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Summary. Asymmetric somatic hybrid plants were recov-
ered after fusing irradiated mesophyll protoplasts of
donor Lycopersicon esculentum x L. pennellii (EP) inter-
specific hybrid with callus-derived protoplasts of recipi-
ent Solanum lycopersicoides. EP plant A54 had been pre-
viously transformed by an agrobacterium vector, and the
T-DNA insert mapped to the L. esculentum chromosome
12. The T-DNA insert conferred kanamycin resistance to
EP that was subsequently used to select cell fusion prod-
ucts and recover asymmetric hybrid plants that retained
tagged chromosome 12. Doses of 50- and 100-Gy irradi-
ation promoted the elimination of only a few donor chro-
mosomes. At 200 Gy, the regenerated plants had ploidy
levels higher than tetraploid. However, the T-DNA
tagged chromosome 12 was always retained in the asym-
metric hybrid plants tested. Likewise, all plants from the
100-Gy series, with the exception of number 160, were
mixoploid in the root-tip cells. Such mixoploid asymmet-
ric somatic hybrids could be stabilized by inducing ad-
ventitious shoots on leaf strips cultured on shoot regener-
ation medium containing kanamycin. The asymmetric
hybrid plants did not produce viable seed when self-pol-
linated or backcrossed to tomato or S. lycopersicoides.
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Introduction

Somatic hybridization is a powerful technique toward
genetically transcending sexual boundaries and, thereby,
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widening and enriching the gene pool available for breed-
ing purposes. However, somatic cells are generally
diploid, and the resulting hybrid genomes are an additive
combination of the original diploid levels. Thus, the gen-
eral problem of sterility is often incurred, making somat-
ic hybrids unattractive to plant breeders (Larkin et al.
1990). Alternatively, the ability to transfer single chro-
mosomes or chromosome fragments of a donor species to
a recipient, thereby creating highly asymmetric hybrids,
may offer a better potential in plant improvement. Par-
tial genome transfer would appear to become particular-
ly valuable as the taxonomic distance between the part-
ners increases.

Asymmetric hybridization is generally achieved by
irradiation of the donor cells, which results in fragmenta-
tion of the nuclear genome prior to fusion. The technique
was originally developed by Zelcer et al. (1978) for direct-
ed transfer of organelles while eliminating nuclear input.
However, Dudits et al. (1980) using a similar scheme
discovered that asymmetric hybrids could be obtained if
selection for nuclear-determined traits of the donor was
made on the fusion products. To date, asymmetric hy-
bridization has met with mixed results. While in general
irradiation has indeed reduced the amount of donor
DNA transferred, with certain species’ combinations the
reduction has been limited (Negrutiu et al. 1989). The
degree of donor elimination has ranged from the transfer
of single chromosomes to fusion combinations where the
asymmetric cells or hybrid plants contained substantial
amounts of the donor genome (Negrutiu et al. 1989).

An important post-fusion step is selection of the
asymmetric hybrid cells and calluses. Several researchers
have discriminated fusion products by utilizing trans-
formed donor plants containing a selectable marker. For
example, Bates et al. (1987) irradiated a kanamycin-resis-
tant, nopaline-positive line of Nicotiana plumbaginifolia
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and fused these protoplasts with those of N. tabacum.
Selection for hybrid cells on kanamycin-containing medi-
um enabled the recovery of tobacco plants containing a
single N. plumbaginifolia chromosome. Muller-Gensert
und Schieder (1987) used a Nicotiana paniculata cell line
transformed with a wild Agrobacterium tumefaciens
strain; the cells were thus capable of hormone-indepen-
dent growth. Such cells were fused with N, tabacum and
asymmetric hybrids subsequently selected. Using a simi-
lar strategy, Sacristan et al. (1989) selected asymmetric
hybrids by fusing an X-irradiated Brassica nigra contain-
ing an inserted hygromycin resistant gene with B. napus.

The logical progression of using selectable markers
would be to use T-DNA inserts that are mapped or locat-
ed to a specific chromosome and attempt to transfer only
it, or fragments with the insert, by asymmetric hybridiza-
tion. The interspecific tomato hybrid Lycopersicon escu-
lentum x L. pennellii has been transformed with Agrobac-
terium tumefaciens, and the locations of the T-DNA in-
serts mapped for ten such individuals (Chyi et al. 1986).
The report presented here contains the results of studies
wherein protoplasts of two of these T-DNA mapped
transgenic hybrids were irradiated and subsequently
fused with Solanum Ilycopersicoides.

Materials and methods

Plant material

Two sexual hybrids of Lycopersicon esculentum (VEF 36;
2n=2x=24)x L. pennellii 2n=2x=24) LAT16, plants A54
and A181, herein termed EP, were obtained from Richard Jor-
gensen, DNA Plant Technology Corp, Oakland, Calif. These
plants had been transformed by Agrobacterium tumefaciens
strain C58C1/pGV3850, which conferred kanamycin resistance
(Chyi et al. 1986). Chyi et al. (1986) mapped the single T-DNA
inserts to L. esculentum chromosomes 12 and 2 in plants A54
and A181, respectively. Seeds of Solanum Iycopersicoides
(2n=2x=24) LA 1990 were kindly provided by C.M. Rick,
University of California, Davis, Calif.

Protoplast isolation

Mesophyll protoplasts of EP were obtained from 7-month-old
plants grown in a controlled environment chamber at 27°C
(day)/22°C (night) under a light intensity of 200 pE m~* s+
(16 hjday) from cool-white fluorescent bulbs according to Guri
et al. (1991). The leaves were sliced and incubated in enzyme
solution containing 0.5% Cellulysin and 0.1% Macerase in
CPW salts (Frearson et al. 1973) plus 0.4 M mannitol at pH 5.8.

S. Iycopersicoides hypocotyl-derived callus was obtained ac-
cording to Handley and Sink (1985). Protoplasts were isolated
from 3 g of tissue incubated in 15 ml of enzyme solution consist-
ing of 1% Cellulysin, 1% Driselase, 0.4% Macerase in CPW
salts plus 0.6 M sorbitol at pH 5.6. The incubation time for both
the leaves of EP and callus of S. lycopersicoides was for 12—16 h
in the dark at 27°C on a gyratory shaker at 30 rpm.

Protoplast fusion and culture

Freshly isolated protoplasts of donor EP were irradiated with
50-(A54), 100-(A54) and 200-(A181) Gy of [*®Co]-gamma rays.

Irradiated donor protoplasts were immediately fused with those
of S. lycopersicoides using the fusion and culture methods of
Guri et al. (1991). Plating efficiency was calculated as the per-
centage of total protoplasts undergoing divisions 14 days post-
fusion. To select for hybrid calli, 25 pg/ml of kanamycin was
added to the culture medium 16 days after fusion. Hybrid shoots
were regenerated and rooted according to Guri et al. (1991).
Somatic hybrid plants were retested for resistance to kanamyein
by placing leaf strips on shoot regeneration medium containing
the antibiotic and by spraying greenhouse plants with an
aqueous kanamycin solution (400 mg 171) that bleaches sensi-
tive plants (Weide et al. 1989).

Isozyme analysis

Plants of L. esculentum VF36 and L. pennellii LA716, A54 and
A181, S. lycopersicoides, and selected asymmetric hybrids were
analyzed. Young leaf material (100 mg) was homogenized with
liquid nitrogen and extracted in 0.1 M TRIS-HCI, pH 5.6, con-
taining 4% PEG (MW 3,350) and 0.15% 2-mercaptoethanol.
Skd-1, Pgm-2, Pgi-1 and Got-2 were separated on 12% starch
gels (Scandalios 1969) and stained according to Vallejos (1983).
These four allozymes are located on L. esculentum chromosomes
1, 4, 7 and 12, respectively. Skd!, Got-2 and Pgi-{ are polymor-
phic with L. pennellii and S. lycopersicoides whereas Pgm-2 is
only polymorphic with the latter species.

Cytology and pollen viability

Actively growing root tips (810 mm) were removed from
isozyme-confirmed hybrid plants and placed in water at 4 °C for
24 h. After pretreatment, the roots were transferred to a fixative
solution, 3:1 ethanol: glacial acetic acid, for a further 48 h at
4°C. Following fixation, roots were placed in 1 N HCl at 55°C
for 30 min. Washed root tips were squashed, stained with aceto-
carmine, and the mitotic cells viewed with a light microscope.
Pollen viability was assessed in 1% aniline blue solution.

Results
Selection of hybrid calluses and regeneration of plants

The three irradiation levels arrested division of A54 and
A181 protoplasts. The addition of kanamycin on day 16
to the fusion plates inhibited the growth of S. lycopersi-
coides cells. These respective selection pressures on each
fusion partner effectively ensured the growth of only
hybrid calli.

The plating efficiency of the non-irradiated (0 Gy)
control fusion of the parents was five- to six-fold higher
than that of the respective parents self-fused (Table 1).
However, irradiation diminished plating efficiency, with
50-Gy-irradiated protoplasts showing a 50% decrease,
100-Gy-irradiated protoplasts, a further 50% decrease,
and 200-Gy-irradiated protoplasts, a still further 75%
decline over the non-irradiated control. Increased irradi-
ation doses also decreased the total number of calli pro-
duced.

Irradiation also had a marked effect on the frequency
of regeneration of plants from calli (Table 1). An approx-
imate 25% reduction in the number of plants recovered
from calli occurred each time the irradiation dose was
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Table 1. Efficiency of asymmetric hybridization between Lycopersion esculentum x L. pennellii (EP) (4) Solanum lycopersicoides (SL)

Irradiation dose Protoplasts fused Plating Kan® calli Calli-attempted Calli-regenerated
(Gy) (x 10%) efficiency (total number) regeneration somatic hybrid
(%) (number) plants
EP SL (number)
0 0.5 - 6 0 0 0
0 - 0.5 5 0 0 0
0 1.4 43 31 1610 128 128
50 1.5 4.5 16 1120 150 60
100 1.0 3.0 8 560 150 45
200 0.5 1.5 2 280 150 32

Table 2. Isozyme patterns and chromosome numbers of donor
EP (+) recipient SL asymmetric somatic hybrid plants

Plant SKDH PGM GOT PGI Chromo-
num- (1)*® 4) ) (12) some
br g p E E P E p e
50-Gy donor A54
19 +° - + + 4+ + +  45-47
33 4+ - 4 + 4+ 4+ 4+ 4548
45+ o+ 4+ + 4+ o+ 4+ 48-50
o+ + o+ + + 4+ + 46-48
136 + o+ + + + + - 46-43
270 +  + + + + + = 46-62
100-Gy donor A54
148+ + o+ + 4+ o+ 4+ 46-48
160+ 4+ 4+ + + 4+ o+ 48
21 — o+ 4+ + -+ o+ 4-44
29 — + o+ + 4+ + 4+ NC°
301 + - + + + +  + 4446

2 Chromosome location in L. esculentum
® 4, Present; —, missing
¢ Not counted

doubled. Regeneration of plants was also delayed by
successively longer time increments as the irradiation lev-
el increased. Also, regenerated shoots from the higher
irradiation exposures were more difficult to root.

Elimination of donor chromosomes

The chromosome number in root-tip cells was deter-
mined for six 50-Gy-, four 100-Gy-, and five 200-Gy-
derived plants. The chromosome counts revealed that all
asymmetric somatic hybrids were mixoploid except for
hybrid 160, which was 2n=4x =48 (Table 2). Chromo-
some loss in the six 50 Gy plants was minimal. Plants 19
and 33 had lost three chromosomes, the most observed
for the 50-Gy donor. Chromosome loss in the 100-Gy
hybrids was greater than what had occurred at the lowest
irradiation level, but was still not extensive (Table 2).
Plant 231 lost seven chromosomes; otherwise the loss was
only two to four chromosomes. For both 50- and 100-

Gy-derived plants, only intact chromosomes were ob-
served, and no evidence of centric or acentric fragments
was found. The isozyme analysis for Pgi-1, located 7 cM
from the T-DNA insert in L. esculentum of donor A54
(Chyi et al. 1986), revealed the presence of chromosome
12 in all of the plants tested (Fig. 1 and Table 2). Other
isozyme patterns marking chromosomes 1, 4, and 7 indi-
cated that the respective chromosome was either present
or missing (Table 2). Of the five 200-Gy-derived plants
studied, all had more than 48 chromosomes and were
polyploid: four penta- and one hexaploid (data not
shown). The leaf morphology of the asymmetric hybrids
was intermediate between the parental types. However,
there also was considerable phenotypic variation be-
tween individual plants derived from each irradiation
level (Fig. 2). The observed variation is apparently not
strictly due to somaclonal variation, as the same range in
leaf morphology was not present in symmetric hybrids.
For the 200-Gy-derived plants, morphology could not be
used as an indication of chromosome loss as the plants
which most resembled S. lycopersicoides tended to be
pentaploids, in which case the polyploidy probably re-
sulted from the presence of several recipient genomes.

To stabilize the mixoploid chromosome count, leaf
strips of hybrid 231 (2n=41-44) were placed on MSOT
medium containing 100 mg~! kanamycin to ensure re-
tention of chromosome 12, and adventitious shoots were
regenerated. Of the ten adventitious shoots removed, five
did not root. Of three whole plants studied cytologically,
two had root-tip cell chromosome counts of 44 and the
third had 42.

Transfer and stability of the T-DNA marked chromosome

At allirradiation levels, the initial addition of kanamycin
to the protoplast culture medium not only ensured the
selection of hybrid calli but ensured the specific selection
of those which had retained donor chromosome 12. Re-
generated shoots were later rooted on kanamycin, and
leaf strips were removed again and tested on shoot regen-
eration medium containing the antibiotic (data not
shown). As well, asymmetric hybrid plants transferred to
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Fig. 1. Lanes, left to right, are isozyme patterns for PGI for leaf
tissue extracts of L. pennellii (Lp), L. esculentum (Le), L. pennel-
lii x L. esculentum (EP), S. lycopersicoides (SI), and asymmetric
hybrid representatives of the 50-, 100~ and 200-Gy donor irradi-
ations 7, 2, and 3, respectively
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Fig. 2. Leaves of Lycopersicon esculentum (Le), Lycopersicon
pennellii (Lp), Solanum Iycopersicoides (SI), the sexual hybrid
(EP), and of a random selection of asymmetric hybrids from 50-,
100-, and 200-Gy donor irradiations
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the greenhouse were confirmed for the incorporation of
chromosome 12 by spraying their leaves with a solution
containing kanamycin. Plants were retested every 6
months and were found to be consistently resistant to
kanamycin.

Hybrid fertility

The percentage of hybrids which flowered decreased as
the irradiation dosage increased. Whereas 80% of the
50-Gy hybrids flowered, only 50% of the 100-Gy did,
and only one of the 200-Gy hybrids produced buds,
which died soon after opening. Floral structure, unlike

leaf morphology, was remarkably uniform and resem-
bled symmetric hybrid flowers (Guri et al. 1991). Of the
21 plants that flowered, 13 produced no pollen, while 7
produced normal amounts of pollen but the viability was
low, ranging from 0.7—2%. One of the hybrids, 110, had
a pollen viability of 41.5%, however reciprocal pollina-
tions to either parent did not set seed. Three 50-Gy plants
produced fruit after self-pollination that contained sever-
al aborted seeds.

Discussion

We have demonstrated the effectiveness of T-DNA, and
specifically the NPTII gene, in having a dual use in syn-
thesizing asymmetric plant hybrids. The ability to select
at the cell level enabled the easy recovery of asymmetric
cell hybrids for a specific chromosome. As well, the T-
DNA-tagged chromosome 12 of donor L. esculentum
was always retained in the asymmetric hybrid plants. The
T-DNA tagging scheme has the potential to be applied to
systems where highly asymmetric hybrids may be ob-
tained; for example, with Nicotiana (Bates et al. 1987) or
when there is a large phylogenetic distance between the
fusion partners (Dudits et al. 1980). Likewise, it may be
useful in combination with other gene transfer systems
that have been developed to transfer single chromo-
somes. For example, Verhoeven and Sree Ramulu (1991)
recently published a technique whereby using AMP,
amiprophos-methyl, an anti-microtubule drug, and cen-
trifugation enabled the isolation of sub-protoplasts con-
taining an amount of DNA equivalent to one or a few
chromosomes. If such systems can effectively ensure lim-
ited gene transfer, then T-DNA may also be used to trace
integration into the host genome, as it has been shown
that tissue culture actively induces mitotic recombination
between non-homeologous chromosomes at high fre-
quencies (Larkin et al. 1990).

This study also provides additional evidence that Ly-
copersicon species do not seem to regenerate highly asym-
metric plants by using the present “donor-recipient”
technique. Our results concur with those of Wijbrandi
etal. (1990a, b); namely, that low dosage irradiation
(50 Gy) results in very limited chromosome loss. The
elimination of donor chromosomes can be increased at
100 Gy, but the loss is still minimal. It also seems that
doses higher than 100 Gy do not increase chromosome
loss but rather foster the regeneration of penta- and
higher ploidy levels. However, it is possible that the levels
of irradiation needed to eliminate Lycopersicon chromo-
somes may be much, much higher than those needed to
eliminate chromosomes in such species as Nicotigna.
Melzer and O’Connell (1992) were able to recover highly
asymmetric hybrids of Lycopersicon esculentum (+) L.
pennellii using irradiation levels of 500 and 1000 Gy.



Our results indicate that increasing the phylogenetic
distance between the fusion partners does not necessarily
promote the loss of donor chromosomes. In another Ly-
copersicon (+) Solanum fusion, Wolters et al. (1991) also
found only limited donor climination after they fused
irradiated (500 Gy) Solanum tuberosum with Lycopersi-
con esculentum.

Obviously, before asymmetric hybridization can be
usefully employed in single or fragmented chromosome
transfers, the efficiency of donor genome elimination
must be optimized. Also, the question as to why the more
highly asymmetric hybrids cannot be regenerated must
be answered. It is possible that when the donor chromo-
somes are damaged or fragmented they are being re-
paired by a mechanism inherent in the recipient and Ly-
copersicon species instead of being rejected. Alternative-
ly, it is also possible that during tissue culture selection
occurs for cells and/or plants with tetraploid or near
tetraploid numbers, which may have a selective regenera-
tion advantage. If this is the case, it could be speculated
that after having received 50 or 100 Gy of irradiation the
hybrid population may be composed of many symmetric
cells that would regenerate quickly and override any
highly asymmetric cell hybrids. At higher irradiation
(200 Gy), the tetraploids and near-tetraploids may be
eliminated, which would ailow the regeneration of penta-
and higher ploidy cells that are normally suppressed.
Through these regeneration scenarios, highly asymmetric
cells would always be lowest in the order of selective
advantage; in effect, their regeneration would be sup-
pressed. This would agree with the findings from Koorn-
neef et al.’s (1989) investigation on the chromosome sta-
bility of tomato haploids and diploids in which the ma-
jority of regenerated plants from such protoplast and
callus cultures were tetraploid. This also indicates that
undifferentiated tissue cultures either cause tetraploidiza-
tion or that tetraploids have a selective advantage in
regeneration.

Irradiation obviously diminishes the frequency of po-
tential regenerants since the plating efficiency drops and
fewer calli regenerate shoots. In addition, as was also
observed herein, the somatic calli and plants are more
difficult to handle; they are increasingly slower to regen-
erate and more difficult to root as the irradiation level
increases. Highly asymmetric plants regenerated with dif-
ficulty. About 50% of the 231 plants regenerated from
leaf strips would not root, although it is possible that
these lines had a low chromosome number. That those
that were counted were not mixoploid attests to the sta-
bility of the donor chromosomes in the hybrid. The fi-
delity of ploidy levels when regenerating from leaf strips
is an attribute in tomato that has already been observed
in tissue culture (Koornneef et al. 1989).

In conclusion, the results presented in this paper
demonstrate the usefulness of T-DNA, not only as a
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hybrid calli selection system, but also a selectable genetic
marker for the transfer of a specific chromosome or frag-
ment. Undoubtedly, it will have an application in gene
transfer studies and in the study of specific gene func-
tions, however, apparently not with asymmetric hy-
bridization of tomato until the efficiency of donor chro-
mosome rejection and exclusion has been improved.

Acknowledgement. This research was carried out under USDA
Grant No. 87-CRCR-1-2290 to K. C. Sink.

References

Bates GW, Hasenkampf CA, Contolini CL., Piastuch WC (1987)
Asymmetric hybridization in Nicotiana by fusion of irradiat-
ed protoplasts. Theor Appl Genet 74:718-726

Chyi Y-S, Jorgensen RA, Goldstein D, Tanksley SD, Loaiza-
Figueroa F (1986) Locations and stability of Agrobacterium-
mediated T-DNA insertions in the Lycopersicon genome.
Mol Gen Genet 204: 6469

Dudits D, Fejer O, Hadlaczky G, Koncz C, Lazar GB, Horvath
G (1980) Intergeneric gene transfer mediated by plant proto-
plast fusion. Mol Gen Genet 179:283-288

Frearson EM, Power JB, Cocking EC (1973) The isolation,
culture and regeneration of petunia leaf protoplasts. Dev
Biol 33:130-137

Guri A, Dunbar LJ, Sink KC (1991) Somatic hybridization
between selected Lycopersicon and Solanum species. Plant
Cell Rep 10:76-80

Handley LW, Sink KC (1985) Plant regeneration of protoplasts
isolated from suspension cultures of Solanum lycopersi-
coides. Plant Sci 42:201-207

Koornneef M, van Diepen JAM, Hanhart CJ, Kicboom-de
Waart AC, Martinelli L, Schoenmakers HCH, Wijbrandi J
(1989) Chromosomal instability in cell- and tissue cultures of
tomato haploids and diploids. Euphytica 43.179--186

Larkin PJ, Spindler LH, Banks PM (1990} Cell culture of alien
chromosome addition lines to induce somatic recombination
and gene introgression. In: Proc VII Int Congr Plant Tissue
Cell Culture, pp 163-168

Melzer JM, O’Connell (1992) Effect of radiation dose on the
production of and the extent of asymmetry in tomato asym-
metric somatic hybrids. Theor Appl Genet 893:337-344

Muller-Gensert E, Schieder O (1987) Interspecific T-DNA
transfer through plant protoplast fusion. Mol Gen Genet
208:235-241

Negrutiu I, Hinnisdaels S, Mouras A, Gill BS, Gharti-Chhetri
GB, Davey MR, Gleba YY, Sidorov V, Jacobs M (1989)
Somatic versus sexual hybridization: features, facts and fu-
ture. Acta Bot Neerl 38:253-272

Sacristan MD, Gerdemann-Knorck M, Schieder O (1989) In-
corporation of hygromycin resistance in Brassica nigra and
its transfer to B. napus through asymmetric protoplast fu-
sion. Theor Appl Genet 78:194—200

Scandalios JG (1969) Genetic control of multiple molecular
forms of enzymes in plants: A review. Biochem Genet 3:37 -~
39

Vallejos CE (1983) Enzyme activity staining. In: Tanksley SD,
Orton TJ (eds) Isozymes in plant genetics and breeding, part
A. Elsevier, Amsterdam, pp 496—516

Verhoeven HA, Sree Ramulu (1991) Isolation and characteriza-
tion of microprotoplasts from APM-treated suspension cells
of Nicotiana plumbaginifolia. Theor Appl Genet 82:346--352



382

Weide R, Koornneef M, Zabel P (1989) A simple, non-destruc-
tive spraying assay for the detection of an active kanamycin
resistance gene in transgenic tomato plants. Theor Appl Ge-
net 78:169-172

Wijbrandi J, Posthuma A, Kok JM, Rijken R, Vos JGM, Koorn-
neef M (1990a) Asymmetric somatic hybrids between Lyco-
persicon esculentum and irradiated Lycopersicon peruvianum.
Theor Appl Genet 80:305-312

Wijbrandi J, Zabel P, Koornneef M (1990b) Restriction frag-
ment length polymorphism analysis of somatic hybrids be-
tween Lycopersicon esculentum and irradiated L. peruvi-
anum: evidence for limited donor genome elimination and

extensive chromosome rearrangements. Mol Gen Genet
222:270-277

Wolters AMA, Schoenmakers HCH, van der Meulen-Muisers
JIM, van der Knapp E, Derks FHM, Koornneef M, Zelcer
A (1991) Limited DNA elimination from the irradiated pota-
to parent in fusion products of albino Lycopersicon esculen-
tum and Solanum tuberosum. Theor Appl Genet 83:225-232

Zelcer A, Aviv D, Galun E (1978) Interspecific transfer of cyto-
plasmic male sterility by fusion between protoplasts of nor-
mal Nicotiana sylvestris and X-ray irradiated protoplasts of
male sterile N. tabacum. Z Pflanzenphysiol 90:397-407



