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Abstract In order to obtain plants that were somatic hy-
brids of barley (Hordeum vulgare L.) and carrot (Daucus
carotal .), wefused protoplaststhat had beenisolated from
6-month-old suspension cultures of carrot cells with pro-
toplasts isolated from barley mesophyll by electrofusion.
After culturefor 1 month at 25°C , the cells were cultured
for 5 weeks at 4°C , and were then returned to 25°C for
culture on a shoot-inducing medium. Three plants (nos. 1,
2 and 3) were regenerated from the cells. The morphol ogy
of the regenerated plants closely resembled that of the pa-
rental carrot plants. A cytological analysis of callus cul-
tures induced from these plants indicated that most of the
cellshad about 24 chromosomes, fewer than the sum of the
numbers of parent chromosomes which was 32. Southern
hybridization analysis with fragments of the rgpl gene
used as probe showed that the regenerated plants contained
both barley and carrot genomic DNA. Chloroplast (ct) and
mitochondrial (mt) DNAswere also analyzed with several
prabes. The ctDNA of the regenerated plants yielded hy-
bridization bands specific for both barley and carrot when
one fragment of rice ctDNA was used as probe. Further-
more, theregenerated plantsyielded abarley specific band
and anovel band with another fragment of rice ct DNA as
a probe. One of the regenerated plants (no. 1) yielded a
novel pattern of hybridized bandsof mt DNA (with an atp6
probe) that was not detected with either of the parents.
Theseresultsindicated that the regenerated plantswere so-
matic hybrids of barley and carrot and that recombination
of both the chloroplast genomes and the mitochondrial ge-
nomes might have occurred.
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Introduction

The goal of plant breeding is the construction of new gen-
otypes by the introduction and the manipulation of genetic
variations. The production of somatic hybrid plants by pro-
toplast fusionisauseful method for combining genetic ma-
terials. Protoplast fusion can sometimeslead to the produc-
tion of new genetic variants as a consequence of the recom-
bination of nuclear and cytoplasmic genomes. Many intra-
and inter-specific, and several intergeneric, somatic hybrid
plants have been reported (Melcherset a. 1978; Aviv et al.
1980; Guptaet al. 1982, 1984; Menczel et al. 1983; Negru-
tiu et al. 1986; O’ Connell and Hanson 1986; Pental et al.
1986; Toriyama et al. 1987; Gleba et al. 1988; Kameya et
al. 1989; Toki et al. 1990; Perl et al. 1991; Kostenyuk et al.
1991; Babiychuk et al. 1992). Recently, asymmetric hybrids
between remote species, for example interfamilial hybrid
plants, have been obtained by exploiting various systems
for the selection of hybrids (Somers et a. 1986; Dudits et
al. 1987; Kisaka and Kameya 1994; Kisaka et al. 1994).

Barley (Hordeumvulgare L.) isacrop plant that toler-
ates low temperatures and salinity. To examine the pos-
sibility that these characteristics of barley might be trans-
ferable to other crops by protoplast fusion, we attempted
to produce plants that were somatic hybrids of barley and
carrot (Daucus carota L.), utilizing the low-temperature
tolerance of barley for the selection of hybrids. In the
present report, we describe the production and analysis of
somatic hybrids of barley and carrot.

Material and methods
Cultivation of plants and cells

Seedsof H. vulgare (var. ‘Hashirihadaka') were surface-sterilized in
70% (v/v) ethanol for 30 s and then in a 2% (v/v) solution of sodi-
um hypochlorite for 15 min. They were washed twice in sterile dis-
tilled water, placed on medium A (Table 1), and cultured under con-
tinuous fluorescent light (4 W/m?) at 25°C. After 1 week, the young
leaves were used for the isolation of protoplasts. Callus wasinduced
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Tablel Composition of cult-

ure media. 2,4-D=2,4-Dichlo- Component Medium A Medium B Medium C Medium D Medium E
rophenoxyacetic acid,; .
NRA:n;p)),hthallenealcetic acid; Mineral salts MS MS MS MS MS
BAP=N®-benzylaminopurine; Vitamins MS MS MS MS MS
MS=Murashige and Shoog's Sucrose (W/v) 3.0% 3.0% 3.0% 3.0% 3.0%
(1962) formulation Glucose (w/v) 2.0%

2,4-D 1.0 mg/l 1.0 mg/l

Kinetin 0.1 mg/l 0.5 mgl/l

NAA 0.1 mg/l

BAP 1.0 mg/l

Agar (wWiv) 0.8% 0.8% 1.0% 0.8%

from surface-sterilized leaf segments of a cytoplasmic mae-
sterile (cms) strain of D. carota (Kanzaki et al. 1991) cultured on
Medium B (Table 1) under continuous fluorescent light (4 W/m?) at
25°C. The resulting calli were transferred to a liquid medium (me-
dium B minus agar) and sub-cultured at 2-week intervals.

Isolation and fusion of protoplasts and the selection
and culture of hybrid microcalli

Protoplasts of H. vulgare were isolated from young |leaves by incu-
bation in an enzyme solution [1.6% (w/v) Cellulase Onozuka R10
(Yakult Biochemicals, Tokyo, Japan), 0.3% (w/v) Macerozyme R10
(Yakult Biochemicals), 8% (w/v) mannitol and 0.1% (w/v)
CaCl, - 2H,0 (pH 5.5)] for 3 h at 25°C. The protoplasts of D. caro-
ta were isolated from cells in 6-month-old suspension cultures by
the incubation of cells under the same conditions as those described
for H. vulgare. The protoplasts were filtered through a nylon net
(50-pm mesh) and washed twice with washing solution [8% (w/v)
mannitol and 0.1% (w/v) CaCl,, - 2H,0] with centrifugation at 80xg
for 5 min. The protoplasts were purified by floating them in a 25%
(w/v) solution of sucrose with subsequent centrifugation at 80x g for
5 min, and then they were washed once with the washing solution.
Equal numbers of the two kinds of protoplast were combined to give
afinal density of 5 10%/ml and were subjected to electrofusion us-
ing aBTX Electro Cell Manipulator 200.

The fused protoplasts were washed once with washing solution
and diluted with an equal volume of asolution of Gelrite[0.3% (w/v)
Gelrite (Sigma), 3% (w/v) sucrose and 5% (w/v) glucose]. The sus-
pension of protoplasts was added to the protoplast culture medium
(medium C, Table 1) in plastic Petri dishes. Non-fused protoplasts
isolated from H. vulgare and D. carota were cultured, as controls,
under the same conditions as those described for fused protoplasts.
During the first month of culture, the Petri dishes were incubated in
darkness at 25°C. The resultant microcalli were subsequently cul-
tured in medium D (Table 1) and incubated in darkness at 4°C . Af-
ter 5 weeks at 4°C, the petri dishes were transferred to continuous
light (4 W/m?) at 25°C for 1 month. The resultant visible colonies
of about 1-2 mm in diameter were transferred to fresh shooting me-
dium (medium D, Table 1). Regenerated shoots were transferred to
root-inducing medium (medium E, Table 1).

Cytological analysis

Chromosome numbers were determined by treating actively grow-
ing cellsin suspension culture (from the regenerated plants and from
D. carota) and root tips (H. vulgare) with 0.03% (w/v) 8-quinolinol
for 3 hat 25°C, with subsequent fixation in a mixture of ethanol and
glacial acid (1:3, v/v) for 16 h at 25°C. The cells were then treated
with 1 N HCI for 7 min at 60°C and stained with Schiff’sreagent for
1 h at 25°C. Chromosomes were counted in about ten metaphases
per regenerated plant.

Analysis of DNA

Total DNA was prepared from callus (from regenerated plants and
from D. carota) and from the intact plant (H. vulgare) by the meth-

od described by Hondaand Hirai (1990). Southern hybridization was
performed with a non-radioactive DNA labelling and detection kit
(Boehringer Mannheim, Town, Germany). The cloned fragment of
thergpl gene (Sano and Youssefian 1991) was agift from Dr. H. Sa-
no, (NAIST, Nara, Japan). The clones corresponding to subunit 6 of
F,-Fy ATPase (atp6) and cytochrome b (cob) of rice mitochondrial
DNA together with fragments of rice ctDNA were agift from Dr. A.
Hirai (University of Tokyo, Japan). Plasmids containing mitochon-
drial genes for 26s and 18s ribosoma RNA, and for subunit 9 of
F,-Fo ATPase (atp9) were provided by Dr. K. Nakamura (Nagoya
University, Nagoya, Japan). The cloned genes were used as probes
for Southern hybridization.

Results
Effects of low-temperature treatment
When cells from 6-month-old suspension cultures of cells

isolated from D. carotawereplated on medium D (Table 1)
and incubated at 4°C for various periods and the calli then
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Fig. 1 Effects of low-temperature treatment on cell regeneration.
One-month-old and 6-month-old calli of D. carota were cultured at
4°C for various periods, and were then transferred to regeneration
medium and cultured at 25°C for 6 weeks. The regeneration rate in
control cells (1-month-old) without low-temperature treatment was
taken as 100%
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Fig. 2 Scheme for selection of hybrids between H. vulgare and
D. carota

Fig. 3 aRegeneration of shootsfrom selected callus. b (Ieft to right)
Plants of D. carota, aregenerant, and H. vulgare. cand d. The green
and white leaves (c) and flowers (d). The arrow indicates a white
flower

223

transferred to 25°C, the number of theregenerated calli de-
creased with increasing duration of the low-temperature
treatment (Fig. 1). On the basis of thisresult, the low-tem-
perature treatment for the selection of hybrid calli con-
sisted of incubation at 4°C for 5 weeks after incubation for
1 month at 25°C of the fused cells.

Protoplast fusion and culture of fused cells

Protoplasts of D. carota, isolated from cells in suspension
culture, and those of H. vulgare, isolated from young
leaves, were fused by electrofusion, and the fused cells
were then cultured according to the scheme outlined for
the selection of hybridsin Fig. 2. After culturefor 1 month
at 25°C, the fused cells were transferred to medium D
(Table 1) and incubated at low temperature (4°C) for
5 weeks in darkness. The resultant calli were transferred
to continuous light (4 W/m?) at 25°C. When visible colo-
nies had developed to about 1-2 mm in diameter, about
2700 colonies were transferred to fresh medium D
(Table 1). Three shoots were regenerated (Fig. 3a) and
these were transferred to medium E (Table 1). The three




224

regenerated plantswere potted in soil and designated no.1,
no. 2 and no. 3.

The protoplasts of H. vulgare that had been isolated
from young leaves failed to divide. The protoplasts of
D. carotathat had been isolated from 6-month-old suspen-
sion cultures proliferated and formed colonies. However,

(kbp)
4.4 =

Fig. 4 Resultsof Southern-hybridizationanalysisof genomicDNA.
Total DNA was digested with Hindlll, and a fragment of the rgpl
gene was used as the probe. The arrow indicates a band specific for
H. vulgare

Table2 Chromosome numbers of the parental and the somatic hy-
brid plants

Cells Chromosome Standard error?
number
D. carota 18.4 1.2
H. vulgare 14.0 -
Somatic hybrids
No. 1 24.4 1.4
No. 2 24.9 2.6
No. 3 24.2 1.8
2 n=10

about 1400 colonies that had been incubated at 4°C for 5
weeks failed to regenerate any shoots. Furthermore, no
plants were obtained from protoplasts of either H. vulgare
or D. carota were cultured under the same conditions but
without fusion treatment.

Analysis and characterization of the three regenerated
plants

The somatic hybrid plants closely resembled D. carotain
morphology (Fig. 3b). Hybrid no. 1 had variegated green
and white leaves and flowers, which developed without
vernalization (Fig. 3c, d). The morphology of the roots of
the somatic hybrids was similar to that of roots of D. ca-
rota. The flowers exhibited male sterility as did those of
the parent strain of D. carota.

Callus cultures induced from leaf segments of the re-
generated plants and their parents were analyzed at the cy-
tological and molecular levels. Cytological analysis re-
vealed that the chromosome number of the regenerated
plants was about 24 (Table 2), significantly lower than the
sum of the chromosome numbers (32) of the parents. Ge-
nomic DNA was analyzed by Southern hybridization with
a non-radioactively labelled DNA fragment of the rgpl
gene. The regenerated plants generated both a band spe-
cificfor D. carota (4.4 kbp) and aband specific for H. vul-
gare (3.6 kbp) (Fig. 4). Chloroplast (ct) and mitochondrial
(mt) DNAswere also analyzed by Southern hybridization
with fragments of ctDNA and mtDNA (Table 3). The re-
sults of the analysis of ctDNA with anon-radioactively la-
belled BamHI-8 fragment of rice ctDNA as a probe indi-
cated that the regenerated plants yielded both bands spe-
cific for D. carota (4.2 kbp and 2.2 kbp) and a band spe-
cific for H. vulgare (9.0 kbp) (Fig. 5a). The regenerated
plants also yielded aband specific for H. vulgare (4.4 kbp)
and a unique band (8.6 kbp) when the BamHI-3 fragment
of rice ctDNA was used asthe probe (Fig. 5b). In the anal-
ysis of mtDNA, one of the regenerated plants (no. 1)
yielded anovel band (9.0 kbp) that was not detected in the

Table3 Analysisof ctDNA

and mtDNA in regenerated Cell line Fragments of mtDNA
lants
P atp6 atp9 cob 18srRNA 26s rRNA
No. 1 D.C.+u? D.C.P D.C. D.C. D.C.
No. 2 D.C. D.C. D.C. D.C. D.C.
No. 3 D.C. D.C. D.C. D.C. D.C.
Cdll line Fragments of mtDNA
BamHI-3 BamHI-8 BamHI-10 BamHI-13 BamHI-16
No. 1 H.V.+U° D.C.+H.V.¢ D.C. D.C. D.C.
No. 2 H.V.+U D.C.+H.V. D.C. D.C. D.C.
No. 3 H.V.+U D.C.+H.V. D.C. D.C. D.C.

2 D.C.+U, D. carota-type plus a unique band

b D.C., D. carota-type

¢ H.V.+U, H. vulgare-type plus a unique band
4 D.C.+H.V., D. carota bands plus H. vulgare band
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as the probe (Fig. 6). These results indicated that the re-
generated plants were somatic hybrids of H. vulgare and
D. carota.

Discussion

To produce somatic hybrids between H. vulgareand D. ca-
rota, we incubated fused cells at alow temperature (4°C)
for 5 weeks after fusion, and obtained three somatic hy-
brid plants. Hordeum species are very difficult to regener-
ate from protoplasts (Wang and Lorz, 1994). I n the present
study, H. vulgare protoplasts isolated from young leaves
also failed to divide. Furthermore, D. carota protoplasts
isolated from 6-month-old callus did not yield any plants
because the callus had low plant-regenerative ability and
thiswas further decreased with low-temperature treatment
for along time. As a result, low-temperature incubation
was effective for the selection of hybrids.

Evidence for the recombination of chloroplast genomes
from different genetic lines of higher plants has been re-
ported (Medgyesy et al. 1985; Thanh and Medgyesy 1989).
In our experiment, five fragments of ctDNA were used as
probes for Southern hybridization to analyze the ctDNA
of the regenerated plants. With BamHI-8 and BamHI-3
fragments of rice ct DNA as probes the regenerated plants
yielded both the parental bands or else a band specific for
H. vulgare and a novel band. Our results indicate that part
of the ctDNA was transferred from H. vulgare to the re-
generated plants. The recombination of mtDNA in inter-
familial hybrids has been reported previously (Smith et al.
1989; Kisakaet al. 1994). In the present study, plant no. 1
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Fig. 6 Resultsof Southern hybridization of mtDNA. Total cellular
DNA was digested with EcoRlI, and a fragment of atp6 was used as
the probe

yielded a novel band when atp6 was used as a probe for
mtDNA. This result is evidence of the possible recombi-
nation of the mitochondrial genomes of D. carota and
H. vulgare. When several other fragments of ctDNA and
MtDNA were used as probes, the regenerated plants
yielded the same patterns of bands as D. carota. Further-
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more, the regenerated plants yielded both parental bands
with a DNA fragment of the nuclear rgpl gene as probe.
Taken together, these resultsindicated that the three regen-
erated plantswere somatic hybrids between H. vulgareand
D. carota.

From the chromosome number and pattern of Southern
hybridization of genomic DNA, ctDNA and mtDNA, it
seems possiblethat these three somatic hybrid plantsmight
have been be regenerated from the same fused cell because
the chromosome number and the Southern hybridization
patterns of genomic DNA and ctDNA were the same, re-
spectively, for al three somatic hybrids. Thus, the recom-
bination of the chloroplast and mitochondrial genomes of
two remote species, from different families, seemsto have
occurred as aresult of cell fusion.

Acknowledgements The authors thank Dr. A. Hirai, The Univer-
sity of Tokyo, Japan, for gifts of fragments of rice chloroplast and
mitochondrial DNA, and Dr. H. Sano, NAIST, Japan, for providing
thergpl gene. Theauthorsalso thank Dr. K. Nakamura, NagoyaUni-
versity, Japan, for gifts of clones of mitochondrial DNA.

References

Aviv D, Fluhr R, Edelman M, Galun E (1980) Progeny analysis of
the interspecific somatic hybrids Nicotiana tabacum (CMS) +
Nicotiana sylvestriswith respect to nuclear and chloroplast mark-
ers. Theor Appl Genet 56:145-150

Babiychuk E, Kushnir S, Gleba YY (1992) Spontaneous extensive
chromosome elimination in somatic hybrids between somatical -
ly congruent species Nicotiana tabacum L. and Atropa belladon-
na L. Theor Appl Genet 84:87-91

Dudits D, Maroy E, Praznovszky T, Olah Z, Gyorgyey J, CellaR
(1987) Transfer of resistance traits from carrot into tobacco by
asymmetric somatic hybridization: regeneration of fertile plants.
Proc Natl Acad Sci USA 84:8434-8438

GlebaY', Hinnisdaels S, Sidorov V, Kaledavan Boryshuk NV, Che-
rep NN, Negrutiu |, Jacobs M (1988) Intergeneric asymmetric
hybrids of Nicotiana plumbaginifolia and Atropa belladonna ob-
tained by “gamma-fusion”. Theor Appl Genet 76:760-766

Gupta PP, Gupta M, Schieder O (1982) Correction of nitrate reduc-
tase defect in auxotrophic plant cells through protoplast-mediat-
ed intergeneric gene transfers. Mol Gen Genet 188:378-383

Gupta PP, Schieder O, Gupta M (1984) Intergeneric nuclear gene
transfer between somatically and sexually incompatible plants
through asymmertic protoplast fusion. Mol Gen Genet 197:30-35

HondaH, Hirai A (1990) A simple and efficient method for identifi-
cation of hybrids using non-radioactive rDNA as probe. Jon J
Breed 40:339-348

Kameya T, Kanzaki H, Toki S, Abe T (1989) Transfer of radish
(Raphanus sativus L.) chloroplasts into cabbage (Brassica ole-
racea L.) by protoplast fusion. Jpn J Genet 64:27-34

Kanzaki H, TakedaM, Kameya T (1991) Sequence analysisof amit-
ochondrial DNA fragment isolated from cultured cells of a car-
rot cytoplasmic male-sterile strain. Jpn J Genet 66:719-724

KisakaH, KameyaT (1994) Production of somatic hybrids between
Daucus carota L. and Nicotiana tabacum. Theor Appl Genet
88:75-80

Kisaka H, Lee H, Kisaka M, Kanno A, Kang K, Kameya T (1994)
Production and analysis of asymmetric hybrid plants between
monocotyledon (Oryza sativa L.) and dicotyledon (Daucus ca-
rota L.). Theor Appl Genet 89:365-371

Kostenyuk |, Lubaretz O, Borisyuk N, Voronin V, Stockigt J, Gleba
Y (1991) Isolation and characterization of intergeneric somatic
hybrids in the Apocynaaceae family. Theor Appl Genet
82:713-716

Medgyest P, FejesE, Maliga P (1985) Interspecific chloroplast DNA
recombination in aNicotiana somatic hybrid. Proc Natl Acad Sci
USA 82:6960-6964

Melchers G, Sacristan MD, Holder AA (1978) Somatic hybrid plants
of potato and tomato regenerated from fused protoplasts. Carls-
berg Res Commun 43:203-218

Menczel L, Nagy F, Lazar G, Maliga P (1983) Transfer of cytoplas-
mic male sterility by selection for streptomycin resistance after
protoplast fusion in Nicotiana. Mol Gen Genet 189:395-369

Murashige T, Skoog F (1962) A revised medium for rapid growth
and bioassays with tobacco tissue culture. Physiol Plant
15:473-497

Negrutiu |, Brouwer D, De Watts JW, Sidorov V1, Dirks R, Jacobs
M (1986) Fusion of plant protoplasts: a study using auxotrophic
mutants of Nicotiana plumbaginifolia, Viviani. Theor Appl Gen-
et 72:279-286

O’ Connell MA, Hanson MR (1986) Regeneration of somatic hybrid
plants formed between Lycopersicon esculentum and Solanum
rickii. Theor Appl Genet 72:59-65

Pental D, Hamil JD, Pirrie A, Cocking EC (1986) Somatic hybrid-
ization of Nicotianatabacumand Petunia hybrida. Mol Gen Gen-
et 202:342-347

Perl A, Aviv D, Galum E (1991) Protoplast fusion-mediated trans-
fer of oligomycin resistance from Nicotiana sylvestris to Sola-
num tuberosum by intergeneric cybridization. Mol Gen Genet
225:11-16

Sano H, Youssefian S (1991) A novel ras-related rgpl gene encod-
ing a GTP-binding protein has reduced expression in 5-azacyti-
dine-induced dwarf rice. Mol Gen Genet 228:227-232

Smith MA, Pay A, Dudits D (1989) Analysis of chloroplast and mit-
ochondrial DNAs in asymmetric hybrids between tobacco and
carrot. Theol Appl Genet 77:641-644

Somers DA, Narayanan KR, Kleinhofs A, Cooper-Bland S, Cocking
EC (1986) Immunological evidence for transfer of the barley ni-
trate reductase structural gene to Nicotiana tabacum by proto-
plast fusion. Mol Gen Genet 204:296-301

Thanh ND, Medgyest P (1989) Limited chloroplast genetransfer via
recombination overcomes plastome-genome incompatibility be-
tween Nicotiana tabacum and Solanum tuberosum. Plant Mol
Biol 12:87-93

Toki S, Kameya T, Abe T (1990) Production of triple mutant, chlo-
rophyll-deficient, streptomycin-, and kanamycin-resistant Nico-
tiana tabacum, and its use in intergeneric somatic hybrid forma-
tion with Solanum melongena. Theor Appl Genet 80:588-592

Toriyama K, Kameya T, Hinata K (1987) Selection of a universal
hybridizer in Sinapis turgida Del. and regeneration of plantlets
from somatic hybrids with Brassica species. Planta 170:308—
313

Wang XH, Lorz H (1994) Plant regeneration from protopl asts of wild
barley (Hordeum murinum L.). Plant Cell Rep 13:139-144



