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Abstract The chloroplast genomesin buckwheat species
contain large inverted repeats which are at least 4 kbp
longer than the majority of thosein land plants. Thelength
of the buckwheat inverted repeats was attributable to an
additional region located adjacent to the borders of the
small single-copy region. We have cloned and sequenced
a 5.2-kbp Smal fragment corresponding to this extra re-
gion in the inverted repeats. A homology search revealed
that the sequence of the Smal fragment is highly homol o-
gous to one side of the small single-copy region of thein-
verted repeats in dicot chloroplast DNAs such as tobacco
and beechdrops. Interestingly, a 3.7-kbp segment in the
middle of the Smal fragment isinserted in the opposite or-
ientation relative to those of the other dicot species, and
17-bp direct repeats are found located at both the ends of
the additional region. These results suggest that expansion
of the inverted repeats in buckwheat chloroplast DNA
might have been associated with an inversion.
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Introduction

Large inverted repeats (IR) are a characteristic feature of
chloroplast genomes in most plants, except for some le-
gume species and all conifers (reviewed by Palmer 1991).
Previous studies have suggested that the IR is important
for structural stabilization of cpDNA (Palmer and Thomp-
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son 1982) and conservation of the essential chloroplast
genes (Palmer and Stein 1986). Most species have an IR
of about 25 kbp (Palmer 1991), although the IR can vary
from 10 to 76 kbp among land plants. The size of IR in
land plants apparently tendsto be larger (Palmer and Stein
1986), and smaller IRs (less than 15 kbp) have been found
mainly in lower land plants such as Marchantia polymor-
pha (Ohyama et al. 1986) and some fern species (Stein et
al. 1992). The cpDNA of geranium has an unusually large
IR (76 kbp) and isthe only exampleto have been analyzed
in terms of its expansion process (Palmer et al. 1987). It
has been postulated that the enlargement of the IR in ge-
ranium has been accompanied by several inversions.

We have analyzed the chloroplast genomes in buck-
wheat (Fagopyrum) speciesand found that the IR isat | east
4 kbp longer than the average for land plants (Kishima et
al. 1995). In the present paper we provide sequence data
associated with the expansion of the IR, document an in-
version, and discuss the expansion process.

Materials and methods

Buckwheat cpDNA was prepared as described by Kishima et al.
(1990) with a slightly modified chloroplast isolation procedure in
which a 20-45% stepwise sucrose gradient was applied. A 5.2-kbp
Smal fragment (Sma-8) located as shown on the map (see Fig. 1),
was el uted from an 0.7% agarose gel and cloned into Bluescript SK+
(Stratagene). For sequencing, Sma-8 was subcloned by the deletion
method using the Kiro Sequencing Deletion Kit (Takara). Sequenc-
ing was performed by dideoxy chain-termination usingan ALF DNA
seguencer (Pharmacia). A homol ogy search of the sequence was con-
ducted through Internet Database programs BLAST provided by
GenomeNet in Kyoto, Japan. The Sma-8 sequence reported in this
paper has been deposited in the DDBJ database (accession no.
D82050).

Results and discussion

We previously reported that the chloroplast genomes in
buckwheat species have a relatively long IR of at least
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Fig. LA—C Schematic representation of the homologous sequenc-
es between the Sma-8 fragment in buckwheat and the corresponding
region of the cpDNA in tobacco. A the upper map shows fragments
produced by Smal digestion of buckwheat cpDNA, with fragment
sizes given in kbp. Sma-8 is 5186 bp, and consists of three regions,
Region 1 (500 bp), Region 2 (3711 bp) and Region 3 (975 bp). Each
homologous region is indicated by a differently patterned large ar-
row. The orientation of Region 2 in buckwheat is reversed with re-
spect to its tobacco counterpart. Sequences of the 17-bp direct re-
peats are also shown at the both ends of Region 2. The figures on the
lower map, showing the tobacco cpDNA, refer to nucleotide num-
bers 132050 to 126 850 of the complete tobacco cpDNA, as desig-
nated by Shinozaki et al. (1986). The asparagine tRNA gene (trnN)
and the junction between the SSC and the IR (JSA) are also indicat-
ed on the tobacco alignment. The sequences Y and Z in tobacco
cpDNA are used to compare their homologiesin B and C. To search
for possible donor sites of the inversion, the DNA sequences in B
(300 bp) and C (540 bp) from the areas of the junctions between Re-
gion 1 and 2, and between Region 2 and 3, respectively, are com-
pared with both Y and Z. Open circles above nucleotides indicate
nucleotide matches with those of sequence Y (A) from the tobacco
cpDNA. Asterisks below show nucleotide matches with sequence Z
(A). The sequences Y and Z correspond to nucleotides nos.
131300-131700 and nos.127 800—128 200, respectively, in tobacco
cpDNA (Shinozaki et al. 1986). The boxed sequences indicate the
17-bp direct repeats, and the underlined sequences are the imperfect
8-bp inverted repeats

28.3 kbp (Kishima et al. 1995). Other angiosperm species
usually have IRs of 22—26 kbp (Palmer 1991). It isthought
that the large size of the IR in buckwheat is due to the in-
clusion of an additional sequence near the ends of the IR,
and we have therefore cloned and sequenced Sma-8 frag-
ment consisting of 5186 bp which lies at the ends of the IR
besidethe small single-copy region (SSC). Despitethelow
level of the hybridization with tobacco probes (Kishima et
al. 1995), Sma-8 and tobacco cpDNA werefound to be over
70% similar in 70% of the whole Sma-8 sequence. Thisho-
mology occurs at one of the border regions of the IR and
the SSC in tobacco. This region corresponds to nucleotide
nos. 126 850-132 050 on the compl ete sequence of tobacco
cpDNA (Shinozaki et al. 1986). However, thishomol ogous
region isinterrupted by an inversion within Sma-8.

The schema depicted in Fig. 1 A represents the Sma-8
in buckwheat and its homologous region in tobacco. The
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o:shows identity with the sequence Y, *:shows identity with the sequence Z

Sma-8 fragment can be divided into three parts. Region 1
(0.5 kbp) is homologous to the tobacco IR sequence adja-
cent to the SSC (nucleotide nos. 132050-131600). This
region includes a gene for asparagine tRNA, trnN. In Re-
gion 2, the next 3.7 kbp reverses the tobacco homologous
seguence representing the junction between the SSC and
the IR (nucleotide nos. 128 000—131600). Thisjunctionin
tobacco cpDNA was designated as JSA (Shinozaki et al.
1986). We found direct repeats of 17 bp (TTCTATTTC-
TATCTAGA) at both ends of Region 2. Comparison with
tobacco cpDNA indicates that Region 3 (1.0 kbp) corre-
sponds to one side of the SSC (nucleotide nos.
128 000-126 850).

Similar results were a so obtained in beechdrops (Epi-
fagusvirginiana) which hasaminimal chloroplast genome
(70 kbp) (Wolfe et al. 1992). In beechdrops, the length of
the SSC was reduced to 26% of that of the tobacco, but the
Sma-8 homol ogousregionwaspreserved. However, mono-
cot cpDNAs such asrice and maize (Hiratsukaet al. 1989;
Maier et al. 1990) do not show similarity to the Sma-8 se-
guence.

To identify the exact endpoints of theinversion, the se-
guences around the termini of Region 2 were examined.
Figure 1 B, C shows the nucleotide identities correspond-
ing to the sequence Y and Z in tobacco cpDNA (see
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Fig. 2 Postulated event resulting in two inversions within the
Sma-8 segment. Recombination between the 17-bp inverted repeats
could have resulted in the 1st inversion. Recombination between 8-
bp repeats could have resulted in the 2nd inversion. The large, dif-
ferently patterned arrows correspond to each region in Sma-8, while
the white box shows the sequence between the 8-bp repeats that has
little similarity to the Y and Z tobacco cpDNA sequences (Fig. 1 C).
Itisnot clear how the sequence between the 8-bp repeatslost itsiden-
tity to its counterparts

Fig. 1A). Sequences Y and Z should have similarities in
putative donor sitesfor theinversion. If so, homologies of
those sequencesto Sma-8 would crossat certain pointsnear
the ends of Region 2. In Fig. 1 B, ahigh level of the iden-
tities, 92% and 75%, was obtained in the right part of Y vs
the left end of Region 1 and theright part of Z vstheright
end of Region 2, respectively. Thisillustratesthat the 17 bp
between Regions 1 and 2 should be an endpoint of thein-
version. However, further exchanges between Y and Z
are unlikely to occur at the other 17-bp area, between Re-
gions 2 and 3 (Fig. 1 C). Instead, two imperfect 8-bp in-
verted repeat sequences, AAACCCC and GGAGGTTT,
interrupt 94% and 80% matchingswith the sequencesfrom
theleft part of Y and the left part of Z, respectively. These
imperfect 8-bp inverted repeats might have induced a
smaller inversion. We can postulate that two inversions
took place in the Sma-8 fragment, as shown in Fig. 2; the
first inversion occurring in the 3.7 kbp between the 17-bp
repeats which used to be in inverted orientation, and the
second inversion arising between the 8-bp imperfect re-
peats on both sides of the 17 bp at the junction of Regions
2 and 3. Asaresult of the second inversion, thetwo 17-bp
sequences have the same orientation.

Itisgenerally difficult to judgewhether inversion or ex-
pansion of the IR occurred first. In the case of buckwheat,
however, we can assume that the inversion occurred be-
foreexpansion of the IR, becausethisinversion had to con-
nect the junction between the IR and SSC which existed in
the ancestral species. In addition, the region incorporated
into the IR ison the border where the inversion took place.

Considering this circumstantial evidence, we can hy-
pothesize about the expansion processes which occurred
inthe IR of the buckwheat progenitor. After the inversion,
direct repeats of about 1 kbp would have been constructed
with apart of Region 2 which used to be the end of the IR.

Such long direct repeats could cause a deletion due to a
| oop-out-type recombination asis often seen in mitochon-
drial genomes (Lonsdale et al. 1988). Sincethe long direct
repeats might have been brought to both sides of the SSC
region, the cpDNA with the inversion had to abolish the
deletion of the SSC or the rest of the cpDNA. To achieve
this, it may be that the region containing the inversion was
integrated into the IR. Palmer (1985) proposed a mecha-
nism for the incorporation of part of the SSC into the IR,
resulting in an expansion of the IR. Short inverted repeats
located outside of the IR would be paired at the same time
that the IR itself is paired and subsegquent copy correction
would lead to duplication of the intervening single-copy
region. In the case of buckwheat, according to this hypoth-
esis, the copy correctional duplication might have taken
place through the pairing of short repeats located in the
SSC beyond Sma-8 and the IR. Afterwards, the cpDNA
withthelong IR including Sma-8 would have been sel ected
in the buckwheat progenitor. We are currently investigat-
ing further downstream from the Sma-8 fragment as well
as the IR structures in other species in the Polygonaceae
of which buckwheat is a member.
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