
Abstract A physical map of chloroplast DNA (cpDNA)
of pear [Pyrus ussuriensis var. hondoensis (Nakai et 
Kikuchi) Rehder] was constructed using five restriction
enzymes, SalI, XhoI, BamHI, SacI and PstI. This infor-
mation will make it possible to investigate the phyloge-
netic relationships between Pyrus species. Pear cpDNA
was found to be a circular molecule with a total size of
about 156 kb in which two inverted repeats of 24.8 kb
divide the molecule into small (17 kb) and large (90 kb)
single-copy regions. The endonuclease recognition sites
in the physical map were determined by single and dou-
ble digestion of 13 lambda phage clones which covered
the entire sequence of the pear cpDNA. Twenty nine
genes were localized on the physical map of the pear
cpDNA. The structure of pear cpDNA was almost the
same in terms of genome size and gene order as that of
tobacco cpDNA. RFLP analysis was carried out on
cpDNAs from five Pyrus species (Pyrus pyrifolia, Pyrus
ussuriensis, Pyrus calleryana, Pyrus elaeagrifolia and
Pyrus communis). Two mutations, a recognition-site mu-
tation and a length mutation (deletion), were found only
in the cpDNA of P. pyrifolia cultivars. These mutations
were localized on the physical map of pear cpDNA. The
number of mutations of cpDNA in Pyrus species are
small in comparison with those of other angiosperms,
suggesting a high degree of genome conservatism in
Pyrus species.
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Introduction

The genus Pyrus belongs to the subfamily Maloideae of
the Rosaceae. Approximately 30 species are distributed
in East and West Asia, Europe, and Africa (Rehder 1915;
Nakai 1916; Hedrick 1921; Kikuchi 1946). Challice and
Westwood (1973) recognized 22 species by numerical
taxonomy using morphological characters and phenolic
compounds. The classification of the Pyrus species is
complicated by the lack of morphological characters dis-
tinguishing species, which results from continuous inter-
specific hybridization and introgression (Rubtsov 1944;
Kikuchi 1946; Yu 1979). Nakai (1918, 1919) proposed
the occurrence of four Pyrus species in Japan, i.e. Pyrus
pyrifolia [Burm.] Nakai (= Pyrus serotina), Pyrus 
dimorphophylla Makino, Pyrus hondoensis [Nakai et
Kikuchi] Rehder and Pyrus aromatica [Nakai et Kikuchi]
Rehder. P. hondoensis (called ‘Aonashi’ in Japanese) and
P. aromatica (called ‘Iwateyamanashi’ in Japanese) are
endemic in Japan. These two species were included in
Pyrus ussuriensis and treated as its varieties (P. ussurien-
sis var. hondoensis and P. ussuriensis var. aromatica) by
Kikuchi (1924) and Ohwi and Kitagawa (1983).

Almost all modern cultivars cultivated in Japan are
included in P. pyrifolia, although the origin of P. pyrifo-
lia is unclear. Kajiura et al. (1983) surveyed a species-
specific flavonoid in 31 Pyrus species including 171
East Asian pear cultivars and wild clones. A flavonol
aglycone was detected in P. ussuriensis, Pyrus bret-
schneideri, and Pyrus macrostipes which originated in
Korea and North China. Sixteen old Japanese cultivars
including P. aromatica (= P. ussuriensis var. aromatica)
and P. serotina (= P. pyrifolia) ‘Nijisseiki’ also contained
this specific flavonol aglycone. Kajiura et al. (1983) 
suggested that some of the old Japanese cultivars and
‘Nijisseiki’ seemed to be related to P. aromatica through
hybridization.

Recently, RFLP analyses of chloroplast DNA
(cpDNA) and mitochondrial DNA (mtDNA) had been
applied to investigate the relationships between some
Pyrus genotypes and Asian pears (Iketani 1993; Iketani
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et al. 1993, 1998). Four types (AAA, BAA, BAB and
BBB) of chloroplast genomes in Asian pear were distin-
guished by the combination of three independent restric-
tion-site mutations generated by three restriction en-
zymes. They indicated inconsistencies between the chlo-
roplast genome types and the morphological classifica-
tion, i.e. different chloroplast genome types were ob-
served within one species (Iketani et al. 1998).

Chloroplasts of vascular plants and green algae con-
tain multiple (10 to 200) copies of circular DNA mole-
cules ranging in size from 120 kb to 217 kb (Palmer
1991) and are uniparentally transmitted to progeny in
most plants. The characteristic feature in the structure of
cpDNA is the long inverted repeats (IR) ranging from
10 kb to 85 kb which divide the rest of the molecule into
small and large single-copy regions (SSC and LSC) re-
spectively. Most cpDNAs in vascular plants show a typi-
cal genome structure having 20–26 kb of IR, 10–20 kb
of SSC, and 80–100 kb of LSC (Palmer et al. 1985). It is
well known that the genome structure and gene content
of cpDNAs are conserved among divergent plants
(Downie and Palmer 1992). The sequence information
on the entire chloroplast DNA enables us to compare
precisely the gene contents and arrangement of gene 
order among divergent plants such as liverwort 
(Bryophyte), pine (Pinaceae), tobacco (Solanaceae), 
Arabidopsis thaliana (Brassicaceae), spinach (Chenopo-
diaceae), Oenothera elata (Onagraceae), Lotus japonicus
(Leguminosae), beechdrops (Orobanchaceae), rice (Gra-
mineae), maize (Gramineae) and wheat (Gramineae)
(Ohyama et al. 1986; Shinozaki et al. 1986; Hiratsuka et
al. 1989; Wolfe et al. 1992; Wakasugi et al. 1994; Maier
et al. 1995; Sato et al. 1999; Hupfer et al. 2000; Kato et
al. 2000; Schmitz-Linneweber et al. 2001; Ogihara et al.
2002).

Conservatism of cpDNA allows us to compare phylo-
genetic relationships at various taxonomic levels (Palmer
et al. 1985). In spite of the conservatism of the chloro-
plast genome, structural alterations such as insertions,
deletions, inversions and translocations in cpDNA have
been found in related plants by comparing the structure
of cpDNAs (Downie and Palmer 1992). Tracing the mu-
tational events in cpDNA provides useful tools to trace

the course of evolution by reconstructing the relevant
plant phylogeny (Downie and Palmer 1992; Doyle et al.
1992; Katayama and Ogihara 1996). Also polymor-
phisms in cpDNA make it possible to reveal plastid in-
heritance in Pyrus species in the future.

Although structural analysis of cpDNA has been car-
ried out in a variety of plants, knowledge on the structure
of cpDNA in the Rosaceae is very limited. In the present
study, a physical map of the pear cpDNA was construct-
ed in P. ussuriensis var. hondoensis. The molecular size,
gene order and restriction fragment patterns of pear
cpDNA (P. ussuriensis var. hondoensis) were compared
with those of other Pyrus species and some angiosperms.

Materials and methods

Plant materials

P. ussuriensis var. hondoensis was used for the construction of a
physical map of cpDNA. Nine accessions from three Pyrus spe-
cies of East Asian pears (P. pyrifolia, P. ussuriensis and Pyrus
calleryana), two Pyrus species of West Asian and European pears
(Pyrus elaeagrifolia and Pyrus communis) and two accessions
from Prunus species (Prunus persica and Prunus avium) were
used for the RFLP analysis (Table 1). 

All Pyrus accessions used for the present study were main-
tained at the Botanical Gardens, Osaka City University (OCU),
and/or at the Experimental Farm, Kobe University (KU). All 
Pyrus species supplied from OCU were introduced from the 
Experimental Farm, Kyoto University, to OCU in 1957 by graft-
ing. Classification of Japanese species followed Kikuchi (1946)
and Ohwi and Kitagawa (1983).

Preparation of chloroplast DNA

Intact chloroplasts were isolated from P. ussuriensis var. hondoen-
sis according to the method of Ogihara and Tsunewaki (1982) with
modifications. Chloroplasts were isolated from about 150 g of
fresh leaves into 500 ml of extraction buffer (0.35 M sucrose,
50 mM of Tris–HCl buffer pH 8.0, 3 mM of Na2EDTA pH 8.0,
0.1% BSA, and 1 mM of 2-mercaptoethanol), and purified by the
discontinuous sucrose gradient centrifugation. CpDNA was ex-
tracted from the purified chloroplasts according to the method of
Kolodner and Tewari (1975). Pear cpDNA was digested with SalI,
XhoI, BamHI, SacI and PstI solely or in combinations of two en-
zymes according to the manufacturer’s instructions (Roche Diag-
nostics GmbH, Germany). The digested cpDNAs were fractionat-
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Table 1 Distribution of muta-
tions detected in five Pyrus
and two Prunus species

Code Species Sourcea Accession Name of cultivar Site Length 
or common name mutationb mutationc

1. Pyrus pyrifolia [Burm.] Nakai KU 1B0001K Housui + +
2. P. pyrifolia [Burm.] Nakai KU 1B0002K Choujuurou + +
3. P. pyrifolia [Burm.] Nakai OCU 4A0075 Nijisseiki + +
4. P. ussuriensis var. hondoensis OCU 4A0135 Aonashi – –

[Nakai et Kikuchi] Rehder
5. P. ussuriensis var. aromatica OCU 4A0128 Iwateyamanashi – –

[Nakai et Kikuchi] Rehder
6. P. calleryana DEC. OCU 4A0157 Callery pear – –
7. P. elaeagrifolia PALL. OCU 4A0126 – –
8. P. communis L. KU 1A0001K La France – –
9. P. communis L. KU 1A0002K Bertlett – –

10. Prunus persica BATSCH. KU 2A0001K Hakuhou NDd –
11. Prunus avium L. KU 2A0002K Satounishiki NDd –

a KU=Experimental Farm,
Kobe University, OCU=Botani-
cal Gardens, Osaka City Uni-
versity
b Site mutation (+) indicates
new SalI site generated com-
pare to pear cpDNA (P. ussur-
iensis var. hondoensis)
c Length mutation (+) indicates
that an approximately 300 bp
deletion occurred
d Not determined



ed by electrophoresis on 0.7% agarose gels, ethidium bromide-
stained bands were visualized with a UV transilluminator. Frag-
ments of HindIII and PstI-digested λphage DNA were used as mo-
lecular-weight markers.

Cloning of cpDNA and construction of a physical map

Cloning of cpDNA was carried out following the directions for the
cloning system (Stratagene, USA). CpDNAs were partially digest-
ed with Sau 3AI (Takara Shuzo Co., Japan). After a partial fill-in
reaction, cpDNA fragments were ligated with lambda FIX/XhoI-
partial fill-in treated DNA (Stratagene, USA) and a packaging 
reaction was carried out using Gigapack Gold (Stratagene, USA).
Recombinant phages were selected by plaque hybridization with
plasmid clones of tobacco cpDNA as a probe. Hybridizations were
carried out using ECL nonradioactive DNA labelling and detec-
tion kits (Amersham-Pharmacia Biotech, UK). In order to obtain
overlapping clones, selected phages were screened by homologous
hybridization. Recombinant phage DNAs were prepared using a
Wizard Lambda Prep DNA Purification System (Promega, USA).
The restriction sites of cloned fragments were determined by re-
striction fragment analysis and Southern hybridization. Each clone
was connected to construct a physical map of the entire pear
cpDNA. Twenty nine genes amplified by PCR from tobacco
cpDNA clones were localized on the physical map of pear cpDNA
(Katayama and Ogihara 1993).

Preparation of total DNA and Southern hybridization

Total DNAs of Pyrus species were extracted by the method of
Doyle and Doyle (1987) with a slight modification. Total DNAs
of Prunus species were extracted according to Reiter et al. (1992)
with a slight modification to reduce contamination by polysac-
charides. Total DNAs of Pyrus and Prunus species were digested
with SalI, XhoI, BamHI, SacI and PstI according to the manufac-
turer’s instructions (Roche Diagnostics GmbH, Germany). Di-
gested total DNAs were fractionated by electrophoresis on 1.0%
agarose gels; Southern hybridizations were carried out using ECL
nonradioactive DNA labelling and detection kits (Amersham-
Pharmacia Biotech, UK). Cloned fragments of pear cpDNA were
used as probes.

Results and discussion

Restriction endonuclease analysis 
and genome size estimation

Restriction fragment patterns of pear cpDNA (P. uss-
uriensis var. hondoensis), after digestion with SalI,
XhoI, BamHI, SacI and PstI, solely or in combinations
of two enzymes, are shown in Fig. 1. The molecular size
of the chloroplast genome was estimated to range from
155.8 kb for the BamHI digest to 157 kb for the PstI di-
gest based on the molecular sizes of individual frag-
ments (Table 2). According to these estimates, the mo-
lecular size of pear cpDNA was considered to be ap-
proximately 156 kb. This estimate indicates that the fea-
tures of the genome of the pear cpDNA are equivalent
in size to those of tobacco and A. thaliana (Shinozaki et
al. 1986; Sato et al. 1999), in contrast to the cpDNAs of
gramineous plants (Hiratsuka et al. 1989; Maier et al.
1995; Schmitz-Linneweber et al. 2001; Ogihara et al.
2002). 

Clone bank and the physical map of pear cpDNA

Pear cpDNA (P. ussuriensis var. hondoensis) was digest-
ed with Sau3AI, and the resulting fragments were cloned
into a λ phage (λFIX II) vector (Zabarovsky and 
Allikmets 1986). Recombinant phages were selected by
plaque hybridization with tobacco cpDNA clones as a
probe (Shinozaki et al. 1986). To obtain overlapping
clones covering the entire region of pear cpDNA, the 13
clones were isolated by homologous hybridization. These
were as follows: pPhcp-1(12.5 kb), pPhcp-2(11.8 kb),
pPhcp-3(15.5 kb), pPhcp-4(18.7 kb), pPhcp-5(19.8 kb),
pPhcp-6(14.4 kb), pPhcp-7(18.0 kb), pPhcp-8(14.0 kb),
pPhcp-9(13.5 kb), pPhcp-10(15.5 kb), pPhcp-11(13.0 kb),
pPhcp-12(15.0 kb) and pPhcp-13(15.2 kb). These frag-
ments covered the pear cpDNA completely (Fig. 2). In-
serted fragments and restriction sites were confirmed by
digestion with SalI, XhoI, BamHI, SacI and PstI solely
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Fig. 1 Restriction fragment patterns of pear cpDNA (P. ussurien-
sis var. hondoensis) generated by single and double digestions
with SalI (lane 3), SalI+XhoI (lane 4), XhoI (lane 5), SalI+BamHI
(lane 6), BamHI (lane 7), SalI+SacI (lane 8), SacI (lane 9),
SalI+PstI (lane 10), and PstI (lane 11). Lanes 1 and 2 show mo-
lecular weight markers of λDNA digested with HindIII and PstI,
respectively



or in combinations of two enzymes. Consequently, the
physical map of cpDNA from Rosaceous plants was con-
structed for pear using the five restriction enzymes
(Fig. 3). 

Localization of the 29 genes on the physical map 
of pear cpDNA

Twenty nine genes were mapped onto the physical map
of pear cpDNA (P. ussuriensis var. hondoensis) by
Southern hybridization (Fig. 3). Pear cpDNA showed the
same gene order as that of tobacco, A. thaliana and spin-
ach cpDNAs, but differed from that of L. japonicus and
O. elata cpDNAs which possess large inversions, and
cpDNAs of gramineous plants which harbor large 
deletions and inversions (Fig. 4) (Palmer et al. 1988; 
Hiratsuka et al. 1989; Hachtel et al. 1991; Doyle et al.
1992; Maier et al. 1995; Sato et al. 1999; Hupfer et al.
2000; Kato et al. 2000; Schmitz-Linneweber et al. 2001;
Ogihara et al. 2002). 

It has been known that tobacco has a cpDNA of 
standard structure in angiosperms, but some legumes,
Oenothera species and Gramineous plants have different
ones. Three deletions (Del-A:59 bp, Del-B:48 bp and
Del-C:113 bp) had been observed in pear cpDNA 
compared to tobacco cpDNA by sequence analysis
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Table 2 Molecular size of
restriction fragments of pear
cpDNA generated with SaII,
XhoI, BamHI, SacI and PstI.
Fragment copy number is given
in parentheses

SalI XhoI BamHI SacI PstI

Frag. kb Frag. kb Frag. kb Frag. kb Frag. kb

Sl-1 39.0 X-1 30.6 B-1 16.5 Sc-1 41.1 P-1 27.0
Sl-2 22.0 (2) X-2 16.5 B-2 12.0 Sc-2 21.0 P-2 21.6
Sl-3 17.0 (2) X-3 13.6 (2) B-3 9.5 Sc-3 19.2 P-3 21.1
Sl-4 15.0 X-4 12.5 B-4 8.9 Sc-4 18.8 P-4 20.5
Sl-5 13.5 X-5 11.5 (2) B-5 6.5 (2) Sc-5 14.8 P-5 16.0
Sl-6 3.7 X-6 10.8 B-6 5.8 (2) Sc-6 10.6 P-6 15.4
Sl-7 2.3 X-7 9.0 B-7 4.4 Sc-7 10.4 P-7 15.0
Sl-8 2.2 (2) X-8 6.6 B-8 4.3 Sc-8 4.3 P-8 11.0
Sl-9 0.5 X-9 3.7 B-9 4.2 Sc-9 3.4 (2) P-9 9.4

X-10 3.5 (2) B-10 4.1 Sc-10 2.4
X-11 3.3 B-11 3.9 (3) Sc-11 2.1
X-12 3.1 B-12 3.5 Sc-12 2.0 (2)
X-13 1.0 (2) B-13 3.0 (2) Sc-13 0.5 (2)
X-14 0.6 B-14 2.8 (2)

B-15 2.3
B-16 2.2
B-17 2.0 (5)
B-18 1.9
B-19 1.8 (2)
B-20 1.4
B-21 1.3 (2)
B-22 1.2 (5)
B-23 1.1 (3)
B-24 1.0 (2)
B-25 0.9 (2)
B-26 0.6 (2)
B-27 0.5 (2)
B-28 0.4 (2)
B-29 0.2 (2)

Total 156.4 155.9 155.8 156.5 157.0

Fig. 2 Bank of overlapping clones of pear cpDNA (P. ussuriensis
var. hondoensis). The extent of the inverted repeats (IRA and IRB)
and the position of the genes on the pear cpDNA are indicated in-
side the circle. The clone names and insert sizes of the 13 phage
clones are drawn outside the circle. pPhcp9′ in IRA represents du-
plication of pPhcp9 in IRB
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(Katayama and Uematsu, unpublished data). These dele-
tions had been detected in the non-coding region of
570 bp between the rbcL gene (encoding the large sub-
unit of ribulose-1,5-bisphosphate carboxylase; RuBisCO)
and the accD gene (encoding one of the subunits of ace-
tyl-CoA-carboxylase; ACCase) within the large single-
copy region (LSC). In spite of these structural altera-
tions, pear cpDNA showed an identical gene order to
that of tobacco cpDNA. The size of each IR region of
pear cpDNA was estimated to be 24.8 kb. The large sin-
gle-copy region was calculated to be about 90 kb; and
the small one, about 17 kb. These lengths are equivalent
in size to those of tobacco, A. thaliana and spinach 
(Shinozaki et al. 1986; Sato et al. 1999; Schmitz-
Linneweber et al. 2001). Therefore, it is apparent that the
pear cpDNA belongs to the standard type of cpDNA in
angiosperms.

Polymorphisms in cpDNAs among Pyrus species

To detect the structural alterations of cpDNA among
Pyrus species, RFLP analysis was applied to DNA from
11 accessions of five Pyrus species and two Prunus spe-
cies (Table 2). Total DNAs of 11 accessions were digest-
ed with the same five restriction enzymes as used for the
physical map construction. Southern hybridization was
performed with 13 phage clones obtained from pear
cpDNA as probes. The hybridization patterns obtained
from the five Pyrus species were monomorphic except
for two mutations; one was a site mutation and the other
was a fragment length mutation. These two mutations
were detected only in cpDNAs from P. pyrifolia (Fig. 4).

An additional SalI site (14.9 kb + 7.1 kb = 22 kb) was
detected only in ‘Kousui’, ‘Choujuurou’ and ‘Nijisseiki’
belonging to P. pyrifolia in the region corresponding to
the 22 kb S-2 fragment shown in the physical map when
the clone pPhcp-8 was used as a probe (Figs. 4 and 5a).
This additional site mutation occurred in a region be-
tween the psbB gene (encoding CP47 of photosystem II)
and the petB gene (encoding cytochrome b6). Iketani 
et al. (1998) reported that an additional SalI site was
generated in cultivars of P. pyrifolia (genome type:
BBB). The same site mutation was mapped on the
cpDNA in P. ussuriensis var. hondoensis in the present
study. 

Fig. 3 Physical map of pear cpDNA (P. ussuriensis var. hondoen-
sis in a linear form showing restriction sites of five restriction en-
zymes, SalI, XhoI, BamHI, SacI and PstI. IRA and IRB are the in-
verted repeat regions. The numbers given in the physical map cor-
respond to those presented in Table 2. The location of 29 genes
is indicated on the upper line



A fragment length mutation was detected only in P.
pyrifolia in the region corresponding to the Sl-5, X-5, 
B-6, Sc-6 and P-1 fragments shown in the physical map
when the clone pPhcp-6 was used as a probe. This region
of ‘Kousui’, ‘Choujuurou’ and ‘Nijisseiki’ was about
300 bp shorter (5.5 kb) compared to the corresponding
region (5.8 kb) of the other Pyrus species and the two
Prunus species (Figs. 4 and 5b). The Maloideae, includ-
ing Pyrus, are thought to have arisen from an ancestral

group which was supposed to be an allopolyploid of the
Prunoideae and Spiraeoideae (Challice 1974). Our re-
sults indicate that the longer fragment was present in an
ancestor common to Pyrus and Prunus species, and that
the fragment length mutation occurred only in P. pyrifo-
lia during the course of Pyrus differentiation. The altera-
tion therefore appears to be a deletion. This deletion was
mapped to a region between the accD gene and ycf4 (hy-
pothetical chloroplast reading frame) (Fig. 4). The region
between the rbcL gene and the cemA gene (encoding an
envelope membrane protein) including the accD gene
and ycf4 is known to be a recombinational hot spot in
gramineous plants (Ogihara et al. 1988; Morton and
Clegg 1993). This region of cpDNA may also be a hot
spot region for recombination in Pyrus.

The two mutations, a site mutation and a deletion, are
coupled and might have occurred simultaneously in the
lineage giving rise to P. pyrifolia. However we need to
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Fig. 4 Comparison of the gene
order of cpDNA in pear, 
tobacco, A. thaliana and spin-
ach. The upper square (■■)
and the triangle (▲) in the en-
largement indicate the deletion
and the site mutation respec-
tively observed in P. pyrifolia.
B, X and S in the enlargement
indicate restriction sites
of BamHI, XhoI and SalI re-
spectively. The brackets
at the bottom indicate the large
inversions in comparison
with a L. japonicus, b O. elata
and c Gramineous plants

Fig. 5 Southern-blot analysis of total DNA from five Pyrus spe-
cies and two Prunus species. a Digested with SalI and probed
with the pear cpDNA clone pPhcp-8. b Digested with BamHI
and probed with pPhcp-6. Lane 1 P. pyrifolia ‘Kousui’, lane 2
P. pyrifolia ‘Choujuurou’, lane 3 P. pyrifolia ‘Nijisseiki’, lane 4
P. ussuriensis var. hondoensis, lane 5 P. ussuriensis var. aromati-
ca, lane 6 P. calleryana, lane 7 P. elaeagrifolia, lane 8 P. commu-
nis ‘La France’, lane 9 P. communis ‘Bertlett’, lane 10 P. persica
‘Hakuhou’, lane 11 Prunus avium ‘Satounishiki’



analyse cpDNA from other varieties in P. pyrifolia and
other Pyrus species to determine whether these muta-
tions occurred independently or not. Structural altera-
tions such as deletions are useful tools to reveal the ori-
gin of P. pyrifolia.

The base substitution rate, p per base pair, was calcu-
lated concerning the 109 recognition sites investigated in
this study after Brown et al. (1979). The value of 100 × p,
which represents the substitution rate per 100 base pairs,
was 0.15 in Pyrus cpDNA. It is lower than those of other
taxa, i.e. 0.38 in Pisum, 0.87 in Brassica and 0.66 in
Triticum-Aegilops (Palmer et al. 1983, 1985; Ogihara
and Tsunewaki 1988). This result reveals the relatively
low cpDNA diversity in Pyrus species. It is consistent
with results indicating low genetic diversity in Pyrus
species by Iketani et al. (1993, 1998). The low genetic
diversity in Pyrus cpDNA might reflect its recent origin
from a common ancestral population. Also further se-
quence analyses of nuclear genes are important to clarify
the total genetic diversity in Pyrus.
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