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Prepositions

1. Monosomic addition chromosomes in Bsta vulgaris, derived from section
Procumbentes, are of particular interest to study genes for resistance to
economically important diseases of sugar beet.

This thesis

2. Squash-blot hybridisation with repetiive DNA probes is wuseful for rapid
identification of plants of monosomic addition famifies carrying an extra
chromasome.

This thesis

3. Beta pateliaris is an allotetraploid species.
Walia (1971) Zeitschrift fiir Pilanzenziichtung 65: 141-150
This thesis

4. Complete resistance to Cercospora leaf spot is conferred by the combined effect
of genes situated on different chromosomes of Beta procumbens or
Beta patellaris.

This thesis

5. Resistance to Polymyxa betae would complement resistance to beet necrotic
yellow vein virus in sugar beet, and may provide a more effective and durable
control of rhizomania,

Paul (1993). PhD thesis, Wageningen Agricultural University, pp.1-115
This thesis

6. The low degree of DNA homology between species of the sections Beta and
Procumbentes of the genus Beta supports the idea that the section
Procumbentes should be classified as a different genus,

Wiltiams, Scoftt and Ford-Lioyd (1977), Taxon 26: 284
Jung and Pillenr (1992). International Crop Network Series 7, IBPGR, Rome,
pp. 42-48




7. To protect the durability of the gene Hs1”™", conferring resistance to the beet
cyst nematode (BCN), it needs to be combined with other BCN resistance
genes.

Lange ef al. (1993). Fundamental and Applied Nematology 16: 447-454
Kiinke et al. (1996). Theoretical and Applied Genetics 93: 773-779

8. As rhizomania has been reported recently to occur in Iran, the combined growth
of resistant cultivars and the application of sanitation measures will need to be
applied to prevent a fast spreading of the disease.

9. Extension of the use of monogerm seed of sugar best in Iran will reduce the
costs of sugar production, but will atso require investments for full mechanisation
and for the training of farmers.

10. In order to be self-sufficient for sugar production in Iran, both sugar beet and
sugar cane should be considered as strategic crops.

11. DNA is DNA, no matter its origin. The nature and message of DNA represent a
universal language of life on earth.
Nathony et al. (1993). An introduction to genetic analysis. W. H. Freeman and
Company, New York, p. 399

Prepositions, belonging to the PhD thesis of Mahmoud Mesbah, entitled:
Characterisation of alien chromosomes in monosomic additions of Beta

Wageningen, June 20, 1997




Abstract

Wild Beta species of the section Procumbentes carry genes for several valuable
agronomical traits, and are considered to be of interest for the breeding of cultivated
beet (B. vulgaris subsp. vulgaris). In spite of several barriers, it was shown that gene
transfer from B. procumbens into sugar beet is possible. In such studies monosomic
additions (2n=19) in B. vulgaris, harbouring different individual chromosomes of the
wild species, play a very important role. To select the monosomic addition plants, an
extensive number of different B. procumbens or B. pateilaris derived monosomic
addition families were screened, using repetitive DNA sequences and a squash-blot
hybridisation procedure. The extra chromosomes of the monosomic additions were
identified with the aid of DNA fingerprinting. In B. procumbens derived monosomic
additions, the chromosome numbers of two additions had to be renamed. Seventy-
five anonymous B. patelfaris derived monosomic additions were grouped in nine
different groups, many of them with two sub-groups. The morphological
characteristics of the plants of the nine different groups of monosomic additions of B.
patellaris were described and comparisons were made between these groups and
the monosomic additions of B. procumbens. Chromosome characterisation also was
studied using fluorescence in situ hybridisation on mitotic chromosomes and
extended DNA fibres of a series of monosomic additions of B. procumbens. The
monosomic additions were evaluated in greenhouse tests for resistance to the beet
cyst nematode ({Heterodera schachti), Cercospora beticola, Polymyxa betae and
BNYVV. These experiments permitted the localisation of major genes for resistance
on specific chromosames, and the study of some quanititative effects.
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CHAPTER 1

General introduction and scope of the thesis
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General introduction

The genus Beta is taxonomically devided into the sections Beta, Corollinae, Nanae
and Procumbentes. In the section Beta, sugar beet, fodder beet, garden beet and
leaf beet are the cultivated forms, which belong to Beta vulgaris L. subsp. vulgaris.
The sugar beet crop has spread steadily over all continents around the world, except
Australia, and has become a crop of major economic importance. About 37% of the
world's sugar production is currently provided by sugar beet (Bosemark 1993). Since
the 18th century, major progress in the breeding of sugar beet has been achieved
{Van Geyt et al. 1990). The yield of sugar has increased continucusly, although this
development has not progressed equally fast in all beet growing areas. Sugar beet
breeding programmes aim to combine high white sugar yield per unit area with a low
and balanced content of the impurities, in relation to costs of production {Bosemark
1989). In the breeding of sugar beet several morphological, physiological, and
resistance characterstics are desirad, such as good seed quality, a round/oval root
shape, a smooth skin, a small crown, rasistance to bolting, and resistance to
environmental stresses, pests and diseases.

The sugar beet crop encounters numerous pests and diseases in the widely
divergent beet growing areas of the world. Diseases have become extremely
important in the economics of sugar beet and require extensive attention to prevent
significant reduction in yield and sugar content (Bosemark 1969, Coons 1875, Smith
& Martin 1978, Payne & Asher 1990, Doney & Whitney 1990, Van Geyt et al. 1990,
Shane & Teng 1992, Adams et al. 1995, Lange & De Bock 1994, Byford 1996), and
the principal means cf control is through breeding resistant cultivars. However, sugar
beet is a relatively young crop, with supposedly a narrow genetic base (Van Geyt ef
al. 1990), and the natural variation occurring in sugar beet cultivars is not sufficient
as a source for all desirable characteristics (Doney & Whitney 1969). Therefore,
several attempts have been made to introgress economically important characters
from primitive forms or wild Beta species into the cultivated beet (Munerati et al
1913, Bilgen ot al. 1968, Bosemark 1969, Doney & Whitney 1990, Savitsky 1975,
Coons 1975, Heijbroek 1977, Asher & Barr 1990, Van Geyt ef al. 1990, Lange & De
Bock 1994, Jung et al. 1994).

Wild species of the section Befa, especialy B. vulgaris subsp. maritima (L.)
Arcang., have been used in crosses with cultivated beet to transfer genes for partial
reésistance to Cercospora leaf spot, the beet cyst nematode and the beet necrotic
yellow vein virus (BNYVV) into breeding material (Bosemark 1969, Coons 1975, De
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Bock 1986, Abe & Tsuda 1988, Lange & De Bock 1989, 1994, Van Gewyt et al. 1990,
Whitney 1989, Doney & Whitney 1890, Scholten et al. 1996, 1997}. A major problem
associated with such hybridisations was the predominantly annual character of the
wild forms. Several attempts have been carried out to hybridise the cultivated beet
with members of the section Corollinae to introduce genes for monogermity,
resistances to curly top virus, virus yellows, dreught and low temperatures. Many of
the hybrids showed apomitic reproduction, which hampered further application,
together with germination problems, and a high level of sterility (Bosemark 1969,
Coons 1975, De Bock 1988, Van Geyt ef al. 1990). The section Manae, with only
one diploid species B. nana Boiss & Heldr., has seldom been used in crosses with
cultivated beet, and there are no reports about successful hybridisation {De Bock
1986, Van Geyt et al. 1990). The three wild species of the section Procumbentes
{B. procumbens Chr. Sm., B. webbiana Moq. and B. pateflaris Moq.) are considered
to be of particular interest, because of their complete resistance to the beet cyst
nematode (BCN, Heterodera schachtii Schm.), Cercospora beticola Sace., and
Polymyxa betae Keskin (Bosemark 1969, Coons 1975, Fujisawa & Sugimoto 1979,
Yu 1984, De Bock 1986, Carels et al. 1990, Paul et al. 1992, Barr et ai. 1995).

In spite of several barriers, Savitsky {1975, 1978) was able to produce
monhosomic additions from crosses between triploid interspecific hybrids and diploid
cultivated beets, with the aim of transfering genes for resistance to the beet cyst
nematode. The same strategy was followed by Speckmann & De Bock (1982),
Speckmann et al. (1985), Heijbrosk et al. (1983, 1988), Loptien (1984), Jung &
Wricke (1987), and Lange et al (1990a). Major efforts have been carried out to
characterise the alien chromosomes in B. procumbens and B. webbiana derived
monosomic additions, using morphological, physiological, biochemical and
cytological analyses (Loptien 1984, Speckmann et al. 1985, De Jong et al. 1986,
Van Geyt et al. 1988, Lange ef al. 1988, Reamon-Ramos & Wricke 1992}. For both
species nine types of monosomic additions in B. vulgaris, representing the nine
different chromosomes of B. procumbens or B. webbiana, have been identified
(Lange et al. 1988, Van Geyt of al 1988, Reamon-Ramos & Wricke 1992). In
monosomic addition families of B. pateflaris, of which the origin was described by
Speckmann & De Bock (1982}, the alien chromosomes have not yet been analysed
and there are no data available conceming the effects of the extra chromosomes of
B. patellaris on plant morphology of the monosomic additions. It also is not fully
understood whether B. pateflaris is an autotetraploid or allotetraploid species. The
effect of the alien chromosomes in B. procumbens derived monosomic additions on
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plant development in vive and in vitro was investigated by Lange et al. (1988). All
additional chromosomes caused a reduction of the growth rate i vivo, which in one
case was s0 strong that most of the plants died as seedlings.

Using monosomic additions, one, two, and three chromosomes harbouring a
locus for BCN resistance were identified in B. patejlaris, B. procumbens, and
B. webbiana, respectively (Jung et al. 1986, Van Geyt ot al. 1988, Lange et al,
1990a, 1290b, Speckmann et al. 1985, De Jong et al. 1986, Salentijn et al. 1992,
1994, 1995). A pathotype of H. schachtii was selected that was virulent against the
gene{s) for resistance on chromosome 1 of B. procumbens (Muller 1982). This
nematode population also was able to break the gene for resistance on the long-arm
telosome of chromosome 1 of B. patellaris {Lange et al. 1993). In contrast, the
monosamic additicn with chromosome 7 of B. procumbens was resistant to this new
pathotype. This led to the conclusion that chromosome 7 carries at least one gene
for resistance that is different from that derived from chromosome 1 of
B. procumbens {Lange et al. 1993). It is not clear yet whether such gene(s) is
present in the monosomic additions of B. patellaris, or whether different mechanisms
are involved. Using monosomic additions of B. procumbens, it also was found that
genes conferring resistance to Polymyxa betae are located on chromosome 4 and 8
(Paul et al. 1992), but the chromosomal location of resistance to P. betae in
B. patellaris and B. webbiana is yet unknowrn.

In spite of the lack of chromosome homology and the very distant relationship
between sugar beet and the species of section Procumbentes (Bosemark 1969,
Speckmann 1985, De Jong 1986); diploid sugar beet material has been obtainad, in
which a part of a B. procumbens chromosome is translocated to one of the sugar
heet chromosomes (Savitsky 1978, Yu 1981, Jung & Wricke 1987, Heijbroek ef al.
1988, Lange et al. 1990a). The introgression of the alien genes into the genome of
sugar beet occurred with an extremely low frequency and the transmission of wild
beet chromosomal material was instable due to meiotic disturbance (Brandes et al.
1987), resulting in the loss of resistance. Despite these problems intensive breeding
programmes recently led to the release of commercial cultivars, carrying the gene
Hs17®" of B. procumbens (Heijbroek pers. comm.). The genetic localisation of three
resistance genes originating from B. procumbens and B. webbiana was studied
using segregating F2 populations and RFLP markers {Heller et al. 1996). Although
the parental lines carrying the wild beet translocations were not related to each
other, the genes mapped to the same locus, suggesting that the resistance genes
were incorporated intoe the sugar beet chromosomes by homoeologous



Chapter 1 5

recombination. Studies an monosomic additions were extended with major efforts to
isolate BCN genes and to transfer them into sugar beet by means of molecular
techniques {Jung et al. 1990, 1992, 1994, Salentijn et al. 1992, 1994, 1995, Klein-
Lankhorst et al. 1994). In this way, several Procumbentes specific markers were
identified that were used in these research programmes. Two repetitive probes,
PTS1 and PTS2, with a high degree of B. procumbens specificity, were adapted for
the screening of monosomic additions, carrying an alien chromosome of
B. procumbens (Schmidt of al. 1990). The same strategy was used to identify
individuals from monosomic addition families carrying a chromosome fragment. The
dispersed repetitive DNA probe P643 was chosen to identify nematode resistant
individuals carrying a Procumbentes chromosome (Jung & Herrmann 1991). Arrays
of one repetitive sequence have been found physically close to the nematode
resistance locus, as was shown by analyses of YAC and lambda clones spanning an
introgressed wild beet chromosome segment in B. vulgaris (Salentijn et al. 1992,
1894, Kiein-Lankhorst ef al. 1994, Kleine et al. 1995).

The molecular structure, genome organisation and interspecific distribution of
two non-homologous Procumbentes specific satellite repeats and cne family of
highly repeated sequences have been analysed, and multi-colour fluaresence in situ
hybridisation (FISH, reviewed by Jiang & Gill 1994, Joos et al. 1994) was used for
physical mapping of these probes on mitotic metaphase chromosomes of
B. procumbens (Schmidt & Heslop-Harrison 1996). It was shown that a Sau3A
satellite hybridised exclusively around or near the centromeres, and since it is known
that the arrays of this repeat are linked to the BCN resistance gene(s), it was
concluded that these gene(s) might be located clese to the centromere. Recently,
one of these genes was isolated with the aid of map-based gene cloning (Cai et al.
1997). This achievement confirmed the possibility of isolating genes from section
Procumbentes in order to transfer them into sugar beet.

Scope of the thesis

Characterisation of the individual chromosomes in sets of Procumbentes derived
monosomic additions is an essential step for the identification and isolation of
resistance genes from Beta species belonging to the section Procumbentes. Such
analyses may also give answers to basic questions of taxonomy and evolution, by
comparing the chromosomes of the different genomes of section Procumbentes. For
the charactetisation of the alien chromosomes, the first step is the screening of



6 Chapter 1

putative monosomic additions in offspring families. The frequencies of plants with
2n=19 are low and some of them have lethal effects. A few monosomic additions
can be recognised on the basis of deviating morphology. However, this method is
not fully reliable, and can only be used in combination with the counting of
chromoseme numbers, which is very laborious. Therefore, methods which lead to a
rapid identification of monosomic additions are valuable. After the identification of
plants carrying an extra alien chromoseme, these monoesomic additions can be used
in studies on chromosome characterisation and gene localisation.

The identification and screening of extensive numbers of monosomic
additions in offspring of B. pafellaris and B. procumbens derived addition families is
described in Chapter 2. The developed technique makes use of repetitive DNA
probes and both dot-blot and squash-blot hybridisation methods. The application of
the polymerase chain reaction (PCR) for the identification of monosomic additions
will also be discussed.

The application of DNA fingerprinting, using three different Procumbentes
specific repetitive DNA sequences is reported in Chapter 3. The alien chromosomes
in a set of monosomic additions of B. procumbens and in seventy-five anonymous
B. patelfaris monosomic addition families could be characterised at the DNA level.
The morphological characteristics of the B. pateffaris monosomic addition families
will be described and compared with those of the addition families of
B. procumbens. Finally the relationship between B. pateflaris and B, procumbens,
based on DNA fingerprinting and morphological characteristics, will be discussed.

Chapter 4 deals with the application of multi-colour fluorescence in situ
hybridisation (FISH} of two Procumbentes specific repetitive DNA prabes for the
characterisation and physical mapping of these sequences on the alien
chromosomes in B. procumbens and in B. procumbens derived monosomic
additions. The hybridisation patterns of the different addition chromosomes have
been used for establishing a karyotype of B. procumbens. FISH of one repeat to
extended DNA fibres of the alien chromosomes was carried out and will be
discussed.

In Chapter 5 series of greenhouse tests are described, which were carried out
for the chromosomal localisation of genes for BCN resistance of B. pateflaris, for
resistance to Cercospora leaf spot of B. procumbens and B. patelflaris, and for
resistance to P. betae of B. patelfaris. The effect of the latter resistance on the level
of infection with BNYVV also was studied and will be discussed.



Chapter 1 7

References

Abe J & Tsuda Ch (1988). Distorted segregation in the backcrossed progeny between Beta vulgaris L.
and B. macrocarpa Guss. Japan. Joumnal of Breeding 38: 309-318.

Adams H, Schaufele WR & Marlénder B {1995}. A method for the artificial inoculation of sugarbeet
with Cercospora beticola under field conditions. Plant Diseases and Protection 2: 1-3

Asher MJC & Barr KJ {1980). The host range of Polymyxa betae and resistance in Befa species. In:
Proceedings of the first Symposium of the International Working Group on Plant Viruses with Fungal
Vectors. Braunschweig. German Phytomedical Scciety Series Volume 1, Eugen Ulmer, Stuttgart,
pp. 65-68.

Barr KJ, Asher MJC & Lewis BG (1995). Resistance to Polymyxa betfae in wild Beta species. Plant
Pathology 44: 301-307.

Bilgen T, Gaskill JO, Hecker RJ & Wood DR (1968). Transferring Cercospora leaf spot resistance
from Beta maritima to sugarbeet by backcrossing. Journal of the American Saciety of Sugar Best
Technologists 15: 444-449.

Bosemark NO {1969). Interspecific hybridization in Beta L.; prospects and value in sugar beet
breeding. |IRB Report 4: 112-119.

Bosemark NO (1993). Genetics and breeding. In: Cooke DA & Scott RK (Eds.) The sugar beet crop:
Science into practice. Chapman & Hall, London, pp.67-119.

Brandes A, Jung C & Wricke G {1987). Nematode resistance derived from wild beet and its meiotic
stability in sugar beet. Plant Breeding 99: 56-64.

Byford WJ (1996). A survey of foliar diseases of sugar best and their control in Europe. Proceedings
of the 58th IRB Congress, Brussels, pp. 1-11.

Cai D, Kleine M, Kifle S, Harloff HJ, Sandat NN, Marcker KA, Klein-Lankhorst RM, Salentijn EMJ,
Lange W, Stiekema WJ, Wyss U, Grundler FMW & Jung C (1997} Positicnal cloning of a gene for
nematode resistance in sugar beet. Science 275: 832-834.

Carels N, Dekege! D, VanHeule G & Lepoivre P (1990). Symptomatological and morphological study
of the resistance of wild beet species of the Patellares section to Cercospora beticola Sacc.
Phytopatholegy 130: 317-330,

Coons GH (1975). Interspecific hybrids between Beta vulgaris L. and the wild species of Beta. Journat
of the America Society of Sugar Beet Technologists 18; 281-306.

De Bock ThSM (1986). The genus Beta: Domestication, taxonomy and interspecific hybridization for
plant breeding. Acta Horticulturae. 182: 335-343.

De Jong JH, Speckmann GJ, De Bock ThSM, Lange W & Van Voorst A (1986). Alien chromosome
fragments cenditioning resistance to beet cyst nematode in diploid descendants from monosomic
additions of B. procumbens to B. vulgaris. Canadian Joumnal of Genetics and Cytology 28: 439-443.

Doney DL & Whitney ED {1969). Screening sugarbeet for resistance to Heterodera schachtii Schm.
Joumal of the American Scciety of Sugar Beet Technologists 15: 546-552,

Doney DL & Whitney ED (1990). Genelic enhancement in Beta for disease resistance using wild
relatives: a strong case for the value of genetic conservation. Economic Botany 44; 445-451.

Fujisawa [ & Sugimito T (1979). The reaction of some beet species of sections Pateliares, Corollinae
and Vulgares to rhizomania of sugar beet. Proceedings of the Sugar Beet Rassarch Association of
Japan 21: 31-38.




8 Chapter 1

Heijbroek W (1977). Partial resistance of sugar beet to beet cyst eelworm (Heterodera schachtii
Schm.). Euphytica 26; 257-262.

Heijbroek W, Roelands AJ & De Jong JH {1983). Transfer of resistance to beet cyst nematode from
Beta pafellaris to sugar beet, Euphytica 32: 287-298.

Heijbroek W, Reoelands AJ, De Jong JH, Van Hulst C, Schoone AHL & Munning RG {1988). Sugar
beets homozygous for resistance 1o beet cyst nematode (Helerodera schachtii Schm.), developed
from monasomic additions of B. procumbens ta 8. vuigaris. Euphytica 38: 121-131.

Heller R, Schondelmaier S, Steinriicken G & Jung C {1996). Genelic localisation of four genes for
nematode (Heterodera schachtii Schm.) resistance in sugar beet (Beta vulgaris L.). Theoretical and
Applied Genetics 92; 991-997.

Jiang J & Gill BS (1994). Nonisotopic in situ hybridization and plant genome mapping: the first 10
years. Genome 37: 717-725.

Joos 8, Fink TM, Réatsch A & Lichter P (1994). Mapping and chromosome analysis: the potential of
fluorescence in situ hybridization. Journal of Biotechnolchy 35: 135-153.

Jung C & Herrmann RG (1891). A DNA probe for rapid screening of sugar beet {Beta vulgaris L.}
carrying extra chromosomes from wild beets of the Procumbentes section. Plant Breeding 107:
275-279.

Jung C & Wricke G (1987). Selection of diploid nematode-resistant sugar beet from monosomic
addition lines. Plant Breeding 98: 205-214.

Jung C, Herrmann RG, Eibl C & Kieine M {1994). Molecular analysis of a translocation in sugar beet
carrying a gene for nematode resistance from Bela procumbens. Journal of Sugar Beet Research 31:
27-42.

Jung C, Kieine M, Fischer F & Hermann RG (1990). Analysis of DNA from a Beta procumbens
chromosome fragment in sugar beet carrying a gene gor nematode resistance. Theoretical and
Applied Genetics 79: 663-672.

Jung C, Koch R, Fischer F, Brandes A, Wricke G & Herrmann RG (1992). DNA markers closely linked
to nematode resistance genes in sugar beet (Beta vulgaris L.} mapped using chromosome additions
and translocations originating from wild beets of the Procumbentes section. Molecular and General
Genetics 232; 271-278.

Jung C, Wehling P & Loptien H (1986). Electrophoretic investigations on neratode resistant sugar
beets. Plant Breeding 97: 39-45.

Klein-Lankhorst RM, Salentijn EMJ, Dirkse WG, Arens-de Reuver M & Stiekerna WJ (1994).
Construction of a YAC library from a Beta vulgaris fragment addition and isolation of a major satellite
DNA cluster linked to the beet cyst nematode resistance locus Hs1™ . Theoretical and Applied
Genetics 89: 426-434.

Kleing M, Cai D, Elbl C, Herrmann RG & Jung C (1995). Physical mapping and cloning of a
translocation in sugar beet (Beta vulgaris L.} carrying a gene for nematode {Heterodera schachtiy
resistance from B. procumbens. Theoretical and Applied Genetics 90: 399-406.

Lange W & De Bock ThSM (1989). The diploidised meiosis of tetraploid Beta macrocarpa and its
possible application in breeding sugar beet. Plant Breeding 103: 196-206.

Lange W & De Bock ThSM (1994). Pre-breeding for nematode resistance in beet. Journal of Sugar
Beet Research 31: 13-26.

Lange W, Jung Chr & Heijbroek W {1990a). Transfer of beet cyst nematode resistance from Bsfa
species of the section Patellares to cultivated beet. Proceedings of the 53th IIRB Congress, Brussels,
pp. 89-102,



Chapter 1 9

Lange W, Miller J & De Bock ThSM (1993). Virulence in the beet cyst nematode (Heterodera
schachtily versus some alien genes for resistance in beet. Fundamental and Applied Nematology 16:
447-454.

Lange W, Oleo M & Wagner H {1990b). Identifizierung von Wildarten-Chromosomen in monosomen
Additionstypen von Befa vulgaris. Vortrage fir Pllanzenzlchter 18: 210-218.

Lange W, De Bock ThSM, Van Geyt JPC & Oleo M (1288). Monosomic additions in beet (Beta
vulgaris) carrying extra chromosomes of B. procumbens. Theoretical and Applied Genetics
76: 656-664.

Loptien H (1984). Breeding nematode-resistant beets. Il. Investigations into the inheritance of
resistance to Heterodera schachtii Schm. in wild species of the section Patellzres. Zeitschrift fir
Pflanzenziichtung 93: 237-245,

Miiler J (1992). Detection of pathotypes by assessing the virulence of Heterodera schachtii
poulations. Nematelogica. 38: 50-64.

Munerati O, Mezzadroli G & Zapparoli TV (1913). Osservazioni sulla Beta maritima L. nel triennic
1910-1912. Le Stazioni Sperimentali Agrarie ltaliane XLVI, 6: 415.

Paul H, Henken B, Ds Bock ThSM & Lange W (1992). Resistance to Polymyxa betae in Beta species
of the section Procumbentes, in hybrids with B. vulgaris and in monosomic chromosome additions of
B. procumbens in B. vulgans. Plant Breeding 109:; 265-273.

Payne PA & Asher MJC (1990). The incidence of Polyrnyxa bstae and other root parasites of sugar
beet in Britain. Plant Pathology 39: 443-451.

Reamon-Ramos SM & Wricke G (1992). A full set of monosemic addition fines in Beta vulgaris from
Beta webbiana: morphology and isozyme markers. Theoretical and Applied Genetics 84: 411-418.

Salentijn EMJ, Arens-De Reuver MJB, Lange W, De Bock ThSM, Stiekema W.) & Klein-Lankhorst AM
(1995). Isolation and charactensalron of RAPD-based markers linked to the beet cyst nematode
resistance locus (Hs1™" ) on chromosome 1 of B. patellaris. Theoretical and Applied Genetics 90:
885-891.

Salentijn EMJ, Sandal NN, Klein-Lankhorst R M, Lange W, De Bock ThSM, Marcker KA & Stieckema
WJ (1994). Long-rangs organisation of a satellite DNA family flanking the beet cyst nematode
resistance locus Hs7 on chromosome-1 of B. pateiiaris and B. procumbens. Theoretical and Applied
Genetics 89: 4569-466.

Salentijn EMJ, Sandal NN, Lange W, De Bock ThSM, Krens FA, Marcker KA & Stiekema WJ (1992).
Isolation of DMA markers linked lo a beet cyst nematode resistance locus in Beta pafeliaris and Beta
procumbens. Molecular and General Genetics 235: 432-440,

Savitsky H (1975). Hybridization betwesn Befa vulgaris and Beta procumbens and transmission of
nematode (Heterodera schachtii) resistance to sugar beet. Canadian Journal of Genetics and Cytology
17:197-209.

Savitsky H (1978). Nematode (Heterodera schachti) resistance and meiosis in diploid plants from
interspecific Beta vulgaris x B. procumbens hybrids. Canadian Journal of Genstics and Cytelogy 20:
177-186.

Schmidt T & Heslop-Harrison JS (1996). High resolution mapping of repetitve DNA by in sifu
hybridisation - molecular and chromosomal features of prominent dispersed and discretely locatized
DNA families from the wild beet spacies Befa procumbens. Plant Molecular Biology 30; 1039-1113.

Schmidt T, Junghans H & Metzlaff M {1990). Construction of Beta procumbens-specific DNA probes
and their application for the screening of B. vuwigaris x B. procumbens (2n=19} addition lines.
Theoretical and Applied Genetics 79: 177-181.



10 Chapter 1

Scholten OE, Jansen RC, Keizer LCP, De Bock ThSM & Lange W (1996). Major genes for resistance
to beet necrotic yellow vein virus (BNYVV) in Beta vuigaris. Euphytica 91: 331-339.

Scholten OE, Klein-Lankhorst RM, Esselink DG, De Bock ThSM & Lange W (1997). Identification and
mapping of random amplified polymorphic DNA (RAPD) markers linked to resistance against best
necrotic yellow vein virus (BNYVV) in Bata accessions. Theoretical and Applied Genetics 94: 123-130.

Shane WW & Teng PS {1992). Impact of Cercospora leaf spot on root weight, sugar yield, and purity
of Beta vuigaris. Plant Disease 76; 812-820.

Smith GA & Martin S8 (1978). Differential response of sugarbeet cultivars to Cercospora leaf spot
disease. Crop Science 18: 39-42.

Speckmann GJ & De Bock ThSM {1982). The production of alien monosomic additions in Beta
vulgaris as a source for the introgression of resistance to beet root nematode (Heterodera schachtil)
irom Beta species of the section Pateilares. Euphytica 31: 313-323.

Speckmann GJ, De Bock ThSM & De Jong JH (1985). Monosomic additions with resistance to beet
cyst nematode obtained from hybrids of Beta vuigaris and wild Beta species of the section Patellares.
Zeitschrift fur Pflanzenziichtung 95: 74-83.

Van Geyt JPC, Lange W, Oleo M & De Bock ThEM (1990). Natural variation within the genus Beia
and its possible use for breeding sugar beet: A review. Euphytica 49: 57-76.

Van Geyt JPC, Oléo M, Lange W & De Bock ThSM (1988). Monosomic additions in beet (Beia
vuigaris) carrying extra chromosomes of Beta pracumbens. |. identification of the alien chromosomes
with the help of isozyme markers. Theoretical and Applied Genetics 76: 577-586.

Whitney ED (19889). Identification, distribution and testing for resistance to rhizomania in Bela
maritima. Plant Disease 73: 287-290.

Yu MH {1981). Sugar beets homozygous for nematode resistance and transmission of resistance to
their progeny. Crop Science 21: 714-717.

Yu MH (1984). Resistance to Heterodera schachtii in Patellares section of the genus Beta. Euphytica
33: 633-640.



CHAPTER 2

Selection of monosomic addition plants in offspring
families using repetitive DNA probes in Befa L.

Mahmoud Mesbah, Theo S.M. De Bock, Jochannes M. Sandbrink,
René M. Kiein-Lankhorst & Wouter Lange

Theoretical and Applied Genetics 92 (1996): 891-897



12 Chapter 2
Abstract

The distribution of two repetitive DNA probes Sat-121 and PB6-4, specific for section
Procurnbentes of the genus Beta, was tested in 16 B. pafeflaris monasomic addition
families using a dot-blot hybridisation procedure. All monosomic additions were
accurately distinguished from diploid sib plants with both DNA probes. The probe
PB6-4, with strongest signal after hybridisation, was selected for rapid screening of
an extensive number of putative monosomic additions in B. patellaris or
B. procumbens addition families using a squash-blot hybridisation procedure. The
probe PB6-4 detected 118 monosomic additions in 640 plants (18.4%) in eight
different B. procurnbens addition families. The addition family with chromosome 4 of
B. procumbens was semi-lsthal and could not be tested. The distribution of PB6-4 in
B. patellaris addition families was confirmed in 63 addition families using the
squash-blot procedure. In 4580 plants of these addition families 628 individual
monosomic additions (13.7%) were found. The relationship of the morphological
characteristics of monosomic addition plants to the results of the squash-blot
hybridisation {plants with signal) using probe PB6-4 is quite rigorous but not
complete. The correlation between plants with a signal and chromosome number
(2n=19) is complete. These results indicate that sequences present on PB6-4 are
probably present an all chromosomes of B. pateliaris and B. procumbens. The
possibility of utilising the sequence information of Sat-127 for a PCR based assay to
screen for putative monosomic addition plants was also investigated as an
altemative to chromosome counting. The DNA amplification profiles using the
primers REP and REP.INV clearly distinguished monosomic addition plants from
their diploid sibs.

Key words: Beta vulgaris, Beta patellaris, Beta procumbens, moncsomic additions,
PCR, repetitive probe

Introduction

Sugar beet is a relatively young crop, which supposedly has a narrow genetic base
(Van Geyt et al. 1990). Three wild species in the section Procumbentes are either
resistant or immune to the beet cyst nematode (BCN) (Heterodera schachtii Schm.).
Transfer of nematode resistance from these wild relatives into sugar beet has been
a serious concem since 1940 (Bosemark 1969, Coons 1975, Nakamura ef al. 1991).
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Savitsky (1975) was the first to produce monosomic additions from crosses
between triploid interspecific hybrids and diploid cultivated beets. This material was
then used to transfer the gene(s) for resistance to the genome of cultivated beet
(Savitsky 1978). The same strategy was followed by Speckmann & De Bock (1982),
Speckmann ef al. (1985), Heijbroek et al. {1983), Loptien (1984), Jung & Wricke
(1987}, Heijbroek et al. (1988) and Lange et a/. (1990).

Two full series of monosomic additions in beet have been described {Lange
et al. 1988, Van Geyt et al. 1988, Reamon-Ramos & Wricke 1992). In offspring
families of monosomic additions, plants having 2n=19 occur with frequencies of
about 10-25%. Several such plants can be recognised on the basis of a deviating
morphology. However, this method i1s not 100% reliable, and can only be used in
combination with the counting of chromosome numbers, which is very laborious.

Therefore, methods which lead to a rapid and reliable identification of
monosomic additions are valuable. The so-called squash-dot hybridisation technique
(Hutchinson et al. 1985} is particularly valuable in genstics and in breeding
programmes where large numbers of plants need to be assayed (Flavell 1982), For
this approach, probes with high specificity, and if possible a high copy number in the
otiginal genome, are needed (e.g. Hutchinson of al. 1985, Schmidt ef al. 1990).

The genome of B. vulgaris contains 80% middie and highly repeated DNA
sequences. Some members of this genome fraction are organised as tandemly
arranged DNA (satellite DNA and rRNA genes), while others are clusters of simple
sequence repeats (microsatellites) or dispersed sequence families (Schmidt &
Heslop-Harrison 1993, Schmidt et al. 1993). The first satellite DNA family in the
nuclear genome of B. vulgaris was isolated as a BamHI sequence family (Schmidt &
Metzlaff 1991). Secondly, a sugar beet satellite DNA was isofated as a EcoRl
sequence family that showed no homology to the first one and is present in three
sections (Beta, Coroflinae, and Nanae) of the genus (Schmidt ot al. 1991). The
probes (PTS?1 and PTS2) with a high degree of B. procumbens specificity were used
for the squash-blot hybridisation with the aim of screening monosomic additions
carrying an alien B. procumbens chromosome (Schmidt ef al. 1990). The same
strategy was used to identify individuals from monosomic addition lines carrying the
fragmented chromosome. The dispersed repetitve DNA probe (P643), in
conjunction with a squash-blot hybridisation, was chosen to identify nematode
resistant individuals carrying Procumbentes chromosomes (Jung & Herrmann 1991).

New members of the Procumbentes specific satellite DNA family Sat-121,
which was isolated from a genome subtraction library of AN5-90 (a BCN-resistant
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fragment addition (pat-1)}, were characterised by Salentijn et al. (1992). The
organisation of Sa#-727 in the vicinity of the beet cyst nematode resistance locus
Hs1in B. patelflaris and B. procumbens was investigated by Salentijn et al. (1994),
The present study describes the distribution of the repetitive Procumbentes
specific DNA probes Sat-127 and PB6-4 in genomes of B, procumbens and
B. patellaris using both dot-blot and squash-blot hybridisation methods. It reports on
the identification and screening of extensive numbers of monosemic additions from

offspring of B. palellaris and B. procumbens addition families using the repetitive
DNA probe PB6-4 and the squash-blot hybridisation method. The correlation
between expected monosomic addition marphotype in relation to the results of the
squash-blot hybridisation (plants with signal), is also described, as well as the
correlation between plants with signals and the results of counting chromosome
numbers. Finally, the application of the polymerase chain reaction (PCR) method for
the identification of monosomic additions, as an altermnative to chromosome counting,
will be discussed.

Materials and methods
Plant material

The plant material consisted of B. vulgaris, the wild species B. patellaris (2n=36) and
B. procumbens (2n=18), monasomic addition families (2n=19), representing the
complete set of nine different chromosomes of B. procumbens in diploid B. vulgaris
{(Van Geyt et al. 1988), and 73 unidentified monosomic addition families (2n=19) of
B. patellaris, of which the origin was described by Speckmann & De Bock (1982).

Preparation of repetitive DNA probes

Two highly repetitive DNA probes named Sat-121 (Salentijn et al. 1992, referred to
as 121-3) and PB6-4, both specific for the section Procumbentes of the genus Beta,
were used in this study. The probes were kindly donated by Dr. N.N. Sandal,
University of Aarhus, Aarhus Denmark. Sat-127 (169 bp) was derived from
chromosome 1 of B. patellaris and PB6-4 was obtained from a genomic library of
B. procumbens {Salentijn ef al. 1994). PB6-4 has a size of 1700 bp and contains
several Saif-121 core sequences interspersed with anonymous sequences (N.N.
Sandal, pers. comm.).
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Plasmid inserts {Sat-1271 was cloned in SK* and PB6-4 in pUC19) were
digested with Kpnl (SK'} and EcoRl (pUC19) and separated from the vector by
agarose-gel electrophoresis followed by purification from the gel by freeze-
squeezing. Inserts were labelled with a randomly primed DNA labelling kit (USB) with
*p 4-dATP.

Dot-biot hybridisation

Total genomic DNA was extracted from frozen leaves according to Van der Beek
et al. (1992). 1.5 pg DNA from each sample was denaturated by heating to 100 °C
for 10 min and spotted onto dry Hybond-N* membrane, which was then dried,
crosslinked with UV light for 45 s and hybridised with the #p_jabelled DNA probes
Sat-121 and PBé-4. For hybridisation with the Sai-7271 probe, five monosomic
addition plants and their diploid sibs, identified by chromosome counting, were used.
For PB6-4 sixteen monosomic addition plants and their diploid sibs were used. Total
DNA samples of B. vulgaris, B. patellaris, B. procumbens and the two plasmid
inserts Sat-127 and PB6-4 served as controls.

Squash-blot hybridisation

For squashing, two sheets of Whatman 3-MM paper were immersed in 0.5 M NaOH
and placed on a piece of glass. Hybond-N" membrane was soaked in 0.5 M NaOH
and laid on the Whatman 3-MM paper. A plastic sheet with small holes in it {5 mm in
diameter) was placed on the membrane. Leaf pieces from individual seedlings were
squashed onto Hybond-N" nylon membrane in two replications. In order to fix
enough DNA on the filters, leaf pieces were squashed twice on the same spots. For
each family, if possible, 80 individual seedlings were spotted on each membrane. B.
vulgaris, B. patellaris and B. procumbens were used as controls on each membrane.
After squashing of the leaf pieces, the membrane was washed in 2x SSC for 2 min,
dried overnight and crosslinked with UV light for 45 s.

Southern hybridisation
PB6-4 was random primed labelled (Feinberg & Vogelstein 1983) and hybridised

overnight (60 °C) to the membranes in 1% SDS, 1 M NaCl, 10% dextransulfate,
50 mM Tris-HCL pH=7.5, 100 ng/pl of denatured salmon sperm DNA after a 2 h
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pre-hybridisation. Membranes were washed for 1 h in 0.5x SSC followed by 1% SDS
at 60 °C for 1 h. The membranes were sealed in Saran Wrap and exposed to X-ray
film (Kodak) at -80 °C for 1-4 days using intensifying screens.

Chromosome studies

Based either on strong signals in the squash-dot assay or on morpholagical
characteristics (Lange et al. 1988), plants were selected as candidate monosomic
additions. To verify the presence of the extra chromosomes or chromosome
fragments, root tips were pre-treated with aqueous 8-hydroxyquinoline (2 mM, 6 hj),
fixed in acetic-ethanol (1:3 v/v), hydrolysed in 1 N HCI at 60 °C for 6 min, squashed
in 456% acetic acid, and stained by carefully lifting the cover slip and adding a drop of
1% aqueous crystal violet (Salentijn et al. 1992).

PCR

To evaluate PCR markers in different monosomic addition families and their diploid
sibs, genomic DNA from 16 monosomic additions and their diploid sibs, as well as
from B. vulgaris, B. patellaris and B. procumbens, was used as template for PCR
amplification. PCR was carried out using the primers REP: CGTAAGAGACTATGA
and REP.INV: TGAACACCTTTCAAAT. These primers are designed to amplify the
interspersed DNA between consecutive Sat-127 monomeric units (Salentijn et al,
1994).

Results

Determination of the specificity and the distribution of the repetitive DNA
probes PB&-4 and Sat-1217in B. patellaris addition families

To investigate whether the two repetitive DNA probes (Sat-121 and PB6-4} are
randomly dispersed over all chromosomes, their presence was evaluated in
randomly chasen monosomic additions and their diploid sibs. This was done by dot-
blot hybridisation. Total DNA was extracted from pooled plants of 16 monosomic
addition families carrying an extra B. patellaris chromosome and their diploid sibs, of
which the chromosome number had already been established, and was dot-blotted.
B. vulgaris, B. patellaris, B. procumbens and the two clones (Sat-127 and PB6-4)
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were also spotted as controls. Both the repstitive DNA probe PB6-4 and Sat-121
gave an effective signal in all monosomic additions, B. patelfaris and B. procumbens,
but not in the diploid sibs and in B. vulgaris. Upon cross-hybridisation with each of
the probes separately, signal was found on the spot of the other plasmids,
confirming that the two repetitive DNA probes share homology (N.N. Sandal, pers.
comm.). The repetitive DNA probe PB6-4 gave strong signals in all 16 distinct
B. patellaris addition families (Fig. 1). This indicates that PB6-4 is dispersed over
different chromosomes, since the different addition plants carry different
chromosomes as judged from their morphotypes. No addition plants without a strong
signal for PB6-4 were found, indicating that the sequence PB6-4 is possibly present
on all chromosomes.

Identification of monosomic addition plants with the DNA probe PB6-4 and the
syuash-blot method

The squash-blot hybridisation method (Hutchinson et al. 1985) was used to
distinguish putative monosomic addition plants carrying an extra chromosome of
B. procumbens or B. patelfaris from diploid sibs, and for rapid screening of
numerous plants. The autoradiographs (see Fig. 2 as an example) show a strong
hybridisation of the DNA probe to the DNA of some of the plants. Such plants are
the expected monosomic additions, which contain the whole genome of B, vulgaris
and just one chromosome of B. pateflaris or B. procumbens. Squashes of
B. patellaris and B. procumbens, serving as controls, also gave a strong signal. No
signals were observed in the squashes of B. vulgaris and of many of the tested
plants. The latter are thought to be the diploid sibs, not carrying the alien
chromosome,

In total among 640 squashed plants from eight B. procumbens addition
families 118 plants (18.4%} gave signals. The addition family carrying chromosome
2 of B. procumbens has the highest frequency (26.3%}, and the family carrying
chromosome 6 of B. procumbens has the lowest frequency, of monosomic additions
(5.0%). In the family carrying chromosome 4 of B. procumbens, plants with the
expected morphotype died at seedling stage and squash-blotting was not possible.
The result clearly shows the random distribution of this repetitive DNA probe on at
least eight different chromosomes of B. procumbens. A total of 4580 candidate
plants from the B. pateflaris addition families were tested yielding 628 plants (13.7%)
with a positive signal. The family named A3-1-3 has the highest frequency of
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Fig. 1. Dot-blot hybridisation of 16 different monosomic addition families (1-16), carrying an extra
chromosome of 8, patellaris in B. vulgaris {M) and their diploid sibs (D), to the Procumbentes
specific repetitive DNA probe (PB6-4). B. vulgaris (vul), B. pateliaris (paf), B. procumbens (pro} as
well as two clones, SK* with a Sat-121 insert and pl/C19 with a PB6-4 insert, wera spotted as
controls

pat  pro vir

Fig. 2. A squash-blct of B0 individual seedlings from one addition family in two replications and of
B. vulgaris, B. patellaris and B. pracumbens as cantrols, hybridised to the repstitive DNA probe
PB6-4. Addition plants carrying an extra chromosome of B. pateflaris, as well as B. pateilaris and
B. procumbens, gave a strong signal after autoradiography
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monosamic addition plants (30.8%), whereas the family B1-1-285 has the lowest
frequency (1.3%). The addition families A5-1-14, A5-1-24 and B1-1-10 do not have
individuals giving a signal, suggesting that no monosomic addition plants are present
in these families. The cbservation shows that there is variation between addition
families in relation to the presence of a signal. To test for heterogeneity between
families, a chi-square test was performed on data classified by the presence or the
absence of plants with a signal in the different B. procumbens and B. pateliaris
addition families. The y* value in B. procumbens addition families is significant
(x?=16.58, df=7) at the 5% level (P=0.02). The 3* value in B. patellaris addition
families is also highly significant (°=208.2, df=65) at the 0.5% level.

Comparison of putative monosomic addition plants for their morphotype per
family

For the B. procumbens tamilies the morphotype of the addition plants has already
been described (Lange et al. 1988). Therefore the plants with such a morphotype
could be identified, and the results compared with those of squash-blotting to test in
how many cases the morphotype does not predict the addition phenotyps,
particularly at the seedling stage. In this respect two classes of morphotype
{B. procumbens putative monosomic addition morphotype versus plants with normal
morphotype) were compared with two classes of plants (the addition plants giving a
signal, 2n=19 versus plants without a signal, 2n=18) in the eight families of
B. procumbens and in ten of B. pateffaris.

In B. procumbens addition families, among 118 plants giving a signafl 98
plants had the putative morphotype and 20 plants had a nearly normal morphotype.
Most of the plants (500) showing no signal had the B. vuigaris morphotype, but
some plants without a signal {22) had a deviating morphotype. The distribution over
the two morphotypes is shown in Table 1. A 2x2 contingency test was carried out to
determine whether these two characteristics are independent. The x2 values were
highly significant

In the B. pateflaris addition families most of the plants without a signal (604)
again showed the normal morphotype, while, as is presented in Table 2, the results
of plants with a signal varied. Among 115 plants giving a signal, 66 had a deviating
morphotype and 49 had a nearly normal morphotype. The contingency test showed
highly significant ¥® values, except for the families B3-1-1 and B1-1-10, Among 80
plants in family B1-1-10 12 candidate plants with the putative morphotype did not
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Table 1. Proportions of deviating and normal morphotypes among plants with and without a signal in the

squash-blotting experiments, using B. procumbens addition families, and results of a 2 x 2 contingency test

Chr. Family  Number With signal (2n=18) Without signal (2n=18)  ,?

ne. name of plants  Putative Normal Putative  Normal {2x2 contingencv}1
Pro-1 D1-2-13 80 15 0 ] 65 73.57

Pro-2 D2-2-27 80 14 7 9 50 17.55***

Pro-3 D3-2-17 80 8 12 2 58 15.23**

Pro-5 13-2-24 80 17 0 1 62 68.81**

Pro-6 D3-2-35 80 4 4] 3 73 32.70™*

Pro-7 AUG-1-4 BD 12 1 0 67 65.70"

Pro-8 D3-2-13 80 12 0 0 €8 72.34*

Pro-¢ C61-3 80 16 0 7 57 4531

! +++ gignificant at P< 0.001

Table 2 . Proportions of putative and normal morphotypes among plants with and without a signal in the
squash-blotting experiments, using 8. pateilaris addition families, and results of a 2 x 2 contingency test per

family

Family Number  With signal {2n=19) Without signal (2n= 18) 2)2
name of plants  Putative Nomal Putative Normal {2x2 contingency)'
B1-1-8 80 14 7 2 57 34,90
B1-1-9 78 9 5 9 &5 13.61**
B1-1-10 80 0 0 2 68 -

B3-1-1 80 2 10 5 63 0.25
D1-1-1 67 6 0 9 52 18.20™"
D1-1-2 80 12 3 5 60 33.87
D1-1-3 80 6 4 7 63 12.60**
D1-1-4 78 6 8 2 62 15.62***
D1-1-5 80 3 5 5 67 427"
D1-1-6 80 8 7 8 57 10.38*

t+»*and ** Significant at P<0.001 or F<0.05
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give a signal after hybridisation, indicating that no correlation exists in this family.
Chromosome counting in this family, however, proved that the plants with the
putative morphotype had only 18 chromosomes.

Chromosome studies

After squash-blot hybridisation, all addition families but three gave clear signals for
at least some plants, indicating the addition of a chromosome of B. pateffaris or
B. procumbens. To verify the addition, the chromosome number of both putative
additions on the basis of morphotype and of plants with a signal were compared in
arbitrarily chosen B. patellaris and B. procumbens addition families. In 13 addition
families out of 106 plants, 57 plants with an extra chromosome, a telosomic addition
or a fragment addition, gave a signal, while 49 plants with 2n=18 chromosomes
lacked a signal. The outcome of the chromosome counting clearly confirms the
accuracy of the result of the squash-blot hybridisation.

Apart from plants with the addition of a full chromosome, plants were also
observed which carried only a part of the extra chromosome. All selected plants with
a signal in the addition families D1-1-4 and D1-1-5 were telosomic additions. In
addition family B3-1-1 one plant among 12 selected with a signal appeared to be a
telosomic addition. In addition family B1-1-9 out of 14 selected plants two with
divergent morphotype were fragment additions. These types of plants with signals
but with different morphotypes can be considered as a target for the detection of
possible fragment additions.

DNA amplification by the polymerase chain reaction (PCR)

To assay the possibility of using the polymerase chain reaction (PCR) for the
identification of monosomic additions as an alternative to chromosome counting, the
PCR was carried out using primers REP and REP.INV. Genomic DNA from different
monosomic addition families and their diploid sibs, whose chromoesome numbers
had already been established by counting, was used as a template for PCR
amplification. DNA from the parents of the addition plants {B. vulgaris, B. patellaris
and B. procumbens) served as controls. The results of these PCR amplifications are
shown in Fig. 3. Several bright bands were amplified in B. vulgaris only, clearly
distinguishing B. vulgaris from both B. patellaris and B. procumbens. The same
bright bands are also present in all diploid sibs but completely absent in B. pateflaris
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C123DMDMDMDMD MDMD MC

1kb

Fig. 3. PCR patterns obtained with primers REP and REP.REV using genomic DNA from monosomic
additions and their diploid sibs as a template. Lanas 1, 2 and 3 represent B. vulgaris, B. palefiaris, and
B. procumbens, respectively. Addition families and their dipicid sibs from left to right are A5-1-24 to
A5-1-30 (D=diploid and M=moncsomic addition; C=1kb ladder). Note the bright band (arrow) amplified
in B. vuigaris (Jane 1)
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or B. procumbens monosomic additions which, like the B. pateflaris and
B. procumbsens control, showed a continuous smear. To test the reproducibility of
the amplification pattems, more addition families were investigated and the results
obtained were always the same.

Discussion

The distribution of two repsetitive DNA probes Sat-121 and PB6-4, specific for the
section Procumbentes of the genus Beta, was tested with a dot-blot hybridisation
procedure. Both DNA probes gave sufficient signals in all monosomic additions as
well as in B. patelflaris and B. procumbens. No definite cross-hybridisations to dipleid
sibs and B. vulgaris DNA were observed. This indicates that both probes are
dispersed over different chromosomes, since the distinct addition plants carry
dissimilar chromosomes as judged both from cytclogical studies and their diverse
morphotypes. No addition plants without a strong signal for PB6-4 were found,
indicating that sequences on the probe PB6-4 are possibly present on all
chromosomses. Using a squash-blot hybridisation procedure and a repetitive DNA
probe (PB6-4) an extensive number of putative monosomic additions in B. patellaris
or B. procumbens addition families was screened rapidly. The presence of PB6-4
sequences in the addition family carrying chromosome 4 of B, procumbens with
small seedlings, and showing semi-lethality, is still under study. The location of these
repetitive sequences is not known and it is not clear whether they are restricted to
the centromeric and distal regions only or occur all along the chromosomes. The
location of these sequences may more precisely be established by fluorescence in
situ hybridisation.

In the present investigation the cotrefation between deviating morphotype and
plants with a signal is high but not complete. There is considerable variation
between distinct chromosome families. The correlation between plants giving a
signal after hybridisation with PB6-4 and with chromosome number {2n=19) is
complete. This shows the accuracy of the results of the squash-dot hybridisation. In
this experiment 628 individual monosomic additions were found amongst 4580
plants {13.7%) in B. pateflaris addition families, while 118 monosomic additions were
found in 640 plants (18.4%) in B. procumbens addition families. The screening of
these large numbers of plants, where the growing of the families was the limiting
factor, was achieved in a couple of weeks. This confirms that the technique is very
aftractive for the quick screening of large numbers of genotypes. In addition, the
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technique also provides the apportunity to target telosomic and fragment addition
plants, which occur at low frequency and show less cbvious morphological
characteristics. The cytological investigation surprisingly showed that all selected
plants with a signal in the addition families named D1-1-4 and D1-1-5 were actually
telosomic additions. In addition family B1-1-9, two plants with a signal but with a
divergent morphotype were identified. Chromasome counting confirmed that these
plants were fragment additions.

The possibility of utilising sequence information from Saf-127 for a PCR
based assay to screen for putative monosomic addition plants was also investigated
as an altemative to chromosome counting. The amplified products using the primers
REP and REP.INV (Salentijn et al. 1994) clearly distinguished monosomic addition
plants from their diploid sibs. In B. pateffaris and B. procumbens and monosomic

additions a continuous smear was produced, whereas a few bright bands were
amplified in B. vulgaris and in all diploid sibs. The origin of the amplified sequences
is not known exactly, but probably the majority of the amplified products originate
from DNA sequences interspersing the Sat-121 monomeric units. The result also
made clear that the repetitive DNA sequsences are dispersed strongly over all
chromosomes of B. patellaris or B. procumbens, because monosomic additions
carrying only one alien chromosome in the background of B. vulgaris yield patterns
of amplified products identical to the smear like pattern seen in B. pateflaris and
B. procumbens. However, the finding of bright-view amplification products in
B. vulgaris is surprising. Apparently a few Sat-1271 or Sat-121 containing sequences
are present in sufficient close proximity to each other to produce bands on a few
loci. The presence of the bright bands in monosomic addition plants, which obviously
have all B. vuigars chromosomes and thus the potential to produce the bright
bands, may be concealed because of the competitive amplification of numerous
other loci on B. patellaris or B. procumbens derived chromosomes. The results
suggest these primers can be used successfully in general to identify monosomic
additions of chromosomes of species from the section Procumbentes. An advantage
of the PCR technique is that amplification products can generally be detected by gel
electrophoresis followed by staining with ethidium bromide, so that radio-active
probing as used in the squash-blot method is no longer neaded. DNA preparation
from individual ptants may be a time limiting factor, but simple and rapid DNA micro-
extraction methods are already available (e.g. Cheung et al. 1993) enhancing the
value of the polymerase chain reaction (PCR) for the identification of monosomic
additions.
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Abstract

DNA fingerprinting with three repetitive DNA sequences (OPX2, PB6-4 and Sat-127)
was carried out on a set of ten monosomic additions of Beta procumbens and
seventy-five anonymous B. patelfaris derived monosomic additions in B. vuigaris, for
characterisation of the alien chromosomes at the DNA level. The probes are
Procumbentes-specific and distributed over all chromosomes. Morphological
characteristics were also used for the classification of B. pateffaris monosomic
addition families and for comparison with the morphology of the addition families of
B. procumbens. DNA fingerprinting revealed unique patterns for almost all individual
addition chromosomes of B. procumbens. However, it was concluded that
chromosomes 1 and 6 of B. procumbens may be identical with the only difference
that the chromosome referred to as 6 carries a susceptible allele for heet cyst
nematode {BCN) resistance. In contrast, it was concluded that the two addition types
with chromosome 2 are carrying different chromosomes of B. procumbens, so that
one of them was renumbered tg become the new chromosome 6. DNA fingerprinting
of seventy-five anonymous B. pateliaris derived monosomic additions facilitated the
identification and characterisation of the alien chromosomes and the grouping of
these additions into nine different groups. Several of these groups could be divided
in two sub-groups on the basis of small ditferences in banding pattemns. The results
of the DNA fingerprinting led to the conciusion that B. pateffaris most likely is an
allotetraploid. 1t was also deduced that the BCN resistance gene(s) in this species
are homozygous and located on chromosome 1, while the pair of homoeologous
chromosomes does not carry such BCN gene(s). Because of the allotetraploid
nature of B. pateflaris, preferential association occurs between the two homologous
chromosomes containing the allele(s} for BCN resistance. Each group of
B. patellaris addition families united by DNA fingerprinting had comparable
morphological characteristics. Some of these morphological traits appeared to be
chromosome-specific and were very useful for primary classification of the addition
families. However, the present study showed that these morphological traits are not
adequate for the identification of all alien chromosomes without the aid of additional
markers. Because of similarities observed between molecular characteristics or the
effects on plant morphology of several chromosomes of B. procumbens and
B. patelfaris it was concluded that B. procumbens could have been involved in the
evolutionary history of B. pateliaris.
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Introduction

Wild beets of the section Procumbentes of the genus Beta carry several valuable
agronomical genes, and therefore are valuable genetic resources for breeding of the
cultivated beet (B. vulgaris L.). Alien monosomic additions in B. vulgaris, harbouring
one single chromasome of a wild species of the section Procumbentes can be used
as a bridge to transfer these genes of interest to the genome of cultivated beet. This
has been done for the gene(s) from B. procumbens Chr. Sm., conferring resistance
to the beet cyst nematode (BCN} (Heterodera schachti Schm.) (Savitsky 1975,
Savitsky 1978, Lange ef al. 1990a, Speckmann & De Bock 1982, Speckmann ef al.
1985, Heijhroek et al, 1983, Loptien 1984, Jung & Wricke 1987, Heijbroek et al.
1988).

Monosomic additions can also be used for chromosomal localisation of
specific genes (De Jong ef al 1986, Van Geyl et al. 1988, Lange et al. 1990a,
1990b, Reamon-Ramos & Wricke 1992, Paul ef al. 1992) and for answering basic
questions of taxonomy by comparing chromosomes of different genomes of the
section Procumbentes {Reamon-Ramos & Wricke 1992).

To track the fate of the alien chromosemes in B. procumbens and
B. webbiana Moq. derived addition families, morphological, physiological,
biochemical and cytological studies have been caried out (Loptien 1984,
Speckmann et al. 1985, De Jong ef al. 1986, Van Geyt et al. 1988, Lange et al.
1988, Reamon-Ramos & Wricke 1992). For both species the nine types of
mohosomic additions in B. vulgaris representing the nine different chromosomes of
B. procumbens or B. webbiana have bsen identified (Lange et al. 1988, Van Geyt et
al. 1988, Jung et al. 1986, Reamon-Ramaos & Wricke 1992),

In monosomic addition families of B. patellaris Mog., of which the origin was
described by Speckmann & De Bock (1982}, the alien chromosomes have not yet
bsen analysed (with the exception of chromosome 1) and there are no data
available concerning the effects of the extra chromosomes of B. patellaris aon plant
morphology of the monosomic additions. Only the study of a telosomic addition
family (ANS), carrying the long am of chromosome 1 and conferring full resistance
to the beet cyst nematode, has been of serious concern. This worthwhile addition
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family aided the localisation of a BCN gene (Speckmann et al. 1985, Lange et al.
19904, De Jong et al. 1986, Salentijn ot al. 1992) and might offer the possibility for
map based cloning of this gene (Salentijn et al. 1994).

To facilitate the characterisation and identification of individual alien
chromosomes of section Procumbentss derived monosomic additions, DNA
fingerprinting with dispersed DNA sequences, specific for the saction, could be usad.

Such seguences have already been reported and the application of these markers in
breeding and management of genetic resources of beet has been described
{Schmidt & Metzlaff 1991,- Schmidt et al. 1991, Schmidt et al. 1990, Schmidt &
Heslop-Harrison 1993, Jung & Merrmann 1981, Salentijn et al. 1992, Bonavent et al.
1994}. The distribution of ane of these dispersed repetitive DNA sequences (PB6-4)
over all chromosomes of B. procumbens and B, patellaris has recently been
substantiated by dot and squash-blot hybridisation (Mesbah et al. 1996). The
present study describes the application of DNA fingerprinting, using three different
repetitive DNA probes (OFPX2, PB6-4 and Sat-127), all specific for the section
Procumbentes, for the characterisation of the alien chromosomes at the DNA level
in a set of monosomic additions of B. procumbens and in seventy-five anonymous
B. pateflaris monosomic addition families. The morphological characteristics of the
B. pateliaris monosomic addition families will be described and compared with the
morphology of the addition families of B. procumbens. Finally the relationship
between B. patellaris and B. procumbens based on DNA fingerprinting and
merphological characteristics will be discussed.

Materials and methods
Plant material

Plant material consisted of B. vulgaris (2n=18), the wild species B. pateliaris (2n=36)
and B. procumbens (2n=18), ten monosomic addition families (2n=19), representing
the complete set of nine different chromosomes of B. procumbens in diploid
B. vulgaris (Van Geyt et al. 1988}, including two morphologically different families
both with chromosome 2 {Lange eof al 1988), and seventy-five anonymous
monosomic addition families {2n=19) of B. pateliaris in diploid B. vuigaris, of which
the origin was described by Speckmann & De Bock (1982). Plants of the B, patellaris
and B. procumbens addition families were grown in a greenhouse under uniform
conditions. Extra plants from the same addition families were also grown under field
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conditions after vernalisation. Monosomic addition plants were distinguished from
diploid sibs in offspring families by the squash-blot hybridisation method as
described previously (Mesbah et al. 1996},

Repetitive DNA probes

OFX2 is a middle-repetitive DNA sequence of B. pafellaris, which occurs in this
species with about 100-500 copies. It originated from a RAPD fragment produced
with the 10-mer oligonuclectide primer (5'-TTCCGCCACC-3") (Salentijn et al. 1994).
Sat-121 (169 bp) {Salentijn et al. 1992, referred to as 7271-3) was derived from
chromosome 1 of B. patelaris (Salentijn et al. 1994). PB6-4 was obtained from a
genomic library of B. procumbens (Salentijn ef al. 1994) and has a size of 1700 bp.
H contains several Sai-121 core sequences interspersed with anonymous
sequences (N.N. Sandal, pers. comm.}. Sai-127 and PB6-4 are both specific for the
section Procumbentes of the genus Befa, and were kindly donated by Dr. N.N.
Sandal, University of Aarhus, Aarhus, Denmark. Bacterial clones containing the
repetitive DNA probes were grown in LB-medium {50 pg/ml ampicillin} and plasmid
DNA was extracted with a standard minipreparation method (Sambrook et al. 1989).
The plasmid inserts OPX2 and Sat-121 were cloned in SK* and PB6-4 in pUC13.
The clones were digested with EcoRV or Kpnl (SK*) and EcoRI (pUC19), separated
from the vector by agarose-gel electrophoresis and purified by freeze-squeezing.

DNA isolation, digestion and Southern blotting

Total genomic DNA was isolated from frozen leaves according to a methed
developed by S.D. Tanksley et al (Cornell University, lthaca, N.Y., USA) as
described by Van der Beek et &/, (1992). 10 ug DNA from each sample was digested
with either EcoRl or Neol and restriction fragments were separated at 1.5 V/icm on
0.8% agarose gels in 1x TBE buffer. DNA was denaturated and transferred onto
Hybond-N* nylon membranes by Southem blotting using a Vacuum Blotter
{BIO-RAD), neutralised for 5 min in 0.2 M Tris pH 7.2, 2x S8C, dried and cross-
linked for 50 s with UV light.
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Fig. 1. EcoRIYOPX2 DNA fingerprinting patterns in nine 8. procumbens derived monosomic addition
families, representing different chromosomes of B. procumbens {chromosome 1-8). M=1 kb ladder,
A=B.vulgaris, B=B.procumbens, C=B. pateliaris

3-4.5 6 7 8 9 10111

Fig. 2. Ncol/OPX2 DNA fingerprinting pattems in fourteen B. pafeliaris derived monosomic addition
families of group 1 and pattems of two addition families carrying chromosome 1 and 6 of B.
procumbens. The numbers 1-14 refer to the families A4-1-1 to B1-1-11 as mentioned in column 1 of
Table 1, with the exception of A5-1-12, and the numbers 15 and 16 refer to the families with
chromosomes 1 and 6 of B. procumbens, respactively. M=1 kb ladder
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Southern hybridisation

Probes were labelled by random priming {Feinberg & Vogelstein 1983) and
hybridised overnight (65 °C) to the membranes in 1% SDS, 1 M NaCl, 10%
dextransulphate, 50 mM Tris-HCI pH 7.5, 100 ng/ul denatured salmon sperm DNA
after 2 h prehybridisation. Membranes were washed twice 1 h in 0.5x SSC/1% 8SDS
at 65 °C. The membranes were sealed in Saran Wrap and exposed to X-ray film
(Kodak) at -80 ° C for 1-4 days using intensifying screens.

Morphological studies

A series of morphological and deveélopmental characteristics has been studied in
monosomic addition families of B. procumbens and B. webbiana, and chromosome-
specific characteristics have been reported for the nine chromosomes of
B. procumbens and B. webbiana (Lange ef al. 1988, Reamon-Ramos & Wricke
1982}. This information was used in the present study to describe the plant
morphology of B. pateflaris monosomic addition families. Together with the
molecular data the morphological characteristics were used to allocate the addition
families to distinct groups. Whenever possible the same chromosome name was
given to each group of B. pafellaris addition families that had a similar or nearly
similar morphology and/or molecular pattem as the corresponding monosomic
addition family of B. procumbens,

Results
DNA fingerprinting of the B. procumbens addition families

The genomic DNA extracted from leaves of plants of B. procumbens addition
families and the parents of the additions (8. wvulgaris, B. patellaris and
B. procumbens) was digested with EcoRi, or in some cases with ANcol, and
hybridised to the three repetitive DNA seguences (OFPXZ2, PB6-4 and Sat-121)
separately.

DNA fingerprint patterns of the B. procumbens addition families with
OPX2/EcoRl were almost al! urique for each individual addition chromosome, with
the exception of chromosome 5 that unexpectedly showed a smear pattem,
although the digestion of the DNA looked good (Fig. 1). A similarity between
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M_2122

1kb

I Fig. 4. EcoRVOPX2 DNA fingerprinting
Fig. 3. Ncp!/Oszll_ZJNA flngerprlntlng patterns patterns of the two types witth chromosome
of two addition families carrying chromosome 3 2 of B. procumbens, M=1 kb ladder

and 9 of B. procumbens. M=1 kb ladder

Fig. 5. EcoRI/OFPX2 DA fingrprinTing patterns of the nine groups of B. pateflaris derived monosomic
addition families (pattern 1-9). M=1 kb ladder, A=B. vulgaris, B=B. procumbens, C=B. patellaris
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chromosome 1 and 6 was observed. Also chromosome 3 and 9 looked nearly
similar, but this similarity was incomplete. A smear pattern was observed in
B. patellaris and B. procumbens, and no cross-hybridisation to B. vulgaris genomic
DNA was found. The banding patterns obtained from hybridisation to PB6-4/EcoRl
showed similar results. Again similarities between chromosome 1 and 6, and also

between chromosome 3 and 9 were observed. All other addition families (with the
exception of chromosome 5) showed clearly unique patterns. A smear pattern was
observed in B. patellaris and B. procumbens, and no cross-hybridisation to
B. vulgaris DNA was found after probing with PB6-4. Sat-121 showed similar
results, but also gave two faint bands in B. vulgaris (data not shown). The
relationship between chromosoms 1 and 6, as well as the relationship between
chromosome 3 and 9 were investigated with a second restriction enzyme Neol and
OFX2 as probe. Chromosome 1 and 6 exhibited nearly similar pattems (Fig. 2,
lanes 15 and 16). Chromosome 3 and 9 aiso had similar patterns but were not
identical (Fig. 3).

Two morphotypes have been reported for chromosome 2 of B. procumbens
{Lange et al. 1988}. The fingerprint patterns of these two types were investigated in
order to see if these two addition families give similar patterns. DNA from these
additions were digested with EcoRIl and Ncol and hybridised to OPX2. The patterns
were completely different for these additions (Fig. 4), proving that they are carrying
different chromosomes,

DNA fingerprinting of the B. pateliaris addition families

The genomic DNA extracted from leaves of plants of seventy-five anonymous
B. patellaris addition families and the parents of the additions (B. vulgaris,
8. patellaris and B. procumbens) was digested with EcoRl and Ncol and hybridised
to the three repetitive DNA sequences {OPX2, PB6-4 and Sat-127) separately.
OPX2, DNA fingerprinting with OPXZ yielded a total of nine different discrete
banding patterns for the B. patellaris monosomic addition families. Seventy-four
addition families could be assigned to one of these nine different DNA fingerprint
patterns (Fig. 5), although four addition families (A3-1-3, D1-1-4, B3-1-1 and D1-1-5)
showed slightly deviating patterns. The family A5-1-12 gave a faint unclear pattern.
PB6-4 or Sal-121. DNA fingerprinting with PB8-4 or Sat-121 yielded nine
different ladder patterns in the B. patelfaris additicn families, which are specific for
elements arranged in tandem arrays. DNA fingerptinting with PB6-4 and Sat-121
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probe, although a few addition families showed slight variations in the number of
bands in their profiles.

Patterns of cross-hybridisation

The final results of the grouping, including also the results of morphological studies
(see later), are presenied in Table 1. The patterns are also being compared to those
in the B. procumbens derived monosomic additions.

Group 1. Nearly identical OPX2/ EcoRl pattems were observed for fourteen
addition families. These addition families were also united by their PB6-4/EcoRl or
Sat-121/EcoRl pattems. When genomic DNA of these families was digested with
Neol and hybridised to OPXZ2 a polymorphism was observed, suggesting the
existence of two sub-groups (Fig. 2), named 1.1 and 1.2. The banding pattemns in
this group ware very similar to those in the monoesomic additions with chromosomes
1 and 6 of B. procumbens.

Group 2. The OPX2/EceRi banding pattems of four families were similar and
discriminated these families from others. One addition family {B1-1-5} in group 2
missed one band when hybridised to PB6-4. The patterns were comparable to the
pattems obtained in monosomic addition with chromosome 2.2 of B. procumbens.

Group 3. Similar pattems were observed with all three probes for eight
families. The pattems of addition family A3-1-3 were similar to the patterns observed
in the other families in this category but homology was not complete and
polymorphisms were observed with all three probes. The banding patterns in this
group were dissimilar to any of the pattems in monosomic additions of
B. proctimbens.

Group 4. The OPX2/ EcoRI banding patterns of seven addition families were
grossly similar and uniquse, but the addition family B1-1-54 had an extra band in its
profile. Addition family D1-1-4 was also assigned to this group, but it missed several
bands. Howsver, this family was known to be a telosomic addition as judged from
chromosome counting (data not shown). Hybridisation with PB6-4 and Sat-121
showad slight variation between addition families B1-1-54, D1-1-4 and the others.
The paftterns did not show similarity to the patterns obtained for any of the
monosomic additions of B. procumbens.

Group 5. The DNA pattems of three families were identical after hybridisation
with all three probes. The patterns showed no similarity to the patterns obtained for
monosomic additions of B. procumbens.
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Group 6. Similar pattems were observed with all three probes for a group of
twelve addition families. A slight variation was observed between five addition
families (A5-1-8, A5-1-9, A5-1-13, A5-1-16 and A5-1-23) and the octher families that
were uhited in this group. The patterns were dissimilar to any of the patterhs

obtained from the monosomic additions of B. procumbens.

Group 7. The PB6-4 and Sat-121 profiles of eight addition families were
similar and unique. The same families were identical for their OPX2 pattems, though
three families (B1-1-4, B1-1-7, B1-1-81) had an extra band in their profile. The
patterns showed similarity to the pattems obtained from the monosomic addition
with chromosome 7 of B. procumbens.

Group 8. For fourteen addition families the profile was similar with all three
probes. Addition family B3-1-1 had a similar pattem when hybridised with PB6-4 and
Sat-121 but an extra band was observed after hybridisation to OPX2. The pattem
showed similarity with that of the monosomic addition carrying chromosome 8 of
B. procumbens.

Group 9. The banding pattemn was similar and unique for four addition
families, with all three probes. Addition family D1-1-5, which is a telosomic addition
as judged by chromosome counting (data not shown), had pattems similar to the
other families in this category but missed several bands with all three probes. The
banding pattern was similar to the pattern obtained from the monosomic addition
with chromosome 9 of B. procumbens.

Plant morphology

The B. pateflaris monosomic additions (71 out of 75 families, see Tabhle 1) were
assigned to sighteen different groups (A-R) on the basis of plant morphology. This
was done before the results of the molecular grouping was known. The results of the
morphological grouping were compared with those of the molecular grouping and
are included in Table 1. it can be concluded that the molecular groups 1, 2, 4, 5, 7,
8, and 9 match with the morphological groups A+F, B, D, E, G, H, and |,
respectively, whereas groups 3 and 6 are morphologically less consistent. A general
morphological description of the nine groups of B. pateflaris additions that were
identified by the molecular analysis, including the comparison with the addition
families of the B. procumbens (and/or B. webbiana) is given below:

Group 1. Plants are small and annual. Often auxiliary branches are produced
on the roots. Plants are rather uniform, with an open to semi-erect growth pattem,
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and lack good vigour. The petioles are semi-long to long. The leaves are small and
narrow with a green o dark green colour, Leaf edges moderately bend downwards.

Family A5-1-12 was assigned to this group because of its annual growth habit.
Three addition families in this group (A4-1-1, B4-1-4, B4-1-7) are resistant to the
beet cyst nematode (Speckmann & De Bock 1982, Speckmann et al. 1985). The
addition families lacking the resistance appear moderately smaller and weaker and
often tumours grow on the roots. Morphological characteristics of the plants in this
group are similar to the addition plants carrying chromosomes 1 and & of
B. procumbens (Lange et al. 1988) and probably 1 and 6 of B. webbiana (Reamon-
Ramos & Wricke 1992). 1t seems that the plant morphalogy of this group is
comparable with monosomic addition type A of L.optien (1984),

Group 2. Plants are biennial and weak, showing a semi-flat growth. The
petioles are rather short to semi-long with small auxiliary branches on the roots. The
leaves are dull green and weak with a moderately rough surface and are fairly broad
at the base. The leaf edges usually bend down in the middle and turn up at the
base, giving the leaves an oval appearance. Sometimes small tumours grow on the
petioles or on the leaf surfaces, causing deformation of the leaves and giving them a
rosette pattern. Often tumours grow on the roots. The morphological characteristics
of the plants in this group are nearly similar to those of plants with chromosome 2.2
of B. procumbens as described by Lange et al. (1988) and chromosome 2 of
B. webbiana (Reamocn-Ramos & Wricke 1992).

Group 3. Plants are biennial with a dense and upstanding growth, showing a
tendency to bolt before vernalisation. Often auxiliary branches grow on the roots.
The peticles are long and the leaves are glossy and narrow at the apex with a dark
green colour and an undulate surface. The leaf edges curl up, but plants show
variation for intensity of leaf curling. Often tumours grow on the roots. It seems that
the plant morphology of this group is similar to that of the monosamic addition family
with chromosome 3 of B. webbiana (Reamon-Ramos & Wricke 1992} because they
have the glossiest leaves among the additions. However, Lange et al. (1988) did not
find such a specific phenotype for the monosomic additions with chromosome 3 of
B. procumbens.

Group 4. Plants are biennial and show a strong reduction in growth rate with
semi-lethality. Some of the plants died a few weeks after germination. The petioles
are short and the leaves are small, dark green and have a rough surface with a
round shape at the apex. The plant morphology of this group is similar to the
monosomic addition family carrying chromosome 4 of B. procumbens {Lange ef al.
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1988), but the sub-lethal effect of chromosome 4 of B. procumbens is much
stronger. In B. webbiana monosomic additions only one plant with chromosome 4
has been reported that could continue to maturity (Reamon-Ramos & Wricke 1992),

Group 5. Plants are biennial and show a semi-erect growth pattem and
reduction of growth rate. The petioles are short and the leaves are dull green with a
rough surface and fine texture, a triangle shape at the base and an unduiate leaf
margin. The plants in family A5-1-25 are less vital. The plant morphology of this

group is similar to the monosomic addition with chromosome 5 of B. procumbens
{Lange et al. 1988) and B. webbiana (Reamon-Ramos & Wricke 1992),

Group 6. Plants are biennial with a dense and semi-erect growth pattem and
grow vigorously. Plants show variation in leaf size and colour. The peticles are long
and the leaves are fairly broad at the base and round at the apex with an undulate
surface. In the families A5-1-8, Ab-1-13 and Ab-1-33 leaves are light green with a
strong undulate surface. The plant morphology of group 6 is much the same as that
of addition plants with chromosome 2.1 of B. procumbens. The morphology of group
6 also is comparable to that of the monosomic additions of group 8 (see below), as
well as to that of addition plants with chromosome 8 of B. procumbens and
B. webbiana (Lange et al. 1988, Reamon-Ramos & Wricke 1982). However, the
plants of group & of B. pateliaris are bigger than the other additions.

Group 7. Plants are biennial and weak, showing an open or a flat growth,
They are characterised by long and weak petioles, tending to curve downwards to
form a droopy growth pattem. The leaves are faily small and narrow with a dull
green colour. The phenotype in this group is very similar to that of the addition family
with chromosome 7 of B. procumbens, which is resistant to the beet cyst nematode
(Lange et al. 1988). It appears that the phenotype of the plants in this group is also
gimilar to the phenotype of the monosomic addition type B of Léptien (1984) and
monosomic additions carrying chromosome 7 of B, webbiana (Reamon-Ramos &
Wricke 1992},

Group 8. Plants are biennial with a dense and erect growth. The peticles are
short or semi-long and the leaf surfaces are undulate with a green to light green
colour and are broad at the base and nearly round at the apex. The phenotype of
this group is similar to that of the addition plants of group 6 (see above) and of
addition plants carrying chromesome 8 of B. procumbens (Lange et al. 1988) and of
B. webbiana, which confers resistance 1o the beet cyst nematode {(Reamon-Ramos
& Wricke 1992).
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Group 9. Plants are biennial with erect growth, and show a tendency to
bolting before vemalisation. The petioles are long and the leaves are rather narrow
with a smooth or a moderate rough surface and wide at the base. The leaf colours
are green to dark green and shiny. Occasionally the leaf edges curl up strongly. The
plant phenotype of this group is very similar to the addition family with chromosome
9 of B. procumbens (Lange &t al. 1988).

Discussion

DNA fingerprinting of the Procumbentes addition families with the repetitive
sequences OPXZ2, PB6-4 and Sat-121, which are Procumbentes-specific probes,
was carried out for the characterisation and the identification of the different alien
chromosomes at the DNA level. DNA fingerprinting of the B. procumbens addition
families revealed unique pattems for almaost all individual addition chromosomes.
The DNA fingerprint patterns indicated that these repetitive sequences occur on all
chromosomes of the wild species, but for each probe the number and the location of
copies differs among the individual chromosomes. However, chromosome 1 and 6,
as well as chromosome 3 and 9 exhibited nearly similar pattems, altthough the
similarity of the pattems were not completely identical. Annuality and nearly similar
moerphological characteristics have been reported for the monosomic addition plants
carrying chromosome 1 and 6 of B. procumbens, but the monosomic addition plants
with chromosome 1 differed from the plants carrying chromosome 6 by their
rasistance to the beet cyst nematode. Various studies with isozyme markers have
been carried out. Chromosome 1 was positive far an ICD (isocitrate dehydrogenase)
marker, whereas chromosome 6 was positive for PRX (cathodal peroxidase) (Van
Geyt et al. 1988). Later studies (Lange af al. 1990b)} revealed that additions with
chromasome 1 and 6 were both positive for ICD as well as for DIA (diaphorase).
Reamon-Ramos & Wricke (1992) found all monosomic additions of the supposed
type A {chromosome 1} from the three species of section Procumbentes clearly
positive for both the ICD and PRX markers. The isozyme markers in additions with
chromosomea 3 ar 9 of B. procumbens or B. webbiana were reported 1o be quite
different (Van Geyt ef al. 1988, Reamon-Ramos & Wricke 1992}.

Therefore, it can be concluded that chromesome 1 and 6 of B. procumbens
may be identical with the only difference that chromosome referred to as 6 carries a
susceptible allele on the BCN resistance locus. For the original species
B. procumbens it might then be hypothesised that additional genes for BCN
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resistance, which are located on chromosome 7, have always concealed the

segregation of the BCN resistance alleles of chromosome 1. If chromosome 1 and 6
are actually the same there is a need to find a new candidate for chremasome 6. In
the present study the two types of chromosome 2 {Lange ef al/ 1988) showed
dissimilar DNA fingerprint paftterns, indicating that they are carrying different
chromosomes of B. procumbens. Therefore, it is propesed to renumber the
monosomic addition with chromosome 2.1 to the new chromosome 6, and to let
addition 2.2 be chromosome 2.

From the results for B. procumbens it was concluded that DNA fingerprinting
could also be used for the grouping of the anonymous B. patellaris derived
monosomic additions. Such fingerprinting revealed nine different groups of banding
pattems, although slight variations were observed for the number of bands in the
profiles of some additions within these groups. Seventy-four addition families could
be assigned to one of the nine different DNA fingerprint patterns, indicating that the
addition families showing a similar pattemn are carrying an identical homologous or
homoeologous chromosome of B. patellaris.

In B. patellaris meiotic pairing of chromosomes results in the formation of
bivalents only, which could indicate that this species is allopolyploid (Walia 1971).
This stands in contrast to autotetraploid sugar beet, where besides bivalents also
univalents, trivalents and quadrivalents have been observed. This kind of
observations indicate that in the present study, instead of nine groups, eighteen
different groups might have been expected. The fact that only nine groups were
found could be explained by the assumption that homoeologous chromosomes are
very similar so that DNA fingerprinting could not or not clearly differentiate them. In
that case the addition families showing slight variations in the number of the bands
in their profiles might carry the different homoeologous alien chromosomes. For
instance all the addition families in group 1 {Table 1) are annual and three of them
are known to be resistant to the best cyst nematode, while the rest of the families
are susceptible. Combination of three repetitive sequences with EcoRl could not
differentiate resistant families from susceptible addition plants. After digestion of
genomic DNA of these families with Ncof and hybridisation to OPXZ2 a polymorphism
was observed between addition families carrying the resistance gene(s) and
susceptible families, although the structures of the patterns remained similar. In
B. pateliaris the gene(s) for resistance to the beet cyst nematode have been
reported to be located only on chromosome 1 (Lange et al. 1990a) and segregation
of the resistant alleles in B. patellaris has never been encountered, while in
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B. procumbens the gene(s) are located on chromesome 1 and 7, and in B. webbiana
on chromosome 1, 7 and 8 (Lange ef al. 1990a, Van Geyt ot al 1988, Reamon-
Ramos & Wricke 1992). From these results and from the supposedly allotetraploid
nature of B. patellaris, it can be deduced that preferential association occurs
hetween two homologous chromosomes that contain homozygous BCN gene(s),
while the pair of homoeologous chromosomes do not have such BCN gene(s).
Unfertunately it can not be excluded that not all chromosomes of B. patellaris
have been transmitted to the B. vulgaris genome (e.g. as effect of semi-lethality or
abnormality of the alien chromosomes) and do not exist in the addition families

tested. Howsver, considering the level of similarity with the monosomic additions of
B. procumbens, it seems very unlikely that exactly nine chromosomes are missing.
Therefore, the results of the present study support the cytogenetic conclusion that
B. patellaris is an allotetraploid.

Each group of addition families as detected by DNA fingerprinting had
comparable morphological characteristic traits, although slight variations were
observed between and also within addition families in the same group. These
variations might result from the genetic background of the recipient parent,
B. vulgaris. Some morphological traits such as, annuallity, semi-lethality, flat and
droopy growth pattern, undulated leaf surface, glossy leaves, seem to be
chromosome-specific and are very useful for primary classification of the addition
families. However, this study shows that these morphological characteristics are not
adequate for identification of all alien chromosomes without the aid of additional
markers. Lange et al (1988) also concluded that the morphological plant
characteristics were not sufficient to identify all the addition types of B. procumbens,
because chromosome-specific effects are masked by the variability of the recipient
parent.

DNA analysis comparisons between the closely related species of the section
Procumbentes have been carried out in order to investigate the genetic relationships
between these species. Mita et al. (1991) found very few RFLP differences between
the three Procumbentes species and none hbetween B. procumbens and
B. webbiana. A very small genetic distance between B. webbiana and
B. procumbens was calculated. This indicates that they could be the same species,
as proposed also by Wagner et al. (1989). Also Jung et al. (1993) found no DNA
polymarphism between B. procumbens and B. webbiana using RFLP analysis.
Salentijn et al. {1992) reported that the homology between chromosome 1 of
B. pateflaris and chromosome 1 of B. procumbens is not complete because the
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probe CPRO7102 that is specific for B. pateflaris did not hybridise with
B. procumbens plant material at all. it also has not yet been explained why in the
extra chromosome of additions type A {chromosome 1) of B. procumbens, the
gene(s) for BCN resistance most probably are located on the short arm, while in the
presumably homoeologous chromosome of B, patellaris these gene(s) appear to lie
on the long arm (Lange et al. 1990a).

The banding pattems revealed by DNA fingerprinting of different

chromosomes of B. procumbens and B. patellaris showed, however, a similarity
hetween chromosomes 146, 2.2, 7, 8, and 9 of B. procumbens and the patterns of
group 1, 2, 7, 8, and 9 of B. pateliaris addition families, respectively. The addition
families in group 1, 2, 4, 5, 6, 7, 8, and 9 of B. patelfaris showed nearly identical
plant morphology with addition families with chromasoms 146, 2.2, 4, 5, new 6 (2.1),
7, 8, and 9 of B. procumbens, respectively. The combination of the molecular and
morphological data made it possible to identify and name addition families of
B. procurnbens and B. patelfaris that are thought to carry homoeologous extra
chromosomes. These similarities between the molecular pattern and the morphology
of addition families with various chromosomes of B. procumbens and B. patellaris
indicate that B. procumbens could have been involved in the evolutionary history of
B. patellaris. Reamon-Ramos & Wricke {1292) concluded on the basis of preliminary
results from isozyme markers with two monosomic additions of B. patelfaris that
possibly earlier in evolution the three species of section Procumbentes had the
same basic complement, but that B. patellaris had undergone further
polyploidisation. Since B. webbiana and B. procumbens could belong to the same
species (Wagner ef al. 1989, Mita et al. 1991), and since it was shown that
B. patelfaris most likely is an allotetraploid (Walia 1971, present study), showing
incomplete homology with B. procumbens, it might be inferred that an additional yet
unknown species could have interacted in the evolutionary history of B. pateflaris.
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Abstract

The physical localisation and organisation of two Procumbentes specific repetitive
DNA sequences, PB6-4 and OPX2, on the chromosomes of B. procumbens were
demonstrated by multi-colour fluorescence in situ hybridisation (FISH), using the
species itself and a set of B. procumbens derived monosomic addition families in
B. vuigaris. FISH to mitotic metaphase chromosome spreads of B. procumbens
revealed that probe PBS-4 predominantly occurred in the centromere region of all
chromosomes, with substantial differences in the number of sites per chromoscme.
However, the repeat OPXZ showed a dispersed distribution, with different
hybridisation patterns for each of the chromosomes. Simultaneous hybridisation with
PB6-4 and OPX2 to mitotic chromosomes of the B. procumbens derived monosomic
additions revealed that the fluorescent signals were corfined to one of the 19
chromosomes, indicating that ne cross-hybridisation with the genome of B. vulgaris
occurred. The simplified situation of FISH signals an a single chromosome permitted
to establish the distribution patterns of both repeats for each of the individual
B. procumbens chromosomes in the background of B. vuigaris, A FISH karyotype of
the species was constructed. On the basis of known linkage of the repeat PB6-4 with
the locus Hs1°™ for beet cyst nematode resistance, it was concluded that this locus
is likely to be located in the centromere ragion of chromosome 1. The results were
also in agreement with the conclusion of previous malecular studies, which led to
renaming of some addition families of B. procumbens. FISH of PB6-4 to extended
DNA fibres of eight different B. procumbens derived monosomic additions indicated
that each alien chromosome has a different number of PB6-4 copies, and that the
arrays have different sizes and vary in number among the alien chromosomes. The
power of both FISH techniques for the molecular analysis of the monosomic
additions is discussed.

Key words: Beta vulgaris, Beta procumbens, monosomic additions, Procumbentes,
fluorescence in situ hybridisation, extended DNA fibres, metaphase, repetitive DNA
sequences

Introduction
Molecular analysis of plant chromosomes is an effective tool for understanding

genomic evolution, meiotic racombination and karyotypic stability (Heslop-Harrison &
Schwarzacher 1993). Fluorescence in sifu hybridisation (FISH) has been widely
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applied to identify chromosomes, to detect chromosomal -abnormalities, and to
determine the chromosomal location of specific sequences for establishing physical
gene maps (Gall & Paradue 1969, Langer-Safer ef al. 1982). The application of
FISH in genome studies of crop plants has expanded rapidly since the introduction
of the technique (Trask 1991, Raybum & Gill 1986, Heslop-Harrison 1991, Jiang &
Gill 1994, Joos et al. 1994) and allows the assessment of parental chromosomes in
interspecific hybrids and backcross products. In addition, the technigques can be
used for identifying alien chromosomes and smali introgressed chromosome
segments carrying important characters (Heslop-Harrison & Schwarzacher 1993).
The direct visualisation of repetitve or single copy DNA sequences on
chromosomes of various species has been demonstrated using multi-colour FISH,
Apart from its use to mitotic metaphase chromosomes, enhanced resolution is
required, as can be obtained with meiotic prophase chromosomes and stretched
chromatin on extended DNA fibres (Zhong et a/, 1996a, 1996b, Shen et al. 1987,
Fransz et al. 1996).

The three wild Beta species of the section Procumbentes, i.e. B. procumbens
Chr. Sm., B. webbiana Moqg. and B. pateflaris Mog., are valuable genetic resources
for the breeding of cultivated beet (B. vulgaris L. subsp. vulgaris) {Van Geyt et al.
1990, Lange ef al. 1990). Alien monosomic additions to B. vulgaris harbouring single
chromosomes of one of the Procumbentes species have been produced for
transferring economically important genes to the genome of cultivated beet
(Heijbroek et al. 1983, 1988, Lange ot al. 1990, Savitsky 1975, 1985, Speckmann &
De Bock 1982, Speckmann ef al 1985, Jung & Wricke 1987). The alien
chromosomes in addition families, derived from interspecific hybridisation between
B. vulgaris and B. procumbens, B. webbiana or B. patellaris, have already been
identified and characterised with the aid of morphological, physiological,
biochemical, cytological, and molecufar studies (De Jong et al. 1986, Lange ef al.
1989, Reamon-Ramos & Wricke 1892, Salentijn et al. 1992, 1994, Van Gevt et al,
1988, Mesbah et al. 1997).

Several repetitive sequences with Procumbentes specificity could be isolated

and their occurrence tested for the identification and characterisation of individual
alien chromosomes or introgressed fragments in backcross derivatives from
interspecific hybrids between B. vulgaris and B. procumbens or B. patelflaris
(Schmidt et al. 1990, Jung & Herrmann 1991, Salentijn et al. 1992, 1994, Klein-
Lankhorst et al. 1894, Kleine et al. 1985, Mesbah et al. 1997). Repeats, if physically
close to a desirable gene, cah serve as cytological markers for positioning the gene
on the alien chromosome, An example is given for the repetitive sequences Sat-121
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and OPX2 nearby the beet cyst nematode resistance locus Hs7, as shown by
analyses of YAC and lamhda clones spanning an introgressed wild beet
chromosome segment in B. vulgaris (Salentiin ef al. 1992, 1994, 1995, Klein-
Lankhorst et al. 1994, Kleine et al. 1995, Cai et al. 1997). The distribution of the
dispersed repeat family PB6-4 over all chromosomes of B. procumbens and
B. patellaris has been substantiated by squash-blot hybridisation (Mesbah et al.
1996), and DNA fingerprinting with three different repetitive probes (OPX2, PB6-4
and Sat-121) has been used for the identification and characterisation of individual
alien chromosomes of both B. pateffaris and B. procumbens (Mesbah et al. 1996,

1997). In addition, the molecular structure, genome organisation and interspecific
distribution of two other dissimilar Procumbentes specific satellite repeats and one
family of highly repeated DNA have been analysed, and multi-cofour fluorescence in
situ hybridisation was used for physical mapping of these probes on mitotic
metaphase chromosomes of B. procumbens (Schmidt & Heslop-Harrison 1996).

In the present study the application of multi-colour fluorescence in situ
hybridisation of the two Procumbentes specific repetitive DNA probes OPX2 and
PB6-4 is described for charactetisation and physical mapping of these sequences on
the chromosomes of B. procumbens and on the alien chromosomes in
B. procumbens derived monosomic additions. The hybridisation patterns of the
different addition chromosomes have been used for establishing a karyotype of
B. procumbens. Size estimations of the arrays of the sequence PB6-4 on extended
DNA fibres of the alien chromosomes were carried out and will be discussed.

Materials and methods
Plant material

The plant material consisted of a set of monosomic additions (2n=19), containing
diploid B. vulgaris with an extra chromosome of B. procumbens (Van Geyt et al.
1988). The nine families represented eight different chromosomes of this species
and were classified according to the nomenclature of Meshah et al. {1997). The
addition family with chromosome 1 was represented twice (D1-2-13 and D3-2-35),
the latter being the family that erronecusly had been classified to have chremosome
6. The addition family with chromosome 4 was missing due to lethality caused by the
alien chromosome. The wild species B. procumbens (2n=18) served as control,
Plants of the B. procumbens derived monosomic addition families were grown under
greenhouse conditions. Monosemic addition plants were identified in segregating
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families by squash-blot hybridisation, using the repetitive DNA probe PB6-4 (Mesbah
et al. 19986).

Repetitive DNA probes

Two repetitive DNA probes, PB6-4 and OPX2, hoth specific for the section
Procumbentes of the genus Beta, were used in this study. PB6-4 was obtained from
a genomic library of B. procumbens (Salentijn et al. 1994) and has a size of 1700 bp.
It contains several Sat-121 core sequences intarspersed with unknown sequences
(N.N. Sandal, pers. comm.}. OPX2 is a middle-repetitive DNA sequence with
100-500 copies in B. pateflaris. It originated from a RAPD fragment produced with
the 10-mer oligonucleotide primer (5-TTCCGCCACC-3') (Safentiin et al. 1994).
Bacterial clones containing the repetitive DNA probes were grown in LB-medium
{50 pg/ml ampicillin}) and the plasmid DNA was extracted with a standard
minipreparation method. The clone PB6-4 was cloned in pUCT9 and OPX2 in SK".
Either of these were digested with EcoRl (pUC19) or EcoRl and Hind NI (SKh,
separated from the vector by agarose-gel electrophoresis and purified by freeze-
squeezing. The probes were labelled by random priming using either biotin-16-dUTP
or digoxigenin-11-dUTP according to the manufacturer (Boehringer, Mannheim,
Gemany).

Mitotic chromosome preparations

Mitotic metaphase chromosome spreads were obtained from root tip maristems.
Young root tips from fast growing plants were pre-treated with 2 mM
8-hydroxyquinoline for 2.5 h at 17 °C and fixed overnight in acetic-ethanot (1:3 v/v).
The material was macerated for 1 h at 37 °C in a mixture of pectolytic enzymes,
containing 0.3% cytohelicase (Sepracor, France), 0.3% cellufase '‘Onozuka’ RS
(Yakuit Honsha, Tokyo, Japan) and 0.3% pectolyase (Sigma P3026) in 10 mM
citrate buffer, pH 4.5. Further treatments were performed according to the protocol
as described by Zhong et al. (1996a).

Extended DNA fibre preparations
Nuclei were isolated from young leaves and stored in 50% (v/v) glycerol at -20 °C

according to the method of Zhong et al. 1996b. The isolated nuclei were spread on a
slide, air dried and digested with a lysis buffer (0.5% SDS, 5§ mM EDTA, and
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100 mM Tris, pH 7.0) {Zhong et al. 1996b, Fransz ef al. 1998). The chromatin
threads were released from the disrupted nuclear matrix and long fibres on the glass
surface were obtained by carefully tilting the slides after a 10 minutes incubation,
The extended DNA fibres were firmly fixed on the slides with acetic-ethanol (1:3 v/v)
and air dried.

Fluorescence in situ hybridisation

The slides with mitotic metaphase chromosomes were pre-treated in succession
with 100 pg/m! DNAase-free RNAase A in 2x SSC at 37 °C for 1 h, with 5 pug/ml
pepsin in 0.01 M HC1 for 15 min at 37 °C, and with 1% (w/v) alkaline formaldehyde
(with borate buffer, adjusted to pH 8.6) for 10 min at room temperature, After each
treatment the slides were washed three times for 5 min in 2x SSC. The chromosome
preparations were dehydrated in a graded ethanol series (70%, 90%, 98%) and air
dried. The slides with extended DNA fibres were directly used for fluorescence in
situ hybridisation without pre-treatment with RNAase, pepsin and formaldehyde. For
each slide 20 pl of hybridisation mixture (50% formamide, 2x SSC, 10% sodium
dextran sulphate, 50 mM phosphate buffer, pH 7.0, 1-2 ng/pl probe DNA and
50-100 ng/ul salmon sperm DNA) was applied. Chromosomes and DNA probes
were denatured at 80 °C for 2 min, and target and probe DNAs left to hybridise
overnight at 37 °C. Detection and amplification was according to the protocol of the
manufacturer {Boehringer, Mannheim, Gemmany). Digoxigenin-labeled probes were
detected with fluorescein-conjugated anti-digoxigenin antibodies and amplified with
fluorescein-conjugated rabbit anti-sheep antibodies. Biotin-labelled probes were
detected with avidin-Texas Red and amplified with bictin-conjugated goat anti-avidin
and avidin-Texas Red. Chromosomes were counterstained with DAPI and the slides
were mounted in Vectashield (Vecta Laboratories}) antifade mounting. The
hybridisation signals were observed under a Zeiss Axioplan microscope equipped
with epifluorescence illumination and Plan Neofluar optics. Images were
photographed on 400 1SO colour negative film, using single or triple filter sets for
DAPI, FITC and TRITC. The negatives were scanned and contrast and brightness of
their computer images were optimised using commercial image processing software.
The computer images were used for fength measurements and further
morphological analyses.
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Results
FISH on B. procumbens and monosomic additions

Fluorescence in situ hybridisation with digoxigenin-tabelled PB6-4 on metaphase
spreads of B. procumbens revealed that the distribution of this probe to a great
extend is confined to the centromere region of the chromosomes, with four to twelve
signals per chromosome. In addition, interstitial sites for this sequence were found
on one or both arms of five of the nine chromosome types. in situ hybridisation with
biotin-labelled OPX2 to mitotic metaphase chromosome spreads revealed different
pattems of this probe for the chromosomes of B. procumbens, varying from two to
ten hybridisation sites per chromosome. The results obtained with simultaneous
fluorescence in situ hybridisation with PB6-4 and OPXZ2 to the metaphase
chromosomes of B. procumbens were in agreement with hybridisation pattemns
obtained for the detection of the individual probes, demonstrating that the probes
were not co-localised for at least sight of the chromosome types (Fig. 1A and 1B).
On one pair of chromosomes, each with eight hybridisation sites of OPX2, two
signals were found that co-localised with a hybridisation site of PB6-4.

Multi-colour in situ hybridisation of digoxigenin-labelled PB6-4 and biotin-
labslled OPX2 to the chromosomes of all monosomic additions made clear that no
cross-hybridisation with chromosomes of B. vulgaris occurred, which confirmed the
species specific nature of the probes. The result of in situ hybridisation with PB&-4 to
the chromosomes of the monosomic addition carrying chromosome 8 is shown in
Fig. 1C. Initially, metaphase complements were considered to describe the position
of the FISH signals. As adjacent fluorescent spots with likely overlap in the highly
condensed chromosomes, prophase and interphase nuclei of the additions were
also used for comparison and establishing of more accurate numbers of FISH
signals. Morphology of the individual alien chromosomes was compared to that in
three well-spread and highly condensed chromosome complements of
B. procumbens, thus establishing a FISH karyotype of B. procumbens (Fig. 1D). In
addition, the chromosomes of the three cells of B. procumbens were measured, A
general description of the nine chromosomes of B. procumbens is given below.

Chromosome 1. Two monosomic addition families (D1-2-13 and D3-2-35)
containing this alien chromosome were tasted. The pattemns of the hybridisation sites
ware similar in either family. This chromosome has an average length of 4.3 pm, is
the second longest chromosome in the complement, and has a subterminal
centromere position. Ten PB6-4 signals and two OFPX2 signals could be discerned.
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Six PB6-4 signals were localised in the centromera region, two dots occurred on the
short arm, near the centromers, whereas two signals were observed halfway the
long arm. The two OPX2 signals were localised on the short arm. The maximum
number of PB6-4 and OPX2 sites on the interphase spreads was ten and four,
respectively.

Chromosome 2 (family Al5-1-7). This chromosome is 3.3 pm and has a
subterminal centromere position. Six PB8-4 signals and two OPX2 signals could be
detected. All PB6-4 sites were localised at or around the centromere on the short
arm, and the OPX2 sites coincided with the PB6-4 signals. The maximum number of
the PB6-4 and OPXZ sites on the interphase spreads were ten and four,
respectively.

Chromosome 3 (family D3-2-17). This submetacentric chromosome
measures 2.9 pm. Two less contracted distal segments were observed at the end of
the long arm. Six PB&-4 sites were localised in the centromere region. Two OPX2
signals were observed on the long arm and two on the short arm. The maximum
number of the hybridisation signals for PB8-4 and OPX2 on the interphase spreads
were six and four, respectively.

Chromosome 4. As the monosomic addition with chromosome 4 was not
available this chromosome was characterised solely on the information that was
obtained from complete chromosome sets of B. procumbens. The chromosome is
2.9 pm and has a submedian centromere position. Two less contracted distal
segments could be observed at the end of the long arm. Four PB6-4 sites were
localised at or around the centromere and two signals were positioned at the end of
the long arm. Two clear OPX2 sites could be observed on the long arm and two
even stronger signals on the short arm,

Chromosome 5 (family 13-2-24), This chromosome is 4.4 pm and thereby the
longest in the complement. It has a submedian centromere position, a secondary
constriction in the short arm and a tertiary constriction in the long arm. A cluster of
four PB6-4 sites was localised in the centromere region. Two PB6-4 sites also were
found on the long arm, near the tertiary constriction, while two OPX2 sites were on
the proximal part of the long arm. The maximum number of the hybridisation signals
for PB6-4 and OPX2 in the interphase nuclei amounted eight and thrse,
respectively.

Chromosome 6 {family D2-2-27). With a length of 2.8 pm this chromosome
is the shortest of the complement. It has a submedian centromers position, with two
small euchromatic distal segments at the short arm. A cluster of six PB6-4 sites was
localised in the centromere region, whereas two small PB6-4 sites hybridised at the
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distal end of the short arm. Two OPX2 signals could be observed on the short arm,
close to the centromere. The maximum number of hybridisation signals for PB6-4
and OPX2 on the interphase spreads were ten and four, respectively.

Chromosome 7 (family AUB-1-4). This submetacentric chromosome is
measuring 3.3 pm and shows a cluster of six PB6-4 sites close to the centromers,
Two OPX2 signals were detected on the short arm, very close to the PB6-4 sites.
The maximum number of the PB6-4 and OPX2 signals on the interphase spreads
were twelve and four, respectively.

Chromosome 8 {family D3-2-13). This chromosome with a length of 4.2 pm
is the 3rd longest in the karyotype and has a median centromere position. Six PB6-4
signals were localised in a more or less linear array, close to the centromere, with
two smaller sites on the middle of one of the arms. Two small OFPX2 signals
hybridised close to the centromere, in the same arm. The maximum number of the
PB6-4 and the OPXZ2 signals on the interphase spreads were ten and four,
respectively.

Chromosome ¢ (family C6-1-3). This submetacentric chromosome measures
3.0 ym and shows a cluster of four PB6-4 signals in the centromere region. No clear
OPX2 signals could be detected on the mitotic metaphase spreads of this
chromosome. The maximum number of the PB6-4 and OPX2 signals on the
interphase spreads were seven and six, respectively.

FISH on extended DNA fibres of B. procumbens derived monhosomic additions

Fluorescence in situ hybridisation was carried out on extended DNA fibres of the
monoscmic additions, using PB6-4, to estimate the size of the arrays of this repeat
on the individua! chromosomes of B. procumbens. Upon hybridisation of biotin-
labelled PB6-4 to extended DNA fibres and amplification of the signals with biotin-
conjugated goat anti-avidin and avidin-Texas Red the hybridisation sites appeared
as red fiuorescent strings. The tracks displayed beaded patterns and are depicted
individually in Fig. 1E. The resufts of measurements and counting of the spot
number per track and per pm fluorescent signal are summarised in Table 1. The
length of the fluorescent signafs within each monosomic addition varied and distinct
groups could be observed. The maximum and minimum [engths of the signals were
5 and 50 pm, respectively, with a mean of 22.74 pm. The maximum and minimum
number of spots per pm fluorescent signal were 1.5 and 0.4, respectively, with a
mean of 0.79 per pm. Despite this variation there was a significant correlation
between the length of the tracks and the number of the spots per track {r=0.71,
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Table 1. FISH of PBE-4 on extanded DNA fibres of a set of Bata procumbens derived manosomic
additions in B. vulgaris

Typeof Family Group' Numberof Lengthinym Number of spots
addition number observations average range average range per ym
Chr. 1 D1-2-13 A 6 17.8 16-19 1.5 10-14 0.64
D3-2-35 B 1 25.0 21.0 0.84
C 7 37.0 32-42 201 17-24 0.54
D 6 43.2 35-50 19.3 17-22 0.45
Chr. 2 AUs-1-7 A 4 6.0 6-6 9.0 9-9 1.50
Chr. 3 D3-2-17 A 1 6.0 7.0 1.17
B 2 13.5 13-14 16.0 16-16 1.19
C 1 27.0 24.0 0.89
Chr. 4 missing
Chr. 5 13-2-24 A 1 5.0 5.0 1.00
B 1 8.0 12.0 1.50
C 3 125 12-13 14.0 13-15 1.12
D 2 23.7 22-25 22.0 21-23 0.93
Chr. 6 D2-2-27 A 4 208 19-22 11.5 11-12 0.55
B 5 317 31-32 15.4 14-17 0.48
C 1 41.0 30.0 0.73
Chr.7 AUB-1-4 A 2 115 11-12 10.5 10-11 0.92
B 5 19.2 19-20 14.4 12-20 0.75
C 1 310 21.0 0.67
Chr. 8 D3-213 A 4 16.1 16-17 9.7 9-12 0.60
B 3 26.0 25-28 15.0 14-17 0.58
C 1 47.0 24.0 0.51
Chr. 9 C61-3 A 5 10.9 10-13 10.0 9-11 0.83
B 3 15.0 15-15 18.0 17-18 1.20
C 4 23.7 23-24 24.5 23-27 1.03

" For sach monosomic addition the fluorescence tracks with a similar length and spot density were
clustered in groups, named A-D

Fig. 1A and 1B. Simultaneous flucrescence in sifu hybridisation of PB6-4 (green signals} and OFPX2
(red signals) to the metaphase chromosomes of B. procumbens. Fig. 1C. FISH of PB6-4 (green
signals) to the chromosemes of a monosomic addition carrying chromosome 8 of B. procumbens.
Fig. 1D. FISH karyotype (chromoasomes 1-9) of B. procurnbens, that was established by hybridisation
of PBE6-4 (green signals) or OPX2 (red signals) to three well-spread and highly condensed
chromosome complements of B. procumbens and comparison with the hybridisation patterns of the
alien chromosomes in B. procumbens derived monosomic additions. Fig. 1E. FISH of PB6&-4 to
extended DNA ficres of B. procumbens derived monosomic additions. The fluorescence tracks
displayed beaded patterns and are depicted individually for each of the alien chromosomes.
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P=0.01). For each monosomic addition the fluorescent signals with equal or nearly
equal length and with similar density of spots were clustered (A-D). As shown in
Table 1, different clusters of signals were abtained in each addition type, indicating
that the number of copies and the location of PB6-4 differs among the individual
alien chromosomes.

Discussion

Distribution and physical localisation of two Procumbentes specific repetitive DNA
sequences, FB6-4 and OPX2, on chromosomes of B. procumbens were
demonstrated by fluorescence in situ hybridisation. FISH to mitotic metaphase
complements of B. procurmnbens showed that the repefitive probe FPEG-4 occurred
mainly in the centromere region of all chromosomes, with substantial differences in
the number of sites per chromosome. In contrast to PB6-4, the OPXZ repeat mostly
occurred on interstitial sites of all chromosomes. Numbers and positions of the
hybridisation signals were variable among the B. procumbens chromosomes. The
distribution of both OPX2 and PB6-4 in a double iabelling experiment was in
agreement with the results of the FISH with the single repeats. In previous studies
{(Mesbah et al. 1996, 1997), the distribution of these repetitive DNA seguences over
all chromosomes of B. procumbens and B. palellaris has been substantiated by
squash-blot hybridisation and DNA fingerprinting. Both PB6-4 and OPX2 were used
for the identification and characterisation of the chromosomes of B. procumbens and
B. patellaris using the same set of monosomic additions for the former species and
unidentified additions of B. patellaris.

Previous molecular analyses showed that PB6-4 contains several Saf-121
core sequences {Salentiin et al 1994), interspersed with unknown sequences
(N.N. Sandal, pers. comm.) and a similar DNA fingerprint pattern has been reported
for PB6-4 and Sat-121 (Mesbah et al. 1997). Salentijn et al. (1994) reported the
presence of Sat-127 close to the locus Hs1, conferring resistance to the beet cyst
nematode (Heterodera schachti Schm.}). Combination of the above-mentioned
results indicate that the resistance locus is located close to the centromere of
chromosome 1, as previously suggested by Schmidt & Heslop-Harrison (1996).
Schmidt & Heslop-Harrison (1996) also studied the genomic organisation and
chromosomal localisation of three DNA repeat families in 8. procumbens by
fluorescence in situ hybridisation, showing that the repeats occur in large
heterochromatic and DAP! positive blocks, Two of these non-homologous satellite
repeats (Sau3A satellite | and I} were localised in the centromere regions of six and
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eight chromosomes of B. procumbens, respectively, while a third family was
distributed over all chromosomes of B. procumbens.

FISH with PB6-4 and OPX2 to mitotic metaphase chromosomes of the
B. procumbens derived monosomic additions resulted in the localisation of the
probes exclusively on one of the 19 chromosomes. This indicates that no cross-
hybridisation with the genome of B. vuigaris occurred, which is a confirmation of the
results of the squash-blot experiments (Mesbah et al. 1996). Since no GISH
(genomic in situ hybridisation} was performed, there is no certainty about the
integrity of the alien chromosomes. However, the absence of signals on the
chromosomes of B. vulgaris and the supposed rare occurrence of homoeologous
recombination (Lange et al. 1990) both point to the same direction. The physical
localisation of the probes on the alien chromosomes permitted to distinguish
unambiguously the individual B. procumbens chromosomes in the background of
B. vulgaris. Accordingly, eight of the chromosomes of B. procumbens (chromosome
4 is missing) could be identified on the basis of differences in humber and location of
the signals. Their FISH patterns were described and compared 1o those in three
complate chromosome sets of B, procumbens in order to construct a karyotype for
this species. The results also clearly confirmed the reorganisation of the set of
B. procumbens derived monosomic additions, as proposed by Mesbah et al. (1997).
The two families with chromosome 1 {D1-2-13/old 1 and D3-2-35/cld 6} showed the
same pattern, and the families AU5-1-7 (new 2/old 2.2) and D2-2-27 (new 6/old 2.1}
could easily be distinguished from each other.

In contrast to the short, rather uniform chromosomes at metaphase, the
morphology of pachytene chromosomes is much more differentiated, with
chromosome specific diagnostic heterochromatin segments, as shown by De Jong
(1981). Mean chromosome length varied from 36.6 to 19.4 pm and centromere
indexes ranged from 0.42 to 0.20. However, the length and centromere positions
between chromosomes of the same types proved to vary considerably due to
differential contraction of chromosome segments during pachytene. The pachytene
chromosomes were arranged (1-9) based on length, centromere position and
chromomere pattern. The results of the present studies gave a rough estimation of
the length of the different chromosomes. However, the chromosomes were very
condensed, and only six chromosomes per type were measured, so that the
obtained values must be handled with care. Nevertheless, the data suggest that the
chromosomes 1, 5, 6, and 8, in the monosomic additions might correspond to the
chromosomes 2, 3, 9, and 1, respectively, as described by De Jong (1981). It can
also be concluded that chromosome 5 of the monosomic additions with a secondary
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constriction at the distal end of the short arm, represents chromosome 3 of the
pachytene complement, which chromosome harbours the NOR region, as reported
by De Jong (1981).

A new technology for stretching DNA across a slide has been developed by
Heng ot al. {1992). Upon fluorescence in situ hybridisation, linear tracks appeared

on the extended fibres, allowing ordering of contiguous probes and estimating the
molecular size of the sequences. Although this techniqgue has mostly been
implemented to examples of human research (Senger et al. 1994, Heiskanen et al.
1994, Bengtsson et al. 1994, Houseal et al. 1994, Fidleroval et al. 1994, Weier et al.
1995), its significance has lately been demonstrated for Arabidopsis and tomato
(Fransz et al. 1996, Zhong et al. 1996a, 1996b). It was shown that probes from
cosmids, lambda ciones and plasmids, containing repetitive and single-copy
sequences, can be mapped easily on extended DNA fibres.

As shown in the present study, FISH of PB6-4 to extended DNA fibres of
different B. procumbens derived monosomic additions revealed fluorescent linear
signals, varying within and between the different chromosomes. The results
indicated that each alien chromosome has a different number of copies of PB6-4,
which are clustered in several domains with different sizes. Fransz et al. (1996)
established a stretching degree of the DNA fibres of 3.27 kbp per pm. If this figure is
applied on the present data, the molecular sizes of classes A, B, C and D of
chromosome 1 could be estimated at 57 kbp, 82 kbp, 120 kbp and 140 kbp,
respectively.

As mentioned before, it is known that PB6-4 contains several Sat-121 core
sequences. The crganisation of Sat-127 in B. procumbens has been investigated by
Pulsed Field Gel Electrophoresis {PFGE), using a fragment addition (AN1-89) of
chromosome 1 (Salentijn ef al. 1994). |t was reported that in AN1-89 clusters of
Sat-121 are present on three Ncol-fragments of 50 kbp, 100 kbp and 175 kbp,
respectively. Therefore, it might be concluded that the fluorescent linear signals in
classes A, C and D of chromosome 1 match with the PFGE-fragments of 50 kbp,
100 kbp and 175 kbp, respectively. Class B of chromosome 1 could belong to class
A, or this cluster is present on chromosome 1 but is missing from the fragment
addition. The data of the present study confirmed that fluorescence in situ
hybridisation on extended DNA fibres is a reliable and fast technique for the study of
organisation and size estimation of DNA sequences.
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Abstract

Beset cyst nematocdes (BCN) (Heterodera schachti), Cercospora beticola, and
rhizomania, caused by the beet necrotic yellow vein virus (BNYVV) and vectored by
the soil-bome fungus Polymyxa betae, are the most serious diseases of sugar beet
{Beta vulgaris subsp. vulgaris). The wild Beta species of section Procumbentes are
known to be completely resistant to H. schachtii, C. beticola and P. betae. Alien
monosomic additions (2n=19), plants of cultivated beet (2n=18} carrying different
individual chromosomes of B. procumbens (2n=18) or B. patellaris (2n=36), were
tested in greenhouse experiments for resistance to these pathogens. Gene(s)
conferring full resistance to the beet cyst nematode in B. patellaris are located on
chromosome 1.1, and the other tested chromosomes of B. patellaris are not involved
in the expressicn of resistance. Artificial inoculation under greenhouse conditions,
with in vitro produced inoculum of C. beficola and spot-percentage rating of the
disease intensity, showed that the high level of resistance that was obssrved in the
wild species B. procumbens and B. paileflaris was not found in any of the
monosomic additions tested. It was suggested that genes on various chromosomes
of the wild species are needed to express full resistance, and that the chromosomes
of group 7 of B. patellaris and chromosome 7 of B. procumbens have the largest
effect. The greenhouse tests for resistance to P. betae in B. pateliaris derived
manosomic additions showed that the addition families of group 4.1 have a strong
partial resistance, while the addition families of group 8.1 appeared to be completely
resistant to the pathogen. Resistance to P. betae in the two wild species as well as
in the two resistant addition types did not exclude infectian with BNYVYV, but resulted
in a considerable reduction of the virus concentration. It was concluded that
resistance to the vector would complement virus resistance, and may provide a
more effective and durable control of rhizomania.

Key words: Beta vulgaris, Beta patsllaris, Beta procumbens, monosomic additions,
Procumbentss, beet cyst nematode, Heterodera schachtii, Cercospora beticola,
Polymyxa betae, beet necrotic yellow vein virus, rhizomania

Introduction

The sugar beet crop has already encountered numercus pests and diseases in the
widely divergent beet growing areas of the world, and three of them are extremely
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impertant in the economics of sugar beet {Beta vulgaris L. subsp. vulgaris). Beet
cyst nematodes (BCN, Helerodera schachtii Schm.) form a serious pest in various
parts of the beet growing area (Lange & De Bock 1994). Cercospora beticola Sacc.
is a foliar disease, that is gradually extending its area of occurrence, especially in
warmer climates (Smith & Martin 1978, Shane & Teng 1992, Adams ef al. 1295,
Byford 1996). Rhizomania mainly is a root disease, which is caused by the beet
necrotic yellow vein virus (BNYVV) and is vectored by the soil-bome fungus
Polymyxa betae Keskin (Tamada & Baba 1973, Tamada 1975, Payne & Asher
1990). These diseases require much efforts from growers to prevent significant
reduction in yield and sugar content, and the most promising means of control is
through breeding resistant cultivars. High levels of resistance to the beet cyst
nematode, C. beticola, P. betae, and BNYVV have not been found in cultivated beet
{Lange & De Bock 1994, Doney & Whitney 1969, Heijbroek 1277, Jung et al. 1994,
Munerati et al. 1913, Bosemark 1969, Coons 1975, Bilgen et al. 1968, Asher & Barr
1990). The occurrence of both partial and complete resistance against the above-
mentioned causal agents in wild taxa of the genus Beta has been reviewed by Van
Geyt et al. 1990. The three wild species of section Procumbentes are considered to
be of particular interest.

Partial resistance to BCN occurs in the sea beet, B. vulgaris subsp. maritima
(L.) Arcang., accession BMH (Mesken & Lekkerkerker 1988, Lange & De Bock
1994). This kind of resistance appears to be controlled by a polygenic genetic
system (Hijner 1952, Heijbroek 1977). Complete resistance to BCN was found in
section Procumbentes, and is possibly controlled by major gene(s) {Hijner 1952, Yu
1984, Lange ef al 1990a). Using monosomic additions, one, two and three
chromosomes harbouring a BCN-resistance locus were identified in B. patellaris
Mog., B. procumbens Chr. Sm. and B. webbiana Moq., respectively (Jung ef al.
1986, Van Geyt ef al. 1988, Lange ef al. 1990a, 1990b). In spite of several barriers,
the alien monosomic additions could be used to make BCN-resistant diploid sugar
beets, in which part of a wild beet chromosome is translocated to ene of the sugar
beet chromosomes (Savitsky 1975, 1978, Lange ef al. 1990a, Speckmann & De
Bock 1982, Speckmann et al. 1985, Heijbroek et al. 1983, Léptien 1984, Jung &
Wricke 1987, Heijbroek et ai. 1988, Brandes et al. 1987, Schondelmaier et al. 1996).
Recently one of these genes was isolated with the aid of map based gene cloning
(Cai et al. 1997},

The majority of the partial resistance to C. beticola in sugar beet cultivars
shows quantitative inheritance, and can be traced back to plant materials obtained
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from crosses between B. vulgaris subsp. maritima, as a source of leaf spot
resistance, and sugar beet (Bosemark 1969, Cocns 1975, Bilgen et al. 1968). High
levels of resistance to C. beticola were reported for B. procumbens and B. webbiana
as compared to B. vulgaris (Carels et al. 1990}. It would be interesting to know if
such resistance in these wild species shows guantitative inheritance, as is the case
in sugar beet (Smith & Gaskill 1970), or whether different mechanisms are involved.

B. vulgaris subsp. vulgars also appears to be universally susceptible to
P. batae (Asher & Barr 1990, Paul 1993), but some accessions of subsp. maritima
with partial resistance to P. betae have heen identified, and this resistance is
believed to be quantitatively inherited (Asher & Barr 1990). The resistance to
P. betae in species of section Procumbentes seems to be dominant and simply
inherited (Barr et al. 1995, Paul et al. 1992h). Using monosomic additions of
B. procumbeans, it was found that gene(s) conferring resistance to P. betas are
located on chromosomes 4 and 8 (Paul et al. 1992b). The chromosomal location of
resistance to P. betae in B. pateilaris and B, webbiana is yet unknown. However, the
Procumbentas species are believed to be susceptible to BNYVV (Fujisawa &
Sugimoto 1979). The introduction of resistance to P. betae might complement and
improve the effect of (partial) virus resistance from cther sources (Paul ef al. 1992b,
Barr et al. 1995, Whitney 1989)

Recently the chromosomes of diploid B. procumbens and of allotetraploid
B. patelfaris, both in monosomic additions, were identified with the help of DNA
fingerprinting and using repetitive DNA sequences (Mesbah et al 1997). For
B. procumbens the existing classification was improved, whereas for B. patellaris
nine groups of hamoeolagous chromesomes were identified, many of them with two
sub-groups, each including only hemologous chromosomes. With these monosomic
additions greenhouse tests were carried out to investigate the chromosomal
localisation of gene(s} for BCN resistance of B. pateflaris, for resistance to
Cercospora leaf spot of B. procumbens and B. pateffaris, and for resistance to
P. betae of B. patellaris. The effect of the latter resistance on the level of infection
with BNYVV also was studied
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Materials and methods
Plant material

Plant material consisted of monosomic additions (2n=19) of B. vulgaris, carrying an
axtra chromosome of B. procumbens ar B. patellaris, and their disomic sib plants
{2n=18). The nine B. procumbens derived families represented eight different
chromosomes of this species, according to the new number system as proposed by
Mesbah et al. (1997). Special attention was paid to family D3-2-35, which had been
renumhered from type 6 to type 1. Because of lethality the addition with
chromosome 4 was missing. Recently monosomic addition families derived from
allotetraploid B. pateflaris have been described and grouped, on the basis of DNA
fingerprinting and morphological characteristics {Meshah ef al. 1997). Twenty-seven
of such families were used in the present study. The first and second figure of the
type number represent the number of the group and the number of the sub-group, if
applicable. Monosomic addition plants were identified from disomic sib plants in
offspring families by a squash-blot hybridisation method, using a repestitive DNA
probe (PB6-4), as described by Mesbah et al. (1996). For the various experiments
controls were chosen from the following materials: the wild species B. procumbens
(2n=18) and B. patellaris {2n=36), the wild beet accession B. vuigaris subsp.
maritima WB42, the accession Holly-1-4 (inbred from Holly, provided by Dr. R. T.
Lewellen, USDA, California, USA), a sugar beet hybrid {provided by Dr. A. M. E.
Nihlgard, Novartis Seeds AB, Landskrona, Sweden), the male sterile MS-2, and the
sugar beet cultivar ‘Regina’.

Greenhouse testing for resistance to the beet cyst nematode

Nematode testing was carried out according to Toxopeus & Lubberts (1979). Seeds
were sown in soil. If possible, 160 individual seedlings from each family were
transplanted into 36 ml PVC tubes, filled with quartz sand, which was moistened with
a nutrient solution (Steiner 1984). Plants ware grown at 22 °C and a relative humidity
of about 80%. One week later each tube was inoculated with a suspension of 300
pre-hatched juveniles of H. schachtii, using a veterinary inoculation gun. Monosomic
addition plants were identified from disomic sib plants in the offspring families during
the incubation period {four weeks). After this period the root systems of the
monosomic additions, as well as those of sixteen disomic sib plants per family, were
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carefully washed free of sand and the number of white female cysts was

investigated by direct observation under a stereoscopic microscope at x10
magnification. Plants with less than ten cysts per root system were considered to be
resistant to the nematode. Since the result of the nematode testing was clear cut, no
statistical analysis was performed.

Greenhouse testing for resistance to C. beticola

Leaves infected with C. beticola were collected from a sugar beet field trial in the
South of the Netherlands (near Roermond}. Leaf disks of 5 mm in diameter, each
with a single leaf spot, were surface sterilised in 70% ethanol for 30 s, and then for
1 min in 1% AgNQ,, followed by rinsing twice in distiled water for 15 min (Carels et
al. 1990). The leaf samples were placed on petri dishes containing 25 ml sugar beet
leaf extract agar (SBLEA) {Calpouzos & Stallknecht 1966). Plates were incubated for
two weeks at 25 °C. For fungal multiplication, small pieces of the colonies were
transferred onto V-8 juice agar plates (Miller 1955) and incubated for two weeks. To
obtain enough spores for incculation, 5 ml of sterile water was added to each plate
and the agar-surface was rubbed gently with the edge of a microscope slide. This
spore-mycelium suspension was transferred onto new V-8 plates (0.5 ml/plate) and
incubated for five days at 25 °C. After the incubation period a new spore-mycelium
suspension was made, which was passed through a nylon mesh filter. The density
of the spore-mycelium suspension was adjusted to approximately 50,000 spores/mi,
using a haemocytometer {Fuch-Rosenthal) and a phase-contrast microscope.

Because of the large number of planis, two separate experiments were
carried out, using a complete randomised design with samples of unequal size. If
available, nine plants were tested for each of the monosomic addition familiss,
together with six plants of their disomic sib plants, and nine plants of each of the
controls. At the beginning of the test the plants were 10 to 12 weeks old, and the
older leaves were removed. For inoculation about 10 ml spore-suspension was
applied per plant, by immersing the foliage into the spore-suspension until all leaves
were thoroughly wetted. After inocuiation the whole set of plants was covered with a
plastic foil and kept under greenhouse conditions, at approximately 100% relative
humidity and 27/23 °C (day/night). In order to prevent reduction in humidity the
plants were sprayed with water, two times per day. After five days the plastic foil was
removed and the humidity reduced to around 70%.
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Three weeks after inoculation the severity of the attack by C. beticola was
quantified and scored, using individual leaves, according to the method as described
by Rossi & Battilani {1989). The whole range of leaf symptoms was subdivided into
nine classes {0, 1, 5, 10, 20, 40, 60, 80, 100) representing the affected percentage
of the whole leaf area. Data were used to calculate a spot-percentage rating for
each plant. For all materials, except for the two Procumbentes species, the class 0
was excluded, because it cansisted solely of new leaves, grown after inoculation.
The spot-percentage rating values were used for the analysis of variance. LSD
values were calculated at P=0.05 and 0.01 for the differences between any pair of
means.

Greenhouse testing for resistance to P. betae

A greenhouse test for screening sugar beet for resistance to BNYVV has been
described by Paul et al. {1992a). This method was used in the present study to
determine the reaction of different B. pateflaris derived monosomic additions to
BNYVV and to the fungal vector P. betae. Because of the large number of plants,
two separate tests were carried out. For each experiment a complete randomised
design with samples of unequal size was used. If available, twelve plants were
tested for each of the monosomic addition families, together with twelve plants of
their disomic sib plants and the controls. One month after transplanting the
seedlings, roots were washed with tap water. The roots of each plant were evaluated
for the presence of cystosori of P. betas by direct observation under an inverted
microscope (Zeiss ID02). ELISA was used to determine the virus concentration in
the rootfets of individual plants (Clark & Adams 1977, Alderlieste & Van Eeuwijk
1992). Logsp values of virus concentration were used for the analysis of variance.
LSD values were calculated at P=0.05 and 0.01 for the differences between any pair
of means.

Results
Beet cyst nematode
Variable numbers of addition plants from 27 families (Table 1), belonging to nine

different groups, eight of them with two sub-groups, of B. pateliaris derived
monosomic additions (Mesbah et al. 1997), 34 addition plants of a family with
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Table 1. Results of testing for resistance to the beet cyst nematode {Heterodera schachtii) in a set
of Beta pateflaris derived monosomic additions in B. vuigaris, and their disomic sib plants

Type of Family Addition (2n=19) Disomic (2n=18)
addition number number of rasistance’ number of resistance’
plants plants
1.1 B4-1-7 7 + 16 -
1.2 A5-1-19 9 - 16 -
1.2 A5-1-29 10 - 16 -
2.1 B1-1-51 13 - 16 -
2.1 OVP-1-8 16 - 16 -
22 B1-1-6 17 - 16 -
31 A5-1-15 31 - 16 -
3.1 B1-1-8 25 - 16 -
3.1 B4-1-2 22 - 16 -
3.2 A3-1-3 24 - 16 -
4.1 A5-1-7 11 - 16 -
4.1 B1-1-192 19 - 16 -
4.2 B1-1-54 7 - 16 -
5 A3-1-6 1 - 16 -
] A5-1-25 3 - 16 -
6.1 A5-1-8 30 - 16 .
6.2 A5-1-27 25 - 16 -
6.2 A5-1-28 7 - 16 -
7.1 A3-1-5 25 - 16 -
71 D1-1-2 31 - 16 -
7.2 B1-1-4 3 - 16 -
8.1 D4-1-1 40 - 16 -
8.1 QOVP-1-3 16 - 16 -
8.2 B3-1-1 27 - 16 -
9.1 D1-1-1 27 - 16 -
9.1 Di1-1-6 29 - 16 -
9.2 Di-1-5 16 - 16 -

"+ = resistant, - = susceptible {more than 10 cysts/plant)
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chromosome 1 of B. procumbens (old number 6}, as well as control plants, were
tested for resistance to-H. schachtii. In all control plants abundant numbers of cysts
{more than 50 per plant) were observed. As shown in Table 1 the seven monosomic
addition plants of group 1.1 (family B4-1-7 = AN110, Mesbah et al. 1997) did not
have cysts on the root system. All other monosomic addition plants that were tested
were fully susceptible and abundant numbers of cysts were observed on the root
systems. The 34 meonosomic addition pilants of family D3-2-35, carrying
chromosome 1 of B. procumbens also were completely susceptible fo H. schachtii,

Cercospora beticola

The first leaf spots appeared approximately nine days after inoculation on the leaves
of susceptible plants. Since the greenhouse conditions were favourable for the
development of C. beticola, the infection increased rapidly. The necrotic lesions that
are typical for Cercospora leaf spot symptoms were not completely absent in any of -
the plants tested (Table 2). In both experiments the two wild species B. procumbens
and B. pateflaris were almost completely resistant. However, a fleck reaction
together with a few necrotic spots could be observed on the older leaves, usually
next to the margins. A small difference in leaf spot intensity was observed between
B. procumbens and B. patellaris. Because of the extremely low leaf spot intensity in
the two species of section Procumbentes, which alsoc made it unjustified to leave out
the class 0, the results of scoring of these species were omitted from the statistical
analysis. In both experiments the controls WB42 and MS-2 showed a clearly
susceptible reaction. In the second experiment a partial resistant sugar beet hybrid
of Novartis Seeds AB was included in the test as an additional control. This hybrid
showed an average rating of 21.02%, which was significantly lower than the average
value of any of the other materials in this test, with the exception of B. procumbens
and B. patellaris. The differences between the resistant and susceptible controls
indicated that the greenhouse test for the evaluation of genotypes in response to
C. beticola infection appears to be a useful method. Because of the limited
differences between the results of the two tests, they have been presented together.
Most of the monosomic addition plants and their disomic sib plants were
severely infected with the fungus, indicating that these plant materiais are
susceptible. For test 1 the average value of none of the monosomic additions
differed significantly from that of their disomic sib plants, although the addition family
of group 4.2 (B1-1-54) showed a tendency to partial resistance. In test 2 some
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Table 2. Results of testing for resistance to Carcospora beticola in sets of Beta procumbens
and B. patellaris derived monasomic additions in B. vulgaris, and their disomic sib plants

Type of Family Test'  Addition {2n =19) Disomic (2n=18)  Dif. ©
additign number number n av. n av. {19-18)
B. procumbens

1 D1-2-13 2 6 53.17 6 62.12 -8.95
1 D3-2-35 2 8 61.73 3] 67.35 -5.62
2 AUS5-1-7 1 8 61.30 4 61.10 0.20
3 D3-2-17 2 5 73.06 6 65.45 7.61
4 missing

5 13-2-24 2 8 66.61 6 59.93 6.68
6 D2-2-27 2 9 58.04 6 56.92 1.12
7 AUB-1-4 2 2 49.05 3 77.70 -28.65 **
8 D3-2-13 2 7 €1.80 6 73.96 -12.16 *
9 C6-1-3 2 4 73.10 6 59.93 13.17
B. patellans

1.1 B4-1-7 1 6 60.92 3] §5.07 -4.15
1.2 AB-1-19 2 4 65.58 6 66.80 -i.22
1.2 A5-1-29 1 7 59.67 6 60.63 -0.98
2.1 B1-1-51 1 7 74.29 6 65.63 8.66
2.1 OVP-1-8 1 9 82.82 6 68.73 14.09
2.2 B1-1-5 1 7 66.27 6 67.38 -1.11
3.1 A5-1-15 1 9 59.98 6 45.87 14.11
31 B1-1-8 1 9 66.77 6 64.57 2.20
341 B4-1-2 1 7 66.43 6 63.07 3.36
3.2 A3-1-3 1 9 66.39 ] 62.20 419
4.1 A5-1-7 1 2 46.15 6 51.25 -5.10
4.1 B1-1-182 1 9 71.68 6 65.28 6.40
4.2 B1-1-54 1 5 48.30 6 64.43 -16.13
5 A3-1-6 1 1 83.30 6 65.08 -1.78
6.1 A5-1-8 1 9 56.20 6 60.57 -4.37
6.2 A5-1-27 1 =] 57.50 ] 52.93 4.57
6.2 Ab-1-28 2 2 58.60 5 56.30 230
741 A3-1-5 2 6 46.40 6 63.60 -17.20 **
7.1 D1-1-2 2 9 52.68 5 67.78 -15.10 *
7.2 B1-1-4 2 2 44.65 3 62.47 -17.82
8.1 D4-1-1 2 9 69.02 6 67.82 1.20
8.1 OVP-1-3 2 9 57.59 6 68.07 -10.48
8.2 B3-1-1 2 9 68.19 5 71.94 -3.75
9.1 D1-1-1 2 9 63.49 6 68.70 -5.21
9.1 D1-1-6 1 9 66.51 5] 63.02 3.49
9.2 D1-1-5 2 9 69.68 6 60.60 9.08
Controls

MS-2 1 9 53.01

MS-2 2 9 60.16

wB42? 1 8 66.92

WB42 2 9 64.54

Novartis hybrid 2 9 21.02

B. procumbens * 1 9 0.10

B. procurnbens 2 9 0.77

B. pateftaris * 1 9 5.80

B. patellaris 2 9 1.00

" for logistic reasons 1wo tests had to be carried out
5 * and ** mean significant at P=0.05 and 0.01

B. vuigaris subsp. marnitima
* not included in the statistical analyses
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statistically significant differences between additions and their disomic sib plants
showed up (Table 2), these concern chromosome 7 and 8 of B. procumbens
(families AU6-1-4 and D3-2-13), and the two B. pateflaris derived addition families of
group 7.1 (A3-1-5 and D1-1-2). The observed values for three of these families were
significantly lower than those of WB42 and MS-2. Addition family B1-1-4 of group
7.2 also had a lower disease intensity than their disomic sib plants, but this
difference was not statistically significant, possibly also because of the small number
of plants tested. The addition families OVP-1-8 {group 2.1} and A5-1-15 (group 3.1)
were mere susceptible than their disomic sibs. The results of the tests indicated that
the chromosomes of group 7 of B. patellaris and chromosome 7 and 8 of
B. procurnbens may confer partial resistance to Cercospora leaf spot, but the
individual chromosomes of either B. procumbens or B. patollaris in B. vulgaris did
not prevent infection by C. beticola to the same level as in the donor species.

Rhizomania

Rootlets of ‘Regina’ (susceptible to vector and virus), and Holly-1-4 and accession
B. vuligaris subsp. maritima WB42 (both susceptible to the vector and resistant to
BNYVV}, when grown in rhizomania infested soil and examined microscopically, had
abundant cystosori, or resting spores, of P. betae. Cystosori were not detected in
roots of either B. procumbens or B. patelfaris. As shown in Table 3, cystosori of
P. betae could not be found in the two monosomic addition families belonging to
group 8.1 of B. pateilaris (OVP-1-3 and D4-1-1), whereas abundant cystosocri were
detected in the roots of the addition family B3-1-1, belonging to group 8.2 of
B. pateliaris. in the roots of the monosomic additions of group 4.1 {A5-1-7 and
B1-1-192) very low numbers of resting spores could be detected, which differs much
from the high number in family B1-1-54 of group 4.2. In all other monosomic addition
plants, as well as in all disomic sib plants, abundant clusters of cystoseri could be
detected.

The results of the virus assays for both experiments are also summarised in
Table 3. BNYVV was detected in the rootlets of all plants that were analysed by
ELISA. However, significant differences were observed. Virus concentrations in the
two wild species B. procumbens and B. patellaris, as well as in WB42 and Holly-1-4,
were low, and differed significantly from those in ‘Regina’. Among the monosomic
additions the families belonging to group 4.1 of B. patellaris (A5-1-7 and B1-1-192)
had a significantly lower virus concentration than their disomic sib plants and
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Table 3. Results of testing for resistance to Polymyxa betae and the beet necrotic yellow vein

virus (BNYVV} in a set of Beta patellaris derived monosomic additions in B. vulgaris, and their
disomic sib piants

Type of  Family Test ' Addition (2n=19) Disomic {(2n=18) Dif. (BNYVV)®
addition number number _n F. betag" BNYVV® n P. betag® BNYVV" (19-18)

11 B4-1-7 1 12 &+ 214 12 ++ 2.03 0.11
1.2 AS-1-19 1 12 1.97 12 4+ 2.03 0.06
1.2 A5-1-29 1 g ++ 1.89 11 ++ 1.91 0.02
2.1 B1-1-51 1 9 -+ 1.88 11 e 2.11 0.23
21 QOVP-1-8 1 11 ++ 1.88 12 ++ 2.06 0.18
34 A5-1-15 1 12 2.16 M o+ 2.02 0.14
31 B1-1-8 1 12 ++ 217 12 Fy 2.21 0.04
3.1 B4-1-2 1 12 2.14 12 ++ 1,99 0.15
41 A5-1-7 1 1 -t 1.57 12 +4 222 D.65 ™
4.1 B1-1-192 1 4 -t 1.76 10 ++ 2.00 0.33 *
42 B1-1-54 1 7 - 2.03 12 4+ 2.18 0.15

5 A3-1-6 1 1 t -3 12 4+ .8 -

6.1 A5-1-8 2 12 4+ 2.40 12 4+ 2.27 0.13
6.2 AB-1-27 2 1M1 2.31 12 44 2.48 0.17
6.2 As-1-28 2 4 ++ 2.24 4 4+ 2.20 0.04
71 A3-1-5 2 12 ++ 2.4 12 ++ 2.50 0.09
71 D112 2 12 ++ 2.26 12 N 2.28 0.02
7.2 B1-1-4 2 2 ++ 2.52 4 N 2.22 0.30
81 D4-11 2 Eh! -- 1.81 12 ++ 2.10 029 *
8.1 OVP-1-3 2 10 -- 1.74 12 4+ 2.24 0.50 **
8.2 83-1-1 2 12 4+ 2.32 1M1 4t 2.42 0.10
9.1 D1-1-1 2 12 4 2.31 12 44 2.41 0.10
8.1 Dt-1-6 2 10 e 2.2 12 4 2.44 0.23
9.2 D1-1-5 2 12 ++ 2.17 11 EWN 2.41 0.24
Controls

Holiy-1-4 1 12 ++ 1.19

Holly-1-4 2 12 + 1.75

‘Regina” 1 12 4+ 2.13

‘Regina’ 2 12 ++ 2.39

wp42® 1 12 4+ 1.10

wB42 2 12 44 151

B. patellaris 2 12 -- 1.44

B. procumbens 2 12 - 1.43

’ for logistic reasons two tests had to be carried out
* and ** mean significant at P=0.05 and 0.01
++ = many cystosor, - + = very few cystosori, - -= without cystosori
4 average of log,, virus concentration {original data in ng/mi)
% plant died
plants not studied for virus concentration
? triploid cultivar
58, vulgars subsp. maritima
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‘Regina’, but no significant difference was observed between these two addition
families. The same phenomenon was observed for the two monosomic addition
families belonging to group 8.1 of B. pateflaris (D4-1-1 and OVP-1-3). However, the
two wild species had significantly lower virus concentrations than the four above-
mentioned additions. Finally the virus concentrations observed in the addition plants
and in the sib plants of the other addition types were high.

Discussion

Beet cyst nematode

Mesbah et al. (1997) reponted that chromoseme 1 and 6 of B. procumbens are
identical with the only difference that the monosomic addition with the chromosome
referred to as 6 lacks the gene for BCN resistance. Cansequently, the monesomic
addition with chromosome & was renamed to be alsa chromosome 1. To be sure
about the reaction of this monosomic addition towards BCN, this family (D3-2-35)
was tested. The observation of abundant cysts in this family confirmed the
susceptibility of the renumbered monosomic addition family of 8. procumbens, and
also that this resistance locus carries alleles for both resistance and susceptibility.

Testing for resistance to H. schachtii in 27 addition types of B. pateflaris
resulted in abundant numbers of cysts on the roots of the disomic sib plants, which
indicated the efficiency of the artificial nematode testing and the susceptibility of the
disomic sibs. Full resistance to the beet cyst nematode was observed only in the
monosomic addition family belonging to group 1.1 of B. patsllaris (B4-1-7 = AN110,
Mesbah et al 1997). These resulis indicate that the gene(s) conferring full
resistance to the beet cyst nematode in B. patellaris are located on chromosome
1.1, and that the other tested chromosomes of B. pafeliaris are not involved in the
expression of the resistance. The results corraspond with the findings of Lange ot al.
(1990a). In a previous study {Mesbah et al. 1997) two of the susceptible monosomic
addition families (A5-1-19 and A5-1-29) were classified to belong to sub-group 1.2,
which is assumed to be homoeologous to chromosome 1.1 of B. patelfiaris.
Segregation of BCN resistance in B. patelflaris has not been encountered, so that it
was postulated that B. pateflaris is of allotetraploid nature, and that preferential
association occurs between the two homologous chromosomes 1.1 that contain the
BCN gene(s) (Mesbah et al. 1997). The results of the present nematode testing are
in line with this conclusion.
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The finding of only one chromosome of B. pateflaris harbouring gene(s) for
BCN resistance was surprising. By using a selected pathotype of the nematode
Lange et al. (1993) demonstrated that chromosome 7 of B. procumbens carries at

least one gene for BCN resistance that is different from that on chromosome 1 of
B. procumbens, whereas the gene(s) on the long-arm telosomic addition of
chromesome 1 of B. pateliaris showed the same pattern as the monosomic addition
of chromosome 1 B. procumbens. Klinke et al. (1996} reported that monosomic
additions with chromosome 1 from the three species of the section Procumbentes as
well as translocations with a gene(s} for resistance from chromosome 1 of
B. procumbens and B. webbiana were susceptible to the selected nematode
population. Translocations with genes for resistance from chromosome 7 of
B. procumbens and B. webbiana were also susceptible to the pathotype. However, a
monosomic addition with chromosome 7 of B. webbiana was resistant to the virulent
papulation, indicating the presence of a different gene. The three species of the
section Procumbentes, B. procumbens, B, webbiana and B. patellaris, also were
highly resistant to the this population. Therefore, the existence of two different major
genes for resistance to H. schachti in the entire Procumbentes section was
proposed (Lange et al. 1993, Klinke et al. 1996). [n the present study only one
chromosome of B, pateflaris harbouring gene(s) for BCN resistance was found. A
great similarity has been observed between morphological characteristics and DNA
fingerprinting patterns of chromosome 7 in both B. patellaris and B. procumbens
(Mesbah ot al. 1997). Therefors, it was expected that addition families of group 7 of
B. patellaris might exhibit resistance to the BCN, also because it was suggested that
B. procumbens has played a role in the evclution of B. patelfaris. Thus, it might be
inferred that in the plants of B. pateflaris, that were used to make the monosomic
additions, the alleles of the second gene conferring resistance were absent, or that
the chromosome with the resistance gene is not present among the available
moenosomic additions of B. patsfiaris.

Cercospora beticola

The artificial inoculation under greenhouse conditions with in vitro produced
inoculum of C. beticola and the spot-percentage rating for the quantification of the
Cercospora disease intensity, permitted the evaluation of resistance to C. beticola in
B. vulgaris and in B. procumbens and B. patellaris derived monosomic addition
famities. The uniformity and consistency of the C. beticola infection in the two
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controls WB42 and MS-2 in both experiments indicated that the test is reliable, The
high level of resistance to C. beticola in the wild species of section Procumbentes
was in agreement with studies by Carels ef al. {1990). These authors also reported a
high level of leaf spot resistance, with an atypical red fleck reaction, for B. webbiana
and B. procumbens. The red fleck reaction appeared two days after C. beticola
infection, and the poor fungal growth in the flecks, with a lack of sporulation, was
linked to an active defence process of the host. This indicates that resistance to
C. beticola in these species operates in a very early stage.

The high level of leaf spot resistance that was observed in the present study
in the wild species B. procumbens and B. pateffaris has not been found in any of the
monosomic additions tested. Monosomic additions with chromosome 7 of
B. procumbens and those of group 7 of B. pateflaris showed partial resistance. Also
chromoseme 8 of B. procumbens and chromosome 4.2 of B. patellaris had a
tendency towards partial resistance. However, the individual chromosomes of sither
B. procumbens or B. patellaris in B. vulgans did net induce full protection against
C. beticola infection. Therefore it might be inferred that genes on various
chromosomes of the wild species are needed to express the high level of resistance
against C. beticola, and that the chromosomes of group 7 of B. patellaris and
chromosome 7 of B. procumbens have the largest effect. In sugar beet it has been
concluded that leaf spot resistance behaves as a quantitative character, and a
minimum of four or five genes conferring resistance to leaf spot was estimated
{Smith & Gaskill 1970).

The mechanism of Cercospora leaf spot resistance in sugar beet has been
related with several factors (Schldsser 1969, Rautela & Payne 1971). Various
chemical components have been associated with Cercospora leaf spot resistance in
sugar best and antifungal activities of these products in the lesions of the partial
resistant cultivars have been reported {Maag ef al. 1967, Harrison ef al 1969,
Rautela & Payne 1969, 1971, Johnscon et al. 1976, Martin 1977, Nielsen et al
1994a, 1994b). For some of these components four or more genes have been
estimated (Hecker et al. 1970). The transfer of the high level of leaf spot resistance
from section Procumbentes into cultivated beets is highly desired, especially
because it has been documented that strains of C. beticola have develeped, which
are resistant to commercial chemical protectants (Georgopoulos & Dovas 1973,
Giannopolitis 1978, Bugbee 1985). Thus the development of cultivars with good
Cercospora resistance is required (Miller et al. 1994}. However, the transfer of genes
from section Procumbentes into sugar beet will not be an easy task, and is
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hampered by the polygenic nature of the resistance, the lack of chromosome
homology and the distant relationship between sugar beet and the species of the
section Procurmbentes (Bosemark 1969).

Rhizomania

The greenhouse tests with naturally infested soil elucidated the interaction between
different B. patellaris derived monosomic addition families and P. betae. These
reactions were compared with those of the wild species B. procumbens and
B. patellatis, and with several other controls. The complete absence of cystosori in
the roots of either B, procumbens or B. patelfaris indicated a high level of resistance,
which corresponds with the results of previous studies (Fujisawa & Sugimoto 1979,
Paul et al. 1992b, Barr et al. 1995). However, Abe & Ui (1986) once observed traces
of cystosori in B. procumbens, grown in one out of the three infested scils tested,
and Dahm (1993) reported the occurrence of zoosporangia in B. procumbens and
B. patellaris, but no cystosori. P. befae zoospores appear to attach to and to
penstrate the roots of the resistant Beta species, but subsequent development of
the pathogen was seldom observed. Therefore, the concept of hypersensitive
resistance was proposed to describe this limitation (Barr et al. 1995). The
development of a probe and a set of nested PCR primers could be used to improve
the detection of P. betae, because these techniques are mora sensitive than
microscopic examination (Mutasa et al. 1993, 1995).

Resistance to P. betae in the wild species of section Procumbentes was
reported to be dominant and simply inherited, when comhined with the genome of
B. vulgaris (Paul et al. 1992b). Work with B. procumbens derived monosomic
addition families has demonstrated that genes conferring resistance to P. betae in
B. procumbens are located on chromosomes 4 and 8 (Paul et al. 1992b). In the
present study the addition families of group 4.1 of B. patelflaris showed a strong
partial resistance to P. betae, while the addition families of group 8.1 appeared to be
completely resistant to the pathogen. Although the addition types of group 8.1 gave
rise to the same level of resistance as found in the wild species, it might be assumed
that also chromasome 4.1 has a share to suppress the development of the pathogen
in the wild spacies. The homoeologous chromosomes 4.2 and 8.2 of B. pateflaris did
not show resistance. These results support the cytogenetic and DNA fingerprinting
conclusion that B. patefiaris eriginally is an allotetraploid (Walia 1971, Mesbah et al.
1997).
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A vary low concentration of BNYVV could he detected in extracts of rootlets of
B. procumbens and B. patellaris when analysed by ELISA. These results correspond
with the studies of Paul et al. (1992b). The virus has been shown to be located
within the zoospores (Abe & Tamada 1986, Rysanek ef al. 1992) and is transmitted
by the fungus after penetration {Fujisawa & Sugimoto 1977, lvanovi¢ 1985, Scholten
et al. 1994). The structure of the fibrous roots of the two resistant wild species was
shown to be similar to that of B. wulgaris, and no evidence could be found of a
mechanical barrier in the epidermal cells of the roots of the resistant species, which
could prevent penetration by P. betae zoospores (Barr et al. 1995). Therefore, as
already was suggested by Paul ef al. (1992by}, it must be concluded that the virus in
the plants of the wild species is the result of transmission by the vector, without
development of the fungus towards cystosori. Based on the results of mechanical
inocutation using leaves (Fujisawa & Sugimoto 1979), it is believed that these wild
species are susceptible to BNYVV. Resistance to P. belae in the two wild species as
well as in the addition types of 4.1 and 8.1 resulted in a reduction of the level of
BNYVV. Such a relation could not be observed for Holly-1-4 and WB42, which are
resistant to the virus but susceptible to P. betae. Variation in the level of infection
with P. betae and its effect on infection with BNYVV has been studied in beet
accessions of the sections Beta and Corollinae (Paul et al. 1993, 1994). In some
cases it was found that resistance to P. betae had no effect on the concentration of
BNYVV. This, and the existence of crossing barriers in the genus Beta, made the
authors to conclude that the use of resistance to P. betae in breeding for resistance
to rhizomania seems to be limited. The high levels of resistance to P. befae in
combination with a fower level of virus found in the experiments reported here,
suggest nevertheless that the introduction of resistance to the vector would
complement virus resistance, and may provide a more effective and durable control
of the disease (Barr et al. 1995).

In breeding and research programmes a stable introduction of genes for
resistance from section Procumbentes into sugar best has already been planned. In
the last few years major efforts have been put in a practice to isolate such gene(s)
and transfer them into sugar beet by means of molecular genetics technologies.
With using monosomic fragment additions and map-based cloning, one of the BCN
genes has been isclated (Cai et al. 1997). The same technologies might be applied
for the isolation and ftransfer of other essential genes from the section
Procumbentes.



82 Chapter 5

Acknowledgements

The authors would like to thank Professor Dr. E. Jacobsen {WAU) and Dr.
J. Hoogendoorn {CPRO-DLO} for their guidance and critical reading of the
manuscript, Dr. B. Holischulte (KWS, Einbeck, Germany) and Dr. A. M. E. Nihlgard
(Novartis Seeds AB, Landskrona, Sweden) for their advise on the Cercospora
greenhouse test, Drs. L.C.P. Keizer (CPRO-DLO) for advise on the statistical
analysis, Dr. R. T. Lewellen {USDA, Califomia, USA) for providing the Holly material,
and Mr. M.N. Arjmand (SBSI, Karadj, Iran) for his assistanca. The first author (M.M.)
is grateful to the Sugar Best Seed Institute (SBSI) Karadj, Iran, for support and
co-operatton.

References

Abe H & Tamada T (1986). Association of beet necrotic yellow vein virus with isolates of Polymyxa
betae Keskin. Annals of the Phytopathological Society of Japan 52; 235-247.

Abe H & Ui T (1986). Host range of Polymyxa betae Keskin strains in rhizomania-infested soils of
sugar beet fields in Japan. Annals of the Phytopathological Society of Japan 52: 394-403.

Adams H, Schaufele WR & Marlander B (1995). A method for the artificial inoculation of sugarbeet
with Cercospora beticola under field conditions. Plant Diseases and Protection 2: 1-3

Alderlieste MFJ & Van Eeuwijk FA (1992). Assessment of concentrations of beet necrotic yellow vein
virus (BNYVV) with enzyme-linked immunosorbent assay {ELISA). Journal of Virological Methods 137:
163-176.

Asher MJC & Barr KJ (1990). The host range of Polymyxa betae and resistance in Betfa species. In:
Proceedings of the first Symposium of the International Working Group on Plant Viruses with Fungal
Vectors. Braunschweig. German Phytomedical Society Series Volume 1, Eugen tmer, Stuttgart, pp.
65-68.

Barr KJ, Asher MJC & Lewis BG (1995). Resistance {o Polymyxa betae in wild Bela species. Plant
Pathology 44: 301-307.

Bilgen T, Gaskill JO, Hecker RJ & Wood DR (1368). Transferring Cercospora leaf spot resistance
from Beta maritima to sugarbeet by backcrossing. Journal of the American Society of Sugar Beet
Technologists 15: 444-449.

Bosemark NO (1969). Interspecific hybridization in Beta L.; prospects and value in sugar beet
breeding. IIRB Report 4;: 112-119.

Brandes A, Jung C & Wricke G (1987). Nematode resistance derived from wild beet and its meiotic
stability in sugar beet, Plant Breeding 99: 56-64.

Bugbee WM (1995). Cercospora beticola tolerant to triphenyltin hydroxyde. Journal of Sugar Beet
Research 32: 167-173.

Byford WJ (1996). A survey of foliar diseases of sugar beet and their control in Europe, Proceedings
of the 55th IIRB Congress, Brussels, pp. 1-11.




Chapter 5 83

Cai D, Kleine M, Kifle S, Haroff HJ, Sandal NN, Marcker KA, Kiein-Lankhorst RM, Salentijn EMJ,
Lange W, Stiekema WJ, Wyss U, Grundler FMW & Jung C (1997) Positional cloning of a gene for
nematode resistance in sugar beet. Science 275: B32-834.

Calpouzos L & Stallknecht GF (1966). Phototropism by conidiophores of Cercospora beticola.
Phytopathology 56: 702- 704.

Carels N, Dekegel D, VanHeule G & Lepoivre P {1990}. Symptomatological and morphological study
of the resistance of wild beet species of the Pateflares section to Cercospora beticola Sacce.
Phytopathology 130: 317-330.

Clark MF & Adams AN (1977). Characteristics of the microplate method of enzyme-linked
immunosorbent assay for the detection of plant viruses. Journal of General Virology 34: 475-483,

Coons GH (1975). Interspecific hybrids between Beta vulgaris L. and the wild species of Beta. Journal
of the America Society of Sugar Beet Technologists 18: 281-306.

Dahm HH (1993). Untersuchungen zur Resistenz von Beta-Riiben gegeniiber Polymyxa betae, Vektor
des beet necrotic yellow vein virus (BNYVV). Dissertation, Universitat Hannover, 141 pp.

Doney DL & Whitney ED {1969). Screening sugarbeet for resistance to Heterodera schachtii Schm.
Journal of the America Society of Sugar Beet Technologists 15: 546-552.

Fujisawa | & Sugimite T {1977). Transmission of beet necrotic yellow vein virus by Polymyxa betae.
Annals of the Phytopathological Society of Japan 43: 583-586.

Fujisawa | & Sugimito T (1979). The reaction of some beet species of sections Patellares, Corollinae
and Vulgares to rhizomania of sugar beet. Proceedings of the Sugar Beet Research Association of
Japan 21: 31-38.

Georgopoulos SG & Dovas C {1973}. A serious outbreak of strains of Cercospora beticola resistant to
benzimidazole fungicides in northern Greece, Plant Disease 57: 321-324.

Giannopelitis CN (1978). Occurrence of strains of Cercospora beficola resistant to triphenyltin
fungicides in Greece. Phytopathology 13: 205-209.

Harrison M, Maag GW, Hecker RJ & Payne MG {1968). Some speculations on the role of depamine in
the resistance of sugarbeets to Cercospora leaf spot. Journal of the America Society of Sugar Best
Technologists 1: 34-40.

Hecker RJ, Maag GW & Payne MG (1970). Inheritance of 3-hydroxytyramine in sugarbeet; a phenolic
compound associated with Cercospora leaf spot vesistance. Journal of the America Society of Sugar
Beet Technologists 16: 52-63.

Haijbroek W (1977). Partial resistance of sugar beet to beet cyst eelworm (Heterodera schachtii
Schm.). Euphytica 26: 257-262.

Heijbrogk W, Roelands AJ & De Jong JH {1983). Transfer of resistance to beet cyst nematode from
Beta pateliaris to sugar beet. Euphytica 32: 287-298.

Heijbroek W, Roelands AJ, De Jong JH, Van Hulst C, Schoone AHL & Munning RG {1988). Sugar
beets homozygous for resistance to beet cyst nematode (Heterodera schachtii Schm.), developed
from monosomic additions of B. procumbens to B. vulgaris. Euphytica 38: 121-131.

Hijner JA (1952). De gevoeligheid van wilde bieten voor het bietecysteaaltie (Heterodera schachtii).
Mededelingen van het Instituut voor Rationele Suikerproductie 21; 1-13.

lvanovié¢ M (1985). Acquisition of the beet necrotic yellow vein virus by Polymyxa betae. Proceedings
of the 48th IIRB Winter Congress, Brussels, pp. 405-409.




84 Chapter 5

Johnson G, Maag DD, Johnson DK & Thomas RD (1976). The possible role of phytoalexins in the
resistance of sugarbeet (Beta vulgaris) to Cercospora beticola, Physiolagical Plant Pathology &:
225-230.

Jung G, Herrmann RG, Eibl C & Kleine M (1994). Molecular analysis of a translocation in sugar beet
carrying a gene for nematode resistance from Beta procumbens. Journal of Sugar Beet Research 31:
27-42.

Jung C, Wehiing P & Léptien H (1986). Electrophorstic investigations on nematode resistant sugar
beets, Plant Breeding 97: 39-45.

Jung C & Wricke G (1987). Selection of diploid nematode-resistant sugar beet from monosomic
addition lines. Plant Breeding 98: 205-214,

Klinke A, Mdller J, Wricke G {1996). Characterisation of nematade resistance genes in the section
Procumbentes genus Beta: response to two populations of Heterodera schachtii. Theoretical and
Applied Genetics 93; 773-779

Lange W & De Bock ThSM (1984). Pre-breeding for nematode resistance in beet. Journal of Sugar
Beet Research 31: 13-26.

Lange W, Jung Chr & Heijbroek W (1990a). Transfer of beet cyst nematode resistance from Beta
species of the section Patellares to cultivated beet. Proceedings of the 53th IIRB Congress, Brussels,
pp. 89-102.

Lange W, Miller 4 & De Bock ThEM (1993). Virulence in the beet cyst nematode (Heterodera
schachtii) versus some alien genes for resistance in beet. Fundamental and Applied Nematology 16:
447-454.

Lange W, Oleo M & Wagner H (1980b). Identifizierung von Wildarten-Chromosomen in monosomen
Additionstypen von Befa vulgaris. Vortrage fur Pflanzenzichter 18: 210-218.

Léptien H (1984). Breeding nematode-resistant beets. Il. Investigations into the inheritance of
resistance to Heterodera schachtii Schm. in wild species of the section Pateflares. Zeitschrift fir
PflanzenzGchtung 83: 237-245.

Maag GW, Payne MG, Wickham |, Hecker RJ (1967). Association of chemical characters with
Cercospora leaf spot resistance in sugar beet. Journa! of the America Society of Sugar Beet
Technologists 7: 605-614.

Martin 8S (1977). Accumulation of the flavonoids betagarin and betavulgarin in Beta vulgaris infected
by the fungus Cercospora beticola. Physiological Plant Pathelogy 11: 287-303,

Mesbah M, De Bock ThSM, Sandbrink JM, Klein-Lankhorst RM & Lange W (1996). Selection of
monosomic addition plants in offspring families using repetitive DNA probes in Beta L. Theoretical and
Applied Genetics 92: 891- 897.

Mesbah M, De Bock ThSM, Sandbrink JM, Klein-Lankhorst RM 8 Lange W (1997). Molecular and
morphological characterization of monesomic additions in Beta vuigaris, carrying extra chromosomes
of B. procumbens or B. pateilaris. Molecular Breeding 3: 147-157.

Mesken M & Lekkerkerker B (1988), Selectie op partiéle resistentie tegen het bietecystenaaltje in
kruisingen van suiker- en voederbieten met B. maritima. Prophyta. Bijlage Januari: 68-71.

Miller PM (1955}. V-8 juice agar as a general purpose medium for fungi and bacteria. Phytopathology
45: 461-462,

Miller J, Rekoske M & Quinn A {1994). Genetic resistance, fungicide protection and variety approval
policies for controlling vield losses from Cercospora leaf spot infections. Journal of Sugar Beet
Research 31: 7-12.




Chapter 5 85

Munerati O, Mezzadroli G & Zapparoli TV {1913). Osservazicni sulla Befa maritima L. nel triennio
1910-1912. Le Stazioni Sperimentali Agrarie faliane XLV, 6: 415,

Mutasa ES, Ward E Adams MJ, Collier CR, Chwarzczynska DM & Asher MJC (1993). A sensitiive
DNA probe for the detection of Polymyxa betae in sugar beet roots. Physiological and Molecular Plant
Pathology 43: 379-390.

Mutasa ES, Chwarszczynska DM, Adams MJ, Ward € & Asher MJC (1995). Development of PCR for
the detection of Polymyxa betae in sugar beet roots and its application in field studies. Physiological
and Molecular Plant Pathology 47: 303-313.

Nielsen KK, Bojsen K, Roepstorff P & Mikkelsen JD (1994a). A hydroxyproiine-containing class IV
chitinase of sugar beet is glycosylated with xylose. Plant Molecular Bivlogy 25: 241-257.

Nielsen KK, Jargensen P & Mikkelsen JD {1994b). Antifungal activity of sugar beet chitinase against
Cercospora beficola: an autoradiographic study on cell wali degradation. Plant Pathology 43: 979-986.

Paul H (1993). Quantitative studies on resistance to Polymyxa betae and beet necrotic yellow vein
virus in beet. PhD Thesis, Wageningen Agricultural University, The Nethernands, pp. 1-115.

Paul H, Henken B & Alderlieste MF.! {1992a). A greenhouse test for screening sugar-beet (Befa
vulgaris) for resistance to beet necrotic yelfow vein virus (BNYVV). Netherlands Journal of Plant
Pathology 98: 65-75.

Paul H, Henken B, De Bock ThSM & Lange W (1992b). Resistance to Polymyxa betae in Befa species
of the section Procumbentes, in hybrids with B. vulgaris and in monosomic chromosome additions of
B. procumbens in B. vulgars. Plant Breeding 109: 265-273.

Paul H, Henken B, Scholten QE, De Bock ThSM & Lange W (1993). Variation in the level of infection
with Polymyxa betae and its effect on infection with beet necrotic yellow vein vitus in beet accessions
of the sections Beta and Coroliinae. In: Hiruki Ch (Ed), Proceedings of the secend Symposium of the
International Working Group on Plant Visuses with Fungal Vectors, Montreal, Canada, pp. 133-136.

Paul H, Henken B, Scholten OE, De Bock ThSM & Lange W (1994). Resistance to Polymyxa betae
and Beet Necrotic Yellow Vein Virus in Beta species of the Section Corollinge. Journal of Sugar Beet
Research 31:1-6.

Payne PA & Asher MJC (1990). The incidence of Polymyxa betae and other root parasites of sugar
beet in Britain. Plant Pathology 39: 443-451.

Rautela GS & Payne MG (1969). The relationship of peroxidase and ortho-diphenol oxidase to
resistance of sugar beets to Cercospora leaf spot. Phytopathology 60: 238-245.

Rautela GS & Payne MG (1971). Oxidative inactivation of invertase and polygalacturonase of
Cercospora beticola Sacc. Journal of the America Society of Sugar Beet Technolagists 16: 516-523.

Rossi V & Battilani P (1989). Assessment of intensity of Cercospora disease on sugarbeet.
Phytopathology 124: 63-66.

Rysanek P, Stocky G, Haeberlé AM & Putz C (1992). Immunogold labelling of beet necrotic yellow
vein virus particles inside its fungal vector, Polymyxa betae K. Agronomie 12: 651-659.

Savitsky H (1975). Hybridization between Beta vuigaris and Beta procumbens and transmission of
nematode (Heterodera schachtil) resistance to sugar beet. Canadian Journal of Genetics and Cytology
17:197-209.

Savitsky H (1978}). Nematode (Heterodera schachtil} resistance and meiosis in diploid plants from
interspecific Befa vulgaris x B. procumbens hybrids. Canadian Joural of Genetics and Cytology 20:
177-186.



86 Chapter 5

Schlosser E (1968). A review of some mechanisms of resistance of sugar beet to Cercospora
beticola. Proceedings of the 32th IIRB Congress, Brussels, pp. 181-188.

Scholten OE, Pau! H, Peters D, Van Lent JWM & Goldbach RW (1994). In sifu Jocalisation of best
necrotic yellow vein virus (BNYVV) in rooflets of susceptible and resistant beet plants. Archives
Virology 136; 349-361.

Schondelmaier J, Steinrlicken G & Jung C (1998). Integration of AFLP markers into a linkage map of
sugar beet (Befa vuigaris L.). Plant Breeding 115: 231-237.

Shane WW & Teng PS (1992). Impact of Cercospora leaf spot on root waight, sugar yield, and purity
of Beta vulgaris. Plant Disease 76: 812-820.

Smith GA & Gaskilt JO {1970), Inheritance of resistance to Cercaspora leaf spot in sugarbeet. Joumnal
of the America Society of Sugar Beet Technologists 16: 172-180.

Smith GA & Martin 85 {1978). Differential response of sugarbeet cultivars to Cercospora leaf spot
disease. Crop Science 18: 39-42.

Speckmann GJ & De Bock ThSM (1982). The production of alien monoscmic additions in Befa
vulgaris as a source for the introgression of resistance to beet roct nematode {(Heterodera schachtiy
from Beta species of the section Patellares. Euphytica 31: 313-323.

Speckmann GJ, De Bock ThSM & De Jong JH (1985). Mcnosomic additions with resistance to beet
cyst nematode obtained from hybrids of Beta vulgaris and wild Beta species of the section Patefiares.
Zeitschrift fir Pflanzenziichtung 95: 74-83.

Steiner AA (1984). The univarsal nutrient solution. Proceading of the Sixth International Congress on
Soilless Culture, Lunteren. International Society for Scilless Culture. Pudoc, Wageningen: 633-650.

Tamada T (1975). Beet necrotic yellow vein virus. CMI/AAB Descriptions of plant viruses 144: 4-7.

Tamada T & Baba T (1973). Best necrotic yellow vein virus from rhizomania-affected sugar beet in
Japan. Annals of the Phytopathology Society of Japan 39: 325-332.

Toxopeus JH & Lubberts H {19739). Breeding for resistance to the sugar beet nemaiode (Heterodera
schachtii Schm.} in cruclferous crops. Proceedings of the Eucarpia Cruciferae Conference,
Wageningen, The Netherlands, pp. 151.

Van Geyt JPC, Lange W, Oléo M & De Bock ThSM (1990). Natural variation within the genus Beta
and its possible use for breeding sugar beet: a review. Euphytica. 49: 57-76,

Van Geyt JPC, Oléo M, Lange W & De Bock ThSM (1988). Monosomic additions in beet (Befa
vulgaris) carrying extra chremosomes of Befa procumbens. ). |dentification of the alien chromosomes
with the help of isozyme markers. Theoretical and Applied Genetics 76: 577-586,

Waiia K (1971). Meiotic prophase in the genus Beta (B. vulgaris 2x and 4x, B. webbiana and
B. pateilaris). Zeitschrift fir Pflanzenziichtung 65: 141-150.

Whitney ED (1989). Identification, distribution and testing for resistance !o rhizomania in Beta
maritima. Plant Disease 73: 287-290.

Yu MH {1984). Resistance to Heterodera schachtii in Pateliares section of the genus Beta. Euphytica
33: 633-640.




CHAPTER 6

Summary and concluding remarks




88 Chapter 6
Summary and concluding remarks

The sugar beet (Beta vulgaris subsp. vulgaris} crop is being confronted with
numerous pests and diseases, such as beet cyst nematodes (BCN, Heterodera
schachtij), leat spot (caused by Cercospora beticola) and rhizomania, caused by the
beet necratic yellow vein virus (BNYVV) and vectored by the soil-bome fungus
Polymyxa betas. Such diseases are widely spread in the divergent beet growing
areas of the world and are extremely important in the economics of sugar beet,
Thus, the diseases require much effort to prevent significant reduction in yield and
sugar content. The principal means of controlling is through breeding and growing of
resistant cultivars. Wild beet species of the section Procumbentes of the genus Beta
carry genes for resistance to several of the diseasss and are considered to be of
interest for the breeding of cultivated beet. However, the species of the section
Procumbentes are supposed to be more distantly related to the sugar beet than any
of the other Beta species. In spite of several barriers, major efforts have already
been carried out to achieve the transfer of desired genes of the species of the
section Procumbentes into sugar beet. In such studies chromosomal material of the
Procumbentes species has been added to the genome of B. vulgaris in the form of
extra chromosomas {monosomic additions), extra chromosome fragments (fragment
additions), or has been translocated into the recipisnt genome. Recently, the first
gene for resistance against the beet cyst nematode has been isolated.

The identification of plants with 19 instead of the usual 18 chromosomes,
could only reliably be achieved by counting the number of chromosomes in mitotic
cells, while the effact of the extra chromosome on the morphology of the addition
plants gave no reliable information on which of the Procumbentes chromosomes is
present. Three repetitive DNA sequences (Sal-121, PB6-4 and OPXZ2) have been
described earlier. These sequences are specific for the Procumbentes genomes and
give no cross-hybridisation signal in B. vulgaris. In this thesis the results of studies
have been described regarding the distribution of these repetitive DNA sequences
over the chromosomes of both B. procumbens and B. pateflaris, using monosomic
additions and various techniques, such as det and squash-blot hybridisation, DNA
fingerprinting, and flucrescence in sity hybridisation. With squash-blot hybridisation
on leaf samples it was possible to reliably identify an extensive number of plants
(1700 individual addition plants among approximately 12000 of their disomic sibs)
carrying an extra chromosome of B. procumbens or B. patellaris (Chapter 2}. The
results showed that the technique is very attractive for a quick screening of large
numbers ofaddition plants. In addition, the technique also provided the opportunity to
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target telosomic and fragment addition plants that occur at low frequency and show
less obvious morphological characteristics. Further advantages of the squash-blot
hybridisation technique are that neither isolation nor digestion of DNA is required,
that the addition plants can be detemmined shortly after seed germination, and that
the technique is non-destructive for the plants. It is known that the probes used have
genetic linkage with gene(s) for resistance to BCN. Therefore, the technique also
can be used to screen rapidly segregating families, to search for resistant plants, or
even for recombinants that remained resistant and lost the signals. The possibility to
utilise sequence information of Sat-121 (the primers REP and REP.INV} for a PCR
{palymerase chain reaction) based assay to screen for putative monosomic addition
plants was also investigated. The DNA amplification profiles using these primers
clearly distinguished Procumbentes derived monosomic addition plants from their
disomic sibs. An advantage of the PCR technique is that amplification products can
generally be detected by gel electrophoresis followed by staining with ethidium
bromide, so that radic-active probing as used in the squash-blot method is no longer
necessary. The time needed for DNA preparation from individual plants may be the
limiting factor, but simple and rapid DNA micro-extraction methods are already
available, enhancing the value of the PCR based assay for the identification of
monosomic additions.

In Chapter 3 the results have been described of DNA fingerprinting with the
three repetitive DNA sequences (OPX2, PB6-4 and Sat-121) on a set of ten
monosomic additions of B. procumbens and seventy-five anonymous B. patellaris
derived monosomic additions in B. vulgaris. This study aimed at the identification
and characterisation of the alien chromosomes at the DNA level. Morphological
characteristics were also used for the classification of monosomic additions of
B. patellaris and for comparison with the morphology of the additions of
B. procumbens. DNA fingerprinting revealed unique patterns for almost all individual
addition chromosomes of B. procumbens. However, it was concluded that
chromosomes 1 and 6 of B. procurmbens could not be distinguished at the molecular
level, with the only difference that the chromosome referred to as 6 did not carry the
allele for BCN resistance. In contrast, it was concluded that the two addition types
with chromosome 2 are canrying different chremosomes of B. procumbens, so that
the one that was referred to as 2.1 was renamed to become the new chromosome 6,
and the other (2.2) remained addition 2. DNA fingerprinting of seventy-five
anonymous B. patelfaris derived monosomic additions facilitated the identification
and characterisation of the alien chromosomes and the grouping of these additions
into nine different groups. Several of these groups could be divided inta two sub-
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groups on the basis of small differences in banding pattems. It was deduced that the
BCN gene(s) in this species are homozygous and located on chromosome 1.1, white
the pair of homoeologous chromosomes, named 1.2, does not carry such BCN
gene(s). Because BCN susceptibility in B. pateflaris has never been found, it was
concluded that preferential chromosome association occurs between the
homologous chromosomes containing the allele(s) for BCN resistance. This led to
the conclusion that B. patellaris most likely is an allotetraploid species. Each group
of B. pateflaris derived addition families united by DNA fingerprinting had
comparable morphological characteristics. Some of these morphological traits
appeared to be chromosome-specific and were very useful for primary classification
of the addition families. However, the present study showed that these
morphological traits are not adequate for the identification of all alien chromosomes
without the aid of additional markers. Because of similarities observed betwean the
molecular characteristics and the effects on plant morphology of monosomic
additions, caused by several of the chromosomes of B. procumbens and
B. pateliaris, it was concluded that B. procumbens could have been involved in the
evolutionary history of B. pateflaris. Molecular DNA markers, such as RFLPs, AFLP
and RAPD markers are powerful tools for studying the genetics of plant growth and
development. Using such DNA markers, the identified alien chromosomes can be
analysed in detail, through the development of many different markers for esach
individual chromosaome. In this way, the relationship between the wild species of
section Procumbentes will be clarified in more detail, which may provide a clear
understanding of the evolutionary history of these species.

Molecular analysis of the chromosomes is a useful extension of the classical
karyotype analysis, and can also be applied in genome mapping and in the study of
the genetic organisation of the chromosomes. In the research programme as
described in this thesis (see Chapter 4) chromosome identification and
characterisation also was studied using various techniques of fluorescence in situ
hybridisation (FISH). This included the use of mitotic metaphase chromosomes of
B. procumbens, as well as mitotic metaphase chromosomes, interphasa nuclei and
extended DNA fibres of B. procumbens derived monosomic additions. Thus FISH
enabled the physical localisation of two Procumbentes specific repetitive DNA
sequences, PB6-4 and OPX2, on the chromosomes of B. procumbens. Probe PB6-4
mostly was found in or around the centromere region of all chromosomes of
B. procumbens, with substantial differences in the number of sites per chromosome.
OFPX2 was localised more dispersed over all chromosames of B. procumbens, also
with variation in the number of hybridisation sites on the different chromosomes.
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FISH with PB6-4 and OPXZ2 to the mitotic metaphase chromosomes of the
B. procumbens derived monosomic additions constantly resulted in the localisation

of the probes exclusively on only one of the 19 chromosomes. The individual
B. procumbens chromosomes in the background of B. vulgaris unambiguously could
be distinguished and be characterised by number and localisation of the signals.
These characteristics then were compared to those of three complete chromosome
sets of B. procumbens, in order to determine a karyotype of this species. The results
of FISH confirned the previous conclusion that chromosome 1 and 6 of
B. procumbens are identical, while the two addition types with chromosome 2 are
canrying different chromosomes. From other studies it was known that Saf-121,
which is part of PB6-4, is linked to the gene Hs7™", confering resistance to BCN.
This led to the conclusion that this gene might be located close to the centromere of
chromosome 1. Finally FISH was put in practice on extended DNA fibres of
B. procumbens derived monosomic additions, in order to estimate the size of the
arrays of hybridisation sites of PB6-4 on the individual chromosomes of this species.
The results revealed linear fluorescent signals on the stretched DNA fibres of all
monosomic additions. The size estimations indicated that different arrays of PB6-4
occurred, and that the number of types of the arrays varied among the alien
chromosomes. It was concluded that FISH on extended DNA fibres is a reliable
technique for mapping, and for the study of organisation and size estimation of DNA
probes on individual alien chromosomes. A yeast artificial chromosome (YAC) library
of a B. vulgaris fragment addition is available, containing Procumbentes DNA
inserts, harbouring gene(s) for resistance to the beet cyst nematode. Multi-colour
fluorescence in situ hybridisation on mitotic metaphase chromosomes, meiotic
pachytene chromosomes, or extended DNA fibres of translocation stocks can be
used for the study of the physical localisation, organisation, and size estimation of
such clones. Thus the order and the size of overlaps or gaps between them can be
determined.

In various tests under greenhecuse conditions the monosomic additions were
evaluated for resistance to the beet cyst nematode (Heterodera schachtii),
Cercospora beticola, Polymyxa betae and BNYVV {Chapter 5). These experiments
permitted the localisation of major genes for resistance on specific chromosomes,
and the study of some quantitative effects. It was concluded that gene(s) conferring
full resistance to the beet cyst nematode in B. patellaris are located on chromosome
1.1, whereas the other chromosomes of this species are not involved in the
expression of rasistance. Arificial inoculation under greenhouse conditions, with in
vitro produced inoculum of C. beticola and spot-percentage rating of the disease
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intensity, showed that the high level of resistance that was observed in the species
B. procumbens and B. patellaris was not found in any of the monosaomic additions
tested. It was suggested that genes on several chromosomes of the wild species are
needed together to express full resistance, and that the chromosomes of group 7 of
B. patellaris and chromosome 7 of B. procumbens have the largest effect. The
transfer of the high level of leaf spot resistance from section Procumbentas into
cultivated beets is highly desired, especially because it has been documented that
strains of C. beticola have developed, which are resistant to commercial chemical
protectants. However, the transfer of genes from section Procumbentes into sugar
beet is not an easy task, because of the lack of chromosome homology and the
distant relaticnship between sugar beet and the species of this section. In the case
of C. beticola gene transfer alse is hampered by the pelygenic nature of the
resistance. The greenhouse tests for resistance to P. betae in B. patellaris derived
monoscmic additions showed that the addition plants of group 4.1 have a strong
partial resistance, while the additions of group 8.1 appeared te be completely
resistant to the pathogen. The reported development of a probe and a set of nested
PCR primers will improve the detection of P. betae, because these techniques are
more sensilive than microscopic examination. Resistance to P. betae in the two wild
species as well as in the two resistant addition types did not exclude infection with
BNYVV, but resulted in a considerable reduction of the virus concentration. It was
concluded that resistance to the vector would complement virus resistance, and
together this may provide a more effective and durable control of rhizomania.

As is shown in this thesis, various techniques can be used for the
characterisation of the individual alien chromosomes in monosomic additions. It
wouid be very interesting and important to establish a new set of monosomic
additions, accommodating the individual chromosomes of sugar beet in a
Procumbentes background. In this way, the individual chromosomes of sugar beet
could be identified and characterised more precisely. It also was reported that major
efforts resuited in the isolation and transfer of a gene for resistance to the beet cyst
nematode, using alien chromosome additions and map-based cloning technologies,
thus proving that gene transfer is possible. The same technologies might be applied
for the isolation a1d transfer of the gene(s) for resistance to P. betae or other
desired genes from the section Procumbentes.




Samenvatting

Het gewas suikerbiet (Beta vuigaris subsp. vulgaris) wordt belaagd door talrijke
ziekten en plagen, zoals het bietencystenaaltie (BCA, Heterodera schachtii), de
Cercospora bladviekkenziekte en rhizomanie, veroorzaakt door het bieten-
rhizomanievirus (BNYVV}, dat wordt overgedragen door de bodemschimmel
Polymyxa betae. Deze ziekten zijn wijd verbreid in de verschillende tesltgebieden
van de suikerbiet in de werald en zijn een belangrijke economische factor bij de teeit
van dit gewas. Dit betekent dat deze ziekten veel aandacht vragen, teneinde
emnstige schade en verliezen te voorkomen. Het kweken en verbouwen van
resistente cultivars is daarom van groot belang. Wilde bietensoarten van de sectie
Procumbentes van het geslacht Beta hebben genen voor resistentie tegen
verscheidene ziekten en zijn daarom van grote betekenis voor de bietenveredeling.
Deze soorten zijn echter minder verwant aan de suikerbiet dan enig andere Beta
soort. Ondanks het voorkomen van verscheidene barrigres zijn goede vorderingen
gemaakt in het overbrengen van gewenste genen van de soorten van de sectie
Procumbentes naar suikerbiet. Chromosomaal materiaal van de Procumbentes-
soorten werd toegevoegd aan het genoom van B. vuigaris in de vorm van extra
chromosomen (monosome addities) en extra chromosoomfragmenten (fragment
addities), of werd geincorporeerd in het genoom van de suikerbiet. Recentelijk werd
het eerste resistentiegen van B. procumbens geisoleerd.

Het opsporen van planten met 19 chromosomen in plaats van het normale
aantal (18) kon slechts betrouwbaar worden uitgevoerd door het tellen van het
aantal chromosomen in delende cellen. Het waargenomen effect van de extra
chromosomen op de morfologie wvan additie-planten leverde onvoldoende
betrouwbare informatie op betreffende de identiteit van het aanwezige
Procumbentes-chromosoom. Drie reeds eerder beschreven repetitieve sequenties,
Sat-121, PB6-4 en OPX2, ziin specifick voor de Procumbentes-genomen en
vertonen geen signaal in B. vulgaris. In dit proefschrift worden de resultaten
beschreven van onderzoek naar het voaorkomen van deze repetitieve DNA
sequenties in de chromosomen van B. procumbens en B. patellaris. Hierbij is
gebruik gemaakt van monosome addities en van verscheidene technieken, zoals
dot- en squash-blot hybridisatie, DNA-fingerprinting en fluorescentie in sity
hybridisatie. Met squash-blot hybridisatie van bladmonsters kon een groot aantal
planten (1700) met een extra chromosoom van B. procumbens of B. patellaris
warden onderscheiden van ongeveer 12000 disome zusterplanten {Hoofdstuk 2). Uit
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deze resultaten bleek dat de techniek zeer aantrekkelijk is voor het selecteren van
grote aantallen additie-planten. Ook telosome of fragment addities, die in lage
frequentie voorkomen en minder in het cog springende morfologische kenmerken
vertonen, kunnen op deze wijze worden opgespoord. Vervolgens is onderzocht of
monosome addities kunnen worden onderscheiden met sequenties van Sat-127 {de
primers REP en REP.INV}in een op PCR (polymerase chain reaction) gebaseerde
toets. DNA-amplificatie met behulp van deze primers leverde patronen op waarmee
de monosome addities met een Procumbentes-chromosoom duidelijk van de
disome zusterplanten konden worden onderscheiden. PCR heeft als voordeel dat de
producten van de amplificatie kunnen worden herkend na gel-electroforese en
kleuring met ethidiumbromide, zodat de in de squash-blot techniek toegepaste
radioactieve probes niet langer nodig zijn.

In Hoofdstuk 3 zijn de resultaten beschreven van DNA-fingerprinten met de
drie repetitieve sequenties, OPX2, PB6-4 en Sat-121, op een set van tlien
moenosome addities van B. procumbens en vijfenzeventig nog niet geidentificeerde
menosome addities van B. patellaris in B. vulgaris. Dit onderzoek had tot doel de
soortvreemde chromosomen op DNA-niveau te identificeren en te karakteriseren.
Ook werden morfologische kenmerken gebruikt voor het klassificeren van de
monosome addities van B. patelfaris, en voor vergelijking met de morfologie van
addities met chromosomen van B. procumbens. Het DNA-fingerprinten leverde
unicke patronen op voor vrijwel alle individuele additie-chromosomen van
B. procumbens. Het onderzoek leidde tot de conclusie dat de chromosomen 1 en 6
van B. procumbens moleculair niet van elkaar zijn te onderscheiden, en dat ze
slechts van elkaar verschillen doordat het allel voor BCA-resistentie afwezig is op
chromosoom 6. Voorts werd geconcludeerd dat de twee additie-typen met
chromosoom 2 verschiliende chromosomen van B. procumbens hebben. Degene
met het nummer 2.1 werd herbenoemd tot additie 6, en die met nummer 2.2 bleef
additie 2. Het fingerprinten van de viffenzeventiy monosome addities van
B. patellanis leidde tot het identificeren en Kkarakletiseren van de extra
chromosomen, en tevens tot de groepering ervan in negen verschillende groepen.
Op basis van kleine verschillen in het bandenpatroon konden verscheideng van
deze groepen worden opgedeeld in twee sub-groepen. Uit de resultaten kon worden
afgeleid dat in deze soort het gen {of de genen) voor BCA-resistentie homozygoot is
(zijn) en gelocaliseerd op chromosoom 1.1, terwijl deze genen afwezig zijn op de
homoeolage chromosomen (additie 1.2). Omdat vatbaarheid voor BCA in
B. patellaris nooit is aangetroffen werd geconcludeerd dat preferentiéle
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chromosoomassociatie cptreedt tussen de homologe chromosomen die de BCA-
resistentiegenen dragen. Dit leidde vervolgens tot de conclusie dat B. patellaris een
allotetraploide soort is. De individuele planten binnen tedere groep van monosome
addities van B. patellaris vertoonden een sterke morfologische overeenkomst. Een
aantal van de morfologische kenmerken bleek specifiek voor de extra chramosomen
te zijn en kon worden gebruikt voor voorselectie van de monosome addities. Zander
hulp van additionele merkers bleken deze kenmerken echter niet geschikt voor het
herkennen van alle scortvreemde chromosomen. De oversenkomsten tussen de
moleculaire bandenpatronen van verscheidene chromosomen van B. procumbens
en B. patellaris, gecombineerd met de effecten van deze chromosomen op de
plantmorfologie van de monosome addities, leidde tot de conclusie dat
B. procumbens een rol gespeseld kan hebben in de evolutie van B. patelfaris.
Moleculaire analyse van chromosomen vormt een bruikbare uitbreiding van
de klassieke bestudering van het karyotype. Het kan ook worden toegepast in de
genoomkartering en ter bestudering van de genetische organisatie van de
chromosomen. In het onderzoek zoals beschreven in dit proefschrift zijn de
chromosomen van B. procumbens geidentificeerd en gekarakteriseerd met behulp
van verscheidene fluorescentie in situ hybridisatie (FISH) technieken {zie Hoofdstuk
4). Hierbij werd zowel gebruik gemaakt van mitotische metafase-chromosomen van
deze soort, als van mitotische metafase-chromosomen, interfase-kernen en
uitgetrokken DNA-strengen van monosome addities van B. procumbens. Met behulp
van FISH bleek het mogelik de Procumbentes-specifieke repetitieve DNA-
sequenties PB6-4 en OPX2 fysiek te localiseren op de chromosomen van
B. procumbens. PB6-4 hybridiseerde meestal in of bij de regio rond de centromeren
van alle chromosomen en verfoonde een aanmerkelijke variatie in het aantal
signalen per chromosaom. De localisatie van OFPX2 was meer verspreid over alle
chromosomen van B. procumbens, eveneens met variatie in het aantal signalen per
chremoosoom. FISH met PB6-4 en OPX2 en met mitotische metafase-
chromosomen wvan monosome addities van B. procumbens, vertoonde
onveranderliik signalen op slechts één van de 19 chromosomen. De individuele
chromosomen van B. procumbens konden aldus ondubbelzinnig worden herkend in
de achtergrond van B. vulgaris en konden ook worden gekarakteriseerd aan de
hand van aantal en locatie van de signalen. Vergelijking van deze karakteristiecken
met die in drie complete chromosoomsets van B. procumbens leidde tot het
opstellen van een karyotype van deze soort. De resultaten met FISH bevestigden de
esrder getrokken conclusie dat chromosoom 1 en 6 van B. procumbens identiek zijn
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en tevens dat de twee additie-typen met chromosoom 2 verschillende chromosomen
bevatten, Uit de in ander onderzoek gevonden koppeling tussen Sat-121, een
sequentie die desl uitmaakt van PB6-4, en het gen Hs 177 voor BCA-resistentie,
kon de conclusie worden getrokken dat dit gen dicht bij het centromeer van
chromosoom 1 is gelocaliseerd. Tenslotte werd FISH toegepast op uitgetrokken
DNA-strengen van monosome addities van B. procumbens, teneinde de grootte van
de reeksen van hybridisatie-signalen van PB6-4 op de individuele chromosomen van
B. procumbens vast te stellen. In alle monosome addities werden lineaire
fluorescerende signalen op de uitgerekte DNA-strengen aangetroffen. Er blesk
variatie te bestaan in de grootte van de signaalreeksen en in het aantal
verschillende typen reeksen per additie-chromosoom.

De monosome addities werden tensiotte in kastoetsen onderzocht op
resistentie tegen het bietencystenaaltje (Heferodera schachtii), Cercospora beticola,
Polymyxa betae en BNYVV (Hoofdstuk 5). Aldus werden hoofdgenen voor
resistentie op specifieke chromosomen gelocaliseerd en werden enkele
kwantitatieve effecten bestudeerd. Genen voor volledige resistentie tegen het
bietencystenaaltje zijn getocaliseerd op chromosoom 1.1 van B. pafelfaris, terwijl de
andere chromosomen van deze soon niet betrokken lijken te zijn hij de expressie
van de resistentie, In de kastoets met C. beticola werd gebruik gemaakt van
kunstmatige inoculatie met in vitro geproduceerd inoculum en het niveau van de
aantasting werd geschat op basis van het percentage bladopperviak dat was
aangetast. Uit de toets bleek dat het hoge niveau van resistentie dat werd
aangetroffen in de scorten B. procumbens en B. patellaris niet voorkwam in de
monosome addities. Daarom werd geconcludeerd dat genen op verschillende
chromosomen van de wilde soorten nodig zijn voor volledige expressie van de
resistentie. De chromosemen van groep 7 van B. patellaris en chromosoom 7 van
B. procumbens vertoonden het sterkste effect. De kastoets voor resistentie tegen
P. betae in monosome addities van B. patellaris toonde aan dat de additie-planten
van groep 4.1 een sterke partiéle resistentie hebben, terwijl de addities van groep
8.1 volledig resistent bleken te zijn. De resistentie tegen P. betae in de twee wilde
soorten en in de twee resistente addities was niet in staat infectie met BNYVV
volledig tevoorkomen, maar resulteerde wel in een aanmerkelijk vermindering van
de virus-concentratie. Dit leidde tot de conclusie dat resistentie tegen de vector kan
fungeren als aanvulling op virus-resistentie, en zou kunnen bijdragen tot een
duurzamere beheersing van rhizomanie.
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