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Abstract Plastid transformationisreported in Arabidop-
sis thaliana following biolistic delivery of transforming
DNA into leaf cells. Transforming plasmid pGS31A car-
ries a spectinomycin resistance (aadA) gene flanked by
plastid DNA sequencesto target itsinsertion between trnV
and therps12/7 operon. Integration of aadA by two homol -
ogous recombination events via the flanking ptDNA se-
guences and selective amplification of the transplastomes
on spectinomycin medium yielded resistant cell lines and
regenerated plantsinwhich the plastid genome copieshave
been uniformly altered. The efficiency of plastid transfor-
mation was low: 2 in 201 bombarded |eaf samples. None
of the 98 plants regenerated from the two lines were fer-
tile.
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Introduction

The plastid genome is an attractive target for engineering,
since proteinsin plastids may be expressed at ahigh level,
genes for pathways may be encoded in polycistronic
MRNAS, thetransgenesare uniformly expressed duetotar-
geted insertion into the plastid genome and the transgenes
do not spread viapollen (Maliga1993; Maligaet al. 1993).
A good examplefor application is expression of the Bacil-
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lus thuringiensis cryl A(c) gene in tobacco plastids from
whichtheinsecticidal protoxin accumulatesto 3-5% of the
soluble protein in leaves (McBride et al. 1995).

The plastid genome of higher plants is a circular dou-
ble-stranded DNA molecule of 120-160 kb which may be
presentin 1,900-50,000 copiesper leaf cell (Bendich 1987;
Palmer 1991). Stable transformation of the tobacco plas-
tid genome has been achieved through the foll owing steps:
(2) introduction of transforming DNA, encoding antibio-
tic resistance, by the biolistic process (Svab et al. 199043;
Svab and Maliga 1993) or polyethylene glycol treatment
(Golds et al. 1993; O’ Neill et al. 1993; Koop et al. 1996),
(2) integration of the transforming DNA by two homolo-
gous recombination events, and (3) selective elimination
of the wild-type genome copies during repeated cell divi-
sionson aselective medium. Spectinomycin resistance has
been used as a selective marker encoded either in mutant
plastid 16Sribosomal RNA genes(Svabet al. 19904a; Staub
and Maliga 1992; Golds et al. 1993; O’ Neill et al. 1993),
or conferred by the expression of an engineered bacterial
aadA gene (Svab and Maliga 1993). Vectors which utilize
aadA as a selectable marker gene and target the insertion
of chimeric genes into the repeated region of the tobacco
plastid genome are available (Zoubenko et al. 1994). Se-
lection of plastid transformants by kanamycin resistance,
based on the expression of neomycin phophotransferase
(kan gene), is also feasible (Carrer et al. 1993; Carrer and
Maliga 1995).

Plastid transformation in higher plants has so far been
reported only for tobacco (reviewed in Maliga 1993; Ma-
ligaet a. 1993). We report here an extension of this tech-
nology to Arabidopsis thaliana, a model species for plant
research (Meyerowitz and Sommerville 1994).

Materials and methods
Construction of vector pGS31A

The Arabidopsis plastid transformation vector pGS31A is a pBlue-
script KS(+) phagemid vector (Stratagene) derivative. The vector



carries a2-kb Hindl I 1-EcoRI Arabidopsis ptDNA fragment contain-
ing the 5'-end of the 16S rRNA gene, trnV and part of the rps12/7
operon. During construction of the pGS31A plasmid, the Hindl 1 site
has been removed. The vector carries a selectable spectinomycin re-
sistance (aadA) gene, which was excised as a Sacl/BspHI fragment
from plasmid pZS179 (Svab and Maliga 1993) and cloned into the
Hincll site of the cloned ptDNA fragment. In vector pGS31A, the
aadA coding region istranscribed from a synthetic promoter consist-
ing of the promoter of the tobacco rRNA operon fused with a syn-
thetic ribosome binding site (Prrn). The aadA mRNA is stabilized
by transcriptionally fusing sequences downstream of the coding re-
gionwith the 3'-untranslated region of the tobacco plastid psbA gene
(TpsbA). The sequence of plastid transformation vector pGS31A has
been deposited in GenBank under accession number AF061065.

Tissue culture media

The tissue culture protocol s were adopted from Marton and Browse
(1991) and Czako et al. (1993). The Arabidopsis tissue culture me-
dia (ARM) are derivatives of the Murashige and Skoog (1962) MS
medium. ARM medium: M S salts, 3% sucrose, 0.8% TC agar, 2 ml/|
of the vitamin solution (100 mg myo-inositol, 5 mg vitamin B1,
0.5 mg vitamin B6, 0.5 mg nicotinic acid, 1 mg glycine, and 0.05 mg
biotinper milliliter). ARMI medium: ARM medium containing 3 mg
indolacetic acid, 0.15 mg 2,4-dichlorophenoxyactetic acid, 0.6 mg
benzyladenine and 0.3 mg isopentenyladenine per liter. ARMIIr me-
dium: ARM medium supplemented with 0.2 mg/l naphthal eneacet-
ic acid and 0.4 mg/l isoperntenyladenine. Arabidopsis shoot induc-
tion (ASI-N1B1) medium: ARM medium supplemented with 1 mg/I
naphthal eneacetic acid and 1 mg/l benzyladenine. The Arabidopsis
shoots were rooted on ARM medium. Arabidopsis seed culture
(ARMS5) medium: ARM medium supplemented with 5% sucrose.
The stocks of plant hormoneswerefilter sterilized, and added to me-
dia cooled to 45°C after autoclaving.

Selective media contained 500 mg/I spectinomycin HCl and/or
streptomycin sulfate. The antibiotics (filter sterilized) were added to
media cooled to 45°C after autoclaving.

Cultivation of Arabidopsis plantsin sterile culture

As the recipient for transformation, we have used the Arabidopsis
ecotype RLD, which was reported to regenerate readily in culture
(Marton and Browse 1991). For surface sterilization, seeds (25 mg)
were treated with 1 ml of commercial bleach (5.25% sodium hypo-
chlorite) in an Eppendorf tube for 5-7 min with occasional mixing
(Vortex). The seeds along with the bleach were poured into a 15-ml
conical centrifuge tube containing 10 ml 90% ethanol and incubat-
ed for 57 min. The ethanol-bleach mix was decanted, and the seeds
were washed four times with 10 ml autoclaved deionized water and
finally suspended in sterile water (~150 seeds/ml). Two milliliters
seed suspension was poured in each 10-cm diameter (10 mm high)
petri dish containing 50 ml ARM5 medium. The seeds were spread
evenly by swirling the suspension. Thewater wasthen removed from
the plates by pipetting. The seeds germinated after a 10- to 15-day
incubation at 24°C. The plates were illuminated for 8 h using cool-
white fluorescent tubes (2,000 lux).

To grow plants with larger leaves, seedlings were individually
transferred to ARMS5 plates (ten plants per 10-cm petri dish) and were
illuminated for 8 h with cool-white fluorescent bulbs (2,000 lux;
21°C day and 18°C night temperature). Thethick, dark green leaves,
1-2 cmin size, were harvested for bombardment after 5-6 weeks.

Transformation and selection of spectinomycin-resistant lines

Leaves (15-30 mm in length) for plastid transformation were har-
vested from aseptically grown plants. To cover an area4-5 cmin di-
ameter, 12-18 |leaves were placed on agar-solidified ARM| medium.
The pGS31A vector DNA was introduced into leaf chloroplasts by
the biolistic process on the surface of microscopic (1 um) tungsten
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particles using a helium-driven PDS1000/He biolistic gun (Maliga
1995). Fresh leaveswere bombarded at 450 psi (target placed at 9 cm
from rupture disk; position no. 3 from top in the biolistic gun).
Leaves, cultured for 4 days on ARMI medium were bombarded at
1,100 psi (target placed at 12 cm from rupture disk; position no. 4
from top in the biolistic gun).

Leaf bombardment was performed on ARMI medium. Follow-
ing bombardment, the leaves wereincubated for two additional days
on ARMI medium. After this, the leaves were stamped with a stack
of ten razor blades to create parallel incisions 1 mm apart. The
stamped | eaves weretransferred onto the same medium (ARMI) con-
taining 500 mg/| spectinomycin. After 8-10 days, theleaf stripswere
transferred onto selective ARMIIr medium containing 500 mg/I
spectinomycin for the selection of spectinomycin-resistant clones.
On the selective ARMIIr medium, green, resistant calli were ob-
tained. Plants from the green calli were regenerated on ASI-N1B1
medium contai ning spectinomycin (500 mg/l) or spectinomycin and
streptomycin (500 mg/l each). The shoots were transferred to ARM
medium for rooting and shoot el ongation. The plantswerethen trans-
ferred to soil.

DNA gel blot analysis of total cellular DNA

Total cellular DNA was isolated according to Mettler (1987). Re-
striction-enzyme-digested DNA was electrophoresed in 0.7% aga-
rose gels and transferred to nylon membrane (Amersham) using the
PosiBlot transfer apparatus (Stratagene). Blots were probed by us-
ing Rapid Hybridization Buffer (Amersham) with 32P-label ed probes
generated by random priming (Boehringer-Mannheim).

Results
Plastid vector pGS31A

In tobacco, homologous targeting of chimeric genes
between the trnV and rpsl2/7 genes has yielded stable
transformants at a high efficiency (Zoubenko et al. 1994).
Thetobacco and Arabidopsis plastid genomes are colinear
(Palmer et al. 1994). Therefore, an Arabidopsis ptDNA
fragment containing thetrnV and rps12/7 intergenic region
has been cloned and sequenced. Since this region in the
two speciesdiffersin several small deletionsandinsertions
(not shown), an Arabidopsis vector was constructed by li-
gating a selectable spectinomycin resistance (aadA) gene
in the trnV-rps12/7 intergenic region (Fig. 1A; GenBank
accession number AF061065). In transformation vector
pGS31A, aadA is flanked by approximately 1-kb plastid
targeting sequences on both sides.

Transformation and selection
of spectinomycin-resistant cell lines

Leaves for plastid transformation were harvested from
aseptically grown plants and were ~15-30 mm long.
Twelve to 18 leaves were placed on agar-solidified ARMI
medium to cover an area4-5 cmin diameter. The pGS31A
vector DNA was introduced into leaf chloroplasts by the
biolistic process, on the surface of microscopic (1 pm)
tungsten particles using a helium-driven PDS1000 biolis-
tic gun. After 2 days, the leaves were stamped with a stack



22

A l—1.06 kb —»i€—1.12 kb—»I€—0.93 kb —M
> __
, 3 X
¢ t ¢ X wul
PGS31A WESANA I aada |]]1 r H
S o TpsbA Prrn rps12/7,
~ L] \
S S P2
_ S= _ >
% 2 2 55
] T r(m_Vf ey
PtDNA 165/ANA 1 1| > ] .
rps12/7
2.72 kb
P1
z S g
3 =
& I il &3 88
T-ptDNA 165/ANA il aadA f) H"
rps12/7
3.82 kb
B ©0 ©
< <
(3 (3
» »
0] O]
o o
L < < <
kb
3.82—| & B
2.72— 1D
probe P1 P2
(ptDNA)  (aadA)

Fig. 1A, B Integration of aadAinto the Arabidopsisplastid genome
(ptDNA) after transformation with plasmid pGS31A. A Map of the
transformation vector pGS31A, the ptDNA region containing thein-
tegrated spectinomycin resistance (aadA) gene (T-ptDNA) and the
cognateregion of thewild-type ptDNA. 165 RNA, rps12/7, and trnV
are plastid genes (Shinozaki et al. 1986). P1 and P2 (heavy lines)
mark regions used as targeting ptDNA and aadA probes. B Southern
blot hybridization of EcoRI-digested DNA confirms integration of
aadA in the plastid genome. The P1 targeting sequences hybridize
to a 2.72-kb fragment in the wild-type (At) plants and to a larger,
3.82-kb fragment in the transplastomic line (At-pGS31A-16). Note
absence of the wild-type fragment in transplastomic line. The aadA
probe, P2, hybridizes only to the larger transplastomic fragment

of razor bladesto create aseries of parallel incisions1 mm
apart. We have found that mechanical wounding was es-
sential to induce uniform callus formation in the leaf
blades. The stamped |eaves were transferred onto the same
medium (ARMI) containing spectinomycin (500 pg/ml;
Svab and Maliga1993) tofacilitate preferential replication
of plastids containing transformed ptDNA copies. The
ARMI medium induces division of the leaf cells and for-
mation of colorless, embryogenic callus. After 7-10 days
selection on ARMI medium, spectinomycin selection was
continued on the ARM I I medium which normally induces

Table1 Recovery of spectinomcyinresistant (Spc") linesafter bom-
bardment of Arabidopsis thaliana with plasmid pGS31A. The con-
trol plates were not bombarded (psi pounds per square inch, the
value of the rupture disk)

DNA Number psi Number  Shoot Plastids
of of Spc’ regen-  trans-
plates lines eration  formed

Control (none) 100 1 0

pGS31A 40 1,100 8 6 1

pSG31A 151 450 11 8 1

greening. Since spectinomycin prevents greening of wild-
typecells, only spectinomcyin-resistant cellsformed green
calli. Visible green cell clusters appeared within 21-70
days on the selective ARMIIr medium (Fig. 2a).

In 201 bombarded samples, 19 spectinomcyin-resistant
lines were obtained (Tablel). Plant regeneration was
attempted in 14 spectinomycin-resistant lines, and suc-
ceeded for 10 of them. Shoots from the green calli regen-
erated onthe ASI-N1B1 medium, and wererooted on ARM
medium.

Whilethe 164 plantsall flowered, none of them set seed
after selfing, or after fertilization with pollen from wild-
type plants. Included among these were 98 plants regener-
ated from the two linesin which spectinomcyin resistance
was due to plastid transformation (Fig. 2b), and 66 plants
regenerated from 8 additional spectinomcyin-resistant
lines which were either spontaneous mutants or incorpo-
rated the aadA gene in their nucleus.

Southern probing to identify transplastomic lines

Plastid transformants were identified by Southern analy-
sis, after digestion with the EcoRI restriction enzyme.
When using the targeting ptDNA as a probe, in lines
At-pGS31A-2 and At-pGS31A-16, the 3.82-kb transgenic
fragment was the only fragment detected, indicating that
the wild-type ptDNA copies have been diluted out during
cell divisions on the selective medium. The same trans-
genic fragment also hybridized with the aadA probe
(Fig. 1B). Theremaining 17 spectinomycin-resistant lines
had a wild-type fragment when the blots were hybridized
with the targeting ptDNA probe. Therefore, spectinomy-
cin resistance of the lines could have been due to integra-
tion of aadA into the nucleus (Svab et al. 1990b) or spon-
taneous mutation (Fromm et al. 1987; Svab and Maliga
1991).

Discussion

We report here plastid transformation in the model species
A. thaliana. We have found that a chimeric aadA gene,
wheninsertedinthe ArabidopsisptDNA targeting cassette,
was suitableto recover plastid transformantsfollowing bi-
olistic delivery of the transforming DNA. However, the
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Fig. 2a, b Arabidopsis transplastomic lines. a A green, spectino-
mycin-resistant callusis apparent on the background of white, wild-
type leaf callus. b A flowering At-pGS31A-16 plant

frequency of plastid transformation in Arabidopsis was
significantly lower than in tobacco. In Arabidopsis, were-
covered about 1 transplastomiclinein 100 bombarded sam-
ples, whereasin tobacco, on average, 1 plastid transforma-
tion event was obtained in each sample (Svab and Maliga
1993).

There may be multiple reasons for the relatively low
transformation efficiency in Arabidopsis. Onereason could
be a relatively inefficient homologous recombination
system in Arabidopsis chloroplasts. Another could be the
relatively short plastid targeting sequence (1 kb) flanking
the aadA gene in the Arabidopsis vector pGS31A. In the
tobacco vector pZS197, aadA is flanked by 1.56 kb and
1.29 kb of ptDNA. Transformation with vector pZS197
yields about one transplastomic line per bombardment
(Svab and Maliga1993). In plasmid pRB15, also atobacco
vector, aadA is flanked by larger targeting segments,
1.56 kb and 3.6 kb of ptDNA. Transformation with vector
pRB15 yieldsabout fivetransplastomic lines per bombard-
ment (Bock and Maliga 1995). Therefore, the efficiency of
plastid transformation in Arabidopsis may be significantly
improved by increasing the size of the targeting ptDNA
fragment.

M ost of the plants regenerated from tobacco leaves are
fertile. Therefore, we were surprised to find that none of
the 164 regenerated Arabidopsis plants set seed. Lack of
fertility is likely due to extensive polyploidy of the |eaf
tissue (Galbright et al. 1991; Melaragno et al. 1993). In

contrast to the aerial parts of the plant, Arabidopsisroots
are diploid, remain diploid in culture, and readily regen-
erate fertile plants (Valvekens et al. 1988; Marton and
Browse 1991; Czako et al. 1993). Our tissue culture pro-
tocol, when applied for Agrobacterium-mediated trans-
formation of the nucleus in roots and employing specti-
nomycin selection (Hajdukiewicz et al. 1994), also
yielded fertile plants. Therefore, exposure of Arabidop-
sis to spectinomycin in culture is not responsible for the
lack of fertility.

The initial step of extending plastid transformation to
Arabidopsis has been achieved. Efforts have now to be fo-
cused on defining atissue culture system which facilitates
spectinomycin selection while allowing regeneration of
fertile Arabidopsis plants.

Acknowledgements We thank Zora Svab for preparing the South-
ern blot shown in Fig. 1. Thisresearch was supported by the Nation-
al Science Foundation Grant MCB 93-05037 to P. M.

References

Bendich AJ (1987) Why do chloroplasts and mitochondria contain
S0 many copies of their genome? Bioessays 6: 279-282

Bock R, Maliga P (1995) In vivo testing of atobacco plastid DNA
segment for guide RNA function in psbL editing. Molec Gen
Genet 247: 439443

Carrer H, Maliga P (1995) Targeted insertion of foreign genes into
the tobacco plastid genome without physical linkage to the se-
lectable marker gene. Biotechnology 13:791-794

Carrer H, Hockenberry TN, Svab Z, Maliga P (1993) Kanamycin re-
sistance as a selectable marker for plastid transformation in to-
bacco. Mol Gen Genet 241: 49-56



24

Czako M, Wilson J, Marton L (1993) Sustained root culture for gen-
eration and vegetative propagation of transgenic Arabidopsis
thaliana. Plant Cell Rep 12: 603-606

Fromm H, Edelman M, Aviv D, Galun E (1987) The molecular ba-
sis of rDNA-dependent spectinomycin resistance in Nicotiana
chloroplasts. EMBO J 6: 3233-3237

Galbright DW, Harkins KR, Knapp S (1991) Systemic endopoly-
ploidy in Arabidopsis thaliana. Plant Physiol 96: 985989

Golds T, MaligaP, Koop HU (1993) Stable plastid transformation in
PEG-teated protoplasts of Nicotiana tabacum. Biotechnology
11:95-97

Hajdukiewicz P, Svab Z, Maliga P (1994) The small, versatile pPZP
family of Agrobacteriumbinary vectorsfor plant transformation.
Plant Mol Biol 25:989-994

Koop HU, Steinmiller K, Wagner H, Rossler C, Eibl C, Sacher L
(1996) I ntegration of foreign sequencesinto the tobacco plastome
viaPEG-mediated protoplast transformation. Planta199: 193-201

Maliga P (1993) Towards plastid transformation in flowering plants.
Trends Biotechnol 11:101-106

Maliga P (1995) Biolistic transformation of tobacco cells with nu-
clear drug resistance genes. In: Maliga P, Klessig D, Cashmore
A, Gruissem W, Varner J (eds) Methods in plant molecular biol-
ogy —alaboratory manual. Cold Spring Harbor L aboratory Press,
Cold Spring Harbor, NY, pp 37-54

Maliga P, Carrer H, Kanevski |, Staub J, Svab Z (1993) Plastid en-
gineeringinland plants: aconservative genomeisopento change.
Phil Trans R Soc Lond B 341:449-454

Marton L, Browse J (1991) Facile transformation of Arabidopsis
thaliana. Plant Cell Rep 10:235-239

McBride KE, Svab Z, Schaaf DJ, Hogan PS, Stalker DM, Maliga P
(1995) Amplification of achimeric Bacillus genein chloroplasts
leadsto an extraordinary level of an insecticidal protein in tobac-
co. Biotechnology 13:362—-365

Melaragno JE, Mehrotra B, Coleman AW (1993) Relationship
between endopolyploidy and cell sizein epidermal tissue of Arab-
idopsis. Plant Cell 5:1661-1668

Mettler 13 (1987) A simple and rapid method for minipreparation
of DNA from tissue cultured plant cells. Plant Mol Biol Rep
5:346-349

Meyerowitz EM, Somerville CR (1994) Arabidopsis. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY

Murashige T, Skoog F (1962) A revised medium for rapid growth
and bioassays with tobacco tissue culture. Physiol Plant
15:493-497

O'Neill C,Horvath GV, Horvath E, Dix PJ, Medgyesy P (1993) Chlo-
roplast transformationin plants: polyethyleneglycol (PEG) treat-
ment of protoplastsisan alternativeto biolistic delivery systems.
Plant J 3:729-738

Palmer JD (1991) Plastid chromosomes: structure and evolution. In:
Bogorad L, Vasil IK (eds) Themolecular biology of plastids. Cell
culture and somatic cell genetics of plants, vol. 7A. Academic
Press, San Diego, pp 5-53

Palmer JD, Downie SR, Nugent JM, Brandt P, Unseld M, Klein M,
Brennicke A, Schuster W, Borner T (1994) Chloroplast and mit-
ochondrial DNAs of Arabidopsis thaliana: conventional ge-
nomes in an unconventional plant. In: Meyerowitz EM, Somer-
villeCR (eds) Arabidopsis. Cold Spring Harbor L aboratory Press,
Cold Spring Harbor, NY, pp 37-62

Shinozaki K, OhmeM, TanakaM, Wakasugi T, HayashidaN, Mitsu-
bayashi T, ZaitaN, Chunwongse J, Obokata J, Yamaguchi-Shin-
ozaki K, Ohto C, TorazawaK, Meng BY, SugitaM, Deno H, Ka-
mogashiraT, YamadaK, KusudaJ, TakaiwaF, Kata A, Todoh N,
ShimadaH, SugiuraM (1986) The compl ete nucleotide sequence
of the tobacco chloroplast genome: its gene organization and ex-
pression. EMBO J 5: 2043-2049

Staub J, Maliga P (1992) Long regions of homologous DNA arein-
corporated into the tobacco plastid genome by transformation.
Plant Cell 4:39-45

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

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

Svab Z, Hajdukiewicz P, Maliga P (19904a) Stable transformation of
plastidsin higher plants. Proc Natl Acad Sci USA 87:8526—-8530

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

Valvekens D, Van Motagu M, Van Lijsebettens M (1988) Agrobac-
teriumtumefaciens-mediated transformation of Arabidopsisthal-
ianaroot explantsusing kanamycin selection. Proc Natl Acad Sci
USA 85:5536-5540

Zoubenko OV, Allison LA, Svab Z, Maliga P (1994) Efficient tar-
geting of foreign genes into the tobacco plastid genome. Nucle-
ic Acids Res 22:3819-3824



