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Summary. Using the existing restriction map and probes 
from wheat and pea ct-DNA, seven protein genes have 
been localized in the chloroplast genome of N. taba- 
cum. On the clock-like map, the location of each gene is 
indicated by its time zone: the 15.2 kD polypeptide of 
the cytochrome b / f  complex at 3 : 15, cytochrome f at 
4 : 30, LS of RuBPCase at 4 : 50, both fl and e subunits 
of ATP synthase at or near 5:00, proton-translocating 
subunit of ATP synthase at 8:20, a subunit of ATP 
synthase at 8:40 and the 32 kD protein at 9:30. The 
genome organization of Nicotiana chloroplast DNA is 
similar to spinach. 

Key words: Southern hybridization - Restriction map - 
Chloroplast relatedness 

Introduction 

The study of the structure and function of chloroplast 
genomes from many plant species occupies a very im- 
portant position in the field of plant molecular biology. 
The chloroplast genome of Nicotiana (Fluhr and Edel- 
man 1981; Jurgenson and Bourque 1980; Kung et al. 
1982; Seyer etal. 1981; Shen etal. 1982; Zhu etal. 
1982), together with chloroplast genomes from maize 
(Bogorad et al. 1983), spinach (Whitfeld and Bottomley 
1983), wheat (Howe et al. 1983; Willey et al. 1983), and 
many other plant species (Chu etal. 1981; Gordon 
et al. 1981; Palmer et al. 1983; Poulsen 1983) has been 
well characterized. In the case of the Nicotiana chloro- 
plast genome, many genes for ribosomal RNA (Takaiwa 
and Sugiura 1980, 1982; Tohdoh and Sugiura 1982) 
transfer RNA (Dent  et al. 1982; Takaiwa and Sugiura 
1982) and several proteins have been sequenced 

(Shinozaki and Sugiura 1982; Shinozaki and Sugiura 
1982). However, the location of some of those genes has 
not been mapped. 

The use of probes from one plant chloroplast DNA 
(ct-DNA) containing specific genes or fragment of a 
gene allows accurate mapping of the corresponding 
genes on the chloroplast genomes of other plant. By 
applying this technique, the genes for the subunits 
alpha, beta, epsilon and the proton-translocating sub- 
unit of ATP synthase, cytochrome f and the 15.2 kD 
polypeptide of the cytochrome b / f  complex and the 
32 kD protein have been mapped on the N. tabacum 
chloroplast genome. The relative locations of these 
genes are very similar to those mapped on the chloro- 
plast genome of spinach (Alt et al. 1983 a, b; Westhoff 
etal. 1981; Whitfeld and Bottomley 1983; Zurawski 
et al. 1982a, b). It is hoped that the information pro- 
vided in this paper will be of value in the study of 
evolution as well as in the cloning and sequencing of 
chloroplast genes from other species of  Nicotiana. 

Materials and methods 

Preparation of chloroplast DNA 

ct-DNA was isolated from chloroplasts as described by Rhodes 
and Kung (1981). Freshly harvested leaves were homogenized 
in liquid nitrogen, filtered through Miracloth, and the chloro- 
plast purified through discontinuous silica sol gradients ac- 
cording to the method of Kolodner and Tewari (1975). 

Restriction endonuclease digestion," agarose gel electrophoresis, 
and DNA transfer 

All restriction endonucleases were used according to the 
procedure as recommended by the supplier, BRL (Bethesda, 
MD). ct-DNA was digested with different restriction endonu- 
cleases and electrophoresed in TEA buffer (50 mM Tris- 
Acetate pH 8.05; 20 mM NaOAC; 2 mM EDTA; 18 mMNaCt) 
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for 20 h at 50 volts on 0.8% agarose gels. ct-DNA was trans- 
ferred onto nitrocellulose paper as described by Smith and 
Summers (1980). 

Radioactive labeling of DNA probes carrying defined genes 

The following probes carrying defined chloroplast genes were 
used in this study: 
1) a subunit of ATP synthase: a 200 bp EcoRI-SalG1 frag- 
ment of wheat ct-DNA from within the gene cloned into 
M13mp8 (Howe et al. 1983); 2) fl subunit ofATP synthase: a 
150 bp Sau3A fragment of wheat ct-DNA from within the 
gene cloned into M13mp7; 3) e subunit of ATP synthase: a 
Sau3A fragment of wheat ct-DNA containing the 3' end of the 
gene and some 3' non-coding sequence cloned into M13mp7; 
4) Proton-translocating subunit of ATP synthase: a 140 bp 
HaeIII-HindIII fragment of wheat ct-DNA, corresponding to 
nucleotides 45-185 in sequence of Howe et al. (1983), cloned 
into M13mp7; 5) Cytochrome f: a 350 bp Xho-BamI fragment 
of pea ct-DNA from within the 5' end of the gene cloned into 
M13mp8 (Willey et al. 1983); 6) 15.2 kD polypeptide of the 
cytochrome b / f  complex: a 950 bp MspI fragment of pea ct- 
DNA containing the complete gene and some 5' and 3' 
flanking sequence was inserted into the AccI site of pUC8 
plasmid (Phillips and Gray 1984). 7) P32 kD gene: the PstI-10 
fragment of N. tabacum ct-DNA which carries the P32 kD 
gene ofct-DNA (Fluhr et al. 1984) was used as probe. 

Single-strand DNA templates were prepared by the modi- 
fication of Schreier and Cortese (1980). One ml of the super- 
natant of E. coli JM103 cultures (Messing et al. 1981) infected 
by various recombinant M13mp7 and M13mp8 clones was col- 
lected, precipitated by PEG solution (2.5 M NaC1; 20% PEG 
6,000), and phenol extracted. The purified template DNA was 
resuspended in TE buffer (10 mM Tris-HC1, pH 8.0; 1 mM 
EDTA). Plasmid DNA was prepared as described by Holmes 
and Quigley (1981). 

The radioactive labeling of M13 D NA s were prepared 
as described by Hu and Messing (1982) 
with theJbllowing modifications 

Hybridization probe-primer was purchased from New England 
Biolab. One ~tl of primer was added into an annealing mixture 
which contained 1 ~tl of previously prepared template DNA, 
1 ~ of 10x Hin buffer (66 mM Tris-HCl pH 8.0; 66 mM NaC1; 
66mM MgC12), l~tl of 0.1MDTF, and 5p] of H20. The 
mixture was boiled for 2 rain, then incubated at 37~ for 
30min. a-~2P dATP was taken up and mixed with the 
annealing mixture. One ~ of a mixture of dGTP, dCTP, TIP, 
at 125 ~tM each, and 1 ~tl of DNA polymerase (Klenow frag- 
ment, 0.25 units) were added. The DNA synthesis reaction was 
allowed to proceed at room temperature for 90 min, and then 
stopped by the addition of 1 p.1 of 250 mM EDTA (pH 8.0). 
The probes were kept on ice before use in hybridization. The 
label of the 15.2 kD polypeptide of the cytochrome b/ f  com- 
plex gene and 32 kD protein gene was prepared according to 
the method of Maniatis et al. (1975). 

Hybridization, washing and autoradiography 

The nitrocellulose paper with ct-DNA to be tested was pre- 
hybridized at 37 ~ for 4 h in a solution containing 10x Den- 
hardt solution (Denhardt 1966), 3x SSC, 50% formamide, 
1 mM phosphate buffer (pH7.9), 0.1% SDS, 10mM HEPES 
(pH7.4), 1 mM EDTA (pH 7.9), and 100 ~tg/ml sonicated 
denatured salmon sperm DNA. The prehybridization solution 
was then replaced by the same solution to which 10% dextran 
sulfate and radioactive probes were added. Hybridization was 

allowed to proceed at 37~ overnight. The nitrocellulose 
papers were then washed three times (20 min each) at room 
temperature with 2x SSC, 0.1% SDS; four times (30 rain each) 
at 45~ in 0.1x SSC, 0.1% SDS solution; two times (10rain 
each) at room temperature in 0.1X SSC. After filter was blot- 
dried, it was exposed a t -70  ~ to X-ray film in the presence of 
an intensifying screen, either overnight or as specified. 

Results and discussion 

To localize the seven genes on the N. tabacum chloro- 
plast genome, we took advantage  of  the availabi l i ty of  
the probes for those genes and the physical  map  of  
Nicotiana chloroplast  genome which was constructed 
with six restriction enzymes (Tassopulu and Kung 
1983). N. tabacum ct -DNA was digested with each of  
the seven enzymes: BamHI,  EcoRI, HindIII ,  PvuII, 
SalI, SmaI and XhoI. With the exception of  EcoRI and 
HindIII ,  the physical  maps constructed from other five 
enzymes are available (Tassopulu and Kung 1983). The 
resulting fragments generated by each enzyme were 
separated on agarose gels. Each probe containing a 
defined gene or a segment of  the gene was label led 
with 32p and hybridized with the fragments produced 
by a given enzyme. A typical result o f  such hybridiza-  
tion is presented in Fig. 1. The correlat ion of  an auto- 
radiographic  signal with its corresponding fragment  is 
excellent. In most instance, one probe hybridized with 
a specific restriction enzyme fragment and no cross 
hybridizat ion among fragments was observed. The 
results obta ined from such hybridizat ion studies are 
listed in Table 1. It is evident from this Table that some 
genes may be contained in a single fragment. This close 
ar rangement  of  these genes may  indicate a high degree 
of  coding capacity of  chloroplast  genome. Based on the 
information of  Table 1, the positions of  the seven genes 
on the N. tabacum chloroplast  genome were deter- 
mined and are il lustrated in Fig. 2. 

Since the sizes of  the restriction fragments are 
usually larger than the genes mapped ,  the location of  
each gene within any given fragment was assigned and 
confined in the region over lapped  by the two nearest  
restriction sites. For  example,  the probe containing a 
segment o f  the gene for the a subunit  of  ATP synthase 
hybridized with fragments BamHI-4,  PvuII-5, SalI-5, 
SmaI-5 and XhoI-5 (Table 1). Therefore, this gene is 
contained in the region over lapped by all these frag- 
ments (Fig. 2). Since the smallest area over lapped by 
two restriction sites is between the BamHI-4  and 
SmaI-5, the gene is thus map  in this region as marked 
on Fig. 2. This area is est imated to be of  2 kb and is 
slightly larger than the actual  size of  the a gene which 
is de termined as having 1,521 bp (Deno et al. 1983). 
The gene for the 15.2 kD polypept ide  o f  the cytochrome 
b / f  complex is contained in the fragments BamHI-I ,  
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Fig. 1 A-C. Localization of various protein genes on N. tabacum chloroplast genome using probes from wheat and pea ct-DNA as 
described in the 'Materials and methods'. After nick-translation, the probes were hybridized to various restriction fragments. The 
autoradiograph showed that: In A, the probes for proton-translocating subunit (1, 2)/3 and e subunits (5, 6) and a subunit (7, 8) 
hybridized to: (1) PvulI-11; (2) HindlII-14, (5) PvulI-9, (6) HindlII-3, (7) HindlII-17, and (8) PvulI-5. (3) and (4) are HindlII 
and PvulI fragments, resp~tively. In B, the probe for cytochrome f hybridized to BamHI-1 (2), EcoRI-28 (3), and HindlII-5 (4). 
The BamHI fragment pattern is illustrated in (1). In C, the probe for the 15.2 kD polypeptide of the cytochrome b / f  complex 
hybridized to HindlII-4 (1) and SalI-8 (2) and (3) is the SalI fragment pattern 

Table 1. Hybridization of probes containing a defined gene (or partial gene) with various restriction fragments of N. tabacum ct- 
DNA 

ATP synthase ATP synthase ATP synthase 15.2 kD polypeptide 

a /3(1494 bp) Cytochrome f Proton- Cytochrome b / f  32 kD 
Wheat (1,512 bp) Wheat and (960 bp) translocating complex (1,059 bp) 
Tobacco (1,521 bp) e (411 bp) subunit (417 bp) 

(243 bp) 

Restriction No. Kb No. Kb No. Kb No. Kb No. Kb No. 
enzymes frag- frag- frag- frag- frag- frag- 

ment ment ment ment merit ment 

Kb 

BamHI 4 9.0 1 20.0 4 9.0 1 20.0 
EcoRI 3 7.2 7 4.6 28 0.6 3 7.2 4 6.5 7 2.9 
HindlII 17 1.8 3 10.0 5 6.6 14 2.6 4 6.8 5 7.6 
PvulI 5 10.0 9 6.35 1 22.0 11 3.5 1 22.0 
Sail 5 16.7 6 15.2 6 15.2 5 16.7 8 11.4 3 22.2 
Smal 5 10.5 1 28.0 1 28.0 6 9.5 1 28.0 12 3 
XhoI 5 12.0 7 9.0 2 20.0 5 12.0 13 3.0 8 3.4 
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Fig. 2. Localization of seven protein genes on N. tabacum chloroplast genome. The physical map is from Tassopula and Kung 
(1983). The hatched areas indicate the location of protein gene or genes as determined from the data of Table 1 (see text). 

PvuII-1, SmaI-1, SalI-8 and XhoI-13. A portion of  
XhoI-13 is overlapped with BamHI-1. The exact loca- 
tion o f  this gene is thus confined to the overlapped area 
between the border lines of  BamHI-1 and XhoI-13 
(Fig. 2). This area is estimated to be 1.2 kb in size 
which is easily large enough to host this gene of  417 bp 
(Phillips and Gray 1984). The mapping of  those two 
genes is very precise. This is due to the use of  multiple 
enzymes in constructing the physical map as well as in 
generating restriction fragments for hybridization. The 
locations o f  the genes for the proton-translocating sub- 
unit o f  ATP synthase and cytochrome f are less precise 
due to the large size of  the overlapped area (Fig. 2). 
The gene for the proton-translocating subunit is con- 
fined in PvuII-11 which is contained in BamHI-4, SalI-5, 
SmaI-6 and XhoI-5. The size of  PvuII-11 is 3 .5kb 
which is considerably larger than the gene (243 bp) 
(Howe et al. 1982). The gene for cytochrome f is con- 

tained in the largest fragments generated by BamHI, 
PvuII and SmaI and the second largest fragment 
produced by XhoI. Because the probe also hybridized 
with SalI-6, it is evident that this gene is located be- 
tween the border lines of  PvuII-1 and SalI-6 (Fig. 2). 
This region has a size of  approximately 4 kb and is 
much larger than the gene which consists of  960 bp 
(Willey et al. 1984b). 

As reported in spinach (Whitfeld and Bottomley 1983) and 
maize (Bogorad et al. 1983) and wheat (Howe et al. 1982), the 
Nicotiana genes for fl and e subunits of ATP synthase are also 
linked together and situated near the gene for the LS of 
RuBPCase. The probes for these two genes hybridized with 
the same fragments: PvuII-9, Sinai-l, SalI-6, and XhoI-7 
(Fig. 2). It is thus clear that they are located in the same region 
which is between the border lines of SmaI-1 and XhoI-7. It is 
also known that the gene for the LS of RuBPCase is also con- 
tained in this fragment (Tassopulu and Kung 1983). Similarly, 
the 32 kD gene is contained in SalI-3, Sma-12 and Xhol-8. 
The results obtained from the hybridization studies (Table 1) 
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Fig. 3. Map of N. tabacum chloroplast genome showing the lo- 
cation of genes for ribosomal RNAs, transfer RNAs and eight 
proteins. The �9 marks the sites of promoters. The thick lines on 
the inner circle represent the inverted repeat regions. This 
circle is divided into 12 time zones. The relative location of 
each gene is indicated by its time zones. (atp = ATPase) 

respective posit ions are: 15.2kD po lypep t ide  of  the 
cytochrome b / f  complex  at  3 : 15, cytochrome f a t  4:  30, 
LS o f  RuBPCase  at 4 :50 ,  both fl and e subunits  at or 
near  5 : 00, proton- t rans locat ing  subuni t  at 8 : 20, a sub- 
unit  at 8 :40  and 32 kD at 9 :30 .  All  the r ibosomal  
R N A  genes are si tuated in the inverted repeat  region 
between 1 0 : 3 0 - 1 1 : 0 0  and  1 : 0 0 - 1 : 3 0 .  In the same 
regions, eight transfer R N A  genes and six promoters  
are also mapped .  Two more  transfer R N A  genes are 
localized at 5 :10 .  Two promoters  are also detected at 
4 : 35 and 7 : 40, respectively. 

It is clear that the function o f  the bulk of  this 
genome is still unknown.  It is fully expected that genes 
for all transfer RNAs will be m a p p e d  soon. This will be 
followed by the identif icat ion and local izat ion of  more  
genes coding for proteins.  The uti l izat ion o f  the expres- 
sion of  the E. coli galK gene to localize promoters  will 
certainly s t imulate the study o f  promoters  o f  the chloro- 
plast  genome from which the coding capaci ty  o f  the 
genome m a y  be evaluated.  
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are not only essential in localizing the seven genes but also 
confirm the validity of the restriction map of these regions. 
Thus, the locations mapped for all seven genes are reliable 
(Fluhr et al. 1984). 

Many of the genes for chloroplast proteins exist in clusters 
as in the case of ribosomal RNA genes. The genes for the fl 
and e subunits of ATP synthase and for the LS of RuBPCase 
and cytochrome f are contained in a single SalI-6 fragment 
(Fig. 2). The fragment PvuII-9 has a size of 6.35 kb and con- 
tains three genes, the fl and e subunits of ATP synthase and 
the LS of RuBPCase. It is evident from Fig. 2 that all the 
protein-encoding genes studied so far are situated in the larger 
single-copy region of the N. tabacum chloroplast genome. This 
may represent a general organization of Nicotiana chloroplast 
genes which is similar to that of spinach (Whitfeld and Bot- 
tomley 1983) and different to that of some legume species 
(Palmer et al. 1983). 

Figure 3 represents  a general  organizat ion of  the 
Nicotiana chloroplast  genome constructed on the basis 
of  the avai lable  informat ion on the locations o f  many  
Nicotiana chloroplast  genes, including all r ibosomal  
RNA genes, several  transfer R N A  genes, eight prote in  
genes and eight promoters  (Kong et al. 1984). For  the 
purpose of  easy identif icat ion of  various genes on the 
physical  m a p  of  N. tabacum chloroplast  genome,  the 
map  is divided,  clock-like, into 12 regions. The locat ion 
o f  each gene is indicated by  point ing to the time zones; 
e.g., at nine o 'clock or eight-thir ty (Fig. 3). This map  in- 
cludes eight genes coding for chloroplast  proteins. Their 

References 

Alt J, Westhoff P, Sears BB, Nelson N, Hurt E, Hauska G, 
Herrmann RG (1983 a) Genes and transcripts for the poly- 
peptides of the cytochrome b - f  complex from spinach 
thylakoid membranes. EMBO J 2:979-986 

Alt J, Winter P, Sebald W, Mose JG, Schedel R, Westhoff P, 
Herrmann RG (1983b) Localization and nucleotide se- 
quence of the gene for the ATP synthase proteolipid sub- 
unit on the spinach plastid chromosome. Curr Genet 7: 
129-138 

Bogorad L, Krebbers ET, Larrinua IM, Muskavitch KMT, 
Rodermel ST, Steinmetz AA, Subramanian A (1983) The 
structure of maize plastid genes and their transcription in 
vitro. In: Miami Winter Symp 

Chu NM, Oishi KK, Tewari KK (1981) Physical mapping of 
the pea chloroplast DNA and localization of the ribosomal 
RNA genes. Plasmid 6:279-292 

Denhardt DT (1966) A membrane-filter technique for the 
detection of complementary DNA. Biochem Biophys Res 
Commun 23: 641-646 

Deno H, Kato A, Shinozaki K, Sugiura M (1982) Nucleotide 
sequences of tobacco chloroplast genes for elongator 
tRNA Met and tRNA vaa (UAC): the tRNA vAL (UAC) gene 
contains a long intron. Nucleic Acids Res 10:7511-7520 

Deno H, Shinozaki K, Sugiura M (1983) Nucleotide sequence 
of tobacco chloroplast gene for the a subunit of proton- 
translocating ATPase. Nucleic Acids Res 11: 2185-2192 

Fluhr 1L Fromm H, Edelman M (1984) Clone bank of Nico- 
tiana tabacum chloroplast DNA: mapping of the alpha, 
beta and epsilon subunits of the ATPase coupling factor, 
the large subunit of ribulosebisphosphate carboxylase and 
the 32 kilodalton membrane protein. Gene (in press) 



218 C.M. Lin and S. D. Kung: Nicotiana chloroplast genome. 8. 

Fluhr R, Edelman M (1981) Physical mapping of Nieotiana 
tabaeum chloroplast DNA. Mol Gen Genet 181:484-490 

Gordon KHJ, Crouse EJ, Bohnert HJ, Herrmann RG (1981) 
Physical mapping of differences in chloroplast DNA of the 
five wild-type plastomes in Oenothera subsection Euroeno- 
thera. Theor Appl Genet 61 : 373-384 

Howe C J, Auffret AD, Doherty A, Bowman CM, Dyer TA, 
Gray JC (1982) Location and nucleotide sequence of the 
gene for the proton-translocating subunit of wheat chloro- 
plast ATP synthase. Proc Natl Acad Sci USA 79:6903-6907 

Howe, CJ, Bowman CM, Dyer TA, Gray JC (1983) The genes 
for the alpha and proton-translocating subunits of wheat 
chloroplast ATP synthase are close together on the same 
strand of chloroplast DNA. Mol Gen Genet 190:51-55 

Howe CJ, Bowman CM, Dyer TA, Gray JC (1982) Locahza- 
tion of wheat chloroplast genes for the beta and epsilon 
subunits ofATP synthase. Mol Gen Genet 186:525-530 

Hu N, Messing J (1982) The making of strand-specific M13 
probes. Gene 17:271-277 

Jurgenson JE, Bourque DP (1980) Mapping of rRNA genes in 
an inverted repeat in Nicotiana tabacum chloroplast DNA. 
Nucleic Acids Res 8:3505-3516 

Kolodner R, Tewari KK (1975) The molecular size and con- 
formation of chloroplast DNA from higher plants. Biochim 
Biophys Acta 402:372-390 

Kong SF, Lovett PS, Kung SD (1984) Gene (in press) 
Kung SD, Zhu YS, Shen GF (1982) Nicotiana chloroplast 

genome. 3. Chloroplast DNA evolution. Theor Appl Genet 
61:73-79 

Holmes DS, Quigley M (1981) A rapid boiling method for the 
preparation of bacterial plasmids. Anal Biochem 114: 
193-197 

Maniatis T, Jeffrey A, Kleid DG (1975) Nucleotide sequence 
of the rightward operator of phage 2. Proc Natl Acad Sci 
USA 72:1184-1188 

Messing J, Crea R, Seeburg H (1981) A system for shotgun 
DNA sequencing. Nucleic Acids Res 9:309-321 

Palmer JD, Singh GP, Pillary DTN (1983) Structure and 
sequence evolution of three legume chloroplast DNAs. 
Mol Gen Genet 190:13-19 

Phillips AL, Gray JC (1984) Location and nucleotide sequence 
of the gene for the 15.2 kD polypeptide of the cytochrome 
b - f  complex from pea chloroplast. Mol Gen Genet 194: 
477-484 

Phillips AL, Gray JC (1984) Location and nucleotide sequence 
of the gene for the 15.2 kDa polypeptide of the cyto- 
chrome b - f  complex from pea chloroplasts. Mol Gen 
Genet 194:477-484 

Poulsen C (1983) Carlsberg Res Commun 48:57-80 
Rhodes PR, Kung SD (1981) Chloroplast DNA isolation: 

purity achieved without nuclease digestion. Can J Biochem 
59:911-915 

Schreier PH, Cortese R (1980) A fast and simple method for 
sequencing DNA cloned in the single-stranded bacterio- 
phage M13. J Mol Biol 129:169 172 

Syer P, Kowallik KV, Herrmann RG (1981) A physical map of 
Nieotiana tabacum plastid DNA including the location of 
structural genes for ribosomal RNAs and the large subunit 
of ribulose bisphosphate carboxylase/oxygenase. Curr 
Genet 3:189-204 

Shen GF, Chen K, Wu M, Kung SD (1982) Nicotiana chloro- 
plast genome. 4. N. aeuminata has larger inverted repeats 
and genome size. Mol Gen Genet 187:12-18 

Shinozaki K, Sugiura M (1982) The nucleotide sequence of the 
tobacco chloroplast gene for the large subunit of ribulose- 
1,5-bisphosphate carboxylase/oxygenase. Gene 20:91-102 

Shinozaki K, Sugiura M (1982) Sequence of the intercistronic 
region between the ribulose-l,5-bisphosphate carboxylase/ 
oxygenase large subunit and the coupling factor fl subunit 
gene. Nucleic Acids Res 10:4923-4934 

Smith AE, Summers MD (1980) The bidirectional transfer of 
DNA and RNA to nitrocellulose or diazobenzyloxymethyl 
paper. Anal Biochem 109:123-129 

Takaiwa F, Sugiura M (1982) The complete nucleotide se- 
quence of a 23 S rRNA gene from tobacco chloroplasts. 
Eur J Biochem 124:13-19 

Takaiwa F, Sugiura M (1982) Nucleotide sequence of the 
16S-23S spacer region in an rRNA gene cluster from 
tobacco chloroplast DNA. Nucleic Acids Res 10:2665-2676 

Takaiwa F, Sugiura M (1980) Nucleotide sequence of the 4.5 S 
and 5 S ribosomal RNA genes from tobacco chloroplasts. 
Mol Gen Genet 180:1-4 

Tassopulu D, Kung SD (1983) Nicotiana chloroplast genome. 
6. Deletion and hot spot- a proposed origin of the inverted 
repeats. Theor Appl Genet 67:185-193 

Tohdoh N, Sugiura M (1982) The complete nucleotide se- 
quence of a 16 S ribosomal RNA gene from tobacco 
chloroplasts. Gene 17:213-218 

Westhoff P, Nelson N, Bunemann H, Herrmann RG (1981) 
Localization of genes for coupling factor subunits of the 
spinach plastid chromosome. Curr Gent 4: 109-120 

Whitfeld PR, Bottomley W (1983) Organization and structure 
of chloroplast genes. Ann Rev Plant Physiol 34:279-310 

Willey DL, Auffret AD, Gray JC (1984a) Structure and 
topology of cytochrome f in pea chloroplast membranes. 
Cell (in press) 

Willey DL, Howe C J, Auffret AD, Bowman CM, Dyer TA, 
Gray JC (1984b) Location and nucleotide sequence of the 
gene for cytochrome f in wheat chloroplast DNA. Mol Gen 
Genet 194:416-422 

Willey DL, Huttly AK, Phillips AL, Gray JC (1983) Localiza- 
tion of the gene for cytochrome f in pea chloroplast DNA. 
Mol Gen Genet 189:85-89 

Zhu YS, Duvall EJ, Lovett PS, Kung SD (1982) Nir 
chloroplast genome. 5. Construction, mapping and expres- 
sion of clone library of N. otophora chloroplast DNA. Mol 
Gen Genet 187:61-66 

Zurawski G, Bohnert HJ, Whitfeld PR, Bottomley W (1982) 
Nucleotide sequence of the gene for the Mr 32,000 thyla- 
koid membrane protein from Spinacia oleracea and Nico- 
tiana debneyi predicts a totally conserved primary trans- 
lation product of Mr 38,950. Proc Natl Acad Sci USA 79: 
7699-7703 

Zurawski G, Bottomley W, Whitfeld PR (1982b) Structures of 
the genes for the fl and e subunits of spinach chloroplast 
ATPase indicate a dicistronic mRNA and an overlapping 
translation stop - start signal. Proc Natl Acad Sci USA 79: 
6260-6264 


