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Summary. The chloroplast (cp) and mitochondrial (mt) 
DNAs of Petunia somatic hybrid plants, which were de- 
rived from the fusion of wild-type P. parodii protoplasts 
with albino P. inflata protoplasts, were analyzed by en- 
donuclease restriction and Southern blot hybridization. 
Using 32P-labelled probes that distinguished the two pa- 
rental cpDNAs at a BamH1 site and at a HpaII site, on- 
ly the P. parodii chloroplast genome was detected in the 
10 somatic hybrid plants analyzed. To examine whether 
cytoplasmic mixing had resulted in rearrangement of 
the mitochondrial genome in the somatic hybrids, re- 
striction patterns of purifed somatic hybrid and paren- 
tal mtDNAs were analyzed. Approximately 87% of 
those restriction fragments which distinguish the two 
parental genomes are P. inflata-specific. Restriction pat- 
terns of the somatic hybrid mtDNAs differ both from 
the parental patterns and from each other, suggesting 
that an interaction occurred between the parental mito- 
chondrial genomes in the somatic fusion products which 
resulted in generation of the novel mtDNA patterns. 
Southern blot hybridization substantiates this conclu- 
sion. In addition, somatic hybrid lines derived from the 
same fusion product were observed to differ in mtDNA 
restriction pattern, reflecting a differential sorting-out of 
mitochondrial genomes at the time the plants were re- 
generated. 

Key words: Petunia - Chloroplast DNA - Mitochondrial 
DNA - Somatic hybrid - Protoplast fusion 

* Current address: Department of Botany and Plant Patholo- 
gy, Michigan State University, East Lansing, MI 48824, USA 
** To whom offprint requests should be addressed 
Current address: Section of Genetics and Development, Brad- 
field Hall, Comell University, Ithaca, NY 14853, USA 

Introduction 

Somatic hybridization of plant cells provides the oppor- 
tunity to combine different genetically marked cytoplas- 
mic genomes in the same cell. Such mixtures cannot 
otherwise be obtained in those species which exhibit 
maternal-uniparental inheritance of cytoplasmic 
genomes in sexual hybridizations. Analysis of organelle 
genomes in somatic hybrid tissue and plants can reveal 
whether novel cytoplasmic genomes have been created 
through exchange of genetic material, or whether segre- 
gation of parental cytoplasmic genomes has occurred. 
Observations to date indicate that the chloroplast 
genomes of somatic hybrids assort rapidly (reviewed by 
Shepard et al. 1983), and may rarely undergo recombi- 
nation of cpDNAs (Medgyesy et al. 1985). In contrast, 
much evidence exists for recombination of mitochon- 
drial genomes in somatic hybrid plants (Belliard et al. 
1979; Nagy etal. 1981; Galun etal. 1982; Boeshore 
et al. 1983; Rothenberg et al. 1985). 

In this study the organelle genomes of somatic 
hybrids derived from the fusion of wild-type Petunia 
parodii and a P. inflata albino line were analyzed. The 
P. inJTata albino mutant was determined to be the result 
of a nuclear-encoded mutation based on genetic and 
molecular analyses. The plastid genome of the albino 
line was not detected in the ten somatic hybrid plants 
tested. However, the mitochondrial genomes of these 
plants have undergone rearrangements that resulted in 
mtDNA restriction patterns containing both P. parodii- 
and P. inflata-specific fragments, as well as novel frag- 
ments not present in either parental genome. Moreover, 
while these hybrid genomes are remarkably similar in 
that they all contain a preponderance of P. inflata-spe- 
cific fragments, diversity was observed among plants 
derived from a single fusion event. 
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Materials and methods 

Construction of P. parodii + P. inflata somatic hybrids 

P. parodii wild-type leaf mesophyll protoplasts were fused with 
protoplasts derived from a chlorophyll-deficient P. inflata line 
(Power et al. 1979), grown in liquid suspension culture. Selec- 
tion for hybrid calli consisted of visual identification (P. inflata 
callus remained colorless while somatic hybrid callus under- 
went greening), and differential growth on selective medium 
(P. parodii callus did not grow beyond the 50-cell stage). Re- 
generated plants were confirmed as somatic hybrids based on 
floral and leaf morphology, anthocyanin expression, chromo- 
some number, segregation for parental characters, and isozyme 
patterns (Schnabelrauch et al. 1985). 

A complete description of the plant material used in this 
analysis is given by Schnabelrauch et al. (1985). 

DNA analysis 

CpDNA was isolated from leaves by the method of Salts and 
Beckmann (1981). Total DNA was isolated from leaves by the 
method of Murray and Thompson (1980). MtDNA was isolated 
from cell suspension as described by Boeshore et al. (1983). 
Electrophoresis, Southern blotting, nick-translation, hybridi- 
zation, autoradiography, and photography were performed as 
described by Boeshore et al. (1983). Restriction enzymes were 
used according to the supplier's instructions. 

The 2.8kb BamH1 fragment of P. inflata cpDNA was 
cloned into plasmid pUC9 (Vieira and Messing 1982) accord- 
ing to standard procedures (Maniatis et al. 1982). The 19kb 
Pstl fragment ofP. hybrida cpDNA was kindly provided by J. 
Palmer (University of Michigan). 

Results 

Chloroplast genomes 

Restriction enzymes BamH1, HpaII  and Hhal  dis- 
tinguish the chloroplast genomes of P. inflata and P. 
parodii. Total plant DNA was prepared, restricted with 
BamH1 or HpaII,  and probed with plasmid clones 
which hybridized specifically to cpDNA fragments 
characteristic of one or the other parental line. In the 
ten somatic hybrid plants examined (derived from a to- 
tal of five different fusion products) only the P. parodii- 
specific cpDNA fragments were detected (Fig. 1). This 
result precludes the possibility that a detectable re- 
combination event had occurred with respect to the two 
restriction sites assayed. 

The level of sensitivity of the hybridization assay 
was determined by reconstitution experiments in which 
varying amounts ofP.  inflata total DNA extracted from 
albino leaf tissue were mixed with total P. parodii DNA 
extracted from green leaves. The P. inflata-specific 
BamH1 and HpaII  cpDNA fragments were detectable 
in a mixture of one part P. inflata DNA in 200 parts P. 
parodii DNA after a 48 h exposure. Standard mixtures 
of 1:100 and 1:200 were included on all blots on which 
somatic hybrid cpDNAs were analyzed. 

The P. inflata albino line used in this fusion experi- 
ment had been suggested to be a cytoplasmic albino based 
on its tissue culture origin (Power et al. 1979; Kumar 
et al. 1982). Because the presence of variegation in some 
of these somatic hybrid lines suggested the presence of 
cells segregating the P. inflata chloroplast genome, the 
genetic behavior of the albino phenotype was tested by 
germinating 675 seeds obtained by self-pollinating 
flowers on nonvariegated branches of line 15-6. To off- 
set potential viability problems resulting from the in- 
ability of chlorophyll-deficient seedlings to maintain 
their own growth, seeds were aseptically plated on N13 
medium (Hosticka and Hanson 1984). Of  the 675 ger- 
minated seedlings, 5 were entirely albino. The expected 
percentage of plants exhibiting a homozygous recessive 
trait in an autotetraploid cross is approximately 3%; the 
fact that less than 1% of the germinated plantlets 
exhibited the albino trait in this cross may be a re- 
flection of decreased viability. 

To test the possibility that these albino plantlets 
were the product of meiotic sorting out of  cytoplasmic 
albino plastids that had otherwise remained visually un- 
detected in the green tissue from whence the seeds were 
derived, four albino seedlings were plated onto UMla  
medium (Uchimiya and Murashige 1974; Hosticka and 
Hanson 1984). After three months, sufficient tissue had 
accumulated to permit extraction of total genomic 
DNA. Probing restricted samples of  that DNA with the 
appropriate cpDNA probes yielded BamH1 and HpaII  
patterns indicative of the P. parodii chloroplast genome 
(Fig. 1). These results suggest that the autotetraploid 
cross had segregated an albino trait encoded by the nu- 
clear genome. 

Mitochondrial genomes 

The mitochondrial genomes of parental and somatic 
hybrid lines were examined by restriction analysis and 
hybridization to labelled probes. All five enzymes tested 
distinguished the P. parodii and P. inflata mitochondrial 
genomes (the restriction pattern generated by PvuII is 
shown in Fig. 2). A restriction band that is present in 
only one of the two parental genomes, and can thus be 
used to determine the relative representation of each 
parental mtDNA in a somatic hybrid mitochondrial ge- 
nome, will henceforth be referred to as a "unique" 
band. A band that occurs in a somatic hybrid mtDNA 
restriction pattern but is visualized in neither parental 
mtDNA pattern will be referred to as a "novel" band 
(Boeshore et al. 1983). 

A composite diagram illustrating some of the re- 
striction pattern differences generated by five enzymes, 
and the pattern of distribution of the differences in the 
somatic hybrids, is given in Fig. 3. The electrophoretic 
system used in this work did not resolve all of the re- 
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Fig. 1. a Autoradiogram showing hybridization of 32P-labelled 2.8 kb cloned BamH1 fragment of P. inflata cpDNA to BamH1 
digests of parental and somatic hybrid total DNA. Somatic hybrid DNAs are labelled as follows: A) 14-3; B) 20-1 ; C) 15-1 ; D) 15-2; 
E) 21-1; F) 21-5; T) 28-1; H) 15-3; /)  15-4; J) 15-6. "15-6A" is DNA from albino progeny of somatic hybrid line 15-6 (see text for 
"Description of experiment"). Lanes designated "1:100" and "1:200" contain mixtures of P. inflata DNA and P. parodii DNA in 
ratios of 1 to 100 and 1 to 200. Locations of the inflata- andparodii-specific restriction bands are indicated by arrows. 2 HIII, R 1 is 
lambda DNA double-digested with HindlII  and EcoR1. Approximately 8 ~tg of DNA was loaded in wells A through J;  5 p,g of DNA 
was loaded in lanes "1:100" and "1:200". The 2.8 kb inflata-specific band is visible in the 1:200 lane; thus, the level of detection for 
the inflata-specific band obtained for lanes A through J is less than 0.5%. Electrophoresis was performed in 1.0% agarose at 70V for 
10 h. 32P-labelled lambda DNA was included in the probe, b Autoradiogram showing hybridization of ~2P-labelled 19 kb cloned 
Pst 1 fragment of P. hybrida cpDNA to HpalI digests of parental and somatic hybrid total DNA. Conditions and abbreviations are 
as described above. The level of detection for the 3.0 kb inflata-specific band is between 0.5% and 1.0% 
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Fig. 2. Photograph of an agarose gel follow- 
ing electrophoresis of purified parental and 
somatic hybrid mtDNAs digested with Pvull. 
Somatic hybrid mtDNA is indicated by "SH" 
followed by a number identifying the somatic 
hybrid plant. 2 Hill is lambda DNA digested 
with HindlII. Approximately 2 ~tg mtDNA 
was loaded in each well. Electrophoresis was 
performed in 1.0% agarose at 60 V for about 
12h 

striction bands; many fragments of similar molecular 
weight, which may or may not have been similar with 
respect to sequence content, were observed to comi- 
grate. Therefore, only those bands that were clearly 
present in one parental species and absent in the other, 
as visualized on ethidium-stained gels, were included in 
the composite diagram. A composite was generated in 
order to utilize all of the available data. 

Analysis of the composite diagram (Fig. 3) allows 
several ovservations. Restriction patterns of the purified 
mtDNAs from all of the somatic hybrids are different 
from those of either parent. This observation is indica- 
tive of recombination and/or  rearrangement of the pa- 
rental genomes in the heterokaryons (Belliard et al. 

1979; Nagy etal. 1981; Galun etal. 1982; Boeshore 
et al. 1983; Rothenberg et al. 1985). Though 87% of the 
unique bands observed in the somatic hybrids are P. in- 

flata-specific, in no instance were all of the P. inflata- 
specific (or all of the P. parodii-specific) bands transmit- 
ted to a somatic hybrid mitochondrial genome, ruling 
out the possibility that a simple summation of the two 
genomes had occurred, or that one of the parental 
genomes had been transmitted in its entirety, without 
rearrangement. 

Hybridization analysis confirms and extends these 
conclusions. The autoradiogram in Fig. 4 illustrates sev- 
eral observations. The somatic hybrids all contain one 
band that is specific to P. inflata. They also contain two 
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Fig. 3. Diagram showing a composite of restriction pattern dif- 
lerences between P. inflata, P. parodii, and somatic hybrid 
mtDNAs. Lanes labelled with numbers represent individual 
somatic hybrid lines. This composite represents the sum of dif- 
ferences detected using five enzymes (see text). Individual 
bands representing pattern differences are labelled as follows: 
s (Sst 1), e (EcoR 1),p (Pvull), m (Sma 1), and b (Bgl 1) 

P. parodii-specific bands, although in varying stoi- 
chiometries. One band, common to both parents, is 
present in all somatic hybrids; a single P. parodii-spe- 
cific band is missing in all somatic hybrids. 

The visualization of  "novel"  bands in restriction pat- 
terns of  somatic hybrid mtDNAs has been presented as 
evidence for intermolecular recombination between the 
two parental mt  genomes in the generation of  the so- 
matic hybrid mt genome (Belliard et al. 1979). A 15kb 
novel band is present in the somatic hybrid genomes 
represented by SH15-2g and SH15-2v in the autoradio- 
gram in Fig. 4. Thus two indications exist (as rep- 
resented in this autoradiogram) suggesting that in- 

termolecular recombination has occurred between the 
two parental mt  genomes: the presence of  bands spe- 
cific to both parental  genomes, and the presence of  a 
novel band. 

The pattern of  occurrence of  the 15kb novel band in 
the autoradiogram in Fig. 4 provides direct evidence for 
differential sorting-out of  the mitochondrial  genome in 
regenerating plantlets. Lines 15-2g, 15-2v, and 15-4 are 
all derived from callus tissue that was produced from a 
single fusion event. Lines 15-2g and 15-2v contain the 
15kb novel band. This band was not detected in line 15- 
4. The mtDNAs represented on this autoradiogram 
were purified from suspension cells; lines 15-2g and 
15-2v were two different suspension lines derived from 
different cuttings of  the original 15-2 regenerate. The 
fact that the novel band was present in two different ex- 
plants from one of  the regenerates indicates that its oc- 
currence was not a tissue culture artefact (confirmed by 
hybridization to total D N A  extracted from leaves, data 
not shown). 

To examine the possibility that spontaneous re- 
arrangements in the m t D N A  of  cultured cell lines had 
contributed to the variability observed in the somatic 
hybrid restriction patterns, m t D N A  was extracted from 
lines 80-11-2 (the 2n sexual hybrid; P. parodii as female 
parent  crossed with P. inflata as male parent), 77-2 (P. 
parodii regenerated from mesophyll  protoplasts), and 
77-22-4x-3 (a tetraploid P. parodii line). The restriction 
patterns of  these lines were compared  to those of  nor- 
mal  diploid P. parodii with three enzymes; no dif- 
ferences were detected between P. parodii m t D N A  and 
any of  these lines (data not shown). Therefore, spon- 
taneous changes did not occur in the m t D N A  restriction 
patterns during regeneration from protoplasts, or in the 
presence of  the sexually produced hybrid nucleus or a 
tetraploid P. parodii nucleus. 

Discussion 

Chloroplast genomes 

Kumar et al. (1982) analyzed purified cpDNA from three dif- 
ferent somatic hybrids (P. parodii + P. hybrida, P. 
parodii + P. inflata, and P. parodii + P. parviflora) using the 
enzymes HpalI and BamH1. Each somatic hybrid line tested 
was derived from several plants propagated from a single fu- 
sion product, and only the P. parodii chloroplast genome was 
detected in each of these somatic hybrids. Visual detection of a 
band representing a minority cpDNA population in a mixture 
of two restricted chloroplast DNAs on ethidium-stained gels 
permits resolution to within about 5% in cases where the 
species-specific bands do not comigrate with other bands 
(Scowcroft and Larkin 1981). 

The analysis presented here parallels the ob- 
servations of  K u m a r  etal .  (1982) on their P. 
parodii + P. inj7ata somatic hybrid, while extending the 
limit of  detection to 0.5%. 
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Fig. 4. Autoradiogram showing hybridization of a 
cloned 9.5 kb BamH 1 fragment of P. hybrida mtDNA 
(plasmid p 133ECll; Boeshore et al. 1983) to BstEII 
digests of parental and somatic hybrid mtDNAs. Ab- 
breviations are as described in Fig. 1. Approximately 
2 ~tg mtDNA was loaded in each well. Electrophoresis 
was performed in 0.9% agarose at 70 V for about 20 h 

As discussed by Schnabelrauch et al. (1985), some of 
the somatic hybrids used in this study exhibited such 
morphological aberrations as corolla and leaf pigment 
variegation, floral dimension changes, and reduced pol- 
len viability. The phenotypic changes were postulated to 
be a result of cytological instability in a biparental cyto- 
plasm, nuclear-cytoplasmic genomic incompatibility, or 
a phenomenon similar to hybrid dysgenesis occurring as 
a result of somatic fusion. Leaf variegation was ob- 
served in 27% of P. parodii + P. inflata somatic hybrid 
regenerates. The results presented here rule out the pos- 
sibility that the variegation is due to the presence of 
chlorophyll-deficient P. inflata plastids. The P. inflata 
albino parental line had been previously suggested to 
harbor a cytoplasmically-inherited chlorophyll de- 
ficiency (Power et al. 1979; Kumar et al. 1982); in con- 
trast, the results presented here indicate that the chloro- 
phyll deficiency is nuclear-encoded. First, the P. inflata 
chloroplast genome was detected neither in green nor in 

variegated somatic hybrid plants. Second, progeny ob- 
tained from a somatic hybrid by self-pollinating flowers 
on nonvariegated branches segregated for chlorophyll 
deficiency; the albino progeny exhibited the cpDNA re- 
striction pattern of P. parodii. The latter result suggests 
that the P. inflata albino parent harbored a recessive 
nuclear mutation that was expressed in the somatic 
hybrid progeny only in the homozygous condition. In 
addition, P. inflata albino plants maintained in culture 
over a period of four years occasionally exhibited small, 
well-defined green spots (E. Clark, unpublished results). 
The observed pattern was indicative of reversion of a 
nuclear mutation rather than vegetative segregation of a 
chloroplast genome that had reverted to a green pheno- 
type; the complex multiple-cell-lineage chequered pat- 
tern characteristic of chloroplast sorting-out (Kirk and 
Tilney-Bassett 1978) was never observed. 

In several published cases, there existed an apparent bias 
in favor of one parental chloroplast type in somatic hybrid re- 
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generates, evidenced by the exclusive presence of one chloro- 
plast genome in all regenerates (Evans et al. 1980; Maliga et al. 
1980; Bonnett and Glimelius 1983; Clark etal. 1985). 
Scowcroft and Larkin (1981) discussed the factors which might 
influence the outcome of chloroplast segregation, including nu- 
cleocytoplasmic incompatibilities between species, physiologi- 
cal differences in the states of parental protoplasts, and selec- 
tion pressures intrinsic to the fusion protocol. 

Several factors may  have contributed to the exclu- 
sive presence of  P. parodii cpDNA in the somatic 
hybrids analyzed in this study. The selection system 
utilized as part  of  the fusion protocol involves selecting 
green calli from a white background,  which automati-  
cally excludes tissue that does not contain either a pre- 
ponderance of  P. parodii chloroplasts or P. inflata chlo- 
roplasts that exhibit a restored photoautotrophy.  It is 
possible that the P. parodii nuclear genome present in 
the tetraploid somatic hybrid nucleus was not capable 
of  restoring photoautot rophy to the P. inflata plastids. 
This question cannot be tested by sexual crosses because 
the two species are unilaterally cross-incompatible; 
sexual hybrids can only be generated using P. parodii as 
the female parent  (Sink et al. 1978). It is unlikely that 
nuclear-cytoplasmic incompatibili ty per  se is a factor in 
the cross-incompatibility, however, since the two species 
exhibit a pre-zygotic mode of reproductive isolation. 

The physiological state of  protoplasts used in the 
fusion protocol may  also have influenced the chloro- 
plast composition of the fusion products; P. parodii pro- 
toplasts were derived from leaf mesophyll,  while P. in- 
flata protoplasts were derived from suspension cells. It 
is possible that a difference in the number  and /o r  re- 
production rate of  plastids in the two cell types influ- 
enced the sorting-out process (Clark et al. 1985). 

Mitochondrial genomes 

Belliard et al. (1979) showed that the mtDNA restriction pat- 
terns of nine Nicotiana somatic hybrids differed from those of 
the parental genomes, providing the first evidence for recombi- 
nation of plant mitochondrial genomes. Galun et al. (1982) ob- 
tained similar results in an analysis of the mtDNA restriction 
patterns of seven Nicotiana somatic hybrids. Nagy et al. (1981) 
used a plasmid containing E. eoli rDNA as a probe in hybridi- 
zations to restricted parental and somatic hybrid mtDNAs, and 
obtained hybridization to novel bands present only in the so- 
matic hybrid mtDNAs. Using cloned mtDNA fragments, Boe- 
shore et al. (1983) showed that a set of Petunia somatic hybrid 
mtDNAs consisted of novel combinations of restriction frag- 
ments derived from both parents. Rothenberg et al. (1985) later 
provided direct evidence that a mtDNA region in one of these 
Petunia somatic hybrids was derived from intermolecular re- 
combination. 

The results in the analysis presented here differ from 
previous observations in two respects. First, within the 
eight lines examined, there was little heterogeneity in 
restriction pattern; two lines were indistinguishable (so- 
matic hybrids 14-3 and 20-1; d iagrammed in Fig. 3). Of  
the 34 unique bands detected in the somatic hybrids us- 
ing 5 enzymes (Fig. 3), 28 were present in all somatic 

hybrids tested. However,  some variation was observed 
between lines derived from the same fusion product; re- 
striction patterns of  lines 21-1 and 21-5 differed (di- 
agrammed in Fig. 3), and lines 15-2 and 15-4 exhibited 
different patterns of  hybridization to plasmid p133EC11 
(Fig. 4). Second, a majority of  parental-specific m t D N A  
bands were derived from P. inflata, in contrast to the 
chloroplast genome, which exhibited only the P. parodii 
restriction pattern. A P. parodiix P. inflata hybrid nu- 
cleus can support  a P.parodii cytoplasm, which suggests 
that any selection pressure in favor of  the P. inflata 
mitochondrial  genome is not a result of  nu- 
cleocytoplasmic incompatibility. 

Consideration of  the models  of  organization of  the 
Brassica (Palmer and Shields 1984) and maize (Lons- 
dale et al. 1984) mitochondrial  genomes suggests that a 
site-specific recombination system may  govern the ma- 
jority of  intramolecular  recombinat ion events in these 
systems. Lonsdale etal .  (1984) observed that, while 
there are other repeat  sequences present in the maize 
mt  genome, intramolecular recombinat ion appears  lim- 
ited to certain repeats. I f  recombinat ion is site-specific 
and is thus limited to certain repeat  sequences, then in 
order to achieve intermolecular recombination between 
two different mt  genomes there must  be a shared repeat 
sequence between them. The degree of  m t D N A  re- 
striction pattern heterogeneity possible within a given 
set of  somatic hybrid plants may  therefore be a re- 
flection of the number  of  shared repeat  sequences in- 
volved in recombination. Further  investigation of the 
structure of  somatic hybrid mitochondrial  genomes 
should define the nature of  the recombinat ion events 
which have generated their novel organization. 
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