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ABSTRACT 

Whether amserved hooIoeoIogons regions emt in the sugar­
beet (Belli vulgaris L) genome was investigated by RFLP anal­
ys& Clones from a sugarbeet Pst I library were hybridized to 
genomic DNA at standard and low stringency. The nwnber of 
loci detected by each cIooe was determined by ewIuatioo of 
RFLP band patterm in segregating Fl populations. Two sepa­
nne experiments were canied out: 1) A toCaI of505 clones that 
had given me to simple band paUerns OIl scnming bkMs and 
been used as RFLP probes at standard stringency in a previ­
oudy reported RFLP mapping project were re-ewluated for 
their DNA sequence copy nmnber. The 43 clones for which an 
eDCt oopy number mold not be determined were re-anaIysed 
at standard stringency in a different F 1 population. In addition, 
the DNA sequence copy number for 50 clones that showed 
more complex band patterns on screening blots was deter­
mined by RFLP anaIysh at standard stringency. 2) The DNA 
sequence copy nmnber of 136 selected clones, evenly dW­
tributed over the pnMomly reported RFLP map, ~ deter­
mined at lowstringency. The two experiments revealed one du­
plicated sequence at standard sbingency and one additional 
duplicated sequence at low stringency. Fm1be1'lDOl'e, 475 oftile 
dooes were coofinned at standard stringency and 94 at low 
stringency as being singIe-copy sequences. The dODes dis-­
tributed randomly over the nine linkage groups of sugarbeet. 
100 two duplicated sequences identified mapped to different 
regions and were SIIITUUIIded by singIe-aJpy ~ Thm, 
no major hooIoeoIogons regions in the sugarbeet genome were 
revealed. 
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Sugarbeet (Beta vulgaris L.) is a diploid species with a haploid 

chromosome number ofnine. This is also the basic chromosome num­
ber of other Beta species, and of species in several closely related gen­

era such as Chenopodium and Atrip/ex. The karyotype of sugarbeet 
consists of similarly sized metacentric or submetacentric chromo­
somes that generally lack pronounced landmarks (Bosemark and Bor­
motov 1971; Cistue et al. 1985). The small size ofthe chromosomes is 
reflected by a haploid genome size of 1.2 x 109 basepairs (Bennet and 
Smith 1976). The genome consists of approximately 60% repetitive 
DNA (Flavell et aI., 1974), much of it organized as satellite DNA in 

tandem arrays of a few hundred bp (Schmidt et al. 1991; Schmidt and 

Heslop-Harrison 1993). In addition, the repetitive DNA contains di, 

triM, and tetra-nucleotide microsatellite repeats (Schmidt et al. 1993; 
Morchen et a1. 1996), and several types of interspersed retrotrans­
posons (Schmidt et a1. 1995). 

Information on the structure and function of the sugarbeet 
genome has been generated in molecular marker studies aimed at con­

structing linkage maps of the genome (Pillen et al. 1993; Barzen et a1. 
1995; Uphoff and Wricke 1995; Hallden et a1. 1996; Nilsson et al. 

1997). In the most extensive map of sugarbeet, involving more than 

400 RFLP markers covering 621 cM (Hallden et a1. 1996), the mark­

ers formed one dense cluster for each linkage group, indicating recom­

bination in sugarbeet tends to be localized towards the ends of the 

chromosomes. This pattern has also been confirmed using RAPD 

markers (Nilsson et a1. 1997). Resistance genes and genes determin­

ing annual growth habit, monogerm see<L hypocotyl color and fertility 

restoration have been located on several of these maps (pillen et al. 

1993; Barzen et a1. 1995; Uphoff and Wricke 1995; Hallden and Nils­

son, unpublished results). 

Compared with other marker technologies, RFLP analysis is well 

suited for comparative genome mapping because RFLP markers are 

codominant, phenotypically neutral, highly abundant, and highly reli­

able. In addition, since RFLP analysis is based on the detection of 
DNA polymorphisms through hybridization with cloned DNA se­

quences, diverged DNA sequences can be detected by use of a low 

stringency hybridization strategy. It is thus possible to map DNA se­

quences evolutionary related to each other, both within and between 

genomes. In the present study we utilize these advantages of RFLP 

analysis to study the genome structure of sugarbeet with respect to the 
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occurrence of conserved duplicated regions within the genome. 

We employ a previously reported sugarbeeet genomic library and 

RFLP map of sugarbeet (Hallden et a1. 1996) as a basis for the 

study. 

MATERIALS AND METHODS 

Plant material. Eight sugarbeet lines, chosen to represent the 

typical variation in a sugarbeet breeding program, were screened 

for DNA polymorphisms. Five different lines were used to produce 

three segregating F2 populations of 330, 222 and 133 individuals. 

The latter two populations formed the basis for the high density 

RFLP map of sugarbeet reported previously (Hallden et a l. 1996). 

Genomic library. The sugarbeet genomic library used in this 

study has been described in Hjerdin et al. (1994) and Hallden et al. 
(1996). It was produced by using the methylation sensitive restric­
tion enzyme Pstt I to digest sugarbeet DNA and selecting DNA 
fragments in the range of500-2,000 bp. The DNA fragments were 

ligated into pUC 19 and were used to transfonn E. coli. 
Clones of the genomic library had previously been hybridized 

to filters containing DNA from eight sugarbeet genotypes digested 

by the restriction enzymes Eco RI, Hind III and &0 RV. The ge­

nomic clones were grouped into three classes (Table 1), based on 
the complexity of the band patterns. 

All clones not confinned to be single-copy were checked for 
multiple inserts by restriction analysis, using Pst I. Recombinant 
plasmids were isolated according to the alkaline lysis method of 
Sambrook et al. (1989). 

Table 1. Classification of library clones of sugar beet (see 

Materials and Methods for a description of the library). 

DNA sequence No. of No. of clones 
copy number clones evaluated in F2 

populations 

Low 856 505 

Medium 89 50 

High 1154 

Sum 2099 550 
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DNA isolation. Leaf tissue of parents and F2 individuals was 
freeze-dried and ground in a coffee grinder to a fine powder. The pow­
der was mixed with CTAB extraction buffer (0.7 M sodium chloride, 
0.1 M Tris, pH 7.5, 0.01 M EDT A 1 % (w/v) N-Cetyl­

N-N-N-trimethylammonium bromide (CT AB) 1% (v/v) B-mercapt­

oethanol) and incubated at 60° C for 60 min. Each sample was mixed 

with an equal volume of24:1 chlorofonn to iso-amylalcohol and cen­

trifuged for 10 min at 900 g. The DNA was precipitated using 0.8 

volumes of isopropanol. The precipitated DNA was washed in 760/0 

ethanol, 0.2 M sodium acetate for 20 min and rinsed in 76% ethanol, 

0.01 M ammonium acetate. The DNA was dissolved in 0.01 M Tris, 

0.001 M EDT~ pH 8.0 and centrifuged at 15,000 g for 10 min. The 

DNA concentration was determined flourometrically using the dye 

Hoechst 33258. 

Restriction enzyme digestion and Southern transfer. The DNA 

samples were digested for 5 h using 5 uI~g DNA and the restriction 

endonucleases &0 RI, Hind III and Eco RV. The DNA fragments 

were separated by gel electrophoresis using 0.8% agarose gels 

(SeaKem ME), denatured for 30 min in 0.2 M sodium hydroxide, 0.6 
M sodium chloride and neutralized for 30 min in 0.5 M Tris, pH 7.5 
1.5 M sodium chloride. The DNA was transferred by Southern trans­

fer to MSI-membranes using 0.025 M sodium phosphate as transfer 
buffer. The membranes were washed in 2 x SSC (SSC; 0.15 M sodium 

chloride, 0.015 M sodium citrate) and UV-crosslinked at 120,000 ~J. 

Labelling and hybridization. PCR based labelling of DNA was 
performed using a_32P_dCTP (3,000 Cilmmol) (Giissowand Clackson 

1989). Excess nucleotides were removed using Sephadex-G50 spin 
column chromatography. The probes were denatured by heating to 
100° C for 10min before being added to the hybridization buffer (10% 

(w/v) polyethyleneglycol (mol wt 8,000), 0.6 x SSC, 7% (w/v) SDS, 

0.01 M sodium phosphate, 0.005 M EDTA 100 mg/mt denatured and 

sonicated salmon sperm DNA). Standard stringency hybridization 

was carried out overnight at 60° C. The membranes were washed 

three times at room temperature in 0.25 x SSC, 0.2% SDS and subse­
quently washed in the same buffer for 45 min at 60° C. Low strin­
gency hybridization was carried out overnight in the same hybridiza­
tion buffer as above at 50° C. The membranes were washed three 
times at room temperature in 0.5 x SSC, 0.2% SDS and subsequently 

washed in the same buffer for 45 min at 50° C. Hyper-film-MP fi lm 



5 JaDuary-JUDe 1998 No Conserved Homoeologeus Regions 

was exposed to the membranes at -800 C. Probes were removed by 
washing the membranes in 0.1 M sodium hydroxide, 0.2% SDS for 20 
min and then in 0.2 M Tris, pH 7.5,0.20/0 SDS, 0.1 x sse for 20 min. 

Standard stringency experiment. All the autoradiograms pro­
duced during the construction of the previously reported RFLP map 
(Hallden et al. 1996) were re-evaluated to determine whether bands 
could be identified as alleles from a single locus or from two or more 

loci, or whether monomorphic bands made such a detennination im­

possible. Clones for which the number of loci present could not be 
determined in the first two F2 populations were re-analysed in a third 

F2 population. The analysis was performed on DNA, obtained from 
the parents and 21 F 2 individuals, that was digested by the restriction 
enzymes &0 RL Hind III and &0 RV. The investigation aimed at 
detennining the DNA sequence copy number of the 505 clones anal­
ysed at standard stringency hybridization in the previous study, and at 
summarizing the map positions of confirmed single-copy and dupli­
cated sequences in the map (Hallden et al. 1996). The clones of the Pst 
I genomic library used for constructing the RFLP map were exclu­
sively of the low copy category, as determined in screening blots by 
their low band complexity (Table 1). To investigate whether addi­
tional duplicated sequences were present in the class that contained 
more complex band patterns, clones from the medium copy number 
class (Table 1) were selected. Since many of these clones gave rise to 
multiple bands, and hence, could be expected to contain medium copy 
DNA sequences, we selected 50 clones with the lowest band complex­
ity. These were surveyed for three restriction-enzymelF2 population 
combinations. Each combination contained DNA from the two par­
ents and the 21 F2 individuals present in either of the two original 
mapping populations, digested with either Eco RI, Hind III or &0 

RV. The combinations were selected in such a way that all the clones 
were assayed on both populations. 

Low stringency experiment. A selection of 136 clones repre­
senting every third clone from the RFLP linkage map ofHall den et a1. 
(1996) was surveyed at low stringency hybridization to identify diver­
gent homoeologous regions of the genome. Three combinations of the 
restriction enzymes &0 RI, Hind III or &0 RV and of the two origi­
nal F2 populations were examined, as described for the previous exper­

iment. 
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Mapping. The duplicated loci were mapped utilizing the JOIN­

MAP program (Starn 1993), with a tod score of 3.0 being used for 
establishing linkage groups. 

RESULTS 

Standard stringency. A5 indicated, a previous study produced a 

high-density RFLP map of sugarbeet (Hallden et al. 1996). In the pre­

sent study, autoradiograpbs used in the earlier mapping project were 

re-examined to identify clones for which all the bands could be identi­

fied as alleles from a single locus or from two or more loci. Only one 

duplicated sequence was found In agreement with the results of the 

previous study, the duplicated sequence was SB12P-C02, represented 

by the two loci SB12P-C02 and 12C02B oli linkage group 2 (Figure 

1 and 2A). For 43 of the clones, not all the bands could be clearly 

dentified as being alleles from a single locus or from two or more 

lioci, often due to band patterns involving monomorphic bands. Such 

bands probably result from the presence of a restriction-enzyme 

recognition site in the DNA sequence of the probe, although they also 

may indicate the existence of other non-polymorphic locus. All the 
clones for which the number of loci could not be determined were 

re-analysed using a different F 2 population and tluee restriction en­

zymes. This analysis confirmed that 14 of these clones contained a 
single-copy DNA sequence. No additional duplicated loci were de­
tected In summary, 475 of the clones gave rise to band patterns for 
which all bands·could be interpreted genetically as alleles from a sin­
gle locus and only one clone revealed a duplicated sequence. The re­
maining 29 clones which originally gave rise to one or more addi­
tional monomorphic bands, also did so upon re-investigation. The dis­
tribution of these three categories among 411 mapped markers is 

shown in Figure l. The mapped markers for which the DNA sequence 

Figure 1 (Opposite). The distribution of RFLP markers when classi­

fied according to their DNA sequence copy number as revealed by 
RFLP analysis at standard (symbols in the left columns) and low strin­
gency hybridization (symbols in the right columns). Symbols at stan­

dard and low stringency hybridization represent genomic clones con­
fumed as being either single-copy DNA sequences ( ....) or duplicated 
sequences (.), as well as genomic clones for which the DNA se­

quence copy number could not be detennined (0). The lines represent 

clones identifying two loci. The RFLP map is from HaUden et al. 
(1996). The map distances are based on the Kosambi (1944) function. 
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copy number could not be determined did not appear to be clustered. 

In particular, very few of the markers were located in the vicinity of 

the two loci that represented the duplicated sequence. 

The sugarbeet library used in the initial mapping effort contained 
a total of 856 clones categorized as containing low copy DNA se­
quences (Table 1). All the clones of this category that revealed poly­

morphisms in the two mapping populations were used for mapping. 

Since 940/0 of the clones gave rise to band patterns in which the num­

ber of loci could be determined and since only one clone containing a 

duplicated sequence was identified, we conclude that the low copy 
category contains very few duplicated sequences. To determine 
whether duplicated sequences were present at a higher frequency in 
the medium copy category, 50 clones from this category were exam-

A 

B 

Figure 2 Examples of hybridization patterns of genomic clones 

representing duplicated DNA sequences. Arrowheads mark the alleles 

of the respective RFLP locus. A) Clone SB 12P-C02, revealing two 

RFLPs, A and B, of similar hybridization intensities at standard 

stringency hybridization. B) Clone SB37P-AO 1, revealing two RFLPs, 

A and B, at low stringency hybridization. The RFLP of locus B shows 

a 'less intense hybridization signal than the RFLP of locus A 
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mined for the presence of duplicated sequences. The band patterns of 

the resulting autoradiographs showed 15 of the clones to contain sin­
gle-copy DNA sequences, whereas 21 of the clones where shown to 

contain DNA sequences with a sequence copy number higher than 
two. The 14 remaining clones gave band patterns in which not all 

bands could be assigned to alleles. No clones containing a duplicated 
sequence were identified 

Low stringency. Approximately every third marker (in total 136 
markers) were selected from the RFLP map of Hallden et al. (1996) 
(Figure I). The corresponding clones were hybridized at low strin­
gency to three restriction-enzymelF2 population combinations (see 
Materials and methods). The low stringency condition resulted in a 
pronounced background hybridization of 67% of the clones. The re­
maining clones displayed background patterns similar to those ob­

tained under standard stringency conditions. Low stringency hy­
bridization led to the detection of one additional, potentially dupli­
cated DNA sequence, SB37P-AOI, whereas 94 sequences gave 
single-copy hybridization patterns. The remaining 41 sequences gave 
band patterns in which not all the bands could be clearly identified as 
alleles from one locus only, e. g. due to the presence of monomorphic 
bands. The duplicated sequence detected at low stringency was not 
associated with the duplication detected at standard stringency but 
rather was represented by two loci mapping to linkage groups 7 and 
9 (Figure I). In contrast to the duplication detected at standard strin­
gency, for which all the bands had the same intensity (Figure 2A), the 
duplication detected at low stringency showed one set of strong bands 
and one set of weak bands, corresponding to the alleles of the first and 
the second locus, respectively (Figure 2B). 

DISCUSSION 

The sugarbeet genome was investigated for the presence of con­
served homoeologous regions by use ofRFLP analysis at standard and 
low hybridization stringency. No such duplicated regions of the 

genome were detected when the RFLP band patterns in three segre­

gating F2 populations were examined. Only two duplicated DNA se­
quences were found and mapped In contrast, 475 genomic clones at 

standard stringency and 94 clones at low stringency were confirmed 

single copy sequences. These were distributed evenly over the sugar­
beet RFLP map. Thus, no ancient polyploidization events or major 



10 Journal of Sugar Bcet Research Vo135 Nos 1­

duplications were revealed. This result is in agreement with that of 
Pillen et a1. (1992), who observed that very few duplicated sequences 
were found in an RFLP map with 115 markers. In contrast, Barzen et 

a1. (1992) reported that 34 genomic markers out of 92 mapped to 
more than one locus. All the RFLP fragments from the 48 individuals 
studied were mapped as dominant markers. Clearly this should lead 
to situations in which a codominant locus is mapped as two separate 
loci that are several centimorgans apart, particularly since the two 
alleles mapped independently of each other are in the repulsion phase 
(c£ Nilsson et a1. 1997). 

One duplicated sequence, SB 12P-C02, was identified by RFLP 
analysis at standard stringency. The corresponding loci mapped 8 cM 
apart on linkage group 2. Only minor differences in band intensity 

were detected for the alleles of the two loci, indicating a truly 

duplicated sequence. Most of the DNA sequences tightly linked to 

these loci were confirmed single-copy sequences. This indicates that 

the duplicated sequence was not associated with a large 

homoeologous region of the genome. 

The very low frequency of duplicated sequences detected at 
standard stringency raises the question of bias against duplicated 

sequences in the selection of clones for mapping. Since all of the 

mapped markers were recruited from the low copy number class, one 

could argue that, nevertheless, there are a number of duplicated 

regions in the genome but that the corresponding DNA sequences are 
found in the mediwn copy number class that was not used for 
mapping. This enigma was addressed by evaluating the hybridization 

patterns of 50 medium number clones at standard stringency. The 
band patterns of the resulting autoradiographs showed 15 of the 
clones to contain single-copy DNA sequences, whereas 21 of the 

clones contained DNA sequences with a sequence copy number 
higher than two. Not all bands of the 14 remaining clones could be 
assigned to alleles. No clones containing a duplicated sequence were 
identified Hence, the duplicated sequence mapped at standard 
stringency was not the result of a bias in the selection of genomic 
clones for mapping, but reflected the scarcity ofduplicated sequences 
present in the sugarbeet genome. 

A total of 136 clones, evenly distributed over the map, was 

investigated at low stringency. Hjerdin et a1. (1994) showed 70% of 
the sugarbeet clones to hybridize at low stringency to genomic DNA 
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from the genus Atrip/ex. Ancient polyploidization or macrostructural 
duplication events would have been identified using this strategy. 
However, only one additional duplicated sequence was revealed. 

Since the hybridization intensity is weaker for the second locus, this 
locus may simply represent a similar DNA sequence that was cross­

hybridized by chance. In addition, RFLP analysis confirmed that, at 
low stringency hybridization, 94 of the 136 clones investigated were 
single-copy. These confinned single-copy clones were evenly 

distributed over the RFLP linkage map. 

Polyploidy is a basic phenomenon in the evolution ofgenome size 

and structure. However, once a polyploid has been formed, 

diploidization through drift and selection begins. This process is 

illustrated by the occurrence of a series of species. On the one han~ 

there are species such as Brassica napus, Triticum aestivum and 

Avena sativa that can readily be identified by cytogenetic techniques 

as being relatively recent polyploids. On the other hand, the diploid 

species to which the ancient polyploids belong, such as Zea mays, and 

Brassica nigra, are only detected when molecular markers are used to 

study their genome structure (Whitkus et a1. 1992; Truco and Quiros 

1994). In Beta vulgaris, not even a low stringency hybridization 

reveals any polyploidization events. This observation is supported by 
the fact that in Chenopodiaceae the basic chromosome number ofnine 
appears to be almost universal. This does not mean that translocations 
and inversions in the Beta vulgaris lineage may not have been fixed 
within the evolutionary pedigree of the Chenopodiaceae. This can 
only be determined by comparative mapping of species within the 

family. Our overall conclusion is that Beta vulgaris possesses a 

genuinely diploid genome that has been relatively undisturbed by 

major macrostructural rearrangements. 
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