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Abstract The diversity and maternal lineage in wild and
cultivated soybeans have previously been assayed using
restriction fragment length polymorphism (RFLP) and
sequencing analyses of chloroplast DNA (cpDNA). Here
we describe a method based on PCR-RFLP for the iden-
tification of nucleotides at four mutation sites in non-
coding regions of cpDNA. Of the four sites, two were lo-
cated in restriction enzyme sites and two were not. For
the latter two sites, new primers were designed to artifi-
cially create restriction sites that spanned them. The
PCR-RFLP method enabled us to identify nucleotides at
each of the four mutation sites easily and reliably. Fifty-
seven wild and sixty-seven cultivated soybeans of differ-
ent origins and different cpDNA types (types I, II, and
[11) were assayed. All of the samples tested could be
classified into four haplotypes. All of the type-l and -II
accessions had the same nucleotides at each of the four
mutation sites, while all of the type-Ill accessions, ex-
cept for 3 wild ones, had nucleotides that were different
from those of types | and Il. A sequencing analysis re-
vealed that the 3 wild accessions possessed other single-
base variations in the non-coding regions of trnH-psbA
and trnT-trnL. The results of this study suggest that the
type-1 and type-11 chloroplast genomes form a group that
isdistinct from the type-I11 chloroplast genome.
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Introduction

Chloroplast DNA (cpDNA) polymorphism in wild (Gly-
cine soja) and cultivated (Glycine max) soybeans has been
used in severa studies to evaluate cytoplasmic diversity
and maternal lineage (Shoemaker et a. 1986; Close et .
1989; Lee et al. 19923, b; Hirata et al. 1996; Shimamoto et
al. 1992, 1998, 2000; Abe et a. 1999; Xu et a. 2000).
Three haplotypes (types I, I, and Ill) have been deter-
mined by means of restriction fragment length polymor-
phism (RFLP) analysis, and their geographical distribu-
tions have been extensively evaluated in both wild and cul-
tivated soybeans (Shimamoto et al. 1992, 1998, 2000;
Hirata et a. 1996; Abe et a. 1999). The type-l haplotypeis
the most predominant among cultivated soybeans and the
type-111 haplotype is the most predominant among wild
soybeans, while the type-11 haplotype is present at smilar
frequencies in both species (Shimamoto et a. 1998, 2000;
Abe et d. 1999). The mutational events characterizing the
RFLP profiles used for the classification of the three
CcpDNA types are two single-base substitutions. One is lo-
cated in an EcoRI site in the non-coding region rpsll-
rpl36, which discriminates types | and Il from type I11, and
the other islocated in aClal sitein the 3' part of the coding
region of rps3, which discriminates type | from types Il
and Il (Kanazawa et al. 1998). Based on this distribution,
the type-ll chloroplast genome has been considered to be
an intermediate in the evolutionary transition from type Il
totypel, or vice versa (Close et al. 1989; Kanazawa et al.
1998). A subsequent sequence analysis of non-coding re-
gions of cpDNA (Xu et a. 2000) revealed that type |11 was
different from types | and Il in at least five mutations out
of atota of 3,849 bases examined in nine non-coding re-
gions of cpDNA and that no mutational differences could
be found between types | and 1. Based on the results ob-
tained from the sequencing analysis and a comparison with
the sequences of some species of the subgenus Glycine
used as out-group, Xu et a. (2000) assumed that the type-|
and type-Il chloroplast genomes had not been established
monophyletically from type 11, but rather that these three
types had diverged from a common ancestor. In order that
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the evolutionary process of different cpDNA types be
clarified, an extensive survey of wild and cultivated soy-
beans of different origins and different cpDNA types is
needed.

Sequencing analysisis not practical for studies such as
population genetics and germplasm evaluation, in which
a large number of samples often need to be surveyed.
Several methods, such as alele-specific oligonucleotide
hybridization (Myers et a. 1985), single-strand confor-
mation polymorphism (SSCP) (Crita et a. 1989), dide-
oxy-fingerprinting (ddF) (Sarkar et al. 1992), and direct-
ed termination polymerase chain reaction (DT-PCR)
(Chen and Hebert 1999), have been developed for the de-
tection of single-base variations. However, these all have
some disadvantages. In particular, their high cost and the
large amount of effort required are often nearly the same
as for sequencing analyses. A single-base variation in a
particular region can be detected by amplifying the region
using PCR and then digesting it with the appropriate re-
striction enzyme — if the variation is located in a restric-
tion site. This approach has been successfully applied to
identify plant varieties and species in the genus Gossypi-
um (Martsinkovskaya et a. 1996) and in the genus Beta
(Shen et a. 1998). In order to detect a single-base varia-
tion that is not located in arestriction site, we artificially
created an enzyme recognition site that spanned the varia-
tion site by PCR with a primer pair in which one of the
primers has a mismatched base, following the protocol of
Haliassos et a. (1989). In this paper, we report a simple
and reliable method for the identification of bases at four
informative mutation sites of the soybean chloroplast ge-
nome and discuss the genetic diversity and evolutionary
process of different cpDNA haplotypes.

Fig. 1 Strategy for the identifi-
cation of bases by PCR-RFLP
at the mutation sites trnT-trnL
#3 (A) and psbB-psbH #1 (B)
that are not located in restric-
tion sites. Restriction sites

A: mutation site trnT-trnL #3

Materials and methods

Plant materials

Fifty-seven wild and 67 cultivated soybean accessions with differ-
ent cpDNA types (types |, I, and I11) were used in this study. The
wild soybeans were from Japan (20), China (28), South Korea (6),
and far-eastern Russia (3); the cultivated soybeans were from Japan
(18), China (38), South Korea (4), North Korea (4), and far-eastern
Russia (3). The chloroplast DNA types for both wild and cultivated
soybeans were determined from RFLP profiles following digestion
with EcoRI and Clal, electrophoresis, and hybridization with a
10.9-kb sugarbeet cpDNA fragment (Shimamoto et a. 1992).

PCR-RFLP analysis

Based on the results of the cpDNA sequence analysis, four single-
base variations in three non-coding regions of cpDNA were select-
ed for developing the PCR-RFLP method. The variations exam-
ined are located (1) 6 bp downstream of psbA for the #1 mutation
in the non-coding region trnH-psbA, (2) and (3) 197 bp and
519 bp upstream of trnT for the #1 and #3 mutations, respectively,
in the non-coding region trnT-trnL, and (4) 156 bp downstream of
psbB for the #1 mutation in the non-coding region psbB-psbH
(Xu et a. 2000). Two of these mutation sites, trnH-psbA #1 and
trnT-trnL #1, are located in the restriction sites of Mfll and Sspl,
respectively. Thus, the PCR products for these two regions were
directly subjected to enzyme digestion and subsequent electropho-
resis. The primers used were the same as those described by Xu
et a. (2000): 5TGATCCACTTGGCTACATCCGCC3' (forward)
and 5GCTAACCTTGGTATGGAAGT3' (reverse) for the non-
coding region trnH-psbA; 5'GGATTCGAACCGATGACCAT3
(forward) and 5TTAAGTCCGTAGCGTCTACC3' (reverse) for
the non-coding region trnT-trnL. For the other two mutations,
trnT-trnL #3 and psbB-psbH #1, a primer pair was designed to ar-
tificialy create arestriction site by PCR in the region flanking the
mutation site, following the method shown in Fig. 1.

Total DNA was extracted from young leaves according the
method of Doyle and Doyle (1990). The PCR mixture contained

/(519 bp upstream of trnT)

tnT l— ——TGTTATAGATAGTCTGTATCTG——- _GA('I;‘ AAAAGCCCAACCTAGATCATAA- —~| trnL
5 '"TGTTATAGATAGTCTGTATCIG3

3 '"TTCTCGGGTTGGATCTAGTATTS

were artificial I_y intro_duced by foward primer reverse primer
the use of a primer with a - i
mismatched base base at the PCR mismatched base Mboll site
mutation site:
G 5 '"TGITATAGATAGTCTGTATCTG-——— AGATCATAAS ' (82 bp)
T 5 ' TGTTATAGATAGTCTCTATCTG-———GATAAGAGCCCAACCTAGATCATAAS ' (82 bp)

B mutation site psbB-psbH #1

GSG bp downstream of ps@\

psbB —MTAAmAAAmATéAAAT———CGCTAmA@GAACG—{pst
5 ' GAAAGCTATAATTGTAAACCAGAS ' 3 'GOGATACAAAAAATCTCTICES !
foward primer reverse primer
base at the -
o e 1PcR
A 5 ' GAAAGCTATAATTGTAAACCAGAATAAAAT - —— -GOGATAGAAAAAATCTCTTGG3 (109 bp)
c 5 ' GAAAGCTATAATTGTAAA ATCAAAT -~~~ CGCTATCTTTTTTAGAGAACCS '(109 bp)




30 ng of total DNA, 0.25 uM of 5" and 3' end primers, 100 uM of
nucleotides, 1 U Tag polymerase (TaKaRa, Japan) and 1 x PCR
buffer (50 mM KCI, 10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl,) in
atotal volume of 50 pl. Cycling consisted of three steps: (1) dena-
turation at 94°C for 5 min and annealing at 55°-60°C (depending
on the primers) for 5 min, (2) 30 cycles at 94°C for 1 min,
55°—60°C for 2 min, and 72°C for 2 min, and (3) afinal extension
at 72°C for 10 min. The PCR was performed on the GeneAmp
PCR System 9700 (Perkin-Elmer). The amplified products were
then digested with the appropriate restriction enzymes, and the di-
gests were separated on a 3% NuSieve 3:1 agarose gel in 1 x TBE
buffer. After the electrophoresis, the gel was stained with ethidium
bromide, and the DNA fragments were visualized under ultravio-
let light.

Sequencing analysis

In order to confirm the results obtained by the PCR-RFL P method,
we sequenced the three non-coding regions, trnH-psbA, trnT-trnL,
and psbB-psbH, in which the four mutation sites are located, for 9
accessions with different cpDNA types. The sequencing analysis
was performed as described by Xu et al. (2000).

Results and discussion
I dentification of sequence variations with PCR-RFLP

Our previous sequencing analysis revealed that the base
at the mutation site trnH-psbA #1 was either C or A and
that the base at the mutation site trnT-trnL #1 was also
either C or A in both the subgenus Soja and subgenus
Glycine (Xu et a. 2000). The amplified product with a
base C at the mutation site trnH-psbA #1 included a seg-
ment of AGATCC, which is an Mfll restriction site

A: trnH - psbA #1 B: #rnT - trnL #1

1 2 3 4 5 M I 2 3 4 5 M

C: truT - trnlL #3

1 2 3 4 5 M 1 2 3 4 5 M
82 bp... :;jjj"'109 bp
72 bp " 87bp

Fig. 2 Amplified products digested by restriction enzymes Mfll
(A), Sspl (B), Mboll (C), and Hinfl (D). These products identify
the bases at the four mutation sites, trnH-psbA #1 (A), trnT-trnL
#1 (B) trnT-trnL #3 (C), and psbB-psbH #1 (D), of soybean
cpDNA. Lane 1 Wasekin (type I), lane 2 Tanbakuro (type II1),
lane 3 Aogozen (type I1), lane 4 Chuteppou (type III), lane 5
Kumadaizu (type I11), M DNA marker (A/HindlIl)

D: psbB - psbH #1
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(RGATCY; R: A or C; Y: Cor T). Similarly, the ampli-
fied product with a base A at the mutation site trnT-trnL
#1 included a segment of AATATT, which is an Sspl re-
striction site. The amplified products of the non-coding
region trnH-psbA were divided upon digestion with Mfll
into three fragments (250 bp, 58 bp, and 45 bp) if the nu-
cleotide at the mutation site was C and into two frag-
ments (295 bp and 58 bp) if the nucleotide was A, be-
cause a second Mfll restriction site existed in the PCR
fragment (Fig. 2A). Similarly, the amplified products of
the non-coding region trnT-trnL were divided upon di-
gestion with Sspl into four fragments (549 bp, 168 bp,
73 bp and 61 bp) if the nucleotide at the mutation site
was A and into three fragments (549 bp, 168 bp and
134 bp) if the nucleotide was C, because an additional
two Sspl restriction sites existed in the non-coding re-
gion (Fig. 2B).

For the other two mutations (trnT-trnL #3 and
psbB-psbH #1), which were not located in restriction
sites, new primers were designed to artificialy create
a restriction site in the region flanking the mutation
site using a pair of primers, one of which contains a nu-
cleotide that is mismatched with its target DNA (Fig. 1).
The introduction of a mismatched base C in the re-
verse primer for the mutation site trnT-trnL  #3
would result in the production of an Mboll restriction
site (GAAGANNNNNNNN) in the amplified product, if
the nucleotide at the mutation site was G (Fig. 1A). Sim-
ilarly, the introduction of a mismatched base G in the
forward primer for the mutation site psbB-psbH #1
would result in the production of a Hinfl restriction site
(GANTC) in the amplified product, if the nucleotide at
the mutation site was C (Fig. 1B). Thus, the presence of
nucleotide G at the trnT-trnL #3 mutation site could be
recognized by the digestion of the PCR products with
Mboll and subsequent electrophoresis, which showed
fragments differing in length by 10 bp (Fig. 2C). Simi-
larly, the presence of nucleotide C at the psbB-psbH #1
mutation site could be recognized by the digestion of the
PCR proucts with Hinfl and subsequent electrophoresis,
which showed fragments differing in length by 22 bp
(Fig. 2D). When the PCR products were not cleaved, we
assigned the nucleotide T and A to mutation sites trnT-
trnL #3 and psbB-psbH #1, respectively, since our previ-
ous sequencing analysis demonstrated that the base at
mutation site trnT-trnL #3 was either G or T and that the
base at mutation site psbB-psbH #1 was either A or Cin
both the Soja and Glycine subgenera (Xu et a. 2000).
Therefore, the nucleotides at all of the four mutation
sites were successfully and easily recognized by the
PCR-RFLP method.

Newton et al. (1989) described a different method for
the detection of point mutations by PCR in which one of
the primers has a mismatched base. In this method,
called the amplified refractory mutation system
(ARMYS), the primer is designed with the mutation site of
interest at the 3' end and the mismatched base generally
placed the the third base position from the 3' end of the
primer. An amplified product was obtained with the mis-
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Table 1 Nucleotides at four

mutation sitesin wild and culti- ~ SPecies CPDNA type  Mutation site
vated soybeans revealed by
PCR-RFLP trnH-psbA #1  trnT-trnL #1  trnT-trnL #3  psbB-psbH #1
C A A C G T C A
Glycinemax  Typel (402 40 0 0 40 0 0 0 40
Typell (100 10 0 0 10 10 0 0 10
Typelll (17) 0 17 17 0 0 17 17 0
. L Glycinesoja  Typel (1) 1 0 0 1 1 0 0 1
@ Number in parenthesisindi- Typell (1) 11 0O 0 11 1 0 0 1
cates the number of accessions Typelll (45) 1 44 45 0 2 43 45 0

tested

matched primer for the target sequence but not for the
non-target sequence, because a 1-base difference be-
tween the template DNA and the primer (due to the in-
troduced mismatched base) is not enough to prevent the
amplification, whereas a 2-base difference (due to the in-
troduced mismatched base and mutated mutation base)
does prevent amplification. Using the ARMS method,
Shen et al. (1998) developed severa taxa-specific prim-
ers for the internal transcribed spacer (ITS1 locus) of nu-
clear ribosomal DNA and successfully identified species
and subspecies in the genus Beta. However, the PCR is
often influenced by small fluctuations in experimental
conditions, and consequently, the amplification itself
may be unsuccessful. Moreover, we found that, in some
cases, even a 2-base difference between the template
DNA and the primer is not enough to prevent amplifica-
tion. Compared with the ARMS method, the method
used in the present study is more reliable; it can be ap-
plied to detect amost all of the single-base variations, if
the sequence flanking the variation has the appropriate
G+C content, a prerequisite of primer design in PCR.
Using this method, Inazu et al. (1993) have developed a
rapid method for the diagnosis of a human disease,
cholesteryl ester transfer protein (CETP) deficiency. As
more DNA seguence data become available, this single-
base detection method will become an even more power-
ful tool in genotype identification, population genetics
and ecological studies.

Diversity in wild and cultivated soybeans at four
mutation sites: implications for the evolution of soybean
chloroplast genome types.

Fifty-seven wild and 67 cultivated soybeans were as-
sayed for nucleotides at the four mutation sites with the
PCR-RFLP method described above. Table 1 shows the
nucleotides at each of the four mutation sites in wild and
cultivated soybeans with different coDNA types (types|,
Il and IIl). Four combinations of nucleotides (haplo-
types) were observed for all of the samples tested.
Across the species, al of the type-l and type-ll acces-
sions tested possessed the same nucleotides, C, C, G and
A, at the mutation sites, trnH-psbA #1, trnT-trnL #1 and
#3, and psbB-psbH #1, respectively, whereas al of the
type-l1l accessions, except for 3 wild ones, had the nu-

cleotides A, A, T and C at these four sites. Thisresult in-
dicates that type-l and type-1l chloroplast genomes have
a closer relationship to each other than to the type-lll
chloroplast genome and are remote from the latter. Each
of the 3 wild accessions, 2 from neighboring provinces
of China, Henan (N24161) and Hubei (N24312), and 1
from Kochi prefecture, Japan (B07096), possessed the
same base as types | and |l at one of the four mutation
sites. The 2 Chinese accessions had the nucleotide G at
the trnT-trnL #3 mutation site, and the 1 Japanese acces-
sion had the nucleotide C at the trnH-psbA #1 mutation
site. Thus, these 3 accessions formed another two haplo-
types: A,A,G,CandC, A, T, C.

The results obtained by the PCR-RFLP analysis were
confirmed by a sequencing analysis. The alignment of
the sequences in the non-coding rgion trnH-psbA are
presented as an example in Fig. 3. Of the 9 acces-
sions sequenced, 4 that showed the digested phenotype
(250 bp, 58 bp and 45 bp; see Fig. 2A) had the base
C at the mutation site trnH-psbA #1 as expected by
PCR-RFLP analysis. On the other hand, the remaining 5
that had the undigested phenotype (295 bp and 58 bp;
see Fig. 2A) showed the base A. The same is true for the
other three muation sites: the nucleotides that were ex-
pected from the PCR-RFLP for each of the 9 accessions
were in fact observed in the sequencing analysis. The se-
guencing analysis also revealed that the 2 Chinese acces-
sions (N24161 and N24312) and the 1 Japanese accession
(BO7096) each possessed other single-base variations
in the non-coding regions trnT-trnL and trnH-psbA:
107 bp downstream of psbA in trnH-psbA for the 2 Chi-
nese accessions and 130 bp downstream of psbA in
trnH-psbA and 319 bp upstream of trnT in trnT-trnL for
the Japanese accession. No sequence variation other than
these mutations was detected among the 9 accessions se-
guenced.

The present study demonstrated that there are only
two major combinations of nucleotides at the four muta-
tion sites in the wild and cultivated soybean chloroplast
genomes and that the other possible combinations were
absent or rarely observed. As mentioned above, the 3
wild type-1l1 accessions that had the same base as the
type-1 and -1l accessions at one of the four mutation sites
examined had unique sequence variations in other places
in their cpDNAs. The two cpDNA haplotypes having nu-
cleotide combinations of A, A, G, Cand C, A, T, C are
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Haplotype C, C, G, A (3) CTTATACTATGTAAAAATGATCTATATATAAAATTCTATCCTTTOGTTCGTTATCATTCTTTTTTICCTTITAAGATAGG

Haplotype A, A, T, C (3)
Haplotype A, A, G, C (2)
Haplotype C, A, T, C (1)

dhkkkhhkkkhhhkhkhkhkkhhhhkhhhhkhhkhhhhhhkhhrhkdhhhhhhkhhkhkhkkhhkkkdhkkhhhhkhkrkhhhhhhhhhhrrhkhk
AAKKKAKAKRK KAk kkhhhhhhkkkhkkhkkhhhhkkkkkhhhkhkhhrhkhkkhhkrhkhkhkhhkkhhkhrhhhhhhhhhhhkhkhkhkhktkk

*hKARAAKAKRIAARAAAKkhhhkhk kA hhkhhhrhkhhkkhhkhkrhkkhhkhhhhkhkkhhhkhkhkhkhkhhhhhkhhhhhhhhhrrdrkrk

Haplotype C, C, G, A (3) AAAAATGCTAAAGAATCGCGAAAGAAATCAAAAACTTATGTATAAATATTTATAAATAARAAGATTACTAATCAAATAA

Haplotype A, A, T, C (3)
Haplotype A, A, G, C (2)
Haplotype C, A, T, C (1)

****************************C**********************A***************************
****************************C**********************T&**************************

****************************Af*********************A***************************

Haplotype C, C, G, A (3) ATAAAAGTAAAGGGGCAATATCAAAAAAGT TGATATTGCCTTITACTTTCAAAAACTAATCTACCTTAAGATCCAAATT

Haplotype A, A, T, C (3)
Haplotype A, A, G, C (2)
Haplotype C, A, T, C (1)

Fig. 3 Aligned sequences of the non-coding region trnH-psbA in
four cpDNA haplotypes. Asterisks indicate the same base as in
haplotype C, C, G, A. Numbers in parenthesis indicate the number
of accessions sequenced. The three accessions of haplotype C, C,
G, A are Helhuangdou (type I, G. max), Aogozen (type II,
G. max), and N23336 (type Il, G. soja). The three accessions of
haplotype A, A, T, C are: Hengshanhongdou (type 111, G. max),
B02138 (type IlI, G. soja), and B0O5018 (type Ill, G. soja). The
two accessions of haplotype A, A, G, C are: N24312 (type IlI,
G. soja) and N24161 (type Ill, G. soja). The one accession of
haplotype C, A, T, Cis. BO7096 (type I, G. soja)

thus not likely to be evolutionary intermediates between
the two major haplotypes (C, C, G, A and A, A, T, C),
although they might be derivatives of possible intermedi-
ates. None of the wild and cultivated soybeans that we
examined had a chloroplast genome type that suggests a
transition from type 11l to type Il and I. Close et al.
(1989) implied that type I, a predominant type in G. max,
had been derived from type Ill, a predominant type in
G. s0ja, viatype Il based on the assumption that G. soja
is the wild progenitor of G. max, athough they also
mentioned that there might be a missing ancestral type
that is intermediate between type Il and the type IlI.
However, the findings obtained in the present study sug-
gest that the type-1 and -1l chloroplast genomes are not
directly derived from the extant type I1I. The predomi-
nant occurrence of haplotypes having the nucleotide
combination C, C, G, A and A, A, T, C might have re-
sulted from selection or random fixation of these haplo-
types during the early stages of evolution of the subge-
nus Soja.

On the other hand, the type-l and -Il chloroplast geno-
mes showed a close relationship to each other than to
those of type Ill. As has been reveadled by an extensive
survey of both wild and cultivated soybeans from various
regions of East Asia (Shimamoto et al. 1992, 1998; Abe
et a. 1999), the type-I chloroplst genome is the most pre-
dominant typein G. max but is rarely observed in G. soja.
Wild accessions with the type-l chloroplast genome have
been found in only four geographically separated sites in
Japan (Abe et a. 1999). Abe et a. (1999) assumed that

Khkkhhkhrhhkkkkhhkkhhhkkrkdhhhrkkkkkdhdhdhdhkkdhhdhkhkkhddhdhhhhhhddhhhhkkhhhhdkkhhhkhhkhk pkhrkkx
Khkhkkkkkhhkhkhhkhkhkkrkkkhkkkkkkkhkhhhhhkkkkhdhhhhhhhhhhhhhhhhhkhdhhdhhkhhkkpkrrrx

*hkkhkkkhkkkk*khhkhhhhhhhhhhhdrhhhhdhhhhhdhhbhrrhrhkhhhrkrhhdrxkrkkkrrrhrbrhhkOrrrix

mutation site trnH-psbA#1
6 bp downstream of pshA

these may have been derived from hybrids between wild
and cultivated soybeans or are relics of the direct progen-
itor of cultivated soybean with the type-I chloroplast ge-
nome. Further studies are needed to determine whether
cultivars with the type-l chloroplast genome have been
established from wild soybeans with the type-I chloro-
plast genome or from cultivars with the type-1l chloro-
plast genome. In any case, the base substitution at the
Clal site in the coding region of rps3, which discrimi-
nates the type-l chloroplast genome from the type-11 chlo-
roplast genome, may have occurred during the early
stages of soybean domestication.
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