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Summary. Restriction fragment length polymorphisms
(RFLPs) have been used to detect intragenic sequence
diversity in Glycine subgenus soja chloroplast DNA. The
distribution of these RFLPs allow Glycine max and G.
soja accessions to be grouped according to cytoplasmic
genetic relatedness. DNA clones from mung bean chloro-
plast DNA were used to locate the RFLPs to specific
regions of the chloroplast genome. In the course of the
experiments, several previously unobserved RFLPs were
also identified. At least six molecular changes were de-
tected, including both restriction site loss or gain and
insertion/deletion events. Three of the fragment poly-
morphisms detected are due to changes in the juncture
region between one inverted repeat region and the large
single-copy region. Probes detecting polymorphisms in
three representative soybean genotypes were used to
screen additional cultivars and Plant Introductions. The
distribution of RFLP patterns in these accessions were
consistent with the patterns of previously described cyto-
plasmic groupings, with the exception of one accession,
which formed a new plastome group.
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Introduction

Plant chloroplasts contain 20—200 copies of closed circu-
lar DNA molecules, which range from 120—180 kbp in
size. The chloroplast genome is known to contain all the
chloroplast rRNA genes, tRNA genes, and probably all
the genes for proteins synthesized within the chloroplast
(Shinozaki et al. 1986; Dyer 1985). Most plant chloro-

* To whom correspondence should be addressed

plast DNASs (ctDNAs), including those of genus Glycine,
are organized into four components: a large (78—
100 kbp) single-copy region and a small (12-30 kbp)
single-copy region, separated by two repeated sequences
(20-24 kbp) arranged in an inverted orientation. This
repeat is characteristic of all land plant chloroplast
genomes with the exception of one group of leumes
whose ctDNAs lack this repeated element (Palmer and
Thompson 1981; Palmer et al. 1983 b).

As a whole, the ctDNA sequence is remarkably con-
served within genera and across species. Sequence div-
ergence between related species is low. Rearrangements
are rare except among some of the species lacking the
inverted repeat, such as pea (Pisum sativum), broad bean
(Vicia faba) (Palmer and Thompson 1982), or subclover
(Trifolium subterraneum) (Palmer et al. 1987 c); or in ge-
ranium (Pelargonium hortorum) (Palmer et al. 1987b),
containing a much enlarged inverted repeat. Changes
resulting in variation within genera and species result
primarily from nucleotide substitutions, which occur at a
low rate, or from small insertions or deletions of one to
ten nucleotides (Curtis and Clegg 1984; Gordon et al.
1982; Palmer and Zamir 1982; Palmer etal. 1983a;
Palmer 1987). Insertion/deletion events involving up to
1200 bp have also been reported (Palmer 1987), but
mutations of much greater length have been reported
only for Nicotiana acuminata (Shen et al. 1982) and Li-
num species (Coates and Cullis 1987). The changes that
occur in the inverted repeats occur symmetrically in both
segments (Palmer 1985).

Changes in the patterns of DNA fragments produced
by digestion with site-specific restriction endonucleases
reveal diversity in nucleotide sequence. Restriction frag-
ment length polymorphism (RFLP) analysis of inter-
specific diversity of ctDNA is often used to delineate
phylogenetic relationships between closely related genera



and species. However, the slow rate of change in ctDNA
often limits the usefulness of ctDNA analyses for study-
ing intraspecific variation. Although variation within a
species is considered rare (Palmer 1987), Shoemaker
et al. (1986) detected enough ctDNA sequence diversity
within the genus Glycine subgenus Soja to delineate five
groupings based upon digestions with only three restric-
tion endonucleases (4Aval, Clal, and EcoRI).

The genus Glycine subgenus Soja includes the culti-
vated soybean Glycine max (L.) Merr. and its annual wild
counterpart G. soja Sieb. and Zucc. The subgenus Soja
also includes a form designated G. gracilis (Skvortzov
1927), a semicultivated or weedy form intermediate in
morphology between G. max and G. soja, and considered
to be an introgression product between G. soja and G.
max (Hymowitz 1970; Broich and Palmer 1981). Her-
mann (1962) considered G. gracilis to be a varient of G.
max. Broich and Palmer (1980) demonstrated that
distinct differences exist between the typical G. max phe-
notype and the ‘gracilis’ form and suggested Glycine max
forma gracilis (L.) Merr. G. max, G. soja, and G. max.
forma gracilis are generally interfertile, although chro-
mosome interchanges are known (Palmer et al. 1987a),
and make up the primary gene pool of the soybean
(Hymowitz and Singh 1987).

The objectives of this research were to (1) evaluate
selected soybean cultivars and Plant Introductions for
new ctDNA RFLPs in an attempt to further subdivide
the soybean germplasm into additional cytoplasmic
groupings, and (2) to physically locate these and pre-
viously identified RFLPs to specific regions of the chlo-
roplast genome. This type of research would provide
information on the availability of cytoplasmic diversity
within the soybean collection and might also provide
insight into the nature of ctDNA evolution within the
genus Glycine subgenus Soja.

Materials and methods

Total plant DNA was isolated according to the methods of
Keim et al. (1988) from three soybean genotypes (‘Peking’, ‘Il-
lini’, and PI 79593) representing the various patterns of poly-
morphisms previously observed (Shoemaker et al. 1986), as well
as from 53 additional accessions of G. max or G. soja. DNA was
digested with Type II restriction endonucleases (New England
Biolabs and BRL) Aval, Clal, EcoRl, Dral, HindIll, Styl, or
EcoRV. Fragments were separated electophoretically on gels of
0.8% agarose in TBE (TRIS Borate EDTA) buffer at 35 mA for
16—18 h. DNA was transferred to Biotrace nylon membrane
under high alkaline conditions (Reed and Mann 1985).

DNAs bound to membranes were hybridized to radio-
actively labelled probes prepared from a library of 13 mung
bean ctDNA clones graciously provided by Dr. Jeff Palmer
(University of Michigan). This library spans the length of the
mung bean chloroplast genome, which is essentially colinear
with that of soybean, with the exception of a 78-kbp inversion
involving most of the large single-copy (LSC) region (Palmer
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1987; Palmer et al. 1988). A Pvull restriction site mapping at the
edge of the large single-copy region, just inside of the inverted
repeat (IR) region (Palmer et al. 1983b), was used to divide
clone 4 into two fragments (4a and 4b). This site was also used
to isolate a fragment from clone 1 specific for the inverted repeat
(designated 1a). These three fragments were isolated from low-
melting-point agarose (BRL no. 557UA) minigels. All probes
were labelled with [*2P]JdCTP by random hexamer primer exten-
sion (Feinberg and Vogelstein 1983, 1984). Hybridizations were
carried out according to the protocol of Maniatis et al. (1982)
with modifications according to Apuya et al. (1988). Autoradio-
grams were produced by exposing the hybridized nylon mem-
branes to Kodak X-Omat film for 16-24 h.

Clones which detected polymorphic fragments in Peking,
Hlini or PI 79593 DNAs digested with Clal or EcoRI were then
used to screen the additional 53 cultivars and Plant Introduc-
tions for EcoRI and Clal polymorphisms.

Double digests of Peking, Illini, and PI 79593 DNAs using
Cial + Xhol were probed with clones, 1a, 4a and 4b to more
accurately place the polymorphic Clal restriction site(s) with
respect to the large single-copy and inverted repeat regions.

Results

RFLP identification and localization

In digests with Aval, Clal, and EcoRI, polymorphisms
detected included those previously described (Shoemaker
et al. 1986) as well as additional polymorphic fragments.
However, one of the two Aval polymorphic fragments
previously reported (a 1.7-kbp fragment present in acces-
sions represented by Illini and Peking but not in

Table 1. Soybean chloroplast genome polymorphic fragments
produced by restriction endonuclease digestion

Muta- RE/Probe Pattern: fragment size (in kbp)
tion
1 EcoRI/MB-10 A: 4.7*
B: 6.4**
EcoRI/MB-11  A: 4.7*+1.6
B: 6.4**
2 EcoRI/MB-12  A: 2.1
B: 1.1+1.1
3 EcoRI/MB-12  A: 0.52
B: 0.55
4 EcoRI/MB-13  A: 48
B: no 4.8 fragment
5 EcoRI/MB-4b  A: 4.8
B: 255
6 Clal/MB-4b A: 24+141
B: 3.50r 3.6
7 MB-4b A: Clal 3.5; EcoRV 0.89; EcoRI 1.2;
Aval 4.1; Styl 3.4
B: Clal 3.6; EcoRV 0.98; EcoRI 1.3;

Aval 4.2; Styl 3.5

* **: like symbols designate polymorphic fragments detected
with more than one probe
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- : - Fig. 1a—f. Autoradiographs identifying polymorphisms in EcoRI, Clal,
. o Aval, Styl, and EcoRV digest of various soybean DNAs. Sizes of polymor-
phic fragments noted in kbp on the right of each autoradiograph were
determined by regression with HindlII fragment mobilities. a EcoRI digest
fragments of ‘Peking’ (Pk), ‘Ilini’ (I1), and PI 79593 (PT) DNA hybridized
to probes 4 and 4b. b EcoRI digest fragments of Peking, Illini, and PI 79593
DNA hybridized to probes 10 and 11. ¢ EcoRI digest of DNAs probed with
mung bean probe 12. DNAs shown are: 4 PI 326581, B PI 342618B,
ki C P1 468918, D PI 468906, and E PI 468905. The 1.1-kbp doublet is present
- =0.98 - in lanes A, B, and C, but absent from /anes D and E. d Clal digest of Peking,
® -0 Ilini, and PI 79593 DNA hybridized by probes 4 and 4b. The 1.1-kbp
-89 fragment, faintly apparent in Illini, is detected in repeated analyses.
e PI 79593 and Illini DNA digested with EcoRV hybridized by probe 4b.
f Sty and Aval digests of Peking, Illini, and PI 79593 DNA hybridized by
e (MB-ab) f (MB-4b) probe 4b

PI 79593) was not identified. EcoRI site polymorphisms
were observed by using probes 4, 4b, 10, 11, 12
(Fig. 1a—c) and 13 (not shown). Polymorphism of the
Clal restriction pattern was detected by using probes 4
and 4b (Fig. 1d) and probes 4a, 1, and 1a (not shown).
4b hybridization to EcoRV-digested DNAs revealed
polymorphic fragments (Fig. 1¢). The data identify poly-
morphism in Szyl restriction fragments hybridizing to

clone 4b as well (Fig. 1f). Mung bean probes 2, 3, 5, 6,
7, 8, and 9 identified no RFLPs using the restriction
enzymes listed above. Polymorphism of Dral or HindIIl
restriction patterns was not detected using any of the
mung bean clones. The RFLPs detected with the mung
bean probes are summarized in Table 1. These are cate-
gorized as mutations 1 through 7 and are described
below.
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Fig. 2. Arrows indicate the distribution of RFLPs along the chloroplast DNA of soybean. [Arrangement of regions of homology to
mung bean clones along the soybean ctDNA adapted from Palmer et al. (1988), and Palmer et al. (1983b)]. Soybean ctDNA is

circular, but is presented in a linear diagram for ease of illustration

Mutation 1. Clone 10 detected an EcoRI fragment of
4.7kbp present in Peking and Illini, but missing in
PI 79593 (Fig. 1b). PI 79593 contained an additional
EcoRI fragment of 6.4 kbp. The 6.4 kbp fragment was
one of those previously identified (Shoemaker et al.
1986). The 4.7-kbp fragment had not been detected prior
to these studies. These EcoRI fragments are also detected
by clone 11, which is not surprising since clone 10 is
largely contained within clone 11 (Fig. 2). Clone 11, how-
ever, revealed an additional EcoRI fragment of 1.6 kbp
in Peking and Illini, which was not found in PI 79593
(Fig. 1b). This 1.6-kbp fragment had not been previously
identified.

Mutation 2. A 2.1-kbp fragment was identified with
probe 12 in EcoRI digests of Illini but not in digests of
Peking or PI 79593. Peking and PI 79593 appear to con-
tain a “doublet” band at 1.1 kbp, whereas Illini contains
only a single band of that size hybridizing to mung bean
clone 12 (Fig. 1¢).

Mutation 3. The germplasm survey facilitated the identi-
fication of a new polymorphism with probe 12 (Fig. 1¢).
A single G. soja accession, PI 326581, showed a polymor-
phic fragment of 0.55kbp replacing a fragment of
0.52 kbp found in all other genus Glycine accessions sur-
veyed.

Mutation 4. Clone 13 hybridized to a 4.8-kbp fragment in
Illini EcoRI digests that was not detected in digests of
Peking or P1 79593 (not shown).

Mutation 5. Mung bean clone 4 overlaped the juncture of
the inverted repeat and large single-copy region of the
mung bean genome and included sequences from both
regions. As a consequence of an inversion event in mung
bean relative to soybean (Palmer 1987, Palmer et al.
1988), probe 4 hybridized to sequences in soybean
ctDNA adjacent to those sequences hybridizing to probe
13. Probe 4 hybridized, albeit faintly, to an EcoRI frag-
ment of 4.8 kbp in 1llini, which is not present in Peking
or PI 79593 (Fig. 1a), which instead showed hybridiza-
tion to a 2.5-kbp fragment. (This 4.8-kbp fragment may
be the same 4.8-kbp fragment detected in Illini with

probe 13.) The 4.8-kbp and 2.5-kbp polymorphic frag-
ments were previously described by Shoemaker et al.
(1986). Cleavage of clone 4 into primarily inverted repeat
(4a) and single-copy (4b) homologous segments, and
subsequent hybridizations using these probes, revealed
additional information concerning the location of these
EcoRI polymorphic sites. Clone 4a detected no polymor-
phisms of EcoRI restriction sites, but strong hybridiza-
tion of clone 4b to the 4.8-kbp fragment in Illini and the
2.5-kbp fragment in Peking and PI 79593 was observed.
Clone 1 showed no polymorphism in EcoRI digests.
Mung bean clone 1 could be cleaved into fragment 1a,
containing only inverted repeat homologous sequences.
This fragment, by definition, should be identical to 4a,
and indeed, all hybridization data obtained with probe
1a are identical to those obtained with 4a. The other
cleavage product, between the PstI end point of the clone
(located in the LSC region just outside the inverted re-
peat) and the Pyull restriction site (in the inverted repeat
Just inside of the juncture with the LSC region) (Palmer
et al. 1983 b), is much too small to detect on an agarose
gel, possibly being only a few nucleotides pairs in length.
An additional polymorphism of the EcoRI restriction
pattern was detected with probe 4b. This will be de-
scribed under Mutation 7.

Mutation 6. Clal restriction site polymorphisms was de-
tected with probes 1, la, 4, 4a, and 4b. In Illini, a
2.4-kbp fragment was detected with all these probes and
a 1.1-kbp fragment was detected with probe 4b (Fig. 1 c).
The 1.1-kbp fragment showed only a faint signal with 4b,
but could be detected in repeated hybridizations. The
2.4-kbp and 1.1-kbp fragments were not detected in Pek-
ing digests; instead, a fragment of 3.5 kbp was identified
with probes 1, 1a, 4a, and 4b. None of these three frag-
ments were detected in hybridizations to PI 79593 Clal
digests; however, a fragment of 3.6 kbp was identified
with all these probes. With the exception of the 1.1-kbp
fragment, this RFLP pattern had been described pre-
viously (Shoemaker et al. 1986). Double digestion with
Clal and Xholl resulted in a uniform size reduction of the
three polymorphic fragments (3.6, 3.5, or 2.4 kbp) of
about 0.1 kbp, placing the nonvariable end point of these
Clal polymorphic fragments approximately 0.1 kbp in-
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Table 2. Plastome groupings within the genus Glycine, subgenus Soja based upon RFLP patterns. (See Table 1 for a description of
mutations 1-7). G. max, G. max forma gracilis, and G. soja, denoted by (m), (g) and (s) respectively; [T/T] indicate the presence of
a nuclear genomic translocation in G. soja relative to G. max (RG Palmer et al. 1987); [N/N] indicate a normal arrangement of the

genome relative to G. max; [n.t.] indicate that the accession has not been tested for the translocation

Accession Maturity Accession Maturity
Group I: Mutations 1-A, 2-A, 3-A, 4-A, 5-A, 6-A, 7-A

1llini (m)*® 11 Harper (m) 111
Dunfield (m)*® I Hodgson 78 (m) I
Mukden (m)*® I Wilson (m) v
Roanoke (m)*? Vil BSR101 (m) I
Tokyo (m)*® VII Jilin 3 [PI 427099] (m) I
Mandarin (m)?® 1 Maple Arrow (m) 00
Minsoy [PI 27890] (m)°® 0 Altiona (m) 00
Harosoy (m)®° 11 Seneca (m) 11
A.K. Harrow (m)® 11 Mandarin [Ott.] (m) 0
Hark (m)® I $100 (m) A%
Manchu (m)® 111 AB80-244036 (m) I
Richland (m)® II A81-356022 (m) II1
Polysoy (m)® v PI 54610 (m) VI
Corsoy (m) IT PI 91732 (m) I
Williams 82 (m) jans PI1437477B (m) III
Pride B216 (m) I T248 [PI 83945-4] (m) v
M.W. Oil Seed. 3010 (m) 11 PI 468904 (s) [N/N] 00
TriValley Charger (m) 11 PI 468905 (s) [N/N] 0
Stine 3200 (m) 111 PI 468906 (s) [n.t.] 0
Group II: Mutations 1-A, 2-A, 3-A, 4-A, 5-A, 6-B, 7-A

CNS (m)® VII Noir I [PI 290136] (m) 0
Medium Green (m)® I PI 398303 (m) v
Aoda [PI 81043] (m) v PI 407900 (m) v
Biloxi (m) VIII PI 240664 (m) X
Palmetto (m) VIII PI 408272B (m) v
Group III: Mutations 1-A, 2-B, 3-A, 4-B, 5-B, 6-B, 7-A

Peking (m)® v PI 468918 (s) [N/N] 11
PI 424004A (s)® [n.t.] I PI 468916 (s) [N/N] 111
PI 342618B (s) [T/T] I

Group IV: Mutations 1-B, 2-B, 3-A, 4-B, 5-B, 6-B, 7-A
PI 153292 (g)°® 111
Group V: Mutations 1-B, 2-B, 3-A, 4-B, 5-B, 6-B, 7-B
PI 79593 (g)° 11
Group VI: Mutations 1-B, 2-B, 3-B, 4-B, 5-B, 6-B, 7-B
PI 326581 (s) [N/N] I

¢ Cultivar identified as a maternal ancestor of commonly grown soybean cultivars
® Cultivar or Plant Introduction analyzed by Shoemaker et al. (1986)

side the large single-copy proximal end of the 5.5-kbp
Xhol fragment (IR region) (Palmer et al. 1983b) and the
polymorphic Clal sites in the 4b homologous region
(LSC region). The mutation resuiting in fragments of
2.4 kbp + 1.1 kbp versus a single fragment of 3.5 kbp is
considered to be mutation 6. The change resulting in a
3.6-kbp fragment instead of a 3.5 kbp fragment is de-
scribed as Mutation 7 (see below).

Mutation 7. This mutation is identified as a size differ-
ence of 100 bp detected in digests with five different re-
striction endonucleases. Probes 4a, 4b, 1 and 1a all de-
tect a size difference of approcimately 100 bp in Clal
restriction fragments resulting in a 3.6-kbp fragment in
PI 79593 versus a 3.5-kbp fragment in Peking. A frag-
ment of 1.2-kbp in Peking and Illini that hybridized
strongly to clone 4b with at least twice the intensity seen



in PI 79593 was detected in EcoRI digested DNA. The
reverse situation existed for a 1.3-kbp band in PI 79593,
which had at least twice the intensity of a 1.3-kbp band
in Peking and Illini. No differences in signal intensity of
these bands were observed with clone 4a or 1 a. Hybridi-
zation of EcoRV-digested DNAs to probes 1, 4, or 4b,
detected a fragment of 0.89-kbp in Peking and Illini, but
notin PI 79593, where a unique fragment of 0.98 kbp was
identified (Fig. 1¢). These fragments are not detected
with probes 4a or 1a, placing the polymorphic EcoRV
site(s) within the 4 b homologous region. A mobility shift
attributed to a size difference of approximately 100 bp
was also detected by using Aval-digested DNAs hybri-
dized with clone 4b (Fig. 1f). A fragment of approxi-
mately 4.1 kbp was observed in both Illini and Peking
but not PI 79593, while a fragment of approximately
4.2 kbp was seen only in PI 79593. This same size differ-
ence was detected in StyI digested DNAs with clone 4b
(Fig. 1f). A fragment of approcimately 3.4 kbp was de-
tected in Illini and Peking, but not in PI 79593, where a
fragment approximating 3.5 kbp was observed instead.
All five of these polymorphisms reflect a size difference
of 100 bp between PI 79593 and both Illini and Peking.

Germplasm survey

Fifty-three additional cultivars and Plant Introductions
were screened for the EcoRI and Clal polymorphisms
described. This germplasm survey partly overlapped the
previous study and included additional G. max, and G.
soja cultivars and Plant Introductions. Analysis of the
RFLP patterns of the DNAs common to both studies
confirmed that we had identified the polymorphic frag-
ments previously described as well as additional poly-
morphisms. The distribution of RFLP patterns allowed
the assignment of these genotypes into six groups of
cytoplasmic relatedness. The results are listed in Table 2.

Discussion

The chloroplast genome of land plants is characterized
by an extremely slow rate of evolution compared with the
nuclear genome. This high conservation of sequence,
combined with the cytoplasmic inheritance of ctDNA,
makes the molecular analysis of chloroplast DNA re-
striction enzyme fragment patterns a particularily useful
tool for understanding evolutionary relationships be-
tween closely related species (Palmer 1987; Palmer 1985;
Curtis and Clegg 1984). Rates of sequence divergence
between individual or related species are relatively low
(Curtis and Clegg 1984). Of the changes that have oc-
curred, most of the divergence is due to nucleotide substi-
tutions or small deletions and additions of 1-10 bp in
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noncoding regions (Palmer 1987). The distribution of
variant sites is reported to be decidedly nonrandom with
respect to the inverted repeat and single-copy regions
(Curtis and Clegg 1984). The inverted repeat evolves in
tandem and at a much slower rate (Palmer 1985). Several
reports (Kung et al. 1982; Palmer et al. 1983b; Palmer
1985; Salts et al. 1984; Sytsma and Gottleib 1986) have
implicated a higher rate of interspecific and intraspecific
sequence divergence in the large single-copy area near the
junctures with the inverted repeats than in other areas of
the genome.

Interpretation of hybridization data from our study
places the majority of polymorphic restriction sites with-
in one portion of the large single-copy region. Figure 2
summarizes the distribution of restriction site polymor-
phisms located to date. At least six molecular changes
have been detected. Both insertion/deletion events, as
well as restriction site change, are evident from the data.
PI 79593 carries a 0.1-kbp addition relative to other ac-
cessions studied (Mutation 7). This size difference is evi-
dent with several different restriction endonucleases
(Clal, EcoRI, EcoRV, Avael and Styl), as one would ex-
pect. A restriction site change has likely occurred, result-
ing in the nearly additive (4.7+1.6~6.4) polymorphic
fragments detected with clone 11 (Mutation 1). The poly-
morphic fragments detected in Clal digests probably re-
sult from a restriction site change as well (Mutation 6),
yielding additive fragments (2.4 +1.1=3.5). These frag-
ments, when combined with the 100 bp size difference
discussed previously, result in a 3.6-kbp fragment in
PI 79593. EcoRI polymorphisms detected by using clone
12 probably reflect an insertion/deletion (Mutation 3) of
approximately 30 nucleotides, seen in PI 326581, as well
as a restriction site change (Mutation 2) resulting in a
fragment of 2.1 kbp, seen in Illini, instead of two 1.1-kbp
fragments. The events resulting in a 4.8-kbp EcoRI frag-
ment detected with use of either clone 13 or 4b (seen in
Illini e.g.) versus a 2.5-kbp fragment detected with clone
4b (Mutation 4/5) are not clear. If an insertion/deletion
of 2.3 kbp occurred, it should be evident in DNA digests
with other restriction endonucleases, but this was not the
case. No additive polymorphic fragments have been
identified to indicate a restriction site mutation, however;
it is possible that other restriction fragments hybridizing
to clone 13 or 4b obscured the fragment.

The mutations just described have been designated 1
through 7 (numbers 4 and 5 are quite possibly the same
mutation). These are listed in Table 1. The mutations can
be used to divide the germplasm surveyed into the six
plastome groups listed in Table 2. Treating each group as
a haplotype, it is possible to construct a network of plas-
tome groups (Lansman et al. 1983) showing possible
phylogenetic relationships. This network is diagrammed
in Fig. 3. This network suggests a branching between
plastome groups I, II, and IT1I- VI, breaking the subgenus



Fig. 3a and b. Networks of plastome groups and ctDNA muta-
tions. Arabic numbers identify each mutation (Table 1). Roman
numerals denote plastome groups (haplotypes). a Unrooted net-
work showing relatedness based upon mutation alone. b Net-
work constructed using plastome group III (containing both G.
max and G. soja) as the progenitor group. Group VI contains a
G. soja accession. Groups [V and V contain G. max forma gra-
cilis, and Group II contains G. max. Group I contains primarily
modern G. max cultivars and their maternal ancestors plus three
G. soja accessions of presumed G. max x G. soja hybrid origin

Soja into two major groups (soja and max), each with
subgroups.

Group I, the largest of the cytoplasmic groupings,
previously contained exclusively G. max lines, primarily
modern cultivars and their maternal ancestors. All the G.
soja accessions had been placed into group III, a diverse
group containing primitive G.max lines and G. max
forma gracilis as well. The patterns of RFLPs from our
study confirmed the placing of the modern cultivars to-
gether into group I, but surprisingly, three G. soja Plant
Introductions were found to share this same pattern of
RFLPs. These are PI 468904, PI 468905, and PI 468906.
These were characterized at the time of collection and
inclusion in the USDA wild soybean germplasm collec-
tion as semiwild soybeans, seemingly of G. max x G. soja
hybrid origin (Bernard 1986). The molecular analysis of
these G. soja accessions demonstrates that they posses a
chloroplast genome uniquely characteristic of Glycine
max. Maternal inheritance of ¢tDNA in genus Glycine,
subgenus Soja was demonstrated by Hatfield et al. (1985)
and Corriveau and Coleman (1988). Our ctDNA analysis
suggests that PI 468904, PI 468905, and PI 468906 are
indeed of hybrid origin and, furthermore, that the mater-
nal parent of the outcrossing was likely Glycine max.

The germplasm survey detected a new polymorphism
in one of the G. soja accessions screened. PI 326581 dem-
onstrated a pattern unique among all the cultivars and
Plant Introductions screened. Previously, all the G. soja
had been placed into group III. The identification of this
mutation placed this G. soja accession alone into a new
plastome group VI. This accession was introduced from
the USSR and does not carry the nuclear chromosome
translocation, relative to G. max {Palmer et al. 1987a),

characteristic of many G. soja accessions from the Soviet
Union.

Both G. soja and G. max have a chromosome number
of 2n=40 and are generally interfertile (Hadley and
Hymowitz 1973). However, a chromosome interchange is
reported in some G. soja accessions relative to the G. max
chromosome complement (Palmer and Heer 1984;
Palmer etal. 1987a). Evidence from morphological,
cytological, and biochemical studies have supported the
hypothesis that G. soja is the wild progenitor of the culti-
vated soybean G. max (Hymowitz and Newell 1980;
Hymowitz and Singh 1978). G. max forma gracilis is
found only where these two species hae come in contact
(Hymowitz 1970) and it is thought that the G. max forma
gracilis is the weedy product of hybridization between
these two species (Broich and Palmer 1980). It has been
recommended that G. soja and G. max be considered one
species, representing a subspecies (Smartt 1984). Other
reports of molecular studies undertaken to investigate
the relationships among the taxa of the subgenus Soja
include analyses of the nuclearly encoded 185—25S ribo-
somal RNA multigene family and the 58 ribosomal RNA
genes of G. soja and G. max (Doyle and Beachy 1985;
Doyle 1988). Their data indicate little differentiation be-
tween the two taxa (the only variants being two G. soja
accessions differing in 5S repeat size compared to 31
other G. soja and G. max accessions analyzed) and con-
cluded their findings to be consistent with the existence of
a single species.

Our analyses of ctDNA variation in subgenus Soja
lead to three observations. (1) There is low mutational
novelty (of ctDNA) within the subgenus, which indicates
a recent common ancestry for all accessions. The maxi-
mum mutational difference, even between the most dis-
tant groups (Fig. 3), is three steps (possibly only two
steps). (2) Since no outgroups were included (representa-
tives of genus Glycine subgenus Glycine, e.g.), Fig. 3 can-
not be polarized (i.e., the direction of mutation relative to
ancestral type indicated). However, since G. soja is the
presumed wild progenitor of the cultigen G. max, a rear-
rangement of the unrooted diagram in Fig. 3a is present-
ed in Fig. 3b. (3) The occurrence of at least two indepen-
dent mutations separating group III from group II pro-
vokes a question as to whether there is a missing
ancestral type (i.e., a G. soja) bearing the intermediate
haplotype) or have these mutations arisen in the history
of cultivation?

It is interesting that legumes emerge as a particularly
divergent family in terms of ctDNA. Although major
structural rearrangements are rare in ctDNA, three
prominent rearrangements mark the legume family.
Palmer and Thompson (1982) describe a 50-kbp inver-
sion unique to the legume subfamily Papilionoideae,
which places the gene coding for the large subunit of
Rubisco (rbcL) within a few kilobases of the psbA gene.



The chloroplast DNA genome of one branch of the le-
gume family (including pea and broad bean) has lost one
of the inverted repeat segments. Within some of these
legume species, the loss of this repeat had been correlated
with an increase in sequence divergence (Palmer 1985;
Palmer 1987). An inversion of 78 kbp has been noted by
Palmer et al. (1988) in a branch of the Phaseoleae tribe
containing Vigna and Phaseolus, but not the genus Gly-
cine. Apart from the major rearrangements described,
intergeneric comparisons of legume ctDNAs also yield
higher values for base sequence divergences than similar
comparisons in other dicotyledonous plant families
(Palmer et al. 1983b).

Molecular analysis of the ctDNA sequence diversity
in soybean, both interspecific and intraspecific, has
proved a means for evaluating relationships between cul-
tivars and accessions. We are interested in characterizing
the nature of the molecular changes involved. Palmer
(1987) notes that the small additions or deletions respon-
sible for much of ctDNA sequence divergence often oc-
cur close to or are flanked by short direct repeats. The
occurrence of these structural motifs may be more fre-
quent in the juncture regions designated as ‘hotspots’ for
sequence changes. Detailed mapping studies are essential
to determine the structural ‘landscape’ of the polymor-
phic sites. The use of mung bean probes is not adequate
for such mapping in soybean. As a consequence of the
78-kbp inversion in mung bean relative to soybean, the
colinearity between the ctDNA molecules becomes
somewhat confused. Also, regions of deletion and addi-
tions reported to exist between the two genomes (Palmer
et al. 1983b), specifically in the areas of interest, make
the use of mung bean probes impractical for any further
mapping. The development of homologous ctDNA li-
braries for each of these soybean genomes, fine-structure
mapping with genome specific probes, and subsequent
sequence analysis of the specific regions flanking the
polymophic sites sould enable us to better characterize
the juncture regions of the variant plastomes.
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