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Abstract Twenty eight microsatellite markers were used
to analyze genetic divergence in tandem dinucleotide re-
peated DNA regions between two edaphic subpopula-
tions of Triticum dicoccoides growing on the contrasting
terra rossa and basalt soils from a microsite at Tabigha,
north of the Sea of Galilee, Israel. The terra rossa soil
niche was drier and more stressful than the basalt
throughout the growing season (November to May). Sig-
nificant microsatellite divergence in alele distribution,
repeat length, genetic diversity, and linkage disequilibria
were found between emmer wheat from the two soil
types over two short transects of 100 m each. Soil-spe-
cific and -unique alleles and linkage disequilibria were
observed in the terra rossa and basalt subpopulations. A
permutation test showed that the effects of random ge-
netic drift were very low for the significant genetic di-
versity at microsatellite loci between the two subpopul a-
tions, suggesting that an adaptive molecular pattern de-
rived by edaphic selection may act upon variation of the
microsatellites.

Key words Genetic diversity - Edaphic selection -
Microsatellite - Microsite divergence - Wild emmer
wheat - Triticum dicoccoides

Introduction

Macro- and micro-geographic variations in genetic
polymorphisms of plant and animal populations have
been extensively studied (reviewed in Nevo 1988, 1998
Linhart and Grant 1996). Wild emmer wheat, Triticum
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dicoccoides, is the allotetraploid progenitor of all bread
wheats (Feldman 1976). Previous allozyme (reviewed in
Nevo 1988, 1998) and RAPD-DNA (Nevo 1998) micro-
geographic studies for T. dicoccoides and other cereals
have shown significant nonrandom adaptive molecular ge-
netic differentiation at single and multilocus structuresin
either protein-coding regions or randomly amplified
polymorphic DNAs among microecological environ-
ments in contrasting soil types or topography.

Microsatellite DNAS, tandem repeats of short oligonu-
cleotides, have been widely used for population genetics
and ecology (Saghai-Maroof et al. 1994; Terauchi and
Konuma 1994; Awadalla and Ritland 1997; Innan et &.
1997; Van Treuren et al. 1997) because of their abundant
high polymorphism across genomes, in particular the
noncoding regions of genomes. Some authors have
sought to explain the ubiquitous occurrence of microsat-
ellites in terms of a functional significance (e.g. Stallings
et a. 1991; Kashi et a. 1997). By contrast, most models of
simple repeat evolution, in the absence of close linkage to
a selected locus (** genetic hitchhiking”’, Slatkin 1995), as-
sume selective neutrality (Tachida and lizuka 1992;
Shriver et a. 1993; Valdes et al. 1993; Di Rienzo et a.
1994). In fact, al€elic sizes are tightly constrained (Garza
et a. 1995; Nauta and Weissing 1996). The levels of vari-
ation varied in different microsatellite loci and different
populations (e.g. Saghai-Maroof et al. 1994; Innan et al.
1997). Mutational biases or selective constraints on alele
size may truncate and converge alelic distributions in
divergent populations or species (Garza et a. 1995;
Slatkin 1995; Amos et a. 1996; Nauta and Weissing
1996; Primmer et al. 1996). Some authors suggested that
natural selection controls the level of microsatellite varia-
tion (e.g. Harding et al. 1992; Epplen et al. 1993; Stephan
and Cho 1994; Garza et al. 1995; Innan et a. 1997).
These previous studies did not prove whether microsatel -
lite loci are a selected target or just a convenient molecu-
lar marker. However, contradictory interpretations for mi-
crosatellite pattern suggest the need for deeper research
on microsatellite variation in natural populations on a
microgeographical scale.
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This study analyzed genetic diversity in DNA dinu-
cleotide microsatellites of two edaphic subpopul ations of
T. dicoccoides from two contrasting soil types, terra ros-
sa and basalt, at the Tabigha microsite in northern Israel,
demonstrating microgeographic molecular-genetic diver-
gence caused by ecological stress and edaphic selection.

Materials and methods

Habitat of wild emmer wheat

T. dicoccoides (genomic constitution AABB) is distributed all
over the Fertile Crescent, but its center of distribution isin the Up-
per Jordan Valley and its surroundings (Nevo and Beiles 1989). It
grows mainly on basaltic and terra rossa soil types and often
grows together with wild barley and wild oats. The studied micro-
geographical siteis at Tabigha near the Sea of Galilee, at the Med-
iterranean Sea level (Nevo et al. 1988). The red terra rossa and
brown basalt soils were weathered from Middle-Eocene hard lime-
stone and Upper-Pleistocene basalt flows, respectively (Atlas of
Israel 1970). The brown basalt soil is subject to extremes of high
and low water content due to its montmorinolitic clays. Hence, its
water regime is more variable in terms of water content than that
of the kaalinitic terra rossa soil, thereby representing a wider eco-
logical niche than terra rossa. The terra rossa soil layer is aso
shallower, and numerous bare rocks predominate over the terrain
with pockets of soil varying in depth. The topography of the terra
rossa is more hilly than that of the flat, deeper soil of the south-
western dipping basalt. The terra rossa soil niche appeared to be
clearly drier, narrower, and more stressful than the basalt in terms
of the availability of water and moisture throughout the growing
season (November to May). The differences were directly reflect-
ed in the different plant formations on the two soil types, which
display long-term biotic differentiation (see Nevo et al. 1988). On
terra rossa, the vegetation, including wild emmer wheat, was
sparser, lower in height, and earlier in both ripening and drying
than vegetation on the basalt.

Sampling

Sampling for this study was conducted in 1985 in two transects
200 m apart (Nevo et al. 1988). Each transect was 100 m long and
equally subdivided into 50 m of red terrarossa and 50 m of brown
basalt separated by a sharp geological boundary. Seeds were col-
lected from 50 plants, about 1-m apart in each half of atransect. In
the present study, 155 individuals from the two transects (76 and
79 from the terrarossa and basalt, respectively) were analyzed for
their microsatellite variation.

PCR assay of microsatellites

Genomic DNA was extracted from seedlings using the method of
Junghans and Metzlaff (1990). Primer pairs of the 28 dinucleotide
microsatellites used in this study were described by Roder et al.
(1995, 1998). Table 1 presents the repetitive motifs and chromo-
somal locations of these microsatellites. The procedure used to de-
tect microsatellite polymorphism followed Fahima et al. (1998).
Fragment sizes were calculated using the Fragment Manager
(Pharmacia) computer program by comparison with internal size
standards, which were added to each lane in the loading buffer.

Data analysis

The core sequence repeat number for each allele was calculated
according to the fragment sizes and the number of repeat units at

Table 1 Microsatellite loci screened, core sequence, and chromo-
somal locations of microsatellite loci in Chinese Spring. A, B =
genome A, B; S=short arm; L =long arm; imp = imperfect

Marker Repeat type Chromosome
location
GWM136 (CT)sg 1AS
GWM99 (AC)y, 1AL
GWM95 (AC)46 2AS
GWM294 (GA)gTA(GA) 15 2AL
GWM218 (CT)yg 3AS
GWM162 (CA),AA(CA), 3AL
GWM601 (CT)y7 4AS
GWM637 (CA)4g 4AL
GWM415 (GA)5imp 5AS
GWM 186 (GA)% 5AL
GWM459 (GA)s0g 6AS
GWM 169 (GA)3 6AL
GWM®60 (CA)g 7AS
GWM332 (GA)36 7TAL
GWM18 (CA);,GA(TA), 1BS
GWM124 (CT),7(GT)4gimp 1BL
GWM429 25 2BS
GWM120 (CT)11(CA) 45 2BL
GWM389 (CT)14(GT)46 3BS
GWM340 (GA)% 3BL
GWM368 (AT),5 4BS
GWM251 (CA),5 4BL
GWM540 (CT)5(CC)(CT)46 5BS
GWM408 (CA)(TA)(CA)A(TA)g 5BL
GWM361 (GA),imp 6BS
GWM219 (GA)z5imp 6BL
GWM537 (CA)15(TA) 13 7BS
GWM577 (CA)14(TA)g 7BL

the corresponding loci in Chinese Spring (Table 1). Gene diversity
(He; Nel 1973) of emmer wheat in the terra rossa and basalt
soils was estimated for each locus. The genetic distance between
the terra rossa and basalt subpopulations was measured by the
allele-sharing distance (D, Chakraborty and Jin 1993) defined
for hypervariable markers. It has been used for microsatellite data,
for example, in humans (Bowcock et al. 1994) and honeybees
(Estoup et al. 1995). The programs Microsat (Goldstein et al.
1995), POPGENE (Yeh et al. 1997), and STATISTICA (Statsoft
1993) were used to perform statistical analyses. The x2-test was
used to test the homogeneity of allele frequencies at loci between
the two subpopulations and to test the significance of linkage dis-
equilibria. Since repeat numbers at microsatellite loci are not dis-
tributed normally in our studied population, a nonparametric sta-
tistic, the Kruskal-Wallis (K-W) test, was used to test the differ-
ence in repeat number between subpopulations. Hartley’s F-ratio
was used to test the homogeneity of variances in repeat number at
each locus between the two subpopulations. The log-linear model
test was used to test the genetic and soil effects on linkage dis-
equilibria

Permutation test

A permutation test was performed for the observed soil-specificity
and soil-uniqueness of alleles at each locus and for linkage disequi-
libria (LD) between loci. For this analysis, rare aleles (with five
copies in the whole Tabigha population) were excluded from con-
sideration. The permutation test was conducted to determine the ef-
fects of random sampling. For that purpose, genotypes within each
pair of soil subpopulations were randomly shuffled 5000-times
while maintaining the initial sample sizes.



Results

Distribution of allelic diversity at polymorphic
microsatellite loci

All individuals of T. dicoccoides were considered homo-
zygous due to selfing. In this study, al 28 microsatellite
primer pairs could produce DNA amplifications except
for one marker, GWM®637. Of the 27 markers, each of 26
amplified a single fragment in each individual, regarded
as 26 loci; one marker, GWM332, amplified two frag-
ments in many individuals, and we regarded the two frag-
ments as two alleles at two loci (GWM332a and 332b).
For the total 28 loci detected in this study, only GWM601
was monomorphic for emmer wheat in both soils. With
the exception of the locus GWM332b (due to a “‘null a-
lele(s)"), the total alleles amplified over 27 loci were 170
and 177 in the terrarossa (TR) and basalt (BA) subpopu-
lations, respectively; 142 alleles were shared between the
two subpopulations (Table 2). The alele distributions at
microsatellite loci were not equal between the two eda-
phic subpopulations. For example, Fig. 1 illustrates dif-
ferent allele distributions at five microsatellite loci be-
tween the closest sampling points in the terra rossa and
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basalt soils. There were distinct aleles and a higher alel-
ic diversity in the basalt section than in the terra rossa
section. In particular, GWM332a and GWM332b were
completely linked on the long arm of chromosome 7A in
the population of T. dicoccoides x Triticum durum (Peng
et a., unpublished data). At GWM332a, similar aleles
were detected in al individuals of wild emmer in both
subpopulations. At GWM332b, however, soil-unique al-
leles (including a “null” allele) were observed (Fig. 2).
This locus was not included in other genetic analyses be-
cause it is hard to estimate the repeat number of the null
allele. These facts suggest that the locus GWM332b was
a duplication of the common locus GWM332a. Accord-
ing to the allele distribution in the terra rossa and basalt
subpopulations, we could expect that some soil-specific
mutation occurred in the tandem repeat region and also in
the flanking region of GWM332b, particularly in the sub-
population dwelling on basalt soil.

Permutation test

We assumed, as a critical measure, that soil-niche did not
affect microsatellites, and that allele frequencies should

Table 2 Number of alleles, genetic diversity (He; Nei 1973), and allele-sharing distance (D,g) at microsatellite loci of T. dicoccoides
between terrarossa (TR) and basalt (BA) soil types at the Tabigha microsite, Upper Galilee, Israel

Locus Number of alleles? ARN K-W test Variance Hartley'sF He Das
H(1, N) (dfy, df,>70)
Total TR BA Shared TR BA TR BA TR BA

GWMO018 7 1 2 4 329 332 16.078*** 28.55 253  11.3F*** 0.731 0.789 0.519
GWMO060 9 2 2 5 212 227 1.522 16.36 37.86 2.3Fx* 0.713 0.762 0.349
GWMO095 6 0o 1 5 155 176  32.766**** 388 313 1.2 0.587 0.775  0.650
GWMO099 3 0 1 2 77 84 4.265* 022 821  37.3**** 0441 0369 0.138
GWM120 10 0 3 7 327 339 6.612** 4.26 7.83 1.8* 0.681 0.722 0.298
GWM124 12 3 1 8 51.6 537 7.825%* 20.30 27.78 1.9* 0.827 0.865 0.470
GWM136 11 3 1 7 62.0 582 0.813 61.45 76.76 0.3 0.179 0.675 0.449
GWM162 6 0 O 6 236 224 21.252* *** 3.08 242 11 0.700 0.769 0.523
GWM169 8 1 0 7 231 220 0.381 6.03 219  2.7*** 0.777 0.760  0.142
GWM186 8 3 1 4 239 227 1.139 36.36 9.24 3.9%** 0.714 0.780 0.400
GWM218 12 2 1 9 216 232 0.191 56.34 26.75 2.1*%* 0.813 0.874 0.487
GWM219 6 1 2 3 221 261 12.244*** 5.68 36.22 B.4*xx* 0.644 0.751  0.336
GWM251 8 2 3 3 234 186 33.664* *** 4146 3491 12 0.670 0.587 0.533
GWM294 9 2 0 7 20.7 193 9.383** 15.48 8.41 1.8* 0.800 0.819 0.584
GWM332 5 0 1 4 204 203 0.091 1.45 2.74 1.9* 0.653 0.692 0.232
GWM340 12 0 5 7 270 291 9.491** 32.39 3847 1.2 0.659 0.868  0.559
GWM361 6 1 1 4 220 216  11.343*** 156 066  2.4*** 0.643 0.562  0.465
GWM368 7 1 0 6 23.0 229 0.412 9.88 12.33 12 0.715 0.780 0.264
GWM389 8 1 0 7 326 317 0.694 11.73 337  35%** 0.794 0.760 0.252
GWM408 6 0 1 5 282 250 25.306* *** 9.39 9.05 01 0.719 0.647 0.557
GWM415 2 0 O 2 196 191 10.565** 216 020 10.6**** 0.266 0.025 0.145
GWM429 6 1 2 3 156 151 4.735* 19.43 26.04 13 0.606 0.609  0.187
GWM459 9 0 1 8 253 26.2 2.701 16.95 9.39 1.8* 0.834 0.845 0.299
GWM537 16 4 6 6 339 363 0.470 11.28 5022  4.5**** 0.804 0.885 0.726
GWM540 4 0 O 4 181 174 10.711*** 213 081 2.6%** 0.645 0.632 0.177
GWMS577 8 0 O 8 287 344 20.093* *** 31.53 66.18 2.1%* 0.665 0.834 0.537
GWM601 1 0 O 1 0.000 0.000  0.000
Total 205 28 35 142

Mean 71 10 13 53 0.661 0.683 0421

*, Rk exx wkkk = P <0.05, 0.01, 0.001, 0.0001
aTR = terrarossa-unique, BA = basalt-unique
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GWM332b

GWM332a

1m Terra rossa 50m

Basalt 100m

Border

Fig. 2 Wild emmer microsatellite DNA allele distribution detect-
ed by the GWM332 primer pairs on the terra rossa and basalt
soils. Allele sizes are marked by base pairs including tandem-

repeated and flanking regions. The first lane on the left is for Chi-
nese Spring

Table 3 Summary of the permutation test for the observed allele-specificity, excluding the rare alleles?, based on 5000 random shuffling
of samples from the terrarossa and basalt subpopulations at Tabigha, Israel

Subpopulation Significance of x2 test for Number of real observed Casesof ntzn,in Significance of allele
allele frequencies? niche-specific alleles (n,) 5000 permutations niche-specificity
Terrarossa 0.05 39 0 0.0002
0.01 30 0 0.0002
Basalt 0.05 42 0 0.0002
0.01 25 0 0.0002

aAn alele was excluded if the observation of an allelewas< 5

b2 test for homogeneity of allele frequencies between the two subpopulations
¢n, = the number of niche-specific alleles observed in the permutations

be equal between the terra rossa and basalt subpopula-
tions. A X2 test was used to compare the difference in
each allele distribution between the two edaphic subpop-
ulations. After excluding rare aleles (observed in< 5 in-
dividualsin the whole population), 39 and 30 terrarossa-
specific and 42 and 25 basalt-specific alleles were found
at P < 0.05 and 0.01 significance levels, respectively
(Table 3). Among these aleles, 15 and 14 were terraros-
sa- and basalt-unique, respectively.

Out of 5000 random permutations of sampled individ-
uals, no cases showed more soil-specific aleles than
those observed in the real data of both subpopulations.
The results indicated that the possibility of obtaining the
observed soil-specific alleles by chance was < 0.0002.
The significance of allele soil-specificity was P < 0.0002
in both edaphic subpopulations (Table 3).

Genetic diversity on the terrarossa and basalt soils

Although the difference in overall gene diversities (He;
Nei 1973) was not large between the basalt (0.683) and
the terra rossa (0.661) subpopulations, gene diversities
were obviously higher in the basalt than in the terra rossa
at 16 microsatellite loci (Table 2). In particular, the gene
diversities were 0.188, 0.209, and 0.169 higher in the ba-

sat than in the terra rossa subpopulations at loci
GWMO095, GWM 340 and GWM577, respectively. How-
ever, an opposite pattern of He estimates was observed at
another nine loci between the basalt and terra rossa sub-
populations. At locus GWM415, the difference of He be-
tween the two soil types was quite large (0.241).

The genetic distance between the two subpopulations
in the terra rossa and basalt soils was estimated using the
alele-sharing distance index (Dp,g = 1- proportion of
sharing aleles, ranged from O to 1 (Chakraborty and Jin
1993) for each microsatellite locus (Table 2). The largest
Dpg Was 0.726 at GWM537, followed by another nine
loci (Dpg> 0.510), then by another 12 loci, their D,ag
ranging from 0.232 to 0.487. At the remaining five poly-
morphic loci, the genetic distances between the terra ros-
sa and basalt subpopulations ranged from 0.138 to 0.187.
The overall D,g between the terra rossa and basalt sub-
populations was aso high (0.421). If the distance
(200 m) between transect | and Il was taken into ac-
count, the genetic distances between the terra rossa and
basalt subpopulations were very similar in transect |
(Dps = 0.480) and transect Il (D,g = 0.501), which was a
double check, as the genetic distance between the terra
rossa and basalt subpopulations combined the two tran-
Sects.
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Diversity of repeat numbers between the terrarossa
and basalt subpopulations

The average repeat numbers (ARNS) of microsatellite
core sequences were significantly (Kruskal-Wallis test, P
< 0.05-0.00005) larger at eight loci in the basalt
subpopulation than in the terra rossa subpopulation; but
the ARNs were significantly (P < 0.05-0.00005) smaller
at another nine loci in the basalt than in the terra rossa
subpopulation (Table 2). The difference of repeat numbers
between the two subpopulations did not seem to relate to
motif types. For example, among five loci with the motif
(CA), or (AC),, ARNs a two loci (GWMQ95 and
GWMO099) were significantly (P < 0.00005 and 0.05)
larger in the basalt subpopulation than in the terra rossa
one; at loci GWM162 and GWM251, however, the
ARNSs were significantly (P < 0.00005) smaller in the
basalt than in the terra rossa subpopulation. Among nine
loci with the motif (GA),, the ARNs at three loci
(GWM294, GWM 361, and GWM415) were significantly
(P < 0.01-0.0005) larger in the terra rossa than in the
basalt subpopulation, but, at loci GWM219 and GWM 340,
the ARNs were significantly (P < 0.01-0.0005) larger in
the basalt than in the terra rossa subpopulation. Notably,
most loci with compound or imperfect motifs, such as
(CT)(GT),, (CA)(TA),, (CA),AA(CA),, etc., showed
different repeat numbers in the terra rossa and basalt
subpopulations (Table 2).

Variances (02) in repeat number were significantly
(Hartley’s F-test, P < 0.05-0.00005) larger at ten loci
and smaller (P < 0.01-0.00005) at other seven loci in the
terra rossa than in the basalt subpopulations. The results
suggest that distributions of repeat numbers (alleles)
were not equal between the two subpopulations.

Discriminant analysis

Stepwise discriminant analysis was conducted in an at-
tempt to classify individuals in the terra rossa and basalt

subpopulations by microsatellite variation. Data from
five loci (GWMO099, GWM136, GWM169, GWM368
and GWM577) were excluded from the analysis in order
to minimize the reduction in sample size due to missing
data. At each step the variable (locus) with the largest F
to-enter value was chosen for inclusion in the model.
The stepping was terminated when no other variable had
an F to-enter value greater than that specified under
the option F to-enter. The classification results are
presented in Table 4. At the third step, three selected loci
(GWMO095, GWM408, and GWM120) could correctly
classify 75% of the 129 individuas into their origina
subpopulations. In this case, the difference among the
subpopulation centroids was also significant (F 3155 =
31.08, P < 0.00005). At the fifth step, five loci
(GWMO095, GWM408, GWM120, GWM124, and
GWM429) chosen from the remaining 21 polymorphic
loci were sufficient to correctly classify most individuals
into their original soil niches. The overall multivariate F
ratio for the test of differences among the subpopulation
centroids was significant (Fs 15 = 17.92, P < 0.00005).
According to the five loci, 8%% of 129 sampled individu-
als were correctly classified in their original subpopula-
tions. With the maximum selected variables (nine loci)
88% of the 129 sample individuals could be correctly
classified by the stepwise procedure. The difference
among the subpopulation centroids was significant
(F(o,119)= 17.54, P < 0.00005).

The standard method was also used to choose al vari-
ables simultaneously in the model. The entire data set
(the 21 polymorphic loci) could offer a higher discrimi-
nating power: according to the 21 loci, 89% of the 129
individuals were correctly classified into their origina
subpopulations; the difference among the population
centroids was significant (Fy; 17 = 7.63, P < 0.00005).
These results demonstrate that genetic differentiation is
substantial and significant between the two subpopula-
tionsin the terrarossa and basalt soils.

Table 4 Classification matrixa

of discriminant analysis for Selected loci  Subpopulation  Correct Subpopulation F test for difference
129 individuals sampled from classification (%) of centroids
the terrarossa (TR) and basalt TR BA
(BA) subpopulations of
T. dicoccoides at the Tabigha 3 TR 3.7 56 20 F (3125 = 31.08****
microsite BA 76.9 18 60
Total 75.3 74 80
5 TR 84.0 63 12 F5,103 = 26.17%%**
BA 824 13 61
Total 83.2 76 73
9 TR 89.2 66 8 Fo119) = 17.54%***
BA 86.5 10 64
Total 87.8 76 72
**%% P < 0.00005 21 TR 93.8 60 4 Forio7)= 7.634***
aRows: observed classifica- BA 84.5 10 55
tions; columns: predicted clas- Total 891 70 59

sification
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Table5 Niche-specificityaof

linkage disequilibria at micro- Sub- Significance Total  Proportion of niche-specificLDs  No. cases  Significance of
ﬂeﬁ?te Iosgqof T. dicoccoides population level LDs : P,z P, niche-specificity
in the terra rossa and basalt (x2-test) Inreal data In 5000 permutations or unigqueness®
subpopulations at the Tabigha (Po) (Po)
microsite, |srael With rare alleles:
Terrarossa  0.001 902  0.904 0.475-0.886 0 0.0002
0.01 1612 0.849 0.500-0.798 0 0.0002
0.05 2665 0.794 0.488-0.795 0 0.0002
Total 5179  0.830
Basalt 0.001 316  0.747 0.158-0.760 1 0.0002
0.01 750 0.676 0.226-0.655 0 0.0002
0.05 1516 0.648 0.248-0.601 0 0.0002
Total 2582  0.660
Without rare alleles (n, < 5)P
Terrarossa < 0.001 881 0.904 0.519-0.912 0 0.0002
<0.01 1523 0.848 0.549-0.834 0 0.0002
| rormed b <0.05 2490 0.797 0.528-0.772 0 0.0002
aRandom test performed by
5000 permutation experiments Totdl 4894 0832
b Alleles observed in < 5 indi- Basalt <0.001 521  0.661 0.239-0.834 28 0.005
viduals in the whole population <0.01 597 0.613 0.310-0.729 65 0.013
were considered as rare alleles <0.05 1228 0.589 0.336-0.679 80 0.016
¢ Significance based on 5000 Total 2348  0.650

permutations

Linkage disequilibrium (LD) between microsatellite loci

Non-random association of aleles between loci is supposed
to be in linkage disequilibrium (LD), and this may arise
from sdlfing, selection, etc. (Hartl and Clark 1997). The
values of LDs were computed using the methods of Weir
(1979). With all alleles, 5179 and 2582 LDs (P < 0.05-
0.001) were observed between loci in the terra rossa and
basalt subpopulations, respectively (Table 5). The higher
the significance of LDs, the larger the proportions of
niche-specific LDs in both subpopulations. In the terra
rossa subpopulation, the proportions of niche-specific LDs
were larger (0.794-0.904) than those (0.648-0.747) in the
basalt at P < 0.05, 0.01, and 0.001.

Permutation test

Out of 5000 permutations of the random shuffling of sam-
pled individuals, only one case showed a higher LD niche-
specificity in the basalt subpopulation at the P < 0.001 lev-
el. No case was found with a higher LD niche-specificity
in the basalt subpopulation at the P < 0.05 and 0.01 levels,
and in the terrarossa at all levels (Table 5). Permutation-
test results indicated that the significance of LD niche-
specificity was very high (P < 0.0002) in both subpopula
tions. The proportions of niche-specific LDs in the terra
rossa subpopulation did not change at the P < 0.05, 0.01,
and 0.001 levels due to excluding the rare aleles observed
in £ 5 individuals in the whole population, and the
LD niche-specificity values were still highly significant
(P < 0.0002) based on 5000 permutations. In the basalt
subpopulation, athough the proportions of niche-specific
LDs decreased after the rare aleles were excluded, the

niche-specificity for LDs was also significant (P < 0.016,
0.013, 0.005) based on 5000 random permutations &t the
0.05, 0.01, and 0.001 levels, respectively (Table 5). These
results suggest that the possibility of obtaining LD niche-
specificity by stochastic effects was highly improbable.

The log-linear model test indicated that genome and
chromosomes did not affect the LDs, but the soil effect
was strong (X2 = 336.52, df = 1, P < 0.00005) for the sig-
nificance of the LDs. Sample size could not be the cause
of a significant difference between the two subpopula-
tions in the percentages of the significant LDs since the
sample sizes were similar between the terra rossa (76)
and basalt (79) soils.

Discussion
Microsatellite allel e soil-specificity or uniqueness

At the Tabigha microsite, plant associations and plant
species and diversity, i.e. the biota, differ on the contrast-
ing terra rossa and basalt soils (Nevo et al. 1988). The
Tabigha population under study involves thousands of T.
dicoccoides plants. The population density of T. dicocco-
ides on basalt soil is higher than that on terra rossa, and
morphological (spike color) polymorphism also varies
between the two soil types as well as between the plant
phenotypes, slender versus robust plants on the terra ros-
sa and basalt, respectively. These differences were asso-
ciated with soil type, but not with genetic drift. The pre-
vious allozyme (protein-coding region) analysis suggest-
ed that alozyme polymorphisms in wild emmer at the
Tabigha microsite are partly adaptive, and that differenti-
ation in the allozymes for both single and multilocus



1036

structures derives primarily from edaphic stress (Nevo et
al. 1988).

The present study demonstrated that allele distributions
were associated with soil type at most microsatellite loci
screened in the terra rossa and basalt wild emmer whesat
subpopulations at Tabigha. The significant differences in
average repeat numbers and the variances in repeat num-
ber also indicated that the two subpopulations were not
equal. Discriminant analysis suggested that the observed
microsatellite divergence between the two subpopulations
was substantial, and sufficient to make the subpopulations
niche-characteristic. Niche-specific or -unique alleles were
observed in both subpopulations dwelling in the terra ros-
sa and basalt soils. A random test based on 5000 permuta-
tions proved that the observed niche-specificity or unique-
ness of aleles did not arise from a random drift effect, but
may arise from edaphic selection by soil-specific environ-
ments. Microsatellite loci may be the selected target or
may be located within the DNA regions subjected to
natural selection.

Soil-specific linkage disequilibria

In this study, significant linkage disequilibria caused by
alelic associations (Hartl and Clark 1997) in the terra
rossa subpopulation were double those observed in the
basalt. Most of the observed linkage disequilibria (LDs,
P < 0.05, 0.01, 0.001) were niche-specific or niche-
unique in both subpopulations, particularly in the terra
rossa subpopulation. A permutation test based on 5000
random shufflings of samples suggested that the possibili-
ty of obtaining niche-specific LDs by random factors
was very low in both subpopulations, particularly in the
terrarossa where it was highly improbable. Soil-specificity
was the main factor causing the divergence in linkage
disequilibria between the terra rossa and basalt types,
overriding the expected results due to the high selfing
rate in wheat (99%, Golenberg 1986) that may cause
linkage disequilibria by hitchhiking (Korol et al. 1994).
The high LD niche-specificity and —uniqueness may be
an adaptation to the microenvironment on the terra rossa
and basalt soils.

Natural selection on microsatellite variation

Many of the uses of microsatellite loci as molecular
markers in population biology depend on the assumption
that they are neutral (e.g. Shriver et a. 1993; Valdes et
al. 1993; Di Rienzo et a. 1994; Awadalla and Ritland
1997). However, some previous studies suggest that nat-
ural selection may control the level of microsatellite
variation (e.g. Harding et al. 1992; Epplen et a. 1993;
Stephan and Cho 1994; Garza et a. 1995; Innan et al.
1997). In a study of the selfing plant Arabidopsis thali-
ana, Innan et al. (1997) suggested that there is no reason
to reject some form of balancing selection on microsatel-
lites, in particular on microsatellites involved in an im-

portant function (e.g. gene regulation). Although a gen-
eral function for microsatellite loci is not yet known, cer-
tain effects have been observed for some microsatellites
that could indicate their regulatory functional role in se-
lection at particular loci (reviewed in Kashi et a. 1997).
Previous experiments showed that (TC),, (GA),, and
(TA), control the transcriptional activity of Ultrabitho-
rax, hsp26, and actin5C genes in Drosophila. The (TG),,
repeat also modulates the transcription activity of the
prolactin gene of rat (reviewed in Kashi et al. 1997).
This regulatory activity was independent of location and
is consistent with the observation that microsatellites
seem to be evenly spread throughout the genome and not
concentrated in traditional areas of transcription regula-
tors (Stallings et al. 1991).

Another interpretation results from the fact that T. di-
coccoides is a highly selfing plant. Correspondingly, dif-
ferential selection on fitness-related target loci will affect
many other sites in the genome, either linked or unlinked
to the selected loci (Korol et al. 1994). This may gener-
ate multiple niche-specific linkage disequilibria, and it is
not an easy task to discriminate such a scenario from di-
rect selection.

Studies of natural and experimental plant populations
have revealed a high degree of genetic organization in
predominantly selfing species, such as Avena barbata
(Allard 1975), T. dicoccoides (Nevo et al. 1988; Nevo
and Beiles 1989), and Aegilops peregrina (Nevo et al.
1994). The genetic organization is manifested in intense
correlations in allelic state over loci and also in striking
microgeographical heterogeneity, as described in the
present study. Both aspects of this structure are facilitat-
ed by self-fertilization. The development of non-random
associations of aleles within populations is facilitated
because inbreeding reduces heterozygosity and thus also
the randomizing effect of recombination. However, not
al of the genetic variability is locked into multilocus
complexes, and the recombinational potential remains
substantial in predominantly selfing plants, such as A. bar-
bata (Allard 1975). As aresult of these factors, consider-
able free genetic variability remains in the populations
and is available for long-term response to natural selec-
tion (Allard 1975). Similarly, in the predominantly selfing
T. dicoccoides, there is also considerable free genetic
variability in natural populations responsible for natural
selection. Spatial differentiation is facilitated because
self-fertilization retards gene flow from population to
population. Although the low outcrossing rate in T. di-
coccoides retards gene flow by pollen dispersal, poten-
tial seed dispersal by ants or small mammals well sur-
passes the pollen dispersal, since ants may move seeds of
wild emmer well over 10 m (Golenberg 1986; Nevo et
al. 1988). Gene flow will quickly modify patterns of
geographic differentiation. This edaphic divergence of
aleles and LDs is unexpected, without selection, along
such short transects in dense and old population stands,
particularly since some of the seeds are dispersed across
transects by ants and mice (Golenberg 1986; Nevo et a.
1988). The previous study of the same materials suggest-



ed that edaphic selection operates on allozymic (protein-
coding) diversity (Nevo et al. 1988). Our present results
may suggest that edaphic selection influences the diver-
gence of non-coding microsatellite DNA. Hence, natu-
ral edaphic selection may operate not only on protein-
coding regions, but also upon the presumably regulatory
non-coding tandem repeated regions of DNA. The ob-
served microsatellite divergence may contribute to fit-
ness as an evolutionary adaptive strategy. The enormous
diversity of repeat numbers at selective microsatellite lo-
ci would provide a molecular source of new genetic di-
versity for rapid evolutionary adaptation of a population
to novel ecological challenges (Kashi et a. 1997).
Therefore, the present microgeographic differentiation in
the two edaphic subpopulations may not be caused only
by self-fertilization of wild emmer. The interaction be-
tween natural selection and the restriction of recombina-
tion associated with the mating system of predominant
selfing may be the primary force responsible for the ge-
netic organization of microsatellites in wild emmer
wheat.
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