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Restriction Endonuclease Cleavage Site Map of Chloroplast DNA 
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Summary. 1) More than 50 cleavage sites produced by the 
restriction endonucleases Sal I, Pst I, Kpn I, Sma I and 
Eco RI have been physically mapped on the 47/am cir- 
cular DNA molecule of the Euoenothera plastome IV. 
This plastome (= plastid genome) is considered to be the 
phylogenetically oldest of the subsection. 
2) The DNA molecule is segmentally organized into four 
regions represented by a large duplicated sequence in in- 
verted orientation whose copies are separated by two 
single-copy segments. The single-copy regions comprise 
about 14 and 57 Md in size, respectively. 
3) The size of the inverted repeat, about 15 Md, was 
determined by restriction site mapping, by mapping of 
genes for ribosomal RNAs and by hybridization of a 
cRNA transcribed from a homologous part of Spinacia 

oleracea chloroplast DNA which appears to be phylogene- 
tically conserved. 
4) Hybridization of radio-iodinated spinach 16S, 23S 
and 5S chloroplast rRNA species to Southern blots of re- 
stricted plastome IV DNA has localized the rDNA to the 
inverted repeat regions, in the order given. The genes for 
16S and 23S rRNA are separated by a 2.4 kbp spacer. 
5) The physical map of the plastome IV DNA serves as 
basis for comparison with the DNA from the four other, 
closely related Euoenothera plastomes. 
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Abbreviations 

bp 
kbp 
Md 
rDNA 
rRNA 
cRNA 
SDS 
Sal./Cit. 

base pairs 
kilobase pairs 
Megadaltons 
ribosomal DNA 
ribosomal RNA 
complementary RNA 
sodium dodecylsulphate 
0.15 M NaC1, 0.015 Na citrate, pH 7.2 

Introduction 

Chloroplast biogenesis requires the co-operation of the 
nuclear and the plastid genetic systems (for reviews see 
Ellis 1977; Herrmann and Possingham 1980). The coding 
potential of the plastome (= plastid genome) is modest in 
comparison to that of the genome but it plays an essential 
part in the organelle's biogenesis. It is contained in a single 
circular DNA molecule of 120-190 kbp (depending on the 
plant species; Bedbrook and Kolodner 1979; Herrmann 
and Possingham 1980) which is highly reiterated. Avail- 
able biochemical data suggest that this chromosome en- 
codes part of the energetic and translational processes of 
the organelle. Furthermore, when interspecific genome/ 
plastome hybrids are constructed even from closely re- 
lated species, serious developmental disturbances may be 
observed. Such an exchange of genetic compartments can 
readily be accomplished by interspecific crossing in the 
genus Oenothera. 

Interspecific genome/plastome hybrids provide several 
unique insights for the study of genome/plastome inter- 
actions, particularly concerning their specificity and evo- 
lution. Consequently, we have chosen to investigate the 
chloroplast DNAs of Euoenothera, a subsection of the sec- 
tion Oenothera in the genus Oenothera (Stubbe and Raven 
1979; Raven, Dietrich and Stubbe 1980) in which the 
genetics and evolution of the plastomes and genomes have 
been extensively studied (reviewed in Kutzelnigg and 
Stubbe 1974; Kirk and Tilney-Bassett 1978). Five wild- 
type plastomes, designated I to V, and three fundamental 
nuclear genomes, designated A, B and C have been geneti- 
cally defined. The genomes occur in phenotypically dis- 
tinguishable homozygous (AA, BB, CC) or complex het- 
erozygous (AB, AC, BC) species. The five plastomes are 
genetically distinct, based on their compatibility or in- 
compatibility with these six genotypes as well as by their 
multiplication rates (Kutzelnigg and Stubbe 1974; Schrtz 
1954, 1968; Stubbe 1959, 1964). 
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Using res t r i c t ion  analysis  we have recen t ly  d e t e r m i n e d  

tha t  u n i q u e  ch lorop las t  DNAs  are associa ted w i th  the  five 

basic Euoenothera plast id  types  ( H e r r m a n n  1977;  Herr-  

m a n n  and  Poss ingham 1980) .  In this  paper  we focus  on  

the  D N A  o f  p las tome IV w h i c h  is cons ide red  to  be  the  

mos t  pr imi t ive  Euoenothera plas tome in evo lu t iona ry  

terms.  We presen t  a de ta i led  physical  m a p  based  o n  re- 

s t r i c t ion  endonuc lease  cleavage sites and  loca l iza t ion  o f  

r R N A  genes.  In a s u b s e q u e n t  pape r  the  maps  o f  t he  five 

basic  Euoenothera p las tome  DNAs will be  c o m p a r e d  

( G o r d o n  et  al. 1980a) .  Progress r epor t s  o n  th is  work  have 

b e e n  p resen ted  b y  H e r r m a n n  ( 1 9 7 7 )  and  H e r r m a n n  e t  al. 

(1980a) .  

Materials and Methods 

Material 

Green plants of Oenothera homozygous for genome A (hhookeri 
Johansen) and containing plastome IV (Drillisch 1975) were 
grown on soil in a greenhouse with supplementary light during the 
winter. For the preparation of chloroplast ribosomal RNAs, plants 
of Spinacia oleracea var. 'Monopa' were grown under the same con- 
ditions. Chloroplasts and chloroplast DNA from Oenothera were 
isolated as described by Gordon et al. (1980b). 

Restriction Endonucleases 

Restriction endonuclease nomenclature follows the suggestions of 
Smith and Nathans (1973). Restriction endonucleases Sal I, Pst I 
and Kpn I were isolated and used as described in Herrmann et al. 
(1980). Eco RI, Bam HI and Sma I were purchased from Boehrin- 
ger, Mannheim. These enzymes were used as specified by the sup- 
pliers. The DNA fragments obtained after digestion of total chlo- 
roplast DNA or after digestion of isolated fragments were separated 
by 15-20 hours electrophoresis at 50 mA on gels of Seakem aga- 
rose (Marine Colloids Inc., Rockland) at concentrations varying 
from 0.5 to 2.0% (Herrmann et al. 1980b). The DNA fragments 
were visualised by UV light after staining with ethidium bromide. 

Restriction Endonuclease Cleavage Site Mapping 

Cleavage site mapping of the chloroplast DNA was performed by 
reciprocal digestion of individual DNA fragments with the three 
endonucleases Sal I, Kpn I and Pst I, according to the method of 
Herrmann et al. (1980b). This method involves the use of low- 
gelling-temperature agarose for the initial electrophoretic separa- 
tion of DNA fragments. It eliminates the need for fragment re- 
covery from gels and permits rapid mapping with relatively little 
DNA. Molecular weights of DNA fragments were determined by 
coelectrophoresis of standard markers consisting of ~. DNA digest- 
ed with Eco RI and Hind III from Boehringer, Mannheim, 0X 174 
DNA digested with Hae III from Bio Labs, Beverley, Ma. and 
spinach chloroplast DNA digested with Sal I (cf. Driesel et al. 
1979). To yield more accurate values, the molecular weights of 
primary fragments larger than 8 Md, were generally computed as 
the sum of secondary fragments obtained upon redigestion. Values 
derived from replicate digestions may differ by 0.1 to 0.4 Md, de- 
pending on fragment size, due to inaccuracies inherent in this 
method. 

Preparation of  Spinach Chloroplast Ribosomal RNAs (rRNA) 

Spinach chloroplasts were isolated as described by Driesel et al. 
(1979) and the ribosomes isolated from the chloroplasts as des- 
cribed in Herrmann et al. (1976). Chloroplast ribosomal subunits 
were separated on sucrose gradients (10 to 35% sucrose in 50 mM 
potassium acetate - acetic acid buffer, pH 5.0, containing 150 mM 
KC1, 1 mM EDTA and 0.1% diethyl pyrocarbonate). The small 
ribosomal subunit yielded the 16S rRNA while the large subunit 
contained the 23S rRNA and in addition a 5S and 4.5S rRNA spe- 
cies (Bedbrook and Kolodner 1979; Herrmann and Possingham 
1980). Both the 16S and 23S rRNA species were purified once in 
linear sucrose gradients (5 to 25% sucrose in the above buffer). 
The 5S and 4.5S rRNAs were first separated from each other by 
electrophoresis in 10% polyacrylamide gels. Thereafter the indi- 
vidual bands were cut out, the gel slices were minced and the 
rRNAs eluted by vigorously shaking the slurry with 20% phenol in 
150 mM Tris - HCI, pH 8.3, 150 mM NaC1, 1% SDS and 1% so- 
dium dodecyl sarcosinate. The aqueous phase was extracted twice 
with phenol and the RNA precipitated by cold ethanol. The RNA 
was then dissolved in a small volume of 0.01 • Sal./Cit., desalted 
on Sephadex G25, reprecipitated and stored dry. Each isolated 
rRNA was then radioiodinated with 12Sl according to the method 
of Commerford (1971) and freed from unreacted iodine by pas- 
sing over a Sephadex G25 column (1 X 20 cm) in Sal./Cit.. The 
peak fractions containing the radioiodinated RNA were combined, 
filtered through nitrocellulose filters (MiUipore, 0.22 #m) and the 
RNA was precipitated. The washed, dried pellet was dissolved in 
3 • Sal./Cit. for use in hybridizations without further purification. 
Specific activities ranged from 5 to 20 • 106 cpm/#g. 

Preparation of  Complementary RNA (cRNA} Probes 

The 6.6. Md Sal I fragment from spinach chloroplast DNA was 
used for the preparation of cRNA. 32 P-labelled cRNA was trans- 
cribed from this DNA in vitro with E. coil RNA polymerase using 
the method of Wensink et al. (1974). 

Hybridization of Chloroplast DNA with Labelled RNAs 

Transfer of DNA fragments from agarose gels to nitrocellulose 
filters was performed according to the protocol of Southern 
(1975). The filters were incubated with labelled RNA for up to 
10 hours in 3 • Sal./Cit. at 61~ for the cRNA or at 68~ for the 
rRNAs. The hybridization was conducted with DNA in excess. 
After hybridization the strips were washed in 3 • Sal./Cit. at the 
hybridization temperature for 30 min, dried and exposed to Ko- 
dak XR-5 X-ray film for up to 3 weeks. The autoradiographs of 
the patterns produced by Sma I, Kpn I, Pst I and Eco RI were 
scanned with a Joycc-Loebl 'Chromoscan' densitometer, allowing 
a more precise determination of the cleavage sites within the genes 
for the 16S and 23S rRNAs. 

Results 

Cleavage o f  Chloroplast DNA with Restriction 
Endonucleases 

Six res t r i c t ion  endonuc leases  were chosen  for  physical  

m a p p i n g  o f  p l a s tome  IV DNA f r o m  Euoenothera. These 
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Table 1. Number of cleavage sites recognized by various restric- 
tion endonucleases on DNA from Euoenothera plastome IV 

Enzyme Sequence Number of 
recognized a cleavage sites 

Sal I GTCGAC 14 
Pst I CTGCAG 11 
Kpn I GGTACC 12 
Sma I CCCGGG 20 b 
Eco RI GAATTC 60 c 
Bam HI GGATCC 60 c 

aRecognition sequences are given from 5'  to 3' and are from Roberts 
(1978). bSee Table 2. CThe actual number in each case is probably 
over 70 

are listed in Table 1, which also summarizes  the  observed 

numbers  o f  cleavage sites recognized by each enzyme  on 

the total  molecule .  It proved necessary to map sites o f  

three endonucleases ,  in order  to produce  an unambiguous  

order  o f  restr ict ion sites on the circular chloroplast  D N A  

molecule .  The three endonucleases  Sal I, Pst I and Kpn I 

each recognize a low number  o f  sites on the  comple te  

molecule .  Analysis o f  their  double  digestions showed that  

the secondary fragments can be reasonably resolved, 

enabling convenient  mapping o f  these restr ict ion sites. 

The restr ict ion endonucleases  Sma I, Eco RI  and Barn HI 

were employed  for  re f inement  o f  the map.  

Sal I cleaves the Oenothera chloroplast  D N A  molecule  

in to  14 fragments  ranging in size f rom 0.45-20 Md (Figs. 

la ,  b,  g, h);  Pst I generates 11 DNA fragments f rom 

1.25-23.5 Md (Figs. l a ,  b,  g, h) and Kpn  I generates 12 

D N A  fragments f rom 0.55-29 Md (Figs. l c ,  d, i , j ) .  Mole- 

cular weights o f  all these fragments ,  rounded  to 0.I  Md 

for  fragments under  20 Md and to 0.5 Md for  fragments  

above 20 Md, are given in Figure 2. Double  digestion o f  

total  chloroplast  DNA using Sal I and Pst I generated 25 

fragments ranging f rom 0.1-18.8 Md (Figs. la ,  b, 2a); 

wi th  Sal I and Kpn I, 26 fragments f rom 0.45-13.0 Md 

(Figs. l c ,  d, 2b) and using Kpn  I and Pst I, 22 fragments  

f rom 0.55-13.0 Md (Figs. l e ,  f, 2c). The 25th fragment ,  

which is expec ted  in the Sal I +Ps t  I double digestion,  was 

only indirect ly  observed because a Sal I and a Pst I restric- 

t ion site are very close together  (Fig. 2a). Similarly,  the 

virtual overlapping o f  a Pst I and a Kpn  I restr ict ion site 

(Fig.  2c) means  that 22 and no t  the expec ted  23 frag- 

ments  are observed in this double  digestion. O f  the o the r  

restr ict ion endonucleases used, Sma I generates 20 frag- 

ments  (Table 2; Fig. 4g); Eco RI and Bam HI each pro- 

duce over  60 fragments (Figs. 4i ,  j ,  respectively).  

In most chloroplast DNA digests a slight to moderate background 
contamination is evident. Pycnographic analysis of chloroplast 
DNA (buoyant density, p = 1.696 g cm -3) in an analytical ultra- 
centrifuge confirmed that this was due to contamination with 
some nuclear DNA (0 = 1.703 g cm -3 ; Herrmann et al. 1975). In 

Table 2. Molecular weights (in Md) of fragments of Euoenothera 
plastome IV DNA produced by digestion with the restriction endo- 
nuclease Sma I 

20 
11 
10.5 (2x) 
6.8 (2x) 
4.5 
4.2 
4.1 
3.8 
3.6 
3.2 
3.0 (2x) 
1.7 
1.1 (2x) 
0.8 
0.6 (2x) 

Total (Md) 101 

Total No. of fragments 20 

some cases the contamination was also evident as a zone of high 
molecular weight material in the gels, but this background conta- 
mination did not interfere with either DNA digestion or RNA 
hybridization. In addition, no distinct bands were observed which 
were inconsistent with the physical map of the chloroplast DNA. 
Treatment of chloroplasts with DNAase I to remove contami- 
nating nuclear DNA proved infeasible because Oenothera homo- 
genates contain tannins and mucilage. These secondary metabolic 
components apparently alter plastid envelopes which although 
morphologically intact do not exclude the enzyme. 

Mapping Strategy 

The serial order of the cleavage sites (or, equivalently, the DNA 
fragments) was determined by sequential digestion of fragments 
with two restriction endonucleases. Individual primary fragments 
obtained with one endonuclease were treated with the second 
enzyme, and vice versa. The resulting secondary fragments were 
compared with those in the double and single digestion patterns of 
total chloroplast DNA. This comparison is facilitated if digestion 
of the primary fragments is incomplete. A slight cross-contamina- 
tion of one of the isolated fragments with another caused, for 
example, by overloading of the primary gel or by degradation of 
the larger fragments, usually does not affect the analysis. 

The mapping procedure used is based on the following princi- 
ples. A fragment in the double digest is either a primary fragment 
obtainable only with one of the two enzymes chosen or it is a 
secondary fragment resulting from cleavage by both enzymes. 
Such a secondary fragment is shared by two primary fragments, 
one from each enzyme. Partial or complete colinearity between 
the primary fragments can then be deduced in the following ways: 

(a) If, for example, a Pst I fragment contains no Sal I cleavage 
site this primary fragment can be recognized among the secondary 
fragments obtained by digesting an isolated Sal I fragment with Pst 
I. This Sal I fragment must therefore centrally contain the Pst I 
primary fragment, that is, at least two Pst I cleavage sites. 

(b) If a Pst I fragment has one Sal I cleavage site two second- 
ary fragments are obtained. These can also be identified among the 
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Fig. I a-l. Sequential digestions of isolated restriction endonuclease fragments of Euoenothera plastome IV DNA using two endonucleases. 
Each gel shows the results of digestion with a second enzyme of a complete (or nearly complete) set of fragments produced by the first 
enzyme, in addition to single and double digestions of total chloroplast DNA. 
Letters in the tracks designate single or double digestions using Sal I (S); Pst I (P) or Kpn I (K). Numbers in the tracks indicate the size in 
Md of the isolated DNA fragment before redigestion. A molecular weight scale (in Md) is provided for each gel. Dots indicate bands arising 
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from cross-contamination, a, b digests o f  Sal I fragments with Pst I on a 0,6% (a) and a 2% (b) agarose slab gel. c, d digests o f  Sal I frag- 
ments with Kpn I on a 0.8% (c) and a 2% (d) agarose slab gel. e, f digests o f  Pst I fragments with Kpn I on a 0.65% (e) and a 2% (f) agarose 
slab gel. g, h digests of  Pst I fragments with Sal I on a 0.6% (g) and a 2% (h) agarose slab gel. i, j digests o f  Kpn I fragments with Sal I on a 
0.6% (i) and a 1.8% (j) agarose gel. k digests o f  Kpn I fragments with Pst I on a 0.65% agarose gel. 1 digest o f  the Pst I primary fragments 
23.5 Md and 5.8 Md to demonstrate the origin of  the Sal I 0.45 Md primary fragment and 0.45 Md Sal I/Pst I secondary fragment (arrow). 
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secondary fragments generated by cleaving isolated Sal I primary 
fragments with Pst I. The two primary Sal I fragments thus iden- 
tified can be lined up adjacently with the Pst I fragment in the 
middle, i.e. overlapping them. 

(c) If a Pst I fragment has two or more Sal I cleavage sites, 
upon digestion with Sal I it will yield three or more secondary 
fragments. The internal fragment or fragments can be identified 
among the primary fragments of a Sal I digest not cleavable with 
Pst I. This leaves two terminal fragments, which are also found 
among the secondary fragments generated by cutting the isolated 
Sal I fragments with Pst I. The two primary Sal I fragments which 
overlap the two terminal fragments and bracket the Pst I fragment 
(and its internal Sal I primary fragment(s)) are mapped in this way. 
If there are two or more internal (Sal I) fragments, their serial 
order can be determined with the use of a third enzyme or by par- 
tial digestion products. 

(d) Ambiguities in arranging fragments will arise if multiple 
bands exist in the single digestion resulting from primary frag- 
ments very similar in size. For example, large fragments of similar 
size, such as the 17.8 Md and 18.9 Md Kpn I fragments could not 
normally be separated for the second digestions. Electrophoresis 
on low-percentage gels for a longer period (over 30 h) confirmed 
that two different bands were present. The location of these frag- 
ments can, however, be solved without their separation since the 
summation of the sizes of the secondary fragments allows only 
one arrangement. In other cases, a third enzyme is usually required 
to determine an unambiguous fragment order. A further limitation 
in the determination of the serial order of fragments is presented if 
secondary end fragments of equal or nearly equal molecular 
weight are generated from more than one primary fragment. Here 
again, the overlapping primary fragments can sometimes be re- 
solved by mutual mapping with three or more endonucleases. The 
large inverted sequence duplication of the circular chloroplast 
DNA molecules presents a special ambiguity which will be discus- 
sed below. 

Construction o f  the Sal I + Pst I Map 

The reciprocal mapping of  Sal I and Pst I (Fig. 2a) cleavage 
sites will be described in detail, with attention being 
drawn to ambiguities which could only be settled by com- 
parison with the Kpn I map. Figure la shows Sal I frag- 
ments which were digested with Pst I and separated on 
a 0.6% agarose gel in order to clearly distinguish the largest 
fragments. To locate small secondary fragments, appro- 
priate digests of  Sal I fragments were also separated on a 
2% agarose gel (Fig. lb). The results of  digestion of  Pst I 
fragments with Sal I are shown in Figs. lg and lh.  

Digestion of  the 20 Md Sal I fragment generates one 
secondary fragment slightly reduced in size, and corre- 
sponding to the 18.8 Md double digestion fragment (Fig. 
la). The 1.2 Md subfragment is visible in Fig. lb but it is 
expectedly faint. The 16.3 Md Sal I fragment yields 
secondary fragments of  6.8 Md, 5.0 Md and 4.5 Md, with 
some of  the undigested fragment remaining (Fig. la) and 
two faint bands considered to be the result of  partial 
digestion. The 11.8 Md Sal I fragment yields a 9.5 Md 
fragment (Fig. la) and a double band at 1.2 Md (Fig. lb). 

The 9.9 Md Sal I fragment yields subfragments of  8.2 Md 
and 1.7 Md (Figs. 1 a, b, respectively). The 9.5 Md Sal I 
fragment is not cleaved by Pst I, which is also the case for 
the 5.4 Md, 2.4 Md, 1.5 Md and 1.1 Md Sal I fragments. 
Thus all these fragments in the double digestion pattern 
are primary Sal I fragments. The 8.7 Md Sal I fragment 
(contaminated with the 8.2 Md fragment) yields second- 
ary fragments of  7.8 Md and 0.9 Md, whereas the 8.2 Md 
Sal I fragment yields secondary fragments o f  6.8 Md, 1.25 
Md and 0.45 Md (Figs. la,  b). The 4.6 Md Sal I fragment 
contains one Pst I cleavage site, resulting in two secondary 
fragments o f  2.8 Md and 1.8 Md. All the double digestion 
fragments have thus been accounted for, with the excep- 
tion of  one 0.45 Md fragment, which is a primary Sal I 
fragment and thus not cleaved by Pst I. 

In the reciprocal experiment with Pst I as the first 
enzyme and Sal I as the second, digestion of  the 23.5 Md 
Pst I fragment generates fragments of  9.5 Md, 6.8 Md, 5.4 
Md (Fig. lg), 1.1 Md, 0.9 Md and 0.45 Md (Fig. 1 1). 
The 18.8 Md Pst I fragment lacks a Sal I cleavage site, 
as do the 9.5 Md, 4.5 Md and 1.25 Md Pst I fragments, 
so that these fragments in the double digestion pattern 
are identified as primary Pst I fragments. The 13.0 Md 
Pst I fragment is cleaved by Sal I into two fragments 
of  8.2 Md and 5.0 Md, while the 10,5 Md Pst I fragment 
yields fragments of  7.8 Md, 1.5 Md and 1.2 Md. Although 
cross-contaminated with the 9.5 Md fragment, the 9.6 Md 
Pst I fragment clearly is cleaved twice by Sal I, resulting in 
bands at 6.8 Md, 1.5 Md and 1.2 Md. The 5.8 Md Pst I 
fragments also contains two Sal I cleavage sites, resulting in 
fragments at 2.8 Md and 2.4 Md (Fig. lg) and 0.45 (Figs. 
1 h, 1). Sal I cleaves the 3.5 Md Pst I fragment once, into 
fragments o f  1.8 Md and 1.7 Md. Finally the 1.3 Md Pst I 
fragment yields a 1.2 Md secondary fragment upon diges- 
tion with Sal I (Fig. 1 h) and should also yield a very small 
fragment of  0.1 Md which, however, is not observable. 

From the reciprocal Sal I and Pst I digestions, the serial 
order of  fragments within three segments on the circular 
molecule o f  Oenothera plastome IV DNA can be estab- 
fished. The determination of  serial order is limited by the 
existence o f  multiple secondary fragments o f  6.8 Md and 
1.2 Md which allow alternate arrangements. Table 3 sum- 
marizes the relationship between the Pst I and Sal I pri- 
mary and double digest fragments. 

Starting with the 16.3 Md Sal I fragment (Fig. 2a) it is 
apparent that the 6.8 Md secondary fragment represents 
the overlap with either the 9.6 Md or the 23.5 Md Pst I 
fragment. The 4.5 Md fragment is a primary Pst I fragment 
and therefore must be contained centrally in the 16.3 Md 
Sal I fragment with the other secondary fragment (5.0 
Md) representing the overlap o f  this Sal I fragment with 
the 13.0 Md Pst I fragment (Fig. 2a). This Pst I fragment 
gives rise to only one other secondary fragment, of  8.2 
Md, which overlaps with the 9.9 Md Sal I fragment. The 
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Table 3. Relationships between the Sal I and Pst I primary frag- 
ments and the Sal I + Pst I secondary fragments 

Secondary Primary Sal I Primary Pst I 
fragment ( M d )  fragment from fragment from 

which it is which it is 
derived (Md) derived (Md) 

18.8 20 18.8 a 
9.5 (2x) 11.8, 9,5 a 23.5, 9.5 a 
8.2 9.9 13.0 
7.8 8.7 10.5 
6.8 (2x) 16.3, 8.2 23.5, 9.6 
5.4 5.4 a 23.5 
5.0 16.3 13.0 
4.5 16.3 4.5 a 
2.8 4.6 5.8 
2.4 2.4 a 5.8 
1.8 4.6 3.5 
1.7 9.9 3.5 
1.5 (2x) 1.5 (2x) a 10.5, 9.6 
1.25 8.2 1.25 a 
1.2 (3x) 20.0, 11.8, 11.8 10.5, 9.6, 1.3 
1.1 1.1 a 23.5 
0.9 8.7 23.5 
0.45 (2x) 8.2, 0.45 a 23.5, 5.8 
0.I 20 1.3 

a denotes primary fragments which contain no cleavage site for 
the other enzyme. Molarity of fragments is given in brackets 

next Pst I fragment is the 3.5 Md one, identified by a 
common 1.7 Md overlap with this primary Sal I fragment. 
The other secondary fragment from this Pst I fragment is 
1.8 Md, and this overlaps with the 4.6 Md Sal I fragment 
which in turn has a fragment of 2.8 Md at the other end, 
this being an end segment of the 5.8 Md Pst I fragment. 
The uncleaved 2.4 Sal I fragment is contained within this 
Pst I fragment. As mentioned above, one of the two 0.45 
Md fragments then forms the overlap between the 5.8 Md 
Pst I fragment and the 8.2 Md Sal I fragment, which in- 
cludes the uncleaved 1.25 Md Pst I fragment. The other 
end segment of  the 8.2 Md Sal I fragment is one of the 
6.8 Md secondary fragments. The serial order of fragments 
covering about one-third of the molecule is thus estab- 
lished (Fig. 2a). 

The ends of  the remaining two-thirds of  the molecule 
are formed by the 9.6 Md and 23.5 Md Pst I fragments. 
Within this large segment, the serial orders of two groups 
of fragments may be determined; each comprises about 
half of  the segment. Starting with the 23.5 Md fragment, 
the end Pst I and Sal I secondary fragment is of 6.8 Md. 
The Sal I primary fragments 9.5 Md, 5.4 Md, 1.1 Md and 
0.45 Md are contained within the 23.5 Md fragment. 
Their relative order cannot be determined using these two 
enzymes. The 9.5 Md band in the double digestion of to- 
tal chloroplast DNA is two-molar. However, the 9.5 Md 
fragment from the 23.5 Md Pst I fragment is a primary Sal 

I fragment, and can thus be distinguished from the 9.5 
fragment derived from the 11.8 Md Sal I fragment. This 
latter fragment is a Pst I primary fragment; its mapping 
will be discussed below. The remaining secondary frag- 
ment derived from the 23.5 Md Pst I fragment is of  0.9 
Md and represents the overlap with the 8.7 Md Sal I frag- 
ment. The other secondary fragment of the latter is of  
7.8 Md and shows overlap with the 10.5 Md Pst I frag- 
ment, which also includes one of the two 1.5 Md Sal I pri- 
mary fragments and one of the three 1.2 Md secondary 
fragments. 

The second group of fragments comprises the 11.8 Md 
and 20 Md Sal I primary fragments, which are directly ad- 
jacent, by the following reasoning. The 1.2 Md secondary 
fragment, from the 10.5 Md Pst I primary fragment, can 
represent an overlap with either of these large Sal I prima- 
ry fragments. The 9.6 Md Pst I primary fragment yields a 
6.8 Md secondary fragment (the end secondary fragment 
of the two-thirds of the molecule currently under discus- 
sion), a 1.5 Md fragment which is an internally located 
primary Sal I fragment and a 1.2 Md secondary fragment. 
This last fragment again may represent an overlap with 
either the 11.8 Md or the 20 Md Sal I fragment. 

Assuming that it is the 11.8 Md Sal I fragment which 
overlaps the 9.6 Md Pst I fragment (Fig. 2), the 9.5 Md Pst 
I primary fragment is located entirely therein (see above). 
The remaining 1.2 Md secondary fragment is the end 
fragment of  the 11.8 Md Sal I fragment and represents an 
overlap with the 1.3 Md Pst I fragment. Since all Sal I pri- 
mary fragments have now been accounted for, the 11.8 
Md Sal I fragment must link up with the 20 Md Sal I 
fragment 'coming' from the other direction (Fig. 2a). 
Mapping using Kpn I fragments has shown that no Kpn I 
fragment ends colinearly with the 11.8 Md or 20 Md Sal I 
fragments, nor with the 1.3 Md or 18.8 Md Pst I fragments 
(Figs. 2b, c, respectively). Thus, although no secondary 
fragment of approximately 0.1 Md has been directly de- 
monstrated as the overlap between the 1.3 Md Pst I prima- 
ry fragment and the 20 Md Sal I primary fragment, such a 
small fragment must exist. Its size is determined by the 
size reduction of the 1.3 Md Pst I fragment after digestion 
with Sal I. 

The difficulty to identify primary fragments overlap- 
ping the multiple 1.5 Md primary and 1.2 Md secondary 
fragments implies that nearly one third of  the DNA mole- 
cule comprising the 1.5 Md, 11.8 Md and 20 Md Sal I pri- 
mary fragments has two possible orientations. 

Mapping with Kpn I 

The aim of mapping the restriction sites recognized by the 
third enzyme, Kpn I, was to resolve ambiguities present in 
the Sal I + Pst I map, to check the maps obtained from 
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Fig. 2a-d. Restriction endonuclease cleavage site maps of DNA from Euoenothera plastome IV. Parts a, b and c show the serial orders of 
the fragments produced upon single and double digestion with the endonucleases Sal I, Pst I and Kpn I. In each of these diagrams, the two 
inner rings depict the serial order of cleavage sites arising in the single digestions, while the outer ring shows the serial order of the double 
digestion fragments. In all cases fragments are identified by their size in Md. The double digestion fragments, contained within the sector 
corresponding to a particular single digestion fragment, have been verified by redigestion of the fragment in question. Broken lines indicate 
that the order of the two adjacent fragments is ambiguous (see text). 

A composite map (d) shows the positions of the three sets of cleavage sites produced by Pst I, Sal I and Kpn I, respectively. Again, 
broken lines indicate that the order of the adjacent fragments is ambiguous. The six Sma I fragments shown have been located by RNA 
hybridizations (see text). They illustrate the location and minimum extent of the two copies of the inverted repeat region. The rDNA 
units are indicated by arrows giving their location, approximate length and orientation from the 16S rRNA to the 23S rRNA genes 
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Table 4. Relationship between Sal I and Kpn I primary fragments 
and the Kpn I + Sal I secondary fragments 

Secondary Primary Sal I Primary Kpn 1 
fragment ( M d )  fragment from fragment from 

which it is which it is 
derived (Md) derived (Md) 

13.0 20 17.8 
10.7 16.3 18.9 
8.7 8.7 a 29 
6.7 (2x) 11.8, 20 18.9, 29 
5.7 9.5 29 
5.4 5.4 a 29 
5.2 9.9 15.8 
4.7 (2x) 9.9, 11.8 6.5, 17.8 
4.6 4.6 a 15.8 
3.8 (2x) 8.2, 9.5 5.7, 15.8 
2.8 8.2 2.8 a 
2.4 2.4 a 15.8 
2.0 16.3 2.0 a 
1.8 8.2 5.7 
1.5 (3x) 1.5 (2x) a, 16.3 1.5 a, 18.9, 29 
1.4 16.3 6.5 
1.1 1.1 a 29 
0.6 16.3 0.6 a 
0.55 (2x) 11.8, 20 0.55 (2x) a 
0.45 0.45 a 29 

a denotes primary fragments which contain no cleavage site for 
the other enzyme. Molarity of fragments is given in brackets 

these endonucleases and to achieve finer mapping of  
stretches of  DNA where few cleavage sites for Sal I and 
Pst I are located. The mapping of  Kpn I cleavage sites was 
accomplished following the same principles as described 
for Sal I + Pst I mapping. 

The Kpn I + Sal I map: Figs. lc and d show the re- 
digestions o f  Sal I primary fragments with Kpn I; the re- 
ciprocal experiments are shown in Figs. li and lj. Table 
4 summarizes the results of  these redigestions. The prima- 
ry Sal I and Kpn I fragments from which each observed 
secondary fragment is derived are given. From this analy- 
sis o f  the secondary fragments, it is possible to deduce the 
serial order and thus construct the Kpn I + Sal I map. 

One ambiguity presented in the earlier Sal I + Pst I 
mapping was the orientation of  the segments delimited by 
the 6.8 Md secondary fragments. Analysis of  the Kpn I + 
Sal I mapping shows that the 8.2 Md and 9.5 Md Sal I 
fragments must be adjacent as shown in Figure 2b, with 
the 5.7 Md Kpn I fragment overlapping them. 

Since these two Sal I primary fragments are adjacent, 
another ambiguity, the order of  Sal I fragments within the 
23.5 Md Pst I primary fragment, is thus partially resolved. 
The order of  the adjacent fragments 5.4 Md, 1.1 Md and 
0.45 Md Sal I primary fragments is not known, so they are 
separated by a dotted line as shown in Figs. 2a, b, d. The 
order of  Sal I primary fragments is thus - (11.8 - 20) - 

1.5 -- 8.7 -- (1.1 -- 0.45 -- 5.4) -- 9.5 -- 8.2 -- 2.4 -- 4.6 -- 
9.9 -- 16.3 -- 1.5 --. Fragments whose molecular weights 
are given in brackets have not been ordered relative to 
each other. 

The only major difficulty remaining with the map, after analysis 
of Kpn I sites, is that there are effectively two groups of frag- 
ments, the relative orientation of which is unknown. The adjacent 
11.8 Md and 20 Md Sal I primary fragments may be inserted in the 
physical map of the circular DNA molecule in inverse orientation 
to that shown in Figs. 2a and b. This situation is discussed below 
in the section on the inverted repeat. 

Mapping of  Kpn I sites from the data in Table 4, allows 
the simultaneous checking of  the order determined for Sal 
I and Pst I cleavage sites. The established sites in turn will 
assist in the resolution o f  ambiguities presented by the 
Kpn I mapping data resulting in a mutual checking of  the 
maps of  the three sets of  cleavage sites. Some examples o f  
the location o f  Kpn I restriction fragments on the map 
will now be presented, starting with those related to the 
16.3 Md Sal I fragment. 

Three primary Kpn I fragments, o f  2.0 Md, 1.5 Md and 
0.6 Md, which are not digested by Sal I, must be contain- 
ed entirely within the 16.3 Md Sal I fragment, so that the 
10.7 Md and 1.4 Md secondary fragments are its end frag- 
ments. The only 1.4 Md secondary fragment observed in 
the double digestion derives from the 6.5 Md Kpn I pri- 
mary fragment, which therefore overlaps the 16.3 Sal I 
fragment. The 9.9 Md Sal I primary fragment is known to 
lie next to the 16.3 Md Sal I fragment (Fig. 2a) and a 4.7 
Md secondary fragment does in fact form the overlap be- 
tween the 6.5 Md Kpn I fragment and the 9.9 Md Sal I 
fragment (Fig. 2b). The results of  double and reciprocal 
digestions using Kpn I are therefore consistent with the 
mapping of  Sal I and Pst I sites. 

The other secondary fragment from the 9.9 Md Sal I 
fragment is of  5.2 Md, and shows overlap with the 15.8 
Md Kpn I fragment (Fig. 2b). This latter Kpn I fragment 
contains internally the 4.6 Md and 2.4 Md Sal I primary 
fragments in agreement with the order established by 
mapping with Pst I (Fig. 2a). The remaining end fragment, 
of  3.8 Md, could be an overlap with either the 9.5 Md or 
the 8.2 Md Sal I fragments. The earlier mapping demon- 
strates that the latter is the correct one. This fragment 
contains, centrally, the 2.8 Md Kpn I primary fragment. 
The remaining end fragment, of  1.8 Md, overlaps with the 
5.7 Md Kpn I fragment. This Kpn I fragment in turn 
shares sequences with the 9.5 Md Sal I fragment (the over- 
lap being the other 3.8 Md secondary fragment) and thus 
links the major segments, obtained by Sal I + Pst I map- 
ping, in a unique orientation, as mentioned above. 

The next Kpn I fragment, which overlaps with the 9.5 
Md Sal I fragment, is the 29 Md one. Also in agreement 
with previous mapping this contains five Sal I primary 



290 Theor. Appl. Genet. 59 (1981) 

fragments, of  8.7 Md, 5.4 Md, 1.5 Md, 1.1 Md. and 0.45 
Md. The other end fragment from the 29 Md Kpn I frag- 
ment is of 6.7 Md and indicates overlap with either the 20 
Md or the 11.8 Md Sal I fragments (see section on in- 
verted repeat). Each of these yields, moreover, a 0.55 Md 
Kpn I primary fragment, which must be centrally located 
within each of the Sal I fragments. One of the 0.55 Md 
fragments must therefore be adjacent to the 29 Md Kpn 
1 fragment. 

The remaining third of  the chloroplast DNA molecule 
is covered by the 17.8 Md, 18.9 Md and a 0.55 Md Kpn I 
fragments. Although the two largest of these were not in- 
dividually isolated the only possible combination of the 
secondary fragments, compatible with the molecular 
weights for the primary fragments, is as shown in Fig. 
2b. Taking the 20 Md Sal I fragment as that overlapping 
with the 29 Md Kpn I fragment, an end fragment of  13 
Md is obtained. The other secondary fragment from the 
Kpn I primary fragment, which yields this 13 Md second- 
ary fragment, must be 4.7 Md. The Sal I +Pst  I mapping 
shows that the 11.8 Md Sal I fragment is adjacent, over- 
lapping this 4.7 Md secondary fragment. Its other end 
fragment is 6.7 Md, which must come from the 18.9 Md 
Kpn I primary fragment. The latter also includes a 1.5 Md 
Sal I primary fragment and a 10.7 Md end fragment, 
which overlaps with the 16.3 Md Sal I primary fragment. 

Some ambiguities remain after mapping of Sal I and 
Kpn I cleavage sites. For example, the 0.6 Md, 1.5 Md and 
2.0 Md Kpn I fragments are all within the 16.3 Md Sal I 
fragment and could be interchanged but the observation 
of an intermediate in the Kpn I digestion pattern, at about 
2.2 Md (Fig. ld) shows, that the 1.5 Md fragment is ad- 
jacent to the 0.6 Md fragment (see also next section). 
Furthermore, although the two 4.7 Md secondary frag- 
ments in the Kpn I + Sal I double digest present ambiguity, 
the order of Sal I fragments here has already been deter- 
mined and so the identities of the overlapping Kpn I 
fragments are as shown in Fig. 2b. Similarly, mapping 
using Sal I + Pst I resolved the ambiguity arising from the 
double band at 3.8 Md. 

The Kpn 1 and Pst I map: A similar analysis was per- 
formed with Kpn I and Pst I restriction sites, and again 
confirms the predicted arrangement (Figs. 2a, b). Diges- 
tions of Pst I primary restriction fragments with Kpn I 
are shown in Figs. le and f. Fig. lk  shows redigestion 
of relevant Kpn I fragments on a 0.6% gel. Table 5 sum- 
marizes the results of these digestions. 

The position of the 4.5 Md Pst I fragment has been 
established within the 16.3 Md Sal I fragment (Fig. 2a) 
and it is cleaved once by Kpn I, generating a 3.9 Md 
secondary fragment and another of 0.6 Md. The former is 
also yielded by the 18.9 Md Kpn I primary fragment, the 
latter must be an end segment but is also equivalent to 
the 0.6 Md Kpn I primary fragment. This means that a 

Table 5. Relationship between the Pst I and Kpn I primary frag- 
ments and the Pst I + Kpn I secondary fragments 

Secondary Primary Pst I Primary Kpn I 
fragment ( M d )  fragment from fragment from 

which it is which it is 
derived (Md) derived (Md) 

13.0 (2x) 18.8, 23.5 17.8, 29 
10.5 10.5 a 29 
9.6 9.6 a 18.9 
6.5 13.0 6.5 a 
5.8 5.8 a 15.8 
5.7 23.5 5.7 a 
5.4 (2x) 9.5, 18.8 18.9, 29 
3.9 4.5 18.9 
3.5 (3x) 3.5 a, 9.5, 13.0 15.8 (2x), 17.8 
2.8 23.5 2.8 a 
2.0 (2x) 13.0, 23.5 2.0 a, 15.8 
1.5 13.0 1.5 a 
1.3 1.3 a 17.8 
1.25 1.25 a 15.8 
0.6 4.5 0.6 a 
0.55 (2x) 9.5, 18.8 0.55 (2x) a 

a denotes primary fragments which contain no cleavage site for 
the other enzyme. Molarity of fragments is given in brackets 

Kpn I and a Pst I cleavage site lie so close together that 
the intervening stretch of a few base pairs cannot be ob- 
served. The orientation of the 0.6 Md Kpn I fragment on 
the map is thus established. 

As a further example, the 15.8 Md Kpn I primary frag~ 
ment contains internally three primary Pst I fragments, of  
5.8 Md, 3.5 Md and 1.25 Md (Figs. 2c, d). A 2.0 Md sec- 
ondary fragment (not the primary Kpn I fragment of this 
size, whose location was defined in Fig. 2b) forms the 
overlap with the 23.5 Md Pst I fragment. This confirms 
that the 1.25 Md and 23.5 Md Pst I fragments are adjacent 
(Fig. 2c), with the 15.8 Md Kpn I fragment overlapping. 

One end fragment from the 29 Md Kpn I primary frag- 
ment is 5A Md. This secondary band is two-molar and is 
derived from the 18.8 Md and from one of the mixed 9.6 
Md/9.5 Md Pst I primary fragments. This implies that the 
region from the 9.5 Md Pst I fragment to the 18.8 Md Pst 
I fragment may be inverted, as found from earlier map- 
ping. The 1.3 Md Pst I fragment is generated as expected 
upon digestion of the unseparated 18.9 Md/17.8 Md Kpn 
I fragments. 

Whereas the Kpn I + Pst I mapping does not provide 
resolution of the locations of the adjacent 9.5 Md and 
9.6 Md Pst I primary fragments, their digestion data is 
consistent with the analysis presented for the Sal I + Pst I 
mapping. Other ambiguities resulting from the double 
band at 13.0 Md and the triple band at 3.5 Md in the Kpn I 
/Pst I double digestion, could be resolved. The order 
shown in Fig. 2c is the only one compatible with the serial 
order of  the Sal I fragments. 
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Occurrence o fan Inverted Repeat; Segmental Organisation 
of the Circular DNA Molecule 

Figure 2d shows the colinear arrangement of  the cleavage 
sites obtained with the three restriction endonucleases. 
The major ambiguity which has not yet been resolved is 
the orientation of the 1.5 Md, 11.8 Md and 20 Md Sal I 
primary fragments (and overlapping Pst I and Kpn I frag- 
ments) relative to the rest of  the map. In particular the 
two-molar 6.7 Md Kpn I + Sal I secondary fragment (Fig. 
2b), the two-molar 1.2 Md Sal I + Pst I fragment (Fig. 2a) 
and the two-molar 5.4 Md Kpn I + Pst I secondary frag- 
ment (Fig. 2c) cannot be uniquely placed. 

These two-molar fragments must be present in two 
clusters. The identical cleavage maps within the clusters 
suggest that identical nucleotide sequences cover these 
DNA segments. Their relative locations on the circular 
DNA molecule show that they are present in inverted 
orientation (Fig. 2). Moreover, due to the asymmetry of 
adjacent cleavage sites, the copies of the duplication must 
be separated by two regions of  single-copy DNA differing 
in size. Examples of  such sites are, in the smaller region, 
the Pst I cuts between the 9.5 Md and the 1.3 Md frag- 
ments and between the 1.3 Md and the 18.8 Md fragments 
or the Sal I cut between the 11.8 Md and the 20 Md frag- 
ments. Therefore the circular DNA molecule is segmental- 
ly organized into four regions. 

The Extent of  the Inverted Repeat 

Fig. 3a and b. Hybridization of the cRNA transcribed from the 
6.6 Md Sal I fragment of spinach chloroplast DNA to Euoenothera 
plastome IV DNA. In each case, a DNA digestion pattern is shown 
to the left of the autoradiograph and the molecular weights (in 
Md) of DNA fragments to which cRNA hybridized are given. Both 
double digestions were run on the same 0.6% agarose gel. In b, 
faint hybridization to an intermediate band at about 10.5 Md is 
probably due to undigested Pst I and Sma I primary fragments of 
this size 

A minimum length of 8.7 Md for this inverted repeat can 
be computed from the above data. That is the 1.5 Md Sal 
I and 0.55 Md Kpn I primary fragments and the 1.2 Md 
Pst I + Sal I and 5.4 Md Kpn I + Pst I secondary frag- 
ments, within each cluster. 

In order to determine the limit of  extension of the in- 
verted repeat towards the large single-copy region, the 
cRNA transcribed from the 6.6 Md Sal I fragment of  the 
inverted duplication in spinach chloroplast DNA was used. 
This fragment contains 40% of the inverted repeat region 
nearest the large single-copy region (Driesel et al. 1979; 
Herrmann et al. 1980b). This cRNAhybridized specifically 
with the 7.8 Md and 6.8 Md secondary fragments of the 
Sal I + Pst I double digestion ofEuoenothera plastome IV 
DNA, in addition to the two-molar 1.5 Md Sal I band in 
this double digest (Fig. 3a, cf. Fig. la, and see map in 
Fig. 2a). 

The location of Sma I fragments, determined by hybri- 
dization of labelled rRNAs (see below), allows more pre- 
cise definition of the limits of the inverted repeat region 
towards the large single-copy region. Digestion of the 10.5 
Md Sma I fragment and its overlapping Pst I (9.6 Md or 
10.5 Md) fragments with Sma I + Pst I generates a 7.5 Md 

secondary fragment which includes the part of the in- 
verted repeat region nearest the large single-copy region 
(Figs. 2d, 7). Hybridization of the above mentioned 
cRNA to a Sma I/Pst I double digest (Fig. 3b) confirms 
this. There is also faint hybridization to the two-molar 
0.6 Md band (Fig. 3b and cf. Fig. 5d, Table 2), which 
could represent small Sma I primary fragments located 
next to the 10.5 Md Sma I fragments, towards the large 
single-copy region. 

Since the cRNA did not hybridize to fragments beyond 
the Pst I cleavage site between the 10.5/23.5 Md Pst I 
fragments on one side of the molecule, or the 9.6/4.5 Md 
Pst I fragments on the other, it appears that the Sma I 
cleavage site at the end of the 10.5 Md Sma I fragment is 
close to the end of the inverted repeat region. The seg- 
ment of Oenothera chloroplast DNA which is homologous 
to the 6.6. Md Sal I fragment of spinach chloroplast DNA 
therefore starts in the 1.5 Md Sal I fragments (since no 
hybridization is observed to the adjacent 1.2 Md Sal I + 
Pst I secondary fragments, Fig. 3a), includes a 4.8 Md seg- 
ment bounded by Sal I and Sma I cleavage sites (i.e. from 
the 1.5 Md Sal I fragment to the end of the 10.5 Md Sma 
I fragment nearest the large single-copy region) and proba- 
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bly an additional 0.6 Md Sma I fragment. The sum of 
these fragments (6.7 Md) is close to that of  the 6.6 Md Sal 
I fragment in spinach chloroplast DNA. 

As for spinach, hybridization of this cRNA to Eco RI 
partial and complete digestions of  total chloroplast DNA 
from Oenothera showed that at least 6 fragments ranging 
from about 1.7 Md down to about 0.5 Md in size are 
derived from this segment. This confirms considerable 
sequence homology between chloroplast DNA of these 
two higher plant species in this part of  the plastid DNA 
molecule. 

In the other direction towards the small single-copy re- 
gion the inverted repeat is limited by the Pst I cleavage 
site between the 9.5 Md and 1.3 Md primary fragments 
and by an equivalent region in the second copy (Fig. 2d). 
The locations of some Sma I (and Eco RI) sites in this 
part of the inverted repeat region determined by rRNA 
hybridizations confirm this (see below). 

In conclusion a minimum length of 15 Md can then be 
calculated for one copy of the inverted duplication. 

Mapping of  rRNA in the Inverted Repeat 

In order to identify the regions of the Oenothera chloro- 
plast DNA which code for the ribosomal RNA molecules, 
hybridization experiments were performed using isolated, 

radioactively labelled ribosomal RNA from spinach as a 
probe with restriction endonuclease fragments of Oeno- 
thera chloroplast DNA. Specific hybridization of individ- 
ual DNA fragments was obtained with the 16S (Fig. 4), 
23S (Fig. 5) and 5S (Fig. 6) ribosomal RNA. 

The 16S ribosomal RNA hybridizes with two Sal I 
fragments, with two Kpn I fragments and with two Pst 
I fragments (Figs. 4a-c). Since, in the case of Pst I, the hy- 
bridizing fragments (18.8 Md and 9.5 Md) are separated 
by one which does not hybridize (1.3 Md, Fig. 2d) two 
copies of the gene must be present. This is supported by 
the Pst I/Sal I double digestion experiment, in which hy- 
bridization to these uncleaved primary Pst I fragments was 
observed (Fig. 4e). 

In the Kpn I/Sal I double digestion, the two-molar 6.7 
Md band hybrized to the 16S rRNA (Fig. 4d) and in the 
combination Kpn I + Pst I, hybridization occurred with 
the two-molar 5.4 Md band (Fig. 4f). The analysis of  the 
distant locations of the hybridizable secondary fragments 
on the maps (Figs. 2b, c) and of the primary fragments 
(Fig. 2d) show that the two copies of the gene for the 16S 
rRNA must be separated by at least 18 Md of DNA. The 
location of the hybridizable fragments shows one 16S 
rRNA gene to be located in each copy of the inverted re- 
peat, that is, within the segments defined by the Kpn I 
cleavage site separating the 0.55 Md from the 29 Md 
fragment and the Pst I cleavage site separating the 18.8 

Fig. 4. Hybridization of spinach chloroplast 16S rRNA to restriction endonuclease digests of DNA from Euoenothera plastome IV. Two 
to 4 ug of total chloroplast DNA were used per gel slot. In each case, the digestion pattern of the DNA (left) is shown with the autoradio- 
graph of the 16S rRNA hybridization (right). The sizes of DNA fragments to which the rRNA hybridizes are indicated in Md. The weaker 
radioactive band in (c) above the 18.8 band is due to incompletely digested material. Electrophoresis of DNA was on 0.6% agarose gels in 
(a) to (h), on 1.4% in (i) and (j) 
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Md from the 10.5 Md fragment on the one, and the 0.55 
Md from the 18.9 Md Kpn I fragments and the 9.5 Md 
from the 9.6 Md Pst I fragments on the other. 

The 23S ribosomal RNA hybridizes to the same Kpn 
I and Pst I primary fragments as the 16S ribosomal RNA 
(Figs. 5a and b). In addition hybridization occurred to the 
primary 0.55 Md Kpn I fragment of  the Kpn I/Pst I di- 
gest (Fig. 5c), indicating that the 23S ribosomal RNA 
gene is located adjacent to the 16S ribosomal RNA gene. 
Hybridization also occurs to the two-molar 5.4 Md band 
(cf. Fig. 4f  for 16S rRNA) and to the 13.0 Md and 3.5 
Md fragments (Fig. 2c). These fragments were previously 
shown to extend partly into the small single-copy region 
and are separated by the 1.3 Md Pst I primary fragment. 
This permits the conclusion that there are also two copies 
of  the 23S ribosomal RNA gene and that they are located 
between the 16S ribosomal RNA genes and the small 
single-copy region. 

The 5S ribosomal RNA hybridized to the same two Pst 
I fragments o f  18.8 and 9.5 Md (Fig. 6a) as the 16S and 
23S ribosomal RNA indicating that there are also at least 
two copies for this gene and that these are close to the other 
two ribosomal RNA genes. 

Hybridization o f  the rRNAs to DNA fragments pro- 
duced by the restriction endonuclease Sma I made it pos- 

sible to better define the location o f  the genes. This en- 
zyme cleaves the total chloroplast DNA into 20 fragments 
the smallest being 0.6 Md in size (Table 2, Figs. 4g and 
5d). Of these fragments, 12 are present in six two-molar 
bands, three o f  which have sizes o f  10.5 Md, 3.0 Md and 
1.1 Md. The 16S rRNA hybridizes with the 10.5 Md and 
3.0 Md fragments (Fig. 4g), the 23S rRNA with the 3.0 
Md and 1.1 Md fragments (Fig. 5d) and the 5S rRNA with 
the 1.1 Md fragment (Fig. 6b). This would be consistent 
with an arrangement as depicted in Fig. 7 giving coli- 
nearity in the order Sma I 10.5 Md, 3.0 Md, 1.1 Md and 
the genes for 16S - 23S - 5S rRNAs. 

The 16S rRNA was also hybridized to a Sma I/Pst I 
double digestion of  the total chloroplast DNA (Fig. 4h). 
A strong hybridization occurred only with a 3.0 Md band, 
which therefore must include a secondary fragment de- 
rived from the primary 10.5 Md Sma I fragment and 
probably the primary 3.0 Md Sma I fragment (Fig. 4g). 
This locates the Pst I cleavage site in the 10.5 Md Sma 
fragment 3 Md from the end of  this fragment which per- 
mits it to be aligned as drawn in Figs. 2d and 7. 

The hybridization data indicated that the rRNA genes 
within each copy of  the inverted repeat must be fairly 
close together. Since the restriction endonucleases Eco RI 
and Bam HI each cleave the complete chloroplast DNA 

Fig. 5. Hybridization of spinach chloroplast 23S rRNA to restriction endonuclease digest patterns of DNA from Euoenothera plastome 
IV. Two to four ~g of total chloroplast DNA were used per gel slot. In each case the digestion pattern of the DNA (left) is shown with 
the autoradiograph of the 23S rRNA hybridization (right). The sizes of the DNA fragments to which the 23S rRNA hybridizes are in- 
dicated in Md. In track (a), the 0.55 Md Kpn I fragment has run off the gel and thus no hybridization is visible in contrast to (c). The 
weaker radioactive band in (b) above the 18.8 band is due to incompletely digested material. Electrophoresis was on 0.6% agarose gels in 
(a) to (c), 2% agarose in (d) and 1.4% agarose in (e) and (f) 

Fig. 6. Hybridization of spinach chloroplast 5S rRNA to digestions of DNA from Euoenothera plastome IV. The DNA fragment in the 
digestion pattern (left) to which the 5S rRNA hybridizes (right) is indicated in Md. Electrophoresis of DNA was on 0.6% agarose gels for 
(a) and (b) and 1.4% agarose for (c) and (d). The radioactive band above the 18.8 Md fragment in lane (a) is due to hybridization to incom- 
pletely digested chloroplast DNA 
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molecule into over 60 fragments (Figs. 4i, j). Hybridiza- 
tion of  rRNAs to fragment patterns produced by these 
enzymes was therefore employed to map the rDNA region 
in greater detail. 

Hybridization of  16S rRNA occurs with two Eco RI 
fragments showing that an Eco RI cleavage site lies within 
the 16S rRNA gene (Fig. 4i). As judged from the intensity 
of  hybridization, the larger part o f  the gene is located on 
the 2.5 Md fragment. The remainder of  the 16S rRNA 
gene is on the 3.4 Md fragment which also contains most 
of  the 23S rRNA gene (Fig. 5e). Another part o f  this 
latter gene is present on a 0.45 Md fragment. The 5S 
rRNA gene is located on a 0.75 Md Eco RI fragment (Fig. 
6c) which can be deduced from the Sma I hybridization 
to be adjacent to the 0.45 Md fragment. Hybridization o f  
the 23S and 5S rRNAs to the same 3.5 Md Barn HI frag- 
ment (Figs. 5f, 6d) confirms the close positions of  those 
genes, but the 16S rRNA hybridizes to a different Bam 
HI fragment as shown in Fig. 4j. These results refine the 
map of  the ribosomal RNA genes (Fig. 7). 

The similar sizes of  the DNA fragments, located in the 
rDNA region, exclude substantial variation in the transfer 
rate from gel to filter and in the binding to the fdter. 
Therefore the hybridization intensities derived from the 
autoradiographs provide an approximate indication of  the 
locations of  the cleavage positions within genes. Consid- 
ering the sizes of  DNA fragments and taking the lengths 
of  the 16S and 23S rRNA genes to be about 1.1 Md (1500 
bp) and 2.0 Md (2900 bp), respectively, it is evident that 
both genes must be separated by a spacer segment. This 
segment is about 1.6 Md (2400 bp) long. The total length 
of  the rDNA unit thus comprises about 35% in each 15 
Md copy of  the inverted repeat region. 

[ Sal 11.8/20 
Pst I [ 9.5/18.8 
Kpnl  18.9/29 0.55- I ] 17.8 
Sma I 10.5 3.0 1.1 I 
ECO RI ] 2.5 3.4 0.45" .75[ 

:~: .~ ~ :::~+~.~'~*;%~:**..."~>'+~:#'~:~-~-,::~i~:;': :i!i:'<~'#:,~::~r+f , 

Barn HI ~ (, 3.5 ) 

Fig. 7. Map of restriction endonuclease cleavage sites within the 
part of the inverted repeat region containing the rDNA. The ap- 
proximate locations of the 16S, 23S and 5S rRNA genes are in- 
dicated with their lengths assumed to be the same as in spinach 
(1.1 Md, 2.0 Md and less than 0.1 Md, respectively). The lengths 
of DNA fragments to which hybridization occurs are given in Md. 
For Sal I, Pst I and Kpn I, the two copies of the inverted repeat 
region are present on fragments of different sizes, as indicated in 
Md separated by a stroke. Only the Bam HI fragments to which 
the rRNAs hybridize are indicated because the positions of the 
Barn HI cleavage sites in relation to those of the other enzymes 
have not yet been determined 

Discussion 

The circular restriction endonuclease cleavage site map of  
Euoenothera plastome IV DNA shows an organization 
similar to that found with other higher plant chloroplast 
DNAs (Bedbrook and Kolodner 1979; Herrmann and Pos- 
singham 1980). It is divided into four regions: two copies 
of  an inverted repeat region are separated by a large and a 
small single-copy region. The inverted repeat region is 
about 15 Md large, a size close to that o f  chloroplast 
DNA from spinach (Crouse et al. 1978; Herrmann et al. 
1980b) and lettuce (Kolodner and Tewari 1979) and a 
little greater than that reported for chloroplast DNA from 
com (Bedbrook et al. 1976). The small single-copy region 
has a maximum size of  less than 15 Md, also very similar 
to that of  spinach. 

As with other chloroplast DNAs, the relative orientation of the 
large and small single-copy regions has not been determined. A re- 
striction endonuclease which does not cleave within the inverted 
repeat would offer an approach towards solving this problem, but 
such an enzyme has not yet been found. It remains therefore to 
be shown whether one or both of the possible orientations exist. 

Hybridization of  spinach chloroplast rRNAs to Oenothera 
chloroplast DNA shows that two sets of  rRNA genes are 
found which are located within about 35% of  each copy 
of  the inverted repeat, near the small single-copy region. 
The high level o f  homology among chloroplast rRNAs of  
different species has been reported by Ingle et al. (1970) 
and Thomas and Tewari (1974) and was substantiated by 
fine mapping studies (Bohnert et al. 1980). The present 
study shows that the homology extends into the part o f  
the inverted repeat near the large single-copy region in- 
dicating that the sequence duplication in chloroplast 
DNAs is evolutionary conserved. 

The clustering o f  the rRNA genes in the order 16S - 
23S - 5S, the location of  this cluster within each inverted 
repeat and its orientation with respect to the large and 
small single-copy regions of  the chloroplast DNA molecule 
are again similar to that found for some other higher plant 
chloroplast DNAs, e.g. spinach (Crouse et al. 1978; Whit- 
feld et al. 1978a) and corn (Bedbrook et al. 1976). The 
4.5S chloroplast rRNA (Bohnert et al. 1976; Whitfeld et 
al. 1978b; Bowman and Dyer 1979) was not hybridized. 

There is a large spacer o f  about 2400 bp between the 
16S and 23S rRNA genes of  Oenothera chloroplast DNA. 
This is about 600 bp longer than the equivalent spacer in 
spinach chloroplast DNA (Bohnert et al. 1979) and 300 
bp longer than that in corn (Bedbrook et al. 1976). Finer 
mapping is needed to establish whether a spacer exists be- 
tween the 23S and 5S rRNA genes in Oenothera as has 
been shown in spinach (Crouse et al. 1978) and corn 
(Dyer and Bedbrook 1979). This spacer could be at most 
500 bp long and should be located on the 1.1 Md Sma I 
and the 0.75 Md Eco RI primary fragments. 
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It has not been determined for Oenothera whether the 16S and 
23S rRNA genes are transcribed as a single unit, as in spinach 
(Bohnert et al. 1977; Hartley 1979) nor whether the spacer DNA 
between the 16S and 23 rRNA genes contains genes for transfer 
RNAs as in spinach chloroplast DNA (Bohnert et al. 1979; Driesel 
et al. 1979). 
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