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ABSTRACT The closed-circular DNA molecules of 85 X
106 daltons from Zea mays chloroplasts were isolated, digested
with the restriction endonucleases Sal I, Bam I, and EcoRI, and
the resulting fragments sized by agarose gel electrophoresis. A
map of maize chloroplast DNA showing the relative location
of all the Sal I recognition sequences and many of the Bam I
and EcoRI recognition sites was determined. A DNA sequence
representing approximately 15% of the Zea mays chloroplast
genome is repeated. The two copies of this sequence are in an
inverted orientation with respect to one another and are sepa-
rated by a nonhomologous sequence representing approximately
10% of the genome length. The inverted repeats contain the
genes for chloroplast ribosomal RNAs.

The DNA of higher plant chloroplasts can be isolated as a co-
valently closed-circular molecule with a molecular weight,
depending on the species, of 85 to 95 X 106 (1, 2). The molecular
size of chloroplast DNA is about the same whether determined
by electron microscopy or renaturation kinetics and suggests
that the circular DNA is a single "unique" sequence. Dena-
turation mapping of chloroplast DNA by electron microscopy
(3) further supports this view.

In this paper, we report the physical mapping of chloroplast
DNA fragments from Zea mays produced by using restriction
endonucleases. DNA fragments produced by restriction en-
zymes were fractionated by agarose gel electrophoresis. The
order of fragments produced by one enzyme was determined
by finding overlapping fragments produced by another en-
zyme. The order of all the fragments resulting from digestion
with Sal I, is given. Genes for chloroplast ribosomal RNAs have
been located on the physical map.

MATERIALS AND METHODS
DNA Isolation. Chloroplast DNA was isolated from young

leaves of Zea mays (WFG TMSx BS7 Illinois Foundation Seeds,
Inc.) by methods described by Kolodner and Tewari (4).
Lambda phage DNA was prepared from C1857S7 (5).

Restriction Endonucleases. The endonucleases Sal I, Bam
I, EcoRI, and Hae III were prepared and assayed according to
published procedures (6-9). Enzyme activities were determined
by using lambda phage DNA as a substrate. DNA at 10-40
gg/ml was digested with endonucleases in reaction mixtures
of 10-50 Ml. Chloroplast DNA was incubated with 2 to 10 times
more enzyme than was needed to complete the digestion in 2
hr at 37°. Digestion with Sal I was in 6mM Tris-HCl at pH 8.3,
120mM NaCl, 5 mM MgCI2, 60 Ag/ml of bovine serum albu-
min, and 8% glycerol (vol/vol). The Bam I reaction was carried
out in 10 mM Tris-HCI at pH 8.0, 80 mM KCI, 7 mM MgCl2,

Abbreviations: cRNA, complementary RNA; Sal I, restriction endo-
nuclease from Streptomyces albus garcia; Bam I, restriction endonu-
clease from Bacillus amyloliquefaciens H; EcoRI, restriction endo-
nuclease from E. coli; Hae III, restriction endonuclease from Hae-
mophilus agyptius.
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and 1 mM 2-mercaptoethanol. EcoRI incubations were in 45
mM Tris-HCt at pH 7.4,85 mM NaCl, 5 mM MgCl2, 0.04%
Triton X-100 (vol/vol), and 14% glycerol (vol/vol). Reactions
were stopped by making the solution 25 mM EDTA.
Agarose Gel Electrophoresis of DNA Digested with Re-

striction Enzymes. Agarose gels were prepared, stained with
ethidium bromide, and photographed as previously described
(10, 11). DNA samples in volumes of 10-50 Mul containing 5%
glycerol and 0.005% bromophenol blue were layered under the
electrophoresis buffer (40mM Tris, 5 mM sodium acetate, and
1 mM EDTA at pH 7.8). Electrophoresis was for 16 hr at 1 mA
per gel.

Stoichiometry of DNA Restriction Endonuclease Frag-
ments from Chloroplast DNA. The relative amounts of DNA
in individual bands in agarose gels was determined by scanning
the gels in a recording fluorimeter using 305 nm as the excita-
tion wavelength and 600 mn as the measuring wavelength. The
amount of DNA per band was estimated by calculating the area
under the scan and comparing it to standards.
DNA Isolation from Agarose Gels. DNA fragments were

eluted from agarose gels using the procedure described by
Tanaka and Weisblum (12).
Copy RNA Transcribed from Isolated DNA Fragments.

E. coli RNA polymerase (RNA nucleotidyltransferase, nu-
cleosidetriphosphate:RNA nucleotidyltransferase, EC 2.7.7.6)
was prepared according to Berg et al. (13). Copy RNA was
made in 150 ,M reaction mixtures containing 0.2 Mig of DNA,
E. coli RNA polymerase, and 10 MCi of [32P]UTP (specific ac-
tivity 100 Ci/mmol, New England Nuclear) in 50mM KCI; 50
mM Tris-HCI at pH 8.0; 0.1 mM dithiothreitol; 10mM MgCI2:
2 mM each CTP, GTP, ATP; and 10% glycerol (vol/vol). The
incubation mixture, at 370 for 60 min, was terminated by ad-
dition of 40 ,g of yeast tRNA and 0.30 ml of 2 M ammonium
acetate. The mixture was homogenized with 0.5 ml of water-
saturated phenol and RNA was precipitated from the aqueous
phase with 2.5 volumes of 95% ethanol. The precipitate was
washed twice with 65% ethanol, dried in a vacuum desiccator
and dissolved in 0.70 M NaCl and 0.07 M sodium citrate at pH
7.0 containing 50% formamide (vol/vol).

Chloroplast Ribosomal RNA. Chloroplast rRNA was pre-
pared from purified chloroplast ribosomes (14) and radiolabeled
in vitro by exchanging the 5' OH with 32P by using [a32P]ATP
and polynucleotide kinase (polynucleotide 5'-hydroxyl-kinase,
ATP:5'-dephosphopolynucleotide 5'-phosphotransferase, EC
2.7.1.78) (N. Maizels, personal communication).

Transfer of DNA from Agarose Gels to Nitrocellulose
Filters. Chloroplast DNA fragments fractionated on agarose
gels were transferred directly to strips of Millipore filter
(HAWPOOO10) (15).

Filter Hybridizations. 32P-Labeled cRNA transcribed from
chloroplast-DNA fragments and 32P-labeled chloroplast rRNA
were hybridized to chloroplast DNA fragments on nitrocellulose
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FIG. 1. Fractionation of chloroplast-DNA fragments by agarose

gel electrophoresis. (A) Lambda phage DNA digested with EcoRI,
0.75% agarose gel. (B) Chloroplast DNA digested with Sal I, 0.75%
agarose gel. (C) Lambda phage DNA digested with EcoRI plus lambda
phage DNA digested with Hae III, 0.85% agarose gel. (D) Chloroplast
DNA digested with Bam 1, 0.85% agarose gel. (E) Chloroplast DNA
digested with both Bam I and Sal I, 0.85% agarose gel. (F) DNA as

in (C), 1.0% agarose gel. (G) Chloroplast DNA digested with EcoRI,
1.0% agarose gel. (H) Chloroplast DNA digested with EcoRI and Sal
I, 1.0% agarose gel.

filters. RNA in 0.15 ml of 0.7 M NaCl and 0.07M sodium citrate
at pH 7.0 containing 50% formamide was used to wet the filter
strips. The filters were wrapped in Saran wrap (self adhesive
plastic), incubated at 42° for 24 hr, and then washed exhaus-
tively with 0.15 M NaCl and 0.015 M sodium citrate, pH 7.0,
at 650.

RESULTS
Fragmentation of Zea mays Chloroplast Genome with

Restriction Endonucleases. Fig. 1 shows gel electrophoresis
of maize chloroplast DNA fragments produced by terminal
digestion with Sal I (Fig. 1B), Bam I (Fig. ID), and EcoRI (Fig.
1G). Lambda-phage DNA digested with Eco RI (16) and with
Hae III (11, 17) is also shown (Fig. 1A, C, and F). Table 1 gives
the estimated molecular size of fragments produced by the
three endonucleases. In the following discussion, the fragments
produced by Sal I are called: A, B, C, etc.; by Bam I: 1, 2, 3, etc.;
and by EcoRI: a, b, c, etc. Chloroplast DNA fragments pro-
duced by complete digestion with Sal I are termed "Sal I
fragments", those produced by digestion with Bam I, "Bam I
fragments" and those produced by digestion with EcoRI are

termed "RI fragments". The Sal I fragments shown in Fig. 1B
represent the entire chloroplast genome because the sum of the
fragment molecular weights is equivalent to the molecular
weight of the Zea mays chloroplast genome determined by
electron microscopy (1). The Bam I fragments shown in Fig.
1 represent approximately 80% of the genome and the RI
fragments approximately 60%. Many size classes of fragments
produced by Bam I and RI are small and are lost from the
bottom of these gels during electrophoresis. Fractionation of
the Bam I and RI fragments on higher percentage agarose gels
reveals these smaller size classes.

Table 1 shows thaysize class C produced by digestion with
Sal I is represented twice and size class F three times per ge-
nome. Bam I digestion of C (not shown) produces fragments
the molecular weights of which sum to twice the molecular
weight of C itself. C, therefore, is two different sequences of
identical length named C and C'. Similarly, the size class F is
comprised of two different sequences of equal length, one of

Table 1. Size and stoichiometry of chloroplast DNA
fragments produced by three restriction endonucleases

Sal I Bam I* Eco RI*

Frag- Cop- Frag- Cop- Frag- Cop-
ment Sizet iest ment Size ies ment Size ies

A 25 1 1 15.0 1 a 12.5 2
B 21 1 2 11.0 1 b 6.3 1
C 16 1 3 9.7 1 c 5.6 1
C' 16 1 4 7.1 1 d 2.85 1
D 12.7 1 5 6.0 1 e 2.8 1
E 9 1 6 4.9 1 f 2.2 1
F 6.7 2 7 4.6 2 g 2.0 1
F' 6.7 1 8 4.3 1 h 1.9 1
G 6.3 0.8 9 3.9 2 i 1.85 1
H 6.1 1 10 3.2 1 j 1.8 2

11 2.5 1 k 1.7 2
12 2.4 1 1 1.65 3
13 2.3 2 m 1.6 2
13' 2.3 1 n 1.5 3
14 2.1 1 o 1.25 §
15 2.0 2 p 1.2 -
16 1.8 1
17 1.5 2

Chloroplast DNA was digested with restriction enzymes and the
DNA fragments fractionated on agarose gels. The sizes of the chlo-
roplast DNA fragments were estimated relative to EcoRI (20) and
Hae 11 (30) fragments of lambda phage DNA; The number of
copies of a fragment per genome was estimated as described in
Materials and Methods.
* Only those size classes of fragments shown in Fig. 1 are tabulated.
t Molecular sizes of fragments are in kilobases.
t The number of copies of given fragment per genome. Average
value from three independent estimations.

§ Not determined.

which is represented twice per genome, named F, and another
present once and named F'. Sal I fragment G was found to be
present in less than 1 copy per genome in three independent
estimations. The Bam I fragments 7, 9, and 15 are present twice
per genome. Digestion of these fragments with EcoRI shows
each is a single sequence. Size class 13 is composed of two se-
quences, one present twice per genome and called 13 and one
present once per genome and named 13'. EcoRI fragment a
which is present twice per genome was found by digestion with
Sal I and with Bam I (not shown) to be a single sequence. The
size class j has been found by digestion with Sal I to include two
different sequences of equal length; one, j, with and one, j',
without a Sal I recognition site. The sequence complexity of
EcoRI bands k, 1, m, and o has not been determined.
Bam I and RI Fragments with Recognition Sequences for

Sal I. Fig. 1E illustrates gel electrophoresis of chloroplast DNA
digested with Bam I and Sal I together and Fig. 1H chloroplast
DNA digested by both RI and Sal I. By comparing Fig. ID and
E and Fig. 1G and H, it was determined that several Bam I
fragments and RI fragments are further fragmented by Sal I.
Fig. 1 demonstrates that Bam I fragments 1, 2, 3, 4, 5, and 12
contain recognition sites for Sal I. Sal I digestion of isolated Bam
I fragments (not shown) demonstrated that fragments 7 and 13'
were further digested by Sal I. Fig. 1G and H show that frag-
ments a, c, d, and g are fragmented by Sal I.

Products of Sal I-Bam I, and Sal I-RI Digestion of the
Chloroplast Genome. Bam I and RI fragments containing Sal
I recognition sites were eluted from agarose gels, after elec-
trophoresis. The isolated fragments were digested with Sal I
and the products were fractionated and sized by agarose gel

Proc. Natl. Acad. Sci. USA 73 (1976)
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FIG. 2. Location of Sal I recognition sites in Bam I and EcoRI
chloroplast DNA fragments. Bam I and EcoRI fragments known to
contain Sal I recognition sites were extracted from agarose gels, di-
gested with Sal I, and fractionated on 1% agarose gels. The size of the
resulting DNA fragments was estimated relative to lambda phage
DNA digested with EcoRI or Hae III. The location of each Sal I site
is indicated by an arrow.

electrophoresis. Fig. 2 shows the position of the Sal I recognition
sites in these Bam I and RI fragments. The fragments resulting
from Bam I and Sal I digestion are denoted by the Bam I
fragments of origin and given superscripts a, b, etc. The RI/Sal
I fragments are denoted in the same way with superscripts i,
ii, etc.
Comparison of the sizes of the Bam I digestion products of

isolated Sal I fragments with the sizes of the Sal I digestion
products of the Bam I fragments, permits identification of those
Sal I fragments from which the Bam I/Sal I digestion products
arise. Sal I fragments containing Sal I/RI fragments were found
in the same way. Sal I fragment G is not further digested by

Bar I and is entirely within Bam I fragment 3. Similarly Sal
I fragment F is not further digested by RI and- is within RI
fragment a. Fragment la is in C; 2a in B; 2b in E; 3a in G; 4a in
H; and 5a in D. Fragment ai is in F; aii is in H and C, and ci in
E, di in E, and gi in A.

Comparative sizing cannot be used to establish the origin of
the small double-digestion products because they are difficult
to resolve from single-digestion products; consequently we have
used an alternative method to determine which Sal I fragments
overlap which Bam I and RI fragments.

32P-Labeled cRNA was prepared by using the isolated Bam
I and RI fragments as templates which can be further digested
with Sal I. Chloroplast DNA was terminally digested with Sal
I and the fragments were separated by electrophoresis on
agarose gels. Fragments were transferred directly to a filter strip
(15); [32P]cRNA was hybridized to the filters. Radioautographs
show the results of the hybridizations (Fig. 3).
cRNA from Bam I (fragment 1) hybridizes to Sal I fragments

C, F', and H (Fig. 3A); fragment 2 hybridizes to B, E, and G
(Fig. 3B); fragment 3 hybridizes to A, C', and G (Fig. 3G);
fragment 4 hybridizes to C, F, and H (Fig. 3C); fragment 5
hybridizes to A and D (Fig. 3D); fragment 7 hybridizes to B,
C' and F (Fig. 4E); fragment 12 hybridizes to E and F' (Fig.
3E); fragments 13 and 13' hybridize to C, F, and H. cRNA to
RI fragment a hybridizes to B, C, C', F, and H (Fig. 3H); c
hybridizes to E (Fig. 31), d hybridizes to A and D (Fig. 3J); and
g hybridizes to B and E (Fig. 3K).
The relationship of Sal I fragments C or C' and F or F' to

Bam I and RI fragments was determined in a similar manner.
cRNA from 1, 4, 7, 13 and 13', or a was hybridized to filters
containing fragments of C and C' after further digestion with
Bam I. Likewise, cRNA from 1, 3, 4, 7, 12, and a was hybri-
dized to filters containing RI digestion products of Sal I frag-
ments F and F' (not shown).
The Two Copies of the EcoRI Fragments a Are in an In-

verted Orientation. The RI fragment a yields three pieces
designated ai, aii, and aiii on digestion with Sal I (Fig. 2). Fig.
4 shows the relationship between ai, ai", aiii, and the Sal I
fragments. cRNA from aiii hybridizes B and C'. By using these
data and those shown in Figs. 2 and 3, we determined the order
of the Sal fragments overlapped by RI fragment a as di-
agrammed in Fig. 5. One copy of a extends from H through F
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FIG. 3. Homology between Bam I orEcoRI fragments, with Sal I sites, and the Sal I fragments of chloroplast DNA. Chloroplast DNA digested

with Sal I was fractionated by electrophoresis on 0.75% agarose gels (0.5 jig ofDNA per gel). The DNA was denatured and transferred to Millipore
filters (15). :32P-Labeled cRNA of Bam I and RI fragments known to contain Sal I recognition sites were hybridized to the Sal I fragmented
DNA on filters. Hybridization was detected by autoradiography. The stained gels and the autoradiographs were photographed at the same
magnification and aligned. (A) cRNA from Bam I fragment 1; (B) cRNA from Bam I fragment 2; (C) cRNA from BamI fragment 4; (D) cRNA
from Bam I fragment 5; (E) cRNA from Bam I fragment 12; (F) cRNA from Bam I fragments 13 and 13'; (G) cRNA from Bam I fragment 3;(H) cRNA from EcoRI fragment a; (I) cRNA from EcoRI fragment c; (J) cRNA from EcoRI fragment g; and (K) cRNA from EcoRI fragment
d all hybridized to the Sal I fragments.
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FIG. 4. Homology between EcoRI fragment a of maize chloroplast DNA and Sal I fragments and homology between Bam I fragments 6,
7, and 8, and Sal I fragments. EcoRI fragment a was digested with Sal I and fractionated on 1.5% agarose gels. The three resulting DNA fragments
(at, a", and a"'i) were extracted from gels and used as templates for the synthesis of 32 P-labeled cRNA. Bam I fragments 6, 7, and 8 were treated
similarly. cRNA from fragments a, a', aii,a111, 6, 7,and 8 were hybridized to Sal I fragments. (A) cRNA from EcoRI fragment a; (B) cRNA from
ai, (C) cRNA from aii; (D) cRNA from aiii; (E) cRNA from 7; (F) cRNA from 6; and (G) cRNA from 8 all hybridized to Sal I fragments.

into B and the other copy extends from C through F into C'.
However, because H and C join via 13', and not via a, the two
copies of a are in an inverted orientation with respect to one
another. The region of inverted repetition extends through a
into C' on the right and B on the left through the Bam I frag-
ment 7. Bam I fragment 7 is present twice per genome and is
common to B and C' (Fig. 4E). Further, because Bam I frag-
ment 6 in C' and fragment 8 in B have sequences in common
and both hybridize B and C' (Fig. 4F and G), the inverted re-
peat is assumed to extend through 7 into 6 on the right and
through 7 into 8 on the left. The extent of the inverted repeat
is indicated by double thickness arrows in Fig. 5.
The Order of the Sal I Fragments. Fig 6 shows the order of

all the Sal I fragments in the maize chloroplast genome based
on our interpretation of the data in Figs. 2, 3, and 4. cRNA from
Bam I fragment 2 hybridizes to Sal I fragments B and E as well
as to G (Fig. 3). Because G is not digested with Bam I and Bam
I fragment 2 does not contain G (Fig. 2), we assume that frag-
ment 2 overlaps the Sal I site between B and E and contains a
sequence common with Sal I fragment G. B joining E is con-
firmed by the data of Fig. 3 which show that cRNA from RI
fragment g hybridizes to B and E. Fig. 3 shows that cRNA from
Bamr I fragment 12 hybridizes Sal I fragments E and F', and
implies that E joins F'. Fig. 3 shows that cRNA from Bam I
fragmentS hybridizes A, C', and G. The data of Fig. 2 show that
G is within Bam I fragment 3. These data imply that Bam I
fragment 3 extends from Sal I fragment C' through G into A.
Fig. 3 shows that cRNA from Bam I fragment 5 and RI frag-
ment g hybridized to Sal I fragments A and D. These data
suggest that Sal I fragments A and D are contiguous. Because
this chloroplast DNA is a covalently-closed circular molecule

8 7 4F 1 7 6
B F~AW~ C ~F
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FIG. 5. Location of Sal I, Bam I, and EcoRI recognition sites
in the repeated maize chloroplast DNA sequences with an inverted
orientation. The Sal I recognition sequences are shown by vertical
lines on the central horizontal line. The Bam I recognition sites are
indicated by solid arrows from the upper horizontal line and the
EcoRI recognition sites are indicated by arrows with dashed lines from
the lower horizontal line. The letters and numbers on the three hor-
izontal lines refer to the names of the DNA fragments between the
arrows or vertical lines.

(11), and because the Sal I fragments shown in Fig. lB represent
the entire chloroplast genome, we assume that Sal I fragments
D and F' are joined.

Localization of the 16 and 23S Ribosomal RNA. Fig. 7 il-
lustrates an experiment in which mixtures of the 16 and 23S
maize chloroplast ribosomal RNAs, labeled with 32P, were
hybridized to the RI and Sal I fragments of chloroplast DNA.
These RNAs hybridize to RI fragment a and to Sal fragments
C, F, and H. Fig. 6 diagrams the general location of the ribo-
somal RNA genes.

DISCUSSION
These experiments show that we can ascribe a discreteorder to
the endonuclease digestion products of chloroplast DNA. This
supports the view that the majority of the circular DNA mol-
ecules isolated from maize chloroplasts represent a single ho-
mogenous species. Two lines of evidence suggest that there may
be some limited heterogeneity in this chloroplast DNA. First,
less than one copy of Sal I fragment G appears to be present per
genome. Second, RI fragment c, which contains a single rec-
ognition sequence for Sal I and overlaps Sal I fragment E (to
the right in Fig. 6.), appears to overlap not only Sal I fragment
F' to the left, as predicted by the larger overlap with Bam I
fragment 2, but it also overlaps other Sal I fragments. We do
not understand the significance of this apparent heterogene-
ity.

Determination of DNA sequence homology between an
overlapping fragment and the fragments being overlapped was
the major method used to arrive at the fragment order shown
in Fig. 6. If some significantly long identical DNA sequences
occur at several places in the chromosome, then cRNA from the
overlapping fragment may contain sequences complementary
not only to the fragment from which it was prepared but also
to some distant DNA fragment. For example, cRNA from Bam
I fragment 2 hybridized to the Sal I fragments B and D and to
fragment G as well. However, Bam I fragment 2 only overlaps
the Sal I fragments B and D but has sequences in common with
Bam I fragment 3 which overlaps A, G, and C'. In an extreme
case, it is possible that a Bam I or RI fragment overlapping Sal
I fragments is more extensively homologous with a Sal I frag-
ment which it does not overlap. We have no reason to suspect
that this is true in any of the given overlaps. However, we find
low level hybridization of cRNA from most of the Bam I and
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FIG. 6. Location of the determined Sal I, Bam I, and EcoRI recognition sites in Zea mays chloroplast DNA. Sal I fragments and recognition
sites are shown in the central horizontal line by vertical lines. The Bam I fragments and recognition sites are indicated on the upper horizontal
line by arrows with solid tails and the EcoRI fragments and recognition sites are shown on the lower line by arrows with dashed tails. The 16
and 23S ribosomal RNA genes are known to lie within the region of the squiggled horizontal line. The circular chromosome is shown in linear
form only for convenience.

RI fragments to fragments other than those overlapped. This
minor hybridization is specific, because in control experiments
hybridization to lambda phage DNA fragments is not ob-
served.
We estimate from analysis of the sequence complexity of the

Sal I fragments that the chloroplast genome of Zea mays is at
most 80% as complex as its length and most probably consid-
erably less complex. This appears to contradict reassociation
kinetics data for this genome which suggest that it is as complex
as its length. It seems likely, however, that the reassociation
kinetics of sequences repeated only two or three times per ge-
nome may be indistinguishable from the reassociation kinetics
of unique sequences in the mixture of all the chloroplast DNA
sequences.
The fragment map of the chloroplast DNA shown in Fig. 6

contains a large inverted repetition (shown in detail in Fig. 5).
Inverted repetitions have been found in eukaryote chromosomal
DNA (18, 19) and in bacterial DNAs (20, 21). Inverted repeti-
tions are associated with certain transposable elements con-
ferring various drug resistances (22, 23). An inverted DNA
repeat is theoretically capable of mediating intramolecular
recombination, without loss of genetic material, and thus would

at
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FIG. 7. Sal I and EcoRI fragments of chloroplast DNA with
homology to 16 and 23S chloroplast ribosomal RNAs. Chloroplast
ribosomal RNA was prepared and labeled in vitro with 32P. The la-
beled RNA was hybridized to chloroplast DNA digested with Sal I
and EcoRI. (A) 32P-Labeled ribosomal RNA hybridized to the EcoRI
fragments of chloroplast DNA. (B) 32P-Labeled ribosomal RNA hy-
bridized to the Sal I fragments of chloroplast DNA.

lead to the inversion of the orientation of DNA sequences
flanking the repeat relative to those outside the repeats. Such
an event may be important in gene regulation.
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