
Abstract The genetic structure of 35 populations of
wild relatives of cultivated wheats, all collected in Syria
and Lebanon, was assessed using ten isozymes. The pop-
ulations consisted of diploid goat grass, Aegilops spelto-
ides, diploid wild wheats, Triticum monococcum spp.
aegilopoides and T. urartu, and tetraploid wild wheat, T.
turgidum ssp. dicoccoides. The majority of the popula-
tions were polymorphic (P=0–70%) having low within-
population mean genetic diversity (Hep=0.05–0.10) and
relatively high within-species genetic diversity
(Hes=0.14–0.31). The linkage between loci did not seem
to be one of the causes for the observed polymorphism.
All four species showed significant inbreeding at both
the population (0.31–0.64) and species (0.77–0.96) lev-
els, and the extent of inbreeding did not correlate with
mating systems. Despite their apparent common ecologi-
cal and evolutionary history, between-population or be-
tween-species level genetic identity was low
(I=0.43–0.86). Among the diploid species, populations
of Ae. speltoides clustered distinctly from those overlap-
ping clusters of T. monococcum ssp. aegilopoides and T.
urartu. The tetraploid species T. turgidum ssp. dicocco-
ides had relatively less genetic diversity (Hes=0.14) and
was highly homozygous (F=0.96). The results suggest
that these wild progenitors of cultivated wheats have un-
dergone extensive local differentiation and inbreeding.
We discuss the implications of our results on the man-
agement of wild wheat and goat grass populations.
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Introduction

The Aegilops-Triticum assemblage is one of the most im-
portant grass groups because of its historical and agricul-
tural importance. The various forms of wheat represent
almost 30% of the world’s grain production, and it is es-
timated that by year 2020 the global wheat requirement
will double the current production level (Rosegrant
1995). As there is growing concern among wheat breed-
ers that a lack of genetic diversity might limit future
breeding advances (Rejesus et al. 1996), there is an ur-
gent need to explore the genetic diversity in natural pop-
ulations of wheats and their relatives. Most of the exist-
ing germplasm collections of land races and natural pop-
ulations of wild wheats around the globe were made
mainly on a morphological basis, which is an imprecise
indicator of the genetic potential of the genotypes. Hence
their use in contemporary breeding programs has some-
times met with failure, thereby stressing the importance
of biochemical and molecular markers to evaluate natu-
ral populations (Tanksley and McCouch 1997).

There are three major categories of wheats: diploid,
tetraploid and hexaploid. Diploid species comprise three
taxa – the cultivated einkorn wheat T. monococcum ssp.
monococcum (AA genome) and its immediate wild rela-
tive T. monococcum ssp. aegilopoides, and wild T. urartu
(AA genome). The tetraploid group is represented by a
complex of two species and several subspecies in which
the most important types are wild and domesticated em-
mer wheat, T. turgidum ssp. dicoccoides (BBAA), and
durum wheat, T. turgidum ssp. durum (BBAA). Both
these have other interfertile cultivated forms. Hexaploid
wheat, T. aestivum (BBAADD), is known only in culti-
vation and has not been found in the wild (see Zohary
and Hopf 1993 for detailed discussion). The tetraploid T.
turgidum was derived from the hybridization of a wild
goat grass (BB) and another diploid species carrying the
A genome. Aegilops speltoides (SS) is considered a like-
ly candidate for the B genome (for detailed references
see Hancock 1992). Both genetic (Heun et al. 1997) and
archeological (Zohary and Hopf 1993; de Moulins 1993)
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evidence suggests that both wild and domesticated eink-
orn and emmer are present at early agricultural sites in
the northern Fertile Crescent of southeast Turkey and
northern Syria (Harlan and Zohary 1966; van Slageren
1994). Similarly, Aegilops is characterized as a Mediter-
ranean-Western Asiatic element with its center of diver-
sity in the Mediterranean and Irano-Turanian regions
(Takhtajan 1986). Natural populations of wild diploid
and tetraploid progenitors of the cultivated wheats occur
in and around the center of origin (Blumler 1994).

From the perspective of germplasm conservation, un-
derstanding the genetic structure of natural populations
of wheat is very important (Frankel and Bennett 1970).
Little information is available on the nature and extent of
genetic variation in the wild progenitors of cultivated
wheats. The few available reports (Nevo et al. 1982;
Nevo and Beiles 1989; Medlinger and Zohary 1995) on
wild tetraploid emmer wheat (T. turgidum ssp. dicocco-
ides) and goat grass species (Aegilops) are mainly from
Palestine, which is on the southwestern edge of the fer-
tile crescent, whereas the center of diversity of the
Aegilops and Triticum group lies in northern Syria and
southeastern Turkey. Although, Yaghoobi-Saray (1979)
and Smith-Huerta et al. (1989) assayed wild wheats from
these areas, the materials were reproduced once or twice
in southern California before they were subjected to iso-
zyme analysis – on that account their results may not
reflect the actual diversity of populations in their natural
habitat. Further, none of the earlier investigations con-
sidered both diploid and tetraploid wheats and goat grass
together in their analysis, which would provide informa-
tion on: (1) the extent and pattern of genetic diversity
among diploid and tetraploid wild progenitors, and (2)
the process of evolution in these species. In the study de-
scribed here we investigated allozyme variation in origi-
nal populations of diploid and tetraploid wild wheats and
diploid goat grass collected from Syria and Lebanon. We
addressed three questions: first, what is the extent of ge-
netic variation in the natural populations of diploid goat
grass, Aegilops speltoides, diploid wild wheats, T. mono-
coccum, ssp. aegilopoides and T. urartu, and tetraploid
wild wheat T. turgidum, ssp. dicoccoides; second, what
is the relative magnitude of variation between diploids
and tetraploids; third, what is the genetic relationship
among diploids.

There are conflicting reports concerning the amount
of genetic diversity in diploid wild wheat populations.
Here we report only those studies whose inferences were
based on a meaningful number of allozymes. Yaghoobi-
Sary (1979) studied five diploid wild species from the
Aegilops-Triticum complex, and he reported higher lev-
els of allozyme diversity in T. monococcum ssp. aegi-
lopoides and T. urartu. However, Smith-Huerta et al.
(1989) observed uniformly low genetic variability when
they studied the same two Triticum species from Turkey,
Iraq and Lebanon. According to the latter authors, this
discrepancy could be due to the different enzyme sys-
tems used between these two studies. Medlinger and
Zohary (1995) found significant genetic diversity in

Ae. speltoides populations from Palestine. Most populations
of Ae. speltoides, regardless of location or population
size, showed similar levels of genetic variation. Nevo et
al. (1982) studied allozyme genetic diversity and envi-
ronmental associations in 12 populations of wild tetra-
ploid wheat, T. turgidum ssp. dicoccoides in Palestine.
They observed very low average genetic variation within
populations; however, those populations held distinct ge-
netic differences over short geographic distances.

Materials and methods

Sampling

In 1994, populations of Ae. speltoides Tausch (SS=BB), T. mono-
coccum L. ssp. aegilopoides (Link) Bois. (AA), T. urartu Tum. ex
Gand. (AA) and T. turgidum L. ssp. dicoccoides (Korn ex. Asch.
& Graebn.) Thell. (BBAA) were collected along a transect run-
ning eastwards from Abeen and Der Jamal, Aleppo province, to
Ain Diwar on the Dicle (Tigris) River in Hasake province, north-
ern Syria (Table 1, and Fig. 1). One T. urartu population was also
collected from Sha’af in the Jebel Druz, Sweida province, in
southern Syria. The wild wheat populations were also collected
from the Bekka Valley in Lebanon (Table 1, Fig. 1). One spike
was randomly collected from each of 30 or more plants in each
population.

Electrophoresis

From each spike a seed was randomly chosen from a spikelet for
electrophoresis. The seeds were soaked overnight in an aqueous
solution of 600 ppm gibberellic acid to achieve uniform germina-
tion and sown in potting soil; the seedlings were raised in a germi-
nation tray in a glasshouse. Leaves from 10-day-old seedlings
were crushed in 0.1 M TRIS-HCl buffer pH 8.0 and 0.1 M 2-mer-
captoethanol, and the extract was absorbed on paper wicks. The
gel and electrode buffer systems and other electrophoretic proce-
dures were similar to those described by Smith-Huerta et al.
(1989).

The populations were scored for the following ten isozymes:
acid phosphatase (ACP), isocitrate dehydrogenase (IDH), malate
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Fig. 1 The collection sites from Syria and Lebanon (refer to Table 1
for population descriptions)



dehydrogenase (MDH-1 and MDH-2), phosphoglucose isomerase
(PGI), 6-phosphogluconate dehydrogenase (6PGD), phosphoglu-
comutase (PGM), shikimate dehydrogenase (SKDH) and triose-
phosphate isomerase (TPI-1 and TPI-2). The staining procedure,
the number of loci per enzyme and their alleles were inferred from
past electrophoretic studies of Triticum and Aegilops (Nevo et al.
1982; Smith-Huerta et al. 1989; Medlinger and Zohary 1995). For
convenience, the two genomes of tetraploid wheat were designat-
ed as slow (S) and fast (F) genomes based on their mobility on the
electrophoretic gel. Expression of these two genome on the gel
may not necessarily be the exclusive product of the two distinct
genomes (BBAA) of the tetraploid, for each genome may possess
a locus or alleles that is capable of migrating slower or faster on
the gel. For that reason, we did not make any attempt to associate
these two genomes with the conventional A and B genomes of tet-
raploid wheat.

Genetic diversity parameters

The following genetic variability parameters were calculated at
the population and species levels: alleles per locus (A), percentage
polymorphic loci (P), observed heterozygosity (H0), expected het-
erozygosity (He=Hardy-Weinberg expected heterozygosity, Nei
1987) and fixation index [F=1−(H0/He), a measure of heterozy-
gote deficiency or excess, Wright 1978]. The population (p) and
species (s) level genetic variability parameters were calculated ac-
cording to Hamrick and Godt (1989). In each population, all poly-
morphic loci were tested for Hardy-Weinberg equilibrium (Levene

1953), and chi-square (χ2) and likelihood ratio (G2) tests were
used to assess significant deviations. Further, to account for the
multiple comparisons Bonferroni corrections (Rice 1995) were
employed. The linkage disequilibrium between loci was estimated
(Weir 1979). The gene flow (Nm) between populations within a
species was calculated [Fst=0.25 (1-Fst)/Fst, Slatkin and Barton
1989]. The genetic identity (I) values were calculated between
populations within a species and between species (Nei 1972). The
genetic distance values (D) were used to generate an unweighted
pair-group clustering based on the arithmetic averages (UPGMA)
phenogram (Felsenstein 1993).

Results

Genetic diversity

Genetic diversity parameters such as mean number of al-
leles per locus (A), percentage of polymorphic loci (P),
observed heterozygosity per locus (H0), diversity index
(He) and fixation index (F) are presented in Table 2.

Except for 1 Ae. speltoides population (population
number 8, Table 1), which was monomorphic for all the
ten loci, the remaining 34 populations from the four spe-
cies showed polymorphism for several loci (data not
shown). The mean number of alleles per locus (A) did
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Table 1 The population loca-
tions of Aegiloops speltoides,
Triticum monococcum ssp.
aegilopoides, T. urartu and
T. turgidum ssp. dicoccoides
in Syria and Lebanon

Genus-species Population Location
ID

Ae. speltoides 1 Abeen (population I), Halab, Syria
2 Abben (population II), Halab, Syria
3 2 km N Nahda, Sandi, Syria
4 16 km E Ras El Ain road to Derbasieh, Syria
5 32 km E Ras El Ain road to Derbasieh, Syria
6 6 km E Amouda road to Kamishli 3 km before Omarabia, Syria
7 7 km E Kakhtanieh road Jawadieh, Syria
8 5 km E Roumelan, Syria
9 11 km Roumelan road to Malkie, Syria

10 4 km E Malkie toward Ain Diwar, Syria
11 500 m off Ain Diwar road to Malkie, Syria
12 2 km SW of Ain Diwar in the fields Syria

T. monococcum 13 Abeen (population I), Halab, Syria
ssp. aegilopoides 14 Abeen (population II), Halab, Syria

15 Der Jamal (population I), Syria
16 Der Jamal (population II), Syria
17 4 km E Malkie toward Ain Diwar, Syria
18 500 m off Ain Diwar road to Malkie, Syria
19 2 km SW of Ain Diwar in the fields, Syria
20 2 km before Yanta road from Aita Al Foukhar, Lebanon

T. urartu 21 Der Jamal (population I), Syria
22 Der Jamal (population II), Syria
23 51 km Bab El Hadjar, Syria
24 Sha’af, Sweida, Syria
25 2 km before Yanta road from Aita el Foukhar, Lebanon
26 3 km W of Aita road to Der Al Ahmar, Lebanon
27 2 km W of Aita road to Der Al Ahmar, Lebanon

T. turgidum 28 Der Jamal, Syria
ssp. dicoccoides 29 Karadum, Lebanon

30 Between Kframechki and Jeb Farah, Lebanon
31 2 km before Rachiya, Lebanon
32 1 km before Kfar Qouq from Rachaiya, Lebanon
33 2 km E of Aita el Foukhar, Lebanon
34 2 km before Yanta road from Aita el Foukhar, Lebanon
35 2 km before Ain Arab road from Yanta, Lebanon



not differ significantly between species (As range be-
tween species=2.12–2.90). Although both diploid wheats
and goat grass exhibited very high within-species poly-
morphism (Ps=70.59 to 100), there were many mono-
morphic loci within populations. For instance, only 40%
of the loci were polymorphic within the Ae. speltoides
and T. monococcum ssp. aegilopoides populations, 30%
in the case of T. urartu, and 17% in the case of T. turgid-
um ssp. dicoccoides. Observed heterozygosity (H0) and
the genetic diversity index (He) were uniformly low
across the species and ploidy level, and tetraploid wheat

possessed less than half the observed heterozygosity and
diveristy than the diploids. Aegilops speltoides popula-
tions showed the highest observed heterozygosity and di-
versity. The population estimates for H0p and Hep were
0.06 and 0.10, respectively, for Ae. speltoides, 0.02 and
0.07 for T. monococcum ssp. aegilopoides, 0.03 and 0.06
for T. urartu and 0.007 and 0.05 for T. turgidum ssp. di-
coccoides. However, with respect to the H0 and He val-
ues of individual populations, there were no differences
among the diploid species. For instance, range values for
H0 are 0.00–0.13 in Ae. speltoides, 0.00–0.05 in T. mono-
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Table 2a Summary of genetic diversity based on mean of ten loci for populations of Aegilops speltoides. T. monococcum ssp. aegilopoides,
T. urartu, and T. turgidum ssp. dicoccoides

Population ID n Alleles/locus Percentage of Heterozygotes/ Diversity Fixation
(A) polymorphic loci (P) individual (H0) index (He) index (F)

1 60 1.5 40 0.05 0.07 0.29
2 50 1.4 40 0.06 0.11 0.45
3 60 1.6 60 0.03 0.08 0.38
4 60 1.2 20 0.003 0.03 0.90
5 60 1.6 40 0.08 0.16 0.50
6 60 1.7 50 0.04 0.07 0.57
7 20 1.4 40 0.13 0.12 −0.08
8 60 1 0 0.00 0.00 0.00
9 60 1.6 40 0.07 0.11 0.36

10 28 2.00 50 0.09 0.22 0.59
11 60 1.8 60 0.09 0.18 0.50
12 60 1.5 40 0.05 0.07 0.71

Population (p)b 53.17 1.53 40 0.06 0.10 0.43
Species (s)b 638 2.90 90 0.05 0.22 0.77

13 60 1.5 50 0.03 0.04 0.25
14 30 1.5 50 0.01 0.10 0.90
15 26 1.4 30 0.02 0.03 0.33
16 18 1.2 20 0.00 0.08 1.00
17 30 1.3 20 0.01 0.05 0.80
18 40 1.1 10 0.02 0.02 0.00
19 60 2.00 70 0.01 0.16 0.94
20 40 1.9 70 0.05 0.11 0.45

Population (p) 38 1.49 40 0.02 0.07 0.58
Species (s) 304 2.80 100 0.02 0.21 0.90

21 34 1.1 10 0.006 0.006 0.00
22 32 1.5 40 0.00 0.10 1.00
23 28 1.2 20 0.04 0.06 0.33
24 28 1.70 60 0.08 0.11 0.27
25 38 1.4 30 0.01 0.04 0.75
26 60 1.5 40 0.01 0.07 0.14
27 32 1.1 10 0.04 0.03 −0.33

Population (p) 36 1.36 30 0.03 0.06 0.31
Species (s) 252 2.70 100 0.02 0.31 0.94

28 60 1.45 35.29 0.01 0.08 0.88
29 70 1.18 11.76 0.01 0.01 0.00
30 60 1.12 11.76 0.00 0.01 1.00
31 32 1.41 41.18 0.01 0.17 0.94
32 24 1.06 5.88 0.00 0.01 1.00
33 54 1.18 11.76 0.01 0.02 0.50
34 56 1.24 17.65 0.01 0.06 0.83
35 60 1.12 5.88 0.004 0.004 0.00

Population (p) 52 1.22 17.65 0.007 0.05 0.64
Species (s) 416 2.12 70.59 0.005 0.14 0.96

a Individual population allele frequencies for the ten isozymes are available from the authors on request
b p, Population averages, s, species’ estimates. See Hamrick and Godt (1989) for explanations



coccum ssp. aegilopoides and 0.00–0.08 in T. urartu. But
H0 values were almost identical (0.00–0.01) among tetra-
ploid populations. The general tendency for low ob-
served heterozygosity or diversity values among diploids
and the tetraploid were also indirectly reflected in their
higher inbreeding (F) estimates (population average:
0.31–0.64). On average, tetraploid populations showed
higher estimates of inbreeding (Fp=0.64) than diploids
(Fp=0.31–0.58).

Diploid species showed significantly more genetic di-
versity than the tetraploid species. The highest genetic
diversity was observed in T. urartu (Hes=0.31) and the
lowest in T. turgidum ssp. dicoccoides (Hes=0.14). All
the diploid and tetraploid species showed very high in-
breeding at the species level (Fs=0.77–0.96), and the
Hardy-Weinberg test revealed that all four species had
excess homozygous individuals, which is typical for
self-pollinating species. At the species level, among
polymorphic loci, 38.70% were in Hardy-Weinberg equi-
librium in Ae. speltoides, 34.60% in T. monococcum ssp.
aegilopoides, 41.17% in T. urartu and only 20% in T.
turgidum ssp. dicoccoides.

Linked gene systems are invoked to explain polymor-
phism that persists in inbreeders (Tolbert et al. 1979;
Jain 1983). To test this hypothesis we calculated pair-
wise linkage estimates (Weir 1979) between polymor-
phic loci in all possible combinations for each popula-
tion. None of the 12 Ae. speltoides or seven T. urartu
populations showed linkage disequilibria between any
pairs of polymorphic loci. However, population 13 and
19 of T. monococcum ssp. aegilopoides, and populations
28, 29 and 30 of T. turgidum ssp. dicoccoides had a few

loci which were in significant linkage disequilibria, al-
though there was no consistent pattern among these pop-
ulations. For instance, in the case of population 13 two
alleles of locus Pgi were in linkage disequilibria with
two alleles of Skdh, but in population 19 only one allele
of Pgi was in nonequilibrium with one allele of Skdh,
and two alleles each of Pgm and Acp. Therefore, it seems
that the presence or maintenance of polymorphic loci in
these diploid and tetraploid wheats and goat grass was
not due to significant linkage between the loci.

Genetic identity

The genetic similarity (I) between populations within a
species were relatively low and, except for T. urartu
(0.70), these estimates were nearly identical for the spe-
cies Ae. speltoides (0.86), T. monococcum ssp. aegilopo-
ides (0.84) and T. turgidum ssp. dicoccoides (0.88).
Among the diploid species, genetic similarity estimates
were significantly low between species. Aegilops spelto-
ides was relatively more closely related genetically with
T. monococcum ssp. aegilopoides (0.60) than with T. ur-
artu (0.54). Triticum monococcum ssp. aegilopoides was
genetically more similar to T. urartu (0.70). Interesting-
ly, genetic similarity values within populations of T. ur-
artu (0.70) were identical to those observed between T.
urartu and T. monococcum ssp. aegilopoides. Among all
the similarity estimates, the one between, Ae. speltoides
and T. urartu was the least (0.54).

Using genetic distance values we constructed a pheno-
gram to visualize the relative genetic relatedness among
diploids and within tetraploid taxa. (Figs. 2 and 3). The
diploid taxa formed two distinct clusters; one exclusively
among goat grass populations and another with diploid
wild wheats (Fig. 3). In the diploid wheat cluster, popula-
tions of T. monococcum and T. urartu were interspersed
among themselves. The population numbers (Table 1) for
goat grass and diploid wheats were assigned sequentially
based on their location within a transect. For instance, ex-
cept for population number 24 (T. urartu from Sha’af in
Sweida Province in southern Syria) all the Syrian goat
grass and diploid wheat populations were collected in an
east to west direction in northern Syria, covering approxi-
mately 500 km. Likewise, the tetraploid wheat popula-
tions were collected in the Bekka Valley of Lebanon in a
west to east direction, covering around 15–20 km. The
pattern of associations among populations within a taxon
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Fig. 2 UPGMA phenogram based on genetic distances within
taxa and between taxa for goat grass and diploid wheats (refer to
Table 1 for population descriptions)

Fig. 3 UPGMA phenogram based on genetic distances within
taxa (refer to Table 1 populations 28–35, respectively, for popula-
tion descriptions)



for goat grass and diploid wheats appear to be related to
their geographical distances (Figs. 1 and 2) as genetic dis-
tances between any 2 populations nearly reflected their
geographical distances. Such a pattern was absent among
the tetraploid populations (Figs. 1 and 3).

Discussion

Except for a few rare alleles, there were no species-specific
marker alleles in either the diploids or the tetraploid. This
could be possible if there were significant gene flow be-
tween species, or if all the species had evolved from one
another or from a common ancestor. The gene flow esti-
mates among the diploid taxa were insignificant
(Nm=0.07). Of the three diploid species only Ae. spelto-
ides is a partial outcrosser, and the remaining two, T.
monococcum ssp. aegilopoies and T. urartu, are selfers.
Although all three species occur sympatrically over several
locations in their range of distribution (Johnson 1975;
Gandilyan 1998), natural hybrids are rarely, if ever,
observed, and even artificial crossing results in sterile hybrids
(Johnson and Dhaliwal 1976; Waines and Barnhart 1992).
Therefore, it is unlikely that the observed allelic pattern is
due to significant gene flow between the present-day diplo-
ids. There are a few suggestions regarding sympatric speci-
ation for T. monococcum and T. urartu (Johnson and
Dhaliwal 1976) and a common heritage for Ae. speltoides
and the diploid wheats based on crossability and genetic
evidence (Stebbins 1956; Bowden 1959; Morris and Sears
1967). Triticum monococcum and T. urartu are morpholog-
ically very similar (Johnson 1975) and, despite F1 sterility
between them (Johnson and Dhaliwal 1976), hybrid plants
show regular intergenomic pairing at meiosis. According
to these authors, reproductive isolation between these two
species was probably effected through accumulated cryptic
chromosomal differences. There are several reports in
plants and animals where a single or a very few gene dif-
ferences resulted in speciation (Knowlton 1993). Further,
since these two species also overlap in their geographical
distribution they might not have had an opportunity to di-
verge significantly from one another after their evolution-
ary diversification from a common ancestor. That may be
why both the diploid wheat species show so much genetic
similarity between them. In contrast, Ae. speltoides is rela-
tively different in certain morphological traits compared

with diploid wheats (Waines 1994) and, furthermore, this
diversification in morphological traits together with a vari-
ation in seed dispersal enabled this species to adapt to the
diverse environments around the Fertile Crescent (van
Slageren 1994). This might explain the divergent allele fre-
quencies that we observed in Ae. speltoides compared to
the diploid wheats. However, the lack of any species-
specific allele may be due to a common ancestor between
Aegilops and Triticum and their common ecological and
geographical distributions.

Like the diploid wheats, tetraploid wheat is highly
self-fertile but has the genomes of both a goat grass and
a diploid wheat, consequently potentially providing more
scope for allelic variation. Of the 18 loci in our study 6
were completely monomorphic for both genomes, and
there was also a high degree of monomorphism in the re-
maining polymorphic loci within populations; in other
words, there was relatively more homozygosity and a
certain degree of gene silencing within the tetraploid
species. Such gene silencing has been observed in poly-
ploid wheats (Galili and Feldman 1983), and it has been
described as an evolutionary response of the species to
nullify the deleterious effect of large-scale genome du-
plications (Aragoncillo et al. 1978).

Overall, for both diploids and tetraploids, parameters
of genetic variability (A, P) and genetic diversity (He)
were higher (Table 2) than those of monocots (P=59.2%,
Hes=0.18) or of annuals (P=50.7%; 0.16) (Hamrick and
Godt 1989). All these parameters, however, showed sig-
nificant variations between populations except for H0 in
the case of tetraploid wheat. We observed low genetic
similarity values between populations within species for
both diploids and tetraploids (range for I=0.70–0.88) and
also between species among diploids (range for
I=0.54–070), which were the lowest compared to all pre-
vious studies (Table 3). In all four species, the genetic
diversity estimates were higher between populations than
within individual populations, and also all four species
showed nonsignificant gene flow within populations
(Nm=0.19 for Ae. speltoides, 0.15 for T. monococcum
ssp. aegilopoides; 0.06 for T. urartu; 0.10 for T. turgidum
ssp. dicoccoides), making individual populations geneti-
cally more differentiated within a species.

The within-population genetic variability and genetic
diversity values reported in this study were partially con-
cordant with those from earlier reports on Ae. speltoides
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Table 3 Average (±SE) genetic
identiy (I) within and between
species of diploid wheats
and goat grass, and within
tetraploid wheat

Species Ae. speltoides T. monococcum T. urartu T. turgidum
ssp. aegilopoides ssp. dicoccoides

Ae. speltoides 0.86±0.01 0.60±0.01 0.54±0.07 –
(0.66–1.00)a (0.22–0.83) (0.40–0.71)

T. monococcum 0.84±0.02 0.70±0.02 –
ssp. aegilopoides (0.58–1.00) (0.38–0.92)
T. urartu 0.70±0.02 –

(0.56–0.92)
T. turgidum 0.88±0.02
ssp. dicoccoides (0.70–1.00)

a Range values



from Palestine (Medlinger and Zohary 1995), T. monococ-
cum ssp. aegilopoides and T. urartu from Turkey and Leb-
anon (Smith-Huerta et al. 1989) and T. turgidum ssp. di-
coccoides from Palestine (Nevo et al. 1982). The species
level values could not be observed due to a lack of compa-
rable data in those earlier reports. For instance, population
averages for parameters like A, P and He were similar for
Ae. speltoides between this study and those of Medlinger
and Zohary (1995), but inter-population differences for
the same above parameters were found to be very high in
our study (range: A=0.00–2.00; P=0–60%; H0=0.00–0.13;
He=0.00–0.22) compared to those of Medlinger and
Zohary (range: A=1.81–2.19; P=50–75%; H0=0.003–0.05;
He=0.15–0.32) who found them to be uniform between
populations. Likewise, for T. monococcum ssp. aegilopo-
ides and for T. urartu Smith-Heurta et al. (1989) observed
values of 19.71% and 18.35% polymorphism, respective-
ly, which were less than half of what we observed in these
two species (Table 3). This latter difference between our
results and those of Smith-Heurta et al. (1989), where the
natural populations were increased once or twice before
isozyme electrophoresis, may be due to the way the popu-
lations were handled between these two studies. Since all
wild wheats show a high degree of inbreeding, even one
or two generations of selfing in a small-sampled popula-
tion could alter the genetic structure of these populations –
in particular, it is likely to reduce variation.

Aegilops populations showed very close relationships
among themselves compared to diploid wheats. The re-
sult was not surprising given that, except for the repro-
ductive isolation, both T. monococcum and T. urartu have
close morphological and taxonomic relationships (John-
son and Dhaliwal 1976; Waines and Barnhart 1992). In-
terestingly, in all three diploid taxa the genetic distance
was closely associated with the geographical distance,
implying the differential adaptation of populations to en-
vironmental heterogeneity (Levene 1953). However, tet-
raploid populations did not show any clear association
between genetic and geographical distances, probably be-
cause seven of the eight populations were collected over
very short distances of 5–20 km from each other. Besides,
polyploids are thought to undergo less ecological differ-
entiation than diploids because of their ability to buffer
genetically against ecological changes (see Hancock 1992
for detailed discussion). It is also possible that if the tetra-
ploid wheat has evolved from a single or few hybridiza-
tion events between diploid parents, the hybrid popula-
tions would capture only a small fraction of the genetic
variability of the diploid progenitors.

Despite the appearance of a high percentage of poly-
morphic loci across the diploid and tetraploid species, the
presence of low-level heterozygosity (H0) in all of them
indicates the existence of a high proportion of homozy-
gotes in these species. This is to be expected in species
that are typically self-pollinating. Among diploid and tet-
raploid species in this study only Ae. speltoides is a partial
outcrosser, whereas the other two diploids and the tetra-
ploid species are largely self-pollinating. But the pattern
and extent of genetic variation were not significantly dif-

ferent between these breeding systems. Therefore, the ob-
served pattern in genetic variability, which was nearly
identical for both diploids and tetraploids, may be brought
about by similar kinds of evolutionary force(s) for which
all the species might have had identical responses. Nevo
and co-workers (1982) found a strong association between
specific isozyme loci and climatic regimes and soil types
in tetraploid wheat T. turgidum ssp. dicoccoides. Based on
these observations, the authors infer that strong local and
regional differences in genetic variability values in tetra-
ploid wheat in Israel are, at least partly, adaptive. On the
contrary, Medlinger and Zohary (1995) did not observe
any significant association between environmental factors
and allele frequencies. In our study both large-scale mor-
phological similarities and low-level genetic variation
among diploid and tetraploid wheats and goat grass sug-
gest that, probably, all these taxa possess similar types of
genetic potentials, have experienced similar ecological in-
teractions and, as a consequence, have attained a special-
ized adaptation to their current niches. Further, the high
rate of inbreeding combined with the stochastic and an-
thropogenic factors might have eliminated many neutral
and rare alleles from these populations. The spread of ge-
netic diversity between populations within a taxa could
probably be a fine-scale adaptation to microhabitat, such
as soil type and climatic regime. On the contrary, one
could still argue in favor of other micro/macro evolution-
ary forces such as meiotic drive and genetic drift, purely
random processes, for the observed pattern of variation in
these taxa. The probability of the occurrence of such
processes to bring a consistent genetic pattern over all the
populations and species observed in this study is very small.

The only exception to this relationship was popula-
tion number 20 of T. monococcum ssp. aegilopoides
from Lebanon. Out of the eight T. monococcum ssp.
aegilopoides populations, seven populations were from
Syria and one population (number 20, Table 1) was from
Lebanon. This Lebanese T. monococcum population was
genetically more related to the T. urartu populations than
to other T. monococcum populations from Syria. One of
the most probable explanations for this type of genetic
divergence between populations of a species is if a small
founder population has undergone genetic drift. We were
not able to locate any other T. monococcum ssp. aegi-
lopoides populations around population number 20 –
therefore, the Lebanese T. monococcum population most
probably arrived from Syria. Although, adaptive radia-
tion through selection could also bring such a genetically
divergent population within a species, that seems to be a
less likely an explanation in this case because there were
four T. urartu populations, two each from Syria and
Lebanon (Table 1), which did not show comparable
genetic divergence between these two locations.

Today, the ultimate goal of exploring the genetic poten-
tial of natural populations of the ancestors of crop plants is
to make an informed decision on their conservation and
commercial utilization. Despite the growing concern
among wheat breeders about the lack of genetic diversity
for future breeding advances, in several countries invest-
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ments in strategic germplasm development have declined
(McGuire 1997) and the rate of extinction of natural popu-
lations has increased (Raven 1987). Therefore, there is a
pressing need to make conservation decisions quickly and
effectively to save the remaining few natural populations.
Diversity analyses have a potential role of designing where
and how much germplasm needs to be collected (Tolbert et
al. 1979). The extent and nature of genetic diversity in the
natural populations of wild wheats and goat grass in our
study indicate that a germplasm collection obtained from
few populations from one location or from very few loca-
tions is ineffective in capturing species-level genetic vari-
ability. The only way to maximize the genetic diversity in
germplasm is through random sampling of more popula-
tions over wider geographical and environmental gradients.
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