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1. Selection and use of somatic hybrids

n the genus Solanum, somatic hybrid combinations have been achieved
between S. tuberosum and S. brevidens (Austin et al., 1985a; Fish et al,;

1988; Pehu et al., 1989; Preiszner et al., 1991), S. nigrum (Binding et al.

1982), S. chacoense (Butenko and Kuchko, 1980), S. phureja (Matteij et al.,
1992; Pijnacker et al., 1987; Puite et al., 1986), S. berthaultii (Seraaf et al.,
1991), S. circaei/blium (Matteij and Puite, 1992) and S. bulbocastanum [Austin
et al., 1993; Helgeson et al., 1986). The application of this technology has
been limited, because methods of identifying and selecting hybrid cells are
still inefficient. In a few cases biochemical or morphological markers have
enabled direct selection of hybrids (Cocking et al., 1977; Lo Schiavo et al.,
1983; Masson et al., 1989). The identification of hybrid plants carried out
without biochemical selection is time consuming because of the need to scre-
en large populations. Selection at the cellular level circumvents the problem;
for example, somatic hybrids have been regenerated from cells chosen by a
micromanipulator (Waara et al., 1989), in some cases based on a dual fluo-
rescent labelling of the heterokaryons (Waara et al.,, 1989). Flow cytometry
has also facilitated direct identification of the somatic cells (Afonso et al.,
1985; Hammatt et al., 1990).

We have employed a magnetic cell sorter (Miltenyi et al., 1990) (MACS)
designed for animal cells to enrich a specific elution fraction with protoplasts
derived from fusions between genetically distinct potato strains (Dorr et al.,
1994). Magnetic cell sorting is based on the binding of an antibody to the
cell membrane, to which superparamagnetic microbeads can be attached. We
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substituted the antibody with biotinylated lectins, which bind microbeads
through the mediation of streptavidin. Glycosyl groups of the plasmalemma
of a fusion partner are first labelled with a lectin and subsequently with
magnetic microbeads. These marked protoplasts are recovered in the mag-
netic fraction of the MACS. The second partner possesses the dominant se-
lectable marker neomycinphosphotransferase 11 (NPT IlI) conferring kanamycin
resistance. When the protoplasts from both partners are mixed and a fusion
treatment is applied, hybrid cells should be lectin labelled and resistant to
kanamycin (Fig. 1). Three selected lectins were used as protoplast binders
at a concentration of 100 pg/ml in all experiments. ConA and the Pisum
sativum lectin were found to be capable of binding S. tuberosum protoplasts
without altering protoplast vitality or leading to agglutination. For S. bulbo-
castanum, only WisteriaJloribunda lectin was effective. The best medium used
was based on VKM-salts (Binding and Nehls, 1977) and contained sorbitol
up to an osmolality of 700 mOsm. The mean frequency of regeneration for
calli derived from MACS-sorted protoplasts was 82%; the value for the control
protoplasts was 72%.
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Two types of somatic fusions were tested to evaluate the efficiency of
MACS. The first fusion combination was intraspecific and based on proto-
plasts from the two S. tuberosum clones. The second fusion was interspecific
with protoplasts from the S. tuberosum and from S. bulbocastanum. Shoots
were regenerated from the calli on a medium containing kanamycin to eli-
minate the non-hybrid shoots derived from the parents susceptible to kana-
mycin. One shoot from each callus was fingerprinted to establish whether
the callus was hybrid or derived from the kanamycin-resistant parent.

Table 1 summarizes the experiment carried out on the intraspecific and
interspecific combinations. The percentage of hybrid plants increased from
8.0 to 35.8% in the intraspecific combination and from 27.9 to 81.8% in the
interspecific one. Parent plants and randomly chosen hybrid regenerants were
transferred to the greenhouse. The chromosome number of parents and re-
generants was evaluated in shoot meristems. For the intraspecific combina-
tion eight of 15 hybrid plants had a chromosome number of 48, as expected
when two cells with 24 chromosomes are fused; six plants had a slightly
increased chromosome number and one plant a decreased number. In the
case of the interspecific fusion, 16 out of 24 plants had 48 chromosomes,
two a slightly decreased number, five an increased number and one was
hexaploid. The interspecific hybrids revealed a clear and distinguishable
morphology when compared with the parents. All hybrids flowered and pro-
duced tubers.

Table 1
Frequency in the magnetic Fi-iIACTioN of somatic hybitids regenerated from macs sorted protoplasts
COMPARED WITH THE .SAME FREQUENCY OF UNSORTED CONTROL F'ROTOPLASTS.
THE PROTOPLASTS WEF E PREVFOUSLY FUSED BY THE APPLFCATION OF AN ELECTFFC FFELD.
TAVO COMBFNATIONS OF GENOTYPES WERE TESTEF). ONE INTFASPECIFIC AND ONE FNTERSPECFFFC

No. of
Type of fusion Treatment No. of Plants Hybrid plants
experiments analyzed No. Percent

Intraspecific;
tub A89.2478/39 magnetic fraction 4 145 52 35.8
X tub 1506/60 control untreated 3 199 16 8.0
Interspecific:
tub PCGI X bib magnetic fraction 6 265 217 81.8
BGRC 008006 control untreated 3 136 38 27.9

tub = S. tuberosum: bib = S. bulbocastanum BGRC 008006

The suitability of the method for obtaining a high number of fusion hybrids
is illustrated by the case of the fusion between S. tubersoum and S. bulbo-
castanum This cross cannot be obtained sexually (Novy and Hanneman,
1991; Ramana and Hermsen, 1979) but is nevertheless of interest because
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of the resistance of S. bulbocastanam to potato virus X, potato virus Y and
late blight. Recently, Austin et al. (1993) reported obtaining this fusion hybrid
using dual fluorescence labelling and micromanipulation. They were able to
obtain seven hybrid calli, while in our experiments we easily regenerated 217
hybrid plants from 265 calli. In the case of this combination only a small
fraction of the hybrids developed berries containing viable seeds after polli-
nation, indicating that they were able to reproduce. We emphasize the ad-
vantage of our selection scheme: protoplasts sorted by MACS allowed the
isolation of a large number of regenerated plants, which in turn made possible
the choice of hybrids with the correct chromosome number, morphology,
fertility and seed set.

Our interest in the use of somatic fusion to widen the genetic variability
of potato, has recently considered the possibility of obtaining other hybrids,
particularly using species which cannot be crossed sexually. Somatic hybrids
were obtained between S. tuberosum and the two species S. circaeifolium and
S. raphanifolium. For these hybrids, as well as for the cross S. tuberosum x
S. bulbocastanum the backcross generations to S. tuberosum were produced.
These concerns thirteen independent hybrids for S. circaeifolium three for S.
bulbocastanum and three for S. Raphanifolium. These backcross families are
being tested for resistance to Phytophthora infestans and Globodera pallida.

A similar approach was recently applied to the production of intergeneric
fusions within the family Solanaceae. These were done using S. bulbocasta-
num and S. tuberosum as one of the parents, and Lycopersicon esculentum
as the second. In Tab. 2 are reported the results obtained: hybrid plants are
available which, in spite of their high sterility, Avill be used in backcross
programs.

Table 2
Number of somatic hybrids obtained from the crosses

S. BULBOCASTANUM X L. ESCULENTUM AND S. TUBEROSUM X L. ESCULEN'TUM

Combination . .
No. of somatie hybrids

Parent ! Parent 2
S. bulbocastanum (2x) Lycopersicon esculentum (2x) 10
S. tuberosum (2x) dto 55
S. tuberosum (2x) dto 54
S. tuberosum (Ix) dto 150
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2. Transgenic potato lines expressing mutant alleles
of the gene for the potato leafroll virus 17 kDa protein,
the putative viral movement protein, are protected against
virus infection

The potato leafroll luteovirus (PLRV) is used as a model system for the
study of both basic and applied aspects of its molecular biology. Noncanonical
translation strategies used by the protein s}nithesis apparatus of the plant
cell in the translation of PLRV genes operate at the three basic steps of
initiation (internal initiation), elongation (frameshifting) and termination (stop
codon suppression) (Rohde et al., 1994).

One of the proteins produced by internal initiation and accumulating to
high amounts in PLRV-infected as well as in transgenic potato plants, is
ORF4 encoding a 17 kDa protein (prl7). This protein is located within the
region for the capsid protein (ORF3) and translated from a subgenomic RNA
(Tacke et al., 1990). Biochemical characterization of this protein has revealed
at least two domains; The basic C-proximal half of prl7 is a single-stranded
nucleic acid-binding region (Tacke et al.,, 1991), while mutational analysis of
the prl7 acidic N-proximal region identified an amphipathic a-helLx as the
domain for protein/protein interactions, leading to the formation of homodi-
mers and higher oligomers (Tacke et al.,, 1993). In addition, prl7 is subject
to posttranslational modification by protein kinase(s). On the basis of these
biochemical characteristics, prl7 may act as the putative movement protein
of the virus. Such virus-coded functions have been described now for several
plant viruses to mediate cell-to-cell movement (short distance movement; Fig.

MOVEMENT PROTEINS

Wildtype Mutated
Plant to plant ‘v nucleic acid
transfer by vector i .
[aphid transmission factor] |:| binding domain
multimerization
domain
Systemic spread Uncoating Spread from Protection
[coat protein] [coat proteins cell to cell
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.
Slr ____________ >|f|’ SSS
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Cell to cell spread
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Fig. 2. (A) Life cycle of PLRV. (B) Proposed mechanism for prl7, the putative PLRV movement
protein.
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2A). Thus PLRV prl7 may act as a chaperone molecule shaping PLRV RNA
into complexes that are protected from nuclease digestion and capable of
cell-to-cell transfer through the plasmodesmata of cells in the phloem tissue
where the virus replicates.

Based on the concept of pathogen-derived protection, prl7 was mutated
in the identified domains and mutant alleles with N- or C-terminal extensions
were constructed. The variant proteins can still form heterodimer with wild-
type prl7 and their binding to PLRV RNA is not affected. According to our
proposed protection strategy (Fig. 2B) it is envisioned, that the resulting
complexes with PLRV RNA assume a conformation that is not capable to
cell-to-cell transport through the plasmodesmata.

The wildtype prl7 gene and mutant alleles under the transcriptional con-
trol of the 35S CaMV promoter were stably transformed into potato, and the
resulting lines were tested in grafting experiments for the protection against
PLRV infection. These experiments provided evidence that the RNA itself rat-
her than the protein contributes to PLRV infection. As viral movement pro-
teins bind to nucleic acids in a sequence unspecific manner, the above de-
scribed protection strategy is supposed to confer resistance also to other
viruses. Results of resistance experiments with the potato virus X and Y
suggest that several of the mutant alleles provide a broad range protection
against potato viruses that are due to high yield losses in potato.

3. RFLP markers in potato breeding

As potatoes are vegetatively propagated via tubers, there was no need to
select for highly fertile genotypes during potato breeding. This fact, together
with the tetrasomic inheritance of the crop, prevented the development of
genetic linkage maps. Reduction of the ploidy from the tetraploid to the
diploid level is possible either by pollination of tetraploid genotypes with
certain diploid strains of Solarium phureja, which induced the parthenogenetic
development of diploid gametes into plants (Hermsen and Verdenius, 1973;
Hougas et al.,, 1964), or by regenerating plants from diploid male gametes
via anther or microspore culture of tetraploid parents (Dunwell and Sunder-
land, 1973; Powell and Uhrig, 1987). Diploid patatoes are, however, largely
self-invompatible. This fact, and the high genetic load present in the species,
makes the construction of pure lines in most cases impractical. The RFLP
map of potato is based, therefore, on segregating progeny of highly hetero-
zygous diploid parents (Gebhardt et al., 1994; Ritter et al., 1990).

Two diploid heterozygous S. tuberosum subsp. tuberosum breeding lines
were crossed to give a FI. Pollinating an individual FI plant with one of the
parents yielded a backcross progeny of 67 lines (Gebhardt et al., 1991; Geb-
hardt et al., 1989). Total genomic DNA was isolated from freeze-dried leaves
and shoots of plants grown in the greenhouse under normal daylight condi-
tions. The DNA was digested with the four base cutter restriction enzymes
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Tagl, Rsol and Alin, respectively. Restriction fragments were separated on
4% polyacrylamide gels under denaturing conditions and transferred to nylon
membranes by electroblotting. The separation range was between 250 and
2000 bases resolving minimum length differences of ca. 5 bases. The RFLP
map as derived from this particular intraspecific cross is ca. 1050 centimor-
gan long and covers approximately 80 to 90% of the potato genome. Two
hundred and ninety-nine DNA marker probes and one morphological marker
(color of the tuber skin) identified 384 loci (Gebhardt et al., 1994) (Fig. 3).

Several dominant resistance alleles acting against the potato cyst nema-
tode Globodera rostochiensis, potato virus X and Y, and the fungus Phytoph-
thora infestans have been introduced into the cultivated potato from wild
Solarium species (Ross, 1986). They are inherited as single dominant factors
(Cockerham, 1970; Mastenbroek, 1953; Toxopeus and Huijsman, 1953). They
were also analysed genotypically with sets of RFLP markers selected according
to their position on the RFLP map in a search for linkage between RFLP
alleles and the resistance allele.

Using this approach, two unlinked loci have been identified on potato
chromosomes V and VIl that confer resistance to Globodera rostochiensis.
The locus on chromosome VII (GroJ) (Barone et al., 1990) may correspond
to the Fb gene which was first described by Ross (1962). The second locus
on chromosome V corresponds to the HI gene discovered by Ellenby (1954)
in the S. tuberosum ssp andipena accession CPC 1673 (Cebhardt et al., 1993).
Two unlinked loci for extreme resistance to potato virus X (Ra) have also
been detected: Rxl on chromosome XIlI and Rx2 again on chromosome V.
Rx2 was separated by approximately 60 map units from the HI locus (Ritter
et al.,, 1991). Race specific resistance alleles to Phytophthora infestans have
also been mapped. The R1 allele confers hypersensitive resistance to all races
of the fungus except the ones being homozygous for the virulence allele vl.
The R1 locus was identified again on chromosome V in the same chromo-
somal segment harbouring the Rx2 locus (Leonards-Schippers et al., 1992).
The R3, R6 and R7 alleles mapped to a different locus on chromosome XI
(El-Kharbotly et al., 1994; El-Kharbotly et al., in preparation).

As a result of the mapping experiments, markers are known which are
linked to the resistance loci, with less than 5% recombination frequency.
Our strategy was then targeted on the development of allele specific marker
assays for nematode resistance alleles based on the polymerase chain reac-
tion (PCR) (Niewohner et al., 1995). DNA sequence information was obtained
from marker clones and used for designing PCR primers. Small amounts of
genomic DNA extracted from small samples of leave tissue were sufficient to
amplify the alleles at a marker locus which are detected on ethidium bromide
stained agarose gels. The alleles amplified by PCR were polymorphic in some
cases and not in others. Amplified alleles which are not polymorphic were
distinguished after digestion with restriction enzymes. Additional sequence
information was obtained from amplified alleles and sequence differences
between marker alleles were identified. The sequence differences were used
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for designing PCR primers by which only a specific marker allele closely
linked with the resistance allele was amplified. Marker assisted selection
using a PCR assay will be possible in large numbers of plants, if the marker
allele is linked in coupling phase with the resistance allele. In unrelated
germplasm, however, PCR assays have to be adapted to the particular source
of resistance gene present.

A QTL mapping experiment has been also performed which resulted in
the identification of several chromosomal segments of the potato genome
having a quantitative effect on P. infestans resistance (Leonards-Schippers et
al., 1994). Ca. 200 FI hybrids derived from crossing a highly resistant with
a highly susceptible dihaploid line were analysed phenotypically for the re-
sistance level to P. infestans races o and 1. Resistance tests were performed
on leaf disks under environmentally controlled conditions and the percentage
of infected leaf disk area was scored. The same FI population was analysed
with 104 RFLP marker probes and chromosome maps were constructed from
the segregation data of RFLP alleles. The analysis revealed eleven chromosome
segments on nine potato chromosomes which showed significant contrasts
between marker genotypic classes. QTL mapping identified at least one QT
locus on chromosome IV which was specific for race 1. Two QT regions
correlated with the two small segments on chromosomes V and Xll to which
the dominant allele Ri as well as alleles Rxl and Rx2, both inducing extreme
resistance to potato virus X, have been localized in independent mapping
experiments. The molecular cloning and characterization of resistance genes
of potato and other plant species will open up the possibility of directly
engineering disease resistance in the potato. Our target loci are Rl possibly
encoding multiple resistances and the nematode resistance gene Grol.

The dominant allele Grol confers to potato resistance to the root cyst
nematode Globodera rostochiensis. The Grol locus has been mapped to chro-
mosome VIl on the genetic map of potato using RFLP markers (Barone et
al., 1990). This makes possible the cloning of Grol based on its map position.
As part of this strategy we have constructed a high resolution genetic map
of the chromosome segment surrounding Grol based on RFLP; RAPD and
AFLP markers (Ballvora et al., 1985). RAPD and AFLP markers closely linked
to Grol were selected by bulked segregant analysis and mapped relative to
the Grol locus in a segregating population of 1105 plants. Three RFLP and
one RAPD marker were found linked to Grol without recombination. Two
AFLP markers were identified that flanked Grol at a genetic distance of 0.6
cM and 0.8 cM, respectively. A genetic distance of 1 ¢cM in the Grol region
corresponded to a physical distance of ca. 100 kb, as judged from long range
restriction analysis. Marker assisted selection for nematode resistance was
practised in the course of constructing the high resolution map. Plants car-
rying the resistance allele Grol were distinguished from susceptible plants
by marker assays based on the polymerase chain reaction (PCR).

The RI allele confers on potato a race-specific resistance to Phytophthora
infestans. The corresponding genetic locus maps on chromosome V in a re-
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gion in which several other resistance genes are also located (Leonards-Schip-
pers et al., 1990). As part of a strategy for cloning RI, a high-resolution
genetic map was constructed for the segment of chromosome V that is bor-
dered by the RFLP loci GP21 and GP179 and includes the RI locus (Meksem
et al., 1995). Bulked segregation analysis and markers based on amplified
fragment length polymorphisms (AFLP markers) were used to select molecular
markers closely linked to RIl. Twenty-nine of approximately 3200 informative
AFLP loci displayed linkage to the Rl locus. Based on the genotypic analysis
of 461 gametes, eight loci mapped within the GP21-GP179 interval. Two of
those could not be separated from Rl by recombination. For genotyping large
numbers of plants with respect to the flanking markers GP21 and GP179
PCR based assays were also developed which allowed marker-assisted selec-
tion of plants with genotypes Rr and rr and of recombinant plants.
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Modern approaches to the breeding of potato (Solanum tuberosum L)
Summary

Solanum tuberosum, the potato, a crop of the family Solanaceae, is cultivated in temperate
and subtropical zones of the world. After wheat, rice and com it occupies the fourth position
in terms of world production per year. We summarize the work carried out in our department
concerning the use of cellular and molecular techniques in potato breeding.
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