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Summary. Many retated species and strains of common
wheat were compared by matching differences among
their mitochondrial genomes with their “parent” nuclear
genomes. We examined three species of Aegilops, section
Sitopsis (Ae. bicornis, Ae. sharonensis, and Ae. spel-
toides), emmer wheat (Triticum dicoccoides, T. dicoccum,
and T, durum), common wheat (T. speita, T. aestivum, and
T. compactum), and timopheevi wheat (7. araraticum,
T. timopheevi, and T. zhukovskyi). A single source of the
cytoplasm was used in all the species, except Ae. spel-
toides (two sources), T. araraticum (two), and T aestivum
(three). Following restriction endonuclease analyses, the
mitochondrial genomes were found to comprise seven
types, and a dendrogram showing their genetic related-
ness was constructed, based upon the percentage of com-
mon restriction fragments. MtDNAs from T dicoccum,
T. durum, T. aestivum, and T. compactum yielded identical
restriction fragment patterns; these differed from T di-
coccoides and T. spelta mtDNAs in only 2.3% of their
fragments. The fragment patterns of T. timopheevi and
T. zhukovskyi were identical, and these differed from
T. araraticum mtDNA by only one fragment. In both the
emmer-dinkel and timopheevi groups, mitochondrial ge-
nome differentiation is evident, suggesting a diphyletic
origin of each group. MtDNAs from four accessions of
the Sitopsis species of Aegilops differ greatly from one
another, but those of Ae. bicornis, Ae. sharonensis, and
Ae. searsii, belonging to the same subsection Emar-
ginata, are relatively similar. MtDNAs of timopheevi
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species are identical, or nearly so, to those of Ae. spel-
toides accession (09), suggesting that the latter was the
cytoplasm donor to the former, polyploid group. The
origin of this polyploid group seems to be rather recent
in that the diploid and polyploid species possess nearly
identical mitochondrial genomes. We cannot determine,
with precision, the cytoplasm donor to the emmer-dinkel
group. However, our results do suggest that mitochon-
drial DNAs show larger evolutionary divergence than do
the ¢tDNAs from these same strains.

Key words: Polyploid wheat — degilops (Sitopsis) — Mito-
chondrial genome — Restriction endonuclease analysis ~
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Introduction

Mitochondria are semiautonomous organelles contain-
ing their own DNA. In higher plants, the molecular orga-
nization of mitochondrial genomes is clarified by restric-
tion mapping of entire mitochondrial DNA molecules,
and their physical maps have been constructed in several
species, e.g., Brassica campestris (Palmer and Shields
1984), B. oleracea (Chetrit et al. 1984), B.nigra, and
Raphanus sativus (Palmer and Herbon 1986), Spinacia
oleracea (Stern and Palmer 1986), Zea mays (Lonsdale
et al. 1984), and Triticum aestivum (Quetier et al. 1985).
These maps reveal a general feature of mitochondrial
genomes of higher plants, namely, multipartity of DNA
molecules generated by intramolecular recombination
between repeated sequences located in the “‘master”
DNA molecule.

However, less is known about the evolutionary his-
tory of plant mitochondrial genomes than is known of



animal mitochondrial genomes (e.g., Brown 1983) and
plant chloroplast genomes (e.g., Palmer 1987). One rea-
son we know less of plant mtDNA is that variability is so
great as to preclude meaningful comparisons between
distantly related species. Attempts to circumvent this dif-
ficulty and to search for clues to a molecular basis of
differentiation and evolution of plant mitochondrial
genomes have taken the form of studying closely related
species, even different strains of the same species
(Sederoff et al. 1981; Holwerda et al. 1986; Pring et al.
1987; Palmer 1988).

In wheat (7Triticum) and its related genus, Aegilops,
several phylogenetic studies of cytoplasms have been car-
ried out, including analyses of the genetic characteristics
of whole cytoplasm and chloroplast DNA. We have
abundant information about the genetic differences
among the cytoplasms of most species in these two gen-
era (Tsunewaki 1980, 1989; Ogihara and Tsunewaki
1988). Their mitochondrial genomes, however, are rarely
studied from the phylogenetic and evolutionary point of
view, Only Vedel et al. (1978, 1981) have reported differ-
ences of restriction patterns among mtDNAs of poly-
ploid wheats and their ancestral diploid species. With
restriction endonuclease analyses of mtDNAs, Terachi
and Tsunewaki (1986) demonstrated mitochondrial ge-

Table 1. Lines used as sources of mitochondrial DNA
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nome differentiation among Aegilops species with identi-
cal chloroplast genomes. Breiman (1987) reported exten-
sive intraspecific variation among different accessions of
Ae. speltoides, using Southern hybridization. What is
needed is a thorough and systematic investigation of
mtDNA diversity in order to understand differentiation
and evolution of mitochondrial genomes in these genera.

This paper reports our attempts to determine the ex-
tent of mitochondrial genome diversity among species
carrying B, G, or S and S-related nuclear genomes, and
to identify the cytoplasmic donors of polyploid wheats.
Restriction fragment patterns of mtDNA of representa-
tive polyploid wheats have been compared to those of
their putative diploid ancestors. Our results are the first
to assign the donor of mtDNA to the timopheevi group,
and to show intragroup variation of the mtDNA within
the emmer-dinkel group of wheat.

Materials and methods

Plant materials

Six euplasmic wheat lines and ten alloplasmic lines of common
wheat were used as sources of mtDNAs (Table 1). The alloplas-
mic lines, with the exception of Ae. speltoides cytoplasm (code

a. Euplasmic lines

Group Species n Nuclear® Source® Abbr.
genome
Emmer T. durum cv Stwart 14 AB K Stw
Dinkel T. aestivum cv Chinese Spring 21 ABD K CS
Dinkel T. aestivum cv Jones Fife 21 ABD K JF
Dinkel T. aestivum cv Shirogane-komugi 21 ABD K Srg
Dinkel T. compactum cv No. 44 21 ABD K Cmp
Dinkel T. spelta var. duhamelianum 21 ABD K Splt
b. Alloplasmic lines
Cytoplasm donor Nucleus
donor
Section Species n Nuclear? Source® Code no.
(or group) genome
Sitopsis Ae. speltoides 7 S K 08 CS
Sitopsis Ae. speltoides 7 S P 09 CS/Splt
Sitopsis Ae. sharonensis 7 st K 10 CS
Sitopsis Ae. bicornis 7 S* M 12 CS
Emmer T. dicoccoides var. spontaneonigrum 14 AB K 21 CS
Emmer T. dicoccum cv Hokudai 14 AB K 22 CS
Timopheevi T. araraticum 14 AG K 23 Splt
Timopheevi T. araraticum 14 AG M 24 Splt
Timopheevi T. timopheevi 14 AG K 25 Splt
Timopheevi T zhukovskyi 21 AAG M 51 Splt

# After Kihara (ref. Lilienfeld 1951)

® K - Kyoto University, Japan; M — S. S. Maan, North Dakota State University, USA; P — L. Panayotov, Institute for Wheat and

Sunflower, Bulgaria
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no. 09), were propagated by natural open-pollination in our
experimental field. Seeds of alloplasmic lines with Ae. speltoides
cytoplasm were kindly provided by Dr. H. Tsujimoto, Kihara
Institute for Biological Research, Yokohama City University,
Japan.

Isolation of mitochondria and purification of mtDNA

Mitochondria were isolated from etiolated leaves, according to
Bonen and Gray (1980). MtDNA was purified from mitochon-
drial lysates by CsCl/EtBr centrifugation, after Terachi and
Tsunewaki (1986).

Restriction endonuclease analysis of mtDNA

The restriction enzymes, BamHI, HindIIl, PstI, Pvull, and
Xhol, all being six-base cutters, were used under the conditions
specified by the manufacturer (Takara Shuzo Co. Ltd., Japan).
Digested mtDNA was electrophoresed in agarose gels (0.8% or
1.0%), the bands were identified by UV light following EtBr
staining (0.5 pg/ml) and photographed. Upon enlarging the
photographs, the distance of each fragment from the elec-
trophoretic origin was measured, from which its molecular size
was estimated by comparing it with marker DNA fragments.
Genetic similarities among the mitochondrial genomes were
evaluated by the percentage of their common restriction frag-
ments. Details of these calculations are given in below.

Results

Restriction fragment patterns of mtDNAs isolated
Jfrom polyploid wheats and Aegilops species in the section
Sitopsis

All mtDNAs tested produced complicated restriction
patterns, including large numbers of fragments and ap-
parent non-stoichiometry in some of them. Close exami-
nation of these patterns reveal the following facts. First,
restriction patterns of mtDNAs from four Aegilops
accessions, i.e., Ade. speltoides (code nos. 08 and 09),
Ae. sharonensis (10), and Ae. bicornis (12), can be distin-
guished by use of all five enzymes (Fig. 1). Second,
mtDNAs of two emmer wheats, T. dicoccum (22) and
T durum (Stw), yield restriction patterns identical with
those of 7. compactum (Cmp) and three T. aestivum culti-
vars (CS, JF, and Srg), and mtDNA of T dicoccoides var.
spontaneonigrum (21) yields identical patterns to those of
T. spelta (Splt) (Figs. 1 and 2). Similarly, restriction pat-
terns of Ae. speltoides (09), T. timopheevi (25), and
T zhukovskyi (51) mtDNAs are identical. Finally, al-
though mtDNAs of T dicoccoides var. spontaneonigrum
(21) and T spelta (Splt) produce similar restriction pat-
terns to those of T dicoccum (22), T. durum (Stw), and
three 7. aestivum cultivars (CS, JF, and Srg), mtDNAs of
the former clearly differ from the latter in HindIII, Pst],
and Pvull patterns (Fig. 1b—d, respectively). For exam-
ple, a HindIIl fragment present in the former (12.4 kbp
in size, marked with e in Fig. 1b) is not found in the
latter. In the same way, T araraticum (23 and 24) pat-
terns differ from those of Ae. speltoides (09), T. ti-
mopheevi (25), and T. zhukovskyi (51) in that a HindIII

Table 2. Relationships among cytoplasmic, chloroplast, and mi-
tochondrial genome types

Plasma Ct genome Mt genome Species

type?® type® type (accession or cultivar)
Se 1b b1 Ae. bicornis (12)

St 1c Ic Ae. sharonensis (10)

G 5 Va Ae. speltoides (09)

G 5 Va T. timopheevi (25)

G 5 Va T. zhukovskyi (51)

G 5 Vb T. araraticum (23)

G 5 Vb T araraticum (24)

B 7 Vila T. durum (Stw)

B 7 Vila T. dicoccum (22)

B 7 VIla T. compactum (Cmp)

B 7 Vila T. aestivum (CS, JF, Srg)
B 7 VIIb T. dicoccoides spont. (21)
B 7 VIIb T. spelta (Splt)

S 8 VIII Ae. speltoides (08)

¢ Tsunewaki and Tsujimoto (1983)
b QOgihara and Tsunewaki (1983)

fragment (6.7 kbp in size, marked with « in Figs. 1b and
2b) is present only in the former.

According to these restriction fragment patterns,
mtDNAs from 16 different cytoplasms can be classified
into seven different types, designated as shown in
Table 2. The cytoplasmic and chloroplast genome types
are also shown in this table.

Genetic similarity among different mitochondrial genome
types as revealed by restriction fragment pattern

As an index of the genetic similarity between a pair of
mitochondrial genomes, the percentage of common re-
striction fragments is adopted. This parameter is ex-
pressed by 2A/B x 100, where A is the number of frag-
ments found in common between the restriction frag-
ment patterns of two mtDNAs, and B is the sum of the
numbers of fragments observed in them. Both A and B
are pooled for all five restriction patterns. Comparable
data are always taken from the same gel. This procedure,
however, ignores the stoichiometry of the fragments. The
percentages of common restriction fragments, between
all possible pairs of seven mitochondrial genomes, are
given in Table 3. The highest value, 99.7%, is obtained
between type Va mitochondrial genomes of Ae. spel-
toides (09), T. timopheevi (25), and T zhukovskyi (51),
and type Vb of the two T. araraticum lines (23 and 24).
A value of 97.7% is observed between type VIla of six
emmer-dinkel wheat lines and type VIIb of T. dicoccoides
var. spontaneonigrum (21) and T. spelta (Splt). At the
other extreme, the low values of 54%—55% are found
between the type Ic mitochondrial genome of Ae.



A 08 0910 12 21 22 24 25

(kbp)
23

9.4 \gud
6.6 uud

bl

el
ow

21 22 24 25

ke
&k el

IR

sharonensis (10) and type Va or type Vb mitochondrial
genomes of timopheevi group wheats, including Ae. spel-
toides (09) (Table 3).

Discussion

An overall picture of mitochondrial genome differentiation
in polyploid wheats and Aegilops Sitopsis

Mitochondrial DNAs from Triticum and Aegilops spe-
cies, carrying B, G, or S and S-related nuclear genomes,
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Fig. 1a—e. Restriction fragment patterns of mtDNAs isolated from
12 different cytoplasms. Lines are indicated by their code number
or abbreviation. — HindIII-digested lambda phage DNA. M -
Hind1lI-digested lambda plus Haelll-digested ¢ X174 phage
DNAs. a BamHI; b HindIll; ¢ PstI; d Pyull; e Xhol

are compared by overlap of restriction fragment pat-
terns. In total, nearly 300 restriction fragments are scored
in each mitochondrial genome pair. The percentage of
common fragments is used as an indicator of genetic
similarity (Table 3). We use this simple parameter be-
cause of the complex features of mitochondrial genomes,
i.e., their organization and behavior do not allow adapta-
tion to any of the established statistical methods devel-
oped for animal mtDNA and plant ¢tDNA (among oth-
ers, Nei and Li 1979; Engels 1981). However, since large



370

fractions of these genomes are more or less conserved
during speciation, and since we know so much about
these related species, we feel that this parameter is of real
significance as an index of similarity (Borck and Walbot
1982). Using this approach we have identified seven mi-

Fig. 2a and b. HindlIl restriction fragment patterns of mtDNA
isolated from six cytoplasms. — HindII1-digested lambda phage
DNA. M - Hindlll-digested lambda plus Haelll-digested
¢ X174 phage DNAs. a — 10 durum (Stw), T. asestivum cv Chi-
nese Spring (CS), T. compactum (Cmp), and T. aestivum cv Jones
Fife; b — T. araraticum (23) and T. timopheevi (25)

tochondrial genome types, from 16 sources of cytoplasm
originating from 12 polyploid wheat lines and four Sitop-
sis species (Table 2). It should be noted, however, that the
type Va mitochondrial genome of Ae. speltoides (09),
T. timopheevi (25), and T. zhukovskyi (51) is nearly identi-
cal to the type Vb genome of T, araraticum (23 and 24);
only one fragment difference is observed among 309 frag-
ments compared. Similarly, the type VIIa mitochondrial
genome, found in six emmer-dinkel wheat lines, closely
resembles type VIIb of T. dicoccoides (21) and T spelta
(Splt), with only seven of 307 fragments exhibiting differ-
ences (Table 2). Aside from these two, there are five well-
differentiated mitochondrial genome types among the
polyploid wheats and Sitopsis species studied here.

A comparison between mitochondrial and chloroplast
genome differentiation during speciation of Sitopsis species
and polyploid wheats

From the percentages of common mtDNA fragments, a
dendrogram is constructed (using the UPGM method)
showing genetic relatedness among the seven mitochon-
drial genome types (Fig.3). In the same figure, this
mtDNA dendrogram is compared with a ¢tDNA den-
drogram drawn by the same method from the data of
Ogihara and Tsunewaki (1988).

Table 3. Numbers of fragments shared in common between two mtDNAs isolated from polyploid wheats and Aegilops species of the

section Sitopsis

Mt genome types No. common fragments Total % Common
compared?® fragments  fragments
BamHI HindIIT Pstl Pyull Xhol Total (A) comp. (B) (2A/B)

Ibi: Ic 26 27 30 18 20 121 292 82.9
Ibl: Va 18 16 26 12 17 89 303 58.7
Ibl: Vb 18 16 26 12 17 89 304 58.6
Ib1: Vila 21 15 22 11 17 86 302 57.0
Ibi: VIIb 21 15 23 11 18 88 303 58.1
Ib1: VIIT 18 20 21 14 19 92 296 62.2
Ic: Va 19 15 23 10 14 81 297 54.5
Ic: Vb 19 15 23 10 14 81 298 54.4
Ie: VIIa 23 14 23 11 16 87 296 58.8
Ic: VIIb 23 14 24 11 17 89 297 59.9
Ic: VIII 21 20 19 14 16 90 290 62.1
Va: Vb 31 28 38 27 30 154 309 99.7
Va: VIla 22 18 27 18 23 108 307 70.4
Va: VIIb 22 19 27 17 24 109 308 70.8
Va: VIIL 20 18 21 17 19 95 301 63.1
Vb: VIIa 22 19 27 18 23 109 308 70.8
Vb: VIIb 22 20 27 17 24 110 309 71.2
Vb: VIII 20 19 21 17 19 96 302 63.6
VIla: VIIb 32 27 33 21 35 150 307 97.7
VIla: VIII 25 16 21 11 20 93 300 62.0
VIIb: VIII 25 17 21 11 20 94 301 62.5

2 Refer to Table 2 for the mitochondrial genome type of each species
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In essence, the two dendrograms are alike, an indica-
tion that mitochondrial and chloroplast genomes have
diverged in parallel during speciation. However, two dif-
ferences must be pointed out. First, some differentiation
of mitochondrial genomes appears to have occurred
without parallel changes of chloroplast genomes. This
observation supports others (Holwerda et al. 1986; Pring
et al. 1987) that evolutionary change occurs more rapidly
within mitochondrial genomes than within chloroplast
genomes. These evolutionary rate differences may reflect
more frequent structural changes (deletions/insertions,
duplications, and inversions) in mtDNA than in ctDNA
(Palmer 1988), and/or differences in genome size and
relative amounts of noncoding sequence.

Another difference between the two dendrograms is
the relationships among higher orders of the clusters. The
branching points are close to one another and cannot be
convincingly ordered in the dendrogram of mitochon-
drial genomes, whereas they are well ordered in the den-
drogram of chloroplast genomes. This may be due to the
increased inaccuracy in identifying fragment size differ-
ences among mtDNAs of somewhat distantly related
species. Of course, this points out a limitation of the
restriction fragment method for comparing mitochon-
drial genomes of distantly related species.

At the same time, the restriction fragment analysis of
mtDNA seems well suited for phylogenetic studies of
closely related taxa. CtDNA comparisons are useful for
extending these phylogenetic studies to more distantly
related species, as pointed out by Terachi and Tsunewaki
(1986).

Mitochondrial genome differentiation within the section
Sitopsis of Aegilops

The Sitopsis section is divided into two subsections,
Emarginata and Truncata. Four species, Ae. bicornis,
Ae. longissima, Ae. searsii, and Ae. sharonensis belong to
the former, and Ae. speltoides to the latter. MtDNA of
Ae. longissima is not included in this report.

:

a
}*_4 AR
T.araraticum Vb }

Fig. 3a and b. Dendrograms showing genetic re-
lationships among mitochondrial (a) and chloro-
plast (b) genomes of polyploid wheats and Sitop-
sis species, based on the percentages of common
fragments and numbers of mutations, respectively

Mitochondrial genomes of Ae. bicornis (12), type Ibl,
and type Ic of Ae. sharonensis (10), were shown to be
closely related (82.9% identity). According to Siregar
et al. (1988), mtDNA of Ae. searsii is similar to mtDNAs
of Ae. bicornis (12, 91% identical) and Ae. sharonensis
(10, 79% identical). These facts indicate that a large part
of the mitochondrial genome has been conserved during
the speciation of Ae. bicornis, Ae. sharonensis, and
Ae. searsii, three species belonging to the same subsec-
tion, Emarginata. The mitochondrial genomes of two
Ae. speltoides accessions (08 and 09), of the other subsec-
tion, Truncata, differ greatly from those of Ae. bicornis
(12) and Ae. sharonensis (10, Table 2).

The percentage of common fragments is low even
between mitochondrial genomes of the two accessions of
Ae. speltoides (63% identical). Our preliminary experi-
ments indicate an alloplasmic line with a third Ae. spel-
toides cytoplasm possesses a type Vb mitochondrial
genome, whereas a fourth Ae. speltoides cytoplasm has a
type VIII genome. Since types Va and Vb are quite
similar, we conclude that there are at least two well-
differentiated mitochondrial genomes (types Va and Vb
versus type VIII) in Ae. speltoides; these are associated
with G and S plasma types, respectively (Tsunewaki
1980).

Breiman (1987) has reported extensive intraspecific
mitochondrial genome diversity among different acces-
sions of Ae. speltoides, as determined by Southern blot
hybridization of total DNA by known mtDNA se-
quences. It appears that the intraspecific variation
among mitochondrial genomes is not this high in other
species of these two genera, but the data base is insuffi-
cient. For example, mtDNAs from two T. araraticum
lines or three T aestivum cultivars showed no differences
among their restriction fragment patterns. According to
Breiman (1987), no differences in hybridization profiles
were observed in two Ae. sharonensis lines and four
Ae. searsii lines. In addition, mtDNAs from six
Ae. squarrosa lines, belonging to different varieties,
showed few differences in their BamHI and HindIlI pat-



372

terns (Terachi et al. 1985). These results show much more
variability among mitochondrial genomes of Ae. spel-
toides than is found in other species. The reasons for this
remain to be investigated.

Possible phylogenetic differentiation in both the emmer-
dinkel and timopheevi groups

Differentiation among mitochondrial genomes isolated
from cytoplasms of the emmer-dinkel group (type VIIa
versus VIIb) is in contrast to identical chioroplast
genomes taken from the same cytoplasms. For example,
a 12.4-kbp HindIIl fragment, present in mtDNAs of
T. dicoccoides (21) and T spelta (Splt), is absent in mt-
DNAs of the other six lines of emmer-dinkel wheat. In-
terestingly, this difference is found in both the tetraploid
and the hexaploid cytoplasms. Two explanations are pos-
sible. The mtDNA structural change occurred indepen-
dently in emmer and dinkel wheats, or it occurred first in
emmer, and then was transmitted to dinkel wheat. Ac-
cording to N. Mori (personal communication), the type
VIIa mitochondrial genome, found in six emmer-dinkel
wheat lines, is also present in T. dicoccoides, a wild emmer
wheat. This suggests that the differentiation of the mito-
chondrial genome into VIIa and VII b types occurred while
the mitochondria reside in the wild emmer wheat. Later,
both types were transferred into the cultivated emmer
wheat. T spelta, with hulled grains, and dinkel wheat,
with naked grains, appear to have originated diphyleti-
cally from the emmer wheats carrying the VIla- and
VIIb-type mitochondrial genomes, respectively. Their
diphyletic origin had already been suggested from com-
parative gene analyses on hybrid necrosis (Tsunewaki
1968).

A minor but clear differentiation of mitochondrial
genomes is evident within the timopheevi group, for ex-
ample, the Va type, in T timopheevi and T. zhukovskyi,
and the Vb type, in T araraticum (wild timopheevi), are
clearly different. As mentioned earlier, both Va and Vb
mitochondrial genomes are found in Ae. speltoides. This
indicates that differentiation of precursor mitochondrial
genomes into Va and Vb types occurred within cyto-
plasms of diploid ancestors. The observed, minor differ-
ence in mitochondrial genomes in this group, including
2x, 4x, and 6x species, suggests a rather recent origin of
the timopheevi group.

Cytoplasm donors to polyploid wheats revealed
by restriction fragment analysis of mtDNA

According to nuclear genome constitution, polyploid
wheats are classified into three groups, emmer (AABB),
dinkel (AABBDD), and timopheevi (AAGG and
AAAAGG). The A and D genomes originated from
einkorn wheat (Kihara 1924) and Ae. squarrosa (Kihara

1944; McFadden and Sears 1946), respectively. The
origin of B and G genomes is still debated. Which diploid
Aegilops species donated these genomes to polyploid
wheats is not certain. Nearly all of the diploid Aegilops
species (section Sitopsis) have been nominated as the
donor. Analyses of the genetic characteristics of the cyto-
plasm (Tsunewaki 1980) and of ctDNA restriction pat-
terns (Tsunewaki and Ogihara 1983) of polyploid wheats
and their putative ancestor species reveal that the cyto-
plasms of polyploid wheats are greatly different from
those of contemporary einkorn and Ae. squarrosa. Re-
striction fragment patterns of mtDNAs from einkorn
and Ae. squarrosa also differ from those of polyploid
wheats (T. Terachi and K. Tsunewaki, unpublished data).
Thus, B and G nuclear genome donors to polyploid
wheats appear also to be the cytoplasm donors to them.
By analyzing EcoRI restriction fragment patterns of
mtDNAs from 7. aestivum, Ae. speltoides, Ae. sharonen-
sis, and T urartu, Vedel et al. (1981) found that all of
these diploid species have mtDNAs that are different
from that of T aestivum. They concluded that none of
them was the immediate cytoplasm donor to the latter.

Our results support their conclusion. None of the
diploid species studied here carries mitochondrial ge-
nome identical to those of emmer-dinke] wheats. On the
other hand, the mitochondrial genomes of T. timopheevi
(25) and T zhukovskyi (51) are identical to those of Ae.
speltoides (09), but not to the other Sitopsis species.
These results support our previous conclusion
(Tsunewaki and Ogihara 1983), drawn from analyses of
ctDNA restriction fragments, namely, that the latter do-
nated the cytoplasm and the G genome to the timopheevi
group of wheat. This is in accord with the findings of
Kimber and Athwal (1972) that the S genome within a
lower pairing form of Ae. speltoides shows complete
chromosome pairing with the AG genomes of timopheevi
wheat.

References

Bonen L, Gray MW (1980} Organization and expression of the
mitochondrial genome of plants. 1. The genes for wheat
mitochondrial ribosomal and transfer RNA: evidence for an
unusual arrangement. Nucleic Acids Res 8:319-335

Borck KS, Walbot V (1982) Comparison of the restriction en-
donuclease digestion patterns of mitochondrial DNA from
normal and male-sterile cytoplasms of Zea mays L. Genetics
102:109-128

Breiman A (1987) Mitochondrial DNA diversity in the genera of
Triticum and Aegilops revealed by Southern blot hybridiza-
tion. Theor Appl Genet 73:563-570

Brown WM (1983) Evolution of animal mitochondrial DNA.
In: Nei M, Koehn K (eds) Evolution of genes and protein.
Sinauer, Sunderland, USA, pp 6288

Chetrit P, Mathieu C, Muller JP, Vedel F (1984) Physical and
gene mapping of cauliflower (Brassica oleracea) mitochon-
drial DNA. Curr Genet 8:413-421



Engels WR (1981) Estimating genetic divergence and genetic
variability with restriction endonucleases. Proc Natl Acad
Sci USA 78:6329-6333

Holwerda BC, Jana S, Crosby WL (1986) Chloroplast and mito-
chondrial DNA variation in Hordeum vulgare and Hordeum
spontaneum. Genetics 114: 12711291

Kihara H (1924) Cytologische und genetische Studien bei
wichtigen Getreidearten mit besonderer Riicksicht auf das
Verhalten der Chromosomen und die Sterilitdt in den Bastar-
den. Mem Coll Sci Kyoto Imp Univ Ser B 1:1-200

Kihara H (1944) Discovery of the DD-analyzer in wheat (pre-
liminary report). Agric Hortic Tokyo 19:889-890

Kimber G, Athwal RS (1972) A reassessment of the course of
evolution of wheat. Proc Natl Acad Sci USA 69:912-915

Lilienfeld FA (1951) H Kihara: Genome-analysis in Triticum
‘and Aegilops. X. Concluding review. Cytologia 16:101—121

Lonsdale DM, Hodge TP, Fauron CMR (1984) The physical
map and organization of the mitochondrial genome from the
fertile cytoplasm of maize. Nucleic Acids Res 12:9249-9261

McFadden ES, Sears ER (1946) The origin of Triticum spelia
and its free-threshing hexaploid relatives. J Hered 37: 81 -89,
107-116

Nei M, Li W (1979) Mathematical model for studying genetic
variation in terms of restriction endonucleases. Proc Natl
Acad Sci USA 76:5269-5273

Ogihara Y, Tsunewaki K (1983) The diversity of chloroplast
DNA among Triticum and Aegilops species. In: Proc 6th Int
Wheat Genet Symp, Kyoto, pp 407413

Ogihara Y, Tsunewaki K (1988) Diversity and evolution of
chloroplast DNA in Triticum and Aegilops as revealed by
restriction fragment analysis. Theor Appl Genet 76:321-332

Palmer JD (1987) Chloroplast DNA evolution and biosystem-
atic uses of chloroplast DNA variation. Am Nat 130: S6—S29

Palmer JD (1988) Intraspecific variation and multicircularity in
Brassica mitochondrial DNAs. Genetics 118:341-351

Palmer JD, Herbon L (1986) Tricircular mitochondrial genomes
of Brassica and Raphanus: reversal of repeat configurations
by inversion. Nucleic Acids Res 14:9755-9764

Palmer JD, Shields CR (1984) Tripartite structure of the Bras-
sica campestris mitochondrial genome. Nature 307: 437-440

Pring DR, Lonsdale DM, Gracen VE, Smith AG (1987) Mito-
chondrial DNA duplication/deletion events and polymor-
phism of the C group of male-sterile maize cytoplasms.
Theor Appl Genet 73: 646—653

Quetier F, Lejeune B, Delorme S, Falconet D, Jubier MF (1985)
Molecular form and function of the wheat mitochondrial

373

genome. In: Vloten-Doting L van, Groot G, Hall TC (eds)
Molecular form and function of the plant genome. Plenum
Press, New York, pp 413-420

Sederoff RR, Levings CS III, Timothy DH, Hu WWL (1981)
Evolution of DNA sequence organization in mitochondrial
genomes of Zea. Proc Natl Acad Sci USA 78:5953-5957

Siregar U]J, Ishii T, Tsunewaki K (1988) Aegilops searsii is a
possible cytoplasm donor to Ae. kotschyi and Ae. variabilis.
In: Proc 7th Int Wheat Genet Symp, Cambridge, pp 1945—
1951

Stern DB, Palmer JD (1986) Tripartite mitochondrial genome of
spinach: physical structure, mitochondrial gene mapping,
and locations of transposed chloroplast DNA sequences.
Nucleic Acids Res 14: 56515666

Terachi T, Tsunewaki K (1986) The molecular basis of genetic
diversity among cytoplasms of Triticum and Aegilops. 5. Mi-
tochondrial genome diversity among Aegilops species having
identical chloroplast genomes. Theor Appl Genet 73:175—
181

Terachi T, Kataoka J, Tsunewaki K (1985) Intraspecific varia-
tion of organellar DNAs in Aegilops squarrosa. Jpn J Breed
(Suppl 2) 35:194—-195

Tsunewaki K (1968) Origin and phylogenetic differentiation of
common wheat revealed by comparative gene analysis. In:
Proc 3rd Int Wheat Genet Symp, Canberra, pp 71-385

Tsunewaki K (ed) (1980) Genetic diversity of the cytoplasm in
Triticum and Aegilops. Japan Society for Promotion of Sci-
ence, Tokyo, pp 290

Tsunewaki K (1989) Plasmon diversity in Triticum and Aegilops
and its implication in wheat evolution. Genome 31:143-154

Tsunewaki K, Ogihara Y (1983) The molecular basis of genetic
diversity among cytoplasms of Triticum and Aegilops. 1. On
the origin of polyploid wheat cytoplasms as suggested by
chloroplast DNA restriction fragment patterns. Genetics
104:155-171

Tsunewaki K, Tsujimoto H (1983) Genetic diversity of the cyto-
plasm in Triticum and Aegilops. In: Proc 6th Int Wheat
Genet Symp, Kyoto, pp 1139-1144

Vedel F, Quetier F, Dosba F, Doussinault G (1978) Study of
wheat phylogeny by EcoRI analysis of chloroplastic and
mitochondrial DNAs. Plant Sci Lett 13:97-102

Vedel F, Quetier F, Cauderon Y, Dosba F, Doussinault G (1981)
Studies on maternal inheritance in polyploid wheats with
cytoplasmic DNAs as genetic markers. Theor Appl Genet
59:239-245



