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(ABSTRACT)

Genetic improvement of the potato through classical breeding has been limited
by its tetraploid nature, the narrow genetic variability within cultivars, and
interploidy barriers between tetraploid cultivars and diploid germplasm. Breed-
ing at reduced ploidy levels has been proposed as a solution to these problems.
Because of sterilities, somatic hybridization via protoplast fusion has been con-
sidered an alternative to sexual polyploidization for resynthesizing superior
diploids from selected monoploids, and tetraploids from selected diploids and

dihaploids.

Successful application of somatic hybridization largely depends upon
protoplast culturability and regenerability of a plant. The ability of callus for-
mation and plant regeneration from protoplasts varies among plants. To under-
stand the genetic basis for this variation, the mode of inheritance for protoplast

culturability, defined as the ability to develop calli from cultured protoplasts, was



studied in the diploid potato species, Solanum phureja. Based upon data from
F2 as well as from F: and backcross progenies, it was found that protoplast
culturability in this potato species was controlled by two unlinked loci with
dominant effect. In addition, there was quantitative variation for protoplast

plating efficiency among culturable genotypes.

Male sterility in cultivars of Solanum tuberosum ssp. tuberosum results from
nuclear-cytoplasmic interactions. ‘Donor-recipient” protoplast fusion and regen-
eration were conducted between a sterile S. tuberosum ssp. tuberosum cultivar,
Russet Burbank, and fertile selections of S. tuberosum ssp. andigena which have
a non-sensitive cytoplasm and were used as the cytoplasmic donor. Sixteen re-
generated plants possessed nuclear background and chloroplast DNA of Russet
Burbank. However, two of these regenerants had improved pollen stainability.

The possible causes for the improvement of pollen stainability are discussed.

In the last chapter, allelic polymorphism in a monoploid population derived
from anther culture of a clone of S. phureja was assessed by isozyme
electrophoresis. Fourteen monoploids and their anther donor were examined for
six enzymes. No allozyme variation was detected in these plants. However, ge-
netic variability among these monoploids was manifested by variations in some
growth characters and general morphology. The limitation of enzymatic markers

in detecting allelic polymorphism in these monoploids is discussed.
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Chapter 1: Introduction

Economic importance of the potato

Among the world’s food crops, the potato ranks in the top five in tonnage. It
yields more edible energy and protein per hectare per unit of time than any other
crop. It contains high-quality protein and substantial amounts of essential
vitamins and trace elements. It is grown in more countries than any other crop
except maize. Over the last two decades, the growth rate of potato production in
developing countries has exceeded that of other food crops (International Potato

Center, 1984; Horton, 1987).
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Potato systematics and breeding strategies

Cultivated potato includes four diploid (2n = 2x = 24), Solanum ajanhuiri
Juz. et Buk., S. goniocalyx Juz. et Buk., S. phureja Juz. et Buk., S. stenotomum
Juz. et Buk., two triploid 2n = 3x = 36), S. Xchauca Juz. et Buk., S.
xjuzepczukii Buk., two tetraploid (2n = 4x = 48), S. tuberosum L. ssp.
tuberosum, S. tuberosum L. ssp. andigena Hawkes, and one pentaploid species
(2n = 5x = 60), S. xcurtilobum Juz. et Buk.. There are over two hundred wild
potato species which are mostly diploid and occur in an extremely wide habitat
range. These wild species have great potential for improvement of cultivated
potato, because of their resistances to diseases, pests, and various environmental
stresses (Hawkes, 1978a; Hawkes and Hjerting, 1989). In the Northern Hemi-
sphere, commercially important potato cultivars are tetraploid S. tuberosum ssp.
tuberosum. It is believed that this subspecies evolved from S. tuberosum ssp.
andigena, which originated from the central Andes of South America, in southern

Bolivia and northern Peru (Hawkes, 1978b).

Classical potato breeding is carried out by intercrossing tetraploid parental
clones followed by stepwise selection for desirable genotypes in the progenies.
Genetic improvement of the potato has been limited mainly due to: 1) limited
genetic variability within tetraploid cultivars (Mendoza and Haynes, 1974;
Mendoza, 1989); 2) tetraploid nature (Chase, 1963); 3) common occurrence of

male sterility among cultivars (Howard, 1970); and 4) interploidy barriers be-
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tween diploid germplasm and the tetraploid cultivars. The so-called analytic
breeding scheme has been proposed to overcome the disadvantages of tetraploid
breeding. In this scheme, ploidy level is first reduced from 4x to 2x through
parthenogenesis induced by haploid-inducing pollinators. Then, breeding is car-
ried out at the diploid level. Finally, two selected diploids are combined to re-
construct a tetraploid either through sexual polyploidization via unreduced
gametes or through somatic hybridization via protoplast fusion (Chase, 1963;
Wenzel et al., 1979; Neele and Louwes, 1986; Deimling et al., 1988). A different
strategy for breaking interploidy barriers has been through 4x-2x crosses via 2n
pollen from diploid selections (Mok et al,. 1975; De Jong et al., 1981; McHale and

Lauer 1981; Veilleux and Lauer, 1981; Hermsen, 1984). Further reduction of

ploidy level to the monoploid level (2n = x 12) through parthenogenesis or
anther culture would eliminate deleterious alleles from diploid potato stocks
which are generally cross-pollinated, thus accelerating the development of diploid

germplasm (Wenzel et al., 1979).

Objectives

S. phureja Juz. et Buk. is a cross-pollinated diploid potato species cultivated in
South America. An adapted population that tuberizes under long days has been
selected (Haynes, 1972). Further selection within this population has yielded

genotypes capable of 2n pollen production by the genetic equivalent of first divi-
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sion restitution (Veilleux, 1985). Because of selection only for tuberization under
long days and for 2n pollen production, general improvements for horticultural
traits are needed before interploid hybridization can be expected to yield
agronomically viable progeny. The success of monoploid regeneration from
anther culture for some genotypes of this species provides the opportunity to
conduct monoploid breeding on these 2n-pollen producers (Veilleux et al., 1985).
Doubled monoploids have been generated through shoot regeneration from leaf
explants of some monoploids. Protoplast fusion is the only way to resynthesize
diploid hybrids from selected monoploids, because crosses between the doubled
monoploids are prevented by male sterility. However, these 2n-pollen-producing
genotypes of S. phureja and their monoploid derivatives have been found to lack
ability for callus regeneration from protoplasts; thus, hybridization between se-
lected monoploids via protoplast fusion cannot be realized. To solve this di-
lemma, studies were conducted on: 1) sexual transmission of protoplast
culturability, which is defined here as capability of callus regeneration from
protoplasts isolated from in vitro grown shoots; and 2) mode of inheritance for
this trait in this diploid potato species. A separate chapter is devoted to the im-
provement of pollen fertility of Russet Burbank, a leading cultivar in the potato

industry in the United States, via ‘donor-recipient” protoplast fusion.
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Chapter 2: Literature review

Protoplast culture in potato

The term protoplast refers to all the components of a plant cell excluding the
cell wall (Evans and Bravo, 1983). Without a cell wall, protoplasts can take up
foreign macromolecules and cellular components under certain conditions, thus
providing opportunities for genetic and cellular manipulation (Bhojwani and
Razdan, 1983; Galun and Aviv, 1983; Potrykus et al., 1985; Cocking and Davey,
1987; Glimelius, 1988). In addition, novel characters could be generated among

plants developed from protoplasts (Matern et al., 1978; Karp et al., 1989).

Among food crops, potato is the most amenable to protoplast techniques.
Successful plant regeneration has been achieved with a wide range of cultivars

and breeding stocks of S. tuberosum, including both tetraploids and dihaploids
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(Shepard and Totten, 1977; Binding et al., 1978; Gunn and Shepard, 1981;
Thomas, 1981; Bokelmann and Roest, 1983; Schumann and Koblitz, 1983;
Haberlach et al., 1985; Foulger and Jones, 1986; Radke and Grun, 1986; Tavazza
and Ancora, 1986; Masson et al., 1987). In addition, plants have been regener-
ated from several cultivated diploid and wild potato species (Binding and Nehls,
1977; Nelson et al. 1983; Schumann and Koblitz, 1983; Haberlach et al. 1985;
Dai et al., 1987). Recently, protoplasts from monoploids (2n = 1x = 12) derived
through parthenogenesis of various diploid clones have been regenerated into

plants (Uijtewaal et al., 1987a).

The essential components of protoplast culture and regeneration in potato in-
clude: preparation of donor plants, protoplast isolation, protoplast culture to
form p-calli, shoot regeneration from the p-calli, and shoot elongation and rooting

(Shepard, 1982b; Shahin, 1984).

Potato protoplasts could be isolated either from pot-grown plants (Shepard
and Totten, 1977; Shepard, 1980; Radke and Grun, 1986) or from in vitro plants
(Binding et al., 1978; Thomas, 1981; Shahin, 1984). The cultural conditions for
donor plants have been found to be critical for protoplast yield and growth. For
pot-grown plants, it is necessary to grow donor plants in well-defined nutritional
and environmental conditions and precondition the leaf tissue before isolation
(Shepard, 1980; Shepard et al., 1980). For in vitro plants, photoperiod, light in-

tensity, temperature, sucrose concentration in the propagation medium, and
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inhibition of ethylene production have been found to influence protoplast yield

and quality (Foulger and Jones, 1986; Masson et al., 1987; Perl et al., 1988).

Usually, potato cell wall can be digested by a combination of cellulase and
pectinase (Shepard and Totten, 1977; Binding et al., 1978). For digesting leaf
tissue, cellulase at concentrations of 0.5% to 2.0%, and pectinase at concen-
trations of 0.1% to 0.3% have been used (Shepard and Totten, 1977; Binding et
al., 1978). For suspension cells, cell wall digestion requires driselase and higher
concentrations of cellulase and pectinase (Schumann et al., 1980). Either 0.3 M
sucrose, or 0.5 M mannitol or sorbitol have been used as the osmoticum in the
digestion solution (Shepard and Totten, 1977; Binding et al., 1978; Schumann et

al., 1980; Thomas, 1981).

Protocols for protoplast purification vary depending upon researchers. Some
groups have used relatively higher speed of centrifugation (350 x g) and 0.35 M
sucrose solution in Babcock bottles to purify protoplasts (Shepard and Totten,
1977; Shepard, 1982b; Haberlach et al., 1985), whereas others have developed
lower-speed centrifugation (50-100 x g) and using 0.5 M mannitol or 0.5 M
sucrose as purifying solution (Binding et al., 1978; De Vries and Bokelmann,

1985; Uijtewaal et al., 1987b).

For protoplast culture, both bilayer (Shepard and Totten, 1977; Haberlach et

al. 1985) and liquid culture have been used (Thomas, 1981; Bokelmann and
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Roest, 1983; Schumann and Koblitz, 1983). The composition of culture media
also varies among researchers. Generally, MS medium without ammonium ion
(Shepard and Totten, 1977; Haberlach et al., 1985; Tavazza and Ancora, 1986)
or V-KM medium (Binding and Nehls, 1977; Bokelmann and Roest, 1983;
Foulger and Jones, 1986; Uijtewaal et al., 1987b) has been employed. The types
and concentrations of growth regulator supplements to the culture media have
been similar: usually o-naphthaleneacetic acid (NAA) at 1-2 mg/l and
6-benzylaminopurine (BAP) or zeatin at 0.5 mg/l. In some cases,
2,4-dichlorophenoxyacetic acid (2,4-D) at 0.2-0.4 mg/l was added in addition to
NAA. Sucrose or glucose have been the most frequently used sugars as the energy
source, and mannitol or sorbitol have generally been used to adjust the osmolarity
of culture media (Shepard and Totten, 1977; Schumann and Koblitz, 1983;
Shahin, 1984; Haberlach et al., 1985; Uijtewaal et al., 1987b). It has been re-
ported that culture media enriched with various sugars and sugar alcohols im-

proved protoplast plating efficiency (Foulger and Jones, 1986).

Shoot regeneration from p-calli requires media with a higher ratio of cytokinin
to auxin, or without auxin (Shepard, 1982a; Shahin, 1984; Taylor and Secor,
1988). Low concentrations of sucrose (1-5 g/l), low light intensity (about 30 uE
m~2% s~ 1), and lower temperature (approximately 20°C) have been found to pro-

mote shoot regeneration (Shepard, 1982a; Lillo, 1989).
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Successful results have been dependent primarily upon plant genotype, growth
conditions and physiological status of the source plants, and control of cryptic
contamination (Shepard and Totten, 1977; Thomas, 1981; Shepard, 1982b;
Haberlach et al., 1985; Debnath et al., 1986; Foulger and Jones, 1986; Radke and

Grun, 1986; Tavazza and Ancora, 1986; Masson et al., 1987).

Phenotypic variation has been frequently reported among plants regenerated
from protoplasts (Karp et al., 1989). Secor and Shepard (1981) observed signif-
icant variation for growth habit, photoperiod response, maturation date, disease
response, tuber shape, size, and skin color among more than one thousand
protoclones of the cultivar Russet Burbank grown in the field. Phenotypic vari-
ation has been reported with protoclones from other potato cultivars and
dihaploid breeding stocks (Thomas et al., 1982; Ramulu et al., 1983, 1986;
Thomson et al., 1986). Numerical and structural changes of chromosomes have
often been associated with this phenotypic variation (Karp et al., 1982; Creissen
and Karp, 1985; Gill et al., 1986, 1987; Nelson et al., 1986; Ramulu et al., 1986,
1989). Most of these variants have been either useless or undesirable (Karp et
al., 1989) but, in a few cases, useful characters such as resistance to phytotoxins
(Matern et al., 1978), earlier maturation date, and more desirable tuber charac-

teristics (Shepard et al., 1980) have been reported.
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Somatic hybridization and cybridization in potato breeding

Protoplast fusion has various applications to potato breeding. In analytic
breeding, somatic hybridization through protoplast fusion has been recommended
as the route for returning to tetraploid level, because many dihaploid potato
plants suffer from reduced fertility. Even though some dihaploids are fertile,
production of unreduced gametes sufficient for sexual polyploidization is limited
to only a few selected clones (Howard, 1970; Wenzel et al., 1982; Deimling et al.,
1988). Plants have been regenerated from fusion between dihaploid potato clones
or between a dihaploid and a diploid potato species (Austin et al., 1985a; Hein
and Schieder, 1986; Puite et al., 1986; Debnath and Wenzel, 1987; Deimling et
al., 1988; Waara et al., 1989). The somatic hybrids manifested hybrid vigor for
both growth rate and tuber yield (Austin et al., 1985a; Debnath and Wenzel,

1987; Deimling et al., 1988).

Another use of protoplast fusion in potato breeding is to introduce disease re-
sistance from distantly related Solanum species. Through somatic hybridization,
resistances to potato leafroll virus, potato virus Y, and late blight have been in-
corporated into breeding stocks from S. brevidens which is a non-tuber-bearing
Solanum species and is sexually incompatible with S. tuberosum (Austin et al.,
1985b; Helgeson et al., 1986; Fish et al., 1988; Gibson et al., 1988). The mater-

nally inherited resistance to the herbicide atrazine has been introduced into S.
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tuberosum from a biotype of S. nigrum by interspecific protoplast fusion and

plant regeneration (Binding et al., 1982).

"Monoploid sieve’ has been proposed as a means to eliminate deleterious genes
from cross-pollinated diploid species within a single generation. By combining
two distantly related monoploids, hybrid vigor should occur in the resulting
diploid (Wenzel et al., 1979; Uijtewaal and Hermsen, 1986). Monoploids (2n =
x = 12) have been produced from diploid potato clones (2n = 2x = 24) either
by parthenogenesis (Uijtewaal et al., 1987a) or by anther culture (Veilleux et al.,
1985). Protoplast fusion can be used to advantage for this purpose because
doubled monoploids of potato are often male sterile. Protoplast fusion between
monoploid potato clones has been achieved, but only tetraploid and triploid
somatic hybrids could be recovered due to ploidy instability of the monoploids

(Uijtewaal et al., 1987b).

Genetic control over in vitro growth and development

Although plant cells are considered totipotent, that is, capable of regenerating
whole plants from single cells, there are great differences in the capability for
protoplast regeneration among plants tested. Generally, solanaceous plants have
been more amenable to protoplast culture than monocots and legumes (Bhojwani

and Razdan, 1983; Evans and Bravo, 1983; Webb, 1988). Recent progress in a
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few of the recalcitrant species has been limited to suspension or callus derived
protoplasts (Davey and Power, 1988; Myers et al., 1989; Shillito et al., 1989;

Wang et al., 1989).

Even among solanaceous plants, intrageneric and intraspecific variation in the
capability for protoplast regeneration have been demonstrated (Izhar and Power,
1977; Shepard, 1982a; Haberlach et al., 1985; Debnath et al., 1986; Foulger and
Jones, 1986; Koornneef et al.,, 1986, 1987, Radke and Grun, 1986). In
Haberlach’s studies of protoplast culture characters among six potato species in-
cluding 36 clones, three clones could not divide; among clones capable of division,
four could not undergo sustained cell division to form p-calli, and still others,
which formed p-calli, were unable to regenerate shoots from these calli
(Haberlach et al., 1985). A study of genetic control over p-callus development
was carried out in Petunia (Izhar and Power, 1977). Five phenotypes were iden-
tified according to differences in their progress toward p-callus development.
These phenotypes were the result of interactions between genotypes and plant
growth regulators in the culture media. Protoplasts from some lines were capable
of p-callus formation in media supplemented with NAA, whereas protoplasts
from other lines required 2,4-D for p-callus formation. Still others did not re-
spond to either NAA or 2,4-D. Using the data from F1 and backcross progenies,
the authors concluded that auxin-specificity was under the control of a few nu-

clear genes, the phenotypes corresponding to attainment of different develop-
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mental stages in culture were controlled by different genes, and intergenic

complementation could result in formation of genotypes with no auxin-specificity.

Genetic control over in vitro growth and development has been more fre-
quently reported in other in vitro culture systyms with various species, e.g., callus
induction from embryos in maize, wheat and rice (Sears and Deckard, 1982;
Nesticky et al., 1983; Tomes and Smith, 1985; Abe and Futsuhara, 1986), callus
growth rate in maize, wheat, and tomato (Nesticky et al., 1983; Koornneef et al.,
1987; Kaleikau et al., 1989), somatic embryogenesis from callus in maize and
alfalfa (Brown and Atanassov, 1985; Hodges et al., 1986; Willman et al., 1989),
organogenesis on cultured callus in alfalfa, wheat, rice, maize, cucumber, and to-
mato (Reisch and Bingham, 1980; Sears and Deckard, 1982; Abe and Futsuhara,
1986; Koornneef et al., 1987; Nadolska-Orczyk and Malepszy, 1989; Peng and
Hodges, 1989; Willman et al., 1989), androgenesis in tobacco, potato, barley,
maize and wheat (Jacobson and Sopory, 1978; Foroughi-Wehr et al., 1982;
Subhashini and Venkateswarlu, 1985; Deaton et al., 1987; Petolino and
Thompson, 1987; Singsit and Veilleux, 1989; Sonnino et al., 1989). Several dif-
ferent models have been proposed to describe genetic control over in vitro growth
and development. In alfalfa, bud formation from callus was found to be under
the control of two dominant genes (Reisch and Bingham, 1980). In tomato, shoot
regeneration from leaf explants was also found to be controlled by two dominant
genes. (Koornneef et al., 1987). The genetic model proposed by Kaleikau et al.,

(1989) for tissue culture response (TCR) in wheat was more complicated, with
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TCR controlled by one major and two minor genes; the expression of these three
genes was proposed to be regulated by another major gene. Using ditelosomic and
nullisomic-tetrasomic wheat lines, the chromosomal locations of these genes were
determined. In cucumber, interaction among genes from three loci was proposed
as the cause for differences in regeneration of embryoidal callus and plantlets
from leaf explants (Nadolska-Orczyk and Malepszy, 1989). Cytoplasmic effect
on in vitro growth and development also has been observed. Peng and Hodges
(1989) reported that both nuclear and cytoplasmic factors were important in
controlling plant regeneration from immature embryo-derived callus in rice.
Cytoplasmic effect was also observed in androgenesis in wheat (Bullock et al.,
1982), barley (Foroughi-Wehr et al., 1982), triticale (Charmet and Bernard,

1984), and potato (Singsit and Veilleux, 1989).

There is a tendency for different in vitro characters to be independently inher-
ited. The frequency of callus or embryo-regenerating anthers and the frequency
of plant-regenerating callus were found to be separately controlled in barley and
wheat (Foroughi-Wehr et al., 1982; Lazar et al., 1984; Agache et al., 1988). No
correlation was observed between plant regeneration and callus growth rate in
Zea mays and tomato (Duncan et al., 1985; Koornneef et al., 1987). In potato,
no significant correlation coefficients were found between plant regeneration from
p-calli and protoplast plating efficiency or p-callus formation (Debnath et al.,

1986). On the other hand, correlation between plant regeneration and induction
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of embryoidal callus from young leaf explants was recently reported in cucumber

(Nadolska-Orczyk and Malepszy, 1989).

Male sterility in potato

Male sterility is common within the cultivated tetraploid potato (S. tuberosum
ssp. tuberosum) and, as a result, many desirable crosses cannot be obtained
(Mullin and Lauer, 1966; Howard, 1970; Staub et al., 1982; Deimling et al.,
1988). Hybrids between cultivars and other potato species, such as S. phureja, S.
stenotomum, S. vernei, and S. tuberosum ssp. andigena, display various
phenotypic abnormalities associated with male sterility, especially when the
cultivars have been used as female parents (Grun, 1974, 1979; Sanford and
Hanneman, 1979; Hanneman and Peloquin, 1981). These phenotypic abnor-
malities include: indehiscence of anthers, arrested sporads in meiosis, shrivelled
microspores, thin anthers, and anther-style fusion (Grun, 1979). It has been pro-
posed that male sterilities in the cultivated potato are due to nuclear-cytoplasmic
interactions, and that S. tuberosum ssp. tuberosum has a cytoplasm sensitive to
dominant nuclear genes specifying various phenotypes of male sterility, whereas
S. tuberosum ssp. andigena, S. stenotomum, S. vernei and S. phureja possess

non-sensitive cytoplasms (Grun, 1979).
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Based on chloroplast DNA restriction patterns, the cytoplasms of cultivated
potato and sixteen wild potato species have been classified into seven different
types and the cytoplasm of S. tuberosum ssp. tuberosum was indeed found to be

unique (Hosaka, 1986).

Some cultivars of S. tuberosum ssp. tuberosum are male fertile. Their male
fertility was attributed to the presence of male fertility restorer genes in their nu-
clear genomes (Hanneman and Peloquin, 1981; Ortiz et al., 1989). Reciprocal
crosses between these male fertile cultivars and S. tuberosum ssp. andigena have
demonstrated that male fertile cultivars still have sensitive cytoplasm (Staub et

al., 1982).

The multiple phenotypes for male sterility in S. tuberosum cultivars and their
general responsiveness to protoplast culture and regeneration make this crop a
particularly interesting target for cytoplasmic engineering using protoplast fusion.
By substituting the sensitive cytoplasm with non-sensitive via somatic
cybridization, it may be possible to improve the fertility of male sterile cultivars

without altering their nuclear composition.
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Chapter 3: Genetic analysis of protoplast

culturability in Solanum phureja

Summary

Protoplast culturability, defined as the ability to develop calli from cultured
protoplasts, was studied in the diploid potato species Solanum phureja. A non-
culturable, androgenetically derived homozygous line, AM3-8, was crossed with
a culturable selection, NBP2. All seven F plants tested were capable of forming
abundant p-calli. F2 progeny was produced by crossing two randomly selected
F1 individuals (F121 x F137). Segregation for protoplast culturability occurred
in the F2 generation. Among twenty F2 plants repeatedly tested, twelve were
culturable, and eight non-culturable. Backcrossing Fi137 to both AM3-8 and
NBP2 generated BCA and BCN populations. Eight plants from each backcross

were studied. All eight plants from the backcross to NBP2 were culturable,
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whereas only two plants from the backcross to AM3-8 were culturable. In addi-
tion, quantitative variation for protoplast plating efficiency among culturable
genotypes was observed. Based upon chi-square analyses for segregation in the
F2 as well as upon the data from F; and the backcrosses, it was proposed that
protoplast culturability in this potato species is controlled by two independent loci
with complete dominance. The two loci were designated as pcd-/ and pcd-2 for
p-callus development 1 and 2, respectively. Variation in plating efficiency among

culturable genotypes was discussed.

Introduction

Protoplast culture and regeneration are useful tools for various genetic manip-
ulations, such as somatic hybridization (Glimelius 1988), cybridization (Galun
and Aviv 1983), direct gene transfer (Cocking and Davey 1987), and development
of novel characters via somaclonal variation (Karp et al. 1989). Nevertheless,
protoplast culture is an artificial system which imposes various stresses upon the
cultured protoplasts, and later cells. There is great variation in response to
protoplast culture among higher plants. Generally, solanaceous plants are ame-
nable to protoplast culture, whereas monocots have been found to be recalcitrant
to this in vitro system (Bhojwani and Razdan 1983; Evans and Bravo 1983;

Webb 1988).

Chapter 3: Genetic analysis of protoplast culturability in Solanum phureja 29



Even among solanaceous plants, there is intrageneric and intraspecific vari-
ation in response to protoplast culture and regeneration (Izhar and Power 1977;
Shepard 1982; Haberlach et al. 1985; Debnath et al. 1986; Foulger and Jones
1986; Radke and Grun 1986). In Haberlach’s study on testing for protoplast
culture characters involving six Solanum species and 36 clones, three clones could
not divide; among clones which were capable of dividing, four could not undergo
sustained cell division to form p-calli; still others, which could form p-calli, were
unable to regenerate shoots (Haberlach et al. 1985). In Petunia protoplast cul-
ture, interactions between genotypes and growth regulators in the development
of cell colonies were observed (Izhar and Power 1977). Protoplasts from some
lines grew better in media containing a-naphthaleneacetic acid (NAA), whereas
protoplasts from other lines preferred 2,4-dichlorophenoxyacetic acid (2,4-D).
Some lines did not respond to either NAA or 2,4-D. Using the data from F and
backcross progenies, the authors suggested that auxin-specificity was under the
control of a few nuclear genes. In our previous studies aimed at germplasm de-
velopment using in vitro techniques, we encountered both responsive and non-
responsive selections of Solanum phureja to protoplast culture. The
non-responsive plants either could not divide or could divide but were unable to
undergo sustained cell division to form p-calli under several established proce-

dures.

An understanding of the genetic basis for response to protoplast culture can

lead to more efficient application of protoplast technology (Ettinger-Paltin et al.
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1984), and provide a means to introduce gene(s) for protoplast regeneration into
recalcitrant genotypes (Izhar and Power 1977; Koornneef et al. 1986). The pres-
ent paper reports the mode of inheritance for protoplast culturability, which is
defined here as the ability to develop calli from cultured protoplasts, in the

diploid potato species, Solanum phureja.

Materials and Methods

AM3-8 is a doubled monoploid (2n = 2x = 24) derived from chromosome-
doubling during shoot regeneration from leaf disc callus of an androgenetically
developed monoploid, AM3 (2n = x = 12) (Veilleux et al. 1985). The anther
donor, PPS, is a clone of adapted Solanum phureja (Haynes 1972) selected for 2n
pollen production and anther culture competence (Veilleux et al. 1985). PP5 and
its androgenetic derivatives, AM3 and AM3-8, have been repeatedly tested in our
preliminary studies for protoplast culturability and characterized as protoplast
non-culturable. NBP2 (75-21), another selection of S. phureja, was obtained from
Henry DeJong, Agriculture Canada, Frederickton, NB. It has been reported as
protoplast culturable and plants were regenerated from protoplasts (Haberlach
et al. 1985). F1 plants were produced by crossing AM3-8 with NBP2, using
AM3-8 as the female parent. F2 plants were generated by crossing two individ-
uals (F121 and F137) randomly selected from the Fi population. Backcrossing

of F137 to both AM3-8 and NBP2 yielded BCA and BCN backcross populations.

Chapter 3: Genetic analysis of protoplast culturability in Solanum phureja 31



Their pedigree is illustrated in Fig. 1. Seven Fi plants, twenty F2 plants, eight
BCA plants, and eight BCN plants were randomly selected and tested for

protoplast culturability.

Botanical seeds were surface-sterilized in 80% ethanol for five seconds, washed
in 30% commercial bleach (containing 5.25% sodium hypochlorite) for 20 min-
utes, and rinsed three times with sterilized distilled water. Sterilized seeds were
planted on MS basal medium (Murashige and Skoog 1962) containing 20 g/l
sucrose in 25 x 150 mm glass tubes. Selected seedlings were propagated by cul-
turing nodal cuttings on MS basal medium supplemented with 30 g/l sucrose, 170
mg/l potassium phosphate (monobasic), 500 mg/l casein hydrolysate in 25 x 150
mm glass tubes. In vitro plants were maintained in a growth chamber with a
temperature regime of 20°C day and 18°C night, and a 16-hour photoperiod. The
average light intensity was 28 uE m™~2 sec™! provided by cool white fluorescent

tubes. Prior to protoplast isolation, plants were placed in the dark for 48 hours.

Protoplast isolation was done using a modified procedure of Uijtewaal et al.
(1987). In vitro shoots and leaves (0.5-1 g) from 3-week-old cultures were
chopped into fine pieces and digested with 1% Cellulase R-10 “Onozuka” (Yakult
Honsha Co., Ltd., Japan) and 0.1% Macerozyme R-10 (Yakult Honsha Co.,
Ltd., Japan) solution containing 0.4 M mannitol and 0.1 M glucose as osmotica.
Digestion proceeded in the dark on a reciprocal shaker (60 rpm) for 16 hours.

Upon digestion, the digests were diluted with an equal volume of 0.3 M KCl sol-
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ution and sieved through a 63-um screen. The filtrate was centrifuged at 50 x g
for 5 minutes. Pellets were resuspended in 10 ml of 0.5 M sucrose solution, and
then 1 ml of 0.3 M KCI solution was layered on the top of the protoplast sus-
pension. After centrifuged at 50 x g for 10 minutes, intact protoplasts were col-
lected at the interface of the sucrose and KCI solutions. Protoplasts were rinsed
in 10 ml 0.3 M KCI and pelleted again. The pH of the isolation solutions was

adjusted to 5.8 with 0.1 N KOH and HCI.

Purified protoplasts were cultured in 35 x 10 mm petri dishes using a modified
protoplast culture medium of Schumann and Koblitz (1983) supplemented with
1.25 mg/l NAA, 0.25 mg/l 2,4-D, and 1 mg/l zeatin. Each dish contained 1 ml
of culture with a protoplast density of 3 x 10°. Two slightly different culture
methods were applied: 1) liquid culture, in which protoplasts were cultured ini-
tially in liquid medium, and after 10 days embedded into culture medium
solidified with 0.3% agarose (type VII, low gelling temperature, Sigma); 2) em-
bedding culture, in which protoplasts were cultured initially in the culture me-
dium solidified with 0.3% agarose. The cultures were incubated at 25°C in the
dark for one week, then under cool white fluorescent light with an average light
intensity of 16 uE m~2 sec™!. After cell colonies had formed, the agarose blocks
with embedded cell colonies were transferred into a 60 x 15 mm petri dish con-
taining 2 ml liquid culture medium. After another two to three weeks, these col-
onies were transferred onto solid culture medium containing 0.6% agarose for

callus growth.
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Plating efficiency was examined 7 days after culture initiation with a Zeiss in-
verted microscope. Callus formation was observed 30 to 60 days after culture in-
itiation depending upon the genotype. Each genotype was tested in at least two
independent experiments. For each experiment, a minimum of one culturable

genotype was used as the control.

For shoot regeneration, p-calli approximately 3 mm in diameter were trans-
ferred onto shoot regeneration medium composed of MS salts and vitamins, 2
mg/l zeatin, 0.01 mg/l indoleacetic acid, 0.2 mg/l gibberellic acid (GA3), 10 g/l
sucrose, 36 g/l mannitol, 100 mg/l myo-inositol, 100 mg/l casein hydrolysate, 100
mg/1 adenine sulfate, 100 mg/l glutamine, 100 mg/l potassium phosphate, and 7
g/l agar, at pH 5.8. Cultures were grown at 25°C under cool white fluorescent
light with an average light intensity of 46 uE m~2 sec™! and a 16-hour day

length. Shoot regeneration was attempted only on NBP2 and F; plants.

Results

Most protoplasts from AM3-8 burst after 7 days in culture. A few remained
intact and regenerated cell wall, but they never divided (Fig. 2). Protoplasts iso-
lated from NBP2 started dividing after 3 days in culture (Fig. 3). The average

protoplast plating efficiency was 25% when examined on the 7th day (Fig. 4).
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Callus formation was rapid and abundant. After approximately thirty days in
culture, calli visible to the naked eye were formed in large quantity (more than
two hundred per plate, Fig. 5). P-calli from these protoplasts were fast-growing

and highly organogenic with a shoot regeneration rate of 95%.

All seven F1 plants tested were capable of p-callus formation. However, their
plating efficiencies varied from 11% to 31% in liquid culture (Table 1). Shoot

regeneration was achieved on four of five individuals tested (Fig. 6).

Segregation for protoplast culturability occurred in the F2 generation (Table
2). Among the twenty F2 individuals tested, four (F21, F23, F26, and F223) had
protoplast performance similar to that of AM3-8. Protoplasts isolated from the
remaining seventeen F2 plants were capable of dividing. Among these individuals,
four (F25, F210, F212, and F213) had very low plating efficiencies (1-2%) and
could not undergo sustained cell divisions to form p-calli. Their cell division
ceased after a few cell cycles, except that in one of the four experiments, F25 and
F213 formed 6 and 11 p-calli respectively. Only twelve F2 individuals consist-
ently produced abundant p-calli (more than two hundred per culture plate).
Plants with very low plating efficiencies (0-2%) and unable to form p-calli, were
classified as the non-culturable phenotype, and those individuals with high plat-
ing efficiencies and capable of p-callus formation, were classified as the culturable
phenotype. Like the Fi plants, these culturable F: individuals also varied for

plating efficiency (Table 2).
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All plants from the backcross to NBP2 were culturable but their plating effi-
ciency varied (Table 3). Seven plants had plating efficiencies (16-24%) compa-
rable to that of NBP2, whereas one individual (BCN8) had a lower plating
efficiency (9-10%). In the backcross to AM3-8, protoplasts from two individuals
could not divide; protoplasts from another four individuals divided but could not
undergo sustained cell division to form p-calli; only two plants (BCA8 and
BCA9) were able to undergo sustained cell division and formed large amounts
of p-calli. However, these two plants had plating efficiencies much lower than the

culturable plants from other populations (Table 4).

The differences in plating efficiency between the two cultural methods was
negligible. However, agarose embedding either at the initiation of protoplast cul-

ture or after 7 days was required for reproducible p-callus formation.

Discussion

The data presented in this paper demonstrate the existence of genetic factors
controlling protoplast culturability, i.e., the ability of cultured protoplasts to form
calli, and the inheritance of this character in this diploid potato species. Lack of
segregation for protoplast culturability among the F; and BCN plants indicates

that the culturable is dominant over the non-culturable. The observed segre-
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gation ratio (12 culturable vs. 8 non-culturable) in the F2 generation suggests that
the number of loci involved could be either one (the expected ratio thus would
be 3:1, assuming complete dominance) or two (the expected ratio would be 9:7,
assuming complete dominance at both loci and epistasis of either recessive
homozygote to the effects of dominant alleles at the other locus). Although the
one-locus hypothesis could not be unequivocally rejected (Table 5), the results of
chi-square test for goodness of fit between the observed values and expected val-
ues favor the two-locus hypothesis (Table 6). The segregation data (2 out of 8
were culturable) from the backcross to the non-culturable parent, AM3-8, also
support this hypothesis. Because the exact cellular and biochemical functions of
these genes are not known, the two loci are tentatively designated as pcd-/ and
ped-2, respectively, and the symbol ped stands for p-callus development. Vari-
ation for plating efficiency among culturable individuals implies that additional
minor loci influence this character. The results of this study are generally similar
to those found in genetic studies of Petunia p-callus development (Izhar and
Power, 1977), in which genotypes having requirements for specific types of auxin
(either NAA or 2,4-D) were identified. Using inbred lines and their F1 and
backcrosses to both parents, it was concluded that only a few genes were in-
volved, different stages of p-callus development were controlled by different
genes, and intergenic complementation between the NAA type and the 2,4-D

type could lead to a genotype with no auxin specificity.
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Genetic studies on in vitro growth and development have been reported in
various in vitro systems with several species (Reisch and Bingham 1980; Hodges
et al. 1986; Deaton et al. 1987; Koornneef et al. 1987; Petolino and Thompson
1987; Kaleikau et al. 1989; Nadolska-Orczyk and Malepszy 1989; Peng and
Hodges 1989; Willman et al. 1989), whereas genetic studies of p-callus develop-
ment from protoplast culture have been infrequent (Izhar and Power 1977). One
of the reasons for this is the technical limitation on the sample size that can be
handled in each experiment. In the present study, twenty individuals represent-
ing the F2 population were repeatedly tested for protoplast culturability. Ac-
cording to a widely accepted rule of thumb for application of chi-square tests,
which requires that the smallest expected number be larger than five (Snyder et

al. 1985), the proposed two-loci model has a sound statistical basis.

Diploid potato species are generally self-incompatible, and homozygous lines
are not available conventionally (Cipar et al. 1964). The use of a doubled
androgenic monoploid, AM3-8, as the non-culturable parent greatly reduced the
complexities of this genetic analysis. Because AM3-8 is completely homozygous,
variation in the F: generation reflected variation only in the culturable parent,
NBP2, which is a selection from open pollination. NBP2 thus would be expected
to be homozygous dominant at the two major loci, but heterozygous at some of
the minor loci. The results that all individuals from the backcross to NBP2 were
culturable and had variation for plating efficiency further supports this inference.

Plating efficiencies of the two culturable individuals in the backcross to AM3-8
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were low, indicating that the majority of the minor loci in AM3-8 have alleles

with negative effect.

The fact that two F: individuals with a plating efficiency of 1% (F25 and
F213) formed six and eleven p-calli, respectively, in one of the four independent
experiments could be due to mutations at the pcd loci during culture. Protoplast
culture has been reported to generate high frequencies of mutations (Secor and
Shepard 1981; Karp et al. 1989). Culturable cells resulted from mutation at the

key locus or loci are likely to be selected by protoplast culture itself.

It was reported that plants with an in vitro history had increased protoplast
plating efficiencies and shoot regeneration (Glimelius 1984; Robertson et al.
1988). In the present study, the parental line, AM3-8, was derived from shoot
regeneration in leaf disc culture of an androgenic monoploid; yet it had no
protoplast culturability. This fact also indicates that the loci pcd-! and pcd-2
identified in this study are not important for androgenesis in anther culture and
organogenesis in leaf explant culture. A lack of correlation between different in
vitro responses has been reported by several authors working on various plant
species. In barley and wheat, the frequency of embryoid or callus-regenerating
anthers and the frequency of plant-regenerating calli were reported to be unlinked
(Foroughi-Wehr et al. 1982; Lazar et al. 1984; Agache et al. 1988). In maize and
tomato, callus growth rate and plant regeneration from immature embryos or

from leaf explants were not correlated (Duncan et al. 1985; Koornneef et al.
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1987). In potato, non-significant correlation coefficients between plant regener-
ation from p-calli and protoplast division or number of p-calli per culture plate
were obtained (Debnath et al. 1986). However, it was recently reported in
cucumber that plant regeneration and induction of embryoidal calli were posi-

tively correlated (Nadolska-Orczyk and Malepszy 1989).

The genetic system described in this study is potentially useful for developing
schemes for selecting somatic hybrids after protoplast fusion by genetic
complementation. Based upon this genetic model, breeding for protoplast
culturability in this species can also be achieved. Further studies on the molecu-
lar and biochemical aspects of these loci would lead to a better understanding of
the process of p-callus development, which is poorly understood at the present
time. The possibility of isolating genes for protoplast culturability and
regenerability, and introducing them into crop species or cultivars, which cur-
rently cannot be reached by genetic engineering because of their lack of both
protoplast culturability and compatibility with transformation by agrobacteria,

would make them accessible to genetic manipulation via protoplasts.
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Table 1. Protoplast culturability of AM3-8, NBP2 and 7 plants randomly selected
from the cross of AM3-8 x NBP2!

Liquid Embedding

No. of P.E.2 No. of  P.E.
Genotype tests %+STD  Callus? tests % £STD  Callus

AM3-8 4 0 — 3 0 _
NBP2 4 25+3.5 + 2 20+1.7 +
F.4 2 11+1.0 + 0 nt* nt
Fi5 3 3146.0 + 4 19+4.2 +
F113 2 14+2.3 + 0 nt nt
F,14 2 17+£2.0 + 0 nt nt
F115 2 12+2.0 + 0 nt nt
Fi21 2 19+ 1.0 + 2 22+1.0 +
F137 5 13+ 1.4 + 5 13£3.5 +

! For some genotypes, two slightly different culture methods were used: 1) liquid
culture; and 2) embedding, in which protoplasts were embedded in the culture me-
dium containing 0.3% agarose on the day of culture initiation

2 Plating efficiency (P.E.) was examined 7 days after culture initiation

3 Callus formation. The symbols '+ and ‘— represent more than 200 p-calli formed
per plate and no p-callus formation, respectively

4 Not tested
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Table 2. Protoplast culturability of 20 randomly selected F» (F:21 x F;37)
plants’

Liquid Embedding

No. of P.E.?2 NO. of P.E.
Genotype tests %+STD  Callus? tests % +STD  Callus

F,1 3 0 — 2 0 —
F,2 2 22+2.5 + 2 18+ 1.5 +
F,3 3 0 — 2 0 —
F.4 2 14+ 1.0 + 2 13+1.0 +
F»,5 2 1+£0.5 —5 2 1+£0.3 —
F.6 4 0 — 2 0 —
F,7 2 10+£2.0 + 2 14+1.5 +
F,8 2 20+2.0 + 0 nt* nt
F»9 2 11£1.0 + 2 13+£1.3 +
F,10 2 24+0.5 — 0 nt nt
F,11 2 13+2.5 + 2 11+1.5 +
F,12 3 1£0.4 — 2 1+£0.3 —
F,13 3 110.5 -3 2 1+£0.3 —
F.14 2 17+2.0 + 2 17+£1.0 +
F.17 0 nt nt 2 12£1.0 +
F,18 0 nt nt 2 14+23 +
F,19 0 nt nt 2 16+ 1.5 +
F,23 0 nt nt 2 0 —
F.25 0 nt nt 2 12+2.0 +
F,27 0 nt nt 2 10£2.0 +

! For some genotypes, two slightly different cultural methods were used: 1)
liquid culture; and 2) embedding, in which protoplasts were embedded in the
culture medium containing 0.3% agarose on the day of culture initiation

2 Plating efficiency (P.E.) was examined 7 days after culture initiation

3 Callus formation. The symbols "+’ and ‘— represent more than 200 p-calli
formed per plate and no p-callus formation in each test, respectively

4 Not tested

5 Less than 12 p-calli formed only in one of four tests
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Table 3. Protoplast culturability of 8 randomly selected BCN (NBP2 x F,37)
plants®

Liquid Embedding

No. of P.E.2 No. of P.E.
Genotype tests %+STD  Callus® tests %+STD  Callus

BCNI 0 nt* nt 2 16+3.0 +
BCN2 2 22+ 1.5 + 2 19+£2.5 +
BCN4 2 24£2.0 + 2 25+2.5 +
BCNS 0 nt nt 2 18£35.0 +
BCN6 2 22+23 + 2 23+3.5 +
BCN8 2 9+2.0 + 2 10+1.7 +
BCNI12 2 15+4.5 + 2 20+£23 +
BCN14 2 19+3.5 + 2 23+2.38 +

! For some genotypes, two slightly different cultural methods were used: 1)
liquid culture; and 2) embedding, in which protoplasts were embedded in the
culture medium containing 0.3% agarose on the day of culture initiation

2 Plating efficiency (P.E.) was examined 7 days after culture initiation

3 Callus formation. The symbols "+’ and ‘—" represent more than 200 p-calli
formed per plate and no p-callus formation in each experiment, respectively

4 Not tested
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Table 4. Protoglast culturability of 8 randomly selected BCA (AM3-8 x F37)
plants

Liquid Embedding

No. of P.E.2 No. of P.E.
Genotype tests % +STD  Callus? tests % +£STD  Callus

BCA3 0 nt* nt 2 2+0.5 —
BCA®6 0 nt nt 2 2+1.0 -
BCAS 2 9+2.5 + 2 §+1.5 +
BCA9 2 3£0.5 + 2 5£0.5 +
BCAI10 0 nt nt 2 0 —
BCAll 2 5+3.8 — 2 5+3.5 —
BCAI2 2 7+2.5 - 2 6+2.8 —
BCA13 2 0 — 2 0 —

! For some genotypes, two slightly different cultural methods were used: 1)
liquid culture; and 2) embedding, in which protoplasts were embedded in the
culture medium containing 0.3% agarose on the day of culture initiation

2 Plating efficiency (P.E.) was examined 7 days after culture initiation

3 Callus formation. The symbols "+’ and ‘— represent more than 200 p-calli
formed per plate and no p-callus formation in each experiment, respectively

4 Not tested
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Table 5. Chi-square test for the hypothesis of one segregating locus with com-
plete dominance for protoplast culturability in the F. generation

Callus Observed Expected Deviation from
formation number number expected number
+ 12 15 -3
— 8 5 +3

x? = 2.4000 - p < 0.2
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Table 6. Chi-square test for the hypothesis of two independently segregating loci
with complete dominance for protoplast culturability in the F. gener-

ation
Callus Observed Expected Deviation from
formation number number expected number
+ 12 11.25 +0.75

- 8 8.75 —0.75

x? = 0.1143 - p> 0.5
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Figure 1. Pedigrees of S. phureja plants used for the genetic analysis of
protoplast culturability
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Figure 2. Protoplasts of AM3-8 after seven days in culture: most protoplasts
have burst. A few protoplasts have formed cell wall which can be
identified by the non-spherical shape of the cells
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Figure 3. First mitotic division observed in protoplast culture of NBP2 three
days after culture initiation
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Figure 4. High plating efficiency in protoplast culture of NBP2:
were photographed seven days after culture initiation
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Figure 5. P-calli formed from protoplasts of NBP2

Chapter 3: Genetic analysis of protoplast culturability in Solanum phureja

Ss



Figure 6. Shoot regeneration from a p-callus of F;5
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Chapter 4: Improvement in pollen development of a

sterile potato cultivar by protoplast manipulation

Summary

‘Donor-recipient’ protoplast fusion was conducted between a sterile potato
cultivar Russet Burbank and fertile selections of Solanum tuberosum ssp.
andigena using the selections of andigena as the cytoplasmic donor. Differences
in chloroplast DNA between the cytoplasmic donor and the recipient were de-
tected. Dosage effect of X-ray irradiation on cell division was tested. Fusion
frequency was checked with three different concentrations of polyethylene glycol;
16 plants were regenerated after fusion. Two of the regenerated plants were found
to have improved pollen stainability, though they possess chloroplast DNA and

nuclear background of the male sterile cultivar.
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Introduction

Male sterility is common among cultivars of Solanum tuberosum ssp.
tuberosum and this sterility is caused by interaction between sensitive cytoplasm
and dominant nuclear genes (Grun, 1974, 1979). It has been postulated that the
sensitive cytoplasm of S. tuberosum L. ssp. tuberosum arose during its evolution
from S. tuberosum L. ssp. andigena Hawkes, which has a non-sensitive type
cytoplasm (Grun, 1974). Hybrids between cultivars and other potato species are
often male sterile when cultivars are used as female parents (Mullin and Lauer,
1966; Sanford and Hanneman, 1979; Hoopes et al.,, 1980; Hanneman and
Peloquin, 1981). Therefore, many breeding schemes, designed to introduce useful
genes into male sterile cultivars from other potato species through recurrent

backcrosses, cannot be realized.

Substitution of the sensitive cytoplasm of S. tuberosum ssp. tuberosum
cultivars with non-sensitive from S. tuberosum ssp. andigena and other diploid
species has been attempted through recurrent backcrossing using male fertile
cultivars as the recurrent pollen parents (Staub et al., 1982). Cytoplasmic influ-
ence on male sterilities was demonstrated in the F1 and BC; generations. In later
backcross generations, this influence was not observed (Staub et al., 1982; Amoah
and Grun, 1988). The obscurity of the cytoplasmic role in male sterilities in the

later backcross generations may be caused by the effects of male fertility restorer
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genes from the male fertile cultivars which have to be used as the recurrent pollen

parents for such cytoplasmic substitution.

Somatic cybridization via ‘donor-recipient’ protoplast fusion offers great op-
portunities for cytoplasmic engineering to manipulate organellar genomes (Galun
and Aviv, 1983; Kumar and Cocking, 1987; Kemble and Barsby, 1988). Using
this technique, cytoplasmic male sterile tobacco plants were converted into male
fertile (Aviv and Galun, 1980). On the other hand, male fertile rapeseed plants
were made male sterile by cytoplasmic substitution (Pelletier et al., 1983; Menczel
et al., 1987). Restoration of male fertility by fusion of protoplasts from two dif-

ferent cytoplasmic male-sterile cybrids has also been reported (Aviv and Galun,

1986).

S. tuberosum cv. Russet Burbank is a leading cultivar in the potato industry
in North America. Because of male sterility, its use is limited in breeding pro-
grams. Fortunately, it is amenable to protoplast culture and regeneration
(Shepard and Totten, 1977; Shepard et al., 1980). In this study, we aimed to
improve male fertility of Russet Burbank via ‘donor-recipient” protoplast fusion

and subsequent plant regeneration.
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Materials and methods

Plant materials

S. tuberosum ssp. tuberosum cv. Russet Burbank was used as the cytoplasmic
recipient. It was acquired in the form of certified seed tubers from the Wisconsin
Seed Potato Farm, Rhinelander, Wis. Three fertile selections of S. tuberosum ssp.
andigena, A140-11, C14-343 and CI1-884, were used as the cytoplasmic donor.
These selections were from the Neo-tuberosum collection (Plaisted et al., 1987)
and were received as in vitro plantlets from Dr. Robert Plaisted, Dept. of Plant

Breeding and Biometry, Cornell University, Ithaca, New York.

Chloroplast DNA analysis

Chloroplast DNA (cpDNA) was prepared from purified chloroplasts isolated
from young leaves of greenhouse-grown plants using a modified procedure of
Kemble (1987). Five grams of leaves were ground with liquid nitrogen in iso-
lation buffer, then filtered through 4 layers of cheesecloth and 2 layers of
miracloth. Chloroplasts were purified by sucrose gradient centrifugation at 81,900
x g for 40 minutes. The purified chloroplasts were lysed in 2% Sarkosyl and
0.012% proteinase K solution with 0.2 M ammonium acetate. The cpDNA was
purified twice with phenol-chloroform solution and precipitated with 95%

ethanol at -20°C overnight.
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Restriction endonuclease fragments were produced by digesting 1.5 ug cpDNA
with EcoRI1, BamH]I, Aval and Dral for 3 hours separately. DNA electrophoresis
was carried out using 1% agarose gel in tris-borate buffer (Maniatis et al., 1982)
at 1.6 V/cm for 14 hours with a horizontal DNA electrophoretic apparatus. After
electrophoresis, the gel was stained with ethidium bromide (EtBr) solution (50 ul

EtBr/500 ml water) for 25 minutes and photographed under UV light.

For regenerated plants only, leaves from two different individuals (3 grams
from each) were pooled together for cpDNA isolation in order to enhance the ef-

ficiency of cpDNA screening.

Protoplast isolation

To obtain axenic plant material for protoplast isolation from Russet Burbank,
green sprouts were cut from tubers which had been sprouted under cool white
fluorescent light at room temperature. Surface sterilization was done by immers-
ing the sprouts in 80% ethanol for five seconds and then washing in 20% com-
mercial bleach (containing 5.25% sodium hypochlorite) for 20 minutes, followed
by three rinses with sterilized distilled water. Nodal cuttings from sterilized
sprouts of Russet Burbank and in vitro plantlets of andigena were planted on
MS basal medium (Murashige and Skoog 1962) supplemented with 30 g/l

sucrose, 170 mg/l potassium phosphate (monobasic), and 500 mg/l casein
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hydrolysate in 25 x 150 mm glass tubes. The cultures were incubated in a growth
chamber with a temperature regime of 20°C day and 18°C night, and a 16-hour
photoperiod. The average light intensity was 28 uE m ™2 sec™! provided by cool
white fluorescent tubes. Just before isolation, plants were treated in the dark for

48 hours.

Protoplast isolation was done using a modified procedure of Uijtewaal et al.
(1987). Three-week-old in vitro shoots and leaves (approximately one gram) were
chopped into fine pieces. Shoots and leaves from the three selections of andigena
were pooled into one sample. The cell wall digesting solution was composed of
1% Cellulase R-10 “Onozuka” (Yakult Honsha Co., Ltd., Japan), 0.1%
Macerozyme R-10 (Yakult Honsha Co., Ltd., Japan), half-strength MS salts and
vitamins, 0.4 M mannitol and 0.1 M glucose. Digestion was carried out in the
dark on a shaker (60 rpm) for 16 hours. Upon digestion, the digests were diluted
with an equal volume of 0.3 M KCI solution and sieved through a 63-um wire
mesh. The filtrate was centrifuged at 50 x g for 5 minutes. Pellets were resus-
pended in 0.5 M sucrose solution and 1 ml 0.3 M KCl solution was layered upon
the top of the protoplast suspension. After centrifugation at 50 x g for 10 min-
utes, intact protoplasts were collected at the interface of the sucrose and KCI
solution. Protoplasts were rinsed and pelleted again with 0.3 M KCl solution. The
pH of all isolation solutions was adjusted to 5.8 with 0.1 N KOH and HCI sol-

utions.
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X-ray irradiation

Freshly isolated and purified protoplasts from andigena selections were trans-
ferred to 60 x 15 mm petri dishes in 0.3 M KCI solution at a density of 1 x
10%/ml and irradiated in an X-ray cabinet (Minishot X-ray cabinet, TFI Co.,
West Haven, Conn.). Three different dosages at a rate of 740 R/minute were

tested.

Protoplast fusion and plant regeneration

Protoplasts of Russet Burbank were mixed at 1:1 ratio with the composite
sample of the three selections of andigena which had been treated with 8 Kr X-
ray irradiation. Protoplast density of the fusion partners was adjusted to 1 x
10%/ml before they were mixed. Fusion was conducted using polyethylene glycol

(PEG 4,000) according to the procedure of Bottino (1981).

Protoplast culture and plant regeneration

After fusion treatment, protoplasts were cultured in 60 x 15 mm petri dishes
using a modified protoplast culture medium of Schumann and Koblitz (1983)
supplemented with 1.25 mg/l «-naphthaleneacetic acid, 0.25 mg/l
2,4-dichlorophenoxyacetic acid, and 1 mg/l zeatin. The cultures were incubated

at 25°C initially in the dark for one week, then under white fluorescent light with
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an average light intensity of 16 uE m~2 sec™'. After three weeks, 1 ml fresh cul-
ture medium was added to each culture dish and the culture was divided into two
dishes. When p-calli reached the size of approximately 3 mm, they were trans-
ferred to shoot regeneration medium, which contains MS salts and vitamins, 2
mg/l zeatin, 0.01 mg/l indoleacetic acid, 0.2 mg/l gibberellic acid (GA3), 10 g/l
sucrose, 36 g/l mannitol, 100 mg/l myo-inositol, 100 mg/l casein hydrolysate, 100
mg/l adenine sulfate, 100 mg/l glutamine, 100 mg/l potassium phosphate, 7 g/l
agar, at pH 5.8. Cultures were grown at 25°C under white fluorescent light with

an average light intensity of 46 uE m~2 sec™! and a 16-hour daylength.

Regenerated shoots, approximately 10 mm long, were cut from the p-calli and
transferred to MS basal medium for rooting. Rooted plants were transplanted to
Jiffy peat pellets and grown under similar environmental conditions as for the in
vitro nodal cuttings. After acclimation in the growth chamber for 2 weeks, the

plants were transferred to the greenhouse and established in soil.

Pollen staining

Mature anthers were dissected on a microscope slide. Pollen was squeezed out

and stained in a drop of 0.5% acetocarmine for 3 minutes before observation

under a Zeiss microscope.
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Results

Cytoplasmic differences between the fusion partners

Chloroplast DNA restriction fragment patterns produced by all four types of
restriction endonuclease showed no difference among the three andigena se-
lections (Fig. 7). However, restriction patterns generated by each of the four
enzymes revealed differences between cpDNA of Russet Burbank and that of
andigena. A minimum of 8 cpDNA markers were identified (1 in the EcoRI di-
gestion, 3 in the BamHI digestion, 1 in the Aval digestion, and 3 in the Dral di-
gestion). These markers could be used to distinguish cytoplasm of Russet

Burbank from that of andigena.

X-ray irradiation

The effectiveness of X-ray irradiation on inactivation of cell division was tested
using three different dosages of X-ray (Table 6). Plating efficiency was examined
7 days after irradiation. Without irradiation, the average plating efficiency for the
donor protoplasts was 49%. After approximately four weeks in culture, more
than 200 p-calli per culture plate were formed (Table 6). With an irradiation
dosage of 3 Kr, plating efficiency was greatly reduced to 5.5%. P-calli formation
was still profuse. Further increase of irradiation dosage to 5 Kr resulted in no

countable plating efficiency on the 7th day, but a few p-calli were formed after
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prolonged culture. When the dosage was increased to 8 Kr, cell division was
completely prevented, and no callus was formed at all. Therefore, 8 Kr dosage
was used to irradiate the cytoplasmic donor protoplasts (i.e., protoplasts of

andigena) in the subsequent fusion experiments.

Influence of PEG concentration on fusion frequency

Fusion frequency was observed 20 minutes after addition of PEG solution by
counting the number of fusing protoplasts (Fig. 8) against the total protoplast
number counted under a Zeiss inverted microscope. Fusion frequency may be
somewhat overestimated because, after dilution with CaCl. solution, only some
of the half-fused protoplasts will become truly fused and others may separate
from each other and return to unfused status. With 15% PEG, only a few fused
figures were observed. Increasing PEG concentration to 25% led to a 19% fusion
frequency. Further increasing PEG concentration resulted in fewer fused figures

(Table 7).

Flowering and pollen stainability of fusion partners and regenerated plants

Sixteen plants were regenerated and established in the greenhouse in the first
year. Tubers from regenerated plants and fusion partners were planted as three
blocks in a randomized complete block design in the following year. After ap-

proximately 40 days, flower buds emerged on the fusion partners and some of the
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regenerated plants. However, bud abscission occurred on Russet Burbank and
most of the regenerated plants, so that only the three andigena selections and
three regenerated plants (Reg8, Regl9, Reg2l) flowered. Although Russet
Burbank did not flower in the second year, it flowered in the first year. Pollen
of Russet Burbank was shrivelled and no stainable pollen grain could be ob-
served. In contrast, pollen stainability for the andigena selections was 51.4%,
57%, and 32.4% for A140-11, C14-343, and C1-885 respectively (Table 8). Two
regenerated plants, Regl9 and Reg2l, had 5.9% and 4.3% stainable pollen, re-

spectively (Fig. 9). No stainable pollen was found in Reg8.

Leaf morphology, tuber skin morphology and cpDNA of regenerated plants

Because the three selections of andigena had been selected for morphological
resemblance to S. tuberosum ssp. tuberosum (Plaisted et al., 1987), there is no
marked difference in morphology between Russet Burbank and the selections of
andigena. However, their tuber skin morphology is distinctly different: the three
selections of andigena possess a smooth white tuber skin, but Russet Burbank has
the characteristic rough russet tuber skin. All the regenerated plants had the
same rough russet tuber skin as Russet Burbank (Fig. 10), indicating that they
all have the nuclear background of Russet Burbank. Most of the regenerated
plants, including one stainable-pollen bearer (Regl9), were normal in general
morphology and resemble Russet Burbank. The other regenerant with stainable

pollen (Reg21) had smaller, lighter green leaves and grew slowly.
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Chloroplast DNA of the regenerated plants was tested with 3 restriction
endonucleases. Results show all the regenerated plants, including the two having
improved pollen stainability, had the same type of cpDNA as Russet Burbank
(Fig. 11).

Discussion

The cpDNA restriction fragment patterns effectively revealed differences in
cytoplasm between Russet Burbank and the selections of ssp. andigena. Hosaka
(1986) identified seven types of chloroplast genome in 44 clones of 16 wild and 7
cultivated Solanum species by five restriction enzymes. According to his classi-
fication, ssp. tuberosum has type T cpDNA, and ssp. andigena has type A
cpDNA (Hosaka, 1986; Hosaka et al., 1988). The results of cpDNA analysis in
the present study is in good agreement with their reports. Moreover, the use of
restriction enzymes Aval and Dral added more information to the differences in

cpDNA between the two subspecies.

X-ray irradiation can prevent cell division while retaining the metabolic activ-
ities of the cell (Raveh et al., 1973). Galun and Raveh (1975) applied 1.5 Kr
doses of X-ray (750 R/min) to diploid and haploid tobacco protoplasts on the day

of isolation, and were able to prevent 93% of p-callus formation. In the present
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study, twice that dosage (3 Kr) was required to achieve 95% inactivation of cell
division in tetraploid potato on the day of protoplast isolation. It was reported
that protoplasts of haploid tobacco were more sensitive to X-ray irradiation than
those of diploids; protoplasts on the day of isolation were more tolerant of X-ray
irradiation than on the second and third day after isolation (Galun and Raveh,
1975). The X-ray delivery rate also affects inactivation of cell division. At a
slower rate of 250 R/min, 10 Kr was required to completely supress p-callus for-

mation in tobacco (Kumashiro et al., 1988).

Acetocarmine stains for chromatin, RNA, and various undefined cytoplasmic
constituents (Heslop-Harrison et al., 1984). It has been conventionally used to
detect the development of cytoplasmic contents of ungerminated pollen grains
(Knox and Williams, 1986). Although acetocarmine-stainable pollen may not be
necessarily viable and fertile, this staining is able to distinguish cytoplasm-
deficient pollen grains from well-developed, cytoplasm-dense pollen grains
(Janssen and Hermsen, 1976; Knox and Williams, 1986). Because no pollen from
Russet Burbank could be stained, the stainable pollen grains observed in the two

regenerants (Regl9 and Reg21) represent an improvement in pollen development.

There are several possible mechanisms which could lead to the improved pollen
stainability of the two regenerated plants. Despite the fact that they have the
cpDNA and nuclear background of Russet Burbank, they could be cybrids with

mitochondrial DNA completely or partially from the cytoplasmic donors.
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Discriminative sorting of chloroplast DNA is common in fused cells. In most
cases, somatic hybrids or cybrids possess only one type of parental cpDNA (Flick
and Evans, 1982; Kemble et al., 1986; Morgan and Maliga, 1987; Robertson et
al., 1987; Sidorov et al., 1987; Rosen et al., 1988). But mitochondrial genomes in
somatic hybrids and cybrids could be either recombinant types (Kemble et al.,
1986; Morgan and Maliga, 1987; Robertson et al., 1987), or completely from one
parent (Rosen et al., 1988). Alternatively, the improved pollen stainability could
be the result of mutational events that occurred to the mitochondrial DNA of
Russet Burbank during protoplast culture and regeneration. Kemble and
Shepard (1984) reported that, in protoclones of Russet Burbank, an additional
low molecular weight DNA species appeared in their mitochondrial genome, but
their cpDNA remained unchanged. Similarly, in cultured cells of Brassica
campestris, rearrangement, amplification and loss of mitochondrial DNA were
detected, while no cpDNA change was found (Shirzadegan, et al., 1989). Re-
version of cytoplasmic male sterility to male fertility occured in maize plants re-
generated from tissue culture and this reversion was attributed to mutations in a
6.6 Kb fragment of the mitochondrial DNA (Gengenbach and Connelly, 1981;
Umbeck and Gengenbach, 1983). Finally, mutational events during protoplast
culture and regeneration in the nuclear genome of Russet Burbank could be a
possible cause. Any mutation which has positive effects on microsporogenesis
would lead to improved pollen stainability of the two regenerated plants. Spon-
taneous mutations in nuclear genomes have frequently been found among in vitro

regenerated plants (Edallo et al., 1981; Evans and Sharp, 1983; Landsmann and
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Uhrig, 1985; Brown and Lorz, 1986). In plants regenerated from protoplasts of
Russet Burbank, extensive variation in morphology and vegetative growth have

been reported (Secor and Shepard, 1981).
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Table 7. X-ray dosage effect on protoplast plating efficiency (P.E.) of andigena selections

used as cytoplasmic donors in fusion

Dosage P.E. (% £S.E)! Callus formation
0 Kr 491+4.0 > 200/plate
3 Kr 5.5£1.5 > 200/plate
5 Kr 02 <200/plate
8 Kr 0 0

Plating efficiency was examined after protoplasts had been cultured for 7 days

2 No dividing cell was observed at the 7th day, but calli were formed after prolonged

culture
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Table 8. Mean frequency of fusing protoplasts at three concentrations of

PEG!
PEG Concentration Frequency (% £8S. E.)
15% 7+1.0
25% 19+£2.5
35% 12+£2.0

'Frequency of fusing protoplasts was counted 20 minutes after addition
of PEG solution
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Table 9. Morphology, cpDNA and pollen stainability of Russet Burbank, three

selections of andigena, and three regenerated plants

Plant General Tuber Type of

ID morphology skin cpDNA
R.B. normal rough T
Al40-11 normal smooth A
C14-343 normal smooth A
C1-885 normal smooth A
Reg8 normal rough T
Regl9 normal rough T
Reg2l abnormal rough T

Stainable
pollen (% £ S.D.)!

0
51.4+15.4
57.0£2.0
324+1.7
0

5.9+0.2
4.3+0.5

! Pollen was stained with 0.5% acetocarmine
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Figure 7. Electrophoresis in 1% agarose gel of cpDNA from the
fusion partners: lane d, h, 1, q, cpDNA from Russet
Burbank; lane a, b, ¢, ¢, f, g, i, ], k, n, 0, p, cpDNA from
three selections of andigena. DNA was digested with
EcoRI (lane a, b, ¢, d), BamHI (lane e, f, g, h), Aval (lane
i, j, k, 1) and Dral (lane n, o, p, q). Lanes M are Hindlll
digest of 4 DNA (left) and the 1 kb ladder markers (right).
Positions where differences exist between Russet Burbank
and andigena, are pinpointed by the symbol * <’
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Figure 8. Fusing protoplasts: protoplasts were photographed 20
minutes after addition of 25% (w/v) PEG solution
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Figure 9. Stainable and non-stainable pollen from Regl9: pollen
was stained with 0.5% acetocarmine
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Figure 10. Tuber-skin morphology: Russet
andigena (left), and Reg2]
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Figure 11. Electrophoresis in 1% agarose gel of cpDNA from 8 re-
generated plants: each lane was loaded with cpDNA
from two regenerated plants. Lanes a, e, i each contain
¢cpDNA from Regl3 and Regl7; lane b, f, j, Regl9 and
Regl2; lanes c, g, k, Reg8 and Reg24; lanes d, h, I, Reg21
and Reg22. DNA was digested with EcoRI (lane a, b, e
d), BamHI (lane e, f, g, h), and Dral (lane i, I» k, 1). Lanes
M are Hindlll digest of 1 DNA (right) and the 1 kb ladder
markers (left)
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Chapter 5: Limitation of enzymatic markers for
assessing genetic variability in monoploids derived

from a diploid potato clone

Monoploid production through either anther culture or parthenogenesis has
been proposed as a means of eliminating deleterious genes from cross-pollinated
plants in a single generation. This kind of genomic purge has been termed
‘monoploid sieve’ (Wenzel et al., 1979; Uijtewaal et al., 1986). Monoploids have
been produced through anther culture of PPS5, a clone of Solanum phureja which
has been selected only for adaptation to long day conditions and 2r pollen pro-
duction (Haynes, 1972; Veilleux et al., 1985). To investigate whether or not any
part of the genome from the anther donor has been preferentially eliminated by

the ‘monoploid sieve’, fourteen regenerated monoploids and the anther donor
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were screened for allozyme variation using horizontal starch gel electrophoresis

as described by Douches and Quiros (1988).

Six enzymes including 6-phosphogluconate dehydrogenase (6-PGDH), shikimic
acid dehydrogenase (SDH), malate dehydrogenase (MDH), isocitrate
dehydrogenase (IDH), diaphorase (DIA), and phosphogluconate isomerase, were
examined. For each of these enzymes, only one type of zymogram was found in
these fourteen monoploids and the anther donor. These results suggest that the
anther donor may be homozygous at the loci for all six enzymes. Further
electrophoretic examinations of the anther donor by Dr. D. S. Douches at
Michigan State University confirmed the homozygosity of this diploid potato

clone at these isozyme loci.

However, genetic variability among these monoploids has been manifested by
variations in growth, vigor, photoperiod response, tuber yield, ploidy stability, in
vitro shoot regeneration, and general morphology (Owen et al., 1988a,b; M'Ribu .
and Veilleux, 1990). The absence of allozyme variation and the presence of vari-
ations in other characters among these monoploids indicates the limitation of
enzymatic markers for assessing genetic variability in a monoploid population
derived from a single clone. Although allozyme variation is widespread in natural
populations of virtually all species, the number of loci studied by electrophoresis
is very small compared to the total number of loci in any organism (Snyder et al.,

1985). Based upon extensive electrophoretic data, it was estimated that only 7%
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of enzymatic loci were heterozygous among 15 plant species (Nevo, 1978). In
contrast to this, DNA markers are much more powerful in detecting genetic var-
iability even within a single plant. Rivard et al. (1989) reported DNA restriction
fragment length polymorphism in plants regenerated from anther culture of a
diploid potato clone, whereas no allozyme variation could be detected among

these plants.

From this study and the above discussion, it is concluded that: 1) enzymatic
markers are limited in detecting heterozygosity of an individual plant and genetic
variability among plants androgenetically or parthenogenetically derived from a
single genotype; and 2) the technique of DNA restriction fragment length

polymorphism can overcome these limitations.
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