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ABSTRACT

An estimate has been made of the amount of sequence homology present
in the chloroplast DNA (ctDNA) of several higher plants by the technique
ofDNA-DNA hybridization. Approximately 85% of tomato, 60% of spinach,
45% of kale, and 15% of barley ctDNA sequences were found to hybridize
with tobacco ctDNA under conditions in which maximum hybridization in
homologous reactions reached 85%. All heteroduplexes contained signifi-
cant amounts of sequence mismatch as indicated by a 3 to 9 C decrease in
melting temperature as compared to homoduplex.
The data suggest that considerable sequence homology exists between

the ctDNAs of these plants and that some sequences are held in common
among all of the species tested.

The DNA found in the chloroplasts of higher plants exists as a
covalently closed circle with a mol wt, depending on the species,
of 85-95 x 106 daltons (12). Several chloroplast-specific compo-
nents are now known to be coded for by higher plant ctDNA'.
These include the chloroplast ribosomal RNAs (2, 20, 21), a nearly
complete set of transfer RNAs (9), the large subunit of the enzyme
ribulose-bisP carboxylase (6, 7) and possibly several other as.yet
unidentified soluble and membrane bound proteins (4).

Investigations comparing chloroplast ribosomal RNAs (21) and
the large subunit of ribulose-bisP carboxylase (13, 14) from dif-
ferent plant species suggest that the primary structure of these
molecules is highly conserved. Although this result would indicate
that a certain amount of sequence homology exists between dif-
ferent ctDNAs, the coding sequences required to specify these
molecules probably represent only a small fraction of the chloro-
plast genome (11). In contrast, distinct fragmentation patterns
result when ctDNA from different species are digested with re-
striction endonucleases (1, 22). These studies clearly show that
ctDNAs differ in base sequence, but provide little quantitative
information about the extent of the difference.

Here, we present an estimate of the amount of sequence ho-
mology present in the ctDNA of several higher plants. Homology
measurements were obtained by the technique of DNA-DNA
hybridization in solution followed by digestion of unreacted DNA
with single-strand-specific nuclease SI. The data are discussed
with respect to the evolution of the chloroplast genome and the
phylogenetic relationships of the plants in which they are found.
Our results are also compared with those from recent similar
experiments by Walbot (23) and Lamppa and Bendich (15).

' Abbreviations: ctDNA: chloroplast DNA; PB: sodium phosphate
buffer; HAP: hydroxylapatite; Pipes buffer: piperazine-N,N'-bis(2-ethane-
sulfonic acid).

MATERIALS AND METHODS

Preparation of Chloroplast DNA. Chloroplasts were prepared
from tobacco (Nicotiana tabacum L., cv. Xanthi), tomato (Lyco-
persicon esculentum Mill.), spinach (Spinacia oleracea L.), kale
(Brassica oleracea var. acephala D.C.), and barley (Hordeum
vulgare L.) plants. Young leaves were chopped in Honda medium
(10) with an electric knife fitted with razor blades and the resulting
brei was sedimented through discontinuous gradients of 60, 45,
and 20% sucrose (19). Chloroplasts were collected from the 20-
45% discontinuity. ctDNA was prepared by a modification of the
urea phosphate DNA extraction procedure (5). Chloroplasts from
50 g of leaf tissue were lysed in a solution containing 8 M urea,
0.24 M PB, I mim EDTA, and 1% SDS. The lysate was extracted
three times with phenol saturated with 50 mm Tris. The aqueous
fraction was loaded on a column containing 2 g of HAP and
washed successively with 80-100 ml of 8 M urea-0.24 M PB, 40
ml of 10 nm PB, and 10 ml of 0.4 M PB to elute DNA. DNA-
containing fractions were pooled and centrifuged for 14 h at
45,000 rpm in a Beckman SW 50 rotor. The resulting pellets were
resuspended in I ml of 5 mm PB and stored at 4 C over a drop of
chloroform. Purity of ctDNA preparations was monitored by
cesium chloride density gradient analysis in a Beckman model E
analytical ultracentrifuge. Native, denatured and reassociated (Cot
0.32) samples were run simultaneously. Failure of reassociated
samples to renature and thus recover to within 4 mg/ml of native
buoyant density was taken as evidence of contamination by
nuclear DNA (12, 19).

Labeling of ctDNA. ctDNA was labeled in vitro by a modifica-
tion of the nick translation procedure described by Macgregor and
Mizuno (16). 3H- or 14C-labeled TTP was incorporated into DNA
in the presence of equimolar amounts of unlabeled nucleotides by
the combined action of DNase I and DNA polymerase I. Labeled
DNA was separated from unincorporated nucleotides by HAP
chromatography; free nucleotides were eluted with 0.12 M phos-
phate buffer at 50 C, and DNA at 98 C. DNA-containing fractions
were pooled, denatured at 100 C for 3 min, and again applied to
a HAP column at 50 C. DNA eluted at this temperature was used
in hybridization experiments. Foldback DNA (10-20% of input
DNA) was removed by this procedure. The specific activity of H-
and 14C-labeled DNA prepared by this method was 2-5 x 106 and
6-10 x 103 cpm/,ug, respectively. Average single-strand fragment
size obtained was 200-400 and 450-650 nucleotides for 3H- and
14C-labeled DNA as determined by sedimentation through alka-
line sucrose gradients (18).

Hybridization Reactions. Hybridization reactions were carried
out at 60 C in 10 mm Pipes buffer, 0.375 M NaCl, 0.1 mM EDTA
(pH 6.7) (17). Cot values were corrected to 0.18 M Na+ (5). Small
amounts of heterologous [3HJctDNA were mixed with at least a
750-fold excess of tobacco [14CJctDNA, and 25 ,ul samples incu-
bated for appropriate time intervals in siliconized capillary tubes.
The reactions were terminated by chilling the capillaries on ice.
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The extent of hybridization was determined by digestion of reac-
tion samples with single-strand-specific nuclease SI according to
the procedure ofZimmerman and Goldberg (24). Following diges-
tion, samples were spotted on Whatman 3MM filter paper discs,
washed at 4 C with 5% trichloroacetic acid (three times), ethanol-
ether (1:1) and ether, then dried and counted.
Thermal Denaturation Analysis. Melting profiles of homo- and

heteroduplexes were obtained by reacting [3HlctDNA in the pres-
ence of excess unlabeled tobacco ctDNA in 0.12 M phosphate
buffer. Reacted samples were placed in a large water bath and the
temperature slowly increased from 50-99 C with a Haake E-52
temperature programmer assisted by an electric heating coil. Sam-
ples were removed at appropriate temperatures and chilled on ice.
The amount of DNA remaining in duplex form was determined
by SI nuclease digestion as described previously.

RESULTS

Hybridization of I3HIctDNA with Excess Tobacco I'4CIctDNA.
[3H]ctDNAs prepared from tobacco, tomato, spinach, kale, and
barley plants were reacted in the presence of a 750-fold excess of
tobacco ['4CJctDNA as described under "Materials and Methods."
Tobacco driver DNA, as followed by '4C label, reassociated as a
single component with typical second order kinetics at a rate
expected for a DNA with a complexity of about 95 x 106 daltons
(Fig. 1). At completion, duplex formation reached 85%. An equal
amount ofduplex formation was observed when tobacco or tomato
tracer DNA was hybridized in the presence of tobacco driver
DNA (as followed by 3H label). On the basis of these experiments,
ctDNAs from tobacco and tomato plants are enough alike to
cross-hybridize completely under the conditions used (Fig. 1).
Approximately 60%o of spinach, 45% of kale, and 15% of barley
ctDNA sequences were capable of hybridizing with sequences
present in tobacco ctDNA. In control incubations in which no
tobacco driver DNA was present less than 6% self-hybridization
of 3H-tracer DNAs could be detected (data not shown). The
hybridization data presented in Figure 1 primarily represent het-
eroduplex formation, except in the case of the homologous to-
bacco-tobacco reaction.

Completion of Reactions. The hybridization experiments de-
scribed here result in the formation of heteroduplexes which
contain significant amounts of sequence mismatch (discussed fur-
ther below). As sequence mismatch may retard the rate of heter-
oduplex formation, it is conceivable that the driver tobacco ctDNA
sequences could react to completion before reaction with comple-
mentary (but mismatched) tracer sequences is completed (3). This

CoT

FIG. 1. Hybridization of [3HJctDNAs with tobacco ['4CJctDNA. Small
amounts of [3HJctDNA from tobacco (A), tomato (0), spinach (0), kale
(/), or barley (5) were reacted in the presence of a 750-fold excess of
tobacco ['4CJctDNA (0), and the amount of DNA in double-stranded
form determined by digestion of reaction samples with SI nuclease. Data
were corrected for reactability of tracer [3HI DNAs.

would result in an underestimation of the homology actually
shared by the ctDNA molecules. To determine whether heterolo-
gous reactions were in fact proceeding to completion, kale
[ H]ctDNA which had been previously reacted in the presence of
excess unlabeled tobacco ctDNA to Cot 22 was challenged by a
second addition of either tobacco or kale ctDNA and further
reacted to Cot 10. After further reaction with tobacco ctDNA,
little additional hybridization was observed (47% as compared to
42% after initial reaction) illustrating that almost all of the tracer
DNA sequences that could have reacted with heterologous DNA
did so during the first reaction. That the unhybridized tracer DNA
was still reactable was shown by the second reaction with homol-
ogous driver DNA. In this experiment, 85% of the [3HJDNA was
in hybrid form after further reaction to Cot 10. We conclude that
differential rates of hybridization do not seriously affect the data
or the conclusions derived from them.

Hybridization of [3HIctDNAs With Mixed Driver DNAs. To
determine if there are highly conserved nucleotide sequences held
in common by all ctDNAs tested, hybridization experiments were
performed in which various unlabeled ctDNAs were present in
excess, either singly or in combination. The presence of driver
Table I. Heteroduplex Formation in the Presence of One or Two Driving

DNAs
[3HJctDNA was reacted in the presence of excess unlabeled tobacco,

kale, or tobacco and kale ctDNA. The concentration of driver DNA in
tobacco + kale reactions was twice that of single driver reactions. Data are
expressed as per cent [3HJDNA double-stranded.

[3H]ctDNA ctDNA in Excess
Tracer Tobacco Kale Tobacco + Kale

Tomato 85 47 80
Spinach 60 52 64
Barley 15 10 16

TEMPERATURE (C)

FIG. 2. Thermal denaturation of heteroduplexes. [3HJctDNAs were
reacted to completion in the presence of a 750-fold excess of unlabeled
tobacco ctDNA in 0.12 M phosphate buffer. Reacted samples were heated
to appropriate temperatures and digested with Sl nuclease to determine
the amount of DNA in single-stranded form. Melting profiles of tomato
(0, Tm, 80 C), spinach (A; Tm, 79 C), kale (0 Tm, 75 C), and barley
(l; Tm, 74 C) heteroduplexes are shown. Tobacco homoduplex (0, Tm,
83 C) is included for comparison.
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DNAs in combination did not result in additive increases in the
extent ofhybridization observed (TableI). On this basis, it appears
that there are sequences within these ctDNAs which are prefer-
entially conserved.
Thermal Denaturation Analysis. From the data presented above

we see that some of the nucleotide sequences present in these
ctDNAs have diverged to the extent that they will no longer
hybridize under the experimental conditions used. To determine
whether and to what extent divergence has occurred within those
sequences which do hybridize, thermal denaturation profiles of
the heteroduplexes and tobacco homoduplex were constructed as
described under "Materials and Methods." Tobacco homoduplex
showed a relatively sharp helix coil transition upon melting with
a Tm of 83 C (Fig. 2). Heteroduplex transitions were not as sharp;
depression of the Tm was somewhat greater at lower temperatures
than at higher ones (Fig. 2). Observed Tm depressions were 3 C
for tomato, 4 C for spinach, 8 C for kale, and 9 C for barley-
tobacco heteroduplexes. Taking a I C Tm depression to represent
1% sequence mismatch (5), about 3-9% mismatch is present in
these heteroduplexes.

DISCUSSION

In this study, the amount of sequence homology present in the
chloroplast genomes of severalhigher plants was estimated by the
technique of DNA-DNA hybridization. About 85% of tomato,
60%o of spinach, 45% of kale, and 15% of barley ctDNA sequences
were found to be enough alike to hybridize with tobacco ctDNA.
Under our experimental conditions, maximum hybridization val-
ues reached 85% in homologous reactions. All heteroduplexes
contained significant amounts of sequence mismatch, as indicated
by a 3-9 C depression in Tm relative to homoduplex.

These results indicate that ctDNAs from higher plants contain
substantial amounts of sequence homology. At least 15% of the
chloroplast DNA of a monocot (barley) is capable of hybridizing
with ctDNA from a dicot (tobacco). Even more striking is the
extensive homology observed between ctDNAs from closely re-
lated species. The chloroplast genomes of tobacco and tomato
(both members of the family Solanaceae) are apparently com-
pletely homologous as judged by the ability of tomato ctDNA to
anneal with tobacco ctDNA to the same extent observed in
homologous reactions. However, a 3 C difference in Tm was
detected between tobacco homoduplex and tomato-tobacco het-
eroduplex. ctDNA from spinach and kale also share considerable
homology with tobacco ctDNA, although, as might be expected,
not nearly as much as that observed between DNA from tobacco
and tomato chloroplasts. The species examined here are quite
widely dispersed through the plant kingdom. According to the
classification scheme of Cronquist (8), tobacco and tomato are in
the subclass Asteridae, spinach in the Caryophyllidae, and kale in
the Dilleniidae of the class Magnoliatae. Barley is even more
distantly related to these, belonging to the subclass Commelinidae
of the class Liliatae. The examination of species belonging to
subclasses not represented here or elsewhere should provide a
more complete assessment of the extent of divergence of ctDNA
sequences through evolution.

Results similar to those reported here have been obtained by
Walbot (23). She has shown that the ctDNAs from two species of
grass share about 95% homology, while about 45% of the nucleo-
tide sequences present in cabbage ctDNA are capable of hybrid-
izing with grass ctDNA. The amount of homology (45%) reported
between cabbage (a dicot) and grass (a monocot) ctDNA is
somewhat greater than that observed between the monocot and
dicot tested here (15% between barley and tobacco). At least some
of this difference may be to the different experimental conditions
used. Lamppa and Bendich (15) have also recently reported on
similar experiments. In addition to comparing ctDNAs ofdifferent
species by SI digestion after hybridization, they also estimated

sequence diversity by HAP chromatography. The results they
obtained with HAP chromatography are reminiscent of those
reported here, although different in detail. For instance, they
observed only 75% homology between two species of the same
family (compared with complete homology observed by us) and
34-57% homology between monocots and a dicot (compared with
15% observed by us). The species and subclasses chosen were
different than those we examined and it seems likely that the
extent of sequence homology observed in any experiment may
depend on the particular organisms investigated. However, their
results obtained by SI digestion of heteroduplexes are quite dif-
ferent from ours. They observed about 30%o homology between
pea ctDNA and all other ctDNAs from species outside of the pea
family (Leguminoseae), including both monocot and dicot classes.
The disparate results may have been obtained as a consequence
of different experimental procedures, i.e. stringency of Sl condi-
tions, size of DNA fragments, etc.
Some of the sequences present in these ctDNAs have diverged

to the extent that they will not hybridize under the experimental
conditions employed in these experiments. Perhaps a greater or
lesser extent of hybridization would be observed were the hybrid-
ization criterion made more relaxed or more stringent. The se-
quences which do hybridize have also diverged from each other
(as indicated by the Tm depression of heteroduplexes) but ob-
viously not to the extent that they will no longer hybridize. One
might be drawn to the conclusion, therefore, that nucleotide
change is a random process during the course of evolution. How-
ever, this does not appear to be so because evidence is presented
for a family of ctDNA sequences which are more resistant to
change than the rest. The data in Table I show that tomato,
spinach, and barley ctDNA sequences which hybridize with kale
ctDNA are part of a family of sequences which also hybridize
with tobacco ctDNA. To take the most extreme example, barley
(a monocot) shares a set of recognizable nucleotide sequences with
tobacco and kale ctDNA (both dicots). There seems to be little
doubt that the dicots tested are considerably more closely related
to each other than any of them are to barley and, further, that it
is likely that barley lies on a different evolutionary branch than
the four dicots. We conclude that there exists a region of ctDNA
comprising at least 10-200o of the total which is more resistant to
change than the rest.
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