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Summary. Long tracts of DNA with high sequence ho- 
mology to chloroplast DNA were isolated from nuclear 
genomic libraries of Nicotiana tabacum. One lambda 
EMBL4 clone was characterised in detail and assigned to 
nuclear DNA. The majority of the 15.5-kb sequence is 
greater than 99% homologous with its chloroplast DNA 
counterpart, but a single base deletion causes premature 
termination of the reading frame of the psaA gene. One 
region of the clone contains a concentration of deleted 
regions, and these were used to identify and quantify the 
sequence in native nuclear DNA by polymerase chain 
reaction (PCR) methods. An estimated 15 copies of this 
specific region are present in a lc tobacco nucleus. 
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Introduction 

Evidence from a variety of experimental sources has con- 
firmed the hypothesis (Margulis 1970) that organelles 
within eukaryotic cells are descendants of engulfed 
prokaryotes. This evidence has come from comparative 
anatomy, comparative biochemistry (Weeden 1981), the 
presence of organelle/cytoplasm isozyme pairs (Weeden 
1981) and from genomic sequence comparisons (Pace 
et al. 1986). The evolutionary behaviour of the cohabit- 
ing genomes since the initiation of endosymbiosis, how- 
ever, is poorly understood. 

Full sequence data are available for three chloroplast 
genomes, from Nicotiana tabacum (Shinozaki etal. 
1986), Marehantia polymorpha (Ohyama et al. 1986) and 
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Oryza sativa (Hiratsuka et al. 1989). Many products of 
chloroplast (cp) DNA have been identified, and most of 
the proteins produced have some function in photosyn- 
thesis or in chloroplast transcription and replication. The 
size of the chloroplast genome is similar in all plants 
(about 150 kb) and is small compared with the genome of 
the simplest free-living prokaryote. One explanation for 
this is that the evolutionary history of the chloroplast 
precursor since its first initial endosymbiosis has involved 
many genes from the prokaryote being transferred to the 
nuclear genome where they have become active (Weeden 
1981). Alternatively, the nuclear genes which control 
chloroplast development were at first duplicated in the 
cell as a result of the endosymbiosis and those in the 
ancestral chloroplast were lost. 

Evidence favours the origin of the extant compart- 
mental gene arrangements by large-scale transfer of 
DNA. Southern hybridisations in spinach (Timmis and 
Scott 1983; Scott and TiInmis 1984), in several members 
of the Chenopodiaceae (Ayliffe et al. 1988) and in potato 
(du Jardin 1990) indicate widespread homology of highly 
methylated HpaII-resistant nuclear DNA to chloroplast 
DNA probes. In spinach these HpaII-resistant or unpre- 
dicted fragments have been ascribed to promiscuous 
DNAs (Ellis 1982) present in nuclear DNA (Timmis and 
Scott 1983; du Jardin 1990). This technique suggested 
that cpDNA integrants in spinach were numerous, in- 
cluded most of the chloroplast genome and were general- 
ly smaller than 2 kb (Timmis and Scott 1983). In other 
species some of the cpDNA integrants in nuclear (n) 
DNA appeared larger, with 13.5 kb suggested in potato 
(du Jardin 1990) and insertions of over 6 kb in two mem- 
bers of the Chenopodiaceae (Ayliffe et al. 1988). These 
integrant sizes are based on the apparent maintenance of 
a restriction pattern identical with cpDNA in HpaII-re- 
sistant nuclear DNA. 
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Evidence of  c p D N A  incorpora t ion  into n D N A  inde- 
pendent  of  molecular  hybridisat ion came unexpectedly 
from the analysis of  a nuclear gene from cultivated toma-  
to. Sequence comparisons revealed that  two short  tracts 
in the third intron of  Cab-7, a nuclear gene coding for a 
plast id protein,  had high homology to the chloroplast  
gene psbG (Pichersky and Tanksley 1988). A subsequent 
systematic search of  two lambda  libraries, covering more 
than 95% of  the tomato  genome, for homology  to probes 
covering 58 kb of  the plastid genome yielded only two 
short  integrants with flanking nuclear sequences (Picher- 
ski et al. 1991). A detailed characterisat ion of  one ge- 
nomic clone from the spinach nucleus (Cheung and Scott 
1989) revealed the presence of  nuclear D N A  linked to 
three abut t ing chloroplast-related tracts that, surprising- 
ly, were not  contiguous in the chloroplast  genome. The 
sequence of  a total  of  3.4 kb of  this spinach nuclear clone 
was more than 99% homologous  with that  of  the corre- 
sponding region of  bona fide chloroplast  DNA.  

Promiscuous c p D N A  homology  is also found in mi- 
tochondria l  genomes of  plants where the phenomenon 
was first discovered (Stern and Lonsdale  1982). Many  
sequences have been identified that  are common to all 
three genetic compar tments  of  the plant  cell (Pichersky 
e ta l .  1991; du Jardin 1990; Timmis and Scott 1983). 
Genomic sequences of  mi tochondr ia l  origin have been 
detected in a wide variety of  plants,  animals and fungi 
(Schuster and Brennicke 1988), but  as yet no D N A  from 
other genomes has been identified in cpDNA.  

Nicotiana tabacum was chosen to characterise nuclear 
sequences with homology to c p D N A  because of  the 
availabili ty of  the complete nucleotide sequence of  the 
chloroplast  genome (Shinozaki et al. 1986). 

Materials and methods 

Isolation of plant nucleic acids 

Total DNA, Total DNA was isolated from young leaf tissue 
obtained from glasshouse-grown Nieotiana tabaeum var 'W38' 
as described by Scott and Possingham (1980). 

Nuclear DNA. Tobacco nuclei were isolated from young leaf 
tissue by the method of van Loon et al. (1975). The nuclei were 
then lysed in 2 x SSC, 50 mM EDTA, 1% sarkosyl and the lysate 
phenol/chioroform/isoamyl alcohol extracted, followed by pre- 
cipitation of nucleic acids with ethanol. 

Mitochondrial DNA. Fresh tobacco leaf tissue was chilled on ice 
prior to homogenisation in 0.3 M sucrose, 25 mM tetrasodium 
pyrophosphate, 20 mM EDTA, 1% polyvinylpyrrolidone and 
1% BSA, pH7.5. The crude lysate was filtered through mira- 
cloth and centrifuged at 700 g for 5 rain at 4 ~ The supernatant 
was retained and centrifuged at 11,000 g for 20 min at 4 ~ to 
pellet mitochondria, and the pellet resuspended in homogenisa- 
tion buffer and respun. The crude mitochondrial pellet was then 
spun through a Percoll gradient, and the purified mitochondria 
treated with DNase grade 1 (Boehringer) to remove contaminat- 
ing plastid and nuclear DNA. The mitochondria were finally 

lysed in 2 x SSC, 50 mM EDTA and 1% sarkosyl. The lysate was 
phenol/chloroform/isoamyl alcohol extracted, and the mito- 
chondrial DNA precipitated with 2.5 volumes of ethanol. 

Construction and screening of a tobacco genomic library 

Tobacco total DNA was partially restricted with Sau3A and 15- 
to 20-kb DNA fragments isolated by sucrose gradient centrifu- 
gation. These fragments were further restricted with HpaII, 
which results in extensive cleavage of the unmethylated cp and 
mtDNA fragments, while the heavily methylated nuclear ge- 
nomic fragments remain essentially intact. The remaining 15- to 
20-kb fragments were purified by a second sucrose gradient, 
ligated into the BamHI site of lambda EMBL4 and in vitro 
packaged using a Packagene (Promega) packaging system. The 
resultant genomic library of t.0 x 10 6 pfu was plated onto 
agarose plates using E. coli NW2 (mcrA-, mcrB-) as a phage 
host. Duplicate plaque lifts were performed as described by 
Sambrook et al. (1989) onto nitrocellulose filters and the library 
screened with three radioactively labelled cpDNA probes: the 
spinach rbcL gene (Zurawski et al. 1981), the spinach cpDNA 
7.7-kb PstI fragment (Palmer and Thompson 1981), which con- 
tains the psaA gene (Westhoff et al. 1983) and a portion ofpsbC 
(Holschuh et al. 1984) and the tobacco cpDNA BamHI frag- 
ment 8, which contains trnI, rp123, rpl2, trnH, psbA and part of 
trnK (Shinozaki et al. 1986). These probes are referred to as 
prbcL, pPst7.7 and pBam8, respectively, in the following text. 
Hybridisation with pPst7.7 was at normal stringency (Tm 
-25  ~ and other probes were hybridised at reduced stringen- 
cy (Tin - 30 ~ 

Southern blotting and hybridisation 

DNA samples were restricted with restriction endonucleases un- 
der conditions recommended by the manufacturer (Boehringer) 
and electrophoresed on 0.8% agarose (Sigma) gels. Following 
electrophoresis the DNA was transferred to a nitrocellulose 
membrane (Schleicher and Schuell) by the method of Southern 
et al. (1975). Nitrocellulose filters were hybridised as previously 
described (Scott and Timmis 1984) with 32P-labelled pPst7.7 
and prbcL. Probes were labelled with alpha-labelled [32p]_ 
adenosine triphosphate using a Bresatec oligo-labelling kit. Au- 
toradiography was carried out at -80~  with an intensifying 
screen, except when autoradiographs were used for quantifica- 
tion by laser densitometry. 

Sequencing 

Double-stranded DNA templates were sequenced by the dideoxy 
chain termination method of Sanger et al. (1977) using a Seque- 
nase Version 2.0 kit (United States Biochemical Corp). DNA 
sequencing reactions were electrophoresed in a 5% acrylamide, 
7 M urea and 1 • TBE denaturing polyacrylamide gel using a 
BRL sequencing gel electrophoresis system (BRL). Sequencing 
utilised a combination of overlapping subclones and oligonucle- 
otide primers. Sequence comparison to the published tobacco 
chloroplast genome sequence (Shinozaki et al. 1986) was done 
using the FASTA program of the Genetic Computer Group Se- 
quence Analysis Software Package (Devereux et al. 1984). 

Polymerase chain reaction (PCR) 

PCR reactions were as described by Sambrook et al. (1989). One 
microgram of genomic template DNA underwent PCR in Taq 
DNA polymerase buffer, 1.5 mM MgC12, 1 pmol of each prim- 
er, 1.25 mM of each deoxynucleoside triphosphate and 2.5 units 
of Taq DNA polymerase (Bresatec). Initial template denatura- 
tion was at 94~ for 5 min followed by primer annealing at 
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50 ~ for 2 min and polymerisation at 72 ~ for 3 min. A further 
30 similar PCR cycles were carried out except that the denatura- 
tion step was reduced to 1 min. 

Results 

Figure 1 shows that the 1.8-kb EcoRI fragment 
(Zurawski et al. 1981) from spinach cpDNA (prbcL) 
which codes for the large subunit of ribulose bisphos- 
phate carboxylase/oxygenase hybridises strongly to a 
4.4-kb EcoRI fragment in tobacco total DNA (Fig. 1 a, 
track 7), which is consistent with its arrangement in to- 
bacco cpDNA (Shinozaki et al. 1986). Further digestion 
of the samples with HpaII yields visible bands of 966, 424 
and 1,700 bp (Fig. 1 a, track 2), which hybridise prbcL as 
predicted from the cpDNA sequence (Shinozaki et al. 
1986 and Fig. 2b). In addition to these major fragments 
there is a proportion of the 4.4-kb band that remains 
undigested by HpaII together with a range of additional 
hybridizing bands that are not predicted from the 
cpDNA sequence. 

Hybridisation to the surviving 4.4-kb band is intense 
relative to similar observations in other species (Timmis 

and Scott 1983; Ayliffe et al. 1988) and may be explained 
either by incomplete HpaII digestion or by the occur- 
rence of large tracts of cpDNA homology in methylated 
DNA with conservation of flanking restriction sites or 
co-migration of a repeated nuclear or mitochondrial 
DNA sequence with cpDNA homology. Figure l a, 
tracks 8 and 9, show that a KpnI site is conserved in the 
HpaII-resistant, 4.4-kb EcoRI fragment, suggesting that 
it is entirely homologous to cpDNA. These homologies 
may originate in nuclear DNA or in a subpopulation of 
plastids containing DNA with extensive cytosine methy- 
lation. Comparisons of the intensity of this 4.4-kb band 
with a dilution series of total DNA (Fig. i a, tracks 3-7)  
suggests that, in tobacco, this methylated DNA con- 
tributes 1.3% of the hybridisation to this probe. 

Digests using several other restriction enzymes in 
combination with HpaII (Fig. 1 a, tracks 10-15) indicate 
that a proportion of the bonafide chloroplast DNA band 
produced by XhoI (Fig. l a, track 11), PvuII (Fig. l a, 
track 13) and SalI (Fig. I a, track 15) remains after HpaII 
digestion (Fig. 1 a, tracks 10, 12 and 14, respectively). As 
the size of the resistant fragment increases, its intensity of 
hybridisation is apparently reduced and the proportion 
of the signal appearing at higher molecular sizes is in- 
creased (compare Fig. 1 a, tracks 10 and 14). 

Fig. 1 a, b. Hybridisation ofcpDNA probes to nuclear DNA. a Hybridisation of the spinach cp rbcL gene to tobacco total leaf DNA. 
Each track was loaded with 5 gg of DNA except for lanes 3-7 and 9, which were loaded with 0.5, 0.25, 0.125, 0.063, 0.031 and 0.5 ~tg 
of DNA, respectively. DNA samples were restricted with the following restriction endonucleases: lane 1 MspI/EcoRI, 2 HpaII/EcoRI, 
3- 7 EcoRI, 8 HpaII/EcoRI/KpnI, 9 EcoRI/KpnI, 10 HpaII/XhoI, 11 XhoI, 12 HpaII/PvuII, 13 PvuII, 14 HpaII/SalI, 15 SalI. Markers 
on the left represent molecular weights of 23, 9.6, 6.4, 4.4, 2.3 and 2.0 kb. b Hybridisation of cpDNA probes to nuclear and total leaf 
DNA preparations of tobacco. Hybridisation of the spinach plastid rbcL gene to tobacco nuclear DNA (lanes I and 3) and total DNA 
(lanes 2 and 4). Lanes 1 and 2 were loaded with 5 gg of DNA that was restricted with HpaII and EcoRI, while lanes 3 and 4 contained 
1 gg of DNA restricted with EcoRI. Tracks 5-8 rehybridisation of the nitrocellulose filter used in tracks 1-4 with the spinach plastid 
7.7-kb PstI DNA fragment. The arrow indicates a homology, putatively assigned to mtDNA. Markers on the right represent the same 
molecular weights as in Fig. 1 a 
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Fig. 2a-e. Schematic diagram of hypothetical tobacco plastid DNA fragments inserted into various regions of the nuclear genome. 
Inserts a contain at least a proportion of the rbeL gene. Promiscuous plastid sequences are represented by a bold line with flanking 
nuclear sequences represented by a fine line. The size and extent of homology of these sequences to the plastid genome can be 
determined by a direct comparison of a to the restriction map of the tobacco plastid rbcL gene and flanking regions b. In b letters 
S, E, X, P, K and H refer respectively to the position of SalI, EcoRI, XhoI, PvuII, KpnI and HpalI restriction sites in this region of 
the plastid genome. The position on this restriction map of the 4.4-kb EeoRI and 15-kb SalI fragments discussed in relation to Fig. 1 a 
are shown in e 

These large HpaII-resistant fragments contain several 
CCGG sequences that would be available for digestion in 
cpDNA. The number of HpaII sites in cpDNA varies 
from 3 for the EcoRI fragment containing rbcL to 23 for 
the SaII fragment (Fig. 2 b). Partial digestion is therefore 
an unlikely explanation for the presence of fragments 
undigested by HpaII in double digests, as the enzyme 
would be expected to cleave at least some of these numer- 
ous sites, producing a range of partial and complete di- 
gestion products. When MspI, an isoschizomer of HpaII 
that will not cut CCGG when the '5 C is methylated, 
replaced HpaII, an apparently identical 4.4-kb EcoRI 
band survived together with a modified but similar range 
of additional fragments (Fig. l a, track 1) suggesting 
methylation at both CXG and CG sites (Doerfter et al. 
1990). 

When the probe was removed from the filter that 
gave rise to Fig. 1, a second hybridisation with pPst7.7 
gave parallel results, but suggested that about 0.8% of 
the hybridisation to this chloroplast probe may be attrib- 
uted to highly methylated DNA sequences with a very 
similar restriction map to the corresponding bona fide 
cpDNA (result not shown). 

Partially purified tobacco nuclear DNA was prepared 
to determine whether the HpaII-resistant fragments were 
increased relative to bands of known chloroplast origin 
when hybridised with pPst7.7. Hybridisation to total to- 
bacco leaf DNA yielded the expected homologies to 

EcoRI bands of 7.3 and 6.6 kb (Fig. 1 b, track 8), most of 
which was further digested by HpaII into the expected 
5 cpDNA bands but also leaving about 0.8% of the 
EcoRI fragment undigested as previously (Fig. I b, track 
6). Track 6 contains more DNA than track 8 and a 
further series of methylated bands is observed. EcoRI 
restriction of nuclear DNA produces an identical hy- 
bridisation pattern (Fig. 1 b, track 7), but the 7.3- and 
6.6-kb bands remaining after HpaII digestion are of 
greater intensity compared with the HpaII restriction 
products, the majority of which must represent cpDNA 
contamination of this nuclear preparation (Fig. 1 b, track 
5). Other methylated fragments are also present in en- 
riched quantities in the nuclear preparation. However, 
the 5.2-kb band in total leaf DNA (arrowed in Fig. I b, 
track 6) is not as prominent in the nuclear DNA prepara- 
tion and was tentatively ascribed to a promiscuous se- 
quence in tobacco mtDNA. Parallel results were ob- 
tained with prbcL (Fig. 1 b, tracks 1-4)  but with no evi- 
dence of the involvement of mtDNA. 

One explanation for these observations is that there is 
a minor population of plastids which contain genomes 
that are highly methylated at HpaII and MspI sites. The 
specific and localised methylation of plastid genomes 
that has been reported (Ngernprasirtsiri etal. 1989) 
would not account for these observations. In addition, a 
subset of plastids with highly methylated genomes is un- 
likely to co-purify with tobacco nuclei and remain intact 



after treatment with TritonX-100 (Fig. l b). The most 
plausible explanation of these results is that the tobacco 
nuclear genome contains a number of regions that are 
complementary to cpDNA probes. The majority of such 
complementary tracts in tobacco appear to be large com- 
pared with those reported for spinach (Cheung and Scott 
1989) or tomato (Picherski et al. 1991). The nucleotide 
sequence of these putative nuclear tracts must be very 
similar to that of the true chloroplast genome because of 
the frequent conservation of the restriction sites (Fig. 1). 

Figure 2 shows a model that explains the above re- 
sults. The section of the chloroplast genome in the vicin- 
ity of the rbcL geneqs bounded by EcoRI sites 4.4 kb 
apart, and this fragment contains three HpaII sites which 
would be digested in unmethylated DNA but remain 
uncleaved if they were modified. The 4.4-kb fragment 
therefore often remains in EcoRI + HpaII-digested DNA 
because the majority of the sequences are sufficiently 
long and conserved to retain the EcoRI sites (Fig. 2 c). 
When other restriction enzymes are used in a similar 
regime the proportion of the HpaII-resistant DNA falls, 
presumably reflecting the greater rarity of longer regions 
of cpDNA in the nucleus (Fig. 2c). A 15.5-kb SalI frag- 
ment of cpDNA hybridises prbcL, and this complete 
fragment is much more rarely found in methylated DNA 
than the 4.4-kb EcoRI fragment (Fig. 2c and Fig. 1 a, cf. 
tracks 2 and 14). However, differential methylation sensi- 
tivity of  these six-base-cutting enzymes could also ac- 
count for this observation. 

A library of DNA resistant to digestion with HpaII 
was constructed in lambda EMBL4 (Sambrook et al. 
1989). Considerable difficulties were initially experienced 
in isolating cpDNA homologous clones from nuclear 
libraries, as has been experienced elsewhere (Cheung and 
Scott 1989). These problems were overcome when the E. 
coli host strain was free from modified cytosine restric- 
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tion systems mcrA and mcrB (Raleigh et al. 1988). Ap- 
proximately 200-fold more recombinant clones were ob- 
tained with the host strain NW2 (Woodcock et al. 1989), 
which lacks the McrA and McrB restriction systems com- 
pared with strains NM538 or NM539, which both con- 
tain the McrB system (Raleigh et al. 1988). 

Approximately 300 clones with homology to prbcL, 
pPst7.7 and pBam8 were selected from 1.0 x 106 lambda 
clones. A restriction map of one of these clones (3D), 
13.8 kb in length, is shown in Fig. 3. Probe pPst7.7 is 
homologous to DNA adjacent to the long arm of the 
vector and extends about 1.5 kb into the clone. The 
EcoRI map of this clone is very similar to that of tobacco 
cpDNA except that a 2.9-kb fragment contains an addi- 
tional EcoRI site (boxed in Fig. 3) to give 1.6- and 1.3-kb 
products. The appropriate tobacco cpDNA clones 
(Shinozaki et al. 1986) hybridised to all of the lambda 
clone 3D EcoRI fragments in proportion to their size, 
(result not shown) suggesting that apart from the possi- 
bility of minor insertions of nuclear DNA this clone is 
entirely homologous to cpDNA. This clone therefore 
contains no borders with nDNA or mtDNA. Conse- 
quently, there are tracts of methylated DNA in tobacco 
which are at least 13.8 kb in size and which are entirely 
homologous to cpDNA. 

To rule out promiscuous cpDNA in mtDNA as the 
origin of this homology, clone 3D DNA was restricted 
with EcoRI, the fragments Southern blotted and hy- 
bridised with labeled tobacco mtDNA. Only three of the 
ten EcoRI bands in the insert were homologous to mtD- 
NA, which indicates that only part of the plastid se- 
quence is present in mitochondria and precludes mtDNA 
as the origin of clone 3D. 

To characterise the relationship between clone 3D 
and the complementary region of cpDNA four separate 
regions of the clone were sequenced in both directions 

region of homology 
to the probe 
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Fig. 3. Restriction map of lambda clone 3D. The tobacco DNA fragment inserted into lambda clone 3D is represented by a bold line 
with flanking vector (v) arms represented as a fine line. The region of homology of this clone to the spinach plastid 7.7-kb PstI 
fragment is illustrated as a black rectangle and the position of EcoRI restriction sites on this clone are marked with an E. Regions 
1-4 represent portions of the lambda clone that have been sequenced in both directions as indicated by arrows. Other arrows indicate 
portions of the clone that were sequenced on one strand only. Clone 3D is homologous to the published tobacco plastid genome 
sequence (Shinozaki et al. 1986) from nucleotide 42,455-56,290 
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53400 53410 53420 53430 53440 53450 53460 

cp CATGTGAATTCCTCTTCGTAGT TTTTCATT TCACCAGGCCCGTGAAATGATT TGACTTCCACAAC 

pcrt ................................................................. 

pcrn ............................................................. A--T 

3D 

pri CATGTGAATTCCTCTTCGTA 

Eco RI 

53470 53480 53490 53500 53510 53520 

Cp TCAATAAGATT~TATCAAAAGAAAGGGAGTCT CAC TAAT T C T T T TATTGTGGATAT 

pcrt 
pcrn ................... 

3D ................... 

Eco RV 

53530 53540 53550 53560 53570 53580 

cp GAATATGTAAT TCGCCTCCGAAGATTAATGACGAAAGGT TGGTT TCTTTATCCGCAATTG 

pcrt ............................................................ 

pcrn ............................................. G .............. 

3D ............................................. G .............. 

53590 53600 53610 53620 53630 53640 

cp AAAAAATCAATATCGATTGGATCCGTTGATATGCAT TTTT TCT TTCATCTGCTTAAACGA 

pcrt ............. - .............................................. 

pcrn .................................. G ......................... 

3D .................................. G ......................... 

53650 53660 53670 53680 53690 53700 

cp TTGCCGTGAGTAAACTTATAGGAATAATTGGATTTCACT TAGT TACAAGCAAGAAATAAT 

pcrt ............................................................ 

pcrn ............................................................ 

3D ............................................................ 

53710 53720 53730 53740 53750 53760 

cp AATGAAGAAATGAAAATTATAGAATTTTTTGGATTT~GCATTTTTATAGGGCTATACGGA 

pcrt ................................ '--- ...... ~- ................. 

pcrn ..................... C . . . . . . . . . . . . . . . . . . . . . . . . . .  

3D ..................... C . . . . . . . . . . . . . . . . . . . . . . . . . .  

53770 53780 53790 53800 53810 53820 

cp CTCGAACCGTAGACCT TCTCGGTAAAACAGGTCAAACTTATTATTAT TAAAATGATCTGA 

pcrt ............................................................ 

pcrn ............................ G-A ..................... C ....... 

3D ............................ G-A ...... end 
53830 53840 

cp ACTGT TTCAAAGACCCAACATGC 

pcrt ................. GA--T- 

pcrn ................. GA--T- 

pri ACAAAGTTTCTGGGTCT TAAGTAA 5' 

ECO RI 

Fig. 4. Nucleotide sequence comparisons of homologous chloroplast and nuclear DNA. The partial nucleotide sequences of tobacco 
cpDNA (cp) (Shinozaki et al. 1986), the PCR product from tobacco total leaf DNA (pert), the PCR product from tobacco nuclear 
DNA restricted with EcoRV (pcrn) and region 4 of lambda clone 3D (3D) are shown. Nucleotides identical to the published tobacco 
plastid genome sequence are indicated with a dashed line. Deleted nucleotides are shown by a blank space. Direct repeats in cpDNA 
flanking the deletions in nuclear DNA are in boldface and marked with arrows. The positions and sequence of the PCR primers are 
shown (pri) 

and three regions were sequenced on one strand only, as 
indicated in Fig. 3. All the data confirmed that clone 3D 
contains an insert which in its entirety has high homology 
to a contiguous cpDNA tract but which has several fea- 
tures that unequivocally distinguish it from true cpDNA. 
It contains the region between nucleotides 42,455 and 
56,290 of cpDNA (Shinozaki et al. 1986) that encom- 
passes nuclear equivalents of the chloroplast genes for 
psaA (part), trnS, rps4, trnT, trnL trnF, psbG, ndhC, trnV, 
trnM and part of atpE in addition to five unidentified 
open reading frames. A total of 3 kb of the largest 3.8-kb 
EcoRI fragment (region 1, Fig. 3) contains striking simi- 

larity to the chloroplast genome. However, a deletion of 
a single nucleotide at position 43,152 (Shinozaki et al. 
1986) destroys the reading frame of  the psaA gene, result- 
ing in the occurrence of a stop codon 26 bases down- 
stream and precluding the production of a functional 
protein. When all of the sequences obtained from regions 
1, 2 and 3 (Fig. 3), which totals 3,835 bp, are compared 
with the cpDNA sequence of Shinozaki et al. (1986), only 
minor differences are observed. These include 23 base 
substitutions, three deletions and four additions indicat- 
ing 99% similarity between the DNAs located in the two 
different genetic compartments. 
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The more conspicuous sequence differences occur in 
region 4 (Fig. 3) towards the 3' end of the clone and 
include deletions of 12 and 41 base pairs (Fig. 4). Each of 
these deletions is flanked by an 11-bp direct repeat in the 
chloroplast DNA (Fig. 4). Homologous pairing and re- 
combination between similar direct repeats has been pos- 
tulated by Moon et al. (1988) to account for a large 
deletion in a promiscuous sequence in the mtDNA of 
rice. These rearrangements may have occurred as an arti- 
fact of cloning, and this possibility was tested by search- 
ing for the deletions directly in genomic DNA. 

To determine whether a sequence identical to clone 
3D is present in tobacco nuclear DNA, PCR primers 
containing E c o R I  restriction sites were prepared that 
were designed to amplify a 390-bp region spanning the 
12- and 41-bp deletions (Fig. 4). The 41-bp deletion 
which is absent in putative nuclear DNA is present in 
cpDNA, where it contains an E c o R V  restriction site 
(Fig. 4). A partially purified nuclear DNA preparation 
was therefore restricted with E c o R V  to cleave any con- 
taminating cpDNA present in the sample. Exponential 
amplification of the 390-bp region was expected to be 
possible only in sequences lacking the E c o R V  site. If  
R c o R V  did not digest all of the cpDNA molecules a 
443-bp product would also be exponentially amplified. 
Gel analysis indicated a PCR product from E c o R V - d i -  

gested nuclear DNA of the expected length consistent 
with the presence of a tobacco genomic sequence identi- 
cal to clone 3D (Fig. 5 a). This PCR product was cloned 
(Fig. 5 b, track 1), and its sequence was identical to that 
of 3D (Fig. 4). When total leaf DNA, undigested by 
EcoRV,  was amplified using the same primers a 443-bp 
product was obtained as predicted from the tobacco 
cpDNA sequence (Shinozaki et al. 1986). This product 
was cloned (Fig. 5b, track I0), and three inserts were 
shown to have the published cpDNA sequence (Shinoza- 
ki et al. 1986) (Fig. 4). When the same PCR protocol was 
applied to purified mtDNA no products were synthe- 
sised, indicating that the region between the primers is 
not to be found in the mitochondrial genome. 

The Southern hybridisations (Fig. la )  suggest that 
the highly methylated nuclear sequences homologous to 
cpDNA probes are repetitious. It is difficult for many 
technical reasons to quantify these sequences in the nu- 
cleus, and only very approximate estimates have been 
made (Scott and Timmis 1984; du Jardin 1990). Howev- 
er, the degree of repetition of the specific genomic region 
containing the 41-bp deletion may be accurately estimat- 
ed by comparative PCR quantification (Sambrook et al. 
1989) as the nuclear PCR product can be unambiguously 
distinguished from the plastid counterpart. To provide a 
standard for quantification, a 100-bp HaeI I I  fragment 
from pUC19 was inserted into one of the cloned 443-bp 
PCR products from cpDNA amplification. Relative to 
each tobacco genome, a range of copy numbers of this 

Fig. 5 a, b. Detection and quantification of nuclear genomic se- 
quences with homology to cpDNA using the polymerase chain 
reaction, a Agarose gel showing the PCR product obtained fi-om 
1 ~tg of tobacco nuclear DNA restricted with EeoRV (lane 2). 
Lane 1 shows that no PCR product was obtained fi-om a control 
reaction containing no DNA. Lane 3 is 0.5 gg of lambda DNA 
restricted with HindIII. b A 2% agarose gel showing PCR prod- 
ucts used to quantify the number of tobacco nuclear DNA 
sequences containing 12- and 41-bp deletions compared with 
plastid DNA. Lanes 2 - 7 are PCR products obtained from 1 p~g 
of nuclear DNA restricted with EcoRV and having 0, 1, 5, 10, 
20, and 100 copies, respectively, of a plasmid construct added 
per tobacco 1 c nuclear genome. Lane 8 is the product obtained 
from a PCR reaction containing only construct plasmid, and 
lane 9 is a control showing no PCR products from a reaction 
with neither plasmid nor nuclear DNA added. Lanes 1 and IO 
are PCR products that have been cloned into pUC19 and se- 
quenced, with the 390-bp fragment in lane I being identical in 
sequence to region 4 of lambda clone 3D and the 443-bp frag- 
ment in lane 10 being identical to the published tobacco plastid 
genome from nucleotide 53,401-53,841. Lane i1 contains 
HindIII-restricted lambda DNA 

construct was added to EcoRV-d iges ted  nuclear DNA, 
and the samples amplified using the same primers as 
before. Gel analysis of the products (Fig. 5 b) indicated 
between 10 and 20 copies of the genomic sequence con- 
taining the deletions were present in each tobacco nuclear 
genome. 

Expansion within this range of added construct w i t h  
[32p]dATP supplemented during the final two rounds of 
PCR followed by resolution of the products on agarose 
and denaturing polyacrylamide gels enabled estimates to 
be made that were based upon both ethidium bromide 
staining and densitometry of autoradiographs. Taking 
into account the relative size and adenine composition of 
the PCR products we estimated this region of the 3D 
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clone to be present 15 _+ 5 times in each tobacco genome. 
An initial estimate of the number of tobacco genomes 
added to the PCR reactions, based on microdensitomet- 
ric measurements of Feulgen-stained nuclei [3.76 x 106 kb 
per 1 c nucleus (Bennett and Smith 1976)] was of 128,000. 
The value used to calculate copy numbers was based on 
dot blots of the DNA samples probed with both of the 
two different cloned chitinase genes from tobacco (Neale 
et al. 1990). This method gave an independent estimate of 
100,000 genomes loaded in each PCR reaction, giving an 
estimate of 4.81 x 106 kb of DNA per I c tobacco nucle- 
us. N. tabacurn is an allotetraploid with two diploid an- 
cestors, N. sylvestris and N. tomentosiformis, each con- 
tributing a different chitinase gene. The genome size here 
is calculated as half the telophase nuclear DNA amount 
(Bennett and Smith 1976). 

Similar PCR quantification of the amount of cpDNA 
in total leaf DNA gave an estimate of 4,350 _+ 680 copies 
of the chloroplast genome per I c nucleus. This indicates 
that total DNA contains about 14% cpDNA. Southern 
hybridisations (Fig. I a) indicated that 1.3% of the ho- 
mology of the 4.4-kb EcoRI band to prbcL was due to 
nuclear DNA, suggesting that there are 56 copies of this 
sequence in a I c nucleus. The corresponding estimate for 
the pPst7.7 probe is 35 copies. 

Discussion 

These results indicate that the tobacco nuclear genome 
contains large sections of DNA that are closely related to 
its cpDNA genome. Clone 3D is one of six EMBL4 
clones we have examined in some detail which vary be- 
tween 14 and 18 kb (unpublished results). Only one of 
these clones contains a flanking sequence of nuclear 
DNA, the other five being highly, but not completely, 
homologous in their entirety to various regions of  
cpDNA. Experimental approaches to a reliable estimate 
of the maximum size of cpDNA integrants into the to- 
bacco nuclear genome are technically difficult and have 
so far been unsuccessful in our laboratory. Limited calcu- 
lations based on a random distribution of Sau3A cloning 
sites suggest that our finding only one nuclear border in 
a total of almost 100 kb of cloned DNA indicates the 
presence of nuclear integrants of cpDNA in excess of 
155 kb. This suggests the possibility of entire chloroplast 
genomes in the nuclear DNA of tobacco. 

The large size of cpDNA homology in nuclear clone 
3D contrasts with other results where sequence analyses 
are available (Cheung and Scott 1989; Pichersky et al. 
1988, 1991), although Southern hybridisations have sug- 
gested large integrants in some species (Ayliffe et al. 1988; 
du Jardin 1990). The most conspicuous contrast with our 
observations is in tomato (Pichersky et al. 1991) where, in 
a systematic search for plastid sequences integrated into 

the nuclear genome, only two very short integrants were 
isolated. As this search of two clone libraries together 
covered 95% of the tomato nuclear genome and 33% of 
the plastid genome, both the rarity and the small size of 
the integrants in tomato contrast with our findings in 
tobacco. The nuclear genome of tobacco [4.8 x 106 kb 
(Bennett and Smith 1976)] is much larger than that of 
tomato [7 x 105 [Tanksley and Pichersky 1988)], and the 
former species is a tetraploid whereas the latter is a 
diploid. Both species are members of the Solanaceae and 
are therefore closely related, but there are differences in 
the way these different genomes are organised and these 
are reflected in the contrasting results. Hybridisation 
with poly(dA) (Pichersky 1990) gives a very strong signal 
to Southern blots of tobacco DNA and almost none to 
tomato, an observation which was interpreted to indicate 
the presence of many more pseudogenes in tobacco. The 
gene duplications present in polyploid species may allow 
much more genomic experimentation in these species 
thanin diploids where more intense selection for genomic 
conservation and economy may apply. High ploidy is 
common in primitive plants, possibly offering a environ- 
ment conducive to rapid early evolution. Most of the 
possible functional chloroplast gene transfers to the nu- 
cleus were completed early in evolution. 

The cloning strategy employed by Pichersky et al. 
(1991) would almost certainly have excluded our clone 
3 D as being of chloroplast origin. It is also possible that 
the two tomato libraries screened were constructed using 
mcrA or B expressing E. coli hosts and may consequently 
have been deficient in clones of methylated DNA. Con- 
versely, digestion with HpaII, utilised during our proce- 
dure for constructing a cpDNA-free library, may have 
removed sequences containing active, possibly under- 
methylated, plant genes of the type reported by Pichersky 
et al. (1991). It must be noted, however, that we have 
analysed only 6 of about 300 clones hybridising cpDNA 
probes and have concentrated on clones with strong ho- 
mology to cpDNA. It may be, as suggested by Pichersky 
et al. (1991), that only hypermethylated nuclear genomic 
regions contain relatively large plastid DNA integrants. 

As clone 3D does not contain any flanking nuclear 
regions little information about possible mechanisms of 
transfer and integration can be derived from this se- 
quence. It is noteworthy, however, that the sequence in- 
cludes DNA that is thought not to be transcribed in the 
chloroplast, suggesting that an RNA intermediate (Nu- 
gent and Palmer 1991; Schuster and Brennicke 1987) was 
not involved in transposition in this case. 

The absolute identification of these highly methylat- 
ed sequences as being located in the tobacco nucleus, as 
opposed to location in an unidentified minor population 
of plastids with highly methylated DNA, awaits the anal- 
ysis of YAC clones or in situ or hybridisation. This latter 
method is problematical given the unamenability of N. 
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tabacum chromosomes and the constant difficulty of re- 
moving contaminating cpDNA from chromosome 
spreads. Promiscuous plastid sequences have been identi- 
fied in maize YAC libraries, but their absolute extent has 
not been determined (Gupta and Hoo 1991). One YAC 
clone examined in detail contained the entire maize 
chloroplast genome in addition to an extra 7.3 kb of 
DNA at the vector/clone junction. The origin of this 
extra DNA is unknown (Gupta and Hoo 1991). 

It is generally assumed that stringent sequence con- 
servation is the rule within the interrelated plastid types 
and that in an individual, all plastids are generally 
derived from a small number of maternal proplastids in 
the fertilised egg. The extensive alterations detected in 
clone 3D are most unlikely to have occurred during de- 
velopment given that they include a change that destroys 
an open reading frame in an essential chloroplast gene. In 
addition 2 of the other putative nuclear clones examined 
recently in our laboratory (unpublished results) contain 
sequences that are highly homologous to part of 4D, but 
they are different from cpDNA and different again from 
3D in significant respects. This implies that any possible 
aberrant plastid subpopulation accounting for these re- 
sults must possess both a highly heterogeneous and ex- 
tensively methylated genome, and this is considered im- 
probable. 

The simplest explanation for our results is that large 
sections of the chloroplast genome have been transferred 
to the nucleus where gradual changes have occurred with 
time. Assuming a rate of sequence divergence similar to 
mammalian pseudogenes [5 x 10-9 changes/site/year (Li 
et al. 1985)] the 3D sequence is estimated to have trans- 
ferred to nuclear DNA only 700,000 years ago. This sort 
of divergence which occurs with time in unexpressed por- 
tions of the genome is one possible source of evolution- 
ary change. Such sequences may drift into genetic obliv- 
ion in all but the significant cases where, in a specific 
genomic environment, they achieve transcription, pro- 
cessing and expression (Scott et al. 1991). Genes trans- 
ferred and activated in this way could then be lost from 
the chloroplast genome, a loss which may be paralleled 
by the rapid cpDNA deletions observed in parasitic 
plants (de Pamphilis and Palmer 1990). The gene activa- 
tion events seem much less probable, but at least one 
clear case has been described. The large subunit protein 
rpl22 of the chloroplast ribosome is present in cpDNA in 
all flowering plants except legumes where it is located in 
the nucleus (Gantt et al. 1991). Compared with ho- 
mologous chloroplast genes this nuclear gene contains an 
additional exon presumed to code for a chloroplast-di- 
rected transit peptide separated from the unequivocally 
identified ancestral chloroplast gene by an intron (Gantt 
et al. 1991). The genomic mechanisms responsible for 
this sort of gene rearrangement in the nucleus are un- 
known but may account for the large size of eukaryotic 

genomes as this may allow successful gene manipulation, 
including exon shuffling, to occur (Gantt et al. 1991; 
Timmis and Scott 1984). Only a few other cases of differ- 
ing genetic compartments for the same gene have been 
observed; one is the gene tufA, which is in algal cpDNA 
but in the nucleus in land plants (Baldauf and Palmer 
1990). 

The copy number of 15 for the 3D-like sequence esti- 
mated to be present in tobacco nuclear DNA may repre- 
sent the minimum degree of repetition of this region of 
the plastid genome. Related sequences not carrying the 
12- and 41-bp deletion may also be present which are not 
true cpDNA but which would be cut by EcoRV and not 
amplified in our quantitative PCR assay. These 15 copies 
may have been individually transferred to the nuclear 
genome or be derived from a single sequence that has 
been amplified within the nucleus. In the latter case, 
which appears most likely given that each copy has an 
identical deletion, only I out of 15 clones will be present 
at or near the site of the initial transposition event. Care 
should therefore be exercised when speculating on the 
mechanisms of transfer of plastid sequences to the nucle- 
us by analysis of cpDNA/nDNA junctions because many 
of these may represent secondary rather than primary 
transpositions. 
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