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Summary. By using restriction endonuclease digestion 
patterns, the degree of intraspecific polymorphism of mi- 
tochondrial DNA in four diploid species of wheat and 
Aegilops, Ae. speltoides, Ae. longissima, Ae. squarrosa, 
and Triticum monococcum, was assessed. The outbreed- 
ing Ae. speltoides was found to possess the highest degree 
of variability, the mean number of nucleotide substitu- 
tions among conspecific individuals being 0.027 substitu- 
tions per nucleotide site. A very low degree of mtDNA 
variation was detected among Ae. longissima accessions, 
with most of the enzyme-probe combinations exhibiting 
uniform hybridization patterns. The mean number of 
substitutions among Ae. longissima individuals was 0.001 
substitutions per nucleotide site. The domesticated 
diploid wheat T. monococcum var. monococcum and its 
conspecific variant T. monococcum var. boeoticum seem 
to lack mitochondrial DNA variability altogether. Thus, 
the restriction fragment pattern can be used as a charac- 
teristic identifier of the T. monococcum cytoplasmic ge- 
nome. Similarly, Ae. squarrosa accessions were found to 
be genetically uniform. A higher degree of variation 
among accessions is observed when noncoding sequences 
are used as probes then when adjacent coding regions are 
used. Thus, while noncoding regions may contain regula- 
tory functions, they are subject to less stringent function- 
al constraints than protein-coding regions. Intraspecific 
variation in mitochondrial DNA correlates perfectly 
with the nuclear variability detected by using protein 
electrophoretic characters. This correlation indicates that 
both types of variation are selectively neutral and are 
affected only by the effective population size. 
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Introduction 

Restriction endonuclease digestion patterns of organelle 
DNA and, in particular, the high levels of within- and 
between-population variability in animal mitochondrial 
(rot) DNA sequences have been used for discerning phy- 
logenetic relationships among groups of organisms and 
for assessing the degree of intraspecific variability (e.g., 
Palmer and Zamir 1982; Tsunewaki and Ogihara 1983; 
Clegg et al. 1984; Palmer 1985; Wilson et al. 1985; Arise 
1986). Plant mitochondrial genomes are different from 
animal mtDNA in that they change rapidly in size and 
structure but slowly in primary sequence (Palmer and 
Hebron 1988). Although mtDNA restriction pattern 
variability has been used as a measure of phylogenetic 
relationship in several plant species, the large size, com- 
plexity, and frequent rearrangements of their mitochon- 
drial genomes precludes direct interpretation of restric- 
tion enzyme patterns from total genomic DNA (Sederoff 
et al. 1981; Sederoff 1987). To overcome these limita- 
tions, restriction patterns that are identified by specific 
mitochondrial gene probes hybridized to Southern blots 
have been used (Bland et al. 1985; McLean and Hanson 
1986; Chowdhury and Smith 1988; Graur et al. 1989). 

Studies on plant mtDNA intraspecific variation are 
relatively limited, being confined mainly to maize and its 
relatives (Levings and Pring 1977; Pring and Levings 
1978; Kemble et al. 1983; McNay et al. 1983; Sisco et al. 
1985; Pring et al. 1980, 1987). Other species include bar- 
ley (Holwerda etal. 1986), Brassica (Palmer 1988), 
Solanum (McLean and Hanson 1986), pearl-millet 
(Chowdhury and Smith 1988), oats (Rines et al. 1988), 
and rice (Chowdhury et al. 1988). 

In this study, we assess the degree of intraspecific 
polymorphism in four diploid species of wheat and 
Aegilops." Ae. speltoides, Ae. longissima, Ae. squarrosa, 
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Fig. 1. a Main collection sites of Triticum monococcum var. boeoticum, Aegilops speltoides, Ae. longissima, and Ae. squarrosa. 
b Detailed collection sites of Ae. longissima and Ae. speltoides from Jordan and Israel 

and Triticum monococcum. Two variet ies o f  T. monococ- 

cum were studied: T. monococcum var. monococcum and  

T. monococcum var. boeoticum. We also eva lua te  the sen- 

sitivity o f  several p robes  that  are f requent ly  used as 

markers  for  cy top lasmic  ident i f icat ion.  

Materials and methods 

Plant material 

Except for the cultivated varieties, all diploid species are euplas- 
mic lines collected from the designated geographical locations 
(Fig. 1). T. monococcum var. monoccum: 01, 04 (cultivated vari- 
eties); T. monocoecum var. boeticum: 01 (Lebanon); 02 (Turkey); 
03 (Iraq); 04 (Azerbaijan); Ae. squarrosa." 01; 04 (Afghanistan); 
08, 11, 12, 13, 22, 25, 27, 28, 29 (Iran); Ae. longissima: 01, 02, 03, 
04, 05, 07, 11, 14, 15 (Israel); 08, 09, 10 (Jordan); Ae. speltoides: 
01, 03, 04, 07, 08, 09 (Israel); 12, 26, 47 (Turkey); 20, 21 (Iraq). 
The Triticum and Aegilops lines used for mtDNA and total 
DNA extractions were provided by M. Feldman from the De- 
partment of Plant Genetics, Weizman Institute of Science, Re- 
hovot, Israel. When multiple samples were taken from a single 
plant, a numeral was appended to the accession number. 

Recombinant DNA clones 

The following mitochondrial recombinant DNA clones were 
used. The maize mitochondrial atp c~ gene is a HindIII 4.2-kb 
fragment cloned in a pUC vector (Braun and Levings 1985). The 
maize mitochondrial atp 9 gene is an J(baI 2.2-kb fragment 
cloned in a pUC vector (Dewey et al. 1985b). The maize mito- 

chondrial atp 6 gene is a 2.7-kb HindIII fragment cloned in a 
pUC vector (Dewey et al. 1985 a). The 5' COX I probe is an MI 3 
clone of a 900-bp HindIII-PstI fragment of the T. aestivum mito- 
chondrial cytochrome oxidase subunit I gene, including 240 bp 
of the 5' flanking region. The 5' COX II probe is an M13 clone 
of a 230-bp TaqI fragment of the T. aestivum mitochondrial 
5' cytochrome oxidase subunit II gene (Bonen et al. 1984). The 
3' cob probe is a 770 bp BamHI-HindII fragment of the T. 
aestivum mitochondrial 3' apocytochrome b gene (Boer et al. 
1985). Ll4a is a T. aestivum TaqI fragment of 160 bp located 
upstream of the apocytochrome gene (Boer et al. 1985). MH3 is 
a 180-bp HindIII-MspI fragment located 50 bp upstream of the 
mitochondrial wheat COX I gene. 

The chloroplast clones were PstI fragments cloned in 
pBR322 and representing the whole T. aestivum chloroplast ge- 
nome (Bowman and Dyer 1986). Clones P3, P4, P5, P6, P7, PS, 
P9, and Pl0 were nick-translated and used as a mixture for 
probing the Ae. speltoides total DNA. 

The maize clones were obtained from C. J. Leaver, Depart- 
ment of Botany, Oxford University, UK. The wheat mtDNA 
clones were received from L. Bonen, Department of Biochem- 
istry, Ottawa University, Canada. The wheat chloroplast D N A  
clones were obtained from C. Bowman, The Institute of Plant 
Science Research, Norwich, UK. 

Total DNA and mtDNA extractions, restriction endonucle- 
ase digestion, transfer of DNA fragments from agarose gels to 
nitrocellulose sheets, labelling of recombinant plasmids by nick- 
translation, and filter hybridization were performed as in Brei- 
man (1987). For the probe clones in M13 vector, second-strand 
labelling by the Klenow large fragment of DNA polymerase was 
used. In cases where D N A  was used for several hybridizations, 
the DNA transfer was carried out on nylon membranes (Gene 
Screen Plus; NEN Research Products, DuPont). The transfer, 
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Table 1. Ae. speltoides DNA fragments hybridizing with mtDNA probes 

Probe Accession no. Fragment size (kb) 

BamHI BclI EcoRI HindIII 

5' COX 1 01-1 3.3 
04-3 2.4 
08-1, 08-12, 08-13 1.8, 2.4, 2.7, 3.1 
03-5 1.9, 2.6, 5.1 
07-2, 20, 21, 26 2.6, 2.9 
03-12 

5' COX H 03-5 2.7, 3.6, 4.1 
07-2, 20, 21, 26 2.7, 3.6, 4.1, 5.1 

3' cob 01-1, 01-5, 03-5, 03-10, 03-12, 04-4 2.5 
05-6, 07-2, 08-1, 20 2.5 

atp ~ 01-1, 01-5 3.9, 2.8, 2.0, 0.9 
07-2, 09, 20, 21, 26, 27 3.9, 2.8, 2.0, 0.9 
12 3.9, 2.8, 2.0, 0.9 

atp 6 01-i, 01-5 3.8, 2.7 
07-2, 09, 20, 21, 26, 27 3.8, 2.7 
12 3.8, 2.7 

atp 9 03-4, 03-10 2.5 
03-11, 03-12, 03-13, 04-3 2.5 
04-5, 05-6 2.5 

MH3 01-1, 01-5 1.9 
03-4, 03-10, 03-11, 03-12, 05-6, 07-2 1.9, 3.0 
03-13, 04-3, 08-1, 08-12, 08-13 1.9, 3.0, 3.2 
12, 20, 21, 26 3.0 

L14a 01-1, 01-5, 09, 47 5.6 
03-4, 03-10, 03-11, 03-12 3.1, 3.6 
03-13, 04-3 3.1, 3.3 
04-5, 12 3.1 
05-6, 20, 21, 26 3.1, 5.6 
08-1, 08-12, 08-13 3.1, 3.3, 4.3 
04-3 3.1, 3.3, 7.0 

3.7 15 9.4 
3.t 10,6 3.9 
4.0 10.6 8.1 
3.7 22.8 3.0 
3.8 7.8 3.9 
4.6 22.8 3.0 

9.4, 4.4 1.9 
11.5, 4.4 1.9 - 

4.3 
9.2, 13.9 - 
8.5 - - 

3.9, 4.2 - - 
3.3 
3.7 

2.9 - - 
2.9, 3.1 - - 

removal of the bound DNA for rehybridization, and hybridiza- 
tion of the Gene Screen Plus blots were performed according to 
the manufacturer's protocols. 

Measures of genetic polymorphism 

To estimate the number of nucleotide substitutions between two 
conspecifiv individuals from the proportion of shared restriction 
enzyme fragments, we used Nei and Li's (1979) method. The 
arithmetic mean number of nucleotide substitutions for all pair- 
wise comparisons within a species was used to estimate the 
degree of intraspecific polymorphism. 

Results 

Restriction f?agment patern o f  Ae. speltoides DNA hy- 
bridized with coding and noncoding mtDNA sequences 

Ae. speltoides (SS) is an outbreeding member  of  the 
Sitopsis section, and has been suggested to be one of  the 
putat ive donors  of  the B genome of  T. aestivum (Riley 
et al. 1958; Rees and Walters 1965; Jaaska 1978; Kerby  

and Kuspira  1987; but see Graur  et al. 1989). Prel iminary 
observations on the high level of  po lymorphism observed 
in this species (Breiman 1987) as well as the interest in 
identifying the origin of  the B genome by restriction 
endonuclease profiles of  m t D N A  have prompted  us to 
anNyze 12 accessions of Ae. ~peltoides. Since mitochon-  
drial genes of  maize and wheat exhibit a high degree of  
sequence similarity (Bonen et al. 1984; Boer et al. 1985; 
Bonhomme e ta l .  1989), it is possible to used het- 
erologous genes from maize and wheat  as probes for 
m t D N A  sequences on Southern blots o f  total  D N A  
(Breiman 1987; Graur  et al. 1989). 

The hybridizat ion profile of  the D N A  extracted from 
Ae. speltoides revealed quanti tat ive and qualitative dif- 
ferences among accessions and among individuals within 
single accessions (Table 1, Fig. 2). The hybridizat ion pat-  
tern depends on the enzyme-probe combinat ion.  Nine 
Ae. speltoides accessions revealed a similar hybridizat ion 
pat tern when the D N A  was digested with BamHI and 
hybridized with the atp c~ clone, whereas three separate 
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Fig. 2. a Autoradiograph of Southern blots from total DNA of 
Aegilops speltoides digested with BamHI and hybridized with 
L14a. Slot designations: 1=01-1, 2=01-5, 3=03-4, 4=03-10, 
5=03-11, 6=03-12, 7=03-13, 8=04-3, 9=04-5, 10=05-6. 
b Autoradiograph of Southern blots from total DNA of Ae. 
speltoides digested with BamHI and hybridized with atp 9. Slot 
designations: 1=03-13, 2=3-10, 3=03-11, 4=03-12, 5=03-13, 
6 = 04-3, 7 = 04-5, 8 = 05-6. e Autoradiograph of Southern blots 
from total DNA of Ae. speltoides digested with BclI and hy- 
bridized with atp ct. Slot designations: 1 =01, 2=01-1, 3=01-5, 
4=07-2, 5=09, 6=12, 7=20, 8=21, 9=26, 10=47 

hybridization patterns were observed when the DNA was 
digested with BclI and hybridized with the same probe 
(Table 1). Hybridization of Southern blots with noncod- 
ing mtDNA sequences revealed more intraspecific varia- 
tion than that in protein-coding sequences (Table 1; 
Fig. 2a, b). However, fragments hybridized with the 
atp ~ probe were also found to be variable, although they 
corresponded to a protein-coding sequence. The mean 
number of nucleotide substitutions among Ae. speltoides 
individuals in our sample was 0.027 substitutions per 
nucleotide site. 

In an attempt to correlate variation to ecotype, the 
hybridization pattern of plants collected from similar 
geographical locations was compared. We observed no 
correlation between geographical location and hy- 
bridization pattern. For instance, accessions 07 and 08, 
both collected in Haifa (Israel), revealed diverse patterns 
when digested with BamHI or BclI and hybridized with 
5' C O X  L Diverse patterns were also produced by other 

Fig. 3. Autoradiograph of Southern blots of total DNA from 
Aegilops speltoides digested with BclI and hybridized with a mix 
of wheat PstI chloroplast DNA clones (see 'Materials and meth- 
ods'), Slot designations." 1=01, 2=01-1, 3=01-5, 4=07-2, 
5=08-1, 6=09, 7=20, 8=21, 9=26, 10=47 

restriction endonuclease/probe combinations. In con- 
trast, accessions collected in Turkey (26) and Haifa (07) 
revealed similar hybridization patterns when digested 
with BclI or BamHI and hybridized with atp ~, atp 6, 
5' C O X  II, and 5' C O X  I (Table 1). 

In order to rule out the possibility that seed contam- 
ination may have contributed to the extreme variation 
observed in the Ae. speltoides, the DNA from chloroplasts 
(cpDNA) of several accessions that have shown mtDNA 
variability was analyzed (Fig. 3). The total DNA extract- 
ed from Ae. speltoides accessions was hybridized with 
wheat cpDNA clones representing the major proportion 
of the chloroplast genome. An identical pattern of hy- 
bridization was obtained for all the accessions, indicating 
a much larger degree of heterogeneity in the mtDNA 
than in the cpDNA, The stability of the mtDNA restric- 
tion endonuclease pattern of an individual plant was 
assessed by comparing the patterns obtained from 
seedlings originating in seeds of the same plants (01-05) 
sown and collected in 1976 and in 1984. Identical profiles 
were obtained by hybridization of the DNA digested 
with BamHI, BclI,  and HindIII to the 5' C O X  I probe 
(Fig. 4). It was therefore concluded that the mtDNA 
variation is stable. Reciprocal crosses performed between 
plants with diverse hybridization patterns demonstrated 
exclusive maternal inheritance of mtDNA, eliminating 
the possibility of biparental contribution to the variation 
(data not shown). 



Fig. 4. Autoradiograph of Southern blots of total DNA from 
Aegilops speltoides 01-5 digested with BclI, BamHI, and HindIII 
and hybridized with 5' COX L The seedlings from which the 
total DNA was prepared were grown in 1976 (lane 1) and 1984 
(lane 2) from seeds of the same plant 

Table2. Ae. longissima DNA fragments 
mtDNA probes 
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hybridizing with 

Probe Accession no. Fragment size (kb) 

BamHI BclI HindIII 

5' COX III 
5' COX I 
3' cob 
atp 6 
atp 9 
atp 

All accessions 3.7 2.1, 0.9 4.5 
All accessions 5.4, 1.8 3.7 2.8 
All accessions 2.8 1.0 0.9 
All accessions 1.4 4.9 2.8 
All accessions 2.5 6.2 8.0 
01-4 - 6.1, 4.0, 2.4 - 
02-36 - 6.3, 5.3, 4.2 - 
05-1 - 5.3, 4.2 - 
02-7, 02-3, 02-1, 
03-2, 04, 07-1, 
09-10 5.3, 4.2 - 

Fig. 5. a Autoradiograph of Southern blots of total DNA from 
Aegilops longissima digested with BclI and hybridized with 5' 
COXL Slot designations: 1=03-2, 2=04, 3=04-4, 4=07-1, 
5 = 08-1, 6= 10, 7= 11, 8= 12, 9 = 14, 10 = 15. b Autoradiograph 
of Southern blots of total DNA of Ae. longissima digested with 
BamHI and hybridized with 3' cob. Slot designations: 1 =03-2, 
2=04, 3=04-4, 4=07-1, 5=08-1, 6=09, 7=10, 8=11, 9=12, 
10=14, 11=15. c Autoradiograph of Southern blot of total 
DNA of Ae. longissirna digested with BclI and hybridized with 
atp ~. Slot designations: 1=01, 2=01-4, 3=02-1, 4=02-3, 
5=02-7, 6=02-36, 7=03-2, 8=04, 9=05-1, 10=07-1, 11=09, 
12=10 

The four BamHI fragments hybridizing to atp c~ 
(Table 1) indicate that  two copies of  the gene are present 
in the Ae. speltoides mitochondr ia l  genome. Assuming a 
high degree of  similarity between the coding sequences of  
T. aestivum and Ae. speltoides, the four bands  detected on 
the T. aestivum Southern blot  are assumed to be caused 
by the cutting of  the two atp ~ copies by BamHI (Bon- 
homme et al. 1989). F rom the single bands present on the 
Southern blot, it may be deduced that atp 9 and C O X  I 
are present as single copies in the Ae. speltoides mito- 
chondrial  genome (Table 1). 

Restriction fragment  analysis o f  Ae. longissima D N A  hy- 
bridized with wheat m t D N A  coding sequences 

Ae. longissima (S'S") has also been suggested to be one of  
the donors  of  the B genome (Hirai  and Tsunewaki 1981; 
Ogihara  and Tsunewaki 1982; Kerby  and Kuspi ra  1987; 
but see Graur  et al. 1989). Of the 12 accessions used in 
this study, 9 were collected in Israel from the Upper  
Galillee to the Negev and from the Medi ter ranean coast  
to the Dead  Sea (Fig. 1). 

A very low degree o f  m t D N A  variat ion was detected 
among the accessions (Table 2), with most  of  the enzyme- 
probe combinat ions  exhibiting uniform hybridizat ion 
pat terns  (Fig. 5). Digestion of  the D N A  with BclI and 
hybridizat ion with the atp c~ probe distinguished several 
types of  m t D N A  sequences (Fig. 5 c, Table 2). The mean 
number  of substi tutions among Ae. longissima individu- 
als in our sample was 0.001 substitutions per nucleotide 
site, or about  1/25 of  the value in Ae. speltoides. 

Restriction fragment  pattern ofT.  monococcum var. mono- 
coccum and T. monococcum var. boeoticum D N A  hy- 
bridized with wheat m t D N A  coding sequences 

The domest icated diploid wheat  T. monococcum vat. 
monococcum (AA) is still cultivated in mounta inous  areas 
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Table 3. T. monococcum var. monococcum and vat. boeoticum 
DNA fragments hybridizing with mtDNA probes 

Probe Fragment size (kb) 

BamHI HindIII EcoRII 

5' COX [ 4.0, 2.0 
5' cob 6.0, 3.0 
5' COX II 3.6, 3.4, 1.8 
atp 6 6.5, 4.6, 3.7, 3.4, 

2.9 
atp 9 4.5, 3.7, 3.4, 2.9 
atp ~ 4.7, 3.3, 2.3, 1.0 

9 6.5, 4.6 
4.0, 1.8 5.3, 1.9 
3.4 8.9 
4.8, 2.7, 1.2, 0.8 7.6, 4.1, 2.2, 0.8 

9.0, 8.2, 2.7 7.9, 6.8, 5.1 
6.6, 5.9, 4s 2.9 4.4, 3.1, 2.0, 1.0 

Table 4. Ae. squarrosa DNA fragments hybridizing with wheat 
or maize mtDNA probes. Numbers in parentheses denote faint 
bands 

Probe Fragment size (kb) 

BamHI HindIII EcoRI SalI 

5' COX i 
5' cob 
5' COX H 
atp 
atp 6 
atp 9 

3.7 (12.4) 5.6 11.8 - 
5.9, 3.2 4.6, 4.3 1,8 15 
4.1, 3.7 14, 6.0 2.5, 1.0 16, 3.9 
7.7, 2.4 11.2 (5.3, 4.3) 4,2 12 (18.4) 
2.9 (2.1, 3.4, 2.6) 1.4, 1.1 9.9 14 
2.8 8.6 (11, 3.5) 4.9, 2.9 - 

of southeast Europe and Turkey (Harlan and Zohary 
1966). T. monococcum var. boet icum (AA) is widely dis- 
tributed throughout  western Mediterranean countries 
and is represented in this study by accessions from 
Lebanon, Turkey, Iran, and Azerbaijan. On the basis of  
cytogenetic studies, it is believed that T. monococcum is 
the source of  the A genome of  T. aest ivum.  Recent evi- 
dence points to T. monococcum var. urartu  as the most 
likely donor  of  the A genome (Kerby and Kuspira 1987; 
Graur  et al. 1989; Smith-Huerta et al. 1989). 

T. m o n o c o c c u m  seems to lack m t D N A  variability al- 
together, and no polymorphism among the accessions 
could be detected by Southern blot hybridization (Table 
3, Fig. 6 a). In fact, the fragment sizes revealed on the 
Southern blots, hybridized with the coding sequences, 
can be used as characteristic identifiers of  the T. monoc-  

cure cytoplasmic genome. 

Restr ic t ion  f r a g m e n t  pa t t e rn  o f  Ae.  squarrosa 

(ex  T. tauschii)  D N A  hybr id i zed  with wheat  

m t D N A  coding sequences 

On the basis of  meiotic chromosome behavior, chromo- 
some morphology, and C-banding, Ae. squarrosa (DD) is 
accepted as the donor  of  the D genome (Riley and Chap- 
man 1960; Gill and Kimber 1974). Eleven accessions of 
Ae.  squarrosa originating mainly from various regions in 
Iran were analyzed. Although the total D N A  was digest- 
ed with five restriction enzymes and hybridized to six 
different probes, an identical hybridization pattern was 
obtained for all accessions (Table 4, Fig, 6b). The 
protein-coding sequences could be located on one or two 
fragments, depending on the enzyme-probe combina- 
tion, except in several cases where faint fragments could 
be seen. 

Fig. 6. a Autoradiograph of Southern blot of total DNA of 
Triticum monococcum var. monococcum and var. boeoticum di- 
gested with BamHI and HindIII and hybridized with atp oz. Slot 
designations: T. monococcum var. boeoticum, 1 =01-7, 2= 02-2, 
3=03, 4=04; T. monococcum var. monococeum, 5=01, 6=04. 
b Autoradiograph of Southern blot of total DNA of Aegilops 
squarrosa digested with BamHI and hybridized with 5' COX IL 
Slot designations: 1=01, 2=04, 3--08, 4=11, 5=12, 6=13, 
7=22, 8=25, 9=27, 10=28 

Discussion 

The high degree of  sequence conservation detected 
among m t D N A  coding regions of  higher plants facili- 
tates the study of  m t D N A  variation by using het- 
erologous m t D N A  probes on Southern blots of either 
m t D N A  or total D N A  from species in which mitochon- 
drial genes have not yet been isolated. The advantage of  
using total D N A  is that minute amounts of  plant materi- 
al are sufficient for D N A  extraction and large numbers 
of  accessions can be screened. However, using het- 
erologous m t D N A  probes on Southern blots of  total 
D N A  cannot exclude the hybridization o f  the probes 
with nonmitochondrial  D N A  sequences. The uniform 
hybridization pattern obtained for T. monococcum and 
Ae.  squarrosa,  and the almost uniform pattern in Ae.  

[ongissima, support the assumption that the hybridiza- 
tion o f  the maize and wheat m t D N A  coding sequences to 
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the Southern blots reveal bonafide Aegilops and Triticum 
mtDNA coding sequence (Tables 2-4). Therefore, those 
probes can be considered adequate tools for identifying 
the cytoplasms of these species. 

Ae. speItoides is a species with a high degree of in- 
traspecific variability (Table 1). A higher degree of varia- 
tion among accessions is observed when noncoding se- 
quences are used as probes. Thus, despite the fact that the 
5' regions of the apocytochrome b and cytochrome oxi- 
dase subunit I genes may contain regulatory functions, 
they are subjected to less stringent functional constraints 
than the protein-coding regions (Li and Graur 1991). The 
uniformity of the cpDNA pattern markedly contrasts 
with the variability observed in the mtDNA, indicating 
that the mtDNA in these species evolves at a higher rate 
than cpDNA. Since the classification of Triticum-Aegilops 
cytoplasms was performed by studying the restriction 
pattern of cpDNA, and by analysis of the cytoplasmic 
effects on alloplasmic lines or on single accessions of each 
species, this extensive intraspecific variation within the 
wild species could not be revealed (Tsunewaki 1980; Ter- 
achi and Tsunewaki 1986; Ogihara and Tsunewaki 1988). 
Nonetheless, some intraspecific variation at the cpDNA 
level has been demonstrated in several Triticum and 
Aegilops species (Bowman et al./983; Terachi et al. 1988). 

The conclusions drawn by Ogihara and Tsunewaki 
(1988) from the similarity between chloroplast genome 
organization of T. aestivum (type 7) and Ae. speltoides 
(type 8) cannot be sustained by the studies on mtDNA 
organization of Ae. speltoides and T. aestivum. None of 
the Ae. speltoides accessions resembled the hybridization 
pattern of T. aestivum (Graur et al. 1989). However, the 
presence of the great variation can provide the basis for 
speculating that the cytoplasm of T. aestivum has been 
derived from an individual belonging to Ae. speltoides, 
which either does not exist in nature anymore or its type 
has not been included in the molecular studies performed 
to date. 

Intraspecific variation in diploid species of wheat and 
Aegilops has also been studied by using protein elec- 
trophoretic characters (Asins and Carbonell 1986). The 
diploid species with the greatest intraspecific variability 
was Ae. speltoides, which is an outbreeding species, 
whereas T. monococcum and Ae. squarrosa, which are 
inbreeding species, were found to have very low in- 
trapopulational genetic variability (Smith-Huerta et al. 
1989). The low variability found in T. monococcum var. 
boeoticum and Ae. squarrosa, the intermediate variability 
in Ae. longissima, and the high variability in the Ae. 
speltoides nuclear genome (Asins and Carbonell 1986) 
correlate directly with the variation found in the mito- 
chondrial genome of these species. Since the selective 
mechanisms involved in maintaining nuclear heterozygos- 
ity are supposed to be different from those maintaining 
variation in the maternally inherited mtDNA, it may be 

possible that both types of variation (nuclear and mito- 
chondrial) are selectively neutral, and that they are af- 
fected only by the effective population size, which is 
higher in outbreeding species than in inbreeding ones 
(Nei and Graur 1984). 
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