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Abstract Cytoplasmic hybrids (cybrids) in a novel in-
ter-generic combination, Nicotiana tabacum (+Hyoscya-
mus aureus), were generated by fusion of protoplasts
from a plastome tobacco albino mutant (line R100al)
and y-irradiated green protoplasts of H. aureus. Cybrids
possessed a plastome of H. aureus and a rearranged mi-
tochondrial DNA. The cybrids displayed a syndrome of
nucleo-plastome incompatibility expressed as a partial
chlorophyll-deficiency of cotyledonary and true leaves at
the early stage of vegetative development of plants
grown from seeds in soil. During later development, the
plants restored a normal green coloration. This character
is phenotypically indistinguishable from the same syn-
drome in previously generated cybrids N. tabacum (+H.
nigrum). In contrast to the cybrids N. tabacum (+H. nig-
rum), cybrids N. tabacum (+H. aureus) were self-fertile,
and did not manifest other features that were interpreted
as nucleo-mitochondrial incompatibilities in N. tabacum
(+H. nigrum) plants. Therefore, the cybrids N. tabacum
(+H. aureus) present a self-propagating system of Nicoti-
ana (+Hyoscyamus) nucleo-plastome incompatibility in
its pure form.

Keywords Nicotiana/Hyoscyamus - Cybrids - Fertility -
Nucleo-cytoplasmic incompatibility - Maternal
inheritance - Evolution

Communicated by R. Hagemann

M.K. Zubko and E.I. Zubko contributed equally to this work

M.K. Zubko (2) - E.I. Zubko - Yu.Yu. Gleba

International Institute of Cell Biology, Zabolotnogo Str. 148,
252143 Kiev-143, Ukraine

e-mail: mikhajlo.zubko@man.ac.uk

Tel.: +44-161-2755134, Fax: +44-161-2753938

Present address:

M.K. Zubko, School of Biological Sciences,

Manchester University, G38 Stopford Building, Oxford Road,
Manchester M13 9PT, UK

Introduction

Inter-specific sexual hybridization in Oenothera (Stubbe
and Herrmann 1982; Stubbe 1989), Pelargonium (Metzl-
aff et al. 1982), Zantedeschia (Yao and Cohen 2000) and
other genera (Kirk and Tilney-Bassett 1978) established
that a plastid genome could be functionally incompatible
with the nuclear background of certain species. The nu-
clear-plastome incompatibility in such hybrids prevents
the complete differentiation of chloroplasts, that results
in chlorophyll-deficiency, virescence or variegation.
Sometimes, incompatibility effects are not pronounced
phenotypically but are detectable by the decreased func-
tioning of the photosynthetic apparatus (Glick and Sears
1994). The phenomena of the nucleo-plastome incom-
patibility together with nucleo-mitochondrial incompati-
bilities, mostly expressed as a different CMS (Hanson
1991; Vedel et al. 1994), have demonstrated the genetic
co-operation between nuclear, plastidial and mitochon-
drial genomes. This, originally genetic concept now ac-
tively expands due to molecular and biochemical studies,
suggesting new trends in the elucidation of co-operative
developmental and metabolic pathways and their signal-
ling (Poyton and McEwen 1996; Leon et al. 1998;
Mackenzie and McIntosh 1999).

In the examples described above, the incompatibili-
ties occur between plastomes and nuclear genomes of re-
lated species whose nuclear hybridity could be estab-
lished via sexual crosses. Since most species of the men-
tioned genera are characterised by biparental inheritance
of plastids, their hybrids might contain nuclear genomes
and plastomes from both parental species. Depending on
the proportion of plastids from each parent, the syn-
drome of plastome-genome incompatibility could be ex-
pressed as different degrees of chlorophyll-deficiency in
pure or mosaic phenotypes. Genetic studies revealed a
differential contribution of nuclear genomes and plas-
tomes to the expression of incompatible phenotypes
(Kutzelnigg and Stubbe 1974; Stubbe 1989), with multi-
ple gene control of incompatibilities (Yao and Cohen
2000). The general limitation of the above systems for



multidisciplinary studies is the genetic complexity of hy-
brids due to biparental inheritance of the cytoplasm and
highly heterozygous nuclear genomes.

Alternative models on nucleo-cytoplasmic interactions
emerged from alloplasmic cybridization by protoplast fu-
sions (Gleba and Sytnik 1984; Kumar and Cocking 1987,
Medgyesy 1994). Cybrids present some advantageous
possibilities for studying interactions between genetic
compartments. (1) A nuclear genome of only one parent
could be combined with only a plastome of another parent
(mitochondria might be either of a parental type or recom-
binant). (2) Parental species for somatic cybridization
could be taxonomically very distant and sexually incom-
patible (for instance, from different genera or tribes). (3)
There is a possibility that nucleo-organelle incompatibili-
ties could be overcome by recombination of organelle
DNA (Medgyesy 1994). (4) In most systems available for
somatic cybridization, inheritance of the cytoplasm is ma-
ternal and, therefore, their genetic analysis is quite simple.

In many cases, the transfer of even distant plastomes
results in normally green cybrid plants (Glimelius and
Bonnett 1986; Kushnir et al. 1987; Thanh et al. 1988;
Babiychuk et al. 1995; Dragoeva et al. 1999). However,
deviations in the composition and functioning of their
photosynthetic apparatus (Kushnir et al. 1987; Babiychuk
et al. 1995; Peter et al. 1999) suggest compartmental in-
compatibilities at molecular and physiological levels. In
some combinations, cybrids could not be generated be-
cause of severe nucleus-cytoplasm incompatibilities
(Kushnir et al. 1991; Perl et al. 1991; Wolters et al. 1993;
Medgyesy 1994).

One of the first examples of phenotypically pro-
nounced nucleo-organelle incompatibility in cybrids be-
came apparent after regeneration of chlorophyll-deficient
potato plants combining a nuclear genome of Solanum
tuberosum with a plastome and chondriome of Solanum
brevidence (Perl et al. 1990). The well-documented cyb-
rid combination Atropa belladonna (+Nicotiana taba-
cum) presents a similar incompatibility system where the
tobacco plastome is genetically intact but photosyntheti-
cally knocked out into the nuclear background of A. bel-
ladonna (Kushnir et al. 1991). The white cybrids from
both combinations are only able to grow heterotrophical-
ly in an aseptic culture. Viable in soil cybrids N. taba-
cum (+Hyoscyamus niger) were reported as a system
with a distinct complex of nucleo-organelle incompati-
bilities (Zubko et al. 2001). The transient pigment defi-
ciency of N. tabacum (+Hyoscyamus niger) cybrids was
attributed to nucleo-plastome incompatibility, while dif-
ferent developmental modifications of CMS flowers re-
flected nucleo-mitochondrial incompatibilities. Here we
report on self-fertile cybrids in a similar combination N.
tabacum (+Hyoscyamus aureus) that manifests the tran-
sient pigment deficiency but with no other phenotypic
characteristics controlled by mitochondria in the cybrids
N. tabacum (+H. niger). Therefore, the plants N. taba-
cum (+H. aureus) represent a minimised self-maintaining
system on nucleo-plastome incompatibility in an interge-
neric combination Nicotiana (+Hyoscyamus).
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Materials and methods
Plant material, protoplast fusion and selection of cytoplasmic hybrids

Wild-type H. aureus L. (Marburg, Germany) was used as a donor
of cytoplasm in protoplast fusion experiments. The albino plas-
tome mutant of N. tabacum L., line R100al (Zubko et al. 1991)
was used as a recipient. Aseptic plants of both species were propa-
gated on basal Murashige and Skoog medium with 30 g/l of su-
crose at a temperature of 25°C and illumination regime 10/14 h of
darkness/light.

Isolation and fusion of protoplasts from aseptic leaves were
performed according to the previously described procedure
(Zubko et al. 1996). Protoplasts of H. aureus were y-irradiated at
the dose of 200 Gr prior to fusion. The selection of cytoplasmic
hybrids was based on the screening green colonies (Zubko et al.
1996) with tobacco morphology.

Backcrosses and self-pollinations

Several hybrid lines with good growth and rooting capacity in vit-
ro were transferred to soil and studied further. For self-pollination,
the stigmas were treated with pollen from the same flowers, and
self-pollinated plants were kept separately. For backcrosses, emas-
culated flowers were pollinated with pollen of N. tabacum (culti-
vars Lehija and Wisconsin 38).

Analysis of cpDNA and mtDNA

Total DNAs isolated from aseptic leaves according to Dellaporta
et al. (1983) were digested with the enzymes BamHI, HindIIl and
Pstl + Sall. DNA digests fractionated by electrophoresis in 0.8%
agarose gels were blotted on a Hybond* membrane and hybridized
with 32P-labelled probes at 65°C as described before (Zubko et al.
2001). For cpDNA analysis, a filter containing Pstl + Sall digests
was hybridized with a 1.75-kb EcoRI fragment of the rbcL plastid
gene from spinach (Zurawski et al. 1981). The plasmid was a gift
from Dr. [.K. Komarnitsky, Kiev. For analysis of mtDNA, blots of
DNA digested with BamHI and HindIIl were probed with a 1.0 kb
BamHI fragment of the atpo. gene and a 2.2-kb EcoRI fragment of
the nad3/rpsi2 gene cluster from Arabidopsis (kindly provided by
Dr. W. Schuster, Berlin).

Analysis of nuclear ribosomal DNA

The filter with Pstl + Sall DNA digests was re-probed with an
0.5 kb Pstl + EcoRI fragment of plasmid pUL7 with cloned rDNA
of Citrus lemon (Kolosha and Fodor 1986). The plasmid was kind-
ly provided by Dr. I.LK. Komarnitsky. The conditions for hybridisa-
tion of the filter with the 32P-labelled rDNA fragment were the
same as described before (Zubko et al. 2001).

Results

Selection of cytoplasmic hybrids N. tabacum
(+H. aureus) after protoplast fusions

Protoplasts of albino plastome tobacco mutant R100al
never recovered green plants in our previous experiments
(Zubko et al. 1991). Since protoplasts of H. aureus were
inactivated in their divisions by y-irradiation, all green
clones derived after fusing protoplasts of these two part-
ners were supposed to be either asymmetric hybrids or
cybrids always containing a plastid genome of H. aureus.
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Fig. 1 Inheritance of H. aureus plastome in cybrids. Total DNA
was isolated from N. tabacum Wisconsin 38 (lane 1), H. aureus
(lane 2), cybrid lines 6R20-15 (lane 3) and 6R20-32 (lane 4),
and two randomly selected plants from sexual progenies of line
6R20-15 (lanes 5 and 6). Pstl + Sall digests were separated
on agarose gels (1-3 ug of DNA per lane), blotted and hybridised
with the rbcL probe. The 1-kb DNA ladder was used as a marker

In total, 33 green colonies were selected from protoplast
fusions. They differed in the time of appearance and in
the mode of regeneration. Some of them regenerated into
plants within 2—3 months whereas others did not form ac-
tual plants on regeneration media even after 1 year.
Twelve lines of plants were recovered with a relatively
normal morphology characteristic for tobacco. They all
exhibited identical patterns of amylase and aspartate-ami-
notranspherase isozymes of the tobacco type (Zubko
1992). The plants were able to grow in the soil. Most of
them were classified as asymmetric nuclear hybrids on
the basis of irregular leaf/flower morphologies, sterility
and the presence of characteristic H. aureus bands in their
esterase isozyme patterns (Zubko 1992). Three lines,
6R20-06, 6R20-15 and 6R20-32, with the most regular
morphology and tobacco isozyme patterns, were further
analysed as putative cybrids.

Analysis of organelle genomes

The lines 6R20-06, 6R20-15 and 6R20-32 were propa-
gated by cuttings in vitro and grown in soil for back-
crossing with wild-type tobacco, in order to maximise
the purity of the tobacco nuclear genome within the
plants. We found the flowering and fertility of the line
6R20-32 not effective enough to continue the pollination
experiments. The lines 6R20-06 and 6R20-15 produced
reasonable amounts of seeds after the backcrosses.

Figure 1 shows a blot-hybridisation analysis of the
plastome type in the plants. The banding patterns of PszI
+ Sall DNA digests probed with the rbcL plastid gene
fragment are clearly different in the parental plants, N.
tabacum (lane 1) and H. aureus (lane 2). Lines 6R20-32,
6R20-15 and their backcross progenies (lanes 3—6) dis-
played the same patterns as H. aureus. There were no
differences in the HindIII restriction patterns of cpDNA
from H. aureus and the cybrids (data not shown). These
results revealed inheritance of the H. aureus plastome
type within the cybrids.

The analysis of mitochondrial genomes is shown in
Fig. 2. The hybridisation patterns of BamHI-digested
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Fig. 2a—c¢ Rearrangement of mtDNA in the cybrids. DNA was
isolated from N. tabacum albino recipient line R100al (lane 1),
green tobacco Wisconsin 38 (lane 2), H. aureus (lane 3), cybrid
lines 6R20-15 (lane 4) and 6R20-32 (lane 5). (a) BamHI DNA di-
gests (hybridisation with the azpa probe); (b) BamHI DNA digests
(hybridisation with the nad3/rpsi2 probe); (¢) Hindlll DNA di-
gests (hybridisation with the nad3/rpsi2 probe). Lanes contained
3-4 ug of DNA. The 1-kb DNA ladder was used as a marker

DNA from the N. tabacum (+H. aureus) lines probed
with atpo. and nad3/rps12 gene fragments (lanes 4, 5)
are very similar to those in tobacco (lanes 1, 2).

The DNA digested with HindIIl and probed with the
nad3/rpsi2 fragment showed different banding patterns
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Fig. 3 Southern-blot hybridisation of the cybrid DNA with nucle-
ar rDNA probe. The lanes on the filter contain PstI + Sall digests
of total DNA isolated from N. tabacum Wisconsin 38 (lane 1), H.
aureus (lane 2), cybrid lines 6R20-15 (lane 3) and 6R20-32 (lane
4), and two plants from sexual progenies of line 6R20-15 (lanes 5
and 6)

for the lines 6R20-15 and 6R20-32, which suggests rear-
rangements in their mtDNA (Fig. 2).

Analysis of nuclear ribosomal DNA

To provide molecular evidence supporting the tobacco-
based nuclear constitution of the cybrids, we hybridised
Pstl + Sall-digested DNA of lines 6R20-32, 6R20-15
and several backcross progenies with the ribosomal
DNA repeat of lemon (Fig. 3). All N. tabacum (+H. au-
reus) plants manifested the rDNA pattern of tobacco.
These data are in agreement with the previous analysis
of nuclear-encoded isozymes (Zubko 1992) showing the
cybrid nature of the plants analysed.

Partial chlorophyll-deficiency and self-fertility
of the line 6R20-15

All initial N. tabacum (+H. aureus) plants recovered af-
ter protoplast fusions displayed phenotypes similar to to-
bacco when growing in vitro. Since most of 6R20-plants
manifested different features of asymmetric nuclear hy-
brids or reduced fertility in the soil, they were excluded
from pollination experiments. Two lines, 6R20-6 and
6R20-15, with characteristics of true cybrids were back-
crossed with wild-type tobacco after emasculation of
their flowers before opening. Seeds collected after back-
crossing both lines were germinated in soil (at the light
intensity of 180-200 umol x m=2 s-!) and in vitro. The
germinating seedlings were yellow coloured from the
cotyledonary leaf stage. The first true leaves became
greener in seedlings growing in vitro. The true leaves of
plantlets in soil remained yellow (Fig. 4a) for about 4
weeks. The morphology of the leaves in the studied
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Fig. 4a—c Morphology of cybrid plants N. tabacum (+H. aureus).
a Three week-old seedlings of the cybrid line 6R20-15 manifest-
ing partial chlorophyll-deficiency. b Eight week-old plant
of the line 6R20-15 with a restored green colour of leaves. ¢ Flow-
ering plant of the cybrid line 6R20-15

plants was of the tobacco type. After 5 weeks of growth
in the soil, the leaves gradually became more green, and
after 8 weeks their coloration (Fig. 4b) was comparable
to the colour of the control tobacco leaves. The growth
of the plants during the stage of pigment deficiency was
obviously delayed, so their final size was smaller than
the size of the wild-type tobacco. When germinating and
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growing under dim light (10-20 umol x m=2 s-!), the
cybrid plants did not manifest the bleaching effect, simi-
lar to the cybrids N. tabacum (+H. nigrum) described
previously (Zubko et al. 2001).

The 6R20-6 line was occasionally lost during the veg-
etative stage of the first backcross. Plants of the line
6R20-15 formed normal flowers of the tobacco type
(Fig. 4c). Surprisingly, their anthers produced substantial
amounts of pollen grains. The pollen was used for self-
pollination of 6R20-15 plants. Self-pollinated flowers
produced seeds (500-700 per seed capsule) that were
germinated in the soil. The seedlings and young plants
manifested the same reduction in pigmentation as the
progeny from the backcross. These plants were self-pol-
linated during flowering, and they were also self-fertile.

The seed progenies after the second round of back-
crossing displayed the same phenotypes as the plants
from the first backcross and the progenies after self-pol-
lination. These experiments reveal self-fertility of the N.
tabacum (+H. aureus) cybrid as well as maternal inherit-
ance of the pigment-deficiency syndrome.

Discussion

We describe here self-fertile distant cybrids N. tabacum
(+H. aureus) that manifest a maternally inherited syn-
drome of developmentally regulated chlorophyll-defi-
ciency co-segregating with the plastome of H. aureus
and, therefore, could be interpreted as a nucleo-plastome
incompatibility. Cybrids from a taxonomically similar
parental combination, N. tabacum (+H. nigrum), pos-
sessed the same syndrome of the transient pigment-defi-
ciency associated with the H. nigrum plastome as well as
a diverse complex of nucleo-mitochondrial incompatibil-
ities causing a morphologically different CMS (including
homoeotic phenotypes) and vegetative alterations of the
plants (Zubko et al. 2001). However, due to the com-
plexity of the incompatibility syndrome in the N. taba-
cum (+H. nigrum) cybrids, a precise consideration of the
differential contribution of both organelle genomes to
particular components of the incompatibility syndrome
was quite difficult, especially because of possible inter-
actions between the plastome and chondriome effects
(Zubko et al. 2001). The regular tobacco-type flower and
self-fertility of the N. tabacum (+H. aureus) line implies
the emergence of a mitochondriome that is highly com-
patible with the tobacco nuclear genome on the back-
ground of the H. aureus plastome. Therefore, due to a
minimised nucleo-mitochondrial incompatibility within
the N. tabacum (+H. aureus) line, the pigment-deficien-
cy and the associated retardation in growth are very like-
ly to be pure effects of nucleo-plastome incompatibility
in both groups of cybrids, N. tabacum (+H. nigrum) and
N. tabacum (+H. aureus). Currently, this makes N. taba-
cum (+H. aureus) cybrids the simplest genetic system for
studying nucleo-plastome incompatibility that is mater-
nally inherited. It overcomes the main limitations for ge-
netic and molecular studies in most of the incompatibili-

ty systems: i.e. the chimeric state of tissues, the lethality
of fully chlorophyll-deficient plants, genetic heterozy-
gosity and heteroplasmy. Self-maintenance of the N. fa-
bacum (+H. aureus) genome would allow genetic experi-
ments on complementation of the incompatibility syn-
drome. On the other hand, self-fertility of these plants in-
dicates a possibility for species-autonomous evolution of
nucleo-plastome incompatibility syndromes as compo-
nents of biological properties in the plant kingdom.

Cybrid plants possessing a nucleus of tobacco and
plastids from Petunia hybrida (Glimelius and Bonnett
1986; Dragoeva et al. 1999), Atropa belladonna (Kushnir
et al. 1987) and Salpiglossis sinuata (Thanh et al. 1988)
were fertile (Glimelius and Bonnett 1986; Kushnir et al.
1987; Thanh et al. 1988) or male-sterile (Thanh et al.
1988; Dragoeva et al. 1999). The emergence of male-
sterile and fertile plants within the same alloplasmic
combinations has been discussed in the relation to rear-
rangements of mtDNA. Alterations in the mtDNA of so-
matic hybrids are often based on recombination events
(Hanson 1991; Vedel et al. 1994). Mitochondrial DNA
within the self-fertile line 6R20-15 is rearranged in com-
parison to the mtDNA of tobacco and H. aureus, but
these alterations did not seem to be very extensive since
they were only detectable after hybridisation of HindlIII
DNA digests with a nad3/rpsi2 probe. The probing of
two other digests indicated the similarity of the cybrid
mtDNA with the tobacco mitochondrion. Non-signifi-
cant rearrangements of the tobacco-based mtDNA could
be a reason for self-fertility of the N. tabacum (+H. au-
reus) cybrids. However, it is still not clear whether any
distant cybrid lines in the taxonomically similar combi-
nation, N. tabacum (+H. nigrum), could be potentially
self-fertile, or whether specific rearrangements of
mtDNA are essential for establishing the alloplasmic
flower fertility.

Even an inter-specific parasexual cytoplasmic transfer
within the Nicotiana genus often leads to de novo CMS
generation due to mtDNA modifications (Aviv et al.
1984; Atanassov et al. 1998; Kumashiro et al. 1988).
Moreover, most CMS sources in Nicotiana derive from
inter-specific sexual backcrosses (Gerstel 1980; Kaul
1988). These facts of sterility in inter-specific cytoplas-
mic combinations, together with the self-fertility of inter-
generic N. tabacum (+H. aureus) cybrids, indicate that
criteria for nucleo-cytoplasmic incompatibility are not
strictly associated with the taxonomic distance that oc-
curs for the incongruity of nuclear genomes.

Despite recent progress in the elucidation of plastid
gene organisation and expression (Sugita and Sugiura
1996; Bruick and Mayfield 1999), as well as the identifi-
cation of nuclear genes controlling plastid development
(Reiter et al. 1994; Chatterjee et al. 1996; Keddie et al.
1996; Jarvis et al. 1998; Carol and Kuntz 2001; Kroll et
al. 2001), the genetic components involved in nucleo-
plastome incompatibilities are not yet known. Their
number is thought to be significant since many nuclear
genes participate in assembling the photosynthetic appa-
ratus (Martin and Hermann 1998). Hypothetically, hy-



brid nucleo-plastome incompatibilities could be caused
by the “mosaic” nature of plastid/nuclear protein com-
plexes due to their encoding by distant and, therefore,
functionally non-compatible genes (Babiychuk et al.
1995). In particular, the phylogenetic imbalance might
contribute to deviated gene dosages or altered RNA edit-
ing in plastids (Schmitz-Linneweber et al. 2001). Further
understanding of inter-compartmental interactions might
be facilitated due to the availability of new genetically
simple models. We believe that N. tabacum (+H. aureus)
cybrids could be a useful system, in which the nucleo-
plastome incompatibility is inherited uniparentally, pro-
nounced phenotypically and is not associated with other
incompatibilities.
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