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Introduction

There is extensive evidence for the movement of 
nucleic acids across cellular membranes inside eukary-
otic cells. The endosymbiotic origin of mitochondria 
and chloroplasts (Cedergren et al. 1988; Gray 1989), 
contrasted with the small size of their present genomes 
(Palmer 1985; Levings and Brown 1989; Palmer 1990), 
implies that a massive transfer of genetic material must 
have taken place from these organelles into the nucleus. 
There is now good evidence for this process (Scott and 
Timmis 1984; Ayliffe et al. 1988; Schuster and Bren-
nicke 1988; Gray 1989; Baldauf et al. 1990; Gantt et al. 
1991; Nugent and Palmer 1991). Moreover, transfer of 
DNA from the mitochondrion to the nucleus has been 
experimentally demonstrated in yeast (Thorsness and 
Fox 1990 and 1993).

The existence of promiscuous DNA (Ellis 1982) in 
mitochondria is also well documented. Plastid and nu-

clear sequences have been found in the mitochondrial 
genomes of several species (Stern and Lonsdale 1982; 
Schuster and Brennicke 1987; Nugent and Palmer 1988; 
Schuster and Brennicke 1988; Joyce and Gray 1989). 
However, evidence for transfer of foreign DNA into the 
chloroplast genome is limited to a putative nuclear frag-
ment found in the plastome of Acetabularia mediterra-
nea (Li-Weber et al. 1987), and several species-specific 
sequences of unknown origin present in subclover chlo-
roplast DNA (Milligan et al. 1989). In addition, most of 
the introns shared by many land plant chloroplast ge-
nomes were acquired by the plastome after its endo-
symbiotic origin (Manhart and Palmer 1990), imply-
ing horizontal transfer of genetic information. Because 
of the compact structure of the chloroplast genome in 
land plants, with little non-coding space (Palmer 1985; 
Ohyama et al. 1986; Shinozaki et al. 1986; Hiratsuka 
et al. 1989; Palmer 1990), the relative absence of for-
eign DNA sequences in the plastome probably reflects 
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the lack of sites into which these sequences can insert 
without causing a lethal mutation (Nugent and Palmer 
1988; Schuster and Brennicke 1988). Alternatively, 
chloroplasts may be less prone to take up foreign DNA 
sequences due to the structural integrity of the envelope 
membrane. In any case, the mechanism(s) that allows 
the inter-organelle movement of promiscuous DNA re-
mains unknown, although in yeast there appear to be nu-
clear-coded factors that control escape of DNA from mi-
tochondria (Thorsness and Fox 1993).

There is convincing evidence that several plant virus 
nucleic acids, and T-DNA from Agrobacterium tumefa-
ciens can become localized in chloroplasts (DeBlock et 
al. 1985; Gröning et al. 1987; Schoelz and Zaitlin 1989; 
Gröning  et al. 1990; Venkateswarlu and Nazar 1991). 
However, it is not known whether a vector mediated 
mechanism might be involved in the transport of these 
nucleic acids into chloroplasts.

Forced uptake of DNA into plastids by biolistic 
means, resulting in chloroplast transformation, has been 
observed repeatedly (Svab et al. 1990; Ye et al. 1990; 
Newman et al. 1991). However, the exact physical path-
way for entry is not known. The entering particle might 
penetrate the chloroplast envelope, depositing DNA in-
side. Alternatively, DNA deposited in the cytosol might 
be able to enter the plastid by an unknown mechanism. 
This could have been the case when entry of DNA into 
chloroplasts occurred following PEG-promoted DNA 
uptake by protoplasts (Spörlein  et al. 1991; O’Neill et 
al. 1993). Unlike the situation in many eubacteria (Por-
ter 1986; Stewart and Carlson 1986; Maynard Smith et 
al. 1991), there is no evidence for a specific DNA-up-
take mechanism in the chloroplast envelope. An alterna-
tive is DNA-uptake by chloroplasts permitted by a tran-
sient alteration of the envelope membrane permeability 
that does not cause irreversible damage to the organelle. 
Significantly, forced uptake of DNA involving formation 
of a temporary hole in the envelope was achieved with 
the use of a controlled laser beam (Weber et al. 1989).

The classic procedure for transformation of Esche-
richia coli by plasmids (i.e. heat shock at 42 °C of bac-
terial cells preincubated at 0 °C in the presence of high 
concentrations of Ca2+ or Ba2+) induces polymorphic 
changes in the membrane including the formation of 
non-bilayer structures (hexagonal HII phase), as well as 
intermembrane and intercellular contacts followed by 
membrane fusion (Borovjagin et al. 1987). There ap-
pears to be a correlation between these morphological 

changes in the membrane and the induced DNA up-
take. It is very suggestive that the main component of 
thylakoid membranes, monogalactosyl diacylglycerol 
(MGDG), is a non-bilayer forming lipid (Douce et al. 
1984; Gruner et al. 1985; Gounaris et al. 1986; Williams 
and Quinn 1987). Indeed, non-bilayer structures (hexag-
onal HII phase) can be induced in thylakoid membranes 
by a variety of treatments: mild heat shock, charge 
shielding by divalent cations or low pH, or reduction in 
water activity (Carter and Staehelin 1980; Gounaris et 
al. 1984; Thomas et al. 1985; Williams and Quinn 1987; 
Williams 1988). Such structures may occur in plants un-
der conditions of environmental stress, when the normal 
interactions between the membrane components are dis-
rupted (Gounaris et al. 1984; Steponkus 1985; Williams 
and Quinn 1987; Williams 1988; Steponkus et al. 1990). 
The lipid composition of envelope inner membranes 
from higher plant chloroplasts is qualitatively similar to 
that of the thylakoid membranes (Douce et al. 1984; Jo-
yard et al. 1991). Thus, it is tempting to speculate that 
the inner envelope membranes which are the main bar-
rier to entry of solutes, will behave like the thylakoid 
membranes with respect to the polymorphic phase prefer
ence of the lipids.

Therefore, movement of nucleic acids across the chlo-
roplast envelope could take place under conditions caus-
ing transient breaches in the membrane, equivalent to 
the reversible pore formation caused by electroporation 
(Borovjagin et al. 1987; Chang and Reese 1990) or a la-
ser beam (Weber et al. 1989). In support of this interpre-
tation, we report here that heat shock, the divalent cat-
ion Mg2+, and hypotonic treatments allow entry of DNA 
into isolated pea chloroplasts used as a model system.

Materials and methods

Protoplast preparation and chloroplast isolation

Protoplasts were prepared from pea seedlings (cv. 
Progress No. 9) as described in Nivison et al. (1986).

The purified protoplasts were washed once (5 min, 
75 g) with chloroplast isolation buffer (Nivison et al. 
1986), and broken by five passages through 10 μm ny-
lon mesh. Intact chloroplasts were isolated by centrif-
ugation of the homogenate on discontinuous Percoll 
gradients (Nivison et al. 1986). Chloroplasts were also 
directly isolated from leaves as previously described 
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(Nivison et al. 1986). Purified chloroplasts were finally 
resuspended in incubation buffer (50 mM Hepes-KOH, 
pH 7.5; 350 mM sorbitol; 1 mM KCl; 0.3 mM MgCl2; 
0.3 mM MnCl2; 1 mM DTT; and 0.05% BSA) to a final 
concentration of approximately 2 mg chlorophyll/ml.

Treatments allowing entry ofDNA into chloroplasts

Standard procedures were used for plasmid isolation 
by isopycnic centrifugation in CsCl/ethidium bromide 
gradients (Sambrook et al. 1989). Each reaction, ex-
cept where otherwise noted, contained 10 μg of pUC 8 
or pTB 27 plasmid DNA (Sugiura et al. 1986) and in-
tact chloroplasts corresponding to 100 μg of chlorophyll 
(0.5–1.0 × 108 plastids). The final volume and incuba-
tion conditions varied as described below.
a) Hypotonic treatments. One hundred microliter ali-

quots of chloroplast suspension, to which pTB 27 had 
been added, were diluted by stepwise addition of in-
cubation buffer (with the proper sorbitol concentra-
tion) to a final volume of 500 μl and the desired final 
sorbitol concentration (70–350 mM). After incubation 
at room temperature for 45 min, they were slowly re-
turned to the isotonic condition.

b) Heat shock treatments. Two hundred microliter ali-
quots of chloroplast suspension were incubated with 
pUC 8 at room temperature for 30 min. Then, they 
were heated to 42 °C for 1 to 6 min, followed by rapid 
cooling on ice for 1 min.

c) Magnesium chloride treatments. Two hundred micro-
liter aliquots of chloroplast suspension (200 μg chlo-
rophyll) were adjusted to different concentrations 
of MgCl2 (0–10 mM), and incubated with pUC 8 at 
room temperature for 45 min.

d) Chloroplast concentration treatments. Aliquots con-
taining the same amount of chloroplasts (125 μg of 
chlorophyll) were diluted with incubation buffer to 
different final volumes. Then, plasmid DNA (pUC 8) 
was added to the same final concentration (30 ng/μl). 
After 30 min incubation at room temperature, sam-
ples were heat shocked at 42 °C for 5 min followed 
by cooling on ice for 1 min.

e) Control treatments. Entry of DNA into the organelles 
was induced by heat shock treatments, and then sam-
ples were adjusted to 900 μl with incubation buffer. In 
the first control the buffer lacked sorbitol, causing os-
motic lysis of the chloroplasts. Triton X-100 to a fi-
nal concentration of 1% was added to a second sam-
ple, and the third and fourth controls received 10 and 

100 μg, respectively, of salmon testis DNA to com-
pete out non-specifically bound DNA. Samples were 
incubated at room temperature for another 30 min af-
ter the additions.

Digestion of non-internalized DNA

All treatments were diluted to 900 μl with incubation 
buffer and MgCL2, where present, was chelated by the 
addition of an equivalent amount of EDTA. Deoxyribo-
nuclease I and MgCl2 were added, in that order, to fi-
nal concentrations of 50 μg/ml and 3 mM, respectively. 
After incubation at 4 °C for 30 min, the reaction was 
stopped by the addition of half a volume of wash buffer 
(50 mM Tris-HCl, pH 8.3; 375 mM sorbitol; and 60 mM 
EDTA). Intact chloroplasts were reisolated by centrifu-
gation through a 40% Percoll cushion.

Purification and detection of DNA

The chloroplast pellet was resuspended in swelling 
buffer (10 mM Tris-HCl, pH 8.3; 200 mM NaCl; and 25 
mM EDTA), and linearized pBR 322 added as an inter-
nal standard to account for losses during the subsequent 
DNA manipulations. DNA was purified as previously 
described (Kut and Flick 1986), separated by agarose 
gel electrophoresis and transferred to nylon membranes 
(GeneScreen Plus, NEN) by standard procedures (Sam-
brook et al. 1989). The filters were hybridized with a 
labeled 1.87 Kb Hae II segment, common to pUC 8, 
pTB27, and pBR 322. The probe had been labeled with 
[α-32P]-dCTP and DNA polymerase I large fragment us-
ing the random oligonucleotide primers procedure (Sam-
brook et al. 1989). Standard hybridization conditions 
were used (Sambrook et al. 1989), and the blots were fi-
nally exposed to Kodak XAR-5 film. Preliminary exper-
iments revealed that the probe does not cross-hybridize 
with chloroplast DNA from pea (data not shown).

Results

We incubated isolated pea chloroplasts with plasmid 
DNA under different experimental situations, to evaluate 
whether DNA uptake could be induced by conditions ex-
pected to cause a transient alteration in the permeability 
of the membranes. The non-internalized DNA was di-
gested with DNase I and intact plastids reisolated. Af-
ter purification, the presence of heterologous plasmid 
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DNA was detected by Southern  hybridization with a la-
beled Hae II restriction fragment common to pUC 8 and 
pBR 322. Linearized pBR 322 was added at the begin-
ning of the isolation procedure, as an internal standard 
to account for losses during extraction and transfer of 
the DNA. The detection of plasmid DNA protected from 
DNase I digestion was taken as evidence of movement 
into the organelles.

Hypotonic and hypertonic treatments

Under hypotonic conditions, the net entry of DNA in-
creased as the concentration of sorbitol in the incuba
tion medium decreased (Fig. 1a). This also caused par

tial chloroplast lysis, as revealed by a lower recovery of 
chloroplast DNA with decreasing concentrations of sor-
bitol (Fig. 1b). Maximal DNA uptake was observed at 
140 mM of sorbitol, also found to be optimal for per-
meabilization of soybean protoplasts (Saleem and Cutler 
1986; Cutler and Saleem 1987). At lower concentrations 
the net entry of DNA was probably reduced due to sig-
nificant osmotic lysis of the chloroplasts (Fig. 1). Hyper-
tonic treatments (up to 2000 mM sorbitol) were ineffec-
tive in inducing DNA uptake by chloroplasts (data not 
shown).

Heat shock and magnesium chloride treatments

Heat shock at 42 °C allowed DNA uptake by isolated 
intact chloroplasts as a function of the duration of the 
treatment (Fig. 2). The recovery of chloroplast DNA 
was not affected by the treatments, suggesting that up 
to 6 min of heat shock do not cause significant lysis of 
the chloroplasts (data not shown). The exogenous DNA 
must be present during the heat shock treatment, since 
addition afterwards resulted in no detectable recovery of 
plasmid DNA (data not shown).

The DNA uptake induced by heat shock was pro
portional to the concentration of chloroplasts (Fig. 3), 
suggesting the involvement of a bimolecular-like reac
tion. This is consistent with the DNA being internalized 
by individual plastids rather than by the fusion of two 
chloroplasts. In the latter case the amount of internalized 
DNA would be expected to be proportional the square of 
the plastid concentration. However, even under the best 
conditions, the amount of internalized DNA is very low. 
Based on densitometric analysis, we estimate that one 
plasmid molecule out of 104–105 is internalized. This ar-
gues against the existence of a specific mechanism for 
DNA uptake.

Fig. 1.  Hypotonic conditions allow DNA movement across the chlo-
roplast envelope, (a) Autoradiography of Southern blot probed with a 
[32 Pi-labeled Hae II pUC 8 fragment. The slight background in the 
control lane (350 mM sorbitol) is presumably due to incomplete di-
gestion by the added DNase I. (b) Ethidium bromide stained agarose 
gel. Abbreviations: CC - covalently closed circular form; C2 - puta-
tive dimeric form (closed circular); IS - internal standard (linearized 
pBR 322); L - linear form; 0 - open circular form; ctDNA - chloro-
plast DNA.

Fig. 2. Entry of DNA into isolated pea chloroplasts is permitted by 
heat shock treatments. Lanes indicate time at 42 °C. Abbreviations: 
CC - covalently closed circular form.

Fig. 3.  Effect of chloroplast concentration on the passive DNA up-
take induced by heat shock. The heating was at 42 °C for 5 min (see 
“Materials and Methods” for details). The concentration of plasmid 
DNA and the number of chloroplasts were kept constant in all treat-
ments, while the chloroplast concentration was varied by using dif-
ferent volumes of incubation. Abbreviations as in Fig. 1.
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Incubation of the chloroplasts in the presence of 
MgCl2 also permitted DNA movement across the en-
velope, as the concentration of the divalent cation in-
creased to 10 mM (Fig. 4). There was an apparent 
threshold of approximately 5 mM below which there 
was no detectable uptake. In these experiments, the in-
ternalized DNA showed an increased proportion of the 
open circular and linear forms of the vector, as well as 
lower molecular weight fragments (Fig. 4). Although 
we cannot exclude the possibility of preferential uptake 
of certain DNA forms, it seems unlikely in the absence 
of a specific mechanism of DNA uptake. More prob-
ably this is due to partial digestion of the supercoiled 
DNA by Mg2+ dependent deoxyribonuclease(s) local-
ized in chloroplasts. The existence of nuclease activ-
ity in chloroplasts has been reported previously (Shoe-
maker et al. 1983; McKown and Tewari 1984; Monko 
et al. 1994). We also detected significant nuclease ac-
tivity, stimulated by Mg2+, in crude stromal extracts 
(data not shown).

Control treatments

Several control experiments suggest that the DNA 
protected from deoxyribonuclease digestion is actually 
internalized by the chloroplasts. Breakage of the organ-
elles by osmotic lysis or Triton X-100, after the inducing 
treatments but prior to the addition of DNAse I, com-
pletely prevented detection of any exogenous DNA (Fig. 
5). Potentially the DNA could be protected from diges-
tion by non-specific binding to proteins and/or to mem-
branes rather than being taken up by the chloroplasts. 
To compete out any non-specifically bound DNA, we 
added up to 10-fold excess of salmon testis DNA after 
the inducing treatments. Samples were incubated for an-
other 30 min to allow for exchange between the puta-
tive bound and competing DNAs to take place. Finally, 
DNAse I was added to digest free DNA and intact chlo-
roplasts isolated following the standard protocol. There 
was no difference in the amount of detected DNA com-
pared with a similar sample lacking the competing DNA 
(Fig. 5).

Fig. 4. Movement of DNA across the chloroplast envelope occurs 
in the presence of magnesium chloride. Note that most of the inter
nalized DNA is present in the linear form or as degraded fragments 
(arrow). Abbreviations as in Fig. 1.

Fig. 5. DNA protected from Dnase I digestion has been internalized. 
The addition of salmon testis DNA (stDNA), to compete out non-spe-
cifically bound DNA, does not affect the amount of detected DNA. 
However, breakage of the chloroplasts by osmotic lysis or Triton X-
100 eliminated detection of any exogenous DNA. Abbreviations as 
in Fig. 1.
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Discussion

The need to import certain small RNAs, required for 
RNA processing and translation in mitochondria and 
chloroplasts, has been recognized or implied in several 
species (Boer and Gray 1988; Chang and Clayton 1989; 
Maréchal-Drouard et al. 1990; Morden et al. 1991; Tay-
lor et al. 1991; Dietrich et al. 1992). Presumably, there 
is a specialized mechanism(s) for the continuous trans-
port of these molecules. The inter-organelle movement 
of promiscuous DNA is also well documented (Ellis 
1982; Stern and Lonsdale 1982; Scott and Timmis 1984; 
Li-Weber et al. 1987; Schuster and Brennicke 1987; Ay-
liffe et al. 1988; Nugent and Palmer 1988; Schuster and 
Brennicke 1988; Joyce and Gray 1989; Baldauf et al. 
1990; Thorsness and Fox 1990; Gantt et al. 1991; Nu-
gent and Palmer 1991). However, the mechanism(s) in-
volved remains as yet only speculative.

Several hypotheses have been postulated to explain 
the movement of promiscuous nucleic acid across mem-
branes: (a) vector-mediated transfer, involving plasmids, 
transposons, or viruses (Ellis 1982; Nugent and Palmer 
1988; Schuster and Brennicke 1988), (b) a specific DNA 
uptake mechanism (Gray 1989a), similar to the one op-
erating in many eubacteria (Porter 1986; Stewart and 
Carlson 1986; Maynard Smith et al. 1991), (c) fusion 
between different organelles allowing their genomes to 
come into contact and recombine (Ellis 1982; Stern and 
Lonsdale 1982; Nugent and Palmer 1988; Schuster and 
Brennicke 1988), or (d) transient alterations in the per-
meability of the organellar membranes (Schuster and 
Brennicke 1988; Thorsness and Fox 1990).

To date, there is no evidence for the operation of the 
first two mechanisms in chloroplasts. Indeed, our results 
argue against the existence of a specific DNA uptake 
system in the chloroplast envelope. Isolated pea chloro-
plasts incubated with a variety of plasmids, including one 
(pTB27) containing 7 Kb of chloroplast sequence, do not 
take up DNA at a detectable level. The addition of ATP 
to 1 mM final concentration or incubation in the light had 
no effect on this lack of uptake (data not shown). Simi-
larly, untreated cucumber etioplasts are very inefficient at 
DNA uptake (Daniell and McFadden 1987).

Fusion between mitochondria and chloroplasts has 
been suggested based on some early studies with both 
phase contrast cinematography and transmission elec
tron microscopy (Wildman et al. 1962; Crotty and Led-
better 1973; Montes and Bradbeer 1976; Wellburn and 

Wellburn 1979). However, the membranes of these or-
ganelles are now known to be very different in com
position (Douce et al. 1984; Joyard et al. 1991), which 
would make fusion difficult. Moreover, experiments de-
signed to recover chloroplast DNA recombinants in land 
plants suggest that plastid fusion is very rare (Bowman et 
al. 1988; Fejes et al. 1990). Therefore, the possibility of 
chloroplast/mitochondrion fusion in higher plants seems 
unlikely or, at least, extremely infrequent. In addition, 
our results strongly suggest that plastid fusion is not in-
volved in the uptake of DNA by isolated pea plastids.

It is likely that the in vivo movement of promiscuous 
nucleic acids across organellar membranes requires al-
teration of their selective permeability. However, there 
is no definite evidence for any consistent mechanism for 
this as yet. The migration of nucleic acids from chloro-
plasts or mitochondria to the nucleus could be explained 
by occasional breakage of an organelle, releasing nucleic 
acids into the cytoplasm (Ellis 1982; Nugent and Palmer 
1988; Thorsness and Fox 1990). Subsequently, these 
macromolecules could move into the nucleus through 
the nuclear pores or become incorporated after the dis-
solution and reforming of the nuclear envelope in the 
normal cell cycle. But integration of foreign DNA into 
mitochondria or chloroplasts must require a transient al-
teration of the enclosing membranes, to avoid irrevers-
ible damage to the organelles.

In this work several treatments permitted DNA entry 
into the chloroplasts. Hypotonic conditions clearly al-
lowed internalization of DNA, with optimal net uptake at 
140 mM sorbitol. Such a treatment has also been shown 
to induce uptake of DNA by soybean protoplasts, with-
out significantly affecting their viability (Saleem and 
Cutler 1986; Cutler and Saleem 1987). Hypotonic con-
ditions probably cause osmotic expansion of the chlo-
roplasts. Because elastic expansion of any membrane is 
limited, especially without incorporation of new mate-
rial (Steponkus 1985; Steponkus et al. 1990), large ten-
sions likely occur in the plane of the membrane causing 
transient pore formation and passive DNA uptake.

Heat shock at 42 °C (for 1 to 6 min) or the presence 
of Mg2+ (from 5 to 10 mM) also permitted movement 
of DNA across the chloroplast envelope. However, the 
amount of internalized DNA was low, suggesting the in-
volvement of a non-specific mechanism in allowing this 
DNA movement. Similar treatments have been shown to 
induce the formation of nonbilayer structures in thyla-
koid membranes (Carter and Staehelin 1980; Gounaris et 
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al. 1984; Thomas et al. 1985; Williams and Quinn 1987; 
Williams 1988). Considering that the chloroplast inner 
envelope is very similar in lipid composition (Douce et 
al. 1984; Joyard et al. 1991), a transient induction of the 
lamellar to hexagonal HII phase transition could explain 
our results.

It has been suggested that the transitory formation 
of inverted lipid micelles (intermediary structures be-
tween the lamellar and HII phases) could be involved 
in the transport of polar molecules across membranes 
(Cullis et al. 1980; Verkleij 1984; van’t Hof et al. 1991). 
These structures have been directly implicated in DNA 
uptake during E. coli transformation (Borovjagin et al. 
1987). Mitochondrial membranes also contain lipids 
which can adopt the HII phase (Gruner et al. 1985; Jo-
yard et al. 1991), and such a phenomenon has been ob-
served upon treatment with divalent cations (Verkleij 
1984). Moreover, DNA migration from mitochondria 
to the nucleus in yeast has been found to increase un-
der conditions stressful for the membranes, such as high 
temperature or freezing (Thorsness and Fox 1990). PEG 
treatment of protoplasts has been shown to allow the 
introduction of DNA into chloroplasts (Spörlein  et al. 
1991; O’Neill et al. 1993). Again, it has been suggested 
that PEG destabilizes membranes, potentially inducing 
nonbilayer structures (Boni and Hui 1987).

Our results suggest that the entry of DNA into chlo-
roplasts takes place under stressful conditions that tran-
siently alter the permeability of the envelope. Cell mem-
branes are subject to large osmotic stresses at freezing 
temperatures (Steponkus 1985; Steponkus et al. 1990). 
Freezing has also been shown to induce the formation of 
nonbilayer structures in the plasma membrane (Steponkus 
1985; Steponkus et al. 1990). Polymorphic changes in the 
membranes of mitochondria and thylakoids are induced 
by a variety of treatments such as heat shock, divalent 
cations, or reduction in water activity (Carter and Stae-
helin 1980; Gounaris et al. 1984; Verkleij 1984; Thomas 
et al. 1985; Williams and Quinn 1987; Williams 1988). 
These phenomena very likely occur in whole plants from 
time to time under stressful environmental conditions, 
and would provide a mechanism for the movement of 
promiscuous nucleic acids across membranes.

Acknowledgements

Partial support was provided by Hatch grant 0155928 
and by grant 91-37301-6421 from the US Department 

of Agriculture/National Research Initiative Competitive 
Grants Program. H. Cerutti  was supported by a pre-
doctoral fellowship from the Cornell National Science 
Foundation Plant Science Center, a unit in the US De-
partment of Agriculture/Department of Energy/National 
Science Foundation Plant Science Centers Program, 
which is sponsored by the New York State Science and 
Technology Foundation, a consortium of industries, and 
the US Army Research Office.

References

Ayliffe MA, Timmis JN, and Scott NS (1988) Homologies to chloro
plast DNA in the nuclear DNA of a number of Chenopod species. 
Theor Appi Genet 75: 282–285

Baldauf SL, Manhart JR, and Palmer JD (1990) Different fates of the 
chloroplast tufA gene following its transfer to the nucleus in green 
algae. Proc Nati Acad Sci (US) 87: 5317–5321

Boer PH and Gray MW (1988) Transfer RNA genes and the genetic 
code in Chlamydomonas reinhardtii mitochondria. Curr Genet 
14: 583–590

Boni LT and Hui SW (1987) The mechanism of polyethylene glycol-
induced fusion in model membranes. In: Sowers AE (ed) Cell Fu-
sion, pp 301–330. Plenum Press, New York

Borovjagin VL, Sabelnikov AG, Tarahovsky YS, and Vasilenko IA 
(1987) Polymorphic behavior of Gram-negative bacteria mem
branes. Membrane Biol 100: 229–242

Bowman CM, Barker RF, and Dyer TA (1988) In wheat ctDNA, 
segments of ribosomal protein genes are dispersed repeats, prob
ably conserved by nonreciprocal recombination. Curr Genet 14: 
127–136

Carter DP and Staehelin LA (1980) Proteolysis of chloroplast thy-
lakoid membranes. II. Evidence for the involvement of the light 
harvesting chlorophyll a/b-protein complex in thylakoid stacking 
and for the effects of magnesium ions on Photosystem II-light har
vesting complex aggregates in the absence of membrane stacking. 
Arch Biochem Biophys 200: 374–386

Cedergren R, Gray MW, Abel Y, and Sankoff D (1988) The evolu
tionary relationships among known life forms. J Mol Evol 28: 
98–112

Chang DD and Clayton DA (1989) Mouse MRP RNA is encoded by 
a nuclear gene and contains a decamer sequence complementary 
to a conserved region of mitochondrial RNA substrate. Cell 56: 
131–139

Chang DC and Reese TS (1990) Changes in membrane structure in-
duced by electroporation as revealed by rapid-freeze electron mi-
croscopy. Biophys J 58: 1–12

Crotty WJ and Ledbetter MC (1973) Membrane continuities involv
ing chloroplasts and other organelles in plant cells. Science 182: 
839–841

Cullis PR, De Kruijff B, Hope MJ, Nayar R, and Schmid SC (1980) 
Phospholipids and membrane transport. Can J Biochem 58: 
1091–1100

Cutler AJ and Saleem M (1987) Permeabilizing soybean protoplasts 



336  Cerutti & Jagendorf in Photosynthesis Research 46 (1995) 

to macromolecules using electroporation and hypotonic shock. 
Plant Physiol 83: 24–28

Daniell H and McFadden BA (1987) Uptake and expression of bac
terial and cyanobacterial genes by isolated cucumber etioplasts. 
Proc Natl Acad Sci (US) 84: 6349–6353

DeBlock M, Schell J and Van Montague M (1985) Chloroplast trans-
formation by Agrobacterium tumefacians. EMBO J 4: 1367–1372

Dietrich A, Weil JH, and Maréchal-Drouard L (1992) Nuclear-en-
coded transfer RNAs in plant mitochondria. Annu Rev Cell Biol 
8: 115–131

Douce R, Block MA, Dorne AJ, and Joyard J (1984) The plastid en-
velope membranes: their structure, composition and role in chlo-
roplast biogenesis. Subcell Biochem 10: 1–86

Ellis J (1982) Promiscuous DNA: chloroplast genes inside plant mi-
tochondria. Nature 299: 678–679

Fejes E, Engler D, and Maliga P (1990) Extensive homologous chlo-
roplast DNA recombination in the pt14 Nicotiana somatic hybrid. 
Theor Appl Genet 79: 28–32

Gantt JS, Baldauf SL, Calie PJ, Weeden NF, and Palmer JD (1991) 
Transfer of rpl22 to the nucleus greatly preceded its loss from 
the chloroplast and involved the gain of an intron. EMBO J 10: 
3073–3075

Gounaris K, Brain APR, Quinn PJ, and Williams WP (1984) Struc-
tural reorganization of chloroplast thylakoid membranes in re-
sponse to heat stress. Biochim Biophys Acta 766: 198–208

Gounaris K, Barber J, and Hardwood JL (1986) The thylakoid mem
branes of higher plant chloroplasts. Biochem J 237: 313–326

Gray JC (1989a) Genetic manipulation of the chloroplast genome. 
In: Kung SD and Arntzen CJ (eds) Plant Biotechnology, pp 317–
335. Butterworths, Boston

Gray MW (1989b) The evolutionary origins of organelles. Trends in 
Genet 5: 294–299

Gröning  BR, Abouzid A, and Jeske H (1987) Single-stranded DNA 
from abutilon mosaic virus is present in the plastids of infected 
Abutilon sellovianum. Proc Natl Acad Sci (US) 84: 8996–9000

Gröning  BR, Prischmuth T, and Jeske H (1990) Replicative form 
DNA of abutilon mosaic virus is present in plastids. Mol Gen 
Genet 220: 485–488

Gruner SM, Cullis PR, Hope MJ, and Tilcock CPS (1985) Lipid 
polymorphism: the molecular basis of nonbilayer phases. Annu 
Rev Biophys Biophys Chem 14: 211–238

Hiratsuka J, Shimada H, Whittier R, Ishibashi T, Sakamoto M, Mori 
M, Kondo C, Honji Y, Sun C-R, Meng B-Y, Li Y-Q, Kanno A, 
Nishizawa Y, Hirai A, Shinozaki K, and Sugiura M (1989) The 
complete sequence of the rice (Oryza sativa) chloroplast genome: 
Intermolecular recombination between distinct tRNA genes ac-
counts for a major plastid DNA inversion during the evolution of 
the cereals. Mol Gen Genet 217: 185–194

Joyard J, Block MA, and Douce R (1991) Molecular aspects of plas-
tid envelope biochemistry. Eur J Biochem 199: 489–904

Joyce PBM and Gray MW (1989) Chloroplast-like transfer RNA 
genes expressed in wheat mitochondria. Nucl Acids Res 17: 
5461–5476

Kut SA and Flick CE (1986) A miniprep system for analysis of chlo-
roplast DNA restriction fragments in Nicotiana. Plant Mol Biol 
Reporter 4: 48–55

Levings III CS and Brown GG (1989) Molecular biology of plant 
mitochondria. Cell 56: 171–179

Li-Weber M, de Groot EJ, and Schweiger HG (1987) Sequence ho-
mology to the Drosophila per locus in higher plant nuclear DNA 
and in Acetabularia chloroplast DNA. Mol Gen Genet 209: 1–7

Manhart JR and Palmer JD (1990) The gain of two chloroplast tRNA 
introns marks the green algal ancestors of land plants. Nature 345: 
268–270

Maréchal-Drouard L, Guillemaut P, Cosset A, Arbogast M, Weber F, 
Weil JH, and Dietrich A (1990) Transfer RNAs of potato (Solar-
ium tuberosum) mitochondria have different genetic origins. Nucl 
Acids Res 18:3689–3696

Maynard Smith J, Dowson CG, and Spratt BG (1991) Localized sex 
in bacteria. Nature 349: 29–31

McKown RL and Tewari KK (1984) Purification and properties of 
a pea chloroplast DNA polymerase. Proc Natl Acad Sci (US) 81: 
2354–2358

Milligan BG, Hampton J, and Palmer JD (1989) Dispersed repeats 
and structural reoganization in subclover chloroplast DNA. Mol 
Biol Evol 6: 355–368

Monko M, Klugowska E, and Szarkowski JW (1994) A single-
strand-specific nuclease from a fraction of wheat chloroplast stro-
mal protein. Phytochem (Oxford) 37: 301–305

Montes G and Bradbeer JW (1976) An association of chloroplasts 
and mitochondria in Zea mays and Hyptis suavolens. Plant Sci 
Lett 6: 35–41

Morden CW, Wolfe KH, dePamphilis CW, and Palmer JD (1991) 
Plastid translation and transcription genes in a non-photosynthetic 
plant: Intact, missing and pseudo genes. EMBO J 10: 3281–3288

Newman SM, Gillham NW, Harris EH, Johnson AM, and Boynton 
JE (1991) Targeted disruption of chloroplast genes in Chlamydo-
monas reinhardtii. Mol Gen Genet 230: 65–74

Nivison HT, Fish LE, and Jagendorf AT (1986) Translation by iso
lated pea chloroplasts. Meth Enzymol 118: 282–295

Nugent JM and Palmer JD (1988) Location, identity, amount and se-
rial entry of chloroplast DNA sequences in crucifer mitochondrial 
DNAs. Curr Genet 14: 501–509

Nugent JM and Palmer JD (1991) RNA-mediated transfer of the 
gene coxII from the mitochondrion to the nucleus during flower-
ing plant evolution. Cell 66: 473–481

Ohyama K, Fukuzawa H, Kohchi T, Shirai H, Sano T, Sano S, Ume-
sono K, Shiki Y, Takeuchi M, Chang Z, Aota SI, Inokuchi H, and 
Ozeki H (1986) Chloroplast gene organization deduced from 
complete sequence of liverwort Marchantia polymorpha chloro-
plast DNA. Nature 322: 572–574

O’Neill 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 sys
tems. Plant J 3: 729–738

Palmer JD (1985) Comparative organization of chloroplast genomes. 
Annu Rev Genet 19: 325–354



Movement of DNA across the chloroplast envelope   337

Palmer JD (1990) Contrasting modes and tempos of genome evolu
tion in land plant organelles. Trends in Genet 6: 115–120

Porter RP (1986) Transformation in cyanobacteria. CRC Crit Rev 
Microbiol 13: 111–132

Saleem M and Cutler AJ (1986) Preparation and characterization of 
chemically and osmotically permeabilized soybean [Glycine max. 
(L.) Merr.] protoplasts. J Plant Physiol 124: 11–21

Sambrook J, Fritsch EG, and Maniatis T (1989) Molecular Clon-
ing. A Laboratory Manual. Cold Spring Harbor Laboratory, Cold 
Spring Harbor, New York

Schoelz JE and Zaitlin M (1989) Tobacco mosaic virus RNA enters 
chloroplasts in vivo. Proc Natl Acad Sci (US) 86: 4496–4500

Schuster W and Brennicke A (1987) Plastid, nuclear and reverse tran-
scriptase sequences in the mitochondrial genome of Oenothera: 
is genetic information transferred between organelles via RNA? 
EMBO J 6: 2857–2863

Schuster and Brennicke (1988) Interorganellar sequence transfer: 
plant mitochondrial DNA is nuclear is plastid is mitochondrial. 
Plant Sci (Shannon) 54: 1–10

Scott NS and Timmis JN (1984) Homologies between nuclear and 
plastid DNA in spinach. Theor Appl Genet 67: 279–288

Shoemaker RC, Atherly AG, and Palmer AG (1983) Inhibition of de-
oxyribonuclease activity associated with soybean chloroplasts. 
Plant Cell Reports 2: 98–100

Spörlein B, Streubel M, Dahlfeld G, Westhoff P, and Koop HU 
(1991) PEG-mediated plastid transformation — a new system 
for transient gene expression assays in chloroplasts. Theor Appl 
Genet 82: 717–722

Steponkus PL (1985) Fundamental aspects of cryoinjury as related to 
cryopreservation of plant cells and organs. In: Zaitlin M, Day P, 
and Hollaender A (eds) Biotechnology in Plant Science, pp 145–
159. Academic Press, Orlando, Borida

Steponkus PL, Lynch DV, and Uemura M (1990) The influence of 
cold acclimation on the lipid composition and cryobehavior of the 
plasma membrane of isolated rye protoplasts. Phil Trans R Soc 
London B236: 571–583

Stern DB and Lonsdale DM (1982) Mitochondrial and chloroplast 
genomes of maize have a 12-kilobase DNA sequence in common. 
Nature 299: 698–702

Stewart GJ and Carlson CA (1986) The biology of natural transfor
mation. Annu Rev Microbiol 40: 211–235

Sugiura M, Shinozaki K, Zaita N, Kusuda M, and Kumano M (1986) 
Clone bank of the tobacco (Nicotiana tabacum) chloroplast ge-
nome as a set of overlapping restriction endonuclease frag-
ments; mapping of eleven ribosomal protein genes. Plant Sci 44: 
211–216

Svab Z, Hajdukiewitz P, and Maliga P (1990) Stable transforma-
tion of plastids in higher plants. Proc Natl Acad Sci (US) 87: 
8526–8530

Taylor GW, Wolfe KH, Morden CW, dePamphilis CW, and Palmer 
JD (1991) Lack of a functional plastid tRNACys gene is associated 
with loss of photosynthesis in a lineage of parasitic plants. Curr 
Genet 20: 515–518

Thomas PG, Brain APR, Quinn PJ, and Williams WP (1985) Low pH 
and phospholipase A2 treatments induce the phase-separation of 
non-bilayer lipids within pea chloroplast membranes. FEBS Lett 
183: 161–166

Thorsness PE and Fox TD (1990) Escape of DNA from mitochondria 
to the nucleus in Saccharomyces cerevisiae. Nature 346: 376–379

Thorsness PE and Fox TD (1993) Nuclear mutations in Saccharomy-
ces cerevisiae that affect the escape of DNA from mitochondria to 
the nucleus. Genetics 134: 21–28

Van’t Hof RRA, Demel RA, Keegstra K, and de Kruijff B (1991) 
Lipid-peptide interactions between fragments of the transit pep-
tide of ribulose-1,5-bisophosphate carboxylase/oxygenase and 
chloroplast membrane lipids. FEBS Lett 291: 350–354

Venkateswarlu K and Nazar RN (1991) Evidence for T-DNA medi
ated gene targeting to tobacco chloroplasts. Bio/Technology 9: 
1103–1105

Verkleij AJ (1984) Lipidic intramembranous particles. Biochim Bio-
phys Acta 779: 43–63

Weber G, Monajembashi S, Greulich K-O, and Wolfrum J (1989) 
Uptake of DNA in chloroplasts of Brassica napus (L.) facilitated 
by a UV-laser microbeam. Eur J Cell Biol 49: 73–79

Wellburn FAM and Wellburn  AR (1979) Conjoined mitochon-
dria and plastids in the barley mutant ‘Albostrians.’ Planta 147: 
178–179

Wildman SG, Hongladarom T, and Honda SI (1962) Chloroplasts 
and mitochondria in living plant cells: Cinephotomicrographic 
studies. Science 138: 434–436

Williams WP (1988) Lipid topology and the role of lipids in plant 
membrane structure. In: Harwood JL and Walton TJ (eds) Plant 
Membranes—Structure, Assembly and Function, pp 47–64. The 
Biochemical Society, London

Williams WP and Quinn PJ (1987) The phase behavior of lipids in 
photosynthetic membranes. J Bioenerg Biomem 19: 605–624

Ye G-N, Daniell H, and Sanford JC (1990) Optimization of delivery 
of foreign DNA into higher-plant chloroplasts. Plant Mol Biol 15: 
809–820.


	Movement of DNA across the chloroplast envelope: Implications for the transfer of promiscuous DNA
	

	tmp.1207168541.pdf.TPLzJ

