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Abstract Structural features of the wheat plastome were
clarified by comparison of the complete sequence of
wheat chloroplast DNA with those of rice and maize
chloroplast genomes. The wheat plastome consists of a
134,545-bp circular molecule with 20,703-bp inverted
repeats and the same gene content as the rice and maize
plastomes. However, some structural divergence was
found even in the coding regions of genes. These alter-
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ations are due to illegitimate recombination between
two short direct repeats and/or replication slippage.
Overall comparison of chloroplast DNAs among the
three cereals indicated the presence of some hot-spot
regions for length mutations. Whereas the region with
clustered tRNA genes and that downstream of rbcL
showed divergence in a species-specific manner, the de-
letion patterns of ORFs in the inverted-repeat regions
and the borders between the inverted repeats and the
small single-copy region support the notion that wheat
and rice are related more closely to each other than to
maize.

Keywords Chinese Spring wheat - Chloroplast DNA -
Complete sequence - Hypervariable region - Structure
analysis

Introduction

A characteristic feature of plastomes is the occurrence
of long inverted repeats, ranging in size from 10 to 85
kb (Palmer 1991), that separate the rest of the mole-
cule into large and small single-copy regions. It is well
known that the structure and gene content of plasto-
mes are conserved among diverse plants. The complete
sequencing of chloroplast DNAs from various plants,
such as tobacco (Shinozaki et al. 1986), rice
(Hiratsuka et al. 1989), maize (Maier et al. 1995),
Arabidopsis (Sato et al. 1999), Oenothera (Hupfer
et al. 2000), spinach (Schmitz-Linneweber et al. 2001),
black pine (Wakasugi et al. 1994), liverwort (Ohyama
et al. 1986), and the algae Chlorella (Wakasugi et al.
1997), and Euglena (Hallick et al. 1993), has con-
firmed the conservative nature of plastome evolution.
Although the overall structure of the plastome is
thought to be conserved by the stabilizing action of
the long inverted repeats, structural alterations in
plastomes, such as inversions (Howe et al. 1988;
Hiratsuka et al. 1989), translocations (Ogihara et al.



1988), and deletions (Palmer 1991), have been found
among angiosperms. Furthermore, sequence analysis
of chloroplast DNASs in related plants has allowed the
identification of hot spots for length mutations (Ogi-
hara et al. 1988), and this comparative approach is
expected to further our understanding of the mecha-
nism(s) of, and better define the traits affected by,
plastome evolution.

Wheat is one of the major crops in the Gramineae,
and is the most important member of the Triticeae.
The genome constitution of each species belonging to
the Triticum-Aegilops complex and the phylogenetic
relationships among them are well defined (Kihara
1954). In addition to the nuclear genome analysis,
nucleus-cytoplasm (NC) hybrids have been established
by combining tester nuclei from common wheat with
the cytoplasms from all other Triticum-Aegilops species
(Tsunewaki 1993). By cultivating these NC hybrids,
the biological effects of alien plasmons can be ana-
lyzed precisely. Accordingly, the molecular basis of
nucleus-cytoplasm interaction in wheat species is now
open for clarification.

In order to analyze the overall structure of the
wheat plastome, we have recently completed the se-
quencing of the wheat chloroplast DNA, which rep-
resents the third such plastome to be fully sequenced
among the grasses (Ogihara et al. 2000). In that
report, we listed the plasmid clones which cover the
entire wheat plastome, and the gene content of each.
By comparison of the entire sequence of the plastomes
of three cereals, namely, wheat, rice and maize, we
have now clarified the structural features of the hy-
pervariable regions in the plastomes of these grass
plants and the alterations in gene structure between
them. The results of this analysis are presented here.

Materials and methods

The entire sequence of wheat chloroplast DNA was determined
as previously reported (Ogihara et al. 2000). Nucleotide
sequences were retrieved from the DDBJ, EMBL and NCBI
nucleotide data banks. Assembly and manipulation of sequences
were performed with the GENETYX program (Software
Development Co., Tokyo,). Identity searches were carried out
with the FASTA (Pearson and Lipman 1988) and BLAST
(Altschul et al. 1990) programs. The entire sequences of chlo-
roplast genomes from wheat, rice, maize and tobacco were
compared with each other by using the harr plot program
(Sonnhammer and Durbin 1995).

Results and discussion

Size and genetic organization of the wheat
chloroplast genome

The circular wheat chloroplast DNA is 134,545 bp long,
and each of the inverted repeats (IRs) is 20,703 bp in
length. The IR regions divide the rest of the sequence
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into segments of 80,349 bp [the large single-copy (LSC)
region] and 12,790 bp [the small single-copy (SSC) re-
gion], as shown in Fig. 1. Although the molecular size of
wheat chloroplast DNA was previously reported to be
134,540 bp (Ogihara et al. 2000), further examination of
sequence traces have led to the revised size of
134,545 bp. The arrangement and locations of the
plastome genes are also given in Fig. 1. The number and
content of functional wheat chloroplast genes, so far
identified, are identical to those of rice and maize
(Hiratsuka et al. 1989; Maier et al. 1995).

However, some structural alterations in the chlo-
roplast genes have been recognized even among grass
plastomes. These alterations are the result of two
processes: replication slippage or intramolecular re-
combination mediated by simple direct repeats, and
simple nucleotide loss during replication (Ogihara et al.
1991). As regards the former, an 81-bp deletion is
found in the middle of the wheat rpoC2 gene, but not
in that of rice or maize. Since a duplicated 5-bp oli-
gonucleotide (CTTTT) is located at each end of the
deleted portion in the chloroplast DNAs of rice and
maize, this 81-bp deletion is assumed to have been
caused by recombination via the short direct repeats
(Ohnishi et al. 1999). A second example is an 18-bp
deletion in wheat inf4A. A tandem duplication of an 18-
bp unit is located near the 3’-terminus of the infA
genes from rice and maize. One of these tandem re-
peats was lost in the wheat gene. As for the latter
process, a 19-bp deletion at the 3’-end of the wheat
rpl22 gene, a 6-bp deletion near the 5-region of rice
ndhl, a 3-bp deletion near the 5’-region of wheat ndhK,
a 2-bp deletion at the 3’-end of wheat atp4, and a 1-bp
deletion at the 3’-end of rice atpF and wheat ycf5 were
detected by comparison of the entire sequences of the
chloroplast DNAs of the three grasses. These nucleo-
tide eliminations resulted in deletions of one amino
acid (rp/22 and ndhK of wheat), two amino acids
(wheat atpA and rice ndhl), or three amino acids (rice
atpF), and the addition of one amino acid in one case
(wheat ycf5). These structural alterations are not lo-
cated in conserved regions of these genes, and there-
fore, these changes probably do not affect protein
function.

Sequence comparison of the whole plastome among
grass plants

The wheat chloroplast genome represents the third to be
completely sequenced in grass plants, and also in
monocots. Because rice (which provided the first com-
plete sequence of a plastome from monocots; Hiratsuka
et al. 1989), maize (second candidate; Maier et al. 1995)
and wheat have diverged almost equally among grasses
(e.g. Chase et al. 1993), the availability of the complete
plastome sequences of these three grass plants should
help to clarify the variability of the plastomes during the
evolution of grass plants.
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Fig. 1 Organization of the
chloroplast genome of common
wheat (Triticum aestivum) cv.
Chinese Spring. Genes depicted
on the outer rim of the map are
transcribed counterclockwise.
The asterisks indicate genes that
harbor introns in their coding
sequences

The results of a harr plot analysis comparing the
entire sequences of the three grass plastomes are shown
in Fig. 2. As pointed out earlier, the wheat plastome
does not show extensive genome rearrangements except
in the large inverted repeats (Fig. 2A). When the entire
sequence of the wheat plastome was compared with that
of rice, two remarkably variable regions were discovered
(Fig. 2B). One is located in the region approximately
16 kb from the start of the LSC, containing the genes
trnSer(UGA) to trnCys(GCA), where a number of
pseudogenes have accumulated. The other lies down-
stream of rbcL, at ~55 kb, where a hot-spot for length
mutations was reported in the wheat complex (Ogihara
et al. 1991) and the grass family (Morton and Clegg
1993). Furthermore, comparison of the entire sequence
of the wheat plastome to that of maize (Fig. 2C) re-
vealed another structural alteration of this grass plas-
tome in the IR region between trnlle(CAC) and
trnLeu(CAA). From comparative studies of the grass
plastome relative to that of tobacco, three major inver-
sions were found, as shown in Fig. 2D (Howe et al.
1988; Hiratsuka et al. 1989). Thus, with respect to basic
genome structure, the plastomes of grass plants are
highly conservative, but some hot-spots for plastome
structural mutation were observed. In the case of three

Wheat Chloroplast DNA
(Triticum aestivum
cv.Chinese Spring)

IRB

134,545 bp

of these hot-spot regions, precise sequence comparisons
among the three grass plastomes from wheat, rice and
maize were carried out.

The hot-spot region for length mutations that lies
about 16 kb from the start of the LSC, and contains
trnSer(UGA) to trnCys(GCA) is located close to the
breakpoint of the first of the three large inversions found
in grass plastomes (Howe et al. 1988; Hiratsuka et al.
1989). The first inversion took place during the course of
differentiation of the Restionaceae from the Centrole-
pidaceae (Katayama and Ogihara 1996). These inver-
sions mainly resulted from homologous recombinations
mediated by tRNA genes (Hiratsuka et al. 1989). Ac-
tually, a number of tRNA genes have accumulated in
this hot-spot region (Fig. 3). Although the gene content
and arrangement involved in the hot-spot region have
been conserved among three grass plastomes, the inter-
genic regions are hypervariable, i.e., a number of inser-
tions/deletions have accumulated in the region. In
addition, the positions of these insertions/deletions
varied from species to species (Fig. 3). Moreover, some
pseudogenes translocated from the other regions were
found in these intergenic regions. These lines of evidence
suggest that this hot-spot region harbors unstable
sequences and that the clustered tRNA genes might
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Fig. 2A-D Harr plot analysis of the entire plastomes of wheat,
rice, maize and tobacco. The entire sequences of the plastomes were
compared by the harr plot method. The comparison was carried
out for the plastomes of wheat vs. wheat (A), wheat vs. rice (B),
wheat vs. maize (C) and wheat vs. tobacco (D)

become targets for illegitimate recombination (Ogihara
et al. 1992).

A second hot-spot for length mutation is located in
the large single-copy region between the genes rbcL and
cemA. A comparison of the nucleotide sequences with
the corresponding region from dicots (Shinozaki et al.
1986; Hupfer et al. 2000; Schmitz-Linneweber et al.
2001) revealed two rearrangements in the cereal plasto-
mes, i.e., deletion of the accD gene and non-reciprocal
translocation of rp/23 (Ogihara et al. 1988). When the
accD gene was traced in the plastomes of monocots, no
detectable Southern hybridization was found in the
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plastome of the progenitor of Poales and Cyperales
(Katayama and Ogihara 1996). However, because a
remnant of the accD gene was found in the rice plastome
(Hiratsuka et al. 1989), deletion of the accD gene ap-
pears to have occurred several times during the course of
the evolution of Poaceae. Non-reciprocal translocation
of the rpl23 gene took place recently during the course of
differentiation of Poaceae from its direct ancestor,
Joinvilleaceae (Katayama and Ogihara 1996). After non-
reciprocal translocation of the rp/23 gene, deletions in-
volving the homologous portion of the accD gene have
occurred recurrently during the differentiation of the
wheat and maize lineages. Another deletion involving a
part of the translocated rp/23 gene occurred in the rice
plastome. Furthermore, a number of illegitimate re-
combinations took place around the translocated rp/23
genes in the wheat species, so as to make this region
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hypervariable with respect to length mutations (Ogihara
et al. 1991). In contrast, little sequence divergence has
occurred here in maize, as there were no sequence de-
viations in the corresponding region (Doebley et al.
1987; Morton and Clegg 1993).

A third hot-spot for length mutations was found in
the yc¢f2 gene, which is conserved in dicots (Shinozaki
et al. 1986; Hupfer et al. 2000; Schmitz-Linneweber et al.
2001), liverwort (Ohyama et al. 1986) and black pine
(Wakasugi et al. 1994). Rearrangements of the ycf2 gene
were initiated at the time of the differentiation of the
progenitor of Centrolepidaceae, Restionaceae, Joinv-
elleaceae and Poaceae from Anarthriaceae, because no
Southern hybridization signals were detected when these
plastomes were probed with tobacco ycf2 (Katayama
and Ogihara 1996). However, comparison of the nucle-
otide sequences of the corresponding region among
higher plants makes it possible to conclude that plasto-
mes of grass plants harbor parts of the ycf2 gene re-
maining after its truncation. Gene arrangements
corresponding to the ycf2 gene region of tobacco in the
three grass plastomes are shown in Fig. 4. When the
nucleotide sequences of the tobacco ycf2 region and
those of grass plants were aligned, at least two deletions
were noted: one deletion occurred within yc¢f2, so that
two ORFs (ORF46 and ORF34) were generated. Also,
the DNA segment including ORF92 was deleted from
the grass plastomes, and subsequently a novel ORF
(ORF173 for maize and ORF249 for rice and wheat) was
produced. After base substitutions and/or minor rear-
rangements of the sequences, several smaller ORFs were
generated in the maize plastomes in place of the large
ORF (y¢f2). The remaining ORFs (ORF46, ORF34,
ORF 241, ORF139 and ORF38 of maize) show homol-
ogy to their counterparts in tobacco. When a sequence
comparison of the ycf2 region within the grass plastomes

yef15 ORF92
Tobacco
{7812bp]
trnl traL
ORF38
ORF34 ORF241 ORF139 ycf15 ORF173
Maize
[3784bp]
ORF34 ORF28 ORF64 ORF249
Rice [IR]
[1653bp]
trnL
ORF34 ORF28 ORF64 0RE249
Wheat [IR]

[1651bp)

trnl trol

Fig. 4 Comparison of plastome structure around the ycf2 gene in
the IR between grass species. Homologous genes or ORFs are
marked by the same shading pattern. ORFs above the base line are
transcribed from left to right. The dotted lines indicate deleted
portions in each plastome

was conducted, the region containing ORF139, ORF38
and ycf15 was found to have been eliminated from the
plastomes of both wheat and rice (Fig. 4). Since the re-
maining region containing ORFs (ORF28 and ORF64)
in wheat and rice showed high homology with ORF241
of maize, it is plausible to assume that the rearrangement
was a simple deletion event. The portions deleted from
the wheat and rice plastomes were almost identical,
suggesting that wheat and rice plastomes shared a com-
mon progenitor after the deletion involving this region
had occurred. It is still unclear whether or not these
ORFs are functional in grass plastomes.



Fig. 5 Comparison of the
positions of the junctions
between IR regions and single
copy (SC) regions in the plast-
omes of wheat, rice and maize.
The numbers of base-pairs
between the border of the IR
and the adjacent genes are given
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Junctions between IR and SC regions in the three
cereal plastomes

The borders between the two inverted repeats (IR5 and
IRp) and the two single-copy regions (LSC and SSC)
vary greatly among plant species, although the nucle-
otide sequences in the IR regions are conserved
(Palmer 1991; Maier et al. 1995). Accordingly, ebb and
flow of inverted repeats have brought about expansions
and reductions in plastome genome sizes (Goulding
et al. 1996). In Fig. 5, the exact positions of the IR
borders in each of the three cereal plastomes are
compared. Whereas the gene contents and arrange-
ments in these regions of the three cereal plastomes
correspond, the border positions are not identical. In
all cases, the borders between the IR and LSC were
located within the intergenic region between rpsi9
(inside the IR) and psbA or rpl22 located in the LSC.
On the other hand, the border positions between IR
and SSC lie in the middle of the coding region of the
ndhH gene in wheat and rice. However, the corre-
sponding border in the maize plastome has shifted to
the initiation codon of the ndhH gene, so that almost
all of the coding region of ndhH in maize is located in
the SSC. Similarly, the ndhF gene of wheat and rice is
located entirely within the SSC region, whereas the
border between SSC and IRy in maize has shifted so as
to fall within the ndhF gene. The characteristic features
of the maize plastome with regard to the borders be-
tween IR and SSC are inferred to have arisen due to
intramolecular recombination (Maier et al. 1995).
These structural features of cereal plastomes demon-
strate that wheat and rice are more closely related to
one another than to maize.

In conclusion, structural features were compared
among three cereal plastomes. Two hypervariable re-
gions, i.e., a region with clustered tRNA genes and an-

other region downstream of rbcL, represented typical
variation types among the three plastomes. However,
the comparison of the deletion pattern in the ycf2 gene
and of the junctions between IR and SSC clearly showed
that wheat and rice are more related to one another than
to maize. This phylogenetic relationship is supported by
previously published sequence data from some limited
regions (Ogihara et al. 1991; Chase et al. 1993; Ohnishi
et al. 1999). Phylogenetic comparisons based on the
entire sequence of chloroplast DNA from wheat, rice
and maize are now being conducted.
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