
Evaluation of rhizomania-resistance segregating sequences
and overall genetic diversity pattern among selected
accessions of Beta and Patellifolia. Potential implications
of breeding for genetic bottlenecks in terms of rhizomania
resistance

Anna Litwiniec . Maria Gośka . Beata Choińska .
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Abstract Sugar beet is hypothesized to have a

narrowed genetic base due to its origin as White

Silesian Beet and from numerous breeding selections

and practices. High sugar quality, yield of recoverable

sugar, cytoplasmic-male sterility system, monoger-

mity, pests and disease resistance and bolting resis-

tance constitute some of the adaptations that

significantly influenced the existing genetic back-

ground of the crop. In this study we aimed to evaluate

the extent of genetic diversity existing in wild beet

representatives of Beta and Patellifolia and sugar beet

cultivars, with a special focus on the complex Beta

vulgaris. Another purpose was to determine the

potential usefulness and conformity of selected

molecular markers in different groups of materials in

the context of rhizomania resistance. To reach these

goals, molecular RAPD, ISSR techniques, literature-

selected rhizomania resistance-segregating sequences

as well as mitochondrial markers were used. The

comparison of genetic diversity in wild and cultivated

Beta forms shows that the population differentiation

values and distance values are relatively high in

cultivars. Moreover, the diversity component seemed

to be compromised rather on the level of population

(Hs) than in total (Ht) in cultivars. Our results shed a

new light on the expected genetic bottlenecks existing

in cultivars and revealed features specific for individ-

ual taxa (Patellifolia, Corollinae). Some degree of

distinctiveness was suggested between genetic deter-

minants of rhizomania resistance in modern cultivars

in comparison with wild resistance sources. In addi-

tion, we document here an internal heterogeneity

existing in selected wild/weedy accessions at the level

of crucial sequences using high resolution melting.
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Introduction

Sugar beet (Beta vulgaris L. ssp. vulgaris) is a crop

with great economic importance, especially in tem-

perate climate zones where it constitutes a valuable

sucrose source. It contributes about one fifth to the

global sugar production, which for the 2007–2011

period reached approximately 157 million metric tons

(Koo and Taylor 2012). Crop rotation is necessary in

beet production due to disease problems (Koo and

Taylor 2012), which may also be effectively elimi-

nated by resistance breeding approaches.

Breeding contributed above all to the increase in

sugar yield. Some hybrids of fodder beets selected for

relatively high sugar content, i.e. ‘‘White Silesian’’,

constituted the origin for all subsequently developed

sugar beet varieties (Fischer 1989; Biancardi et al.

2010). At the same time other breeding practices and

directions, for example cytoplasmic male sterility and

genetic monogermity systems, used throughout the

history of the modern crop’s development, are sup-

posed to impinge significantly on its genetic structure

and, as a consequence, to result in genetic bottlenecks,

thus reducing available diversity and hampering in a

way the progress in genetic combinations for new

cultivars’ releases (Biancardi et al. 2010).

A considerably higher genetic diversity is expected

to exist in wild relatives of sugar beet, serving thus as a

reservoir of potentially useful traits and genes, such as

those determining tolerance to biotic and abiotic

stresses, yield parameters or other advantageous mor-

phological and physiological features (Van Geyt et al.

1990; Stevanato et al. 2013). Hybridization between B.

vulgaris and exotic germplasm belonging to Beta is

possible, often providing fertile progeny, fully compat-

ible at the chromosomal level. This phenomenon has

been employed in sugar beet enhancement programs

since the beginnings of the twentieth century, as growth

in cultivated acreage and expanding distribution areas

were inevitably related to increased pathogen pressure

and disease spread (Panella and Lewellen 2007;

Biancardi et al. 2010). From this time on, many directed

and internationally coordinated initiatives have been

undertaken by research and breeding communities,

especially in France and the USA, aiming not only at the

introgression of selected valuable traits into the sugar

beet crop, but also at broadening of its genetic base.

Such an integrated approach, although requiring further

selection cycles, is at the same time expected to

stimulate more rational and flexible management of

genetic resources in the future (Frese et al. 2001).

Additionally as a result of interfertile B. vulgaris

coexisting in seed production areas, spontaneous

outcrossings between wild and cultivated beets promote

the origin of weed beets (Boudry et al. 1993). Despite its

stochastic nature and basically unwanted effects in that

particular case, the phenomenon itself may also have

some positive implications, via increasing the variabil-

ity level in the available gene pool.

One of the best examples for implementing desired

characters successfully in wild sea beet (Beta vulgaris

ssp. maritima) during breeding is rhizomania resistance

genes. Early partially resistant sugar beet cultivars were

developed based on Munerati’s pool of these accessions

selected in the Po estuary for Cercospora leaf spot

resistance (Van Geyt et al. 1990). Presently it is

believed that all the resistance sources identified thus

far, designated from Rz1 to Rz5, originate most

probably from some wild sea beet ancestors (Biancardi

et al. 2002), although their identity and independence

from each other has not been fully confirmed yet.

In this study we aimed to evaluate the extent of

genetic diversity existing in wild beet representatives

belonging to the genera Beta and Patellifolia as

compared to sugar beet cultivars with a special

emphasis on the complex Beta vulgaris using molec-

ular RAPD, ISSR techniques and literature-selected

putative rhizomania resistance-segregating markers as

well as mitochondrial markers.

Our results not only shed a new light on the

expected genetic bottlenecks existing in cultivars and

revealed some features specific for individual taxa

(Patellifolia, Corollinae), but also suggest that some

degree of distinctiveness may exist between genetic

determinants of rhizomania resistance in modern

cultivars when compared with wild resistance sources.

Materials and methods

Plant material

The materials selected for the study comprise repre-

sentatives of five wild beet species, i.e. B. vulgaris ssp.

maritima (4 accessions: B.m.01, B.m.27—resistant,

B.m.40 and B.m.72), B. macrorhiza (B.macr.21), B.

corolliflora (B.c.20), P. procumbens (P.p.25) and P.

patellaris (P.pat.22), one weed beet accession (wbM),
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and five sugar beet cultivars with contrasting pheno-

types for rhizomania resistance (B.v.14, B.v.15 and

B.v.16—diploid, tolerant, B.v.13 and B.v.17—tri-

ploid, susceptible). Wild accessions were obtained

from international genebanks, and a weed beet pop-

ulation was collected from a sugar beet field in

Minikowo (Poland). Cultivated materials were

obtained from commercial sugar beet breeding com-

panies (Strube, KHBC Ltd.). Ten genotypes per each

accession were individually analyzed, unless other-

wise indicated. Further single individuals of wild B.

vulgaris ssp. maritima/B. vulgaris ssp. vulgaris,

representing the following accessions: B.m.28,

B.m.29 (resistant), B.m.30, B.m.02, B.v.33 and

B.m.31 (susceptible) were included as well for addi-

tional, more in-depth comparisons of the molecular

marker efficiencies on an expanded group of materials

and some for HRM (high resolution melting) standards

also. In HRM analyses of cultivars, the standards were

rhizomania resistance-segregating breeding materials

kindly provided by KHBC Ltd. The list of accessions

used in the study is presented in Table 1.

Genomic DNA isolation

DNA isolation from leaves was carried out as described

previously (Davis et al. 1986). The concentration and

integrity of obtained DNA samples were evaluated

spectrophotometrically and electrophoretically.

PCR and electrophoresis

Primers for the study were RAPD (6), ISSR (6) and

rhizomania resistance/tolerance-segregating sequences

selected from the literature (18). PCR mixtures were as

follows: 1 ng/ll DNA, 2.5 mM MgCl2 (Thermo Scien-

tific), 0.2 mM dNTP (Thermo Scientific), 1 lM specific

primers (Genomed), 0.56 u DreamTaq Polymerase

(Thermo Scientific), 19 Taq Buffer with (NH4)2SO4

(Thermo Scientific) and PCR grade water up to 20 ll.

Different reaction programmes were applied depending

on the conditions previously described for a given

primer sequence. Amplification products were separated

on 1.5 % agarose (Prona Agarose, Basica Le) stained

with ethidium bromide (Promega; 0.5 lg/ml) at 5 V/cm

of gel. The size of the products was estimated using Gel

DocTM 2000 Gel Documentation System (Bio-Rad

Laboratories Srl, Milan, Italy) equipped with Quantity

One software, version 4.0.3, by comparison with the

standard, i.e. GeneRulerTM 100 bp Plus DNA Ladder

(Thermo Scientific). All the sequences of primers

included in the study are presented in Table 2. Cyto-

plasmic diversity was examined using primers designed

by Nishizawa et al. (2000) for mitochondrial minisatel-

lites according to the protocol described previously by

Fénart et al. (2008).

HRM analysis

Experiments were performed on CFX96TM Real-Time

System (BIO-RAD) using AmpliQ 59HOT EvaGreen�

HRM Mix (Novazym). Primer sequences were designed

using Primer BLAST (NCBI).

Statistical analyses

Dendrograms of genetic distance were constructed based

on the genetic similarity coefficient according to Nei and

Li (1979). Distance values were compiled using the

unweighted pair-group method with arithmetic averages

(UPGMA) in STATISTICA software (StatSoft, Inc.). All

the clearly recognizable bands detected within a given

accession (per 10 genotypes) were considered as poten-

tially representative for this accession. Percentages of

polymorphic loci in a given accession (for all cultivated

and wild accessions in the study) were counted indepen-

dently for all loci in each category of the primers (RAPD,

ISSR and segregating sequences) and assayed by Mann–

Whitney U statistics (GraphPad Prism, GraphPad Soft-

ware, Inc.). Additionally, more in-depth analyses were

performed for B. vulgars ssp. vulgaris as well as B.

vulgaris ssp. maritima under study using POPGENE

software, version 1.31 (F.C. Yeh, R.-c. Yang, University

of Alberta and T. Boyle, Centre for International Forestry

Research 1999), based on 289 loci obtained for 10

representative primers, applying available single—and

grouped populations descriptive statistics.

Results

Overall diversity pattern of Beta and Patellifolia

The median values of the mean percentages for

polymorphic loci from Beta complex accessions under

study were as follows: B. macrorhiza–73.74 %, B.

corolliflora—66.67 %, B. vulgaris ssp. maritima—

Greece (B.m.40), France (B.m.72), the Netherlands
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Table 1 List of accessions used in the study

Accession

identifier in the

study

Taxonomic unit/cultivar name Genebank/company Accession

number/genebank

number

Sample

origin

B.m.01 Beta vulgaris ssp. maritima NCPGR, Poland, PBAI-

NRI Radzikówa
187786 Netherlands

B.m.27 Beta vulgaris ssp. maritima GRIN, ARS, the USA

DAb
PI 546397 Denmark

B.m.40 Beta vulgaris ssp. maritima, weedy IDBBc, IPK,

Gatersleben,

Germanyd

45512 Greece

B.m.72 Beta vulgaris ssp. maritima IDBBc, IPK,

Gatersleben,

Germanyd

BETA 1009 France

B.macr.21 Beta macrorhiza NCPGR, Poland, PBAI-

NRI Radzikówa
187574 Azerbaijan

B.c.20 Beta corolliflora NCPGR, Poland, PBAI-

NRI Radzikówa
187578 USA

P.p.25 Patellifolia procumbens IDBBc, IPK,

Gatersleben,

Germanyd

BETA 951 Spain

P.pat.22 Patellifolia patellaris NCPGR, Poland, PBAI-

NRI Radzikówa
187583 Canary

Islands

wbM weed beet, collected from a sugar beet

field

– – Poland

(Minikowo)

B.v.13 Beta vulgaris ssp. vulgaris ‘‘Jarysa’’ KHBC Ltd. – –

B.v.14 Beta vulgaris ssp. vulgaris ‘‘Carlos’’ Strube GmbH & Co.

KG

– –

B.v.15 Beta vulgaris ssp. vulgaris ‘‘Lucas’’ Strube GmbH & Co.

KG

– –

B.v.16 Beta vulgaris ssp. vulgaris ‘‘Lessing’’ Strube GmbH & Co.

KG

– –

B.v.17 Beta vulgaris ssp. vulgaris ‘‘Japola’’ KHBC Ltd. – –

B.m.02 Beta vulgaris ssp. maritima NCPGR, Poland, PBAI-

NRI Radzikówa
187788 Japan

B.m.28 Beta vulgaris ssp. maritima GRIN, ARS, the USA

DAb
PI 546412 Denmark

B.m.29 Beta vulgaris ssp. maritima GRIN, ARS, the USA

DAb
PI 546385 USA

B.m.30 Beta vulgaris ssp. maritima GRIN, ARS, the USA

DAb
PI 546413 France

B.m.31 Beta vulgaris ssp. maritima GRIN, ARS, the USA

DAb
PI 504250 Italy

B.v.33 Beta vulgaris ssp. vulgaris, leaf beet

collected from a wild population

GRIN, ARS, the USA

DAb
PI 504174 Italy

Materials were obtained from the following genebanks/using data bases
a National Centre for Plant Genetic Resources (NCPGR), Poland, PBAI-NRI Radzików
b Germplasm Resources Information Network, Agricultral Research Service, the United States Department of Agriculture
c International Data Base for Beet
d Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), Department of Genebank, Gatersleben, Germany
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Table 2 List of primers used in the study

Sequence number Primer name Primer sequence (50–30) Literature reference

1. SR1 CAAACGTCGG –

2. SR2 ACCCGGTCAC –

3. SR3 CGAGTGCCTA –

4. SR4 ATGGATCCGC –

5. SR5 AGCGCCATTG –

6. SR6 CCAGCCGAAC –

7. SI1 GACAGACAGACAGAC A –

8. SI2 CTC CTC CTC CTC CTC CTC CTC G –

9. SI3 GTG GTG GTG GTG GTG GTG C –

10. SI4 GAG GAG GAG GAG GAG GAG C –

11. SI5 GTG GTG GTG GTG GTG GTG A –

12. SI6 GAC AGA CAG ACA GAC AGA CA –

13. SS1 TGCCGGCTTC Amiri et al. (2009)

14. SS2 AGTCGCCCTT Amiri et al. (2009)

15. SS3 GGACTGGAGT Pelsy and Merdinoglu (1996)

16. SS4 GGAGGGTGTT Pelsy and Merdinoglu (1996)

17. SS5 TACAACGAGG Scholten et al. (1997)

18. SS6 TGGATTGGTC Scholten et al. (1997)

19. SS7 GGAACCAATC Scholten et al. (1997)

20. SS8 TCGGTCATAG Scholten et al. (1997), Nouhi et al. (2008)

21. SS9 TCGCTGCGGA Barzen et al. (1997)

22. SS10 GGGGGAGATG Nouhi et al. (2008)

23. SS11 GACGAGCAGG Barzen et al. (1997)

24. SS12 GGGAATTCGG Barzen et al. (1997)

25. SS13 TGCCGGCTTG Barzen et al. (1997)

26. SS14 GGAGTGCCTC Barzen et al. (1997)

27. SS15 AGACGTCCAC Pelsy and Merdinoglu (1996)

28. SS16 GACAACAGGA Amiri et al. (2009)

29. SS17a GGCAAAACTGCTCTTGCC Lein et al. (2006)

SS17b AGCCCTATCAATAACTCC Lein et al. (2006)

30. SS18a AGTTATTGATAGGGCTATGG Lein et al. (2006)

SS18b ATACTTGAGGCAGTCAGG Lein et al. (2006)

31. SSOD1a GGGACTTCTCTAGTCGCTGTG NCBI, Nucleotide, GenBank: JQ886639.1

SSOD1b TAGAGCAGCGAGCAATGCAG NCBI, Nucleotide, GenBank: JQ886639.1

32. TR1a AGAACTTCGATAGGCGAGAGG Nishizawa et al. (2000)

TR1b GCAATTTTCAGGGCATGAACC Nishizawa et al. (2000)

33. TR2a TTAATTGCGAGACCGGAGGC Nishizawa et al. (2000)

TR2b GAGCTTGCTCGCAGCTTATG Nishizawa et al. (2000)

34. TR3a AGATCCAAACAGAGGGACTG Nishizawa et al. (2000)

TR3b CGGATCACCCTATTCATTTG Nishizawa et al. (2000)

35. TR4a AATGAGACCCGATTCTCTTC Nishizawa et al. (2000)

TR4b GTTAAAAGCCCTTCTATGCC Nishizawa et al. (2000)
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(B.m.01), Denmark (B.m.27)—66.3, 60.61, 57.8,

40.59 %, weed beet ‘Minikowo’ (wbM)—50.5 %,

sugar beet cultivars—B.v.17, B.v.14, B.v.16, B.v.15,

B.v.13—37, 32.81, 28.81, 27.74 and 26.14 %, respec-

tively (Fig. 1). To better resolve the relationships

among the investigated materials, a dendrogram of

genetic distance was constructed (Fig. 2). Interest-

ingly, based on this, linkage distances obtained for B.

vulgaris ssp. maritima accessions of the different

above-mentioned geographic origins did not seem to

exceed the respective distance values observed within

the cultivar group.

Restricted genetic diversity levels, expressed as the

polymorphic loci percentage and comparable to cul-

tivated beet representatives, were encountered in

Patellifolia with the median values of 36.67 and

17.65 % for P. procumbens and P. patellaris,

respectively (Fig. 1). In addition, accessions of this

genus formed a visibly distinct cluster in the dendro-

gram of genetic distance (Fig. 2). In contrast, a low

genetic distance obtained between the B. corolliflora

and B. macrorhiza accessions was accompanied by the

highest frequency of polymorphic loci per accession.

Genetic distance between these two forms falls within

a slightly lower range of values than that obtained for

the most similar sugar beet cultivars (Fig. 2).

In order to perform a more in-depth comparison of

the differences found in the investigated populations

of Beta complex, we applied also single-population

and grouped populations descriptive statistics using

POPGENE version 1.31, based on 10 selected primers

for B. vulgaris ssp. maritima, wbM and cultivars

(Tables 3, 4). According to Table 3, in case of B.

vulgaris ssp. maritima accessions and weed beets the

Fig. 1 Genetic diversity for the accessions under study

expressed as the percentage of polymorphic loci (PCR products

for all the primers included). a—all the accessions examined: 1

P. patellaris, 2 P. procumbens, 3 B. vulgaris ssp. maritima

(B.m.27), 4 weed beet ‘Minikowo’ (wbM), 5 B. vulgaris ssp.

maritima (B.m.01), 6 B. vulgaris ssp. maritima (B.m.72), 7 B.

vulgaris ssp. maritima (B.m.40), 8 B. corolliflora, 9 B.

macrorhiza, 10–14 sugar beet cultivars: 10 B.v.13, 11 B.v.15,

12 B.v.16, 13 B.v.14, 14 B.v.17. b–h comparisons in selected

groups of accessions; 1 wild/weed beet group [b—all the wild

accessions under study, c—B. macrorhiza, d—B. corolliflora,

e—B. vulgaris ssp. maritima (B.m.27, B.m.01, B.m.72,

B.m.40), f—weed beet ‘Minikowo’ (wbM), g—P. procumbens,

h—P. patellaris], 2 cultivar group. Statistically significant

differences were recognized in all cases from b to h except for

g (Mann–Whitney U, P\ 0.05). Columns—median percentage,

bars—interquartile range
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Fig. 2 Dendrogram of

genetic distance between all

the accessions under study

constructed using UPGMA

cluster analysis (unweighted

pair-group method using

arithmetic averages), based

on the data obtained for ten

representative primers

Table 3 Single-population descriptive statistics calculated for

10 populations, 289 loci (based on 10 representative primers)

using the POPGENE software, version 1.31 for the accessions

of B. vulgaris ssp. maritima, the weed beet population (wbM)

and the cultivars under study

Single-population

descriptive statistics

Population name (n = 10)

B.m.40 B.m.72 B.m.01 wbM B.m.27 B.v.17 B.v.15 B.v.16 B.v.13 B.v.14

ha

Mean 0.1105 0.1053 0.0877 0.0864 0.0417 0.0512 0.0451 0.0342 0.0340 0.0260

SD 0.1799 0.1759 0.1616 0.1652 0.1258 0.1307 0.1244 0.1106 0.1092 0.0909

Ib

Mean 0.1648 0.1575 0.1328 0.1297 0.0616 0.0777 0.0687 0.0518 0.0516 0.0405

SD 0.2610 0.2558 0.2372 0.2394 0.1814 0.1925 0.1822 0.1617 0.1609 0.1382

Polymorphic loci

Number 89 86 75 73 33 45 41 31 30 25

% 30.80 29.76 25.95 25.26 11.42 15.57 14.19 10.73 10.38 8.65

nac

Mean 1.3080 1.2976 1.2595 1.2526 1.1142 1.1557 1.1419 1.1073 1.1038 1.0865

SD 0.4625 0.4580 0.4391 0.4353 0.3186 0.3632 0.3495 0.3100 0.3055 0.2816

ned

Mean 1.1894 1.1792 1.1464 1.1487 1.0736 1.0852 1.0762 1.0579 1.0567 1.0404

SD 0.3264 0.3173 0.2874 0.3028 0.2312 0.2291 0.2246 0.1986 0.1929 0.1494

Summary of genic variation statistics for all loci was performed according to Nei (1987)
a h = Nei’s (1973) gene diversity
b I = Shannon’s Information index (Lewontin 1972)
c na = Observed number of alleles
d ne = Effective number of alleles (Kimura and Crow 1964)
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same tendency of genetic diversity was retained as for

the median percentages of polymorphic loci obtained

for all the primers used. Slight differences in the

ordering of accessions was found for the cultivar

group, which might be accounted for by their

relatively comparable median values.

Beta vulgaris complex

Mitochondrial diversity pattern

In our study we identified seven different mitochon-

drial haplotypes in Beta vulgaris group, out of which

six were represented by B. vulgaris ssp. maritima

accessions (Table 5). We confirmed here the presence

of seven mitotypes bearing resemblance to those

described by Fénart et al. (2008), four of which

showed identical banding patterns, i.e. C (G*), D (A/

I*), F (?*) and Owen (Owen CMS*), as well as three

with similar banding patterns, i.e. A (?*?), B (H/N*?)

and E (F*?). The haplotypes in B. vulgaris ssp.

maritima were defined upon recognition of 5 alleles

for TR1, 2 for TR2, 1 for TR3 and 2 for TR4.

According to TR1-4 minisatellite pattern, the occur-

rence of the Owen-type cytoplasm was documented

for the weed beet population as well as for all the

cultivars under study.

Sugar beet cultivars

Here we found that differences in the percentage of

polymorphic loci were statistically significant (Mann–

Whitney U P\ 0.05) between sugar beet cultivars

(median: 32.14 %) and the wild/weedy group (me-

dian: 57.32 %) (Fig. 1b–f), with the least pronounced

difference among Beta complex in case of the

cultivars-weed beet comparison (Fig. 1f). These

results were further confirmed and extended by more

detailed analyses suggesting that a significant compo-

nent of the difference between Group II represented by

cultivars and Group I represented by wild/weed beets

lies within the mean diversity within population (Hs)

as compared with total genetic diversity in the pooled

populations (Ht) (Table 4). Cultivated materials fea-

tured a higher population differentiation measure

(Gst) than did wild/weedy populations.

Based on the dendrogram of genetic distance

(Fig. 2), the materials obtained from different suppliers

Table 4 Grouped populations descriptive statistics calculated

for 10 populations, 289 loci (based on 10 representative pri-

mers) using the POPGENE software, version 1.31 for the

accessions of B. vulgaris ssp. maritima, the weed beet popu-

lation (wbM) and the cultivars under study

Grouped

populations

descriptive

statistics

Group (n = 50)

Group I

(populations:

B.m.01, 27,

40, 72, wbM)

Group II

(populations:

B.v.13, 14,

15, 16, 17)

ha

Mean 0.219 0.188

SD 0.177 0.203

Ib

Mean 0.340 0.280

SD 0.248 0.290

Polymorphic loci

Number 232 158

% 80.28 54.67

nac

Mean 1.803 1.547

SD 0.399 0.499

ned

Mean 1.353 1.324

SD 0.330 0.378

Nme

Mean 0.326 0.128

SD – –

Ht

Mean 0.219 0.188

SD 0.031 0.041

Hs

Mean 0.086 0.038

SD 0.008 0.004

Gst

Mean 0.605 0.797

SD – –

Nei’s analysis of gene diversity in subdivided populations was

performed according to Nei (1987)

Ht Gene diversity of the total population, Hs Gene diversity

among subpopulations, Gst Population differentiation index
a h = Nei’s (1973) gene diversity
b I = Shannon’s Information index (Lewontin 1972)
c na = Observed number of alleles
d ne = Effective number of alleles (Kimura and Crow 1964)
e Nm = Estimate of gene flow from Gst or Gcs. e.g.,

Nm = 0.5(1 - Gst)/Gst (McDermott and McDonald 1993)
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(B.v.13 and B.v.17 vs. B.v.14, B.v.15 and B.v.16)

display relatively close location to one another, so that

one of them, i.e. B.v.16, seemed to cluster with the

former group rather than with the latter.

The differences in banding patterns between indi-

vidual genotypes within a single cultivar were

encountered, although with a frequency lower than

in their wild counterparts. What is more, we obtained

12 original products that allow to distinguish individ-

ual cultivars among the group tested (data not shown),

being indicative for a particular cultivar and thus

useful for genotype identification in this group.

Weed beets

Molecular analyses performed in this study revealed

some unique features of the weed beet population

collected from a sugar beet field near Minikowo

(Poland). As compared with cultivars, the material

was characterized by relatively high genetic diversity

measures (Fig. 1—median percentage of polymorphic

loci: 50.5 %; Table 3-h = 0.0864, I = 0.1297, poly-

morphic loci: 73 %) and a closer resemblance to wild

B. vulgaris ssp. maritima populations as far as

molecular profiles are concerned, which was evident

from its clustreing in the dendrogram of genetic

distance (Fig. 2). At the same time cytoplasmic

uniformity was observed (Table 5).

Another accession included in this study that bears

characteristics of a weedy population is B.m.40,

according to IDBB information. However, due to its

primary taxonomic classification, geographic origin

(based on a genebank passport data), mitochondrial

DNA pattern and dendrogram location based on

molecular profiles obtained in our study (Fig. 2), it

was described below.

Beta vulgaris ssp. maritima

In this study we obtained a rather wide range of values

as regards the overall genetic diversity or allelic

richness represented by B. vulgaris ssp. maritima

accessions differing in their origin. The borderline

values in this group were as follows: from 0.1105 to

0.417 for Nei’s gene diversity, from 0.1648 to 0.0616

for Shannon’s index and from 89 to 33 % for

polymorphic loci, see Table 3.

Interestingly, the highest degree of gene diversity

and the highest percentages of polymorphic loci were

found in B.m.40 and B.m.72 accessions (Fig. 1;

Table 3) that displayed the highest number of mito-

chondrial haplotypes as well, i.e. three different per

ten genotypes for each of these accessions, whereas in

other B. vulgaris ssp.maritima accessions we recorded

only one haplotype per ten genotypes of each acces-

sion (Table 5).

Moreover, using a set of selected rhizomania

resistance-segregating primers in the extended group

of B. vulgaris accessions, we constructed another

dendrogram and identified the particularly low genetic

distance (0.2) for some B. vulgaris ssp. maritima

accessions that were known as the sources of rhizo-

mania resistance (B.m.28, B.m.29) and thus may in

fact be closely related (Fig. 3). Interestingly, another

highly resistant accession (B.m.27) clustered with the

group of other phenotypically undefined accessions,

including B.m.01, wbM and B.m.72.

Rhizomania resistance-segregating markers

Using rhizomania resistance-segregating sequences

previously described (Table 2) for the cultivars of

contrasting phenotypes we were not able to confirm

the presence of the same size fragments that were

previously recognized as rhizomania resistance-seg-

regating. On the contrary, such sequences were found

by us in wild accessions. For example, the presence of

one of resistance gene analogues that was previously

shown to be common and universal for different

resistance sources (Lein et al. 2006) was not docu-

mented here for the cultivar group, but was typical for

resistant B. vulgaris ssp. maritima accessions (Fig. 4).

Instead, in the cultivar group, other bands appeared in

the number of 15, manifesting a high rate of confor-

mity with the phenotype.

We performed also high resolution melting analysis

(HRM) after PCR for one of the products in order to

identify potential Rz2-accompanying polymorphisms

described earlier (Thiel et al. 2012). As a result we

found that one of the resistant cultivars repeatedly

clustered with the susceptible-like profile as far as this

sequence is concerned, displaying a heterozygote-like

HRM profile (Fig. 5a). General orientation of the

differences was inverted in cultivars and breeding

materials as compared to the wild beet group despite

identical melting curves (Figs. 5a vs. 5b–f, 6), which

implies greater sequential heterogeneity in the wild

counterparts and/or the involvement of other/
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Table 5 The list of TR1-

TR4 minisatellite products

(base pairs, bp) (according

to Nishizawa et al. 2000)

obtained for the studied

accessions (10 genotypes

per accession)

Accession/genotype

(1–10 per accession)

TR1 TR2 TR3 TR4 Haplotype

B.m.40

1 642 350 439 355 A (?*?)

724 404 482 410 ?*

2 642 444 439 324 B (H/N*?)

695 500 482 350 H/N*

3 642 350 439 355 A (?*?)

4 642 444 439 324 B (H/N*?)

5 385 350 439 355 C (G*)

439 404 482 410 G*

6 385 350 439 355 C (G*)

7 642 350 439 355 A (?*?)

8 642 444 439 324 B (H/N*?)

9 642 444 439 324 B (H/N*?)

10 642 350 439 355 A (?*?)

B.m.72

1 485 350 439 355 D (A/I*)

531 404 482 410 A/I*

2 485 350 439 355 D (A/I*)

3 485 350 439 355 D (A/I*)

4 485 350 439 355 D (A/I*)

5 521 350 439 355 E (F*?)

608 404 482 410 F*

6 588 350 439 355 F (?*)

641 404 482 410 ?*

7 588 350 439 355 F (?*)

8 521 350 439 355 E (F*?)

9 521 350 439 355 E (F*?)

10 588 350 439 355 F (?*)

B.m.01

1 521 350 439 355 E (F*?)

2 521 350 439 355 E (F*?)

3 521 350 439 355 E (F*?)

4 521 350 439 355 E (F*?)

5 521 350 439 355 E (F*?)

6 521 350 439 355 E (F*?)

7 521 350 439 355 E (F*?)

8 521 350 439 355 E (F*?)

9 521 350 439 355 E (F*?)

10 521 350 439 355 E (F*?)

B.m.27

1 485 350 439 355 D (A/I*)

2 485 350 439 355 D (A/I*)

3 485 350 439 355 D (A/I*)

4 485 350 439 355 D (A/I*)

5 485 350 439 355 D (A/I*)
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Table 5 continued Accession/genotype

(1–10 per accession)

TR1 TR2 TR3 TR4 Haplotype

6 485 350 439 355 D (A/I*)

7 485 350 439 355 D (A/I*)

8 485 350 439 355 D (A/I*)

9 485 350 439 355 D (A/I*)

10 485 350 439 355 D (A/I*)

wbM

1 457 350 373 387 Owen (Owen CMS*)

500 404 420 438 OwenCMS*

2 457 350 373 387 Owen (Owen CMS*)

3 457 350 373 387 Owen (Owen CMS*)

4 457 350 373 387 Owen (Owen CMS*)

5 457 350 373 387 Owen (Owen CMS*)

6 457 350 373 387 Owen (Owen CMS*)

7 457 350 373 387 Owen (Owen CMS*)

8 457 350 373 387 Owen (Owen CMS*)

9 457 350 373 387 Owen (Owen CMS*)

10 457 350 373 387 Owen (Owen CMS*)

B.v.13

1 457 350 373 387 Owen (Owen CMS*)

2 457 350 373 387 Owen (Owen CMS*)

3 457 350 373 387 Owen (Owen CMS*)

4 457 350 373 387 Owen (Owen CMS*)

5 457 350 373 387 Owen (Owen CMS*)

6 457 350 373 387 Owen (Owen CMS*)

7 457 350 373 387 Owen (Owen CMS*)

8 457 350 373 387 Owen (Owen CMS*)

9 457 350 373 387 Owen (Owen CMS*)

10 457 350 373 387 Owen (Owen CMS*)

B.v.14

1 457 350 373 387 Owen (Owen CMS*)

2 457 350 373 387 Owen (Owen CMS*)

3 457 350 373 387 Owen (Owen CMS*)

4 457 350 373 387 Owen (Owen CMS*)

5 457 350 373 387 Owen (Owen CMS*)

6 457 350 373 387 Owen (Owen CMS*)

7 457 350 373 387 Owen (Owen CMS*)

8 457 350 373 387 Owen (Owen CMS*)

9 457 350 373 387 Owen (Owen CMS*)

10 457 350 373 387 Owen (Owen CMS*)

B.v.15

1 457 350 373 387 Owen (Owen CMS*)

2 457 350 373 387 Owen (Owen CMS*)

3 457 350 373 387 Owen (Owen CMS*)

4 457 350 373 387 Owen (Owen CMS*)

5 457 350 373 387 Owen (Owen CMS*)
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additional resistance-determining factors. Our inves-

tigation of ten genotypes per each wild B. vulgaris ssp.

maritima and weedy accession showed that interesting

profiles may be distinguished in these materials, some

of which displayed conformity with the profiles

previously reported by us for highly resistant acces-

sions, e.g. in B.m.72 (Fig. 5b; Litwiniec et al. 2014).

Some of the studied wild/weed accessions feature an

internal diversity on the level of the fragment exam-

ined by HRM, which was original and repeatable for

each genotype under study. As this phenomenon was

especially evident for the accession B.m.01 and the

weed beet ‘Minikowo’, which segregated in its

profiles into putative resistant-like or susceptible-like

groups (Fig. 5d, e), we would like to suggest their

potential usefulness for further experiments and

underline that not only wild, but also weed beets

may constitute a potential source of new useful traits.

Discussion

Overall diversity pattern of Beta and Patellifolia

Molecular DNA markers are widely used to evaluate

genetic relationships between plant taxa as well as

their linkage to particular phenotypic features for

marker assisted-selection (Winter and Kahl 1995).

Besides, it is believed that comparison of different

marker types, i.e. arbitrary and repetitive as well as

these related to specific traits, gives a more detailed

insight into the direction of selection and composition

Table 5 continued

Seven different mitotypes

were recognized including

the pattern indicative of the

Owen cytoplasm (last

column), being as follows:

A (?*?), B (H/N*?), C (G*),

D (A/I*), E (F*?), F (?*),

and Owen (Owen CMS*).

Asterisks indicate the

mitotypes described by

Fénart et al. (2008),

including the exact

nomenclature and base pair

range. These mitotypes

were presented for

reference (bold), below the

respective most similar

genotypes of this study,

taking into account the

required approximation of a

50-bp difference as

compared to the Owen

mitotype (Fénart et al.

2008). Question marks

indicate mitotypes with

slight differences in bp as

compared to those identified

by Fénart et al. (2008)

Accession/genotype

(1–10 per accession)

TR1 TR2 TR3 TR4 Haplotype

6 457 350 373 387 Owen (Owen CMS*)

7 457 350 373 387 Owen (Owen CMS*)

8 457 350 373 387 Owen (Owen CMS*)

9 457 350 373 387 Owen (Owen CMS*)

10 457 350 373 387 Owen (Owen CMS*)

B.v.16

1 457 350 373 387 Owen (Owen CMS*)

2 457 350 373 387 Owen (Owen CMS*)

3 457 350 373 387 Owen (Owen CMS*)

4 457 350 373 387 Owen (Owen CMS*)

5 457 350 373 387 Owen (Owen CMS*)

6 457 350 373 387 Owen (Owen CMS*)

7 457 350 373 387 Owen (Owen CMS*)

8 457 350 373 387 Owen (Owen CMS*)

9 457 350 373 387 Owen (Owen CMS*)

10 457 350 373 387 Owen (Owen CMS*)

B.v.17

1 457 350 373 387 Owen (Owen CMS*)

2 457 350 373 387 Owen (Owen CMS*)

3 457 350 373 387 Owen (Owen CMS*)

4 457 350 373 387 Owen (Owen CMS*)

5 457 350 373 387 Owen (Owen CMS*)

6 457 350 373 387 Owen (Owen CMS*)

7 457 350 373 387 Owen (Owen CMS*)

8 457 350 373 387 Owen (Owen CMS*)

9 457 350 373 387 Owen (Owen CMS*)

10 457 350 373 387 Owen (Owen CMS*)
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of natural populations (Richards et al. 2004), which in

our study was also extended to commercially-pro-

duced sugar beet representatives. Due to the risks

associated with disease spread in highly uniform

populations, our aim was to reveal the genetic structure

represented by present cultivar germplasm in relation

to their wild counterparts using neutral and specific

rhizomania resistance-related molecular markers. This

is therefore expected not only to broaden our under-

standing of phylogenetic relationships and general

genetic diversity within the investigated taxa, but also

to provide information concerning the occurrence of

potentially universal and/or accession-unique rhizo-

mania resistance-segregating sequences, the linkage of

which may have been broken over the course of

evolution and domestication. Thus, we believe that

comparison of wild, weed and cultivated beets using

different molecular markers’ categories may give us a

more comprehensive insight into the scale and direc-

tion of genetic bottlenecks inevitably accompanying

progress in breeding this crop.

Previously, neutral molecular markers were also

broadly employed for characterization of Beta and

Patellifolia genetic resources (Reamon- Büttner et al.

1996; Kubis et al. 1997; Smulders et al. 2010). These

techniques allowed precise assessment of the genetic

diversity existing in cultivated and wild beet relatives

and suggested that a considerable pool of alleles was

lost during the domestication process as compared to

wild sea beets which probably bear more resemblance

to sugar beet ancestors, eventually leaving as low as

one third to one fourth of the available natural

variation (Richards et al. 2004; Fénart et al. 2008;

Saccomani et al. 2009; Biancardi et al. 2010).

Fig. 3 Dendrogram of

genetic distance for the

extended group of wild B.

vulgaris ssp. maritima/B.

vulgaris ssp. vulgaris/weed

beet genotypes representing

different accessions,

constructed using UPGMA

cluster analysis (unweighted

pair-group method using

arithmetic averages), based

on the data obtained for six

selected phenotype-

segregating primers

Fig. 4 PCR analysis for the presence of the resistance gene

analogue cZR-3 in DNA of the extended group of wild B.

vulgaris ssp. maritima/B. vulgaris ssp. vulgaris/weedy geno-

types. L—ladder, C—negative control, 1 B.m.02, 2 B.m.28, 3

B.m.29, 4 B.m.30, 5 B.m.31, 6 B.v.33, 7 B.m.01, 8 weed beet

‘Minikowo’ (wbM), 9 B.m.27, 10 B.m.40, 11 B.m.72. The

arrow points to the expected product, visible in lines: 2

(B.m.28), 3 (B.m.29), 7 (B.m.01) and 9 (B.m.27)
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This assumption is reflected by our results to some

extent, as we documented here a statistically signif-

icantly lower percentage of polymorphic loci in

cultivated materials when compared with wild beet

species. This was especially evident with reference to

the representatives of the section Corollinae and B.

vulgaris ssp. maritima, i.e. other species belonging to

the present genus Beta. The median values of the mean

Fig. 5 Representative high

resolution melting (HRM)

profiles obtained for the

investigated product (an

Rz2-accompanying

polymorphism) on the

templates under study. a—

cultivars and breeding

standards (the arrow points

to a putative heterozygous

cultivar, B.v.15, which

along with B.v.13 and

B.v.17 group together—

blue profiles, as opposed to

B.v.14 and B.v.16—green

profiles), a’—breeding

standards (RR—green, Rr—

blue and rr—red).

Heterozygotes and/or

homozygotes are

distinguished based on their

HRM profile shape and RFU

(relative fluorescence units)

difference values as

compared to the respective

standards. b–f wild beets B.

vulgaris ssp. maritima/weed

beets: b B.m.72, c B.m.27,

d B.m.01, e weed beet

‘Minikowo’ (wbM),

f B.m.40; and b’–f’ their

respective standards

(green—susceptible, red—
resistant/tolerant). Visible

segregation in the following

accessions: d B.m.01,

e weed beet ‘Minikowo’

(wbM). The axes stand for

Y (vertical): difference RFU,

X (horizontal): temperature

(Celsius degrees). (Color

figure online)
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percentages of polymorphic loci as well as linkage

distances in the dendrogram obtained by us suggest

that sugar beet cultivars still represent a relatively well

genetically differentiated group, but with a lower ratio

of an internal within-cultivar heterogeneity. This

supposition was further confirmed by grouped popu-

lations descriptive statistics using POPGENE, as in the

comparison of wild and weed beet groups (Group 1) to

cultivars (Group 2), we found that although gene

diversities either among subpopulations (Hs) or of the

total population (Ht) were higher in the wild-weed

group, the population differentiation values (Gst) were

even compromised in relation to the cultivars. It might

however have been expected, taking into account the

sugar beet breeding system and especially the diver-

sity delivered by pollinators.

Limited genetic diversity, as well as separate

clustering in the dendrogram of genetic distance in

case of Patellifolia in this study may indicate their

early separation event from the putative common

ancestry of the sections Beta and Corollinae as also

previously reported (Kubis et al. 1997; Kadereit et al.

2006). Being restricted in their distribution pattern to

the regions of Canary Islands, Madeira and Southern

Iberian coast, Patellifolia display actually a closer

relationship with the representatives of other genera

grouping to Hablitzieae, therefore their classification

into the Beta-independent taxonomic unit has been

suggested (Scott et al. 1977; Jung et al. 1993; Kubis

et al. 1997; Kadereit et al. 2006). The lowest frequency

of polymorphisms found for P. patellaris may be

explained by the fact that this is a self-fertile tetraploid

form.

A low genetic distance obtained by us between

Corollinae accessions is also noteworthy and may

reflect the fact that this section constitutes actually a

biogeographical complex of intermediate forms that

can often cross easily with one another. Therefore, the

high frequency of polymorphic loci per accession is in

apparent contradiction with the low distance values in

this case only. Although B. macrorhiza and B.

corolliflora are generally regarded to represent sepa-

rate forms/species, it seems at the same time that the

borders between individuals belonging to this section

may in fact be less clearly delineated and much more

difficult to recognize than for any other exotic

germplasm combination tested in our study. As proved

by molecular methods, such a close relationship

between these species was reported earlier (Jung

et al. 1993). Some accessions belonging to these

species cluster with each other and as a consequence

may be easily misclassified (Reamon-Büttner et al.

1996).

Beta vulgaris complex

Mitochondrial diversity pattern

A considerable degree of homogeneity found in

cultivated beets may be on account of the introduction

and ubiquitous exploitation of common sources of

advantageous traits in the history of breeding, i.e.

bolting or disease resistance, monogermity and the

Owen’s source of cytoplasmic male sterility. The

literature reports nevertheless on the possibility of

identification of various alternative similar systems in

wild beets and in sugar beet (Dalke and Szota 1986;

Van Geyt et al. 1990). For example, as far as

mitochondrial minisatellite haplotypes are concerned,

the study by Fénart et al. (2008) reflects a sharp

contrast between cultivars/weed beets, representing

predominantly the Owen type of cytoplasm, and wild

ruderal/sea beets for which ten different mitotypes

were recognized. Therefore, maternal cultivated

Fig. 6 Representative melting curve profiles obtained for the

investigated product (an Rz2-accompanying polymorphism) on

templates of a cultivars and breeding standards, b wild beets B.

vulgaris ssp. maritima and breeding standards. The axes stand

for Y (vertical): -d(RFU)/dT, X (horizontal): temperature

(Celsius degrees). RFU relative fluorescence units
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origin of the vast majority of weed beets investigated

was documented there, except for approximately 11 %

of the individuals tested (Fénart et al. 2008). We

confirmed here greater mitochondrial DNA hetero-

geneity in B. vulgaris ssp. maritima group as opposed

to the uniformity found in the cultivated cytoplasm

and/or respective descendants of this, i.e. weed beets.

Sugar beet cultivars

With regard to nuclear components, allelic richness was

shown to be the lowest thus far in the cultivated beet

group. At the same time the highest population fixation

indices were obtained either within wild sea beet

populations or between this group and the other forms

examined (Desplanque et al. 1999; Fénart et al. 2008).

Moreover, different neighbour-joining trees indicated at

the clear distinctiveness between the last mentioned

group and the other clusters including wild ruderal and/

or weed beets, thus implying the earliest evolutionary

divergence at this point of the complex as well as a

relatively higher probability of gene flow between wild

ruderal populations, weed beets and cultivars with a

special emphasis on the two latter (Desplanque et al.

1999; Fénart et al. 2008; Saccomani et al. 2009).

In our study we confirmed that the percentage of

polymorphic loci was significantly lower for sugar

beet cultivars than for wild or weed beet populations,

which was further supported by the Nei’s gene

diversity (1973) measure or Shannon’s information

index (Lewontin 1972; Nei 1973, 1987). Nevertheless,

some differences in banding patterns between indi-

vidual genotypes belonging to the same cultivar were

observed by us, and may be found more often for

materials representing different breeding lines, which

was documented earlier for instance using satellite

DNA repeats (Kubis et al. 1997). It seems that the

differences in banding patterns observed within the

same cultivar result most probably from segregation

for a trait that was not among the selection criteria for

the development of this particular cultivar. Previously

McGrath et al. (1999) performed a more in-depth

analysis of genetic diversity in selected US sugar beet

releases, lines and breeding materials in comparison

with some wild B. vulgaris ssp. maritima accessions.

They found that although total heterozygosity of the

sugar beet accessions had not changed significantly

over the period of several decades, breeding practices

had a substantial impact on diversity reduction within

releases. The most important factors contributing to

this reduction included self-fertility, monogermity and

other characters essential for the production of hybrid

seeds, e.g. alleles conditioning O-type lines mainte-

nance. As diversity was rather structured or sub-

divided within accessions, it has been hypothesized

that breeding progress is still possible, but depends on

respective selection of parental components from

different accessions and supplementation of the

genetic pool with wild-originating advantageous alle-

les. The study showed also separate grouping of wild

materials based on the dendrogram of similarity and

relatively high rate of heterozygosity within popula-

tions of wild beets. Nevertheless their total heterozy-

gosity was underestimated compared to sugar beet

accessions due to the scoring approach undertaken

(McGrath et al. 1999). Similar to McGrath et al.

(1999) we found also that the difference between

cultivars and wild/weed beets was far more pro-

nounced at the level of the mean diversity within each

population, than for the total genetic diversity in the

pooled populations. Moreover, in this study we report

the relatively high population differentiation measure

in the cultivar group. In a broader phylogenetic

background, our results show that the level of genetic

variation expressed as the percentage of polymorphic

loci in sugar beet cultivars may be as low as the case of

Patellifolia, which is currently ascribed to the separate

genus and the representatives of which are believed to

approach their final evolutionary state (Frese 1989

from Jung et al. 1993). Besides, we confirm here that a

considerable part of biodiversity may still be exploited

from the sections Beta and especially Corollinae with

the latter constituting most probably the driving force

of ongoing speciation, as it was previously reported

(Kubis et al. 1997). These results are also in agreement

with the observations made by Jung et al. (1993),

according to which sugar beet cultivars manifest low

values of genetic diversity and a close relationship to

B. vulgaris ssp. maritima, but rather low genetic

similarity to other wild species (Jung et al. 1993).

Relatively comparable values of genetic distance were

obtained by Mita et al. (1991) for sugar beet cultivars

and selected wild accessions, nevertheless the lower

number of accessions was included in that study (Mita

et al. 1991).

In agreement with the lower internal within-cultivar

heterogeneity in the studied subpopulations and in

total, we found also some sequences that were original
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and non-polymorphic, hence potentially indicative of

a particular cultivar, which therefore may be

employed for fingerprinting purposes. The uttermost

importance of this application for variety registration

was previously raised (Jung et al. 1993; Smulders et al.

2010). We confirmed also a general tendency observed

by Smulders et al. (2010), according to which diploid

cultivars display greater genetic distances and higher

levels of genetic differentiation than triploids due to a

higher probability of allelic repetitions in the latter

(Smulders et al. 2010). They underlined that another

significant component of differentiation may be a

breeding pool that constitutes the basis for a given

material. In agreement with this, we found some

distance differences in the dendrogram for the mate-

rials obtained from different suppliers, although they

do not seem to form clearly distinct clusters. This may

be explained by partial overlaps existing at present in

different breeding programs, caused for example by

limited number of maternal lines available. As doc-

umented by Fénart et al. (2008), 13 cultivars derived

from different seed producing companies featured

rather low levels of genetic differentiation (Fénart

et al. 2008). In our opinion however the presumption

of Smulders et al. (2010) suggesting a putative lack of

genetic bottlenecks appearing as a consequence of

breeding from wild ancestors, should rather be viewed

in light of the outstanding efficiencies of microsatel-

lites developed by them for cultivated materials, as

wild counterparts were not included for comparisons

in their study. Though, the statement that the hetero-

geneity level maintained in the sugar beet materials is

sufficient and may be accounted to the system of

hybrid varieties seems fully justified, because the use

of numerous parental lines contributes to different

possible gene combinations in their descending pool.

Another study that suggested comparable levels of

genetic variation between sugar beet lines and wild

relatives was based mostly on single copy DNA

sequences, which were employed for the analysis of

individual plants per accession (Hjerdin et al. 1994). In

this study we evaluated the occurrence of multi-copied

fragments across ten independent individuals per

accession, which allowed us also to take a closer look

at the rate of internal differentiation and allele

richness. A proof for the usefulness of the molecular

markers applied by us may be the highest percentage

of polymorphic bands obtained for B. macrorhiza and

B. corolliflora, displaying at the same time the lowest

genetic distance values among analyzed accessions.

The relatively low value of genetic distance obtained

in this study between wild sea beets/weedy beets and

cultivated forms reflect perhaps recent domestication

history of the crop from its wild ancestors and

continuous exchanges of the genetic material within

the beet complex.

Weed beets

Another important subject in terms of genetic diversity

of different evolving Beta system forms is the

evaluation of the wild ruderal and weed beet popula-

tions in the context of their origin and the events of

crop-to-wild or wild-to-crop gene flows which may

occur in the vicinity of sugar beet seed production

areas. Such introgressions may be the source of novel

traits for breeding and result in increased genetic

diversity on one hand. On the other, they also influence

the wild beet genetic pool on the long run, thus

creating potential risks for a transgene escape and/or

gradual depletion in allelic richness as a consequence

of swamping with more invasive forms (Bartsch et al.

1999; Viard et al. 2004; Arnaud et al. 2009). Arnaud

et al. (2009) found for example that there was a

dilution of crop nuclear genes in contrast to cytoplas-

mic pool in inland wild populations of the former

French seed production areas, thus suggesting past

seed escapes. Since weed beets result from accidental

hybridizations between wild and cultivated forms,

they represent a genetically differentiated group as

compared to wild beets and may be expected to display

an intermediate position in the dendrogram of genetic

distance. What is more, they often manifest a

relatively high allelic richness, thus more closely

resembling their wild counterparts than cultivated

beets in this particular context (Desplanque et al.

1999; Viard et al. 2004; Fénart et al. 2008), which was

also evident in our study for the wbM population.

Besides, genetic isolation and relatively high

heterozygote deficiencies have been reported in many

weed beet populations, suggesting their independent

origins. Other important features include self-fertility

inheritance and substructuring within a population

(Viard et al. 2002, 2004; Fénart et al. 2008). It is

believed that these complexes usually consist of a

mixture of spatially and temporally isolated geno-

types, potentially resulting from multiple recurrent

hybridization events between diverse sources,
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including a long-lived seed bank in the field, but also

cross-pollinating or selfing in a density-dependent

pattern (Fénart et al. 2007). In our study we confirmed

the intermediate position of a weed beet population

under study, i.e. the accession mentioned clustered in

the dendrogram of genetic distance with the group of

wild B. vulgaris ssp. maritima accessions and dis-

played comparable coefficients of genetic diversity. Its

location was nevertheless the most distant within this

group and as a result also visibly closer to the cluster of

cultivars than that for any other wild/weedy beet

examined. Several mitotypes can be potentially found

within weedy populations, most probably derived

from wild or ancient cultivated materials (Viard et al.

2004; Fénart et al. 2008). However, the most common

for cultivated beets Owen CMS mitotype that was

identified by us, suggests a cultivated maternal origin

of the weedy accession under study. We analyzed one

population of weed beets found in the sugar beet field

near Minikowo (Poland), thus most probably origi-

nating from pollinations of cultivated beets in the seed

production areas with wild pollen donors and subse-

quently accidentally introduced to Poland with seed

lots. Therefore we expect that the materials may be

comparable to those previously shown as genetically

differentiated from wild ruderal and sea populations

(Desplanque et al. 1999; Fénart et al. 2008). On the

other hand, it has been explained previously that some

of weed beets clustering into the group of cultivars

may in fact represent bolters with low vernalization

requirements (Fénart et al. 2008). Although it could

not be ruled out in our study as well, to avoid this we

classified the weed beet population based on several

different criteria, i.e. atypical morphology of the root,

anthocyanin pigmentation, as well as out-row loca-

tion, raising the possibility that this material represents

some genetic components of a local long-lasting seed

bank rather than constituting solely a seasonal popu-

lation introduced to Poland with a lot of seeds, and

thus putatively displays higher genetic diversity and

closer resemblance to wild counterparts than cultivars,

which was actually confirmed. We believe that it is

worth to extend this studies, especially in Poland,

where diversity of local weedy beet populations is

poorly addressed and for the reasons of their interest-

ing molecular profiles that were mentioned before.

More detailed analyses devoted to sugar beet cultivars

in comparison with in-row and out-row weedy beets in

France suggested that as far as 25–29 % of in-row

weedy beets may in fact constitute bolting cultivars

and that genetic diversity in this complex increased

gradually from the cultivar to out-row weeds’ com-

ponent, based on biparentally inherited markers and in

sharp contrast to the homogeneity of cytoplasmic pool

of genes (Viard et al. 2002). The above-mentioned

study indicates that a significant genetic differentia-

tion may be observed even between in-row and out-

row beets as well.

Beta vulgaris ssp. maritima

At the same time, however, genetic distinctiveness

between inland weed and inland wild populations as

well as cultivated and ruderal forms may be less

pronounced in relation to the respective values

obtained for inland wild and wild coastal populations,

especially the Atlantic Coast populations (Desplanque

et al. 1999; Fénart et al. 2008; Arnaud et al. 2009;

Saccomani et al. 2009). Wild coastal populations are

mostly differentiated depending on the location and

influenced by variable ecological habitats (Desplan-

que et al. 1999; Saccomani et al. 2009). Their genetic

pool may also be regionally exchanged with cultivated

materials or ruderal beets, as it was suggested for

example for the West Adriatic and Mediterranean

accessions of sea beet, which may in fact constitute the

origin of inland populations. Similar events are

reported for other regions where sugar beet fields are

in close proximity to the wild coastal beets (Bartsch

et al. 1999; Desplanque et al. 1999; Viard et al. 2004;

Fénart et al. 2008; Stevanato et al. 2013). As far as B.

vulgaris ssp. maritima populations are concerned,

especially high efficiency in discrimination of spatial

differentiation between different populations of B.

vulgaris ssp. maritima was found earlier for mito-

chondrial minisatellite loci (Fievet et al. 2007). In our

study we confirmed the relatively high diversity of

mitochondrial DNA in B. vulgaris ssp. maritima

accessions, as six out of seven haplotypes were

identified in this group, without the evidence of Owen

CMS cytoplasm. Previous studies showed that the

Owen CMS cytoplasm may exceptionally be encoun-

tered in wild sea beet populations and reflect seed-

mediated transfer of cultivated genes (Viard et al.

2004). In contrast to our observations regarding the

overall genetic diversity or allelic richness, displaying

the rather wide range of values for the accessions of B.

vulgaris ssp. maritima differing in their origin, these
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parameters should supposedly be quite similar for

closely located populations, in which there is a high

probability of gene flow. This was actually the case for

French coastal and insular populations, for which

surprisingly no clear geographical clustering in the

dendrogram was documented, unless nuclear

microsatellite data were also contained apart from

cytoplasmic minisatellites. Using these markers more

precise genetic boundaries were delineated, which

turned out to be consistent with marine currents, and

the continental origin of insular populations was

suggested (Fievet et al. 2007). For the accessions of

B. vulgaris ssp. maritima that are collected from

distant geographic locations, a broad range of vari-

ability is usually encountered (Jung et al. 1993), as

they most probably represent different centers of crop

diversity. This tendency was also expected, but only

partially reflected in our study, as the linkage distances

observed between different B. vulgaris ssp. maritima

accessions were in fact no significantly higher than

those of different sugar beet cultivars. However, at the

same time we recognized that a tendency concerning

the occurrence of polymorphic products is confirmed

by geographic location of the particular accession. For

example, the highest genetic diversity expressed as the

percentage of polymorphic bands was found for B.

vulgaris ssp. maritima derived from Greece (B.m.40)

as compared to other accessions, which was also

confirmed by its morphological characteristics (data

not shown). This observation supports the theory

claiming that an exceptionally high heterogeneity may

be encountered in the Mediterranean area, especially

in a close proximity to the overlapping borders of

distribution of the section Beta and Corollinae, which

are regarded to constitute a center of speciation and

differentiation among the existing genetic pools.

However, it could not be excluded that in case of

B.m.40 accession, this high diversity effect may also

be enhanced by a weedy origin of this particular

accession to some extent (according to IDBB).

Rhizomania resistance-segregating markers

In case of rhizomania resistance there are many reports

concerning identification of potentially useful molec-

ular markers that turned out to segregate with the

feature in different segregating populations and, as

such, they may be potentially efficient tools for

breeders (Barzen et al. 1997; Giorio et al. 1997;

Scholten et al. 1997; Gidner et al. 2005; Lein et al.

2006; Nouhi et al. 2008; Amiri et al. 2009; Feghhi

et al. 2012). However, functional significance for most

of them is poorly understood yet, and all the more so

because most of them may not necessarily be located

within a single major gene. It could not be ruled out

that different additional sequences may be typical for a

particular population only and, as such, usually do not

feature the universal character across all the resistant

materials. What is more, a hypothesis of different

resistance sources have been raised, but at the same

time it is not fully consistent yet, at least in some cases,

whether they are conditioned by independent loci or

by genes that represent in fact an allelic series. For

example, over the course of the experimental crosses

between Rz1- and Rz2-carrying materials (Holly-1-4

and WB42) it was determined that the distance

between these genes may be as high as 20 to 35 cM

(Scholten et al. 1999; Amiri et al. 2003), however the

distinction between these genes and closely located

Rz3 identified in WB41 may not be so unequivocal

(Gidner et al. 2005). On the other hand, the situation

seems to be more complex, as there are reports

suggesting the presence of further genes, such as Rz4

and Rz5 (Grimmer et al. 2007, 2008). Here we propose

the evaluation of efficiency of a panel of molecular

markers for the materials of different origins, i.e. wild,

weed beets as well as cultivars with contrasting

rhizomania-resistance phenotypes.

We verified the usefulness and uniformity of

selected rhizomania resistance-segregating markers

described in the literature across a broad background

of beet materials. As far as these sequences are

concerned, it is regarded that different commercially

used proprietary sequences are applied by various

breeding companies (Biancardi et al. 2010). In our

study, we aimed to evaluate the efficiency of the

available sequences in the context of potential useful-

ness for marker-assisted selection and discrimination

of characteristics that would be indicative of a given

resistance source. Interestingly, we proved here a

distinctiveness existing between wild crop relatives on

one hand and modern sugar beet cultivars on the other,

thus implying the contribution of some unique/orig-

inal sequences in each of these groups and raising the

possibility of partly independent bases of the resis-

tance represented by these materials.

Our present results most probably reflect the fact

that to some extent different contributing genes and
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mechanisms may have been employed in sugar beet

cultivars in order to trigger the resistance response as

compared to the wild group, which may for example

be caused by incompletely inherited pool of resis-

tance determinants. It seems consistent with our

previous observations as well (Litwiniec et al. 2014),

according to which there is rather a huge discrepancy

of the resistance rates between wild sources of

resistance and tolerant cultivars. On the other hand,

bearing in mind the polymorphisms found in some

universal sequences of wild sea beet (B. vulgaris ssp.

maritima), cultivars and traditional breeding materi-

als, these observations may be in accord with the

above cited hypothesis of rhizomania resistance

origin. However, they may also suggest that in

cultivars some secondary resistance determining

mechanisms are more common, like those Polymyxa

betae-targeting or programmed cell death-inducing,

whereas still other specific or at least much more

efficient contributors probably exist/prevail in resis-

tant wild beet materials, resulting in their outstanding

phenotypic manifestations or near-immunity (Litwi-

niec et al. 2014). One explanation for this may be that

a complex defense pathway that is functional in the

genetic background of a wild beet may not be easily

transferred and maintained in the cultivated forms

due to backcrosses and repeated selection cycles that

are definitely required to eliminate the load of

negative wild beet traits. Therefore, further careful

parallel comparisons of genotypic and phenotypic

characters in wild sources of resistance, but also in

their respective breeding descendants, is absolutely

essential for identification and understanding of the

function and limitations of the factors that are crucial

for resistance development in different genetic back-

grounds. Engineering of the most efficient, complete

metabolic or defense pathways would be the chal-

lenge of the future (Krichevsky et al. 2012) and

requires thorough basic research in order to identify

their indispensable components.

Conclusion

The knowledge on available biodiversity including

classification and identification of the existing resis-

tance sources will constitute a prerequisite for rational

management of genetic resources. We believe that the

initial step on that way may be not only selection,

evaluation and maintenance of valuable genotypes,

but above all the distinction between general and

specific resistance bases in the materials of different

origins. At the same time, our results suggest that the

modern sugar beet cultivars may be partially narrowed

and/or altered in terms of their resistance determinants

as compared to wild beet materials, which however

seems an inevitable tendency, taking into account the

above-mentioned wild germplasm-related obstacles

on one hand and the ever-increasing demands of

market competitiveness on the other. Therefore,

different initiatives have been undertaken thus far to

broaden the genetic base of Beta (Frese et al. 2001).

Apart from the impact of breeding practices, another

important point contributing to discrepancies between

wild and cultivated germplasms is that diverse selec-

tion pressures of native wild beet habitats favour the

emergence and preferential maintenance of new

advantageous alleles/polymorphisms, for instance in

response to resistance-breaking viral pathotypes.
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Jung C, Pillen K, Frese L, Fähr S, Melchinger AE (1993) Phy-

logenetic relationships between cultivated and wild species

of the genus Beta revealed by DNA ‘‘fingerprinting’’.

Theor Appl Genet 86:449–457

Kadereit G, Hohmann S, Kadereit JW (2006) A synopsis of

Chenopodiaceae subfam. Betoideae and notes on the tax-

onomy of Beta. Willdenowia 36:9–19

Kimura M, Crow JF (1964) The number of alleles that can be

maintained in a finite population. Genetics 49:725–738

Koo WW, Taylor RD (2012) 2012 outlook of the U.S. and world

sugar markets, 2011–2021. Agribus Appl Econ Rep

692:1–29

Krichevsky A, Zaltsman A, King L, Citovsky V (2012)

Expression of complete metabolic pathways in transgenic

plants. Biotechnol Genet Eng Rev 28:1–13

Kubis S, Heslop-Harrison JS, Schmidt T (1997) A family of

differentially amplified repetitive DNA sequences in the

genus Beta reveals genetic variation in Beta vulgaris sub-

species and cultivars. J Mol Evol 44:310–320

Lein JC, Asbach K, Tian Y, Schulte D, Li C, Koch G, Jung C,

Cai D (2006) Resistance gene analogues are clustered on

chromosome 3 of sugar beet and cosegregate with QTL for

rhizomania resistance. Genome 50:61–71

Lewontin RC (1972) The apportionment of human diversity.

Evol Biol 6:381–398

Litwiniec A, Łukanowski A, Gośka M (2014) RNA silencing
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