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Abstract A panel of 13 sugar beet lines and one geno-

type each of the Beta vulgaris cultivars red beet and Swiss

chard, and B. vulgaris ssp. maritima were used to identify

polymorphisms in alignments of genomic DNA sequences

derived from 315 EST- and 43 non-coding RFLP-derived

loci. In sugar beet lines, loci of expressed genes showed an

average SNP frequency of 1/72 bp, 1 in 58 bp in non-

coding sequences, increasing to 1/47 bp upon the addition

of the remaining genotypes. Within analysed DNA frag-

ments, alleles at different SNP positions displayed linkage

disequilibrium indicative of haplotype structures. On

average 2.7 haplotypes were found in sugar beet lines, and

haplotype conservation in expressed genes appeared to

exceed 500 bp in length. Seven different genotyping

techniques including SNP detection by MALDI-TOF mass

spectrometry, pyrosequencing and fluorescence scanning of

labelled nucleotides were employed to perform 712 seg-

regation analyses for 538 markers in three F2 populations.

Functions were predicted for 492 mapped sequences. Ge-

netic maps comprised 305 loci covering 599.8 cM in

population K1, 241 loci distributed over 636.6 cM in

population D2, and 166 loci over 507.1 cM in population

K2, respectively. Based on 156 markers common to more

than one population an integrated map was constructed

with 524 loci covering 664.3 cM. For 377 loci the genome

positions of the most similar sequences from A. thaliana
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were identified, but little evidence for previously presented

ancestral genome structures was found.

Introduction

The breeding of sugar beet, an important crop for sucrose

production in the temperate climate zone, is increasingly

supported by DNA marker analysis. Anonymous RFLPs

(restriction fragment length polymorphisms) were the first

molecular markers which were positioned on genetic maps

and tested for linkage to phenotypic traits (Barzen et al.

1992; Pillen et al. 1992). With the advent of PCR tech-

nology, RAPD (randomly amplified polymorphic DNA),

AFLP (amplified fragment length polymorphism) as well

as a small number of SSR (simple sequence repeat)

markers complemented by some conventional isoenzyme

and morphological markers permitted establishment of a

map of all nine linkage groups of sugar beet covering

688 cM (Schumacher et al. 1997).

More recently, SNPs (single nucleotide polymorphisms)

were established as the most abundant codominant marker

class and used as efficient and robust marker systems. A pilot

study based on 37 gene fragments sequenced in two inbred

sugar beet lines revealed 1 SNP every 130 bp with an

average nucleotide diversity p of 7.6 · 10–3 (Schneider et al.

2001). The analysis revealed disequilibrium between the

theoretically possible combinations of alleles at two or more

SNP loci indicative of haplotype structures (Rafalski 2002).

SNP detection has a high potential for automatization

and multiparallel analysis allowing a high throughput of

markers and individuals (Syvanen 2002). According to a

recent study, SNP detection by MALDI-TOF mass spec-

trometry appears to be most accurate, and adapted ampli-

fication protocols allow cost-effective genotyping of up to

30 loci in one assay (Ragoussis et al. 2006). The pyrose-

quencing technology implemented as a quantitative anal-

ysis platform reliably allows distinguishing allele doses in

genetic mapping of tetraploid potato (Rickert et al. 2002).

However, this technology is not amenable to multiplexing.

For medium throughput the SNaPshot technology was

previously applied to sugar beet to generate nine multi-

plexed linkage group-specific SNP marker sets (Möhring

et al. 2004). Among the 52 SNP markers reported in that

paper, 27 were developed from sequenced RFLP probes.

For the identification of loci influencing a trait the can-

didate gene approach is now a widely accepted strategy

(Pflieger et al. 2001). Concerning sugar beet conserved

genes in carbohydrate metabolism (Schneider et al. 1999)

were selected as candidates and mapped in a QTL analysis

to identify loci affecting sugar quality and yield related traits

(Schneider et al. 2002). Similarly genetic markers were

developed from resistance gene analogues as candidates for

disease resistance traits (Hunger et al. 2003; Tian et al.

2004). Initially, DNA fragments of candidate genes were

amplified using degenerate primers deduced from align-

ments of heterologous sequences, but now the availability of

EST collections from sugar beet (Bellin et al. 2002; Herwig

et al. 2002) largely facilitates template selection.

Analysis of complex crop genomes such as the one of

sugar beet might benefit from the existence of an ancestral

genome for plant species postulated by the syntenic con-

cept (Delseny 2004). Colinearity of large genome regions

is obvious among grasses (Ahn et al. 1993; Ahn and

Tanksley 1993) although detailed sequence comparisons

identified numerous rearrangements and breakages of

synteny (Bennetzen and Ma 2003). So far, based on com-

parative RFLP mapping of 117 cDNAs 26 syntenic blocks

were identified between sugar beet and Arabidopsis thali-

ana some of which were also shared by sunflower, Prunus

ssp. and potato (Dominguez et al. 2003).

Here we (1) provide the analysis of a comprehensive

data set on sugar beet SNPs derived from up to 16 Beta

vulgaris lines, and (2) show the distribution of RFLP- and

EST-derived SNP markers on the nine linkage groups in

three F2 populations of sugar beet. Based on the new EST-

derived markers we additionally address the question

whether and to what extent the orders of genes in sugar

beet and of the most similar sequences in the A. thaliana

genome are conserved at the macrosyntenic level. The

work is intended to support marker assisted sugar beet

breeding and to facilitate positional cloning of agronomi-

cally important genes.

Materials and methods

Plant material and DNA

For SNP discovery, genomic DNA from a panel of 13

partly selfed diploid breeding lines including the dihaploid

line K1P1 and F1 genotypes was used (for full details see

Table S1). Among those were both parents of the K1 and

K2 population (K = KWS SAAT AG, Einbeck, Germany),

and one parent and the F1 plant of the D2 population

(D = Strube-Dieckmann, Sülbeck, Germany) used for

segregation analyses later. The panel included five more

unrelated breeding lines being part of segregating popula-

tions not analysed here, an F1 line which was derived from

a cross between one of the lines of the SNP panel and an

unrelated line as well as a further F1 line which was derived

from a cross between two additional breeding lines. The

latter F1 lines were included to assess SNPs qualitatively in

the two additional populations which were not analysed

further in the presented work. The enlarged SNP screening

panel also contained one genotype each of red beet, Swiss
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chard, and Beta vulgaris ssp. maritima. Plant leaf material

or DNA is available against material transfer agreement

from either KWS SAAT AG or Strube Dieckmann.

Genomic DNA from three F2 populations was used for

segregation analyses. The K1 population had 97 F2 indi-

viduals, the K2 population which was previously described

as population 618 (Schneider et al. 1999, 2001, 2002;

Hunger et al. 2003) had 108 lines, and 100 F2 genotypes

were available for the D2 population.

Selection of target sequences for SNP marker

development and marker nomenclature

DNA sequences were determined from cloned genomic

DNA fragments previously used in RFLP hybridization

experiments (Barzen et al. 1992, 1995; Pillen et al. 1992,

1993; Schondelmaier et al. 1997; Schumacher et al. 1997).

To simplify RFLP marker nomenclature pKP probes were

renamed as KI_R, and markers developed at the MPIZ

Cologne were labeled MP_R both followed by four digits

which incorporate the previous marker number. Sequences

of either full or partial RFLP probes used for SNP discovery

and segregation analyses were deposited in the EMBL/

GenBank database under the accession numbers

ED018871–ED018916, ED982889–ED982906, ED828992–

ED828995, ED829000–ED829001, ED829016, ED829013,

ED829017, ED809022 and ED809032–ED809036 and are

accessible via http://www.gabi.rzpd.de. RFLP sequences

were compared to all non-redundant GenBank CDS trans-

lations, PDB, SwissProt, PIR and PRF entries excluding

environmental samples using BLASTX 2.2.14 (7 May

2006), and those retrieving coding sequences with e-values

lower than e–20 were considered as genuine genes. Acces-

sion numbers, fragment sizes and annotations are listed in

Table S2.

Transcribed sugar beet genes were selected from the

Sputnik database (Rudd 2005) comprising about 10,000

unique EST sequences (Herwig et al. 2002) at the time of

the analysis. In line with the RFLP marker nomenclature,

names of EST-derived markers were composed of a prefix

indicating the laboratory of origin (TG for TraitGenetics,

KI for Kiel, and MP for MPIZ Cologne) followed by ‘‘_E’’

and a four digit number.

DNA sequencing

Purification of DNA templates to be sequenced involved the

removal of unincorporated dNTPs and primers from the

PCR assays using the ExoSAP-IT kit (Exonuclease I/

Shrimp Alkaline Phosphatase enzyme mixture, USB,

Cleveland, Ohio, USA) or 96 well NUCLEOFAST filter

plates (Macherey-Nagel, Düren, Germany). Comparative

sequencing of PCR products was performed either on ABI

Prism 377 and 3700 sequencers using Big Dye Terminator

chemistry at the ADIS DNA core facility at MPIZ or on

ABI3100 sequencers with 50 cm capillary arrays using the

Big Dye Cycle sequencing Kit 2.0 at TraitGenetics (all from

Applied Biosystems, Darmstadt, Germany). Sequencing

was also used for genotyping of SNPs where indicated.

DNA sequence analysis for SNP identification

At TraitGenetics, batches of tracefiles representing distinct

loci were evaluated by the PHRED/PHRAP/POLYPH-

RED/CONSED software suite (Ewing et al. 1998; Ewing

and Green 1998; Gordon et al. 1998; Nickerson et al.

1997). The software performed base calling, assignment of

quality values, sequence assembly, automatic SNP detec-

tion and sequence editing. Polymorphisms within sequence

contigs were identified by coloured tags and verified

through visual inspection. At MPIZ and the University of

Kiel the GCG software package (Genetic Computer group,

University of Wisconsin at Madison, version 10.2) and the

software package of Seqman� (DNASTAR, GATC Bio-

tech, Konstanz, Germany) were used for SNP identifica-

tion, respectively.

DNA sequence comparisons to the A. thaliana genome

Sugar beet EST sequences were compared to cDNA

sequences from A. thaliana available from TIGR (ftp://

ftp.tigr.org/pub/data/a_thaliana/ath1/SEQUENCES/

ATH1.cdna, version 5.0). An expected value of e–20 or

smaller was used as a threshold to select similar sequences.

Detection of DNA polymorphisms affecting multiple

bases

Deletions as small as 2 bp were examined by fragment

analysis. For target amplification oligonucleotide primer

pairs were designed using the Primer 3.0 program (Steve

Rozen and Helen J. Skaletsky, Whitehead Institute for

Biomedical Research). Primers of approximately 20 bp

length were selected for a GC-content between 20 and

80%, and a melting temperature between 57 and 63�C

(optimum 60�C). Forward primers were labeled with the

fluorescent dyes FAM, HEX or ROX. PCR amplification

was performed with approximately 25 ng of genomic

template DNA, 1 · PCR buffer (50 mM KCl, 10 mM

Tris–HCl pH 8.3), 1.5 mM MgCl2, 0.15 lM of each pri-

mer, 0.25 mM dNTPs and 0.3 U of Taq polymerase (Pro-

mega, Mannheim, Germany) in a total volume of 10 ll.

Thermocycling started with a denaturation step for 3 min at

94�C followed by 45 cycles of 1 min at 94�C, 1 min at 55,

60 or 65�C depending on the marker, 2 min at 72�C.
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Reactions were stopped after a final extension step of 72�C

for 7 min. Samples containing 0.5–1 ll PCR product of up

to three differently labelled markers, 1 ll internal size

standard and 9 ll Hi-Di formamide were separated using

36 cm capillary arrays on an ABI3100 machine (Applied

Biosystems, Darmstadt, Germany). Alleles were detected

using the GeneScan/Genotyper� software package (Ap-

plied Biosystems, Darmstadt, Germany). In few assays

more than one locus segregated; in these cases loci were

distinguished by small letters following the marker name.

SSCP (single strand conformation polymorphism) was

detected by non-denaturing polyacrylamide gel electro-

phoresis as previously described (Schneider et al. 1999).

SNP detection

Pyrosequencing assays were designed using PSQ Assay

Design Software (Biotage AB, Uppsala, Sweden). PCR was

performed in 25 ll volume with approximately 25 ng of

genomic template DNA, 0.2 lM of each primer, 0.5 U of

Taq polymerase (Promega GmbH, Mannheim, Germany)

and the same concentration of other ingredients as in frag-

ment analysis. Thermocycling started with a denaturation

step for 3 min at 95�C followed by 50 cycles of 15 s at 95�C,

30 s annealing temperature (depending on the marker 50, 55

or 60�C), 15 s at 72�C and stopped after a final extension

step of 72�C for 7 min. Samples were processed with the

PSQ HS 96 SNP Reagent Kit (Biotage AB, Uppsala,

Sweden) and analysed on a PSQ HS 96A pyrosequencer.

SNaPshot assays were performed essentially as de-

scribed in Möhring et al. (2004). Primers extended for the

SNP position by a fluorescently labelled nucleotide were

analysed on an ABI Prism 310 sequencer (Applied

Biosystems, Darmstadt, Germany).

MALDI TOF MS analysis was carried out by the external

service provider GAG BioScience GmbH (Bremen,

Germany) using an Autoflex mass spectrometer (Bruker

Daltonik GmbH, Bremen, Germany) to analyse extended

primers.

Statistical evaluation of SNPs

SNPs, raw data on frequencies, and haplotype structures

were extracted with special scripts (details available upon

request). Heterozygosity for a single SNP locus was cal-

culated as hj ¼ 1�
Pm

i¼1

p2
ij in which m is the number of

alleles, Pij the frequency of the allele i at this locus in a

randomly mating population in Hardy-Weinberg equilib-

rium (Nei 1987). The same algorithm describes the quan-

tification of PIC, polymorphism information content

(Anderson et al. 1993). The average heterozygosity over all

loci, H, which provides an estimate of the heterozygosity

expected in a random pair of lines was determined as

ĥj ¼ nð1�
P

p2
ijÞ=ðn� 1Þ with n being the number of

lines tested for a single locus, and Ĥ ¼
Pr

j¼1

hj=r with r being

the number of loci in the analysis. Nucleotide diversity is a

measure for DNA sequence variability at a locus, and it

was calculated as p = K/L with K being the number of

differences per nucleotide site and L being the sequence

length in bp (Nei and Li 1979). Concerning EST-derived

loci the DNA sequence from the line K1P1, parent 1 of the

mapping population K1 was taken as the reference in all

comparisons. For RFLP loci DNA sequences were com-

pared to the sequence of the original RFLP hybridization

probe. The average nucleotide diversity across all DNA

fragments corresponds to the total number of variant sites

divided by the total sequence length analysed (Li and Sa-

dler 1991).

Map calculation

Maps were calculated using JoinMapTM software, versions

2.0 and 3.0 (Stam 1993; Stam and van Ooijen 1995) using

previously mapped markers for identification of the nine

linkage groups of sugar beet according to Schondelmaier and

Jung (1997). Markers were grouped at LOD = 4, and map

positions were determined in each linkage group according

to Kosambi (1944). All recombination rates up to r = 0.4999

within a linkage group were taken into account to allow the

inclusion of more distant loci which are not closely linked,

therefore also the LOD threshold for map calculation was set

to the minimum of 0.0001. Further selected parameters

include a RIPPLE value of 1, a JUMP THRESHOLD of 5,

and a TRIPLE THRESHOLD of 5. Maps were drawn with

the program MapChart (Voorrips 2002).

Availability of the sequence alignments and marker

assay information

Requests for detailed information concerning the amplifi-

cation primers for the investigated amplicons, the full se-

quence alignments and the available marker assay

information should be directed to Christian Jung or Martin

Ganal. Information will be released upon signature of a

material transfer agreement.

Results

Detection of sugar beet SNPs in selected lines based

on RFLP and EST sequences as targets

Target sequences for SNP marker development were

selected from (1) around 200 previously mapped RFLP
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markers, (2) previously mapped candidate genes, and (3)

approximately 10,000 unique sugar beet EST sequences.

SNP statistics in sugar beet

SNP analysis was performed at the level of genomic DNA

using 315 ESTs and 43 RFLP sequences as source se-

quences for which genomic alignments of at least 100 bp

length were available including up to 16 diploid lines of the

SNP panel (Table 1). Concerning individual partly selfed

breeding lines that contain residual heterozygosity, het-

erozygous positions were identified in 16% of the se-

quences generated for the analysed EST and RFLP loci on

average. Heterozygous loci from parental lines were ex-

cluded from SNP identification. The ambiguities generated

by heterozygous SNPs could be resolved by amplicon

cloning and sequencing. Also, heterogeneous patterns from

direct sequencing could be attributable to paralogous se-

quence variants (PSVs) as well as heterozygous allelic

SNPs. Among otherwise unrelated lines the panel included

two F1 genotypes of which one parental line may be

present in the same sequence analyses. In those cases, the

frequency of the allele present in the parental line and the

F1 was overestimated. However, the bias introduced was

minor, and the results were not corrected further. As to the

qualitative analysis of SNPs, the inclusion of the F1 lines

allowed a complete and correct evaluation in populations

for which only one parental line was available. But only in

case of the D2 population identified SNPs were used for

marker development and mapping in the presented work.

However, sequence analysis was not possible in the case of

indels in the analysed fragments. Only those RFLP loci

were selected which did not show similarity to any other

sequence at an e-value of e–20. Thus, our analysis com-

prised three target sequence classes, the RFLP sequences

which were considered non-coding, and the genomic

amplification products based on EST sequences which

were separated in exons and introns. Separate analyses

were performed either for sugar beet breeding lines only or

for the full panel including the three additional Beta

genotypes which might contain other alleles than the sugar

beet breeding pool. As the non-sugar beet genotypes were

Table 1 Statistics on SNPs identified in 315 EST-derived and 43 RFLP-derived sugar beet loci

SNP analysis of 315 EST-derived loci 43 RFLP-derived loci

Plant material tested Sugar beet

breeding lines

Sugar beet

breeding lines

Sugar beet breeding

lines + other Beta
cultivars/B. maritima

Average number of genotypes in alignment 9.5 8.9 10.4

Average alignment length (bp) 286 397 378

Total alignment length (bp) 89,941 17,074 16,265

Total length of exon sequence (bp) 80,631 – –

Polymorphic alignments 265 39 40

Number of single and multiple nucleotide polymorphisms 1,486 510 577

Frequency of single and multiple nucleotide polymorphisms (1/bp) 60.5 33.5 28.2

Number of SNPs 1,246 295 345

Frequency of SNP in total sequence (1/bp) 72.2 57.9 47.1

Frequency of SNP in exons only (1/bp) 74.7 – –

Frequency of SNP in introns only (1/bp) 55.7 – –

Ratio transition/transversion 1.64 1.27 1.37

Average frequency of minor allele 0.24 0.28 0.24

Fraction of biallelic SNPs with a minor allele frequency lower than 0.1 0.19 0.15 0.27

Percentage triallelic SNPs 0.80 1.02 1.17

PIC-value of SNPs 0.33 0.37 0.32

Average heterozygosity of SNPs 0.36 0.42 0.36

Nucleotide diversity p (only polymorphic alignments included/all

alignments included

0.0055/0.0048 0.0074/0.0070 0.0071/0.0069

Frequency of single and multiple base indel (1/bp) 1,249.2 517.4 396.7

Average number of haplotypes (with/without loci represented

by just one haplotype)

2.7/2.8 2.7/2.8 3.2/3.3

Average heterozygosity of haplotypes (with/without loci

represented by just one haplotype)

0.52/0.56 0.56/0.59 0.58/0.60
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present in only 120 of the 315 EST-based alignments we

focus here on the results obtained for sugar beet lines only.

For RFLP-derived loci sequences of the other genotypes

were included in 36 of the 43 analysed alignments, and we

present the results for sugar beet lines only and the en-

larged panel (Table 1). As PCR amplification and DNA

sequencing were less efficient in the three other Beta

genotypes the complete set of sequences was only achieved

in few cases.

Nearly 90 kb of EST-based alignments were sequenced

in about 9.5 genotypes with an average alignment length of

286 bp amounting to a total sequence of 875 kb. The

analysis of RFLP sequences was based on more than 16 kb

compared in 10.4 genotypes of the complete panel with an

average alignment length of 378 bp. Excluding the non-

breeding lines, the average alignment length was nearly

400 bp, in total 17 kb were sequenced in on average 8.9

sugar beet lines. In the EST-based analysis the frequency of

polymorphisms for single and multiple nucleotides as

multibase substitutions or indels was 1/60.5 bp. Concern-

ing only SNPs the frequency decreased to 1/72.2 bp with

one SNP every 74.7 bp in exons and one SNP every 55.7

bp in introns. In RFLP-derived sequences this value was 1

SNP every 57.9 bp considering breeding lines only, and 1

SNP every 47.1 bp when other Beta genotypes were added.

When polymorphisms affecting more than one nucleotide

were included the frequency rose to 1/33.5 bp among

breeding lines, and to 1/28.2 in the full panel. In both ESTs

and RFLPs transitions (i.e. substitutions of a pyrimidine

base by a pyrimidine base or a purine base by a purine

base) outnumbered transversions (i.e. exchange between

pyrimidine and purine bases), in RFLPs the transi-

tion:transversion ratio was 1.27 when breeding lines were

compared, and in ESTs it was 1.64. The average frequency

of the minor SNP allele ranged between 0.24 and 0.28. In

less than 20% of all biallelic SNP markers, the frequency

of the minor allele was below 0.1; the percentage of

fragments having less common alleles increased to 27%

when only RFLP markers were tested in the full genotype

panel. The fraction of triallelic SNPs was around 1% for all

markers. PIC-values of SNP markers, which measure the

polymorphism information content (Anderson et al. 1993)

indicating the value of the marker for segregation analyses,

ranged between 0.32 and 0.37. The average heterozygosity

of SNP markers was 0.36 except in RFLP-derived loci

amplified from sugar beet lines in which it was 0.42.

Nucleotide diversity p was 5.5 · 10–3 for EST-derived loci

when only polymorphic alignments were analysed, and the

value decreased to 4.8 · 10–3 when also monomorphic

alignments were considered. For non-coding RFLP loci p
rose to 7.4 · 10–3 in the sugar beet lines (7.0 · 10–3

including monomorphic alignments), both values changed

little upon the inclusion of non-sugar beet lines. Single and

multiple base indels occurred at a frequency of one every

1,249.2 bp in EST-derived alignments, and one every

517.4 bp in RFLP sequence comparisons of sugar beet

lines. Upon addition of the other Beta genotypes the indel

frequency rose to 1/396.7 bp.

Haplotypes define the linkage between the alleles at two

or more SNP loci if the theoretically possible allele com-

binations are not in equilibrium, a situation already known

from sugar beet (Schneider et al. 2001). Based on 260

alignments of EST-derived loci the average number of

haplotypes was 2.7 with a minimum of one and a maxi-

mum of six haplotypes in a single case. When 19 mono-

morphic alignments were excluded the mean value of

haplotype number rose to 2.8. In 37 polymorphic align-

ments of non-coding RFLP sequences also 2.7 haplotypes

were identified on average. To establish a relation between

the length of the sequenced alignments, the total number of

polymorphisms and the number of haplotypes we selected

201 EST-derived alignments with at least two polymor-

phisms and two haplotypes and plotted the average number

of polymorphisms and haplotypes against the alignment

length (Fig. 1). As the sequences of the two heterozygous

F1 lines could not be used for the identification of haplo-

types, but entered the calculation of polymorphisms the

latter may be slightly overestimated. A continuous increase

in the number of polymorphisms was observed with

alignment lengths increasing from 100 bp to 763 bp.

However, the haplotype number remained almost constant

at nearly three.

For EST-derived markers, the average heterozygosity of

haplotypes was 0.52 or 0.56 depending on whether loci

represented by just one haplotype were included or not, for

RFLP-derived markers the values were slightly higher

(Table 1).
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Fig. 1 Dependence of the number of polymorphisms and the number

of haplotypes from the size of the amplified gene fragment. 201 EST-

derived marker fragments were grouped into five classes according to

their alignment length, and their average numbers of polymorphisms

(white columns) and haplotypes (black columns) including standard

deviations were indicated. n number of alignments per class
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Establishment of marker assays by different

methodologies using single nucleotide polymorphisms

For 538 sugar beet loci marker assays were developed, and

712 segregation analyses were performed. Information on

which technique was applied for which marker in each of

the three populations is available from Table S3. We

developed both SNP marker systems for which the exact

nature of the base substitution needs to be known, and

markers for which the knowledge of the variant nucleo-

tide(s) is not necessary.

The most common strategy used here involved initial

amplification of the target sequence followed by annealing

and extension of a sequence-specific primer just upstream

from the SNP position. In 193 segregation analyses, dif-

ferences in the extended primers were detected by MALDI-

TOF mass spectrometry. Detection of different fluores-

cently labelled nucleotides at the SNP positions provided

segregation data for 103 SNaPshot analyses. Additionally,

in 121 segregation analyses, pyrosequencing was used

which involves the direct determination of the nucleotides

next to an SNP position. For 24 loci the allelic situation of

the genotypes was determined by conventional sequencing.

Other techniques which exploit polymorphisms without

knowledge of the variant nucleotide position(s) included

CAPS (cleaved amplified polymorphic sequence, Kon-

ieczny and Ausubel 1993) with five segregation analyses,

and single strand conformation polymorphism (SSCP) with

further 140 segregation analyses. In 126 cases, length

polymorphisms of amplified fragments were scored either

conventionally in agarose gels or by capillary electropho-

resis using fluorescently labelled primers.

All markers were scored co-dominantly except for

TG_E0502, TG_E0502a, TG_E0502b, TG_E0518, TG_

E0591, TG_E0578, TG_E0128, MP_E0050, MP_E0010,

MP_E0139, MP_R0150, MP_E0036, MP_R0178, and

MP_E0056.

Assembly of SNP-tagged loci in linkage maps

of sugar beet

For map construction, 712 segregation analyses were

considered of which 305 constitute the linkage map of the

K1 population, 241 were used for the construction of the

linkage map of the D2 population, and 166 for the K2

population. The three maps shared 138 markers which

were polymorphic in two, and 18 markers which were

polymorphic in all three populations (Fig. 2). For identi-

fication of linkage groups 80 previously mapped markers

were integrated. Among these were 24 candidate genes

related to carbohydrate metabolism and disease resistance

(Schneider et al. 2002; Hunger et al. 2003), and 56 rep-

resented RFLP markers. Based on this marker framework

the map positions of 458 new EST-derived markers were

determined.

The linkage map of the K1 population comprised

599.8 cM, the D2 map 636.6 cM, and the linkage map of

the K2 population was 507.1 cM long (Fig. 3). This cor-

responded to theoretical marker densities of one marker per

2 cM in the K1 population, one marker per 2.6 cM in the

D2 population, and one marker per 3 cM in the K2 popu-

lation, respectively. However, the K1 map revealed 10

regions larger than 10 cM without marker, the K2 map had

7 such regions, and the D2 map 15 regions indicating an

uneven marker distribution due to varying recombination

frequencies along chromosomes. The three single maps

were integrated to produce a map of 664.3 cM with 524

loci (Table S4).

Classification of expressed genes in the genetic map

of sugar beet

Among 482 mapped EST sequences, 347 retrieved similar

sequences from A. thaliana (see ‘‘Materials and methods’’),

which were classified manually with respect to their

function (Table 2, Table S5). Most gene products were

predicted to function as enzymes involved in primary or

secondary metabolism, in regulation or signal transduction

pathways, and in biotic or abiotic stress responses. Among

mapped RFLP-derived markers ten more sequences with

high similarities to coding genes were identified of which

four were associated with particular functions (Table S2).

Comparison of similar loci in the sugar beet genetic

map and the A. thaliana genome sequence

For 377 EST-derived loci present in the integrated sugar

beet map (Table S4) the most similar A. thaliana sequence

having an e-value of e–20 or smaller was determined.

Chromosomal locations and nucleotide start positions of

the respective genes were obtained from the AGI Map

(http://www.arabidopsis.org/servlets/mapper).

According to Dominguez et al. (2003) three criteria had

to be fulfilled as a threshold for non-random linkage

K1

K2 D2

171

94 117

32 84
18

22

Fig. 2 Venn diagram showing the distribution of mapped markers in

the three populations K1, K2 and D2
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between conserved sequences in two species. Loci forming

a block in sugar beet had to cover no more than one percent

of the genetic map corresponding to 6.6 cM. The related

loci in A. thaliana were required to be within a distance of

1.2 Mbp which is one percent of the total genome sequence

to our present knowledge. Thirdly, only blocks of at least

three markers were considered.

Applying these criteria, twenty blocks comprising be-

tween three to six loci each in both sugar beet and A.

thaliana were identified (Table 3; all markers in Table S6).

Within the blocks the order of genes was co-linear with few

exceptions. For each sugar beet linkage group at least one

conserved block was found in one of the five chromosomes

of A. thaliana except for chromosome 2 on which no

similar sequences were found. A. thaliana chromosome 4

contained eight blocks deriving from six different sugar

beet linkage groups with a total of 27 EST-derived mark-

ers. Some blocks in the sugar beet genome appeared to be

in close proximity and/or were partly overlapping like

blocks 1 and 2 of LGs V, VIII and IX. Whereas the two

blocks of LG V were associated with two different A.

thaliana chromosomes the two blocks of each LG VIII and

IX were similar to different regions of A. thaliana chro-

mosome IV. In total the conserved blocks identified here
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Fig. 3 Sugar beet genetic maps

of the three populations K1, K2
and D2. Marker names are given

at the right side of each linkage

group, at the left side
cumulative genetic distances are

indicated. Markers which could

only be mapped in the third

round of the Joinmap program

are indicated in italics. Markers

common between two

populations are linked
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cover 11.5% of the length of the integrated sugar beet map

and 7.6% of the A. thaliana genome sequence.

Discussion

Analysis of DNA sequence polymorphisms

in sugar beet

The degree of DNA sequence polymorphism detected in a

species depends largely on the type of germplasm used and

the number of lines chosen for the analysis. For sugar beet

a panel of 16 lines including 13 breeding lines and F1

genotypes as well as two other Beta vulgaris cultivars,

swiss chard and red beet, and one representative of Beta

vulgaris ssp. maritima was selected. The three additional

genotypes were intended to indicate the diversity outside

the breeding pool.

A second factor influencing the degree of polymorphism

detected is the type of loci selected for the analysis. Here,

315 EST-derived loci were taken as source to analyse

fragments of expressed genes at the genomic level which

are expected to be conserved at least in exons, and 43

RFLP sequences were chosen to represent non-coding
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Fig. 3 continued
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sequences which are expected to tolerate more mutational

events leading to higher levels of polymorphism.

With regard to EST-derived loci for which we only

considered sequences of sugar beet lines the frequency of

polymorphisms affecting one or more nucleotides was

determined to be 1/60.5 bp, for SNPs only it was 1/72.4 bp

(Table 1). This frequency was higher than the previously

published value of 1/130 bp (Schneider et al. 2001).

However, in this pilot study, only two breeding lines

and 37 gene fragments were investigated. In maize, an
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outcrossing species like sugar beet, frequencies of one

polymorphism (SNP or indel) per 41 bp and one SNP per

60.8 bp were observed when 18 gene fragments were

analysed in 38 inbred lines (Ching et al. 2002). For the

outbreeding forage grass species Lolium perenne a fre-

quency of 1 SNP/54.1 bp was observed in the analysis

of 100 candidate genes (Cogan et al. 2006). Thus, the

polymorphism frequency determined here for sugar beet is

in line with those of other outcrossing species. In

inbreeding species polymorphisms were found at a much

lower rate. SNP rates in coding regions of selfing species

were 1/333 bp in rice (Yu et al. 2005), 1/200 bp in barley

(Rostoks et al. 2005), 1/191 bp in soybean (Van et al. 2005)

and 1/336 bp in A. thaliana (Schmid et al. 2003).
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Fig. 3 continued
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The average frequency of the minor SNP allele of all

biallelic loci was 0.24 except for the RFLP-derived loci

analysed in sugar beet breeding lines in which it was 0.28.

In case of biallelic SNPs with frequencies of 0.76 for the

major and 0.24 for the minor allele the probability to find

two different alleles in a random cross is 1 –

(0.762 + 0.242) = 0.36. This value expresses the average

heterozygosity of SNPs (Table 1). Taking a minor allele

frequency of at least 0.10 as a threshold for a common

SNP, more than 80% of SNPs discovered here in the sugar

beet breeding germplasm fall into this category.

The ratio of transitions to transversions was always in

favour of transitions with values of 1.66 for EST-derived

loci and 1.24–1.38 for RFLP-derived loci. This is compa-

rable to the ratio of 1.53 in maize (Ching et al. 2002), but

lower than the ratios of 2.12 in soybean (Van et al. 2005)

and 2.39 in barley (Rostoks et al. 2005).

Concerning EST-derived sugar beet loci the average

number of haplotypes detected was 2.7 or 2.8 depending

on whether or not monomorphic loci represented by just

one haplotype were included. In RFLP-derived non-cod-

ing loci a slightly higher value of 3.2 was only observed

in the subset in which the non-sugar beet genotypes were

included (Table 1) indicating the potential of germplasm

from outside the sugar beet breeding pool. This result

supported the previous sugar beet pilot study in which

three haplotypes were identified for the majority of the

ten analysed gene fragments (Schneider et al. 2001). The

presented results also indicate that the linkage disequi-

librium determining the haplotypes most likely exceeds

the size of the tested fragments because the number of

haplotypes remained stable in fragments of 100 up to

763 bp (Fig. 1). A similar situation was found in maize

with 3.6 haplotypes on average per gene, and the size of

haplotype structures was determined to be larger than

500 bp in elite breeding germplasm (Ching et al. 2002).

In inbreeding barley there were 2.81 haplotypes when the

monomorphic loci were excluded (Rostoks et al. 2005),
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Table 2 Functional classification of 347 annotated loci mapped in

the sugar beet genome

Functional classes of mapped sugar

beet loci

Number of

loci/class

Carbohydrate metabolism 54

Amino acid metabolism 18

Lipid metabolism 15

Nucleic acid metabolism 9

Cell cycle/cytoskeleton 10

Protein synthesis 15

Protein degradation 25

Cofactor biosynthesis 5

Secondary metabolism/cell wall biosynthesis 42

Energy/redox processes 36

Photosynthesis 9

Regulation/signal transduction 67

Disease resistance 11

Stress 14

Transport 17
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and also in soybean only between 1 and 5 different

haplotypes were identified when 66 fragments were

analysed in 25 genotypes (Zhu et al. 2003). These results

indicate a deficiency in the haplotype variation irrespec-

tive of the fertilization system. For further breeding

within the sugar beet germplasm displaying up to six

haplotypes as revealed in our analysis no more than 3–4

SNP loci should be considered sufficient to unambigu-

ously determine the haplotype in any given genotype.

Three haplotypes reflecting the average number should be

distinguishable by just two polymorphic sites. For hapl-

otypes the average heterozygosity ranges between 0.52

and 0.6 depending on loci and germplasm used (Table 1).

Thus, there is a probability of up to 60% that the hapl-

otypes of any given locus differ in a random cross be-

tween lines of the respective Beta germplasm, a value

similar to that found for alleles identified by SSCP and

heteroduplex analysis (Schneider et al. 2001). The po-

tential of haplotypes clearly exceeds that of single

nucleotide polymorphisms to detect polymorphisms be-

tween lines. Apart from using techniques which detect

multibase polymorphisms like SSCP analysis haplotype

signatures are amenable to the high throughput level e.g.

by multiplex SNP assays on mass spectrometry platforms

(Ragoussis et al. 2006).

Construction of genetic maps based on SNPs

To our knowledge we present here the most comprehensive

genetic maps of sugar beet based on co-dominantly scored

markers mainly derived from sequences of expressed genes

(Fig. 3). The order of anchor markers was largely con-

served between the different maps. Except for a number of

minor changes within small intervals of the linkage groups

which may be due to the relatively small size of the pop-

ulations and insufficient map resolution, obvious differ-

ences in map position assignments were only found for

very few markers like MP_R0058 and MP_E0091 on

linkage groups V and IX indicating potential genotyping

errors. Whereas Schumacher et al. (1997) failed to inte-

grate three maps due to different population structures,

difficulties in the evaluation of common multilocus RFLP

markers and incompatibilities in mapping programmes our

strategy with three F2 populations and only sequence-tag-

ged robust marker systems allowed us to produce an inte-

grated map based on 524 loci with a length of 664.3 cM

(Table S4). The integrated map displayed only four regions

larger than 10 cM without markers and has a theoretical

average density of one marker per 1.4 Mbp of the sugar

beet genome for which a physical size of 758 Mbp was

estimated (Arumuganathan and Earle 1991).

Table 3 List of syntenic blocks identified in the genomes of sugar beet and A. thaliana based on 377 mapped EST-derived sugar beet markers

for which similar sequences were identified in the A. thaliana genome with e-values smaller than e–20

LG sugar beet Block Most proximal

sugar beet locus

Number of

loci/block

Genetic distance on

integrated sugar beet

map covered (cM)

LG

Arabidopsis

Genomic sequence

of A.th. covered (Mbp)

I 1 TG_E0194 3 24.1–29.9 III 21.32–22.46

2 MP_E0078 3 37.1–42.7 III 22.75–22.81

II 1 TG_E0088 3 43.1–45.3 IV 15.86–15.93

III 1 TG_E0201 3 52.7–57.5 III 18.15–18.68

2 MP_E0031 6 60.5–62.9 III 21.10–21.44

IV 1 TG_E0259 4 49.8–56.0 I 18.88–20.04

2 TG_E0136 3 40.7–43.8 V 9.32–9.73

3 TG_E0557 4 59.2–61.7 V 22.33–22.50

V 1 TG_E0513 4 26.9–32.0 I 11.46–11.87

2 TG_E0042 3 29.8–31.0 IV 9.59–10.08

VI 1 TG_E0072 3 51.5–52.7 I 4.63–5.21

2 MP_E0051 3 39.9–46.2 V 25.99–26.67

3 TG_E0048 3 64.5–65.9 IV 16.96–17.83

VII 1 TG_E0056 4 47.3–49.8 III 19.64–19.70

2 TG_E0187 5 40.0–46.1 IV 0.78–1.12

VIII 1 MP_E0042 3 42.9–48.4 IV 2.11–2.75

2 MP_E0052 4 48.4–53.3 IV 8.84–9.65

IX 1 MP_E0139 3 31.2–33.7 IV 16.12–16.40

2 TG_E0140 3 27.8–33.7 IV 17.92–18.22

3 TG_E0318 3 53.3–54.4 V 24.37–24.50
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Applications of SNP-based genetic maps using

expressed genes as markers

Among the 538 loci presented in the genetic maps (Fig. 3)

there were 347 EST-derived and 10 RFLP-derived se-

quences which were annotated with e-values smaller than

e–20 indicating a potential function of the encoded gene

product (Table 2). Plant function maps were generated for

different traits in many species (reviewed in Gebhardt et al.

2005) following the assumption that genes associated with

a particular function in a pathway relevant for the trait have

an increased likelihood to control the trait. Phenotypic data

on sugar yield and quality parameters were previously

generated for the K2 population, and 21 QTLs were de-

tected based on a genetic map of 192 loci of which 75

encode genes in related cellular metabolism (Schneider

et al. 2002). A re-analysis of data incorporating the new

functional markers would reveal whether there are candi-

date genes among them potentially affecting the investi-

gated traits.

Due to DNA sequence conservation of expressed genes

between species a comparison of their map positions reflect

the genome organization of the respective species. Apart

from syntenic regions between closely related species such

as the grasses (Ahn et al. 1993) blocks of conserved gene

order have also been reported for less related species such

as sugar beet, sunflower, potato, Prunus spp. and A. tha-

liana (Dominguez et al. 2003). Whereas Dominguez et al.

(2003) considered multiple redundant A. thaliana se-

quences per locus in the crop species we restricted our-

selves to the most similar sequence which was required to

have an e-value below e–20 and which was then considered

an orthologue. For 377 sugar beet ESTs such A. thaliana

sequences were identified. Under the same criteria for non-

random linkage as used in Dominguez et al. (2003), we

identified 20 blocks containing between three to six loci

each in both sugar beet and A. thaliana (Table 3). Blocks

from one sugar beet linkage group were not always found

together on the same linkage group in A. thaliana indi-

cating that the genomes of both species underwent rear-

rangements separately. There was no obvious co-

localization of blocks with the regions described by Do-

minguez et al. (2003) which may be due to the different

loci analysed, the exclusion of gene redundancy in our

approach and the limited extension of the regions. The

question whether or not the identified blocks really reflect

synteny between sugar beet and A. thaliana can only be

answered by investigating block structure in more detail in

both species. However, our result suggests that co-linearity

between the genomes of sugar beet and A. thaliana may be

restricted to the microsyntenic level. Thus, in the absence

of any other more closely related species from which

molecular information could be transferred to sugar beet

the development of comprehensive genetic and genomic

tools like SNP markers, genetic and physical maps for this

species are essential to understand the structure of the sugar

beet genome, to identify the genes underlying agronomi-

cally important traits and to support breeding efforts.
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Schneider K, Borchardt DC, Schäfer-Pregl R, Nagl N, Glass C,

Jeppson A, Gebhardt C, Salamini F (1999) PCR-based cloning

and segregation analysis of functional gene homologues in Beta
vulgaris. Mol Gen Genet 262:515–524

Schneider K, Weisshaar B, Borchardt DC, Salamini F (2001) SNP

frequency and allelic haplotype structure of Beta vulgaris
expressed genes. Mol Breed 8:63–74
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