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Summary. We established interspecific Solanum cybrids in order to study the intra-generic
nuclear-organelle compatibility and the introgression of advantageous plasrone-coded
breeding traits into potato. (Cybridization was performed by the donor-recipient protoplast-
fusion procedure. We found thai the plastomes of S. chacoense, S. brevidens and .
eluberosum could b transferred into the cybrids having S. tuberosum nuclear geriomes;
like-wise were chondriowne components transferred from the former species into these
cybrids. The combination with S. chacoense as organelle donor and potato as recipient \
resulted in green fertile plants with potato morphology. By using S. etuberosum as .an
organelle doncr and potato s recipient, male sterile cybrid plants, most of them having
pigmentation abnornalities, were obtained. The combination of S. brevidens with potato
resulted in pale green (almost albino) regenerants. The latter albino plantlets had both the
chioroplast DNA and the mitochondrial DNA of the donor (S. brevidens) and did not
survive the transfer into the greenhouse. An immediately applicative result of this study is

the de novo establishment of male-sterile plants in a potato cultivar. Such plants should be

useful as seed-parents in the production of hybrid, true-potato seeds.

Key words: Cybridization - Solanum tuberosum - Male sterility - Phylogenetic

relationships

Introduction
The ability to derive functional plants from isolated protoplasts paved the way for
innovative cell-genetics studies in angiosperms. One approach, started in our laboratory

(Zelcer et al. 1978) was to establish plants having the nuclear-genome of one species but
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plastomes and chondriome components of another species (see reviews: Galun and Aviv
1986; Galun et al. 1987,1988). This approach, mediated by the donor-recipient protoplast-
fusion, was based on the utilization of x- or ~4-irradiated protoplasts serving as organelle
donors and recipient protoplasts which contributed the nucleus of the derived cybrids. The
procedure was improved by several means as pre-fusion exposure of protoplasts to
antimetabolites (e.g. iodoacetate - Sidorov et al. 1981; Rhodamine 6-G - Aviv et al. 1986)
and the utilization of donors or recipients with plastome (e.g. Belliard et al. 1978; .
Medgyesy et al. 1980; Menczel et cl. 1983) or chondriome markers (Aviv and Galun
1988). These proioplast-manipulation methods were supplemented with efficient protocols to
identify plastome and chondriome compositions in the derived cybrids (Galun and Aviv
1986). Hence a powerrul tou! was established to obtain cybrids containing novel plaémones.
Consequently, cvbrids were cbtained in several angiospern genera, in addition to Nicotiana,
where the procedures were initially developed. Representatives of the former genera are
Citrus (Vardi et al. 1987,1989); Brassica (Barsby et al. 1987; Morgan and Maliga 1987;
Chatterjee ev al. 1988; Thomzik and Hain 1988) and Daucus (Ichikawa et al. 1987; Tauno-
Suenaga et al. 1988). It is noteworthy to recall that in some studies aimed to produce only
somatic hybrid plants, cybrids, in addition to somatic hybrids, were derived from fusione

where neither of the partners was x- or -irradiated (e.g. Gleba et al. 1984; Kushnir and

Gleba 1987; Bottcher et al. 1989).

The evidence from the many reported interspecific cybriis of Nicotiana (Icz cit)
indicated that these cybrids were similar or identizal, in their rorphological features, to the
recipient fusion vartner. In none of these cybrids could pigmentation deficiancy or
morphological defects be Causa.lly correlated to alien plasmones. The only reproducibie
manifestation of alien chondriome components in interspe.ific cybrids was.de novo
cytoplasmic male-sterility (e.g. Aviv et al. 1984, Kumashiro et al. 1988 - in Nicotiana

Tanno-Shenaga et al. 1988 - in Daucus). Solanum is a vast genus containing about 1600
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species (D’arcy 1978). This genus therefore contributes attractive material to investigate

alien plasmone/nuclear-genome compatability by the donor-recipient protoplast-fusion.

Procedurcs to regenerate functional plants from isolated protoplasts of potato (S.
tuberosum), a major food source, were reported by several authors (Gunn and Shepard
1981, Thomas et al. 1982, Bockelmann and Roest 1983, Haberlach et al. 1985, Tavazza
and Ancora 1986, Masson et al. 1987). In the past, somatic hybridization but not .
cybridization was used, mainly in order to introduce advantageous breeding traits from w.\ild
Solanum species into potato (Butenko and Kuchko 1980; Binding et al. 1982; Barsby et al.
1984; Ehlenfeldt and Helgeson 1987; Austin et al. 1985a,b, 1986; Kemble et al. 1986;
Sidorov et al. 1987; Fish et al. 1987, 1988). With the exception of one study (Sidorov et
al. 1987) - where an asymmetric hybridization was attempted to introduce advantageous

genetic traits from S. pinnaticsctum into Solanum tuberosum x phureja hybrids - no

cybridization, between potato and other Solanum species, was recorded.

Tn the present work we intended to study the compatibility between the nuclear-
genome of potato and organelles from alien Solanum species. Consequently we employed the
donor-recipient protoplast-fusion procedure and chose organelle-donors that varied in their
phylogenetic distance from potato. We employed Southern blot hybridization of chloroplast
and mitochondrial DNAs to determine the organelle-compositions of the fusion-derived
cybrid plants and related these compositions io morphological abnormalities and floral-

member malformations (i.e. male sterility) in the respective cybrids.

Materials and methods

Plant material
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Shoot sections of Solanum tuberosum cv. Desiree hearing one node were cultured axenically
in Magenta GAT boxes containing 50 ml of solidified (1% agar) Nitsch medium (Nitsch
1969) with only 1% sucrose. Silver thiosulfate (STS) was added (2 mg I') to this medium
in order to produce more leaf-tissue and to increase the yield of protoplasts per unit tissue
mass (Perl et al. 1988). The sections rooted, produced new shoots and were harvested
after about three weeks’ culture at 25° C under 16 h cool-white inflorescent illumination
providing 60-70 pEm2s!. The harvested shoots served for either reculture or for protoplast

isolation.

Seeds of Solanum chacoense (PI 472816), Solanum etuberosum (PI 498311), Solanum
brevidens (PI 245764) and Solanum berthaultii (PI 498107), were kindly supplied by Dr.
John Bamberg (Potato Introduction Station, Sturgeon Bay, Wisconsin USAj. The seeds
were surface sterilized with diluted commercial sodium hypochlorite (1% available chlorine),
washed three times with sterile distilled water and germinated. The resulting e~edlings

were further cultured as axenic shoots, as detailed for S. tuberosum.
Protoplast isolation and pre-fusion treatments

One gram of leafy shoots harvested from axenic cultures was pricked, using a multineedle
pricker and incubated in 10 ml of maceration fluid as described previously (Perl et al.
1988). For protoplasts isolation from the four wild Solanum species the maceration fluid
contained also 0.1% Driselase (Fluka). Donor protoplasts were v-irradiated (10KR).
Recipient protoplasts were treated with 0.25 mM iodoacetate (recrystallized) for 30 min

before fusion (Medgyesy et al. 1980).
Protoplast fusion and culture

Protoplast iusion wa' performed with the addition of 100 mg I' STS during the exposure

of protoplasts to Ca(NO;); (following the polyethylene glycol treatment) and the fused
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protoplasts were cultured in liquid medium as described (Perl et al. 1988). After 3-4 weeks
of culture in liquid medium, with periodical reduction of the osmolarity, calli were
transferred to solidified (0.8% agar) regeneration medium consisting of MS (Murashige and
Skoog 1962) medium supplemented with 0.25 mg 1 zeatin-riboside and 0.1 mg 1!
gibberellic acid. Regeneration commonly commenced after further 3-4 weeks. Shoots were
rooted on a hormone-free MS medium and transferred to the greenhouse for further
observation. In cases of sluggish regeneration the calli were transferred to regeneration

medium with 4 mg ! o-coumaric acid.
Characterization of organelle DNA

DNA extraction and analysis were performed according to Mettler (1988). Thus, total DNA
was extracted from 1 g of leaf tissue, digested with endonuclease run on agarose gel (0.8%),
transferred to a GeneScreen Plus membrane and hybridized with a nick-translated probe.
For chioroplast DNA (ctDNA) analysis the DNA was digested with Bam HI and hybridized
with a potato ctDNA clone, P153 (Heinhorst et al. 1988). For mitochondrial DNA
(miDNA)} analysis the total DNA was digested with one of several endonucleases and

fragments from Nicotiana mtDNA (Aviv et al. 1984) or maize mitochondrial ATPase

subunit 6 (Dewey et al. 1985) were used as radiolabelled probes.
Pollen germination

Pollen was collected from several flowers immediately after anthesis and germinated in a

hanging drop of a pollen-medium described by Pallais et al. (1984).



Results

In all the fusion combinations we used protoplasts derived from axenic leafy shoots.
Protoplasts from the potato cultivar Desiree served as recipients and were exposed to
iodoacetate treatment. The latter protoplasts were fused with v-irradiated protoplasts from
one of the four Solanum species serving as donors of organelles. Repeated control
experiments indicated that when Desiree protoplasts were exposed to iodoacetate but not
fused with donor protoplasts the protoplasts succumbed in culture and no cell-division .\
occurred. Also, none of the four wild Solanum protoplasts produced cell colonies after v-
irradiation; neither did colonies form when the polyethylene glycol treatment was deleted
from the fusion of donor to recipient protoplasts. We therefore assumed that the fusion-

derived calli and plants resulted from heterologous fusion events.
S. chacoense protoplasts as donors

A total of 38 plants were regenerated from this fusion combination. All the plants had the
normal morphological (presumably nuclear-genome coded) features of potato (i.e. Desiree).
Root tip squashes from 5 randomly collected plants indicated normal tetraploid mitotic
karyotypes. The plants attained anthesis and had normal flowers. The pollen of these
flowers germinated normally. The plastome composition of 17 plants was evaluated by
ctDNA analysis as exemplified in Fig. 1. These analyses indicated that 10 plants contained
the plastome of Desiree while 7 plants contained the placiome of S. chacoense (Table 1).
No fusion derived plant was hetroplastomic nor was plastome recombination indicated. The
chondriomes were characterized in the same 17 plants by mtDNA analysis. The analysis of
4 cybrids is demonstrated in Fig. 2 and the total data are summarized in Table 1. Six out
of the 7 plants, found to contain the ctDNA of S. chacoense, contained also the mtDNA
of the latter species; all 6 plants except one (cyb G-23) had apparently pure mtDNA

patterns of S. chacoense. Cybrid G-23 exhibited a novel mtDNA pattern that was similar
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(but not identical) to the pattern S. chacoense mtDNA. Eleven plants apparently retained
the mtDNA pattern of the recipient fusion partner (Desiree). Our analysis does not reveai
those S. chacoense or novel mtDNA fragments which do not hybridize with the radioactive
probe. Hence it can not be excluded that (some or even all) these eleven plants contained

components of the S. chacoense chondriome,

S. etuberosum protoplasts as donor .
A total of 117 plants were regenerated from this fusion-combination and all had the‘norn\ia.l
morphological features of potato (i.e. Desiree). Root tips squashes from 5 randomly
collected plants indicated normal tetraploid mitotic karyotypes. It should be noted that .
etuberosum is a tuber-less wild species and is thus not closely related, phylogenetically, to
S. tuberosum . Never the less all fusion derived plants produced normal potato tubers.
Plastome composition was evaluated by Southern blot analysis of the ctDNA in 88 fusion
derived plants (Table 1). Out of the latter, 31 contained the plastome of the donor
(examples in Fig. 3) while 57 fusion-derived plants retained the Desiree (i.e. S. tuberosum)
plastome. As with S. chacoense as a donor, there was no indication of heteroplastomes or
recombination in the ctDNA. Putative cybrids containing chondriome components of S.
etuberosum were detected by pollen germination tests. Eighteen plants were found to be
male sterile. Among them 5 plants had malformed anthers with almost no pollen (Fig. 4)
while the other 13 sterile plants had structurally normal anthers but their pollen did not
germinate. Apparently pure mtDNA of S. etuberosum was detected in 13 cybrid plants
(Table 1) regardless to the phenotypic expression of male-srerility in those plants (Fig. 5),
Most of the cybrids with S. etuberosum mtDNA contained also the ctDNA of S.
etuberosum. .Only two of the former cybrids retained the plastome of S. tuberosum. In 75
of the fusion-derived plants we detected the mtDNA pattern of S. tuberosum. It can not
be excluded that some of these plants contained components of the S. etuberosum

chondriome that were not revealed by the radiolabelled probe. Moreover, 7 calli (among
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them calli N, IN and S, see Fig. 5) regenerated plants with S. etuberosum mtDNA as well
as plants which retained the recipient (Desiree) mtDNA pattern. This fact indicates that
these 7 calli were derived from a fusion event and not a result of recipient escapees. In
contrast to the fusion with S. chacoense as donor of organelles, where no abnormalities
were revealed among the fusion-derived plants, in this combination with S. etuberosum two
types of abnormalities were observed. One, male sterility (with or without floral-member
malformation), was noted above. The second was an abnormal pigmentation presumably Py
anthocyanin. It was expressed in the leaves and the stems of part of the cybrids. This
phenomenon, not expressed in the donor species, was correlated in the cybrids with the
transfer of S. etuberosum plastomes. Cybrids which received only mtDNA components but

not chloroplasts from the donor did not reveal any pigmentation abnormalities.

S. brevidens protoplasts as donor

Only 5 calli were derived from this fusion (Table 1) and they regenerated sluggishly.
Regeneratior. did occur after 3 months resulting in 10 plantlets (2 from each callus). All
these plantlets were pale green-albino (Fig. 6) and were propagated as axenic shoot-cultures.
Attempts to grow these plantlets autotrophically in the greenhouse were unsuccessful.
These putative cybrid shoot cultures were morphologically similar to shoot-cultures of
Solanum tuberosum but for the deficient pigmentation. Root tip squashes from 5 randomly
collected plantiets indicated normal tetraploid mitotic karyotypes. The organelle
composition of 5 plantlets (each repres.ent.ing one callus) was evaluated by Southern blot
hybridization of their respective ctDNAs and mtDNAs. All 5 plantlets had the ctDNA
pattern of S. brevidens (Fig. 7); likewise all these plantlets had the mtDNA pattern of S.
brevidens (exﬁmples in Fig. 8). These results indicate that cybrids of this combination

contained both the chloroplasts and the mitochondria from S. brevidens.

S. berthaultii protoplasts as donor
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The calli derived from this fusion combination did not change their structure upon transfer
to regeneration medium (that is lacking auxins). The calli maintained a friable growth
pattern. In this respect they differed from the calli derived from the previously described
fusion-combinations. The latter calli became compact upon transfer to regeneration
medium. We thus suspected that the calli derived from the fusion with S. berthaultii were
over-producing endogenous auxins and that this over-production retarded regeneration.
Several compounds known to enhance auxin degradation were thus added to the ) \
regeneration medium. One of these compounds, o-coumaric acid, strongly promote'd |
regeneration and shortened the time from transfer to regeneration medium to differentiation
of plantlets by 3-4 weeks (Fig. 9). It should be noted that o-coumaric acid is considered as
a natural co-factor of IAA oxidase and is known to enhance IAA oxidation (Gortner and
Sutherland 1958). This improvement in regeneration procedure yielded 78 plants. All these
plants were morphologically similar to Desiree (i.e. S. tuberosum) suggesting they had S.
tuberosum nuclei. Root tips squashes from 5 randomly collected plants indicated normal
tetraploid mitotic karyotypes. The organelle composition of 75 plants (from 22 calli) was
analyzed by Southern blot hybridization (Table 1). All the plants retained S. tuberosum
plastomes. Only 8 plants out of 75 had apparently pure S. berthaultii chondriomes (data
not shown). Four out of these 8 plants attained flowering and were found to be male-
sterile. Our data can not exclude the possibility that the majority of the plants
regenerated from this fusion-combination were escapees rather than cybrids. On the other
hand in the 8 verified cybrids the chondrioms were transferred from S. berthaultii without

the co-tarnsfer of plastomes.

Discussion
The results of this study indicate that the donor-recipient protoplast-fusion technique is

amenable for potato and may lead to the production of cybrid plants witl the nuclear
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genome of potato and alien organelle and/or organelle controlled features irom dillerent wid
Solanum species. We have confirmed that the DNA-DNA hybridization analysis, using
specific probes can be used to identify cybrid plants. The morphology of the fusion
derived plants suggested that they were normal tetraploids and this was verified by
karyotype analyses. In a parallel stndy (unpublished) we analyzed the meiotic and mitotic
karyotypes of 21 Solanum cybrids derived from a different donor-recipient protoplast-fusion;v
all but one of the cybrids had apparently normal chromosomes, identical to those of t!le |
recipient fusion partner (S. tuberosum). Hence regeneration of potato plants from ‘l
protoplasts, even after donor-recipient fusion, does not necessarily result in observed
morphological or karyotype somaclonal variation, as indicated by some previous reports on
protoplast-derived potato plants (e.g. Shepard et al. 1983). In spite of the morphological
similarity, among the fusion-derived plants from a given combination (e.g. S. etuberosum
as donor) as well as between these plants and the potato cultivar Desiree, the cybrid
character of some of the fusion-derived plants could be determined even before organelle
analysis, due to their male-sterility. In this research we intended to study primarily
organelle/nuclear-genome compatibility-barriers among Solanum species. We used S.
tuberosum as our "standard" nuclear-genome "host" (recipient) and four other Sclanum
species as sources of alien organelles. To choose appropriate organelle-donor species having
different phylogenetic relatedness to potalo we also considered the information reported by
Hosaka and collaborators (Hosaka et al. 1984; Hosaka 1986; Hosaka et al. 1988a, 1988b).
These investigators used the endonuclease restriction profiles of ctDNA from Solanum
species to evaluate plastome phylogeny in this genus. They found that the plastome of S.
chacoense is very similar to that of S. tuberosum (the difference was revealed in only one
restriction site). Our results show. . that indeed S. chacoense chloroplasts (as well as
chondriome components) could be transferred to potato withcut causing any morphological

changes or male sterility in the respective cybrids. On the other hand Hosaka and
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collaborators found a considerable phylogenetic distance between S. tuberosum and S.
etuberosum plastomes: 29 differences in restriction sites were revealed. Our results showed
that cybrids could be obiained from the fusion of S. etuberosum as organelle donor and S.
tuberosum as recipient, and that the respective cybrids were morphological similar to the
recipient fusion partner but two abnormalities were revealed. Some had abnormal
pigmentation and about one fifth of the analyzed cybrid were male sterile (with or without
floral-member deformation). All the abnormally pigmented cybrids had S. etuberosum \
chloroplasts and all the male sterile had apparently pure S. etuberosum chondriomes. The
rate of plastome transfer in this fusion combination was higher then the rate of
mitochondrial transfer, but the two organelles were independently transferred, in
conformation of similar independent transfer of organelle in Nicotiana cybrids (e.g. Aviv et
al. 1984). Also in conformation with the previously studied organelle transfer in Nicotiana
(Aviv et al. 1984) organelle sorting out was not completed at the callus stage: cybrids

having different organelle composition may be derived from the same callus.

The species S. brevidens is considered even more far removed from S. tuberosum than
S. etuberosum. The fusion combination of the former species with S. tuberosum resulted in
pale green-albino cybrids. Only a few plants could be regenerated and in all of them there
was a co-transfer of chondriome and plastome from S. brevidens. It should be noted that
because of pathogen resistance traits, S. brevidens was a favorite species in somatic
hybridizations with potato (Austin et al. 1985a; Austin et al. 1986; Barsby et al. 1984;
Ehlenfeldt and Helgescn 1987; Fish et al. 1987,1988; Kemble et al. 1986). In contrast to
our cybrids, the somatic hybrids derived from the fusion between protoplasts of S.
tuberosum and S. brevidens did not show morphological abnormalities. A possible
explanation for this difference is that the somatic hybrids contain the nuclear genome of
both species thus there is no manifestation of alloplasmonic incompatibility. An extreme

case of intertribal nuclear/organelle combination was reported by Thanh et al. (1988)
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between Nicotiana and Salpiglossis. In that case the transfer of Salpiglossis chloroplasts
into Nicotiana nuclear background or vise versa resulted in normal green cybrids. On the
other hand, interspecific alloplastomic incompatibilities are known from sexual crosses in
Oenothera (Kutzelnigg and Stubbe 1974; Tilney-Bassett 1978). In the latter genus there
exists a biparental transmission of chloroplasts in sexual hybrids thus novel

chloroplast /nuclear relations can be established by sexual crosses.

When S. berthaultii was used as donor and its irradiated protoplasts were fused with\
iodoacetate treated potato protoplasts - none of the resulting plants had the donor
chloroplasts. Furthermore, only 8 out of 75 analyzed, fusion-derived plant had the donor
chondriome: thus most of the fusion-derived plants could have been escapees. On the other
hand since unfused and iodoacetatated Desiree protoplasts never attained cell division it is
reasonable to assume that the initial fusion products were heteroplasmonic and that the S.
tuberosum organelle composition was a result of later sorting-out. It is noteworthy that all
cybrids with S. berthaultii chondriomes which attained flowering were found to be male-
sterile. This correlation between male sterility and chondriome/nuclear-genome composition
is in line with finding in other genera where alien chondriomes were considered to be.
causally related to male sterility (see: Hanson and Conde 1985; Pring and Lonsdale 1985;
Galun and Aviv 1936; Galun et al. 1988 for reviews).
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Figure legends

Fig. 1. Southern blot hybridization of ctDNA from §. tuberosum cv. Desiree (recipient), S.
chacoense (irradiated donor) and their cybrids. The ctDNA was digested with Bam HI and
probed with a S. tuberosum ctDNA Bam HI fragment-P153.

Fig. 2. Southern blot hybridization of mtDNA from S. tuberosum cv. Desiree (recipient), S.
chacoense (irradiated donor) and their cybrids. The mtDNA was digested with Hind III and
probed with pSylSa8.

Fig. 3 Southern blot hybridization of ctDNA from S. tuberosum cv. Desiree (recipient), S.
etuberosum (irradiated donor) and their cybrids. The ctDNA was digested with Bam HI
and probed with a S.tuberosum ctDNA Bam HI fragment-P153.

Fig. 4 Anthers of potato and cybrid flowers: A. Malformed anthers of a CMS cybrid plant
derived from a fusion between S. etuberosum (donor) and S. tuberosum (recipient). B.

Normal stamens of a S. tuberosum cv. Desiree flower.

Fig. 5. Southern blot hybridization of mtDNA from S. tuberosum cv. Desiree (recipient),
S. etuberosum (irradiated donor) and their cybrids. The mtDNA was digested with Eco RI

and probed with a mtDNA fragment of maize ATPase subunit 6.
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Iig. 6. Regenerated albino shoots derived of a fusion between S. brevidens (donor) and S.

tuberosum cv. Desiree (recipient).

Fig 7. Southern blot hybridization of ctDNA from S. tuberosum cv. Desiree (recipient), S.
brevidens (irradiated donor) and their cybrids. The ctDNA was digested with Bam HI and
probed with a S. tuberosum ctDNA Bam HI fragment-P153.

Fig 8. Southern blot hybridization of mtDNA from S. tuberosum cv. Desiree (recipient), S.
brevidens (irradiated donor) and their cybrids. The mtDNA was digested with Eco RI and
probed with pSylSa2.

Fig 9. Promotion of shoot regeneration from calli by o-coumaric acid. The calli were
derived from the fusion of S. tuberosum protoplasts (recipient) with S. berthaultii (donor)
protoplasts. Shoot regeneration was scored 21 days after transfer to regeneration medium.

each point represents 10 calli.
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Table 1. Organclle composition of protoplast-fusion derived plants (calli) based on Southern blot

hybridizations with organclle-specific DNA probes. Protoplasts of the potato cultivar Desiree servec

as recipients in all fusion combinations.

Fusion derived Organelle analysis

Donor plants(calli) Plastome Chondriome

"Total Analysed | Donor | Recipient | Novel | Domor | Recipient

S. chacoense 38(10) | 17(7) 7 10 1 5 11
S. etuberosum 117(36) | 88(33) | 31 | 57 0 13 75
S. brevidens 10(5) 5(5) 5 0 0 5 0

S. berthaultii 78(28) | 75(22) 0 75 0 8 67
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