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Homologies between nuclear and plastid DNA in spinach
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Summary. Homologies between spinach nuclear (n)
DNA and Chloroplast (pt) DNA, have been detected
with a clone bank of spinach ptDNA as hybridization
probes to restriction fragments of nDNA prepared from
purified root nuclei. Every cloned fragment of ptDNA
showed homologies to discrete restriction fragments of
nDNA, different from those of ptDNA, indicating inte-
gration of these homologies into nDNA. While most
ptDNA clones were relatively large and probably con-
tained several genes, sequence homologies were also
found to the cloned plastid gene for RuBP carboxylase
and the § subunit of ptATPase. Many of the homolo-
gies in nDNA occur in regions of the genome that are
highly methylated and are not digested by the methyla-
tion sensitive restriction endonucleases Hpall and
Mspl. In contrast these enzymes cleave ptDNA into
small fragments which allows the nDNA homologies to
be distinguished in total root DNA. The sequence ho-
mologies observed were not due to contaminating non
nuclear sequences as shown by hybridization to mito-
chondrial (mt) and bacterial DNAs. The total amount
of homology to ptDNA in nDNA is equivalent to about
five copies of the plastome per haploid nuclear genome.
The homologies generally appear to be in individual
segments of less than 2 kbp in length, integrated into se-
veral different places in the genome.
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Introduction

The existence of two extranuclear genetic systems in
plant cells, one in the chloroplasts (plastids) and the
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other in mitochondria, as well as the main genetic system
in the nucleus, is well known. Early studies of the ribo-
somal (r) RNA genes of these systems showed that chlo-
roplast (pt) TRNA formed hybrids with both ptDNA
and total DNA in Euglena (Scott and Smillie 1967;
Scott 1973) and higher plants (Tewari and Wildman
1968; Ingle et al. 1969). Thermal denaturation studies
showed that the plastid rRNA/nDNA hybrid was less
specific than the homologous rRNA/DNA hybrids in
Euglena (Scott 1973). These results may have reflected
either cross-homology between the functionally similar
rDNA sequences in the plastome and genome, or the
existence of separate sequences in nDNA homologous
to plastid rRNA genes integrated into the nucleus. The
first of these two possibilities was favoured by experi-
ments with cloned iIDNA sequences of Euglena ptDNA
and nDNA which showed two separate regions of ho-
mology between the functional genes (Curtis and Raw-
son 1982). Some evidence for the second possibility was
obtained by restriction and hybridization studies in
siwss chard (Ingle 1979) which suggest that some of the
homology observed between nDNA and plastid rRNA
was most likely to be due to a separate sequence in
nDNA homologous to ptDNA, distinct from cross-ho-
mology.

In maize a 12 kbp region of the ptDNA, including
part of a chloroplast RNA gene has been found to be
homologous to a section of the maize mitochondrial
genome (Stern and Lonsdale 1982). This observation,
together with the detection of homologies between mito-
chondrial (mt) DNA and nDNA in yeast (Farrelly and
Butow 1983), locusts (Gellisen et al. 1983) and the fun-
gus Podospora anserinag (Wright and Cummings 1983)
raises the possibility that the occurrence of homologies
between organellar DNA’s may be a widespread pheno-
menon. We recently reported the eixstence of homolo-
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gies in nDNA to sections of the ptDNA in spinach
(Timmis and Scott 1983). In this report we show that a
large proportion of the plastome has homologies with
the nuclear genome in spinach, including the defined
plastid genes for two chloroplast coded and synthesized
proteins, the large subunit of RuBP carboxlase and the
B subunit of ptATPase.

Materials and methods

1 Preparation of DNA

a) Total DNA. Spinach plants were grown in liquid culture
(Possingham and Smith 1972) and DNA from the various tissues
was prepared as previously described (Scott and Possingham
1980) except where otherwise detailed. Total DNA from roots
was prepared by the method of Murray and Thomson (1980).

b) Mitochondrial DNA. Spinach leaf mitochondria were isolat-
ed (Douce et al. 1977), resuspended in 1 m! 0.3 M Mannitol,
0.001 M EDTA, 0.01 M MgCl,, 0.03 M MOPS, and 0.2% bovi-
ne serum albumin per 100 g of leaves and incubated at 0 °C for
1 h with DNAse (1 mg mi™) and alkaline phosphodiesterase
(500 pg m1™). After addition of EDTA to a final concentration
of 0.1 M, mtDNA was purified as described for chloroplasts
(Scott and Possingham 1980).

c¢) Nuclear DNA. Roots were extensively washed in dilute de-
tergent, fixed in ice cold 0.5% formaldehyde in 0.01 M HEPES
pH7.0 for 1-2h and homogenized 4X3s in a razor blade
blender in 0.025 M Tris-HCI pH 7.5, 0.275 M sorbitol, 0.005 M
B-mercaptoethanol and 0.5% Triton X-100. The homogenate
was filtered through one layer of cheesecloth and three of mi-
racloth and the nuclei collected by centrifugation at 400X g for
5 min. The nuclei were resuspended in the extraction buffer,
underlaid with a similar buffer containing 0.4 M sorbitol, col-
lected by centrifugation at 400X g for 5 min, and this proce-
dure repeated three times. Nuclei isolated in this way were free
of microscopically detectable plastids or mitochondria and, as
will be demonstrated later, contained barely detectable levels
of ptDNA and no detectable mtDNA. The nuclei were then
lysed in 0.02 M EDTA, 0.15 M NaCl, 0.015 M tri-sodium citrate
pH 7.0 containing 1% sarkosyl and 100 ug m1™ RNAse A. After
15 min at 37°C, 5 mg ml™ of predigested pronase was added,
the sample incubated for a further 15 min and nDNA isolated
as described (Scott and Possingham 1980). DNA isolated in
this way was not of as high molecular weight as that obtained
from roots by the direct extraction procedure of Murray and
Thomson (1980) but allowed separation of clear restriction
bands in the range 2—8 kbp. In experiments with a range of re-
striction enzymes, no difference was detected in digestion of
nuclear DNA prepared after fixation compared with conven-
tionally prepared DNA samples. Similarly, no difference was
observed in the restriction enzyme digestion of ptDNA pre-
pared from either unfixed chloroplasts or chloroplasts fixed in
4% formaldehyde.

d) Molecular cloning and preparation of plasmid DNA. Purified
plasmids from a spinach ptDNA clone bank (Palmer and
Thomson 1981) were provided by Drs. J. D. Palmer and W. F.
Thomson and other ptDNA clones by Dr. P. R. Whitfeld. The
spinach nuclear rDNA clone Sn31 was prepared from a
Hind HI digest of spinach root DNA cloned in the plasmid
PACYC 184 (Chang and Cohen 1978) and includes the entire
spinach nuclear rtDNA sequence (unpublished results). Plas-
mids were prepared by the SDS lysis procedure of Godsen and
Vapnek (1973).

2 Hybridization of DNA

a) On filters. Nuclear DNA or total root DNA preparations
were digested with restriction endonucleases (Boehringer-
Mannheim) under the conditions recommended by the manu-
facturers for 4-5h with five units of enzyme per pg DNA.
Other DNA was digested for 1-2 h with one unit of enzyme
per ug DNA. In the case of double digests with Hpa II (or
Mspl)+ EcoRI, the EcoRI digestion was second after suitable
adjustment of the buffer. Following electrophoresis on 0.8%
agarose gels the DNA was transferred (Southern 1975) to nitro-
cellulose filters (Schleicher and Schuell BA85). The filters were
baked in vacuo for 3 h at 80°C and preincubated at 65 °C for
2h with constant shaking in 4XSSC (SSC is 0.15 M NaCl;
0.015 M Na-citrate pH 7.2), 100 ug ml™ sonicated single strand-
ed salmon testis DNA, 0.1% SDS, 0.1% gelatin, 0.1% ficoll and
0.1% polyvinylpyrrolidine-360. As much as possible of the pre-
incubation buffer was removed and the filters hybridized at
74°C for 16 h with constant shaking in the same buffer contain-
ing 0.04% gelatin, 0.04% ficoll and 0.04% polyvinylpyrrolidi-
ne-360 with 2X 10° cts min™ ml™ of 3P labelled probe added.
Probes were labelled by nick translating (Schachat and Hog-
ness 1974) each ptDNA clone with a®?P-dCTP (BRESA, Ade-
laide, South Australia) to a specific activity of 10°—10° cts
min™ pg™. The filters were autoradiographed after four washes
of 30 min in 2XSSC, 0.1% SDS at 65°C. The molecular weights
of the DNA fragments were determined by comparison with A
phage DNA digested with EcoRI and Hind III following the
curve fitting procedure described by Duggleby etal. (1981).
The position of bands in the DNA digests as revealed by ethidi-
um bromide staining of the gels and autoradiography of the
Southern transfers was recorded with a Hewlett Packard
HP-9872 digitizer. A programme written for the HP-9845 mi-
crocomputer also used the standard curve of A DNA fragments
to calculate a normalized mobility for each DNA fragment on
the gel. This enabled each gel pattern to be redrawn to a
‘Master’ standard curve so that any one gel could be compared
directly with any other.

Following digestion of ptDNA with restriction endonucle-
ases, the concentration of the DNA was measured by the Bur-
ton (1956) procedure. The standard errors of the mean estima-
tes of the DNA concentrations were less than 1%. A range of
loadings of the ptDNA digest fractionated by agarose gel elec-
trophoresis was transferred to nitrocellulose filters. After hybri-
dization with *?P-ptDNA cloned probes the amount of hybridi-
zation and thus the amount of DNA on the filter homologous
to the probe was estimated by densitometry of the autoradio-
grams. The correlation coefficient of the relationship between
the amount of DNA loaded to the filter and the OD of the au-
toradiograms in all cases was greater than 0.97 and was signifi-
cant (P > 0.01). Within the range of experimental conditions,
this relationship was essentially linear and the amount of
nDNA homologous to ptDNA was therefore estimated directly
by comparing the amount of hybridization on adjacent autora-
diogram tracks of known loadings of nDNA and ptDNA (see
also Fig. 3).

b) In solution. The concentration of ptDNA in nuclear DNA
preparations was measured by following the renaturation kine-
tics of *2P-ptDNA in the presence of nDNA (Scott and Possing-
ham 1980).

Results

In spinach root DNA 1-2% of the total DNA sequences
are homologous with ptDNA (Scott and Possingham



N.Steele Scott and J. N. Timmis: Nuclear and plastid DNA homologies 281

1980). The majority of this homology is accounted for
by ptDNA in the plastids found in the cytoplasm of root
cells, and there are therefore 55-110 copies of the pla-
stome per nuclear genome in this tissue. The renatura-
tion kinetcis of added *?P-ptDNA in the presence of ex-
cess purified ptDNA, total root DNA and nDNA are
shown in Fig. 1, and the Cot¥% values obtained were
used to calculate the amount of ptDNA in the samples
(Scott and Possingham 1980). In the experiment shown,
the level of ptDNA in the root sample was 1.7% equiva-
lent to 95 copies of the plastome per haploid genome
and that of the nuclear preparation was 0.11% or 6 co-
pies per haploid genome. The extent of renaturation of
the probe was similar in all three measurements indicat-
ing that, in each DNA sample, all the plastome is able
to form renatured duplex molecules. The renaturation
conditions (Scott and Possingham 1980) were equiva-
lent to the Tm-20 °C of spinach DNA as measured (un-
published results) and calculated (Wetmur 1976) from
the average spinach ptDNA base composition of 37%
GC (Bohnert etal. 1982). These measurements were
also carried out a higher and lower stringencies of rena-
turation (Tm —15° and Tm -30°), yielding essentially
similar results. In addition, Southern transfers of total
ptDNA and nDNA digested with the restriction endo-
nuclease EcoRI were hybridized at the same three con-
ditions of stringency to *2P-labelled cloned fragments of
spinach ptDNA Xhol 3.0 kbp (Palmer and Thomson
1981) and pSocB 149 (Zurawski etal. 1981). At Tm
—15°C the amount of probe bound to either ptDNA or
nDNA on the filters was significantly reduced com-
pared with that at Tm -20°C, while the radio-
activity bound at Tm — 30°C was similar. There was no
evidence of any additional sequences hybridized at
reduced stringency as the hybridization bands were the
same under all conditions. All subsequent hybridiza-
tions were at Tm —20 °C.

Nuclear DNA and ptDNA were digested with the
restriction endonucleases EcoRI and Bam HI, and after
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Fig. 1. Renaturation kinetics of **P-ptDNA. The renaturation
kinetics of **P-ptDNA were followed in the presence of puri-
fied ptDNA (®), root DNA (4) and nDNA (®) and gave Cot%:
values of 0.10£0.011, 5.9£0.77 and 91+ 8.7 mol™ s™ respec-
tively

-h

fractionation on agarose gels, transferred to nitrocellu-
lose filters. The haploid genome size of spinach nDNA
is 0.9 pg (Bennett etal. 1982) while that of spinach
ptDNA (one copy of the plastome) is 1.6 X 107'® g (Boh-
nert et al. 1982). The gels were loaded such that each
nDNA track contained 5pug DNA and each ptDNA
track from 3-8 ng. This is the equivalent of about five
copies of the plastome in ptDNA tracks relative to one
copy of the genome in the nDNA tracks. The
Southern filters prepared in this way were hybri-
dized with individual radioactive probes prepared
from the entire spinach ptDNA clone bank (Palmer
and Thomson 1981) which includes all but 0.6%
(09kbp) of the plastome. The autoradiographs
of these hybridizations show that all the ptDNA
segments have homology with nDNA (Fig. 2). In all ca-
ses the nDNA tracks show discrete bands of hybridiza-
tion to the ptDNA probes. The bands in the nDNA
tracks (heterologous hybridizations) are nearly always
of different mobilities to the homologous hybridization
bands in the ptDNA tracks, indicating that there are se-
veral areas of homology in the nDNA for each probe
that are not attributable to ptDNA contamination of
nDNA. The enzyme EcoRI digests spinach nDNA ex-
tensively compared with BamHI and this is often reflect-
ed in the autoradiograms where the ptDNA fragment
shows homology to discrete bands in the EcoRI digest
of nDNA but to both discrete bands and undigested
DNA in the BamHI digest (e.g. probes Xhol 12.8 kbp
and Xhol 15.3 kbp). On the other hand the segments of
nDNA homologous to the Pstl 1.9 kbp probe are di-
gested almost equally well by BamHI and EcoRI. The ho-
mologies to two adjacent ptDNA fragments show some
overlap; presumably the homology in the nDNA seg-
ment overlaps the adjoining ends of the ptDNA frag-
ments, e.g. the 7.8 kbp fragment in the EcoRI digest of
nDNA hybridized to Pstl 2.7 and Pstl 8.1, and the
2.6 kbp fragment in the BamHI digest of nDNA hybrid-
ized to Xhol 15.3 and Pstl 8.1 kbp probes. The two larg-
est fragments of the ptDNA clone bank, PstI 17.3 kbp
and PstI 25.5 kbp show the least well defined homology
compared with smaller probes. This might be expected
as, under our conditions, the smaller probes are at
greater molar concentrations in the hybridization re-
action.

The hybridization of ptDNA sequences to nDNA is
a reflection of the amount, length and fidelity of base
pairing of the homologous sequences. In Fig. 3 the hy-
bridization of the PstI 7.7 kbp probe to nDNA and a se-
ries of dilutions of ptDNA is shown, Fragments of
ptDNA, loaded onto gels at a rate equivalent to as little
as 0.3 copies of the plastome per haploid genome were
detected in the autoradiograms. Clearly the amount of
homology observed between ptDNA and nDNA in
Figs. 2 and 3 is of the order of several copies of the pla-
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Fig. 2. Homologies between ptDNA and nuclear DNA. The hybridization of each clone from a spinach ptDNA clone bank (Palmer
and Thomson 1981) to nDNA and ptDNA digested with EcoRI and BamHI is shown. Each set of four gel tracks is labelled with the
ptDNA clone used as probe and comprises from left to right. 1 Nuclear DNA digested with EcoRI; 2 Plastid DNA digested with
EcoRI; 3 Nuclear DNA digested with BamHI and 4 plastid DNA digested with BamHI. The molecular weight scale on the left of
the tracks is in kbp. All the nuclear tracks contain 5 ug of nuclear DNA. The ptDNA tracks digested with EcoRlI, contain 6.1 ng for
those hybridized with PstI 1.9, Pstl 2.7, PstI 8.1, Xhol 11.9, Pstl 13.5, Pstl 12.3 Xhol 3.0 and PstI 25.5, 3.0 ng for those hybridized
with Pstl 7.7, Xhol 12.8 and Xhol 15.3 and 3.5 ng for those hybridized with Pstl 8.9 and PstI 17.3. The equivalent ptDNA tracks

digested with BamHI contain 5.0, 1.9 and 8.2 ng respectively

stome per genome. Direct comparison of the amount of
hybridization in adjoining nDNA and ptDNA tracks al-
lowed an estimate of the amount of homology between
each probe and nDNA (Table 1). Estimates from both
EcoRI and BamHI digestions of nDNA, indicate that
the nDNA contains the equivalent of about five copies
of the plastome per haploid nuclear genome with all
probes represented to about the same extent.
These measurements include the background
“smear” of hybridization in the tracks which
may be due to undigested and/or randomly
sheared nDNA with specific homology to ptDNA. The
possibility of the “smear” of hybridization being due to

less specific homologies than those appearing in bands
does not seem very likely as in most cases there is di-
gestion of the nDNA homologies into specific bands of
homology with either EcoRI or BamHI (Fig. 2).

It was possible that some of the hybridization ob-
served may have been due to bacterial contamination
of the nuclear preparations, though very few bacteria
could be seen in nuclear preparations by Nomarski
interference microscopy. After extensive washing, un-
fixed roots were homogenized in sterile water and the
bacterial content of the homogenate estimated by serial
dilution on nutrient agar plates to be 107 to 10* mi-
croorganisms per g fresh weight of roots. A mixed cultu-
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Fig. 3. Estimation of the amount of homology between ptDNA
and nDNA. Spinach nDNA (5pug) digested with EcoRI
(track I) and BamHI (track 8), and ptDNA digested with
EcoRI (tracks 2—7) and BamHI (tracks 9—14) were transferred
to nitrocellulose filters after agarose gel electrophoresis and
hybridized with the 7.7 kbp Pstl fragment of ptDNA. Tracks
3-7 contain the equivalent of 14, 6, 1.5, 0.76 and 0.31 copies of
the plastome per haploid nuclear genome respectively com-
pared with the 5 ug of nDNA in track I and tracks 10-14 con-
tain and 11, 5, 1.2, 0.62 copies of the plastome respectively
(1 copy=2844 pg ptDNA). Tracks 2 and 9 contained an un-
known amount of ptDNA estimated to be 6 copies and 13
copies respectively by comparison with the calibrated tracks.
The amount of hybridization to the EcoRI digestion of nDNA
(track 1) is equivalent to 4 copies of the plastome and that to
the BamHI digestion of nDNA (track 8) to 4.5 copies of the
plastome per haploid nuclear genome

Table 1. Amount of hybridization of spinach ptDNA clones to
spinach nuclear DNA

Spinach ptDNA fragment No. of equivalent copies in
nDNA digested with
EcoRI BamHI
Xho 12.8 36 51
Xho 11.9 9.7 4.3
Xho 3.0 4.4 2.0
Xho 15.3 2.5 37
Pst 8.9 3.0 6.0
Pst 17.3 6.7 13.1
Pst 1.9 54 7.1
Pst 13.5 6.2 6.2
Pst 7.7 2.8 42
Pst 12.3 6.6 8.1
Pst 25.5 1.3 4.0
Pst2.7 5.9 32
Pst 8.1 74 6.2
Mean 5.0 57

re of these cells was grown with *H-thymidine and ad-
ded to a preparation of nuclei during the initial homo-
genization of the roots. The extent of contamination of
the nuclei by bacteria was estimated by the yield of °H
in the nuclear preparation and by direct counting of the
bacteria in the preparations by Nomarski microscopy.
The yield of bacteria from the preparation was 0.21% as
estimated by radioactivity and 0.29% as estimated by
microscopy, while the yield of nuclei estimated by DNA
measurement was 12%. Assuming 2.4X107'* g DNA
per bacterium (four times the size of the E. coli genome)
the maximum amount of bacterial DNA per 5ug of
nDNA would be 0.01 pg. Figure 4 shows BamHI and
EcoRI digests of 10 times this amount (0.1 pg per track)
of DNA from a mixed root bacteria culture and BamHI
digests of an isolate of E. coli (maintained in this labo-
ratory for many years) after Southern transfer and hy-
bridization to ptDNA probes in the same bags as the re-
levant probes in Fig. 2. There is homology to both bac-
terial DNA samples, but the three homologous bands
hybridized in E. coli DNA are the same irrespective of
the probe used, as are the three homologous bands hy-
bridized in the bacterial DNA. These bands do not cor-
respond to any of the bands in the nDNA digests shown
in Fig. 2. In the examples shown in Fig. 4 the cloned
Pstl 7.7kbp ptDNA fragment was in the plasmid
pBR 322 while the XholI 13.5 kbp probe includes a dif-
ferent vector, pACYC 177. The most likely explanation
of this homology is that the plasmid part of the ptDNA
clones has homology with some large endogenous plas-
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Fig. 4. Hybridization of ptDNA clones to bacterial DNA. E.
coli DNA (tracks 1 and 2) or DNA from a mixed culture of bac-
teria from spinach roots (tracks 3—6) was digested with BamHI
(tracks 1, 2, 4 and 6) or EcoRlI (tracks 3 and 5). After elec-
trophoresis and Southern transfer the filters were hybridized
with the ptDNA fragments Pstl 7.7 (cloned in pBR322; tracks
1, 3 and 4) and Xhol 13.5 (cloned in pACYC 177; tracks 2, 5
and 6)
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mid(s) in the E. coli and the mixed bacterial culture
DNA. These experiments show that it is extremely un-
likely that any of the homologies we observe between
nuclear and ptDNA can be due to contamination of the
nuclei with bacteria from the root preparations. In addi-
tion it is likely that any bacterial DNA contamination of
nDNA would be extensively reduced by the CsCl gra-
dient purification procedure because of the high G+C
content of most bacterial DNAs compared with nDNA.
The high degree of methylation of spinach nDNA
(Scott and Possingham 1980) and the apparent lack of
methylation in ptDNA (Smillie and Scott 1969) offers
the possibility of distinguishing between sequences of
different origins independently of methods using partial
purification of the individual organelles. The restriction
enzymes Hpall and Mspl are able to cleave DNA at C/
CGG but Hpall is unable to do so when the internal cy-
tosine is methylated and Mspl when the external cytosi-
ne is modified (Doerfler 1982). Spinach ptDNA is
cleaved into small fragments by Hpall and Mspl diges-
tion but nDNA is relatively insensitive to Mspl and
Hpall (Timmis and Scott 1983). The hybridiza-
tion of the Xhol 3.0 kbp ptDNA fragment toc nDNA
and root DNA digested with EcoRI and/or Hpall show-
ed that nuclear and plastid sequences can be resolved

because they are differentially methylated. The purity
of the Xhol 3.0kbp probe was established by its bind-
ing to the expected 3.0 kbp fragment of an Xhol digest
of ptDNA (Fig. 5, track 3). The fragment hybridizes to
four major bands in EcoRI digests of nDNA at 6.1, 4.5,
4.0 and 2.2 kbp (Track 1). The products of Hpall diges-
tion of ptDNA (track 11) are smaller than the bands
containing ptDNA homologies in nDNA (track 1) and
following double digestion of nDNA with Hpall + Eco-
RI only the band at 4.5kbp is no longer apparent
(track 7). These four bands are nuclear in origin since
they do not coincide with ptDNA fragments (compare
tracks 1 and 2) and ptDNA contamination of the nDNA
preparation is low, as evidenced by the almost indistin-
guishable ptDNA bands in the Hpall digest of nDNA
(track 10). Neither are they due to mtDNA as there is
no detectable contamination of the nDNA preparation
with mtDNA (Timmis and Scott 1983). Reconstitution
experiments in which ptDNA was added to nDNA be-
fore digestion (tracks 4, 9 and 12) and experiments with
total root DNA (tracks 13 and 14) reinforce these con-
clusions. The three Hpall insensitive bands can be seen
in Hpall + EcoRI digests of the mixed nDNA +ptDNA
(track 9) and the total root DNA (track 13). An additio-
nal band at 1.8 kbp is apparent in Hpall digests of root
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Fig. 5. Hybridization of nDNA and root (rt) DNA
with the cloned Xhol 3.0 kbp fragment of ptDNA.
Nuclear DNA (5 ug) and ptDNA (4 ng) were digest-
ed with the enzyme shown on the individual tracks.
Lanes 3—14 are all from the same gel and Southern
transfer, while lanes I and 2 are from a separate gel
and are included because the nDNA EcoRI diges-
tion in lane 6 was only partially complete
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DNA (tracks 13, 14) and this could represent an homol-
ogy of the Pstl 3.0 kbp fragment with mtDNA (Fig. 6
and Timmis and Scott 1983), or a low level of homology
to ptDNA revealed because of the relatively high
ptDNA content of root DNA compared with the
amount of pure ptDNA loaded in Fig. 5, lanes 8, 9, 11
and 12.

The experiments described so far have, for the most
part, used relatively large fragments of ptDNA to search
for homologies with nDNA. Smaller EcoRI fragments
of ptDNA contain the genes the large sub-unit of RuBP
carboxylase (pSocE48) and the B sub-unit of ATPase
(pSocE40) (Zurawski et al. 1981, 1982). Both of these
genes show homologies to specific bands in EcoRI di-
gests of nDNA (Fig. 6). The gene for the 8 subunit of
ATPase shows homologies with nDNA bands of 5.7, 2.7
and 1.98 kbp (track 1) and the expected 1.98 kbp EcoRI
fragment (Zurawski et al. 1982) of ptDNA (track 2). The
large sub-unit of RuBP carboxylase shows homology to
nDNA bands of 5.7 and 2.3 kbp (track 3) and the expect-
ed 1.75 kbp fragment of ptDNA (track 4). The nuclear
sequence of 5.7 kbp (tracks 1 and 5) apparently shares
homology with both genes. The nDNA bands homolo-
gous to pSocE 48 seen in track 3 can also be seen in the
EcoRI digest of total root DNA (track 5) since the only
ptDNA fragment to which the probe hybridizes is the
low molecular weight 1.75 kbp fragment. In addition a
higher molecular weight band of homology at 10.0 kbp
ist visible. This band is not visible in track 3, possibly

because of the poorer quality of the autoradiogram and
because DNA prepared directly from roots is of higher
molecular weight than that from nuclei, and therefore
has better defined restriction bands, particularly those
of high molecular weight. Double digestion of root
DNA with either Hpall (or MspI)+ EcoRI (track 6 and
8) removed the bands at 5.7 and 2.3 kbp and generated
two new bands at 6.5 and 5.0 kbp, presumably by parti-
al restriction of the band at 10 kbp (tracks 5, 6, 8). On
the other hand, single digestion of root DNA with either
Hpall or Mspl (tracks 7 and 9) generated two additio-
nal bands of homology at 3.8 kbp and 2.8 kbp. As there
is no sign of these bands in the double digests (tracks 6
and 8) it is clear that these homologies revealed by
Hpall digestion of nDNA are from a different part of
the genome from those generated by EcoRI digestion.
The fragments resulting from EcoRI digestion of these
homologies are probably obscured in tracks 5, 6 and 8
by the high level of hybridization to the 1.75kbp
ptDNA fragments in root DNA. The digestion of
ptDNA with Hpall (track 11) or Mspl (track 12) yielded
single fragments of ptDNA larger than the EcoRI
ptDNA fragments of pSocE 48 (tracks 4 and 10), and in-
dicates that there are no Hpall sites in the gene. This is
consistent with the sequence of the gene (Zurawski
et al. 1981).

It is possible that some of the results observed may
be due to homologies between ptDNA and mtDNA
(Stern and Lonsdale 1982) contaminating the nDNA
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Fig. 6. Hybridization of nDNA, mtDNA and
root DNA with specific cloned ptDNA genes.
Nuclear DNA, rtDNA (5 ug), ptDNA (4 ng) and
mtDNA (0.1 ug) were digested with the enzymes
shown on the figure and, after agarose gel elec-
trophoresis and Southern transfer, hybridized to
the gene for the 8 subunit of ATPase (pSocE 40,
lanes 1 and 2) or the gene for the large subunit of
RuBP carboxylase (pSocE48, lanes 3—16)
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preparations or to the mtDNA undoubtedly present in
the root DNA preparations. In our earlier studies (Tim-
mis and Scott 1983) we showed that although the
nDNA preparation was not contaminated with mtDNA
the 7.7 kbp Pstl fragment of ptDNA showed a strong
homology to mtDNA, in both mtDNA preparations and
in root DNA. The digestions of mtDNA shown in Fig. 6
(tracks 13—16) show that the ptDNA contamination of
mtDNA is easily detected (compare the ptDNA bands
in tracks 4, 10, 11 and 12 with the same bands contami-
nating tracks 13—16). In addition there are faint bands
homologous to PSocE48 in mtDNA not found in
ptDNA, generated by digestion of mtDNA with EcoRI
(track 13) and Mspl (track 16) but not by Hpall
(track 15). These restriction enzyme digests which re-
veal the presence of mtDNA/ptDNA homologies are
sufficient to show that the strong sequence similarities
in nDNA preparations to pSocE 48 are not of mtDNA
origin. These low level homologies to mtDNA, which
are barely visible even though there is 0.2 ug mtDNA
per track, are not as strong as those previously reported
by us for the 7.7 kbp Pstl probe (Timmis and Scott
1983). The low level of mtDNA homology for pSocE 48
was not observed in studies which show widespread
mt/ptDNA homologies in pea, bean, spinach and corn
(Stern and Palmer, personal communication). The low
level of homology also explains why mtDNA specific
bands homologous with pSocE 48 are not visible in root
DNA digests (tracks 5 and 9), in which homology of the
7.7 kbp Pstl probe to mtDNA was easily detected (Tim-
mis and Scott 1983).

Discussion

The ptDNA clones used in these experiments include all
but 0.9 kbp of the 145 kbp spinach plastome and our re-
sults indicate that essentially all of the plastome has ho-
mologies with nuclear DNA. This conclusion is support-
ed by the extent of the renaturation observed between
ptDNA and nDNA (Fig. 1) and by the homologies ob-
served between each cloned ptDNA fragment and re-
striction enzyme digests of nDNA (Fig. 2). In addition
the comparative measurements made with individual
ptDNA clones (Table 1) and the renaturation kinetics
(Fig. 1) suggest that, on average the amount of nDNA
homologous to ptDNA is the equivalent of five copies
of the plastome.

This is not to say that sequences in the nucleus con-
tain extensive unbroken homology with ptDNA. The
nuclear sequences to which homologies have been
found are of the order of 1.5~12 kbp in length when di-
gested by EcoRl, though larger when digested by Bam-
HI. In contrast, EcoRI digestion of ptDNA yields frag-
ments no larger than 6.3 kbp, and many fragments less

than 2kbp. If long sections of homology to ptDNA
were present in the nucleus we would expect to observe
correspondence between at least some of the restriction
bands in nDNA and ptDNA hybridizations for each
probe, due to the inclusion of more that one specific re-
striction site in the homologies. In particular, when
small probes are used, it is more likely that both nDNA
and ptDNA homologies should be bounded by the
same restriction enzyme sites. In these experiments the
occurrence of homology bounded by the same restric-
tion sites in nDNA and ptDNA is relatively rare and
perhaps the only obvious possibilities are the fragments
of 2.6 and 2.9 kbp in the EcoRI digests of nDNA and
ptDNA hybridized to the Pstl 13.5 kbp probe (Fig. 2).
Thus, although most of the homologies observed are in
nDNA fragments from 1.5 to 12 kbp it seems likely that
any homology to ptDNA within these fragments is less
than 2-3 kbp in length. While fragments of this length
are only a small proportion of the plastome they are large
enough to encompass whole genes. This distribution
of homology in nDNA, together with the high degree of
methylation of the cytosine residues in nDNA has been
useful in facilitating the detection of the nDNA/ptDNA
homologies by allowing resolution of the generally large
nDNA fragments from predominantly small ptDNA
counterparts. For the same reasons, however, it has not
been possible to study smaller fragments of homology
in nDNA because of confusion with small ptDNA frag-
ments, as well as technical dificulties in analysing low
molecular weight fragments.

The gene for the large sub-unit of RuBP carboxylase
(Fig. 6) is within a 1.75 kbp EcoRI fragment, but it
shows homology with EcoRI fragments from nDNA of
5.7 and 2.3 kbp and Hpall/Mspl fragments of 3.8 and
2.8 kbp. All of these fragments are bigger than the gene,
and itis not possible to say if the homology is to the whole
gene, only a part of the gene, or perhaps less likely to
a repetitive homologous sequence. A similar argument
would apply to all the homologies observed. In addition
the proportion of any ptDNA sequence homologous to
a nDNA sequence is almost certainly different in dif-
ferent locations because of the variability of intensity of
the various hybridization bands observed in the experi-
ments (Figs. 2, 5 and 6). Likewise it is not possible to
say with precision if any one section of the ptDNA is
disproportionately represented in homologous nDNA.
The results in Table 1 show that all the ptDNA clones
used hybridize to nDNA to about the same extent, indi-
cating that if there is any unequal representation of any
one sequence it is not extensive.

The nDNA sites to which the 7.7 kbp Pstl fragment
hybridizes are not sensitive to Hpall, or its isoschizomer
Mspl (which can cut C/™CGG but not *C/CGG), indi-
cating that both the C residues are methylated in any
CCGG sequences found in these nDNA homologies
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(Timmis and Scott 1983). The same argument is true for
at least three of the nDNA fragments (6.1, 4.0 and 2.2
kbp) to which the Xhol 3.0 kbp probe hybridizes, but
the band at 4.5 kbp is sensitive to Hpall (compare
Fig. 5, tracks 1 and 7). In the case of the gene for the
large sub-unit of RuBP carboxylase (Fig. 6), Hpall ge-
nerates nDNA bands homologous to the gene and also
digests the nDNA EcoRI fragments homologous to
ptDNA. The gene in ptDNA does not contain Hpall
sites, but its homologues in nDNA are apparently located
in areas of the nuclear genome where Hpall sites are
not methylated. The nDNA sequences homologous to
ptDNA therefore range widely in degree of methyla-
tion. There is a significant amount of evidence that
DNA methylation plays an important role in the regula-
tion of expression of DNA in many DNA functions,
including transcription, recombination and repair
(Doerfler 1981; Ehrlich and Wang 1981). No function
can yet be ascribed to the ptDNA homologies in nDNA
but it may be important that different areas of homol-
ogy appear to be methylated to different extents.

The origin of plastids and of ptDNA has been the object of
extensive speculation over many years, and the view that chlo-
roplasts have an endosymbiotic origin is widely held (Stanier
1970; Taylor 1979). It has been pointed out that many of these
suggestions do not explain how such a large proportion of the
DNA involved in chloroplast biosynthesis came to be located
in the nucleus, while relatively little of the information is locat-
ed in the plastome (Scott and Possingham 1982), albeit in very
high copy numbers (Scott and Possingham 1980). Our results
show that the nucleus contains additional sets of ptDNA which
may duplicate the information in the entire plastome. Potenti-
ally, therefore, the nucleus posesses all the genes required to
make functional chloroplasts, although they may be in an
interrupted, highly methylated and perhaps inactive form.
These nDNA sequences may represent recent, or remnants
of ancient, recombinations between nDNA and ptDNA (or
ancestral ptDNA), supporting the notion of a multiorganism
origin for the functionally co-operative genetic systems now ex-
tant in the plant cell. The observations do not allow us to
decide in which direction the sequences have translocated and
so do not support any particular one of the many hypotheses
for the endosymbiont origin of plastids.

Studies of homologies between ptDNA and mtDNA in
mung bean, pea and corn have schown extensive homology
between mtDNA and ptDNA (Stern and Lonsdale 1982; Stern
and Palmer, personal communication). Together with our re-
sults, showing homology between nDNA and ptDNA, and
those showing homology between mtDNA and nDNA in a
range of species (Farrelly and Butow 1983; Gellisen etal.
1983; Wright and Cummings 1982) it seems likely that nDNA
may contain homologies to all organellar DNA.

Nuclear and ptDNA are separated from one another by
four membranes. The nuclear membrane with its open pores
offers no serious barrier to DNA movement since RNA mole-
cules pass through it. The double chloroplast and mitochondri-
al membranes however are substantial barriers to communica-
tion between the nDNA and ptDNA in mature cells, but it is
possible that the barrier may be breached or weakened at some
particular developmental stage. Communication between orga-
nellar DNA’s may involve such processes as physical contact
between organelles and non-specific uptake and incorporation

of DNA. Alternatively, there could be specific transfer systems

mvolving cytoplasmic vectors analogous to plasmids, trans-

posing elements or viruses which modify the host genome.
These observations may also bear upon the mecha-

nisms whereby nuclear gene mutations cause temporary
or permanent changes in the plastome (Kirk and Til-
ney-Bassett 1978) and the mechanism which maintains
the homomogeneity of ptDNA in chloroplast popula-
tions within a plant species. The possibility of genetic
transfer between organelles has far reaching implica-
tions for understanding plant function and for hopes of
manipulating plant genotypes.
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