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Abstract

Plastid transformation results in stably expressed foreign genes, which for most Angiosperms are largely
excluded from sperm cells, thereby greatly reducing the risk of foreign gene spread through pollen. Prior
to this work, fertile plastid transformants were restricted to tobacco, tomato and Lesquerella. Applica-
tion of plastid engineering in the important floriculture industry requires the development of stable plas-
tid transformation in a major ornamental plant species such as Petunia hybrida. Here we describe the
successful isolation of fertile and stable plastid transformants in a commercial cultivar of P. hybrida
(var. Pink Wave). Plastid targeting regions from tobacco were used to integrate aadA and gusA between
the accD and rbcL genes of P. hybrida plastid DNA following particle bombardment of leaves. For
three spectinomycin and streptomycin resistant lines, DNA blot analysis confirmed transgene integration
into plastid DNA and homoplasmy. Maternal inheritance and homoplasmy resulted in 100% transmis-
sion of spectinomycin resistance to progeny after selfing. Plastid transformants expressed the gusA gene
uniformly within leaves and to comparable levels in all three lines. Insertion of trait genes in place of
gusA coding sequences enables immediate applications of our plastid transformation vector. Establish-
ment of plastid transformation in P. hybrida facilitates a safe and reliable use of this important orna-
mental plant for research and plant biotechnology.

Introduction

The insertion of genes into plastids (Bock, 2001;
Maliga, 2003) is an attractive alternative to con-
ventional nuclear engineering for constructing
transgenic plants with value added traits such as
herbicide (Daniell et al., 1998; Iamtham & Day,
2000; Lutz et al., 2001) and insect resistance
(McBride et al., 1995; Kota et al., 1999; De Cosa
et al., 2001). Plastid engineering is a clean gene

transformation process allowing the precise inte-
gration of desirable foreign trait genes, or site-
directed modification of native plastid genes,
without marker genes or vector sequences.
Homologous recombination (Iamtham & Day,
2000; Klaus et al., 2004) or site-specific recom-
binases (Corneille et al., 2001; Hajdukiewicz
et al., 2001) allow efficient excision of marker
genes. In many crops, plastids are inherited ma-
ternally preventing the pollen mediated spread of
plastid-localised transgenes. Silencing resulting in
variable and unpredictable nuclear gene expres-
sion is not associated with plastid transgenes.
Plastid transformants exhibit uniform foreign
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gene expression and foreign gene products can
accumulate to extraordinarily high levels, 5–47%
of total soluble protein (Staub et al., 2000; De
Cosa et al., 2001; Tregoning et al., 2003).

Stable plastid transformation of land plants
was first established in Nicotiana tabacum
(Svab et al., 1990; Svab & Maliga, 1993) and
N. plumbaginifolia (Oneill et al., 1993). More
recently, stable plastid transformation has been
demonstrated in Arabidopsis thaliana (Sikdar
et al., 1998), potato (Sidorov et al., 1999), tomato
(Ruf et al., 2001) and Lesquerella fendleri (Skarj-
inskaia et al., 2003). Fertile plastid transformants
are limited to tobacco, tomato and L. fendleri.
Rice (Khan & Maliga, 1999) and oilseed rape
(Hou et al., 2003) appears to be responsive to
plastid transformation but as yet homoplasmic
plants have not been obtained. The small number
of species amenable to plastid transformation has
limited the widespread application of plastid engi-
neering in transgenic research related to plant
biotechnology.

Ornamental plants, used in the floriculture
industry, are attractive targets for genetic modi-
fication with performance-enhancing transgenes
such as those conferring herbicide and pest
resistance. Whilst food safety aspects do not
arise there is still a need for measures to mini-
mise transgene escape into the environment, by
for example, introducing foreign genes into
plastids. Here we describe for the first time
plastid transformation of an ornamental plant
species. We have isolated stable and fertile
plastid transformants in a commercial cultivar
of Petunia hybrida. The work will facilitate
new applications of plastid transformation in
the floriculture industry and allow fundamental
studies on the plastid genetic system of P. hyb-
rida, a species that is tractable to genetic
analysis.

Materials and methods

Vector construction

Plastid transformation vector pUM73(AD) was
constructed by standard cloning techniques in
Escherichia coli Top10 (Invitrogen). A linker

containing NotI and ApaI sites, made by anneal-
ing oligonucleotides NotApa-F (5¢ TTAGGGC
CCGGGAAAGCGGCCGC-3¢) and NotApa-R
(5¢TAAGCGGCCGCTTTCCCGGGCCC-3¢), was
inserted into the unique AocI site of pTB27 (Sugi-
ura et al., 1986). Expression cassettes containing
the aadA and gusA genes were cloned into the ApaI
site of pTB27-link in inverted orientation. The pro-
moter regions were comprised of the plastid 16S
rrn promoter from N. tabacum or Brassica napus
fused to the ribosome-binding site of the N. taba-
cum plastid rbcL gene. The 16Srrn promoter re-
gions were amplified with primers SAR5F (5¢CC
CGCATGCCTTAGGTTTTCTAGTTGGATTTG
C-3¢) and XR3R (5¢ GGAGCCCGGGAGTTC
GCTCCCAGAAAT-3¢) using B. napus or
N. tabacum plastid DNA as template. These were
ligated via a SmaI site to a modified tobacco rbcL
5¢ UTR containing the ribosome binding site
(RBS) flanked by a SmaI and NcoI site (5¢CC
CGGGCGAATACGAAGCGCTTGGATACAGT
TGTAGGG-AGGGATCCATGG 3¢). The 5¢ regu-
latory region comprising the B. napus 16Srrn pro-
moter fused to the RBS from the N. tabacum rbcL
gene was designated rrnBn (EMBL accession num-
ber AJ276677). The N. tabacum 16Srrn promoter
fused to the RBS of the N. tabacum rbcL gene was
named rrnNt. The 3¢ regulatory elements were from
the N. tabacum psbA (NtPsbA) and B. napus psbC
(BnPsbC) genes. The NtPsbA element has been de-
scribed (Iamtham & Day, 2000). The BnPsbC 3¢ el-
ement (EMBL accession number AJ578474) was
amplified from B. napus plastid DNA using primers
BnpsbC-F 5¢-GGCCGCGGC-TGCAGCATGCA
TGACCCCTCTTAA-3¢ and BnpsbC-R 5¢-GGG
GATCCTAAGGCTCGAGAATCCCTCTCTC-
TC C-3¢ and cloned into the EcoRV site of
pBluescript (Short et al., 1988). The BnPsbC 3¢
regulatory element can be excised with NotI and
PstI as a 247 bp fragment. An aadA expression
cassette was constructed by inserting a 0.8 kbp
NcoI-PstI fragment containing aadA coding
sequences from pUC-atpX-AAD (Goldschmidt-
Clermont, 1991) between 5¢rrnBn and 3¢ BnPsbC
regulatory elements. A plastid gusA expression
cassette was made by inserting a 1.8 -kbp NcoI–
HindIII gusA fragment between 5¢rrnNt and 3¢
NtPsbA regulatory elements. The aadA and gusA
expression cassettes were excised with NotI and
ApaI and cloned into the ApaI site of pTB27-link
in inverted orientation to create pUM73(AD).
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Plastid transformation

Petunia hybrida var. Pink Wave (Thompson and
Morgan UK) was chosen because of its high
regeneration efficiency from leaf explants (Zubko
et al., 2002). Leaf pieces were placed abaxial side
up within a 4 cm wide circle in the centre of a
9 cm petri-dish containing MS medium (Murashi-
ge & Skoog, 1962) supplemented with 1 mg/l
6-benzylaminopurine, 0.1 mg/l indole-3-acetic
acid, 30 g/l sucrose and solidified with 0.8%
(W/V) agar (MSB30 medium). Leaves were
bombarded using a Bio-Rad PDS 1000/He device.
Operating conditions included a 6-cm target dis-
tance (stopping screen to target plate distance),
1100 psi rupture disks and 1.0 lm gold particles
coated with pUM73(AD). After bombardment
plates were stored in dim light for 48 h at 25 �C.
Leaf explants were cut into 2–5 mm wide pieces
and placed on MSB30 medium supplemented
with 200 mg/l of streptomycin sulphate (Sigma)
and 200 mg/l of spectinomycin dihydrochloride
pentahydrate (Duchefa). Leaf explants were
transferred to new plates with fresh medium every
3–4 weeks. Resistant shoots first appeared after
8 weeks.

DNA blot analysis

Southern blot analysis of DNA from aseptic
plants was carried out as described (Zubko &
Day, 2002). [a-32P]dCTP hybridisation probes
prepared with High Prime (Roche Applied Sci-
ence) were comprised of a 0.80 kbp NcoI–PstI
aadA fragment from pUC-atpX (Goldschmidt-
Clermont, 1991) and 1.4 kbp PCR product of
the tobacco rbcL coding region (map co-ordi-
nates 57595–59028) prepared with primers 5¢-A-
TGTCACCACAAACAGAGACTA-3¢ and 5¢-TT-
ACTTATCCAAAACGTCCACT-3¢.

Measurement of GUS activity

GUS assays using 5-Bromo-4-chloro-3-indolyl-
beta-D-glucuronic acid (X-Gluc, Biosynth AG)
or 4-methylumbelliferyl b-D-glucuronide (MUG,
Sigma) were carried out according to Jefferson
(1987). Fluorescence was measured in a Hitachi
F-2000 fluorescence spectrophotometer. Protein
concentration in extracts were estimated using
the Lowry assay (Bio-Rad DC Protein assay).

Plants were grown in a walk-in growth room at
light intensities of 80–100 lE at 25�C in a 16-h
day/8-h night cycle. Leaves were excised from the
top and middle of mature bushy plants. For each
soil grown plant we averaged the values of four
separate measurements on different green leaves.
The significance of differences in mean GUS
activities between plants was evaluated by the
analysis of variance using JMP5 statistical soft-
ware (SAS institute). Analysis of variance provid-
ed an F ratio of 1.12 (9 degrees of freedom) with
a 0.37 probability of higher values. Furthermore,
a Turkey–Kramer HSD test on the means dem-
onstrated no significant difference.

Inheritance of spectinomycin resistance

Seeds from selfed plants were sterilised by plac-
ing them in 70% (V/V) ethanol for 1 min, then
10 min in diluted sodium hypochlorite (5%
active chlorine). After four washes in sterile
water seeds were germinated on MS medium
(Murashige & Skoog, 1962) containing 500 mg/l
spectinomycin.

Results

Construction of plastid transformation vector
pUM73(AD)

We used the aadA selectable marker gene, which
confers spectinomycin and streptomycin resis-
tance, to select P. hybrida plastid transformants
and also included the gusA reporter gene to facil-
itate the identification of transformants. The vec-
tor pUM73(AD) is comprised of inverted plastid
expression cassettes containing the aadA and
gusA reporter genes integrated into the AocI site
between the plastid rbcL and accD genes
(Figure 1). The aadA gene is flanked by 5¢ rrnBn
and 3¢ BnpsbC regulatory elements and the gusA
gene by 5¢ rrnNt and 3¢ psbA elements. The 5¢
regulatory elements contain a 16S rrn promoter
from N. tabacum (rrnNt) or B. napus (rrnBn)
fused to the ribosome-binding site of the
N. tabacum rbcL gene. The 3¢ elements were from
the 3¢ non-coding regions of the psbA (NtpsbA)
and psbC (BnpsbC) genes of N. tabacum and B.
napus, respectively. Following delivery of pUM73
into plastids by particle bombardment, flanking
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tobacco plastid DNA sequences of 5.7 and
1.5 kbp target integration of the aadA and gusA
genes into the P. hybrida plastid genome by ho-
mologous recombination (Figure 1). The use of
tobacco rather than P. hybrida plastid targeting
DNA was possible because plastid DNA is
highly conserved between these species. This
approach of using heterologous plastid DNA to
target integration was successful in tobacco
(Daniell et al., 1998; Kavanagh et al., 1999), po-
tato (Sidorov et al., 1999) and tomato (Ruf et al.,
2001) plastid transformation. In a reversal of the
origin of the donor and target recombination
sites used here, Petunia plastid DNA has previ-
ously been used to target integration into the in-
verted repeat region of the tobacco plastid
genome (Daniell et al., 1998).

Plastid transformation of P. hybrida

Plasmid pUM73(AD) was delivered into the
plastids of green leaves by particle bombardment.
Transformants were selected by placing leaf
explants on media containing spectinomycin and
streptomycin. Selection on two antibiotics over-

comes the problem of spontaneous resistant mu-
tants associated with using spectinomycin on its
own (Eibl et al., 1999) because the majority of
spectinomycin resistant mutants are sensitive to
streptomycin. Transformants were visible as
green resistant shoots growing amongst the
bleached leaf explants. Thirty-one bombarded
plates produced three resistant shoots after
8–12 weeks of propagation of leaf explants on se-
lection media. Clones T16, T22 and T71 were
isolated from different bombarded plates and are
derived from independent transformation events.
Plastid transformants would be expected to be
spectinomycin and streptomycin resistant and
also to express b-D-glucuronidase (GUS) due to
the concomitant integration and expression of
the aadA and gusA genes in plastids. After a sec-
ond cycle of regeneration, spectinomycin plus
streptomycin resistant shoots were tested for
GUS activity. Immersion of leaves, from all three
resistant plants grown in vitro, into a solution
containing X-gluc produced a strong and uni-
form blue coloration indicative of GUS activity
throughout the leaf. Blue staining in leaves from
resistant clone T16 (Figure 2A) is shown in
Figure 2B. No blue staining was visible in leaves
from wildtype (WT) untransformed plants (not
shown).

Molecular analyses of plastid transformants

After two cycles of regeneration on MSB30 medi-
um with antibiotics plants were rooted on MS
medium (Murashige & Skoog, 1962) containing
200 mg/l of spectinomycin. Total DNA was
extracted from leaves of rooted plants grown in
vitro and subjected to molecular studies to verify
integration of foreign genes within the plastid
genome. Because plastid DNA is present in mul-
tiple copies per cell, plastid transformation
involves the gradual replacement of WT plastid
genomes by transgenic plastid genomes. Stable
plastid transformation is achieved once homo-
plasmic plants containing a uniform population
of transgenic plastid genomes are obtained. DNA
blot analysis was used to confirm integration of
the aadA and gusA genes into the region between
the plastid rbcL and accD genes by homologous
recombination. The 3.8 kbp foreign insert of
aadA and gusA results in the replacement of a
WT 6 kbp PvuII fragment with a larger 9.8 kbp
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Figure 1. Integration of pUM73(AD) into the Petunia hybrida
plastid genome. Vector pUM73(AD) contains converging
aadA and gusA expression cassettes with 5¢ rrnBn and rrnNt,
and 3¢ NtpsbA or BnpsbC regulatory elements cloned into the
AocI site of a 7.25 kbp tobacco plastid DNA sequence. Map
co-ordinates refer to locations, in basepairs (bp), on the
156 kbp tobacco plastid genome (Wakasugi et al., 1998).
Insertion of the 3.8 kbp aadA–gusA cassettes results in the
replacement of a 6.0 kbp PvuII fragment with a larger
9.8 kbp PvuII fragment. The aadA–gusA cassettes are excised
with HindIII.
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recombinant band (Figure 1). The right PvuII
site of this 9.8 kbp fragment lies beyond the par-
tial accD gene cloned in the transformation vec-
tor pUM73(AD) and cannot be produced by
unintegrated plasmid or insertion events at other
sites. This integration pattern was confirmed
using a tobacco rbcL probe. The probe hybridises
strongly to a 6.0 kbp band and weakly to a
8.7 kbp band in PvuII digests of WT DNA
(Figure 3A). Figure 3A clearly shows the pres-
ence of the expected 9.8 kbp recombinant PvuII
band in all three plastid transformants (Fig-
ure 3A, lanes T16, T22, T71), which replaces the
6.0 kbp WT band. The absence of a detectable

6 kbp WT band in lanes loaded with digests of
DNA from plastid transformants is indicative of
a homoplasmic population of transgenic plastid
genomes. The 9.8 kbp recombinant band hybri-
dises strongly to an aadA probe consistent with
the presence of aadA in this band (Figure 3B).
HindIII releases the foreign genes as a 3.8 kbp
fragment (Figure 1). HindIII digests show a
3.8 kbp band that hybridises to aadA in all three
plastid transformants (Figure 3C, lanes T16, T22,
T71). These results confirm integration of the
3.8 kbp foreign insert into the plastid genome.
The faint 8.7 kbp PvuII band visible in WT
DNA is also visible in digests of DNA from plas-
tid transformants. Its origin is unclear. It might
represent a cross-hybridising sequence in mito-
chondrial or nuclear DNA.

Inheritance of aadA in transplastomic plants

Rooted plastid transformants were transferred to
soil. The phenotype of plastid transformants was
indistinguishable from WT untransformed plants.
All three plastid transformants flowered (Fig-
ure 2C) and after selfing set seed. Seeds from
individual plants were sterilised and germinated
on MS medium (Murashige & Skoog, 1962) con-
taining 500 mg/l of spectinomycin. In this assay
sensitive seedlings bleach white while resistant

Figure 2. Isolation of Petunia hybrida plastid transformants.
(A) Resistant T16 shoots regenerating on MSB30 media with
spectinomycin (Sp) and streptomycin (Sr) each at 200 mg/l.
(B) GUS staining of resistant T16 shoots. (C) Mature trans-
plastomic T16 plant flowering in soil. (D) T16 transplastomic
seedlings (T1) growing on MS medium with 500 mg/l specti-
nomycin. (E) Six week old T16 transplastomic plants growing
on MS medium with 500 mg/l spectinomycin. (F) Bleached
wildtype (WT) seedlings arrested in growth on MS medium
with 500 mg/l spectinomycin. (G) GUS staining of WT and
T16(T2) seedlings. T0 is the first generation of transformed
plants regenerated from leaves and T1 and T2 the following
seed-derived generations.

Figure 3. DNA blot analysis of Pentunia hybrida plastid
transformants. PvuII (a, b) or HindIII (c) digests of total
DNA from wild type (WT) and plastid transformants (T16,
T22, T71) hybridised with a tobacco rbcL probe (a) or aadA
probe (b, c). Arrows indicate the sizes of hybridising bands.
The positions of DNA size standards in kbp are shown on
the right of blot C. Blots were washed in 0.1 · SSC at 60�C.
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seedlings remain green. Seedlings from all three
plastid transformants were green and resistant to
spectinomycin. The results with T16 seedlings are
shown in Figure 2D and E. All T16 seedling cot-
yledons were green (Figure 2D) and these contin-
ued to grow and produce green true leaves on
MS medium containing 500 mg/l spectinomycin
(Figure 2E). In contrast WT seedlings germinated
to produce only white sensitive seedlings that
were arrested in growth at the cotyledon stage.

Wild type P. hybrida resembles WT N. taba-
cum in its growth arrest response to spectino-
mycin and is unlike WT B. napus, which
bleaches but continues to grow on spectinomy-
cin medium (Zubko & Day, 1998). Plastids are
inherited maternally in P. hybrida (Nagata
et al., 1999). A 100% transmission of spectino-
mycin resistance to progeny after selfing is con-
sistent with aadA being located in plastids.
Nuclear located aadA genes would be expected
to produce some sensitive progeny at a frequen-
cy dependent on the number of chromosomal
integration sites. The inheritance of the plastid
aadA and gusA transgenes was followed to the
T2 generation. All T16 (T2) seedlings from sel-
fed T16 (T1) plants were resistant to spectino-
mycin (not shown) and GUS positive
(Figure 2G). GUS activity was restricted to
green leaves and not detectable in the roots of
transplastomic seedlings. Blue staining was not
observed in WT seedlings (Figure 2G). The
results confirm stable inheritance and expression
of the plastid localised aadA and gusA genes.

GUS activities in mature leaves of soil grown
plants

The activity of the plastid-localised gusA gene
was measured in expanded leaves of mature
bushy plants growing in soil just prior to flower-
ing. GUS activities were measured fluorimetri-
cally using MUG (Jefferson, 1987). WT
untransformed plants did not contain any detect-
able GUS activity. Plastid transgenes are not
silenced and all three plastid transformants
would be expected to give similar GUS activities.
Mean GUS activities in leaves of mature T16,
T22 and T71 plants were 1210 (SE 161), 1330
(SE 137) and 940 (SE 250) pmoles 4-MU/
(min mg protein), respectively. Up to two-fold

variation in GUS activities were found between
leaves in an individual plant probably represent-
ing differences in leaf developmental stage. Anal-
ysis of variance and statistical tests on the means
showed that the variation in mean GUS activities
between plants was not significant.

Discussion

We have used aadA-based spectinomycin plus
streptomycin selection to isolate stable plastid
transformants in a commercial cultivar of P. hyb-
rida. All three transplastomic plants isolated were
homoplasmic for transgenic plastid genomes and
fertile. Inclusion of a gusA reporter gene facilitat-
ed screening and demonstrated similar transgene
expression levels in plastid transformants. To
enhance the performance of P. hybrida by plastid
engineering simply involves replacement of the
gusA sequences in pUM73(AD) with suitable
trait genes. The efficiency of plastid transforma-
tion in P. hybrida of one plant per ten bombard-
ed plates is much lower than the frequency of
one to five plants per bombardment obtained in
N. tabacum (Svab & Maliga, 1993; Iamtham &
Day, 2000) but comparable to plastid transfor-
mation efficiencies obtained in potato (Sidorov
et al., 1999) and tomato (Ruf et al., 2001). Rela-
tively little is known on the relationship between
recombination rates and sequence divergence in
plastids and whether our transformation frequen-
cies might have been improved by using homolo-
gous P. hybrida plastid DNA to target
integration rather than the tobacco plastid DNA
sequences used here. The use of heterologous
Solanum nigrum targeting DNA in tobacco had
little effect on transformation frequency in tobac-
co (Kavanagh et al., 1999). The time taken for
the appearance of resistant P. hybrida clones on
selection media with two antibiotics following
bombardment, about 8 weeks, is similar to
tobacco plastid transformation (Iamtham & Day,
2000) and shorter than the 12 weeks reported in
tomato plastid transformation using spectinomy-
cin selection alone.

Petunia hybrida is an attractive model species
in which to study plastid biology (Sutton et al.,
1995; Kohler et al., 1997). The development of
plastid transformation in P. hybrida, a species
tractable to genetic analysis, provides an alterna-
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tive model to N. tabacum to study fundamental
aspects of the plastid genetic system. Petunia
hybrida, which is diploid, is suitable for mutation
screening to identify nuclear loci affecting the
maintenance and expression of plastid trans-
genes. Neither N. tabacum, which is an amphi-
diploid and a poor genetic model, nor
A. thaliana, which does not give rise to fertile
plastid transformants (Sikdar et al., 1998), are
suitable for such studies. Conservation of pro-
cesses relating to the plastid genetic system such
as plastid to nuclear transposition (Huang et al.,
2003; Stegemann et al., 2003), which might be
affected by ploidy levels, gene redundancy and
amounts of non-coding DNA in the nucleus can
be studied in Petunia and the results compared
with N. tabacum. Uniform gene expression in
plastids contrasts with the epigenetic silencing
effects associated with nuclear transgenes (Kooter
et al., 1999) and will enable comparative studies
of transgene expression in the two genomes.

Whilst most P. hybrida cultivars exhibit strict
maternal inheritance of plastids (Nagata et al.,
1999), rare paternal transmission of chloroplasts,
found in 2% of progeny, has been reported for
one of 19 paternal genotypes tested (Cornu &
Dulieu, 1988). The marker used, a chlorophyll
deficient mutation, is inherited maternally for
most genotypes indicating a cytoplasmic location.
However, the molecular basis and precise loca-
tion of the chlorophyll deficient mutation is not
known. Spectinomycin resistance resulting from a
plastid-localised aadA gene provides an alterna-
tive and fully characterised plastid marker for
studying plastid inheritance in a range of P. hyb-
rida genotypes. Petunia is an important ornamen-
tal bedding plant (Mol et al., 1999). For example
in the United States of America, farm gate values
are in the region of tens of millions of dollars.
Establishment of stable plastid transformation in
P. hybrida brings the benefits of plastid engineer-
ing, such as stable gene expression and maternal
inheritance, to improve the performance of this
important decorative plant.

Acknowledgements

This study was supported in part by grants from
the Biotechnology and Biological Sciences Re-
search Council (UK) to A.D.

References

Bock R (2001) Transgenic plastids in basic research and plant
biotechnology. J Mol Biol 312: 425–438.

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

Cornu A and Dulieu H (1988) Pollen transmission of plastid-
DNA under genotypic control in Petunia hybrida Hort.
J Heredity 79: 40–44.

Daniell H, Datta R, Varma S, Gray S and Lee SB (1998)
Containment of herbicide resistance through genetic
engineering of the chloroplast genome. Nat Biotechnol 16:
345–348.

De Cosa B, Moar W, Lee S-B, Miller M and Daniell H
(2001) Overexpression of the Bt cry 2Aa2 operon in chloro-
plasts leads to the formation of insecticidal crystals. Nat
Biotechnol 19: 71–74.

Eibl C, Zou ZR, Beck A, Kim M, Mullet J and Koop HU
(1999) In vivo analysis of plastid psbA, rbcL and rpl32
UTR elements by chloroplast transformation: tobacco
plastid gene expression is controlled by modulation of
transcript levels and translation efficiency. Plant J 19:
333–345.

Goldschmidt-Clermont M (1991) Transgenic expression of
aminoglycoside adenine transferase in the chloroplast: a
selectable marker for site-directed transformation in
Chlamydomonas. Nucl Acids Res 19: 4083–4089.

Hajdukiewicz PTJ, Gilbertson L and Staub JM (2001) Multi-
ple pathways for Cre/lox-mediated recombination in plast-
ids. Plant J 27: 161–170.

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

Huang CY, Ayliffe MA and Timmis JN (2003) Direct mea-
surement of the transfer rate of chloroplast DNA into the
nucleus. Nature 422: 72–76.

Iamtham S and Day A (2000) Removal of antibiotic resis-
tance genes from transgenic tobacco plastids. Nat Biotech-
nol 18: 1172–1176.

Jefferson R (1987) Assaying chimeric genes in plants: the
GUS gene fusion system. Plant Mol Biol Rep 5: 387–405.

Kavanagh TA, Thanh ND, Lao NT, McGrath N, Peter SO,
Horvath EM et al. (1999) Homeologous plastid DNA
transformation in tobacco is mediated by multiple recombi-
nation events. Genetics 152: 1111–1122.

Khan MS and Maliga P (1999) Fluorescent antibiotic resis-
tance marker for tracking plastid transformation in higher
plants. Nat Biotechnol 17: 910–915.

Klaus SMJ, Huang F-C, Golds TJ and Koop HU (2004)
Generation of marker-free plastid transformants using a
transiently cointegrated selection gene. Nat Biotechnol 22:
225–229.

Kohler RH, Cao J, Zipfel WR, Webb WW and Hanson MR
(1997) Exchange of protein molecules through connections
between higher plant plastids. Science 276: 2039–2042.

Kooter JM, Matzke MA and Meyer P (1999) Listening to the
silent genes: transgene silencing, gene regulation and patho-
gen control. Trends Plant Sci 4: 340–347.

KotaM,DaniellH,VarmaS,Garczynski SF,GouldF andMoar
WJ (1999) Overexpression of the Bacillus thuringiensis (Bt)

529



Cry2Aa2 protein in chloroplasts confers resistance to plants
against susceptible and Bt-resistant insects.ProcNatl Acad Sci
USA96: 1840–1845.

Lutz KA, Knapp JE and Maliga P (2001) Expression of bar
in the plastid genome confers herbicide resistance. Plant
Physiol 125: 1585–1590.

Maliga P (2003) Progress towards commercialization of plas-
tid transformation technology. Trends Biotechnol 21: 20–28.

McBride KE, Svab Z, Schaaf DJ, Hogan PS, Stalker DM
and Maliga P (1995) Amplification of a chimeric Bacillus
gene in chloroplast leads to an extraordinary level of insec-
ticidal protein in tobacco. Bio-Technol 13: 362–365.

Mol J, Cornish E, Mason J and Koes R (1999) Novel col-
oured flowers. Curr Opin Biotechnol 10: 198–201.

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

Nagata N, Saito C, Sakai A, Kuroiwa H and Kuroiwa T
(1999) The selective increase or decrease of organellar
DNA in generative cells just after pollen mitosis one con-
trols cytoplasmic inheritance. Planta 209: 53–65.

Oneill C, Horvath GV, Horvath E, Dix PJ and Medgyesy P
(1993) Chloroplast transformation in plants: polyethylene
glycol (PEG) treatment of protoplasts is an alternative to
biolistic delivery systems. Plant J 3: 729–738.

Ruf S,HermannM,Berger IJ,CarrerHandBockR (2001)Stable
genetic transformation of tomato plastids and expression of a
foreignproteininfruit.NatBiotechnol19:870–875.

Short JM, Fernandez JM, Sorge JA and Huse WD (1988)
Lambda ZAP – a bacteriophage lamda vector with in vivo
excision properties. Nucl Acids Res 16: 7583–7600.

Sidorov VA, Kasten D, Pang SZ, Hajdukiewicz PTJ, Staub
JM and Nehra NS (1999) Stable chloroplast transformation
in potato: use of green fluorescent protein as a plastid
marker. Plant J 19: 209–216.

Sikdar SR, Serino G, Chaudhuri S and Maliga P (1998) Plas-
tid transformation in Arabidopsis thaliana. Plant Cell Rep
18: 20–24.

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

StaubJM,GarciaB,GravesJ,HajdukiewiczPTJ,HunterP,Neh-
raNet al. (2000)High-yieldproductionofahumantherapeutic
protein intobaccochloroplasts.NatBiotechnol18:333–338.

Stegemann S, Hartmann S, Ruf S and Bock R (2003)
High-frequency gene transfer from the chloroplast genome
to the nucleus. Proc Natl Acad Sci USA 100: 8828–8833.

Sugiura M, Shinozaki K, Zaita N, Kusuda M and Kumano
M (1986) Clone bank of the tobacco (Nicotiana tabacum)
chloroplast genome as a set of overlapping restriction endo-
nuclease fragments: mapping of 11 ribosomal protein genes.
Plant Science 44: 211–217.

Sutton CA, Zoubenko OV, Hanson MR and Maliga P (1995)
A plant mitochondrial sequence transcribed in transgenic
tobacco chloroplasts is not edited. Mol Cell Biol 15:
1377–1381.

Svab Z and Maliga P (1993) High frequency plastid transfor-
mation in tobacco by selection for a chimeric aadA gene.
Proc Natl Acad Sci USA 90: 913–917.

Svab Z, Hajdukiewicz P and Maliga P (1990) Stable transfor-
mation of plastids in higher plants. Proc Natl Acad Sci
USA 87: 8526–8530.

Tregoning JS, Nixon P, Kuroda H, Svab Z, Clare S, Bowe
et al. (2003) Expression of tetanus toxin Fragment C in
tobacco chloroplasts. Nucl Acids Res 31: 1174–1179.

Wakasugi T, Sugita M, Tsudzuki T and Sugiura M. (1998)
Updated gene map of tobacco chloroplast DNA. Plant Mol
Biol Rep 16: 231–241.

Zubko E, Adams CJ, Machaekova I, Malbeck J, Scollan C
and Meyer P (2002) Activation tagging identifies a gene
from Petunia hybrida responsible for the production of
active cytokinins in plants. Plant J 29: 797–808.

Zubko MK and Day A (1998) Stable albinism induced with-
out mutagenesis: a model for ribosome-free plastid inheri-
tance. Plant J 15: 265–271.

Zubko MK and Day A (2002) Differential regulation of genes
transcribed by nucleus-encoded plastid RNA polymerase,
and DNA amplification, within ribosome-deficient plastids
in stable phenocopies of cereal albino mutants. Mol Genet
Genomics 267: 27–37.

530


