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TECHNICAL ADVANCE 

Chloroplast transformation in plants: polyethylene glycol 
(PEG) treatment of protoplasts is an alternative to 
biolistic delivery systems 

Carmel O’Neillt, Gabor V. Horvath, Eva Horvath, 
Philip J. Dix* and Peter Medgyesy* 
Biological Research Centre, Hungarian Academy of 
Sciences, P.O. Box 521, H-6701 Szeged, Hungary 

Summary 

Nicotiana plumbaginifolia protoplasts were directly 
transformed by PEG treatment with a cloned 16s 
rRNA gene isolated from a double antibiotic-resistant 
Nicotiana tabacum plastid mutant. Putative plastid 
transformants were selected in cell culture by their 
spectinomycin resistance and identified by their un- 
selected streptomycin resistance. Alternatively, cell 
lines were selected in the presence of both antibiotics. 
The cell line (and its regenerated plants) selected 
solely for spectinomycin resistance demonstrated an 
extensive segregation of streptomycin resistance in 
subsequent tests, while the double-selected line 
showed stable resistance for both antibiotics. The 
resistance markers were inherited maternally. In the 
putative plastid transformants the origin of the resis- 
tance mutations was identified by the absence of an 
Aatll site, missing in the donor N. tabacum plastid 
gene (spectinomycin resistance site) but present in 
that of wild-type N. plumbaginifolia, and a sequence 
analysis of the particular nucleotide changes in both 
resistance sites. Restriction enzyme analysis of total 
plastid DNA (ptDNA), and the recloning and full 
sequencing of the fragment introduced, investigated 
in one of the plastid transformants, showed no DNA 
rearrangements accompanied with the integration 
process. Sequence analysis indicated a targeted, 
homologous integration of the DNA fragment intro- 
duced but an unexpectedly complete homology of the 
parental ptDNA sequences in this region prevented the 
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location of borders. Although the frequency of plastid 
transformant colonies (2 x should still be 
improved, this method for stable chloroplast DNA 
transformation is comparable with or more efficient 
than the particle bombardment techniques. 

Introduction 

A substantial amount of data has recently accumulated on 
the sequence and expression of chloroplast genes in 
higher plants (Gruissem, 1989; Hiratsuka et al., 1989; 
Mullet, 1988; Ohyama et a/., 1986; Shinozaki eta/., 1986a; 
Sugiura, 1992) providing the essential background to 
genetic analysis and manipulation of the plastid genome 
(plastome). This in turn should now build a bridge towards 
the wealth of information collected from biophysical, 
biochemical, structural and physiological studies of the 
plastids. Genetic transformation gives the most useful 
results when the wild-type information can be stably ex- 
changed with the desired new DNA sequences via homo- 
logous recombination. Although plastid DNA recom- 
bination is a frequent phenomenon in the green alga 
Chlamydomonas (Lemieux etal., 1981), higher plants with 
stably exchanged plastid genes have only been produced 
through stringent cell selection for genetic complementa- 
tion after protoplast fusion (Medgyesy et a/., 1985a). In 
distant species combinations, where the entire plastome 
is non-functional with an alien nucleus, a limited plastid 
gene transfer by recombination has been able to over- 
come this incompatibility, offering a genetic tool to identify 
genes crucial in plastid-nucleus co-operation (Thanh and 
Medgyesy, 1989). These results have also demonstrated 
that in higher plants the high number of plastid DNA 
(ptDNA) copies in a plastid, and plastids in a cell, does not 
hamper the production of a stable and uniform plastome 
population of new genetic composition, provided segre- 
gation is directed by a suitably stringent selection pres- 
sure. Chloroplast gene transfer by recombination, 
however, seems to be accompanied by numerous, 
random recombination events scattered along the entire 
plastome (Fejes et a/., 1990; Medgyesy et al., 1985a). In 
experiments aimed at introducing defined changes, the 
use of cloned DNA sequences, and a transformation 
approach, is therefore, unavoidable. It is significant that 
the apparent barrier to DNA uptake of two membrane 
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systems (of the cell and the plastid) has been simul- 
taneously overcome by bombardment with DNA-coated 
particles from a particle gun, resulting in the homologous 
replacement of a targeted plastid gene. First demon- 
strated in Chlamydomonas (Boynton et a/., 1988), a wider 
perspective of application of the method in higher plants 
soon followed. Plastid-specific chimeric reporter genes 
have been transiently expressed in plastids of bombarded 
cultured cells (Daniell et a/., 1990; Ye et al., 1990). A 
selection of cell lines derived from leaf pieces bombarded 
by a cloned plastid gene coding for antibiotic resistances 
has led to the production of plants, in which the stably 
transformed plastome has been inherited in the expected 
cytoplasmic manner (Svab et a/., 1990). The wide utili- 
zation of this breakthrough in chloroplast genetics is 
presently hampered by the need for constructing or buy- 
ing a costly apparatus (‘Gene Gun’). A widely available 
means of the delivery of cloned DNA is PEG-mediated 
direct DNA transformation, which has been successfully 
employed with yeast spheroplasts (Hinnen et a/., 1978) 
and plant protoplasts (Krens et a/., 1982; Negrutiu et al., 
1987; Paszkowski et a/., 1984) for stable nuclear DNA 
transformation. Circumstantial evidence has indicated the 
feasibility of this approach for in vivo plastid DNA transfor- 
mation as well. Uptake and expression of cloned bacterial 
and cyanobacterial genes by isolated etioplasts have 
been demonstrated (Daniell and McFadden, 1987). Data 
on the plastid location of transiently expressed chimeric 
reporter genes after Agrobacterium co-cultivation (De 
Block et a/., 1985; Venkateswarlu and Nazar, 1991) and 
after PEG-mediated DNA uptake (Sporlein et a/., 1991), 
although inconclusive (cf. Cornelissen et a/., 1987; Haring 
and De Block, 1990; Ye et al., 1990), also suggested that 

plastid DNA can be targeted by cloned DNA through the 
cytoplasm and the plastid envelope without mechanical 
action. Here, we report on experiments aimed at stably 
transforming chloroplast DNA with cloned DNA via a pro- 
cess similar to protoplast fusion-mediated plastid DNA 
recombination. In our approach the desired cell lines have 
been selected after a simple PEG-mediated treatment 
of Nicotiana plumbaginifolia protoplasts with a cloned 
Nicotiana tabacum plastid gene carrying antibiotic resis- 
tance markers. 

Results 

/solation of a plastid gene coding for double antibiotic 
resistance 

A spectinomycin-resistant spontaneous mutant was 
isolated in callus culture of the streptomycin-resistant 
N. tabacum SR1 plastid mutant, in the presence of 100 
mg I-’ spectinomycin, as a green out-growth on a 
bleached (sensitive) callus. Seedling tests on the progeny 
of the regenerated plant demonstrated stable resistance 
up to 1000 mg I-’ spectinomycin, which was maternally 
inherited (data not shown). Because of the slower growth 
of the seedlings in the presence of both antibiotics, double 
resistance was tested at 500 mg I-’ of each antibiotic 
(Figure 1). In the SR-SPR3 mutant the appearance of 
spectinomycin resistance was coupled with the dis- 
appearance of an AatlI site in the 16s rRNA gene. The 
mutation, therefore, resembles other spectinomycin re- 
sistance mutations located in a conserved stem structure 
of the 16s rRNA (Fromm et a/., 1987; Svab and Maliga, 
1991). Sequence analysis revealed a C to G transversion 

Figure I. Seedling test for resistance to 
spectinomycin and/or streptomycin. 
SR-SPRS, A!. tabacurn plastid mutant; Nt, 
wild-type A!. tabacurn. Bleaching indicates 
sensitivity. 
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at position 1138 (cf. Figure 6) in comparison with the wild- 
type sequence. The 16s rDNA of the SR-SPR3 mutant 
was cloned as a 3.27 kb BamHl ptDNA fragment (No. 11) 
containing the entire gene-in N. tabacum (Shinozaki etal., 
1986a, 1986b). The cloned gene possessed the strep- 
tomycin resistance mutation as a C to A transversion at 
position 860 (Etzold eta/., 1987). 

Selection and characterization of cell lines with putatively 
transformed plastids 

DNA uptake conditions leading to a high level of transient 
expression of a chimeric p-glucuronidase gene (plDS41 I ) ,  
equivalent to 50 pmol 4-methylumbelliferone (MU) pro- 
duced per min per kg protein (or per I O4 protoplasts), were 
chosen for PEG-mediated transformation. The cloned 16s 
rRNA gene (pTB116) of the SR-SPR3 mutant was intro- 
duced into N. plumbaginifolia protoplasts using this 
method (described in Experimental procedures). Cultures 
were transferred after 8 weeks in liquid culture into solid 
selective medium containing either 500 mg I-' spec- 
tinomycin or both spectinomycin and streptomycin at 500 
mg I-' each. In the spectinomycin-containing medium 
three fast-growing, dark-green colonies appeared against 
the background of 6.0 x l o 4  bleached ones in 4 weeks 
(Figure 2). These colonies were considered as putative 
plastid transformants and investigated in detail. During 
this initial culture period no resistant colony appeared in 
the control culture (2.3 x lo4 colonies) derived from 
protoplasts treated only with plDS411. An extended cul- 
ture (over 2 months) resulted in the appearance of five 
resistant colonies in the control, and five additional ones in 
the pTBl16 treated cultures, which remained resistant 
after a subculture on selective medium and were con- 
sidered as spontaneous mutants. All these lines were 

sensitive to streptomycin in subsequent callus tests. In the 
spectinomycin/streptomycin-containing medium the 
colonies grew very slowly, and after 3 months of selective 
culture a single small, light-green colony could be isolated 
among 4.9 x I O4 bleached colonies. 

The three colonies initially selected as spectinomycin- 
resistant were retested on spectinomycin-containing 
medium and developed into fully resistant calli in 4 weeks. 
Several pieces from each callus were further tested for 
their resistance on streptomycin-containing medium. The 
line No. 1 showed extensive segregation of streptomycin 
resistance (Figure 3) although the majority of the original 
spectinomycin-resistant callus pieces formed calli also 
resistant to streptomycin. Lines No. 2 and 3 were com- 
pletely sensitive. The double-selected colony (line No. 5), 
and the streptomycin-resistant callus sectors of the line 
No. 1 tested, formed dark-green but slowlygrowing callus 
in the presence of both antibiotics. Plants were regener- 
ated on antibiotic-free medium from shoot primordia of 
the primary, resistant calli formed in the presence of either 
spectinomycin (Nos. 1-3) or both antibiotics (No. 5: 
double-selected line). In the case of line No. 1 shoot 
primordia were also used from the secondary, resistant 
calli formed on streptomycin-containing medium. In a leaf 
test of each of the lines fully resistant leaf calli were formed 
on spectinomycin-containing medium (1 0 leaf pieces were 
tested from different parts of two regenerates in each line). 
Leaf pieces were also tested for streptomycin resistance. 
All the shoots derived from only spectinomycin-selected 
calli showed a full sensitivity (data not shown). A resistant 
shoot was obtained only from a streptomycin-resistant 
callus (line No. 1). All the shoots initiated from calli grown in 
the presence of both antibiotics were fully resistant to 
streptomycin (line No. 5). 

Figure 3. Segregation of streptomycin resistance in callus test. 
The originally spectinomycin-selected N. plumbaginifolia line (No. 1 )  has 
derived from transformation with a plastid.gene coding for spectinomycin 
and streptomycin resistances. Formation of white and green sectors in the 
presence of 500 mg 1-l streptomycin indicates sensitivity and resistance, 

Figure 2. Appearance of a spectinomycin-resistant cell line. 
In the presence of 500 mg 1-l spectinomycin wild-type N. plumbaginifolia 
colonies demonstrate a bleaching and a slower growth in comparison with 
the resistant (green) colony. respectively. 
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Seed progenies derived from self-pollinations or 
crosses with wild-type N. plumbaginifolia of the line No. 1 
were also tested for spectinomycin and streptomycin 
resistance (at least 500 seedlings from three seed pods 
in each cross). The three spectinomycin-selected regen- 
erates tested proved to be homogeneously resistant to 
spectinomycin, but sensitive to streptomycin. Full strep- 
tomycin resistance of the progeny was observed in the 
case of the streptomycin-resistant regenerate derived 
from a streptomycin-resistant callus sector of line No. 1. In 
the case of this particular regenerate the test of more than 
3000 seedlings from 15 seed pods demonstrated its 
homoplasmy for both resistance markers. Resistance 
to both spectinomycin and streptomycin was inherited 
maternally (cytoplasmically) in this line (data not shown). 
Shoots regenerated from the double-selected line (No. 5) 
grew slowly, were distorted, and were unable to flower. 

Identification of the transformed plastomes by sequence 
analysis 

PtDNAs of wild-type N. plumbaginifolia, the N. tabacum 
SR-SPR3 mutant and a streptomycin-resistant regenerate 
(line No.1) were analysed with restriction endonucleases 
which cut inside (Bgll, Pvull, Smal) or in close proximity 
(Pvull, Xhol) to the BamHl fragment No.11, or cut in the 
multi-cloning site of the plasmid (Sall, Smal). No deviation 
from the expected patterns was detected (data not 
shown). The isolated BamHl fragment No.11 of the line 
No.1 was identical in length to that of the SR-SPR3 mutant 
and wild-type N. plumbaginifolia, and was indistinguish- 
able by digestion patterns generated with 37 restriction 
endonucleases. An Aatll digestion, however, demon- 
strated the disappearance of the wild-type cutter site in 
the clones derived from the original mutant and the plastid 
transformant plant (Figure 4). The other three initially in- 
vestigated lines, and four spontaneous mutants from the 
control experiment, were also investigated by cloning and 
a subsequent AatlI digestion of the appropriate BamHl 
ptDNA fragment. The results (summarized in Table 1) 
showed that the lines demonstrating both spectinomycin 
and streptomycin resistances have simultaneously lost 
the Aatll marker site. However, this was also the case with 
two of the six streptomycin-sensitive lines, which neces- 
sitated the determination of position and nature of their 
spectinomycin resistance mutation. 

A sequence analysis of the appropriate region of the 
16s rRNA genes (cf. Figure 5) elucidated the identity of the 
mutation to that of the donor ptDNA in those lines (No. 1 
and 5) in which streptomycin resistance was also 
detected. In contrast, in the solely spectinomycin-resis- 
tant, spontaneous-mutant, lines a different nucleotide 
change appeared at a neighbouring position. A further 

Figure 4. Restriction enzyme analysis for the presence of donor ptDNA. 
Pattern of Aatll-digested (a) and undigested (b) BamHl ptDNA fragments 
(No. 1 l ) ,  cloned from the plastid transformant N. plumbaginifolia line No. 1 
(lane l), the N. tabacum SR-SPR3 mutant (lane 2) and wild-type 
N. plumbaginifolia (lane 3). A lambda BstEll digest is also shown (last lane). 
In N. plumbaginifolia the 3.27 kb fragment was cut into 2.37 and 0.90 kb 
fragments. The loss of this Aatll site in the fragment isolated from the 
transformed N. plumbaginifolia ptDNA indicated the presence of an 
N. tabacumspecific site. 

verification of the plastid transformation in lines No. 1 and 
5 was a detection of the expected transition at the same 
position in a comparison with the donor-type strepto- 
mycin resistance mutation (Table 1). The sequences 
(200-500 bp) determined in these investigations revealed 
no difference from each other or the corresponding 
regions of the SR-SPR3 mutant and wild-type N. plum- 
baginifolia, apart from the resistance mutations described 
above. For a possible determination of integration 
borders, the entire BamHl fragment No.11, isolated from 
line No.1, was sequenced (Figure 5). A surprisingly com- 
plete homology of this ptDNA region in N. tabacum SR- 
SPR3 and N. plumbaginifolia allowed only the resistance 
mutations to be pin-pointed as markers of integration in 
the line No. 1 (Figure 6). 

Discussion 

The frequency of spontaneous antibiotic-resistant plastid 
mutants in protoplast-derived cell cultures of N. plum- 
baginifolia is 1-2 x l op4  under standard culture condi- 
tions (Cseplo and Maliga, 1984; Medgyesy et a/., 1985a). 
Therefore a test for an unselected marker (streptomycin 
resistance), after the selection for spectinomycin resis- 
tance, or an ab ovo selection for double resistance was 
used to distinguish plastid transformants in our experi- 
ments. Both approaches yielded one double-resistant line 
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Table 1. Resistancelsensitivity phenotypes and their molecular location for the identification of N. plumbaginifolia protoclones with 
transformed plastomes 

Resistance to 

Linesa Selection spe str 

Nucleotide position/changeb 
Presence of 

Aatll site spe' str' 

NP 
SR-SPR3 

Np + pTB116 
No. 1 
No. 2 
No. 3 
No. 5 

Np + plDS411 
No. 1 ' 
No. 2' 
No. 4' 
No. 5' 

none 
str' + w e r  

spe' 
spe' 
spe' 
(spelstr)' 

spe' 
spe' 
spe' 
SDe' 

S S 
R R 

R R + S  
R S 
R S 
R R 

R S 
R S 
R S 
R S 

+ 
- 

+ 
- 

+ 
+ 

n.a. 
11 381C-G 

1 1381CjG 
n.d. 
11 37lA-G 
11 381CjG 

n.d. 
11 371A-G 
n.d. 
n.d. 

n.a. 
8601CjA 

860lC-A 
n.a. 
n.a. 
860lC-+A 

n.a. 
n.a. 
ma. 
n.a. 

aNp, wild-type N. plumbaginifolia; SR-SPR3, N. tabacum plastid mutant resistant to both streptomycin (str) and spectinomycin (spe); 
pTB116, plasmid carrying the cloned 16s rRNA gene of the SR-SPR3 mutant; plDS411, plasmid carrying a cloned uidA gene (Stefanov et 
a/., 1991). 
bSequence numbering of the 16s rRNA gene has been according to Shinozaki eta/. (1986b) with modifications as described in the legend 
of Figure 6; n.a., not applicable; n.d., not determined. 

ORF708 trnV 16s rDNA 
str' spe' 
I I trnl + t 

1 n I- ' I  I I I I I  I 1  I I 

ORF131 
B Ss SP p Ss Sa R A  W E  A B - - 

Figure 5. Simplified genetic and molecular map, and the sequencing strategy, of the 3.27 kb BarnHl ptDNA fragment No. 11. 
The fragment has been cloned from wild-type N. plurnbaginifolia, the N. tabacurn SR-SPR3 mutant and a spectinomycin/streptomycin-resistant plastid 
transformant line (No. 1) .  The map has been constructed using data of Shinozaki eta/. (1 986b). The nomenclature of genes follows indications of Hallick and 
Bottomley (1983). Abbreviations: 16s rDNA, 16s rRNA gene; ORF, open reading frame; tml, tRNA1Ie gene; tmV, tRNAVal gene; A, Apal; B, BarnHI; E, EcoRI; 
H, Haelll; P, Pvull; R, Rsal; Sa, Sau3A; Sp, Sphl; Ss, Sstl; str'/spe', antibiotic resistance mutation sites present in the mutant and transformant lines. 

among 2-6 x 1 O4 colonies. This high frequency of double 
resistance, and the abundance of streptomycin-resistant 
callus sectors in the solely spectinomycin-selected line 
indicated that they cannot be considered spontaneous 
mutants. The selection for a plastid marker does not 
increase the frequency of the appearance of unselected 
markers resulting from spontaneous mutations after either 
mutagenic treatment (Cseplo and Maliga, 1984), gamma 
ray irradiation (Cseplo eta/., 1984) or biolistic transforma- 
tion (Newman et a/., 1990). This is understandable in the 

light of the existence of numerous DNA copies in a plastid 
(and numerous plastids in a higher plant cell) which, in the 
absence of a stringent cell selection during the process of 
vegetative segregationkopy correction, causes the loss 
of a newly arisen ptDNA mutation with a high probability 
(reviewed by Birky, 1983; Birky and Walsh, 1992). 

In Chlamydomonas ptDNA the existence of two and six 
different spectinomycin and streptomycin resistance loci, 
respectively, has been demonstrated (Harris et a/., 1989). 
Spectinomycin resistance mutations can appear in at least 
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NP 
PT 
S R-S P R 3  

NP 
PT 
SR- S P R 3  

NP 
PT 
S R-SPR3 

NP 
PT 
SR-SPR3 

NP 
PT 
S R-S P R 3  

NP 
PT 
S R-S P R 3  

G 
-1 

GGGAGTACGT TCGCAAGAAT GAAACTCAAA GGAATTGACG GGGGCCCGCA CAAGCGTGGA 
.......................... A... .............................. 
.......................... A... .............................. 
GCATGTGGTT TAATTCGATG CAAAGCGAAG AACCTTACCA GGGCTTGACA TGCCGCGAAT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CCTCTTGAAA GAGAGGGGTG CCTTCGGGAA CGCGGACACA GGTGGTGCAT GGCTGTCGTC 
............................................................ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
AGCTCGTGCC GTPAGGTGTT GGGTTAAGTC CCGCAACGAG CGCAACCCTC GTGTTTAGTT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
............................................................ 
GCCATCGTTG AGTTTGGAAC CCTGAACAGA CTGCCGGTGA TAAGCCGGAG GAAGGTGAGG 
............................................................ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ATGACGTCAA GTCATCATGC CCCTTATGCC CTGGGCGACA CACGTGCTAC AATGGCCGGG 
.... G..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . .  G..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Figure 6. Sequence of a portion of the 16s  rDNA conferring the resistance mutation sites applied to plastid DNA transformation. 
In addition to the full sequence (5’ to 3’ direction: strand A) of wild-type N. plumbaginifolia (NP). nucleotide differences are shown detected in the plastid 
transformant lines No. 1 and 5 (PT) and the donor ptDNA of the N. tabacurn plastid mutant (SR-SPR3). An arrow marks the position of an additional nucleotide 
present in the published N. tabacurnsequences of the wild-type (Shinozaki eta/., 1986b) and the SR1 mutant (Etzold eta/., 1987). The remaining parts of the 
3.27 kb BarnHl fragment used for the plastid transformation showed a 100% homology of the mutant, transformant and wild-type sequences. The 360 bp 
sequence displayed starts at position 834 in the 16s  rRNA gene (position 103591 of the entire ptDNA sequence in IRB). The streptomycin resistance mutation is 
at position 860, while the spectinomycin resistance mutation is at position 1138 (corresponding to position 1139 in the published N. tabacurn sequences). 

five different nucleotide positions in the 16s rRNA gene in 
Nicotiana (Fromm et a/., 1987; Svab and Maliga, 1991), 
three of which impair an Aatll site. Restriction enzyme 
digestion and nucleotide sequence analysis of the spec- 
tinornycin resistance site in six spectinomycin-resistant, 
spontaneous, mutants and the two double-resistant lines 
revealed only in the latter case the proper nucleotide 
change at the expected position, as represented in the 
donor ptDNA. Plastome-coded streptomycin resistance in 
Nicotiana can be the result of several mutations in two 
different genes (Etzold et a/., 1987; Fromm et a/., 1989; 
Galili et a/., 1989). Therefore, the location of the strep- 
tomycin resistance site as the appropriate nucleotide 
change in the two double-resistant lines further verified 
that they were bona fide plastid transformants. In these 
chloroplast transformants the linkage of two genetic and 
two molecular markers was demonstrated, which were 
present originally only in the transforming plastid DNA. 

Although in our case no statistical analysis is possible, 
the apparent frequency of plastid transformants among 
the surviving colonies (2 x matches well the 
similarly calculated chloroplast transformation fre- 
quencies achieved in Chlamydomonas using the particle 
gun (Newman eta/., 1990). In comparison with the scarce 
data on the application of the particle gun on whole leaves 

for plastid transformation in higher plants, the PEG- 
mediated protoplast transformation technique seems to 
be more efficient. In the latter case a single treatment of 
protoplasts derived from two leaves resulted in two plastid 
transformant colonies, while the individual bombardment 
of more than 300 leaves was necessary to obtain five 
plastid transformants after leaf disc selection (Staub and 
Maliga, 1992; Svab et a/., 1990). A similar discrepancy in 
frequencies exists between the two techniques from the 
viewpoint of nuclear transformation (compare Negrutiu 
eta/., 1987 with Klein etal., 1988). A plausible explanation 
of the discrepancy is that, while practically each of the 
protoplast-derived colonies grow under a selection pres- 
sure, in the case of leaf pieces only those cells in the 
callus-forming parts of the cutting edge, which are ex- 
posed to the selective growth conditions, can be re- 
covered as possible transformant cell lines. Furthermore, 
80% of the particles bombarded into the cells end up in the 
vacuole (Yamashita et a/., 1991), and the cell injury from 
high-velocity microprojectiles (Russel et a/., 1992) should 
also taken into account as a limiting factor of the efficacy 
of biolistic transformation. 

It was notable that in the solely spectinomycin-selected 
plastid transformant the unselected streptomycin resis- 
tance has become gradually eliminated. A similarly exten- 
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sive segregation was observed after biolistic plastid trans- 
formation in Nicotiana using a similar selection scheme 
(Svab eta/., 1990). The reason forthis phenomenon seems 
to be the location of both mutations in the same gene, 
because the same selection scheme resulted in the in- 
corporation of long uninterrupted ptDNA fragments if the 
resistance mutations were located in two different genes 
(Staub and Maliga, 1992). In Chlamydomonas the spec- 
tinomycin/streptomycin-resistant plastid mutant, carrying 
both mutations in the 16s rDNA, was characterized by a 
reduced growth and photosynthesis rate if grown under 
high irradiance (Heifetz et a/., 1992). It should also be 
considered that subtle perturbations in the 16s rRNA 
higher order structure caused by certain nucleotide sub- 
stitutions (changing also antibiotic susceptibility) may 
reduce translational .accuracy (Allen and Noller, 1991 ; 
Powers and Noller, 1991,). Therefore plastids, in which the 
originally heterogeneous DNA copies lost the unselected 
marker by intra- and intermolecular recombination/copy 
correction, might gain a replication advantage during the 
course of cell multiplication. 

Although at the beginning of our experiments the 
nucleotide sequence of the targeted ptDNA region was 
published only in N. tabacum, the available data indicated 
that several nucleotide differences between N. tabacum 
and N. plumbaginifolia would aid the location of integra- 
tion borders after ptDNA transformation. A preliminary 
sequence analysis of N. plumbaginifolia ptDNA in the 
region of the resistance mutations revealed a missing G at 
position 890 of the 16s rDNA, present in both the original 
SR1 mutant (Etzold et a/., 1987) and the wild-type 
(Shinozaki et a/., 1986b) of N. tabacum. Comparative 
sequence analysis of different ptDNA regions of N. 
tabacumand N. plumbaginifolia indicated that at least one 
nucleotide difference can be expected in a 200-300 bp 
region (Fejes eta/., 1990). Furthermore, a comparison of 
16s rDNA sequences of two pea cultivars revealed dif- 
ferences changing the recognition sites of six restriction 
endonucleases (Cerutti and Jagendorf, 1991), suggesting 
a possible distinction between the targeted and trans- 
forming ptDNA regions in our experiment. In the light of the 
above data it was surprising that, apart from the resistance 
mutations, a complete sequence homology was found in 
the targeted 3.27 kb region of N. plumbaginifolia and the 
N. tabacum SR-SPR3 mutant. The homology was further 
verified by sequencing the appropriate ptDNA region of 
the mutant SR1 (pS272; Medgyesy eta/., 1985a) and the 
authentic wild-type (pTC1; Tohdoh and Sugiura, 1982) 
clones, indicating that the presence of an additional G in 
the published sequences was possibly due to a reading 
error (accordingly, position numbers of spectinomycin 
resistance loci in Nicotiana should be reduced by one). 
This homology, which probably highly facilitated the in- 
tegration process and its accuracy (Fejes et a/., 1990; 

Newman et a/., 1990), prevented determination of the 
possible borders. 

Genetic manipulation of the plastid genome in higher 
plants either by recombination (Medgyesy et a/., 1985a; 
Thanh and Medgyesy, 1989) or transformation (Staub and 
Maliga, 1992; Svab eta/., 1990) is in its infancy; in addition 
to enlargement of the marker pool (Cseplo et a/., 1988) 
it needs an extension and improvement of the available 
methods to match the efficiency of the well-established 
nuclear gene transfer techniques. The present paper 
demonstrates that a simple PEG-mediated DNA uptake by 
protoplasts is also suitable to generate stable chloroplast 
DNA transformants. The main significance of this result is 
that chloroplast transformation in higher plants is now 
amenable to that kind of cell genetic approach, based on 
single cell selection, which has proven crucial for the 
efficient modification of cytoplasmic genomes (reviewed 
by Medgyesy, 1990). In Chlamydomonas, chloroplast 
transformation vectors with a selectable antibiotic-resis- 
tant plastid gene have proven to be a valuable tool aiding 
positive selection of targeted gene disruption. The method 
utilized the frequent co-transformation by defined, im- 
paired photosynthetic genes (not applicable for positive 
selection) in the antibiotic-resistant plastid transformants, 
which were then examined under photoautotrophic condi- 
tions (Kindle eta/., 1991; Newman eta/., 1991). In higher 
plants binding-type antibiotic resistance mutations also 
fulfil the requirements of such a selection system, because 
they provide a strong growth advantage to the cell cultures 
under sufficient selection pressure even in the dark 
(Cseplo eta/., 1993; Malone eta/., 1992). This offers the 
attractive possibility of applying to higher plants studies 
similar to those carried out with Chlamydomonas. In such 
a protoplast transformation experiment fast-growing 
colonies are selected in heterotrophic, antibiotic-contain- 
ing medium, which can be further tested in a simple 
photomixotrophic culture (Cseplo and Medgyesy, 1986) 
for their photosynthetic competence. 

Experimental procedures 

In vitro culture conditions 

Nicotiana plumbaginifolia Viviani and N. tabacum L. cv. Petit 
Havana SR1 (Maliga et a/., 1973) were maintained as shoot 
cultures on RM salts (Murashige and Skoog, 1962) with 2% 
sucrose and 0.7% Bacto-Agar (RM medium) in the light (1500 Ix, 
16 h day, 26°C). Leaf protoplasts were isolated in a solution of 
1% cellulase R10 and 0.3% macerozyme R10, dissolved in K3 
medium (Nagy and Maliga, 1976) containing 0.4 M sucrose as the 
only osmoticum, as described previously (Menczel et a/., 1981). 
Protoplast yield was about 1 x lo6 protoplasts per g leaf. DNA- 
treated protoplasts were initially cultured in liquid K3 medium, 
then the colonies were further grown for the selection in solid 
RMOP medium (Cseplo and Maliga, 1984) as described pre- 
viously (Medgyesy eta/.,  1985b). Specific features of the colony 
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and callus selection are described in the Results section. Plants 
were regenerated as described earlier (Medgyesy et a/., 198513). 
Seedlings and leaf calli were tested for their resistance to the 
appropriate antibiotics as described by Maliga et a/. (1982) and 
Medgyesy et a/. (1985a), respectively. 

Transforming vectors 

The plDS411 plasmid is a 5.1 kb, pUC-based vector containing 
the fscherichia coli uidA gene, encoding p-glucuronidase (GUS), 
supplied with a mannopine synthase (mas) promoter and a 
nopaline synthase (nos) termination signal (Stefanov etal., 1991). 
The 6.47 kb pTBl l6  vector has been constructed by cloning the 
3.27 kb BamHl ptDNA fragment No. 1 1 containing the entire 16s 
rRNA gene, isolated from the N. tabacum SR-SPR3 plastid 
mutant, into the plasmid Bluescribe M13- (Stratagene) following 
standard protocols (Sambrook et a/., 1989). The plDS411 and 
pTB116 plasmids were maintained in E. coliHB101 and XL-1 Blue 
strains, respectively, and isolated by the alkali lysis/polyethylene 
glycol precipitation method as described by Sambrook et a/. 
(1 989). 

Protoplast transformation 

PEG-mediated transformation of protoplasts followed the 
optimized protocol of Negrutiu et a/. (1987) with minor modi- 
fications. The transforming buffer (GMg25) contained glucose 
instead of mannitol. The number of protoplasts in each treatment 
was 2.5 x 1 O5 in 1 ml of final volume. Fifty micrograms of circular 
plasmid DNA and no carrier DNA were added. PEG 4000 (Serva; 
dissolved in GMg25, and heat sterilized) was used at a 20% final 
concentration. W5-washed (50 g, 1 min) protoplasts were 
cultured at a density of 5 x lo4 protoplasts per ml. Altogether 1 x 
l o 6  protoplasts were treated with pTBl16, and 2.5 x l o 5  proto- 
plasts were treated with plDS411. Half of the pTBll6-treated 
cultures were selected in media containing either spectinomycin 
dihydrochloride (Sigma) or both streptomycin sulphate (Medex- 
port) and spectinomycin, added as filter-sterilized stock solu- 
tions. Detection of GUS activity of 1-day-old cultures was per- 
formed as described by Jefferson (1987), using a Perkin-Elmer 
MPF-3 fluorescence spectrophotometer and 4-methylumbel- 
liferyl p-glucuronide (MUG; Sigma). Soluble protein contents 
were determined using the Bio-Rad Protein Assay Kit (Bio-Rad 
Laboratories GmbH). 

Restriction enzyme analysis and DNA sequencing 

Chloroplasts were isolated from aseptically grown plants in a high 
ionic strength buffer according to Bookjans etal. (1984). Lysis of 
chloroplasts and the purification of DNA followed standard pro- 
tocols (Sambrook et a/., 1989). Restriction enzyme digestions 
were performed according to the instructions of the supplier 
(Boehringer Mannheim GmbH). DNA fragments were separated 
by horizontal agarose-slab gel electrophoresis, and visualized 
by ethidium bromide staining following standard protocols 
(Sambrook et a/., 1989). For construction of the transforming 
vector pTB116, the 3268 bp BamHl fragment No. 1 1 was isolated 
from the gel by the optimized freeze-squeeze method (Tautz and 
Renz, 1983). The same fragment was cloned later on from the 
different plant lines by shot-gun cloning of BamHI-digested 
ptDNA into pBS- (Stratagene) using the f. coli strain DH5aF‘. 
Digoxigenin-labelled pTB116 was used as a probe for hybri- 

dization according to the instructions of the Non-radioactive DNA 
Labelling and Detection Kit (Boehringer Mannheim GmbH). For 
physical mapping the particular BamHl fragments were cut out 
and isolated from the gel. A 470 bp Rsal-EcoRI fragment, cut 
from the subcloned, 1277 bp Sphl-fcoRI fragment (cf. Figure 5), 
was cloned into SmallEcoRI-digested pBS- for determination of 
the nucleotide sequence of resistance sites. The sequencing 
strategy of the whole BamHl fragment is shown on Figure 5. 
Nucleotide sequences were determined by the dideoxy chain 
termination method (Sanger et a/., 1977) using the Sequenase 
Version 2.0 DNA Sequencing Kit (United States Biochemical 
Corporation) with double-stranded DNA templates and M13/pUC 
direct or reverse primers. 
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Note added in proof 

A parallel publication (Golds et al. (1993) Bioflechnology, 11, 95-97) has also shown the feasibility of PEG-based 
chloroplast transformation in another Nicotiana species. 




