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Abstract 

 

Historically, sugar beets were selected from fodder beets. We used mitochondrial minisatellite loci to 

analyze cytoplasmic genetic diversity in fodder beet and sugar beet. Among the 8 sugar beet 

accessions examined we identified 3 multi-locus haplotypes. These 3 haplotypes were a subset of 5 

haplotypes identified among the 29 fodder beet accessions examined. All but one haplotype in fodder 

beet comprised, in turn, a subset of 12 haplotypes identified previously in leaf beets. Such apparent 

decreases in cytoplasmic genetic diversity must result from genetic bottlenecks associated with 

domestication and the ensuing breeding processes. We also detected the haplotype associated with 

the male-sterile Owen cytoplasm of sugar beet in the fodder beet gene pool. Furthermore, the 

presence of a 39 kDa protein associated with the Owen cytoplasm was confirmed in two fodder beet 

plants by Western blot analysis. These results lead us to speculate that the Owen cytoplasm may have 

originated in fodder beet, from which sugar beet was derived. 

 

 

Key words: plant mitochondria, variable number of tandem repeats, genetic bottleneck, cytoplasmic 

male sterility, Beta vulgaris 

 

 

There are four major categories of cultivated beets (Lange et al. 1999). Leaf beets (Beta vulgaris L. 

ssp. vulgaris convar. cicla (L.) Alef.) are grown for their leaves and do not have appreciably swollen 

tap roots; garden beets (B. vulgaris L. ssp. vulgaris var. vulgaris) have swollen hypocotyls and are 

mostly utilized as vegetables and in the canning industry; fodder beets (B. vulgaris L. ssp. vulgaris 

var. rapacea Koch) have large swollen hypocotyls and roots and are used to feed livestock; and sugar 

beets (B. vulgaris L. ssp. vulgaris var. altissima Döll) have swollen roots that are used as an 

important source of sugar. These crops and their wild and weedy relatives are all members of one 
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primary gene pool, Beta vulgaris L. (Bartsch and Ellstrand 1999; Hammer 2001; Ford-Lloyd 2005). 

The historical development of beet cultivars has been documented by several authors 

(Ford-Lloyd 1986; de Bock 1986; Fischer 1989; van Geyt et al. 1990; Frese 1991; Winner 1993). 

Domestication probably began in the eastern Mediterranean area between 2000 and 1500 BCE, 

where the plants were mainly used as leaf vegetables (Winner 1993). According to de Bock (1986), 

the first reliable documentation of beet plants with swollen roots came from the 12th century. There 

is no indication that beet roots were used for fodder before around 1700, but by 1800 fodder beets 

had become an established part of mixed farming systems in Europe (de Bock 1986). Fodder beet 

most likely originated from garden beet, which was initially domesticated as a leaf vegetable and, by 

the Middle Ages, was used as a root vegetable. White fodder beet from Silesia (the white Silesian 

beet, Fischer 1989) provided the germplasm from which the earliest sugar beet crop was bred. Each 

domestication event may have imposed a genetic bottleneck on cultivated beet, so that genetic 

diversity has been reduced during the domestication process. 

Polymorphisms in organellar DNA are invaluable sources of information for inferring the course 

of plant evolution (e. g. Skuza et al. 2010; Ni et al. 2011). We recently investigated cytoplasmic 

genetic diversity in leaf and garden beets and their wild relatives (B. vulgaris) using mitochondrial 

minisatellites (Nishizawa et al. 2007; Cheng et al. 2010). The same minisatellites were used to 

characterize cytoplasmic diversity in Chinese sugar beet breeding lines (Cheng et al. 2009). However, 

there has been only fragmented information available on cytoplasmic genetic variation in fodder 

beets (Ecke and Michaelis 1990; Senda et al. 1998). The present study was aimed at filling in this 

gap, and was based on an evaluation of 131 plants representing 29 fodder beet cultivars (27 were 

obtained from the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), 1 was from the 

United States Department of Agriculture Research Service, and 1 was purchased from Snow Brand 

Seed, Japan) and 86 plants representing 8 sugar beet cultivars (2 from IPK; 4 from the National 

Agricultural Research Center for the Hokkaido Region of Japan (NARCH); 1 from the Syngenta 

company of Sweden, and 1 from the KWS SAAT company of Germany) using mitochondrial 
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minisatellite polymorphisms. We previously used 4 mitochondrial minisatellite loci (TR1, TR2, TR3, 

and TR4; Nishizawa et al. 2007) to analyze 748 individual plants from the leaf and garden beet 

groups or their close relatives. Among these we were able to distinguish 21 haplotypes, named min01 

to min21 (Nishizawa et al. 2007; Cheng et al. 2010). 

Plants used in the present study were grown in a green house. Total cellular DNA was isolated 

using the CTAB-based method described by Cheng et al. (2009). Individual plants were genotyped 

using the mitochondrial minisatellite loci TR1, TR2, TR3, and TR4 and some plants (see below) 

were also analyzed using the male-sterility-associated locus orf129 (Cheng et al. 2009). The PCR 

primers and procedures for amplification were as described by Cheng et al. (2009 and 2010). 

Polymorphisms were revealed using 2% agarose gel or 4% polyacrylamide gel electrophoresis , and 

visualized after ethidium bromide staining with known individuals as internal size standards. Any 

ambiguities in the numbers of repeat units in the minisatellite loci were resolved by determining the 

nucleotide sequences of the amplicons. 

Five haplotypes (min04, min06, min09, min15, and min18) were detected among the 131 fodder 

beet plants (Table 1 and data not shown; a complete dataset is available upon request). The haplotype 

min18 predominated and occurred in 61 individuals from 18 accessions. The second-most frequent 

haplotype was min09, which was found in 34 individuals from 9 accessions. These two haplotypes 

(min18 and min09) correspond to the non-sterile normal-1 and normal-2 cytoplasms, respectively 

(Cheng et al. 2009). Two of the three less frequent haplotypes, min04 and min06, are associated with 

the male-sterile Owen and I-12CMS(3) cytoplasms, respectively (Nishizawa et al. 2007; Cheng et al. 

2009). 

In sugar beet plants carrying the Owen cytoplasm, cytoplasmic male sterility (CMS) is 

correlated with an open reading frame (designated preSatp6) of unknown origin and its translation 

product of 39 kDa (Yamamoto et al. 2005). Immunoblots of total proteins from two fodder beet 

plants with the min04 haplotype (the Russian cultivar BETA 53 and the Polish cultivar BETA 1599, 

both obtained from IPK) were probed using antiserum raised against an oligopeptide corresponding 
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to the carboxyl-terminal 17 residues of preSATP6 (preS-C; Yamamoto et al. 2005). The sugar beet 

lines TK81-MS (with the male-sterile Owen cytoplasm) and TK81-O (with a normal fertile 

cytoplasm, used as the maintainer of TK81-MS) were included as controls. These control lines were 

developed at NARCH. Total proteins were isolated from fresh green leaves as detailed by Cheng et 

al. (2009). A 15% SDS polyacrylamide gel was used for electrophoresis. Fractionated proteins were 

electronically blotted onto Hybond P (GE Healthcare UK, Amersham Place, England). The 

secondary antibody was HRP-conjugated goat anti-rabbit IgG (GE Healthcare). After washing three 

times with TBS-T, the membrane was soaked in ECL-plus (GE Healthcare), then exposed to X-ray 

film. As shown in Fig. 1, a single protein of 39 kDa was detected in both plants, confirming that the 

Owen cytoplasm is present in the fodder beet gene pool. Cheng et al. (2009) found that the haplotype 

min06 could be further divided into two sub-types (min06/+orf129 and min06/-orf129) based on the 

presence or absence of orf129. In this study, the 14 fodder beet plants with min06 were subjected to a 

PCR assay to detect orf129, but the sequence was not detected in any of the plants (data not shown). 

It is also worth mentioning that 21 of the 29 fodder beet accessions examined appeared to be 

monomorphic, while 8 accessions exhibited two or three haplotypes (data not shown). 

Three haplotypes (min04, min09, and min18) were detected among the 86 plants representing 6 

old and 2 modern sugar beet cultivars (Table 1 and data not shown). This result was expected 

because we previously found that only these three haplotypes were present in a total of 437 

individuals representing 42 Chinese sugar beet breeding lines (Cheng et al. 2009). 

The distributions of mitochondrial minisatellite haplotypes detected in the fodder and sugar 

beet gene pools are shown in Fig. 2, along with the distributions in the leaf and garden beet gene 

pools reported previously (Cheng et al. 2009; Cheng et al. 2010). Only 3 haplotypes (min04, min09, 

and min18) were found among the 50 sugar beet cultivars that we have examined (Cheng et al. 2009; 

this study). Interestingly, Fenart et al. (2008) found that a mitochondrial minisatellite haplotype 

unique to the Owen CMS cytoplasm predominated in so-called weed beet populations sampled from 

France and Belgium, and that two Nvulg-unique haplotypes were the next most abundant in these 
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populations. They considered it likely that the majority of weed beets would share cytoplasms with 

sugar beet cultivars, since weed beets generally result from the accidental pollination of sugar beet 

seed parents by ruderal beets. Judging from their raw data [see Fig. 2 of Fenart et al. (2008)], the 

Owen CMS-unique haplotype seems to correspond to min04, while the Nvulg haplotypes correspond 

to min09 and min18. It thus appears that the results of Fenart et al. (2008) are consistent with our 

results. 

The haplotypes min04, min09, and min18 are a subset of the five haplotypes present in fodder 

beets. In turn, all but one (min15) of the fodder beet haplotypes constitute a subset of the 12 

haplotypes distributed in the leaf beet germplasm (Cheng et al. 2010). Furthermore, all six of the 

haplotypes detected in garden beets are present in the leaf beet germplasm (Cheng et al. 2010). These 

decreases in cytoplasmic diversity must result from genetic bottlenecks associated with 

domestication and the ensuing breeding processes. Such bottlenecks have been documented in 

several crop species (e.g. Neale et al. 1988; Provan et al. 1999; Tesfaye et al. 2007; Fenart et al. 

2008). 

Another noteworthy finding is the occurrence of the Owen cytoplasm in the fodder beet gene 

pool. The male sterility caused by this cytoplasm was first discovered in the open-pollinated, curly 

top-resistant sugar beet cultivar ‘US1’, which was released in 1931 (Owen 1945; Doney 1995).  

Owen (1945) found that approximately 2% of ‘US1’ individuals were male sterile. Forty years later, 

Powling and Ellis (1983) demonstrated that 6 out of 8 ‘US1’ plants contained mitochondrial DNA 

typical of plants with normal cytoplasms, and the remaining 2 contained mitochondrial DNA typical 

of Owen CMS plants. However, the donor of the Owen cytoplasm has remained uncertain.  

Bonavent et al. (1989) found that the old garden beet cultivar ‘Crapaudine’ exhibited the same 

chloroplast DNA restriction profile as the Owen CMS sugar beet plants. This led them to hypothesize 

that a cross occurred between a sugar beet plant and a ‘Crapaudine’ plant carrying the Owen 

cytoplasm, and that some individuals of the progeny were accidentally collected by Owen. The 

origin of sugar beet breeding has been attributed to Franz Carl Achard (1753–1821), who was the 
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first to grow beets for sugar production (Biancardi 2005). He reportedly noticed that conical, white 

beet roots that were deeply set in the soil were the highest in sugar content (Winner 1993). Such 

traits undoubtedly became the basis for sugar beet breeding, while the plants with unwanted garden 

beet traits (such as colored, exposed roots) must have been carefully eliminated. This weakens the 

aforementioned hypothesis regarding the origin of the Owen cytoplasm in sugar beets. On the other 

hand, our results favor the idea of fodder beet as the donor of the Owen cytoplasm. We speculate that 

both the Owen cytoplasm and the normal cytoplasm were present in the fodder beet germplasm from 

which early sugar beet cultivars were derived. This assumption is in keeping with the view of Knapp 

(1958), who suggested that the first beet that Achard worked with was probably a fodder beet known 

as Runkelrübe, which was highly heterogeneous for root morphology and color.  

 

 

Acknowledgements We gratefully acknowledge the IPK, the USDA Research Service, Dr. Werner 

Beyer (KWS SAAT), Dr. Gerhard Steinrucken (Syngenta), and Dr. Kazunori Taguchi (NARCH) for 

providing sugar beet seeds. This work was supported by grants-in-aid for scientific research from the 

Japanese Ministry of Education, Culture, Sports, Science, and Technology; the Program for 

Promotion of Basic Research Activities for Innovative Biosciences, Japan; and the Program for 

Promotion of Basic and Applied Researches for Innovations in Bio-oriented Industry, Japan 

(BRAIN). D. C. is a recipient of grants from the Chinese Government Supported Researchers 

Program and the Japanese International Science and Technology Exchange Center (JISTEC).  

 

 

References 

 

Bartsch, D., Ellstrand, N.C.: Genetic evidence for the origin of Californian wild beets (genus Beta). - 

Theor. Appl. Genet. 99: 1120-1130, 1999. 



 8 

Bonavent, J.-F., Bessone, L., Geny, A., Berville, A.: A possible origin for the sugar beet cytoplasmic 

male sterility source Owen. - Genome 32: 322-327, 1989. 

Cheng, D., Kitazaki, K., Xu, D., Mikami, T., Kubo, T.: The distribution of normal and male-sterile 

cytoplasms in Chinese sugar-beet germplasm. - Euphytica 165: 345-351, 2009. 

Cheng, D., Yoshida, Y., Kitazaki, K., Negoro, S., Takahashi, H., Xu, D., Mikami, T., Kubo, T.: 

Mitochondrial genome diversity in Beta vulgaris L. ssp. vulgaris (Leaf and Garden Beet 

Groups) and its implications concerning the dissemination of the crop. - Genet. Res. Crop. 

Evol. 58: 553-560, 2011. 

de Bock, T.S.M.: The genus Beta: domestication, taxonomy and interspecific hybridization for plant 

breeding. - Acta Horticult. 182: 335-343, 1986. 

Doney, D.L.: USDA-ARS sugarbeet releases. - J. Sugar Beet Res. 32: 229-257, 1995. 

Ecke, W., Michaelis, G.: Comparison of chloroplast and mitochondrial DNA from five morphologically 

distinct Beta vulgaris cultivars: sugar beet, fodder beet, beet root, foliage beet, and Swiss 

chard. - Theor. Appl. Genet. 79: 440-442, 1990. 

Fenart, S., Arnaud, J.F., de Cauwer, I., Cuguen, J.: Nuclear and cytoplasmic genetic diversity in weed 

beet and sugar beet accessions compared to wild relatives: new insights into the genetic 

relationships within the Beta vulgaris complex species. - Theor. Appl. Genet. 116: 1063-1077, 

2008. 

Fischer, H.E.: Origin of the ‘Weisse Schlesische Rübe’ (white Silesian beet) and resynthesis of sugar 

beet. - Euphytica 41: 75-80, 1989. 

Ford-Lloyd, B.: Infraspecific variation in wild and cultivated beets and its effects upon infraspecific 

classification. - In: Styles BT (ed.): Infraspecific classification of wild and cultivated plants. 

Pp. 331-334. Clarendon Press, Oxford 1986. 

Ford-Lloyd, B.: Sources of genetic variation, Genus Beta. - In: Biancardi E, Campbell LG, Skaracis GN, 

De Biaggi M (eds.): Genetics and breeding of sugar beet. Pp. 25-33. Science Publisher, 

Plymouth 2005. 



 9 

Frese, L.: Variation patterns in a leaf beet (Beta vulgaris, Chenopodiaceae) germplasm collection. - 

Plant Syst. Evol. 176: 1-10, 1991. 

Hammer, K.: Chenopodiaceae. - In: Hanelt P, Institute of Plant Genetics and Crop Plant Research (eds): 

Mansfeld's Encyclopedia of Agricultural and Horticultural Crops. Pp. 235-264. Springer, 

Berlin 2001. 

Knapp, E.: Beta-Rüben. - In: Roemer T, Rudorf W (eds.): Handbuch der Pflanzenzüchtung. Pp. 

196-284. Paul Parey, Berlin 1958. 

Lange, W., Brandenburg, W., de Bock, T.S.M.: Taxonomy and cultonomy of beet (Beta vulgaris L.). - 

Bot. J. Linn. Soc. 130: 81-96, 1999. 

Neale, D.B., Saghaimaroof, M.A., Allard, R.W., Zhang, Q., Jorgensen, R.A.: Chloroplast DNA 

diversity in populations of wild and cultivated barley. - Genetics 120: 1105-1110, 1988. 

Ni, Y., Asamoah-Odei, N., Sun, G.: Maternal origin, genome constitution and evolutionary 

relationships of polyploid Elymus species and Hordelymus europaeus. - Biol. Plant. 55: 68-74, 

2011. 

Nishizawa, S., Mikami, T., Kubo, T.: Mitochondrial DNA phylogeny of cultivated and wild beets: 

relationships among cytoplasmic male-sterility-inducing and nonsterilizing cytoplasms. - 

Genetics 177: 1703-1712, 2007. 

Owen, F.V.: Cytoplasmically inherited male-sterility in sugar beets. - J. Agr. Res. 71: 423-440, 1945. 

Powling, A., Ellis, T.H.N.: Studies on the organelle genomes of sugarbeet with male-fertile and 

male-sterile cytoplasms. - Theor. Appl. Genet. 65: 323-328, 1983. 

Provan, J., Powell, W., Dewar, H., Bryan, G., Machray, G.C., Waugh, R.: An extreme cytoplasmic 

bottleneck in the modern European cultivated potato (Solanum tuberosum) is not reflected in 

decreased levels of nuclear diversity. - Proc. R. Soc. London. B. 266: 633-639, 1999. 

Senda, M., Onodera, Y., Mikami, T.: Cytoplasmic diversity in leaf beet cultivars as revealed by 

mitochondrial DNA analysis. - Hereditas 128: 127-132, 1998. 

Skuza, L., Dyba, S.M., Rogalska, S.M.: Genetic relatedness in different Medicago sativa lines based on 



 10 

polymorphism of mitochondrial DNA specific sequences. - Biol. Plant. 54: 169-172, 2010. 

Tesfaye, K., Borsch, T., Govers, K., Bekele, E.: Characterization of Coffea chloroplast microsatellites 

and evidence for the recent divergence of C. arabica and C. eugenioides chloroplast genomes. 

- Genome 50: 1112-1129, 2007. 

van Geyt, J.P.C., Lange, W., Oleo, M., de Bock, T.S.M.: Natural variation within the genus Beta and its 

possible use for breeding sugar beet: A review. - Euphytica 49: 57-76, 1990. 

Winner, C.: History of the crop. - In: Cooke DA, Scott RK (eds.): The sugar beet crop. Pp. 1-35. 

Chapman & Hall, London 1993. 

Yamamoto, M.P., Kubo, T., Mikami, T.: The 5'-leader sequence of sugar beet mitochondrial atp6 

encodes a novel polypeptide that is characteristic of Owen cytoplasmic male sterility. Mol. 

Genet. Genom. 273: 342-349, 2005 

 



 11 

Table 1 Distributions of mitochondrial minisatellite haplotypes among the fodder and sugar beet 

plants used in this study 

Cultivar 

groups 

Mitochondrial haplotypes
1
 Total number of 

plants min04 min06/-orf129 min09 min15 min18 

Fodder beet 8 14 34 14 61 131 

Sugar beet 11 0 5 0 70 86 

1
Each haplotype is based on the combination of alleles from the TR1, TR2, TR3, and TR4 loci. The 

five haplotypes min04, min06, min09, min15, and min18 are the same as those listed with the same 

names in Table 3 of Nishizawa et al. (2007). The haplotypes were based on the numbers of repeat 

units obtained with the four TR loci as follows: 4 (TR1)/ 3 (TR2)/ 2 (TR3)/ 4 (TR4) for min04, 5/ 3/ 

2/ 3 for min06, 6/ 3/ 3/ 3 for min09, 9/ 3/ 3/ 3 for min15, and 13/ 3/ 3/ 3 for min18. 
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Figure legends 

 

Figure 1 Western blot analysis of proteins extracted from fresh green leaves of 2 fodder beet plants, 

BETA53 and BETA1599. The blot was probed with the anti-preSATP6 antiserum. The sugar beet lines 

TK81-MS and TK81-O were used as positive and negative controls, respectively. Size markers are 

shown on the left. After blotting, the membrane was stained with Ponceau S as a loading control.  

 

Figure 2 Mitochondrial minisatellite haplotypes found in four cultivar groups of B. vulgaris (L.) ssp. 

vulgaris. The haplotypes corresponding to normal-1, normal-2, and Owen CMS are underlined with 

dashed lines. Data are from Cheng et al. (2009), Cheng et al. (2010), and this study. 
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