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Abstract. We analyzed 110 asymmetric fusion products, 
obtained by fusion of hygromycin-resistant tomato 
protoplasts and gamma-irradiated kanamycin-resist- 
ant potato protoplasts that expressed fl-glucuronidase 
(GUS). The fusion products were selected for resistance 
to both antibiotics, and were subsequently analyzed for 
their shoot regeneration potential, GUS activity, ex- 
pression of two potato isoenzymes, chloroplast type, 
total genomic DNA content, and relative genomic 
composition. No Viable plants could be obtained and 
the calli were highly polypoid. All hybrids expressed 
GUS activity, whereas they displayed a large variation 
with respect to the other traits. 
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Introduction 

Asymmetric somatic hybridization is often described 
as a new plant breeding technique that allows the 
introduction of genes from a donor species into a 
recipient crop species, and can be useful if these species 
cannot be hybridized sexually. Asymmetric hybridi- 
zation can be performed by fusion of protoplasts of a 
recipient species with protoplasts of a donor species of 
which the nuclear DNA has been damaged e.g., by 
ionizing irradiation. Ideally, the resulting asymmetric 
somatic hybrids combine the complete recipient 
genome with a small fraction of the donor genome. 
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Further elimination of unfavourable, and the preserva- 
tion of favourable, donor traits can be achieved by 
means of recurrent sexual hybridization with the re- 
cipient species and selection for the desired traits. In 
some cases, asymmetric somatic hybrids have been 
successfully used as parents in subsequent sexual hy- 
bridization (Dudits et al. 1980, 1987; Somerset al. 1986; 
Gleba et al. 1988; SjOdin and Glimelius 1989; Bates 
1990). Most of these partially-fertile hybrids are highly 
asymmetric: they  contain only a minor part of' the 
donor genome. However, many reports describe Poor 
growth and regeneration of asymmetric fusion products, 
limited elimination of donor DNA, high aneuploidy, 
strong polyploidization and, in cases where plants were 
obtained, sterility of the asymmetric somatic hybrids (e.g. 
Itoh and Futsuhara 1983; Imamura et al. 1987; Sacris, 
tan et al. 1989; Yamashita et al. 1989; Wijbrandi et al. 
1990a, b; Hinnisdaels et al. 1991; Wolters et al. 1991). 

Little information is available about the factors 
that influence regeneration, chromosome elimination, 
and polyploidization, and the relations between these 
various biological processes after asymmetric hybridi- 
zation. For example, one can envisage that there may 
be a selective advantage in the case of asymmetric 
somatic hybrids with higher pl0idy levels, and Chat this 
advantage subsequently affects shoot regeneration in a 
negative way. In addition, the role of organelle DNA 
should be considered because cybrids with potato 
chloroplast DNA but without potato nuclear DNA 
were not obtained after fusion of tomato protoplasts 
with gamma-irradiated potato protoplasts (Wolters 
et al. 1991). The incongruity between a recipient nu- 
cleus and donor chloroplasts, associated with large 
phylogenetic distances between parental plants, was 
also reported by Derks et al. (1992) and Wolters et al. 
(1993) for combinations of other solanaceous species. 
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The present study describes the genetic characteri- 
zation of a large number of asymmetric fusion products 
that resulted from fusion of protoplasts from two 
hygromycin-resistant tomato genotypes with gamma- 
irradiated protoplasts from a kanamycin-resistant, fl- 
glucuronidase (GUS)-expressing potato genotype. 
Fusion products were obtained by selection for resist- 
ance against both antibiotics and then analyzed with 
respect to several other unselected parental traits. The 
chromosomal complement of these fusion products 
was also analyzed. 

Materials and methods 

Plant material 

The tomato recipient genotype was obtained by crossing geno- 
type Xa-2/xa-2 (Persson 1960) with MsK9 (Koornneef et al. 
1987a). From the F 1 progeny an Xa-2/xa-genotype, designated 
Xal l ,  with good regeneration capacity from roots and hy- 
pocotyl, was selected according to Koornneef et al. (1993). 
Transformation of Xal 1 with Agrobacterium tumefaciens strain 
Ach5, containing the plasmid pJW6 which transfers hygro- 
mycin-B resistance, was carried out as described by Koornneef 
et al. (1987b). Two diploid, hygromycin-resistant transformants, 
designated Xal l -H4 and Xa11-H8, which did not show any 
other visually-disturbed phenotype, were used in protoplast 
fusion experiments. For potato the monoploid (2n=x=12)  
genotype 7322, which originates from Prof. Dr. G. Wenzel, 
Germany (for detailed description see de Vries et al. 1987), was 
transformed in the same way with A. tumefaeiens strain C58, 
containing the plasmid pZ707C which transfers kanamycin re- 
sistance and the fl-glucuronidase (GUS) reporter gene (Jefferson 
etal. 1987). A somatically-doubled diploid (2n=x=24)  
kanamycin-resistant GUS-expressing transformant, designated 
7322-K5, was used as 'donor' genotype in protoplast fusion 
experiments. 

Protoplast isolation, gamma irradiation, electrofusion and 
culture; selection of fusion products and regeneration 

Protoplast isolation, gamma irradiation, electrofusion and 
culture were carried out as described by Wolters et al. (1991). 
Fusion products were selected on culture media containing 
50mg/1 of hygromycin-B and 150mg/1 of kanamycin, from 1 
week until half a year after fusion. Minicalli were transferred 
to solidified TMCgZ greening medium (Wolters et al. 1991) 1 
month after fusion and subcultured every month. Larger calli 
were transferred to 1Z medium (Wijbrandi et al. 1990b), approxi- 
mately 3 to 6 months after fusion, for shoot regerenation. Calli 
were classified as regenerable when small shoot-like structures 
were observed. Regenerated shoots were grown on solidified 
medium according to Murashige and Skoog (1962) without 
hormones; 20 g/1 of sucrose and 8 g/1 of agar were added. The pH 
was adjusted to 5.8 before autoclaving. This medium was desig- 
nated MS20. 

Flurometric fl-gIucuronidase assay 

fl-Glucuronidase (GUS) activity was analysed according to Jef- 
ferson et al. (1987). Approximately 20 gg of callus tissue was 
ground in 20 gl of extraction and staining buffer containing 1 mM 
of4-methyl umbelliferyl glucuronide (MUG; Sigma M-9130) as a 

fluorogenic substrate. After 15 min incubation at 37 ~ the reac- 
tion was stopped with 0.2ml of i M Na2CO 3 and fluorescence 
was registered under UV light. 

Flow cytometric analysis 

For flow cytometric analysis of callus tissue approximately 0.5 g 
of tissue was placed in a 6-cm Petri dish and 1 ml of a nuclei 
buffer, consisting of 10mM sperminetetrahydrochloride, 200 
mM hexylene glycol, 10 mM NaC1, 10 mM Tris-HC1, 0.025% 
(v/v) triton-X100 and 2.5 gg/ml 4',6-diamidino-2-phenylindole 
(DAPI), pH 7.0, was added. The tissue was finely cut up with a 
sharp razor blade and the mixture was filtered through an 
85-gm-pore nylon filter. The filtrate was directly used for analy- 
sis in a flow cytometer (IPC22, Ortho Diagnositic Systems, 
Beerse, Belgium). Calf thymocytes and chicken erythrocytes were 
used as internal, absolute standards; tomato haploids, diploids 
and tetraploids were used as references. The nuclear DNA 
content was expressed as a relative C-value. 

In our flow cytometric analysis the diploid nuclear weights 
and relative C-values of tomato and potato were almost identi- 
cal. Similar weights were also reported by Arumuganathan and 
Earle (1991). 

DNA isolation, DNA probes, Southern-blot 
and dot-blot analysis 

Total DNA from leaves of tomato MsK9 and potato 7322 and 
from fusion calli was isolated as described by Wolters et al. 
(1991). Probes were radioactively labelled by means of the 
Boehringer Mannheim Random Primed DNA Labelling Kit. 
The chloroplast DNA composition of fusion products was ana- 
lyzed by hybridization of Southern blots of HinfI-digested total 
DNA to the Petunia hybrida chloroplast DNA clone pPCY64 
(Derks et al. 1991). 

Determination of the ratio of tomato:potato genomic 
DNA was carried out by means of dot-blot analysis according 
to Wolters etal. (1991). Several concentrations of parental 
DNA were applied to two identical dot blots to make a calibra- 
tion plot of the radioactivity per dot in relation to the amount 
of DNA from one species. Total DNA from the fusion products 
was applied to the same dot blots. Two identical filters were 
prepared for every analysis. One was probed with pTHG2, a 
tomato-specific repetitive DNA probe (Zabel et al. 1985). The 
insert of pTHG2 represents a moderately-repetitive DNA frag- 
ment that is evenly dispersed on all tomato chromosomes, as was 
shown by in-situ hybridization (Zabel et al. 1985). The other 
filter was probed with P5L, a potato-specific repetitive DNA 
probe (Visser et al. 1988). On all potato chromosomes hybridiz- 
ation with this fragment occurs predominantly in the telomeric 
and centromeric regions. With the calibration plots for both 
species-specific probes the amount of tomato and potato DNA 
per dot could be estimated, and the percentage of nuclear DNA 
of the fusion products that originated from potato could be 
determined. 

The diploid nuclear weights of tomato and potato were 
considered identical. The flow cytometric data together with the 
dot-blot data were used to estimate the number of genome 
equivalents of tomato, potato, respectively that were present in 
hybrid calli. 

Isoenzyme analysis 

Glutamate oxaloacetate transaminase (GOT', EC 2.6.1.1) and 
malate dehydrogenase (MDH; EC 1.1.1.37) are dimeric enzymes. 
GOT and MDH zymograms of symmetric fusion products of 
tomato and potato not only display parental, homodimeric 



bands but also intermediate, heterodimeric hybrid bands. 
The elimination of all potato alleles that encode for a specific 
isoenzyme subunit results in the disappearance of the corre- 
sponding heterodimeric, hybrid band in the zymogram. 

Isoenzyme analysis of GOT and MDH was performed as 
follows. Approximately 0.25 g of fresh callus tissue was ground in 
0.25 ml of 0.05 M Tris-HC1, 0,1 g/1 bromophenol blue, 20% (v/v) 
glycerol and 1% (v/v)/?-mercaptoethanol solution, pH 6.8. After 
centrifugation in an Eppendorf centrifuge for 5 rain at maximum 
speed the supernatants were subjected to polyacrylamide- 
gel electrophoresis (PAGE) according to Schoenmakers et al. 
(1992). Staining reactions were performed according to Vallejos 
(1983). 

Results 

Selection of fusion products and regeneration 

Tomato  protoplasts were able to divide and regenerate 
plants in culture media lacking kanamycin. Without 
irradiation, potato microcalli could rarely be obtained 
in hygromycin-free media. These microcalli tu rned  
brown and died at a very early stage. After gamma 
irradiation with a dose of 150 or 500 Gy, potato 
protoplasts never yielded microcalli. Fusion products 
were able to grow only on culture media that contained 
both hygromycin and kanamycin. Altogether 47 "150- 
Gy" and 63 "500-Gy" hybrid fusion calli were re- 
covered from fusion experiments X a l l - H 8  (+)  7322- 
K5, 150-Gy irradiated, and Xa11-H4 (+)  7322-K5, 
500-Gy irradiated, respectively. Regeneration of so- 
matic hybrids was inhibited by gamma irradiation of 
the potato protoplasts prior to fusion: 38% of the 
150-Gy calli and 23% of the 500-Gy calli formed small 
shootlike structures within 18 months after fusion. 
Symmetric "0-Gy" fusion products, selected in the 
same way, showed an earlier regeneration at a signifi- 
cantly higher frequency (approximately 95% within 18 
months after fusion). Most asymmetric somatic hybrid 
shoots showed gross morphological abnormalities and 
grew poorly as compared to symmetric hybrids. None 
of the shoots from asymmetric fusion experiments 
could be rooted in vitro on MS20 medium and trans- 
ferred to the greenhouse. Nearly all shoots from sym- 
metric fusion experiments could be rooted on MS20 
medium and grown in the greenhouse. 

Fluorometric GUS assay 

All calli, selected on media that contained both hy- 
gromycin and kanamycin, displayed GUS activity (a 
trait derived from potato and absolutely linked to 
kanamycin resistance), which confirmed the hybridity 
of the calli. Half  a year after fusion, the selected calli 
were removed from the selection medium and were 
subsequently subcultured every 2 months on medium 
without antibiotics for half a year. During this time all 
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calli retained their GUS activity (GUS activity was 
determined every 3 months), which suggests that 
limited further elimination of potato DNA took place 
under these non-selective conditions. 

Flow cytometric and nuclear DNA analysis 

Flow cytometric analysis of approximately 1 year-ol d 
hybrid calli showed that the genomic C-value, which 
corresponds to the ploidy level of both tomato and 
potato, was highly variable between calli. Nearly all 
calli were hyper-tetraploid. For the 150-Gy calli the 
average ploidy level was 10.0 (ranging from 6.0 to 18.6); 
for the 500-Gy calli this was 7.6 (ranging from 3.9 to 
18.2). Some preference could be observed for ploidy 
levels that were multiples of four (Figs. 1,4). The 
genomic DNA constitution, calculated from dot blots, 
was also highly variable between fusion calli. For 
the 150-Gy calli the average estimated percentage of 
potato nuclear D N A  was 12.6 (ranging from 0.9 to 
25.8). For  the 500-Gy calli this was 10.3 (ranging from 
0.3 to 39.9). 

Estimated numbers of tomato and potato genome- 
equivalents of individual calli are presented in Fig. 1. 
The fact that both the average ploidy level and the 
average percentage of potato nuclear DNA of the 
500-Gy calli were lower than that of the 150-Gy calli 
demonstrates a stronger elimination of potato nuclear 
DNA following 500-Gy irradiation. 
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Fig. 1. Estimated numbers of potato and tomato genome equi- 
valents of individual 150-Gy (+) and 500-Gy (o) calli, calculated 
from C-values and dot-blot hybridization signals. A C-value of 1 
corresponds with one complement of 12 tomato or potato 
chromosomes. An allotriploid somatic hybrid (A7-146D, de- 
scribed by Schoenmakers et al. (1993), of a diploid tomato (with a 
C-value of 2) and a monohaploid potato (with a C-value of 1) was 
used as a reference source (r~) 
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Fig. 2. GOT and MDH zymograms of tomato, potato, and 
some asymmetric fusion products. The heterodimeric band (4) 
is present (= 1) or absent (=0) 

Isoenzyme analysis 

The absence of heterodimeric, hybrid GOT,  and/  
or MDH,  bands is an indication of the elimination 
of potato nuclear D N A  (Fig. 2). Of the 150-Gy calli, 
7 ~  did not express a potato G O T  isoenzyme while 
31~ did not  express a potato M D H  isoenzyme. For 
the 500-Gy calli these figures were 53~o and 56~ 
respectively. Tomato-specific bands were always 
present. 

Chloroplast DNA analysis 

Restriction fragment length polymorphism (RFLP) 
analysis of total D N A  of hybrid calli with the P. 

�9 hybrida chloroplast clone pPCY64 suggests that calli 
contain either tomato or potato chloroplasts (Fig. 3). 

Fig.3. Identification of chloroplast types in fusion products. 
RFLP analysis of total DNA of parental and hybrid tissue with 
the chloroplast clone pPCY64 of P. hybrida used as a probe. All 
lanes contain 4 ~tg of HinfI-digested total DNA 

No novel restriction patterns were found. Of the 150- 
Gy calli, 96~o possessed tomato  chloroplasts. For  the 
500-Gy calli this preference was not found: 51~o of the 
hybrids contained tomato chloroplasts. 

Relations between various genetic parameters 

Relations between shoot regeneration, the flow 
cytometric C-value, the nuclear DNA constitution, the 
presence or absence of the heterodimeric isoezymes for 
G O T  and MDH,  and the chloroplast type, are pres- 
ented in Fig. 4 and Table 1 for both doses. Remarkably, 
many  of the genetic parameters behave independently. 
Only for the 150-Gy calli was the retainment of the 
potato M D H  isoenzyme significantly stronger at 
higher ploidy levels. Furthermore, 500-Gy calli with a 
lower percentage of potato nuclear DNA displayed a 
significantly-better shoot regeneration. The presence 
or absence of potato G O T  and potato M D H  were 
correlated for the 500-Gy calli. 

Table 1. Chi-square values for a test of independence between the various genetic parameters: the regeneration (REG), the ploidy level 
(PLOI) [higher or lower than 12 for 150-Gy calli and higher or lower than average (= 7.6) for 500-Gy calli], the nuclear DNA 
constitution (NDC) (higher or lower than the average percentage of potato DNA), the presence or absence of the heterodimeric 
isoenzymes for GOT and MDH, and the chloroplast type (CP) (tomato or potato) for the fusion products Xall-H8 (+) 7322-K5, 
150-Gy irradiated and Xal l-H4 (+) 7322-K5, 500-Gy irradiated [P(z~ > 3.84) < 0.05; P()~I z > 6.64) < 0.01]. Significant correlations 
are indicated with *(P < 0.05) or **(P < 0.01) 

Parameter 150-Gy calli 500-Gy calli 

REG PLOI NDC GOT MDH REG PLOI NDC GOT MDH 

PLOI 3.03 0.89 
NDC 3.74 1.53 10.14"* 1.42 
GOT 1.77 0.36 2.35 0.11 0.00 1.54 
MDH 1.85 5.08* 0.00 1.90 1.65 1.27 1.48 5.03* 
CP 3.69 0.49 3.08 0.15 0.35 3.07 0.77 0.77 0.06 0.59 
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Fig.4. Relations between the percentage of potato nuclear DNA in individual 150-Gy hybrid calli, the ploidy level and a the 
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((3) of potato MDH and d the presence of tomato ( � 9  or potato ((3) chloroplasts. For 500-Gy calli these relations are shown in e, f, g 
and h respectively 

Discussion 

Asymmet r ic  somat ic  hybr ids  between t o m a t o  and  po-  
ta to  were selected only on the basis of their  abi l i ty  to 
grow at least  as callus. The  analysis  of seven genetic 
pa rame te r s  of  these hybr ids  shows tha t  fertile asym- 

metr ic  hybr id  plants ,  with a relat ively s t rong elimi- 
na t ion  of d o n o r  D N A ,  are very difficult to ob ta in  under  
the exper imenta l  condi t ions  tha t  we used. The i r radi -  
a t ion  of the d o n o r  p r io r  to p ro top l a s t  fusion caused 
e l imina t ion  of d o n o r  t rai ts  and  d o n o r  nuclear  D N A .  
We found tha t  with 500-Gy g a m m a  i r r ad ia t ion  the 



718 

elimination of potato isoenzymes for G O T  and MDH, 
and the elimination of potato nuclear DNA, was 
stronger than with 150-Gy irradiation. This radiation 
dose-dependent elimination of donor  traits has also 
been described by Bonnema et al. (1992), Melzer and 
O'Connell (1992) and Menczel et al. (1992) for other 
solanaceous species. 

In the 150-Gy calli the potato M D H  was more 
frequently eliminated than the potato GOT. Possibly, 
the potato G O T  gene is more closely linked to a potato 
trait which plays an important role in the development 
of the fusion product or to the kanamycin-resistance 
gene. Chances for elimination might also depend on 
the location on the chromosome. Although cen- 
tromeres are necessary for retainment of the donor 
chromosomes and/or chromosome fragments, exten- 
sive rearrangements, due to the irradiation treatment, 
may result in more distal chromosome regions with 
nearby centromere fragments. Furthermore, damaged 
DNA fragments can be 'rescued' by somatic recom- 
bination with recipient chromosomes (Piastuch and 
Bates 1990; Parokonny et al. 1992). The fact that in the 
500-Gy calli the elimination of the potato G O T  was as 
strong as that of the potato MDH, whereas in the 
150-Gy calli the potato GOT was more frequently 
retained than the potato MDH,  suggests that, apart 
from an increased donor DNA elimination following 
500-Gy irradiation, more donor chromosome break- 
age and/or rearrangements have taken place after 500- 
Gy gamma irradiation. Indications for extensive donor 
chromosome rearrangements after irradiation were 
already reported by Wijbrandi et al. (1990a) and 
Parokonny et al. (1992). 

In all hybrid calli the recipient DNA amount 
has increased considerably, irrespective of the per- 
centage of potato DNA. This polyploidization of the 
recipient genome after asymmetric fusion was also 
observed by Gleba et al. (1988) and Wijbrandi et al. 
(1990a). Possibly, polyploidization of the recipient 
tomato genome is necessary to buffer the negative 
effect of the additional genetic material of the donor  
and the aneuploidy. 

The observation that the percentage of potato 
DNA was correlated neither with the regeneration nor 
with the ploidy level suggests that it should be possible 
to select highly-asymmetric somatic hybrids of tomato 
and potato when large numbers of somatic hybrids are 
available. However, the polyploidization of the tomato 
genome, which was observed in all hybrid calli, might 
be inevitable and poses an important restriction to the 
use of asymmetric somatic hybridization for plant 
breeding in this species combination. Sexual hybridi- 
zation between solanaceous genotypes differing in 
ploidy level is extremely difficult. 

Recent studies of asymmetric somatic hybridi- 
zation between Lyeopersieon escuIentum as a recipient 

and Solanum species as a donor  suggest that a certain 
amount of Solanum DNA is required to establish func- 
tional Solanum chloroplasts in the fusion product 
(Wolters etal.  1991; Derks etal.  1992). However, 
we did not observe a stronger retention of potato 
DNA in calli with potato chloroplasts in our ex- 
periments. We can only conclude that the equivalent 
of approximately one potato chromosome is suf- 
ficient to establish potato chloroplasts. Because 
rearrangements occur frequently in these asymmetric 
hybrids (see above) it is possible that this chromo- 
some equivalent represents parts from different 
chromosomes. 

From earlier studies we know that chloroplasts in 
symmetric and asymmetric fusion products of Lycoper- 
sicon and Solanum species sort out to homogeneity for 
either parent during cell division (Schiller et al. 1982; 
O'Connell and Hanson 1985; Levi et al. 1988). The 
results obtained for the 500-Gy calli indicate that 
sorting out of tomato and potato chloroplasts was at 
random. This observation matches the data of Derks 
et al. (1991), who showed that irradiation did not lead 
to a significant reduction of the irradiated chloroplast 
genome in somatic hybrids of L. esculentum and L. 
peruvianum which were irradiated with 50-, 300- or 
1000-Gy, or left unirradiated. However, it contradicts 
the observation of Bonnema et al. (1992) that sorting 
out was radiation-dose dependent in somatic hybrids 
of L. esculentum and L. pennellii which were irradiated 
with 50-, 100-, 150-, 250-, 500- or 1000-Gy, or left 
unirradiated. Bonnema et al. (1992) also reported that 
the chloroplast genotype of the asymmetric fusion 
products reflected the predominant nuclear genotype. 
We did not observe this correlation in either hybrid 
series. No explanation can be given for the almost 
complete absence of potato chloroplast DNA in the 
150-Gy hybrids. 

Apart from a possible irradiation-dependent and 
nuclear composition-dependent sorting out, the sym- 
metric fusion experiments of Pehu et al. (1989) and Li 
and Sink (1992) and the asymmetric fusion experiments 
of Bonnema et al. (1992) demonstrated that the direc- 
tion in which sorting out of chloroplasts takes place is 
strongly dependent on undefined differences in experi- 
mental conditions. Because our 150-Gy and 500-Gy 
fusions were carried out at different times with different 
transformants of one tomato genotype, the two callus 
populations cannot be compared with respect to their 
chloroplast constitution. 
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