would benefit from 
the collection of further data on this microendemic taxon 
(Frese et al. 2012).

Because B. macrocarpa and B. vulgaris subsp. adan-
ensis are the most genetically divergent taxa, crossings 
with cultivated varieties are expected to be less successful 
(van Geyt et al. 1990). However, B. macrocarpa was used 
as a pollen donor to obtain highly productive germplasm 
lines (Campbell 2010). B. macrocarpa has its distribu-
tional range in the Southern Mediterranean where the cli-
mate is dry and warm, and has been suggested as a source 
of genetic material for the introgression of drought-adap-
tive traits in sugar beet (Monteiro et al. 2013). Improving 

drought tolerance in beets is useful for the development of 
rain-fed beets (Ober et al. 2004), which may suffer impor-
tant productivity reduction from the effects of changing cli-
mate (Jones et al. 2003).

Genetic structure within B. vulgaris subsp. maritima was 
driven by geography, with four large groups corresponding 
to as many geographical regions. However, two of these 
four groups (#3 and #6, Fig. 2) had a very large geographi-
cal spread and group plants with very distant spatial loca-
tions. The Strait of Gibraltar does not seem to constitute a 
barrier to gene flow, given the presence of Mediterranean 
individuals in cluster #2, which is composed mainly by 
Northern Atlantic individuals. The patterns of genetic vari-
ation of wild taxa thus resemble much the patterns obtained 
with DArTs markers (Andrello et al. 2016). In those analy-
ses, we showed that the genetic clusters are disposed onto 
a spatial gradient going from North–West to South–East, 
which is part of a genetic continuum showing isolation by 
distance and no clear genetic discontinuities.

Differentiation between cultivars and B. vulgaris subsp. 
maritima

Past studies suggested a scenario of both strong genetic 
similarities among cultivars (Ecke and Michaelis 1990; 
Jung et al. 1993) and clear genetic separation (Hjerdin et al. 
1994; McGrath et  al. 1999) between cultivars and B. vul-
garis subsp. maritima, but were based on smaller numbers 
of accessions, fewer genetic markers, and smaller geo-
graphical regions than the ones of the present study. One 
of the most recent studies, using 418 SNP markers on 324 
individuals coming from the entire distribution area of 
the taxon (Adetunji et  al. 2014), showed no clear separa-
tion between B. vulgaris subsp. maritima and cultivated 
taxa. Adetunji et al. (2014) attributed the lack of structure 
to small sample sizes, incorrect annotation of the germ-
plasm material, and weak resolution power of their SNP 
panel. Another explanation is the complex genetic struc-
ture of wild taxa, especially B. vulgaris subsp. maritima, 
which is far from being a homogeneous taxon. The large 
within-taxon diversity of B. vulgaris subsp. maritima was 
also evidenced by past morphological (Letschert 1993) 
and genetic studies (Andrello et al. 2016). It is difficult to 
observe clear patterns of genetic differentiation between 
the accessions of B. vulgaris subsp. maritima taken as a 
whole and those of the cultivated beets, because the com-
plex structure of B. vulgaris subsp. maritima blurs the dif-
ferences that may exist between single accessions. If the B. 
vulgaris subsp. maritima taxon is considered by separating 
it into genetic groups as those evidenced with the k-means 
algorithm, clearer genetic differences may emerge between 
wild and cultivated taxa. For example, cultivated accessions 
will likely be more differentiated from wild accessions of 
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cluster #2 than from wild accessions of clusters #8 (which 
includes many garden beets) and #9 (which includes many 
swiss chards).

A specific pattern uncovered by our analysis is the pres-
ence of cultivated and wild individuals in the same genetic 
cluster (group #1, #8 and #9). The wild individuals may be 
related to the original individuals used for the domestica-
tion of the crops, but the genetic clusters do not allow us to 
identify the original geographic regions of crop domestica-
tion: the B. vulgaris subsp. maritima accessions of group 
#1 (which includes the accessions of sugar and fodder beet) 
are scattered over the entire distribution area of the spe-
cies, and the same can be said of group #9 (swiss chards 
and leaf beets). Even if group #8 (including garden beet) 
shows a more circumscribed distribution, centered on the 
Mediterranean basin, it comprises a lower number of wild 
individuals than the others, and its small spatial range may 
be the result of small sample size. In addition, the genetic 
signature of domestication in present samples may be 
confounded by the repeated crossings of cultivated lines 
with wild material (e.g. Bonavent et  al. 1989). Advanced 
methods for demographic reconstruction based on SNPs 
(Excoffier et al. 2013; Schiffels and Durbin 2014) could be 
employed to assess the likelihood of several demographic 
scenarios and give deeper insights on the history of domes-
tication in beets.

Genetic diversity is expected to be lower in cultivated 
than in wild varieties due to bottlenecks and selection of 
adaptive traits associated with the domestication process 
(Hyten et  al. 2006). Past studies on taxa of section Beta 
have evidenced generalized reductions of genetic diversity 
in cultivars relative to B. vulgaris subsp. maritima or feral 
beets using a variety of molecular markers (Desplanque 
et  al. 1999; Arnaud et  al. 2003; Viard et  al. 2004; Fénart 
et  al. 2008; Litwiniec et  al. 2016). In our study, the pro-
portion of polymorphic SNP markers in cultivars was not 
significantly smaller than in B. vulgaris subsp. maritima. 
This is most likely due to the limited number of accessions 
(16) used to develop the genotyping array, which likely led 
to an ascertainment bias towards SNPs with medium fre-
quencies and against SNPs with low frequency in B. vul-
garis subsp. maritima. The ascertainment bias may have 
limited the power to detect a genetic bottleneck associated 
with domestication, because the effects of bottlenecks are 
stronger for rare alleles (Hyten et al. 2006).

Differentiation among cultivars

Past studies did not fully clarify the genetic structure 
between cultivars (Ecke and Michaelis 1990; Mita et  al. 
1991; Jung et  al. 1993; Wang and Goldman 1999). Jung 
et  al. (1993) analyzed sugar beets, fodder beets, garden 
beets, and swiss chards. In their dendrogram, the sugar beet 

accessions were closer to the fodder beet than to the swiss 
chards accessions, which suggests that fodder and sugar 
beets should be genetically similar. The position of garden 
beets was uncertain because some accessions were closer to 
the fodder and sugar beets and some others were closer to 
swiss chards. Recently, Mangin et al. (2015) used the same 
analytical methods used in our work (k-means on principal 
components on SNP markers) and found three large groups 
for cultivated beets: a first group containing sugar and fod-
der beets (and some garden beets), a second group includ-
ing fodder and garden beets (and some sugar beets), and a 
third group composed of sugar beets, fodder beets, garden 
beets, and swiss chards in similar proportions. Therefore, 
the data reported by Mangin et  al. (2015) did not allow 
them to fully separate the cultigroups on a genetic basis.

Using a much higher number of SNP markers, we could 
deepen the pattern of genetic structure among cultivated 
groups. In particular, our analyses confirmed the pattern 
of separation between fodder and sugar beets on one side 
and leaf beets and swiss chards on the other side. In addi-
tion, we showed that garden beets are separated from the 
other cultivars. The distinct origin of garden beets from 
leaf and sugar beets confirms the results obtained with 
mitochondrial minisatellites and the RNA of beet cryptic 
virus (Hammer et al. 1990; Cheng et al. 2011). It is thought 
that garden beets were already domesticated in the twelfth 
century in Northern Italy and/or Southern Germany (Ham-
mer et al. 1990), thus their domestication history would be 
distinct from that of modern sugar beets, which is thought 
to have started in the eighteenth century with the work of 
Franz Carl Achard (Fischer 1989). However, mitochondrial 
DNA restriction profiles indicated that the Owen cytoplasm 
found in all modern sugar beet lines was identical to that 
found in the garden beet Crapaudine variety, which sug-
gests that garden beets have been unintentionally involved 
in the breeding of sugar beets by Owen (Bonavent et  al. 
1989). This can explain the small genetic distance between 
garden and sugar beets calculated from nuclear markers. 
The use of mitochondrial markers would be useful to clar-
ify the relationships between the samples used in this study.

Concluding remarks

Beta section Beta contains the closest wild relatives of the 
sugar beet and it is the primary source of wild material 
for introgression of genetic variation into cultivated beets 
(Frese 2010). The analyses presented in this study clarified 
the relationships between the different taxa and cultivars 
forming the section, in particular the relationships between 
cultivated varieties and wild taxa, and the genetic differ-
ences among cultivars. Determining the genetic structure of 
the accessions is needed for detecting markers under selec-
tion in genomic-environmental association studies (Hoban 
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et al. 2016). The case of section Beta is particularly com-
plex due to the simultaneous effects of taxonomic and spa-
tial structures on neutral genetic variation (Andrello et al. 
2016). Limiting the search for genomic–environmental 
associations to a single taxon (such as B. vulgaris subsp. 
maritima, Manel et al. submitted) facilitates the analysis by 
simplifying the structure of neutral variation and decreases 
the rate of false positives. However, the geographical struc-
ture of B. vulgaris subsp. maritima shows complex pat-
terns even after removing the taxonomic signal, because 
it is shaped by multiple factors, such as spatial distance, 
seed dispersal through marine currents, postglacial range 
expansion, and hybridization with crop plants (Santoni 
and Bervillé 1992c; Fievet et al. 2007; Arnaud et al. 2009; 
Leys et  al. 2014; Andrello et  al. 2016). Such a complex 
genetic structure will cause much difficulty in interpreting 
the results of genomic–environmental association studies in 
Beta section Beta.

A correct description of neutral genetic structure is also 
necessary to correctly estimate linkage disequilibrium pat-
terns (Mangin et  al. 2012), which are useful to reveal the 
selection history of genetic pools and to design genome-
wide association studies for quantitative trait loci (QTL) 
(Würschum 2012; Adetunji et  al. 2014; Mangin et  al. 
2015). Although the characterization of QTL is normally 
performed on elite lines of cultivated taxa (Würschum et al. 
2011), the existence of untapped genetic variation in crop 
wild relatives (Warschefsky et al. 2014) may drive associa-
tion studies towards wild accessions. In this case, the com-
plex structure identified within B. vulgaris subsp. maritima 
is likely to affect estimates of linkage disequilibrium when 
all the accessions are analyzed together.
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