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Abstract The plastid genome of angiosperms repre-
sents an attractive target for genetic manipulations.
However plastid transformation of higher plants, espe-
cially of agriculturally valuable crops is an extremely
difficult problem. Transformation protocols developed
for tobacco 15years ago failed to produce similar
results with more than a handful of other species so far.
We have analyzed plastid transformability of remote
cytoplasmic hybrids (cybrids) that combine nuclei of
tobacco, an easily transformable species, and plastids
of some other, recalcitrant Solanaceae species. Here,
we demonstrate that the plastids of five species of Sola-
naceae family, representing two subfamilies and three
tribes, can be easily transformed if the plastids of these
species are transferred into a cell of a transformable
species (tobacco). The results can be considered to be
an alternative approach to the development of plastid
transformation technologies for recalcitrant species
using a transformable intermediary (“clipboard”) host.
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Introduction

Plastid transformation is a powerful tool to obtain
plants with new properties and to study fundamental
aspects of plastid function. Plastids are the site of some
of the most important biosynthetic processes and
pathways, such as photosynthesis, photorespiration,
metabolism of amino acids, lipids, starch, carotenoids
and other isoprenoids, etc. Since there are many (up to
10°) copies of plastid DNA per plant cell, proteins
encoded by plastid transgenes can be expressed at a
very high level. Gene silencing, or the so-called posi-
tion effects, were not described for plastid genes. Thus,
the level of expression is much more predictable.
Unlike integration into the nuclear genome, integra-
tion of heterologous DNA into a plastome occurs via a
homologous recombination mechanism, thus allowing
very precise genetic manipulations. The risk of uncon-
trolled transgene release into the environment is
reduced since maternal inheritance of plastomes is typ-
ical for the majority of crop species (Birky 1995; Hage-
mann et al. 1998).
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High reproducible plastid transformation methods
have been reported mainly for tobacco. To our mind,
limitations of plastome transformation technology may
be caused by some technical problems (non-optimized
protocols of foreign DNA delivery; selection specificity
for every plant species, etc.). Tobacco is one of the
most easy-to-handle species for tissue culture manipu-
lations. One of the main reasons for its high transform-
ability might be the availability of an effective
regeneration system. Starting with pioneering work of
Svab et al. (1990), only 13 plastomes have been trans-
formed including Arabidopsis thaliana (Sidkar et al.
1998), Solanum tuberosum (Sidorov et al. 1999), Lyc-
opersicon esculentum (Ruf et al. 2001; Nugent et al.
2005), Brassica napus (Hou et al. 2003), Lesquerella
fendleri (Skarjinskaia et al. 2003), Petunia hybrida
(Zubko et al. 2004), Glycine max (Dufourmantel et al.
2004; Dufourmantel etal. 2005), Daucus carota
(Kumar etal. 2004a), Gossypium hirsutum (Kumar
et al. 2004b) and Lactuca sativa (Lelivelt et al. 2005). In
spite of the headily increasing number of plastome
transformed species during the last years, this technol-
ogy is still routine only for Nicotiana tabacum. In addi-
tion to marker and reporter genes, a number of
pharmaceutical and agronomically important genes
were introduced into the tobacco plastome. There are
among them the genes encoding human growth hor-
mone somatotropin (Staub et al. 2000), B subunit of
the cholera toxin (Daniell et al. 2001b), Bacillus thurin-
giensis (Bt) toxin gene (McBride et al. 1995; DeCosa
etal. 2001), and genes encoding synthesis of biode-
gradable polyester (Lossl et al. 2003; Arai et al. 2004).
Some systems of marker gene elimination and antibi-
otic-free selection have also been reported for tobacco
plants (Daniell et al. 2001a; Hajdukiewicz et al. 2001;
Corneilly et al. 2001; Klaus et al. 2004).

We propose here an approach of plastid transforma-
tion using remote hybrids (cybrids) carrying tobacco
nuclei and plastids of other Solanaceae species. This
approach makes it possible to combine tobacco’s high
regeneration and transformation potential with the
possibility to introduce transgenes into the plastomes
of other (recalcitrant) species.

Materials and methods

Plant material

Four intertribal cybrids combining the nucleus of
tobacco, N. tabacum, and plastids of Atropa belladonna,

Scopolia carniolica, Lycium barbarum, or Physochlaina
officinalis have been obtained earlier (Kushnir et al.
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1987; Babiychuk et al. 1995) and were kept in the in
vitro plant germplasm bank of the Institute of Cell Biol-
ogy and Genetic Engineering (Kiev, Ukraine). Seeds of
cybrids combining N. tabacum nucleus and chloroplasts
of S. sinuata (Thanh and Medgyesy 1988) or recombi-
nant tobacco/potato (“potacco”) chloroplasts (Thanh
et al. 1989) were kindly provided by Dr. Peter Medgy-
esy (Biological Research Centre of Hungarian Acad-
emy of Sciences, Szeged, Hungary). Aseptic plants were
obtained from seeds and were kept on MS (Murashige
and Skoog 1962) hormone-free-medium and subcul-
tured every 3—4 weeks.

Vector DNA

Plastid transformation vectors pCB033 and pICF5822
(Fig. 3a) were obtained from Prof. H.-U. Koop (Insti-
tute of Botany, Munich University, Munich, Ger-
many). The insertion cassette of the pCB033 plasmid
contains selective gene of aminoglycoside-3'-adenylyn-
transferase (aadA) gene, tobacco 16S rDNA promoter
(Prrn) and 3'-rbcL UTR of Chlamydomonas reinhardii
plastome. The cassette is flanked by rpl32 and trnL
genes of the tobacco plastome for targeting aadA gene
to this specific region of the chloroplast genome. The
pICF5822 vector includes selective aadA and reporter
gene of B-glucuronidase (uidA) genes. The transgenes
are targeted downstream of psbA [gene of D1-protein
(PS II)] and are transcribed as an operon. RBS is
located upstream aadA gene and rps19/rpl22 spacer
sequence is placed upstream of uid A gene (Fig. 3a).

Protoplast isolation, transformation and culture

Fully expanded leaves of 3-4-week-old plants were
used for transformation experiments. Protoplasts were
isolated and cultured according to standard recommen-
dations (see, e.g., Sytnyk et al. 2005).

The protoplast transformation protocol was based on
the method described by Koop et al. (1996) with some
modifications. The density of protoplast suspension was
adjusted to 10° cells/ml. The suspension (100 pl) was
transferred to the lower edge of the tilted 6-cm Petri
dish, and plasmid DNA (25 ul, 2 pg/ul) was added.
Then, the suspension was mixed up with a pipette, and
125 ul of polyethylene glycol (PEG) solution was added
dropwise. In 10-12 min incubation, 2-3 drops of trans-
formation buffer were added (the suspension should not
be mixed up) and after that 2-5 drops of W5 solution
(Medgyesy et al. 1980) were added every 3-5 min until
the dish was almost filled (approx. 3 ml). The dish was
left in the hood for 1-3 h without mixing the suspen-
sion. After washing from PEG, protoplasts were
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incubated in liquid medium at a cell density of 2-3x10*
cells/ml, room temperature and low light intensity.
Modified MS medium was used for cultivation of pro-
toplasts and cell colonies (MSM: macro- and micronu-
trients of MS medium, 200 mg/l myoinositol, 1 mg/l
thiamine-HCI, 1 mg/l pyridoxine-HCI, 1 mg/l nicotinic
acid, 0.5mg/l Ca-panthotenate, 0.02 mg/l biotin).
Osmotic pressure was gradually reduced during the cul-
tivation (Table 1). At the beginning of the culture, the
protoplasts and cell colonies were subcultured in the
liquid filter sterilized media (MSM1-MSM3, Table 1).

After that, colonies were transferred to the solidified
medium (MSM4). Subsequent passages were per-
formed every 3 weeks on the MSMS5 medium until
green calli or shoot formation. Selective antibiotics,
100 mg/1 spectinomycin (Spe) and 100 mg/l streptomy-
cin (Str), were added into MSM2 and MSM3 media. In
the solid media, the concentration of selective agents
was increased to 300 mg/l Spe and Str each.

Protoplast fusion and cell culture

Mesophyll protoplasts of transformed N. tabacum (+S.
sinuata) cybrids and S. sinuata wild type plants were
isolated as described above. Leaves of the plastome
donor were y-irradiated with the dose of 500-600 Gy.
Protoplasts were fused as described earlier (Menczel
etal. 1981) and cultured in KM8p medium (Kao and
Michayluk 1975). After approximately 1 month of cul-
tivation in the liquid medium, cell colonies were trans-
ferred to the agar-solidified MS medium supplemented
with 0.2 M mannitol, 0.5 mg/l zeatin and 0.5 mg/l NAA.
Subcultures were performed using the same medium,
mannitol-free, containing 1 mg/l zeatin and 0.1 mg/l
NAA. Regenerated shoots were rooted on hormone-
free MS medium. Selection was started on the 5th—7th
day of protoplast culture (when the first cell divisions
were observed). The liquid media were supplemented
with 100 mg/l Spe and 100 mg/I Str. In the solid media,
the concentration of selective antibiotics was increased
to 200 mg/1 of Spe and Str each.

Table 1 MSM1-MSMS5 media composition

Chloroplast, mitochondria and nuclear DNA analyses

Plasmid DNA was isolated using the Qiagen tip 500
plasmid kit (Qiagen, Hilden, Germany) according to
the manufacturer instructions. Total plant DNA was
isolated following Cheung et al. (1993) protocol. DNA
was analyzed by PCR and PCR-RFLP.

The presence of foreign DNA sequence in the anti-
biotic resistant clones was analyzed using the pairs 1-3
of synthetic oligonucleotides (Table 2). PCR-RFLP
analysis for the trnl-ndhD (genes of Leu-tRNA and
NADH-dehydrogenase ND4 subunit) sequence was
applied to distinguish the plastomes investigated here
using primer pair 4 and restriction endonucleases Eco
471, Haelll, Styl, Pvu, Hpall, EcoRI and Dral. To ana-
lyze mitochondria origin in transplastomic S. sinuata
plants, the mitochondrial ndh1, ndh4, ndh5 and ndh7
gene sequences were compared. Fragments were
obtained by PCR amplification (primer pairs 5-8) and
digested with EcoRI, BamH1, Hind 111 (ndhl frag-
ment), Mspl, Rsal, Dral, Ssp1 (ndh4 fragment), EcoRI,
Dral, Sspl (ndh5 fragment) and Maelll, Msol, BamHI,
Hindlll, Dral (ndh7 fragment). RAPD-PCR analysis
of nuclear DNA of transplastomic S. sinuata plants was
performed using primer pairs 9-12. Fragment of inter-
nal transcribed spacer (ITS) amplified with primers of
pair 10 was treated with Dral restriction endonuclease.
Primer sequences are represented in Table 2.

Southern Blot analysis was performed with DNA
extracted from S. sinuata transplastomic and wild type
plants. Total DNA was digested with Ncol (Fig. 3a),
fractionated by electrophoresis and transferred to
nylon membranes (Gene Screen, NEN Life Science
Products) under alkaline conditions using a VacuGene
XL apparatus (Pharmacia LKB). The fragments were
detected by hybridization with Biotin ULS labeled
probe (Biotin ULS Labaling Kit, Fermentas). To syn-
thesize the DNA probe, the trnL-ndhD fragment was
amplified by PCR with primer pair 4 (Table 2). Then,
the trnL-ndhD PCR fragment was digested with
Haelll and the 473 bp fragment was isolated and

Medium Components Cultivation period
MSM1 MSM + 0.5 M glucose, 0.5 g/l casein hydrolysate, 0.5 g/l xylose, 0.1 g/l glycine, 1 week
0.5 g/INAA and 0.5 g/l BAP
MSM2 MSM1 + 0.4 M glucose instead of 0.5 M glucose 2 weeks
MSM3 MSM + 0.3 M mannitol, 60 mM glucose, 30 mM sucrose, 0.5 g/l hydrolysate casein, 2 weeks
0.1 g/INAA and 1 g/l BAP
MSM4 MSM + 0.15 M mannitol, 90 mM sucrose, 0.1 g/l NAA, 1 g/l BAP and 7% agar 3 weeks
MSM5 MSM + 60 mM sucrose, 0.1 g/l NAA, 1 g/l BAP and 7% agar Subculture every 3—4 weeks
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Table 2 Primer sequences

Sequence

Targeted site

Pair 1: CACTACATTTCGCTCATCGCC and TGCTGGCCGTACATTTGTACG
Pair 2: CCACCAACGCTGATCAATTCC and GTTTCAGGGTCTCTACTTTACGG
Pair 3: GCCAGCAACGTCGGTTCG and CGATCGAAAAGGAAATGTGAG

Pair 4: GTAGACACGCTGCTCTTAGG and CGCCAGATGTTCTATGGATAC
Pair 5: GCATTACGATCTGCAGCTCA and GGAGCTCGATTAGTTTCTGC

Pair 6: CAGTGGGTTGGTCTGGTATG and TCATATGGGCTACTGAGGAG

Pair 7: TTTTTTCGGACGTTTTCTAG and TTTGGCCAAGTATCCTACAA

Pair 8: GCTTTACCTTATTCTGATCG and TTCTTGGGCCATCATAGA

Random primer 9: (TCC) x 5

Pair 10: TCCTCCGCTTATTGATATGC and GGAAGTAAAAGTCGTAACAAGG
Pair 11: GGATGGGTGACCTCCCGGGAAGTCC and CGCTTAACTGCGGAGTTCTGATGGG

Random primer 12: (TTTAGGG) x 3

aadA

uid A—-psbA
aadA-yct5
trnL-ndhD
ndhl

ndh4

ndh5

ndh7

Satellite DNA
ITS rDNA

58S rDNA
Telomer sequences

labeled using the Biotin ULS Labeling Kit. The signal
was detected immunologically using chromogenic sub-
strates NBT and BCIP (Roche Diagnostics, Mann-
heim, Germany).

Results
Analysis of hybrid plants

Cybrid plants of N. tabacum (+Ph. officinalis), N. taba-
cum (+S. carniolica), N. tabacum (+L. barbarum) and
N. tabacum (+A. belladonna) were produced by trans-
ferring the corresponding plastids into the chlorophyll
deficient tobacco nuclear background using the
somatic hybridization method (Fig. 1). Resulting plants
have revealed both partial chlorophyll deficiency
(Fig. 1d) and natural photosynthetic capacity. In this

study the fully photoautotrophic plants, without any
visible bleaching, were used for transformation experi-
ments (Fig. 1e).

To confirm the plastid genome origin of cybrid plants
as well as to visualize the difference between the plastid
genomes of plastid donor species and those of the
nuclear host, restriction enzyme analysis of the trnl—
ndhD fragment of the plastid DNA was performed. The
tested N. tabacum (+S. sinuata), N. tabacum (+Ph.
officinalis), N. tabacum (+S. carniolica) and N. tabacum
(+L. barbarum) cybrids had their own digestion pat-
terns each of which was different from each other as
well as from the tobacco plastome (Fig. 2).

Transformation procedure

The method of PEG-mediated protoplast treatment
was chosen to introduce foreign genes into cybrid cells.

Fig.1 a Chlorophyll deficient tobacco plastid mutant used as
parent material for production of cytoplasmic hybrids. b One of
the plastome donors, A.belladonna. ¢ Fusion of green and albino
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mesophyll protoplasts. d, e Cytoplasmic hybrids produced by so-
matic cell fusion and following genetic segregation process
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Fig. 2 Chloroplast genome RFLP analysis of cybrids carrying
Lycium (L), Physochlaina (Ph), Scopolia (Sc) and Salpiglossis (S)
plastids as well as Nicotiana wild type (N). Digestion patterns of

We used the pCB033 plastome transformation vector
(Fig. 3a) in experiments with N. tabacum (+S. sinuata),
N. tabacum (+S. carniolica), N. tabacum (+Ph. offici-
nalis), N. tabacum (+“potacco”), N. tabacum (+A. bel-
ladonna), N. tabacum (+L.barbarum) plants; and we
also applied the pICF5822 construct for plastome
transformation of N. tabacum (+L.barbarum) cybrid.
Selection of resistant lines was performed using the
mixture of two antibiotics (spectinomycin and strepto-
mycin). During protoplast cultivation, the selective
pressure was gradually increased from 100 to 300 mg/1
of each antibiotic. The putative transformed colonies
were recovered after approximately 4 months of selec-
tion procedure. In general, the number of resistant
lines amounted to 1-3 cell lines per 10° treated protop-
lasts. The results of transformation experiments are
shown in Table 3.

N. tabacum (+8. sinuata), N. tabacum (+“potacco”),
N. tabacum (+A. belladonna) and N. tabacum (+L. bar-
barum) Spe-resistant colonies formed normally devel-
oped plants which were rooted on the medium
supplemented with 200 mg/l Spe and 200 mg/l Str
(Fig. 3b). N. tabacum (+S. carniolica) regenerated
plants have revealed bleached parts and have been
grown and rooted in the presence of the lower concen-
tration of selective antibiotic (200 mg/l Spe). Higher
selective pressure led to limited growth. The spe-resis-
tant cell line of N. tabacum (+Ph. officinalis) did not
regenerate on the selective medium but retained active
growth of green callus tissue (Fig. 3c).

Molecular analysis of putative transplastomic cybrids

The plant material was analyzed to test both the pres-
ence of the transgene in the plant genome and its inte-
gration into specific region of the chloroplast
chromosome. The presence of the internal part of
aadA gene in the total DNA of selected plants has
been shown for §. sinuata, Ph. officinalis, S. carniolica,
L. barbarum and “potacco” plastomes (Fig.3d, e).

Hpa 11

EcoRI

trnL-ndhD sequence (1,536 bp) are shown for restriction analy-
ses performed with Hae 111, Eco RI and Dra I enzymes

Unfortunately, transgenic state of N. tabacum (+A. bel-
ladonna) plastome has not been confirmed for any of
three resistant lines (data not shown). Site specificity of
transgene insertion has been tested by PCR with the
simultaneous use of the transgene-specific primer and
the primer specific to the adjacent sequence (see
Fig. 3a, primer locations are shown with arrows). Thus,
plastomes of S. sinuata, Ph. officinalis, S. carniolica, L.
barbarum and “potacco” were proved to be trans-
formed with the pCBO033 vector (Fig.3d, f) and
pICF5822 vector (Fig. 3e, g).

Production of transplastomic S. sinuata plants

To illustrate the complete transformation cycle, we
have transferred the transformed plastids of S. sinuata
from the corresponding tobacco “clipboard” cybrid
back to the original nuclear background of S. sinuata.
As a result of the somatic hybridization experiments, a
number of Spe/Str-resistant colonies were recovered
and phenotypically normal S. sinuata plants were
regenerated and rooted (Fig.4a-c). Greenhouse-
grown plants flowered and formed seeds. Plants of T1
generation retained the transplastomic nature.

To study the plastome status of three selected S. sin-
uata plants, Southern blot hybridization analysis was
used (Fig. 4d). The whole of analyzed lines were defi-
ned as transgene positive homoplastomic plants. PCR-
RFLP analysis of nuclear DNA did not reveal any frag-
ments peculiar to N. tabacum samples. Only the
sequences of S. sinuata DNA were amplified. Since ini-
tial N. tabacum (+8. sinuata) cybrid plants used in our
transformation and somatic hybridization experiments
contained recombinant mtDNA (Thanh et al. 1988), it
seems reasonable to analyze mtDNA in resulting S.
sinuata plants. Sequences of ndhl, ndh4, ndh5 and
ndh7 mtDNA genes of transplastomic S. sinuata plants
were tested. The comparison of the gene fragments
showed the presence of both N. tabacum and S. sinuata
ndhl gene patterns (Fig. 4e).
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Fig. 3 aScheme of pCB033 and pICF5822 vector integration into
plastome, black arrows show the position of the primers used for
analyses; b Recovered N. tabacum (+ S. sinuata) transplastomic
plant. ¢ Spe-resistant N. tabacum (+Ph. officinalis) cell line; d, e
PCR analysis of transformed cybrids using internal aad A-specific

o

Table 3 Frequencies of chloroplast transformation

Cybrid plants Number of  Number of Number of
experiments spe-resistant  transformed
clones clones
N. tabacum 4 1 1
(+Ph. officinalis)
N. tabacum 2 2 2
(+S. sinuata)
N. tabacum 2 1 1
(+L. barbarum)
N. tabacum 2 2 2
(+8. carniolica)
N. tabacum 1 1 0
(+A. belladonna)
N. tabacum 2 3 3

(+“potacco”)

Discussion

In the present work, we describe successful genetic
transformation of plastids of S. carniolica, Ph. officinalis,
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primer pair 1 (fragment size is 479 bp); f, g PCR amplification for
transgenic cybrid lines with primer pair 3 (fragment size is
1,189 bp); pc positive control, transformed tobacco ptDNA; nc
negative control, non-transformed tobacco DNA; L Lycium; P
“potacco”; Ph Physochlaine; S Salpiglossis; Sc Scopolia

S. sinuata, L. barbarum and recombinant plastids of N.
tabacum/S.tuberosum through use of a transformable
intermediary “clipboard” host (Fig. 5). Phylogenetically
transformed plastids belong to the species representing
two subfamilies, Cestroideae and Solanoideae, and two
different tribes, Salpiglossidae and Hyoscyameae, of the
Solanaceae family (for review, see D’Arcy 1991).

The majority of Spe-resistant lines contains the
expected insertions and has most probably been gener-
ated through homologous recombination-based integra-
tion. Although complete DNA sequences of the majority
of investigated plastomes are not known, the studied
insertion regions are fairly conservative, especially within
the same plant family, thus the results are in line with
theoretical expectations. The negative result with N.
tabacum (+A. balladonna) Spe-resistant plants could be
explained by a mutation process. Spontaneous Spe resis-
tance could be caused by point mutations in the plastid
16S rRNA gene (Fromm et al. 1987, Svab and Maliga
1991; Sidkar et al. 1998; Sidorov et al. 1999; Skarjinskaia
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Fig. 4 a—c Recovering of transplastomic S. sinuata plant after so-
matic hybridization with N. tabacum (+S. sinuata) cybrid. d
Southern-RFLP analysis of S. sinuata transplastomic plant per-
formed with trnL—ycf5 probe (wt, non-transformed control plant;
S1-S3, transformed lines). € RFLP analysis of PCR-amplified
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Fig. 5 Plastid transformation using “clipboard” host

et al. 2003). Finally, transplastomic S. sinuata plants have
been produced by transferring transgenic plastids from
“clipboard” N. tabacum (+S. sinuata) cybrids back to the
nuclear genome background of S. sinuata. However, the
mitochondrial genome differs from mtDNA of initial S.
sinuata and N. tabacum species.

The outlined approach has certain limitations. The
number of steps and increased duration of genetic
manipulations may result in additional genetic vari-

BamHI

Hindlll

mitochondrial ndhl gene of four transplastomic S. sinuata plants
using EcoRI, BamHI and HindIIl restriction endonucleases; N,
N. tabacum samples; S, wild type S. sinuata; S1-S4, S. sinuata
transplastomic lines 1-4. 1 kb-Plus DNA Ladder (Gibco) was
used

ability; cell fusion technology may lead to the recom-
bination of mitochondrial DNA. In addition, reliable
protoplast regeneration protocols are required for
both parental species, including the crop varieties.
Probably, the most serious limitation is the need of at
least one easily transformable plastid “clipboard”
host within each plant family of interest that is com-
patible with plastomes of economically important
crops. Experiments in our laboratory and some other
ones have demonstrated that even within the Solana-
ceae family, tobacco is not a universal plastid host.
Most notably, plastids of two the most important
crop species of the family, potato and tomato, are
incompatible with the tobacco nuclear genome.
Thanh et al. (1988) attempted to circumvent such an
incompatibility by selecting the recombinant plastids
that combine genetic material of both species. It is
unclear, however, whether such recombinant plastids
are compatible with the potato genome and how
plastome alterations will affect the practically rele-
vant traits.

In addition, our experiments identified another
Solanaceae species, Lycopersicon peruvianum, as a
suitable “clipboard” species which nuclear genome is
compatible with both potato and tomato cytoplasm
genomes. In search for a suitable clipboard for other
economically important plant families, we have
recently generated cybrids in the Cruciferae family, by
using Brassica oleracea, Lesquerella fendleri or Ory-
chophragmus violaceus as plastid hosts.

@ Springer



526

Theor Appl Genet (2006) 113:519-527

Acknowledgments The authors are grateful to Prof. Dr. H.-U.
Koop, Munich University, Munich, Germany, and Dr. P. Medgy-
esy, Biological Research Centre, Szeged, Hungary, for providing
research materials used in this study. We also thank Bob Erwin
(LSBC, CA) for helpful suggestion and critical reading of the
manuscript.

References

Arai Y, Shikanai T, Doi Y, Yoshida S, Yamaguchi I, Nakashita H
(2004) Production of polyhydroxybutyrate by polycistronic
expression of bacterial genes in tobacco plastid. Plant Cell
Physiol 45(9):1176-1184

Babiychuk E, Schantz R, Cherep N, Weil J-H, Gleba Y, Kushnir
S (1995) Alterations in chlorophyll a/b binding protein in
Solanaceae cybrids. Mol Gen Genet 249:648-654

Birky C.W. (1995) Uniparental inheritance of mitochondrial and
chloroplast genes: mechanism and evolution. Proc Natl Acad
Sci USA 92:11331-11338

Cheung WY, Hubert N, Landry BS (1993) A simple and rapid
DNA microextraction method for plant, animal and insect
suitable for RAPD and other PCR analyses. PCR Methods
Appl 3:69-70

Corneilly S, Lutz K, Svab Z, Maliga P (2001) Efficient elimination
of selectable marker genes from the plastid genome by the
CRE-lox site-specific recombination system. 27(2):171-178

Daniell H, Muthukumar B, Lee SB (2001a) Marker free trans-
genic plants: engineering the chloroplast genome without the
use of antibiotic selection. Curr Genet 39:109-116

Daniell H, Lee SB, Panchal T, Wiebe PO (2001b) Expression of
the native cholera toxin B subunit gene and assembly of
functional oligomers in transgenic tobacco chloroplasts. J
Mol Biol 311:1001-1009

D’Arcy W (1991) The Solanaceae since 1976, with a review of its
biogeography. In: Hawkes, Lester, Nee, Estrada (eds) Sola-
naceae III: taxonomy, chemistry, evolution. Royal Botanical
Gardens, Kew, Richmond, Surrey, UK, pp 75-137

DeCosa B, Moar W, Lee SB, Miller M, Daniell H (2001) Hyper-
expression of Bt Cry2Aa2 operon in chloroplasts leads to
formation of insecticidial crystals. Nat Biotechnol 19:71-74

Dufourmantel N, Pelissier B, Garcon F, Peltier G, Ferullo JM,
Tissot G (2004) Generation of fertile transplastomic soy-
bean. Plant Mol Biol 55:479-489

Dufourmantel N, Tissot G, Goutorbe F, Garcon F, Muhr C, Jansens
S, Pelissier B, Peltier G, Dubald M (2005) Generation and anal-
ysis of soybean plastid transformants expressing Bacillus thur-
ingiensis Cryl A6 protein. Plant Mol Biol 58:659-668

Fromm H, Edelman M, Aviv D, Galun E (1987) The molecular
basis of DN A-dependent spectinomycin resistance in Nico-
tiana chloroplasts. EMBO J 6:3233-3237

Hagemann R, Hagemann MM, Bock R (1998). Extranuclear
Inheritance: plastid genetics. Prog Bot 59:108-130

Hajdukiewicz PTJ, Gilbertson L, Staub JM (2001) Multiple path-
ways for Cre/lox-mediated recombination in plastids.
27(2):161-170

Hou BK, Zhou YH, Wan LH, Zhang ZL, Shen GF, Chen ZH, Hu
ZM (2003) Chloroplast transformation in oilseed rape.
Transgenic Res 12:111-114

Kao KN, Michayluk MR (1975) Nutritional requirements for
growth of Vicia hajastana cells and protoplasts at a very low
population density in liquid media. Planta 126:105-110

Klaus SMJ, Huang F-C, Golds TJ, Koop H-U (2004) Generation
of marker-free plastid transformants using a transiently coin-
tegrated selection gene. Nature Biotechnol 22:225-229

@ Springer

Koop H, Steinmuller K, Wagner H, Roesler C, Eibl C, Sacher L
(1996) Integration of foreign sequences into the tobacco
plastome via polyethylene glycol-mediated protoplast trans-
formation. Planta 199:193-201

Kumar S, Dhingra A, Daniell H (2004a) Plastid-expressed beta-
ine aldehyde dehydrogenase gene in carrot cultured cells,
roots, and leaves confers enhanced salt tolerance. Plant
Physiol 136:2843-2854

Kumar S, Dhingra A, Daniell H (2004b) Stable transformation of
the cotton plastid genome and maternal inheritance of trans-
genes. Plant Mol Biol 56:203-216

Kushnir S, Shlumukov L, Pogrebnyak N, Berger S, Gleba Y
(1987) Functional cybrid plants possessing a Nicotiana ge-
nome and an Atropa plastome. Mol Gen Genet 209:159—
163

Lelivelt CL, McCabe MS, Newell CA, Desnoo CB, van Dun KM,
Birch-Machin I, Gray JC, Mills KH, Nugent JM (2005) Sta-
ble plastid transformation in lettuce (Lactuca sativa L.).
Plant Mol Biol 58(6):763-774

Lossl A, Eibl C, Harloff H-J, Jung C, Koop H-U (2003) Polyester
synthesis in transplastomic tobacco (Nicotiana tabacum L.):
significant contents of polyhydroxybutyrate are associated
with growth reduction. Plant Cell Rep 21:891-899

Medgyesy P, Menczel L, Maliga P (1980) The use of cytoplasmic
streptomycin resistance: chloroplast transfer from Nicotiana
tabacum into Nicotiana sylvestris and isolation of their so-
matic hybrids. Mol Gen Genet 179:693-696

McBride KE, Svab Z, Schaaf DJ, Hogan PS, Stalker DM, Maliga
P (1995) Amplification of a chimeric Bacillus gene in chloro-
plasts leads to an extraordinary level of an insecticidal pro-
tein in tobacco. Biotechnology 13:362-365

Menczel L, Nagy F, Kiss ZR, Maliga P (1981) Streptomycin resis-
tant and sensitive somatic hybrids of Nicotiana
tabacum + Nicotiana knightiana: corellation of resistance to
N. tabacum plastids. Theor Appl Genet 59:191-195

Murashige T., Skoog F (1962) A revised medium for rapid growth
and bioassays with tobacco tissue cultures. Physiol Plant
15:191-195

Nugent GD, Ten Have H, van der Gulik A, Pix JJ, Uijtewaal BA,
Mordhorst AP (2005) Plastid transformants of tomato select-
ed using mutations affecting ribosome structure. Plant Cell
Rep 24(6):341-349

Ruf S, Hermann M, Bergers I, Carrer H, Bock R (2001) Stable ge-
netic transformation of tomato plastids and expression of a
foreign protein in fruit. Nat Biotechnol 19:870-875

Sidkar SR, Serino G, Chaudhuri S, Maliga P (1998) Plastid trans-
formation in Arabidopsis thaliana. Plant Cell Rep 18:20-24

Sidorov VA, Kasten D, Pang SZ, Hajdukiewicz PTJ., Stab JM,
Nehra N.S (1999) Stable chloroplast transformation in pota-
to: use of green fluorescent protein as a plastid marker. Plant
J19:09-216

Skarjinskaia M, Svab Z, Maliga P (2003) Plastid transformation in
Lesquerella fendleri, an oilseed Brassicacea. Transgenic Res
12:115-122

Staub JM, Garcia B, Graves J, Hajdukiewicz PTJ, Hunter P, Neh-
ra N, Paradkar V, Schlitter M, Carroll JA, Spatola L, Ward
D, Ye G, Russell DA (2000) High-yield production of a hu-
man therapeutic protein in tobacco chloroplasts. Nat Bio-
technol 18:333-338

Svab Z, Maliga P (1991) Mutation proximal to the tRNA binding
region of the Nicotiana plastid 16S rRNA confers resistance
to spectinomycin. Mol Gen Genet 228:316-319

Svab Z, Harper EC, Jones JDG, Maliga P (1990) Aminoglyco-
side-3'-adenylyntransferase confers resistance to spectino-
mycin and streptomycin in Nicotiana tabacum. Plant Mol
Biol 14:197-205



Theor Appl Genet (2006) 113:519-527

527

Sytnyk S, Komarnytsky I, Gleba Y, Kuchuk N (2005) Transfer of
transformed chloroplasts from Nicotiana tabacum to the Ly-
cium barbarum plants. Cell Biol Int 29:71-75

Thanh ND, Medgyesy P (1989) Limited chloroplast gene transfer
via recombination overcomes plastome—genome incompati-
bility between Nicotiana tabacum and Solanum tuberosum.
Plant Mol Biol 12:87-93

Thanh ND, Pay A, Smith MA, Medgyesy P, Marton L (1988)
Intertribal chloroplast transfer by protoplast fusion between
Nicotiana tabacum and Salpiglossis sinuata. Mol Gen Genet
213:186-190

Zubko M, Zubko E, Zuilen K, Meyer P, Day A. (2004) Stable
transformation of petunia plastids. Transgenic Res 13: 523—
530

@ Springer



	ORIGINAL PAPER
	Genetic transformation of plastids of diVerent Solanaceae species using tobacco cells as organelle hosts
	Nikolay Kuchuk · Kateryna Sytnyk · Maxim Vasylenko · Anatolij Shakhovsky · Igor Komarnytsky · Sergei Kushnir · Yuri Gleba
	Received: 2 September 2005 / Accepted: 31 March 2006 / Published online: 7 June 2006
	” Springer-Verlag 2006
	Abstract
	aadA
	ITS
	ndhD
	PEG
	psbA
	rbcL
	RBS
	rpl22
	rpl32
	rps19
	trnL
	uidA
	UTR

	Introduction
	Materials and methods
	Plant material
	Vector DNA
	Protoplast isolation, transformation and culture
	Protoplast fusion and cell culture
	Chloroplast, mitochondria and nuclear DNA analyses

	Results
	Analysis of hybrid plants
	Transformation procedure
	Molecular analysis of putative transplastomic cybrids
	Production of transplastomic S. sinuata plants

	Discussion
	Acknowledgments

	References





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


