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Abstract

The presence of chloroplast DNA was established in 1963. With the development of recombinant DNA technolo-
gies, chloroplast DNA was selected as one of the first candidates for genome sequencing. The first physical map
was reported for maize chloroplasts in 1976. As tobacco has been popular as an experimental system, tobacco
chloroplast DNA has been extensively analyzed and the complete nucleotide sequence was established in 1986.
This sequencing and the availability of tobacco chloroplast transformation techniques and of in vitro expression
systems have formed the basis of an ongoing functional genomics program.

Introduction

Soon after the rediscovery of Mendelian genetics
at the beginning of the last century, the first re-
ports of non-Mendelian inheritance were published,
based on studies of variegation in the higher plants
Pelargonium and Mirabilis, respectively (Baur 1909;
Correns 1909). The authors observed that the varie-
gation of these leaves was inherited in a pattern
that could not be explained under the framework of
Mendelian genetics. Further analysis revealed that the
genetic determinants for these characters were asso-
ciated with chloroplasts. Recent analysis of their art-
icles, however, leads to the conclusion that Erwin Baur
alone (Baur 1909) deserves credit for the theory of
chloroplast inheritance (Hagemann 2000). Further de-
velopments in chloroplast-associated inheritance were
carried out mainly with the angiosperm Oenothera
(reviewed in Harte 1994) and with the unicellular alga
Chlamydomonas (reviewed in Gillham 1978a).

Discovery of chloroplast DNA

In 1951, it was first suggested that chloroplasts from
the moss Selaginella and from two flowering plant

species contained DNA (Chiba 1951), and numerous
related reports appeared in the late 1950s and early
1960s (reviewed in Sager and Schlanger 1976; Gill-
ham 1978b; Bogorad 1998). Ris and Plaut (1962)
demonstrated cytologically the presence of DNA in
chloroplasts of Chlamydomonas. The following year,
Ruth Sager and Masahiro R. Ishida (1963) (Figure
1; see Pardee 2001) provided strong evidence for
the presence of unique DNA in chloroplasts from
Chlamydomonas. They developed a method which al-
lowed for the isolation of relatively intact chloroplasts
from the alga and subsequently found an enriched
satellite DNA with a buoyant density of 1,702 gm/cm3

and GC content of 39.3%, which could be distin-
guished from nuclear DNA (Figure 2). Similar results
were reported from other laboratories during that same
year (Chun et al. 1963; Kirk 1963), and thus by the end
of 1963 the presence of chloroplast DNA was widely
acknowledged. The Miescher–Ishida Prize was estab-
lished by the International Society of Endocytobiology
to recognize outstanding scientists who discovered or
gave unique findings in the field of endocytobiology
and to those who have contributed to the develop-
ment of this science. The establishment of the Prize
was suggested by Dr Masahiro R. Ishida in 1986
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Figure 1. Ruth Sager (1918–1997) (left) and Masahiro R. Ishida
(1926–2000) (right). Photos were obtained from Prof. Hiroshi Sano
and Mrs. Miyo Ishida.

and sponsored originally with gold-plated medals, ‘In
commemoration of the discoveries of nuclear and ex-
tranuclear DNA.’ The Prize is named in recognition
for the DNA isolation by Dr Freidrich Miescher in
Tübingen in 1869, and by Dr Masahiro R. Ishida,
who first extracted chloroplast DNA together with
Dr R. Sager in 1963 (cited from the Society Letters
‘Endocytobiosis and Cell Research’ 13: 138, 1999).

Following the initial discovery of chloroplast
DNA, physical studies of the DNA structure were car-
ried out using electron microscopy. Manning et al.
(1971) observed the first circular DNA molecules in
lysates of Euglena chloroplasts. Large circular DNA
molecules have since been obtained from chloroplasts
of several higher plant species (Kolodner and Tewari
1975; Herrmann et al. 1975).

Physical maps of chloroplast DNAs

The demonstration of a unique DNA species in chloro-
plasts led to intensive studies of both the structure of
chloroplast DNA and its expression. Novel techniques
developed in the mid-1970s, such as gene cloning and
DNA sequencing, have helped to accelerate these stud-
ies. John R. Bedbrook and Lawrence Bogorad (1976)
reported the first physical map of maize chloroplast
DNA using digestion with several class II restriction
endonucleases (Figure 3). This approach led to con-
vincing evidence for the homogeneity and circularity
of chloroplast DNA molecules (reviewed in Bedbrook
and Kolodner 1979). At that time, restriction site maps
of chloroplast DNA from other species were also re-
ported (Vedel et al. 1976; Herrmann et al. 1976; Gray
and Hallick 1976). Bogorad’s group then cloned the
first chloroplast gene from maize in 1977 (Bedbrook

Figure 2. Banding of DNA from Chlamydomonas reinhardi chloro-
plasts (a and b) and whole cells (c) in CsCl density gradients. The
satellite band (peak on the right) was enriched in chloroplast pre-
parations, representing chloroplast DNA. From Sager and Ishida
(1963).

et al. 1977). Using cloned DNA fragments they re-
ported the first fine structure map of the 16S-23S-5S
rRNA genes in chloroplast DNA. The overall arrange-
ment of the two copies of the rRNA genes in maize
chloroplast DNA was determined by examining R-
loops between rRNA and total chloroplast DNA in the
electron microscope, and by mapping restriction sites
on chloroplast DNA. These studies and others estab-
lished a new field, ‘chloroplast molecular biology,’ and
the organization and expression of chloroplast gen-
omes were among the most extensively studied fields
in plant molecular biology in the late 1970s and early
1980s (see Bogorad, this issue).
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Figure 3. Physical map of the maize chloroplast DNA. Sal I fragments are shown in the central horizontal line by vertical lines. The BamH I
fragments are indicated on the upper horizontal line by arrows with solid tails, and the Eco RI fragments are shown on the lower line by arrows
with tails. The 16 and 23S rRNA genes are known to lie within the region of the squiggled horizontal line. The circular DNA is shown in linear
form. From Bedbrook and Bogorad (1976).

Tobacco chloroplast DNA

Tobacco plants are a well-established model exper-
imental system; the presence of many mutants and
interspecific hybrids has been of great use in clas-
sical genetic and evolutionary studies. Furthermore,
the relative ease by which tobacco cells can be manip-
ulated and cultured, for example in cell and protoplast
cultures, protoplast fusion and regeneration, naturally
lend them towards studying somatic cell genetics. This
popularity has earned tobacco the nickname ‘the E.
coli of the plant world’ (Kung 1984). Given that to-
bacco is one of the most widely used experimental
plants, especially as a host of transgenic analyses, it
should come as no surprise that it has been widely
chosen for the study of the chloroplast genome by
many laboratories. Physical maps of tobacco chloro-
plast DNA have been constructed (Jurgenson and
Bourque 1980; Seyear et al. 1981; Fluhr and Edelman
1981; Hildebrand et al. 1985). As it has been difficult
to isolate large quantities of chloroplast DNA in pure
form, a clone bank of tobacco chloroplast DNA has
been constructed (Fluhr et al. 1983).

In the summer of 1976, I stayed in the Basel In-
stitute for Immunology, Switzerland, and had the op-
portunity to attend a series of evening seminars in the
EMBO Course on ‘DNA restriction endonucleases:
reactions and applications’ held at the Biozentrum,
the University of Basel, organized by Werner Arber.
This occasion was so exciting that I decided to change
my discipline from the prokaryote (Escherchia coli)
to the eukaryote. I favored plants rather than anim-
als probably because my major was plant physiology
during my undergraduate and graduate courses, and I
was interested in chloroplast DNAs due to their small
sizes. After three months stay in Basel, I returned to
the National Institute of Genetics, Mishima, Japan. I
consulted with plant geneticists in the Institute, which
plant species I should use, and started preliminary
work, such as preparation of plasmids, and restric-
tion endonucleases and chloroplast DNA from tobacco
(Sugiura 1998).

Figure 4. Analyses of tobacco chloroplast DNA was started in 1976
by Mie Suzuki, a technician (left), and the author, Masahiro Sugiura
(right). Then Jun Kusuda, a post-doctoral fellow, joined us and later
Mie and Jun were married.

Figure 5. Detection of tobacco chloroplast 16S and 23S rRNA
genes by the R-loop method. Electron micrograph of the R-loop
formed between linearized pTCP6 DNA (consisting of 16S/23rDNA
and pMB9, 8.7 Md and 16S/23S rRNAs). Circular PMB9 DNA (3.5
Md) is the plasmid vector used. For details, see Kusuda et al. (1980).
This photo was taken by Kazuo Shinozaki in the late 1970s. From
Sugiura (1987) with modifications.
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Chloroplast DNA from leaves of tobacco (Nico-
tiana tabacum var. Bright Yellow 4) was prepared by
our research group in 1977 and digested with EcoRI
(Figure 4). The EcoRI DNA fragments that hybridized
with tobacco chloroplast rRNAs were cloned into a
plasmid pMB9 (the first practical cloning vehicle used
in the 1970s) (Figure 5), and the result was published
as our first report on chloroplast genome research
(Sugiura and Kusuda 1979). The first nucleotide se-
quence was determined for the 4.5S rRNA and its
gene by the ‘wandering spot’ and the Maxam-Gilbert
methods, respectively (Takaiwa and Sugiura 1980a,
1980b). Since then, we have analyzed the struc-
ture and expression of a number of individual genes
from tobacco chloroplasts (reviewed in Sugiura 1987,
1998).

In parallel with this work, tobacco chloroplast
DNA was digested either completely or partially with
several restriction enzymes. The resulting DNA frag-
ments were cloned into several plasmid vectors in-
cluding pBR322 (the most widely used vector in the
late 1970s to early 1980s). A cosmid vector pHC79
(the first vector that could efficiently ligate DNA frag-
ments 10 times larger than plasmid vectors) was used
to separately clone the right and left segments of the
large inverted repeat. Cloned DNA fragments were
overlapping to eliminate the possibility that very short
restriction fragments would be overlooked. This al-
lowed for the construction of a clone bank of the entire
tobacco chloroplast DNA as a set of overlapping re-
striction endonuclease fragments, which in turn would
facilitate the sequencing of the entire chloroplast gen-
ome (Sugiura et al. 1986). Using this clone bank, we
assembled individual gene sequences, filled gaps and
finished the compilation of the entire tobacco chloro-
plast DNA sequence (Shinozaki et al. 1986). Kanji
Ohyama came to see me in the National Institute of
Genetics in the early 1980s and then sent his student
for a short period to work together on their chloro-
plast DNA. We have a joint publication (Ohyama et
al. 1983). In the same year, the entire sequence of
Marchantia polymorpha chloroplast DNA was also
reported (Ohyama et al. 1986). Hence, the genome
projects of two chloroplast DNAs had finished before
the term ‘genome project’ was acknowledged.

The gene order of tobacco is found in most other
angiosperms and also represents the ancestral gene
order of vascular plants (Palmer 1991). Therefore, to-
bacco DNA has often served as a reference for chloro-
plast genomes. Since 1986, many new genes have
been identified and sequencing errors have also been

identified. Therefore, the revised version of tobacco
chloroplast DNA sequence and gene map was pub-
lished (Wakasugi et al. 1998). The most recent update
of the tobacco chloroplast gene map was reported by
Wakasugi et al. (2001). Many coworkers in my labor-
atory devoted time to sequencing and re-sequencing
the DNA (Figure 6).

Concluding remarks

‘Genomics’ research can be divided into two stages.
The first stage was the genome sequencing project.
The chloroplast genome was selected as the first target
in plants, and the sequencing project of tobacco started
in the mid 1970s and completed in 1986. The com-
plete nucleotide sequence of two chloroplast genomes
has provided scientists with an enormous amount of
fundamental information. The second stage is the post-
genomic project or functional genomics stage, which
in chloroplasts was already underway in 1986. The
first focus was to identify novel genes from the com-
plete nucleotide sequence data, this initially led to
the identification of eighty-two different genes from
the tobacco chloroplast genome. During the past 15
years, 31 additional genes have been identified, only
two genes per year (Wakasugi et al. 2001). This illus-
trates clearly that the identification of novel genes is
an extremely arduous task, requiring creative exper-
imental approaches. In addition, ten long regions (1
kb or over) have yet to be assigned either to any gene
or to any significant Open Reading Frames (ORFs).
A gene encoding a small RNA of 218 nt was found in
such a region and there is speculation that further small
RNA species might be encoded there. Furthermore,
RNA editing might create new protein-coding frames
after transcription (Tsudzuki et al. 2001). Even with
these recent developments, there is still much ambi-
guity about the full coding potential of the chloroplast
genome.

The mechanism of chloroplast gene expression has
been a most interesting target to deal with in the func-
tional genomics era. Recent studies have shown that
chloroplast gene expression is much more complex
than previously thought; there are multiple classes
of promoters, RNA polymerases, multiple RNA pro-
cessing steps (RNA cleavage/trimming, cis/trans spli-
cing, RNA editing, and RNA stability), and multiple
mechanisms for translational initiation (reviewed in
Sugiura et al. 1998). In vitro systems supporting ac-
curate transcription (Kapoor and Sugiura 1999), trans-
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lation (Hirose and Sugiura 1996, 1997) and RNA
editing (Hirose and Sugiura 2001) are now available
from tobacco chloroplasts. These systems together
with tobacco chloroplast transformation techniques
(Svab and Maliga 1993) will provide powerful tools
to elucidate further genome structures, gene expres-
sion processes, and nuclear factors responsible for
chloroplast genome expression.
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