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Abstract Genetic diversity at 28 microsatellite loci was
studied in a natural population of Triticum dicoccoides at
the Ammiad microsite, north of the Sea of Galilee, Isra
el. This microsite was subdivided into four major habi-
tats, North, Valley, Ridge and Karst, and further subdi-
vided into nine subhabitats. The units thus defined
showed strong and highly significant differentiation in
ecological factors; in particular with respect to cover,
proximity and height of rocks, and surface soil moisture
after early rains. The results showed that allele distribu-
tions at microsatellite loci were nonrandom and associat-
ed with habitats. Significant genetic differentiation and
variation in repeat number were found among subpopu-
lations in the four major habitats and nine subhabitats.
Habitat-specific and -unique alleles and linkage disequi-
libria were observed in the Karst subpopulation. The
subpopulations dwelling in drier habitats and subhabitats
showed higher genetic diversities at microsatellite loci.
These results suggest that natural selection, presumably
through aridity stress, acts upon microsatellite diver-
gence predominantly on noncoding sequences, thereby
contributing to differencesin fitness.

Key words Natural selection - Microecological diversity -
Microsatellites - Adaptation - T. dicoccoides - Wild
emmer wheat

Introduction

Wild emmer wheat, Triticum dicoccoides, is the progeni-
tor of al bread wheats (Zohary 1970). Extensive studies

Communicated by A.F. Linskens

Y.-C. Li - Tzion Fahima - V.M. Kirzhner - A. Beiles - A.B. Korol
E. Nevo ([ ))

Institute of Evolution, University of Haifa, Haifa 31905, Israel
e-mail: nevo@research.haifa.ac.il

Tel: +47-972-4-8240448, Fax: +47-972—-4-8246554

M.S. Réder
Institute for Plant Genetics and Crop Plant Research,
Corrensstrasse 3, 06466 Gatersleben, Germany

have been previously conducted for regional (Israel and
Turkey, Nevo and Beiles 1989) and local topographic,
edaphic, climatic, and temporal diversities of allozymes
(reviewed in Nevo 1988, 1998) and randomly amplified
polymorphic DNAs of T. dicoccoides (RAPDs, Li et al.
1999). These studies demonstrated that there are signifi-
cant nonrandom genetic differentiation patterns at sin-
gle- and multi-locus levels, suggesting that these al-
lozymic and RAPD-DNA polymorphisms are at least
partly adaptive and differentiated primarily by ecological
factors. However, the genetic structures of the noncoding
tandem repeated DNA regionsin T. dicoccoides were lit-
tle examined at either a macro- or a micro-geographic
level.

Microsatellites or simple sequence repeats (SSRs),
tandem repeats of short oligonucleotides, are ubiquitous-
ly interspersed in eukaryotic genomes particularly in
noncoding regions (Tautz and Renz 1984; Kashi et al.
1997; Goldstein and Schiétterer 1999), and show high
alelic variation (Thomas and Scott 1993; Becker and
Heun 1995; Van Treuren et a. 1997). SSRs have been
widely used as DNA markers for identifying cultivars or
accessions (Thomas and Scott 1993; Fahima et al. 1998;
Plaschke et al. 1995), for genetic mapping (e.g., Becker
and Heun 1995; Roder et al. 1998; Peng et al. 1999) and
for population genetics and ecology (Saghai-Maroof
et al. 1994; Terauchi and Konuma 1994; Todokoro et al.
1995; Awadalla and Ritland 1997; Innan et al. 1997;
Van Treuren et a. 1997). Some authors have sought to
explain the ubiquitous occurrence of SSRs in term of a
functional significance (Kashi et al. 1997; King and
Soller 1999; Stallings et al. 1991). But most models of
simple repeat evolution, in the absence of close linkage
to a selected locus (“genetic hitchhiking”, Slatkin 1995),
assume selective neutrality (Tachida and lizuka 1992;
Shriver et al. 1993; Valdes et a. 1993; Di Rienzo et al.
1994; Stephan and Kim 1998). In fact, alelic sizes
are tightly constrained (Garza et al. 1995; Nauta and
Weissing 1996; Dermitzakis et a. 1998). The levels of
variation varied in different SSR loci and different popu-
lations within species (e.g., Saghai-Maroof et al. 1994;
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Innan et al. 1997). Mutational biases or selective con-
straints on allele size may truncate and converge alelic
distributions in divergent populations or species (Garza
et a. 1995; Amos et a, 1996; Slatkin 1995; Nauta and
Weissing 1996; Primmer et al. 1996). Some authors sug-
gested that natural selection controls the level of SSR
variation (e.g., Harding et al. 1992; Epplen et al. 1993;
Stephan and Cho 1994; Garza et al. 1995; Innan et al.
1997). However, contradictory results were found in dif-
ferent studies.

The present investigation examined the genetic struc-
ture at the SSR loci of a natural population of T. dicocco-
ides at the Ammiad microsite, which was vegetationally
and topographically subdivided into four major habitats
and nine subhabitats. These habitats showed variation
in both ecological and floristic features (Anikster and
Noy-Meir 1991; Noy-Meir et al. 1991 a, b), as well as
phenotypic variation (Anikster et a. 1991) and allozymic
variation (Nevo et al. 1991). This paper presents the SSR
diversity of T. dicoccoides in the 1993 collection from
the habitats at the Ammiad microsite in Israel.

Materials and methods

Plant materials

T. dicoccoides (genomic constitution AABB) grows as an annual,
highly selfing grass in several steppe-like herbaceous formations
in the Quercus ithaburensis open park forest belt (Zohary 1973). It
grows primarily on basaltic and terra rossa soil types. The investi-
gated site is situated in terra rossa soil in the center of alarge area
of a T. dicoccoides population a¢ Ammiad in the Upper Galilee
Mountains, north of the Sea of Galilee, Israel. Sampling T. dicoc-
coides for this study was conducted in 1993 along four transects
(A, B, C and D) about 800 m in length at the Ammiad microsite
(Fig. 1), as described in Anikster and Noy-Meir (1991), Nevo et
al. (1991) and Noy-Meir et al. (1991b). Four major habitats at this
microsite were distinguished as ‘Valley’ (including lower slopes),
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‘Ridge’ (various slopes and aspects), ‘North’ (a north-facing
slope), and “Karst’ (with a deeply dissected rock relief) (Fig. 1).
At a finer level of resolution, 11 subunits were recognized (only
nine subunits were considered here due to incomplete sampling
in this study). The local habitat at each sampling point was char-
acterized, to aradius of 50 cm, by measuring topographical posi-
tion, the micro-relief created by rock out-crops, associated vegeta-
tion, soil depth, soil moisture and soil nitrogen (Noy-Meir et al.
1991b). The units thus defined showed strong and highly signifi-
cant differentiation in ecological factors, in particular cover,
proximity and height of rocks, and surface soil moisture after
early rains (Table 1). Soil moisture content (% gravimetric) of
the 0-5-cm layer in this microsite was measured a few days after
the first rains of the season (October—December) during 3 years
(Noy-Meir et a. 1991b). The average soil moisture content over
the 3 years is presented in Table 1 with a characterization of the
rock micro-relief for each habitat and subhabitat. In all years, sur-
face soil moisture was significantly and positively correlated with
rock cover, rock height and angle to the top of the nearest rock
(Noy-Meir et al. 1991 b). This is because the runoff of rain water
from rock surfaces accumulates and saturates in the surface-soil
layer nearest to the rock, and that tall rocks reduce evaporation
from the soil near rocks by shading and reducing wind speed. The
dominant ecological rock micro-relief also modifies grazing pres-
sure and competition. Soil nitrogen shows a different pattern and
may be a secondary factor (Noy-Meir et a. 1991b). The Valley
was at one extreme (the largest distance to rock from the sampling
points, the lowest rock height and angles) with the Karst habitat at
the opposite extreme; while North and Ridge habitats were inter-
mediate (Table 1). In the North habitat, rocks were not as close to
sampling points but were taller than in the Ridge habitat, while the
rock angle was not significantly different between the two habi-
tats. The rocks on the south-facing slope of the Ridge were taller
than on its east-facing slope (Table 1). The Karst habitat appears
to be the most-favorable environment for plant growth in respect
of al the following ecological factors: the highest available soil
moisture at both the beginning and the end of the growth season,
the highest available nitrogen content, and the lowest grazing
pressure. Within the three other major habitats, soil moisture is
higher and grazing pressure lower in the Ridge and North than in
the Valley, but soil fertility is higher in the Valley (Noy-Meir et al.
1991b). This study included 75 individual plants of wild emmer;
7, 14, 37, and 17 from the four mgjor habitats: the North, Valley,
Ridge, and Karst, respectively.
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Fig. 1 Topography and diagram of habitats showing sampling points and habitat subunitsin transects A, B, C and D at the Ammiad mi-

crosite, Israel (from Anikster and Noy-Meir 1991)
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Table 1 Ecological characterization of the four vegetationally and topographically defined habitats and 11 subhabitats at Ammiad,
Israel. Duncan’s multiple range test (P < 0.05) and significance of F-ratio of analysis of variance2

Habitat units at Distance to rock base Height to rock top Angleto rock top Soil moisture
(HAVDB) (AVH) (AVA) content

level (harmonic average, cm) (average, cm) (average, degrees) (%)

4 11b 4 11 4 11 4 11 4 11

North N1 87z 77ab 27a 20bc 20b 15bcd 26.7b 24.2de
N2 33bc 34ab 24ab 28.7bc

Valley Ve 87a 85a 10c 6d 9 7a 24.2¢c 24.2de
vm 107a 9d 10de 24.0de
Vn 51b 22bc 13de 25.6bc

Ridge Re 3lc 34bc 22b 19¢c 22b 20c 27.3b 27.8b
Rpl 46bc 19¢ 16bcd 25.9bc
Rp2 24c 23hc 25ab 26.6bc
Rs 25¢c 28ab 24ab 27.3b

Karst K1 30bc 29c 3la 29ab 26a 21bcd 30.7a 29.9ab
K2 30c 33a 29 3l.2a

Analysis of variance:

P(F) < 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

aThe datain thistable were extracted from Noy-Meir et al. (1991b)
b'N; = upper north-facing moderate slope, N2 = middle north-fac-
ing steep slope; V¢ = main valley center, Vn = narrow valley, Vm
= valley margin, K; = upper Karst, K, = lower Karst, Re = ridge,

Analysis of SSR variation

Genomic DNA was extracted from T. dicoccoides seedlings by us-
ing the method of Junghans and Metzlaff (1990). The SSR primers
employed in this study were described by Roder et al. (1995,
1998). Twenty eight dinucleotide SSRs (one for each haploid
chromosomal arm: see Table 2) were chosen for the analysis. Ta-
ble 2 presents the repetitive motif and chromosomal location in
Chinese Spring (T. aestivum) of each of these SSRs. The proce-
dure used to detect SSR polymorphism followed Fahima et al.
(1998). The fragment sizes were calculated using the Fragments
Manager (Pharmacia) computer program by comparing with inter-
nal size standards, which were added to each lane in the loading
buffer. The repeat number of alleles was calculated according to
the band sizes and the number of repeat units at the corresponding
loci in Chinese Spring (Roder et al. 1995, 1998). At each locus, if
the difference among band sizes were > 2 bp (= 31 repeat unit),
the bands were regarded as different alleles; if not (i.e., a differ-
ence of 0-1 bp), they were considered to be the same allele.

Data analysis

T. dicoccoides plants were considered homozygous because of self-
ing with avery low outcrossing rate (1%, Golenberg 1986). Gene di-
versity (He) and the relative degree of genetic diversity (Gg;) in the
four major habitats were estimated for each locus according to
Nei (1973). Genetic distances among subpopulations in the four hab-
itats were estimated by the allele-sharing distance (D g, Chakraborty
and Jin 1993). The programs MICROSAT (Goldstein et a. 1995),
POPGENE (Yeh et a. 1997) and STATISTICA (Statsoft 1996) were
used to analyze the data. The x2 or Fisher's exact test was used for a
homogeneity test of alele frequencies. Since the repeat number at a
SSR locus is not normally distributed, a nonparametric method, the
Kruskal-Wallis test (K-W) test, was used to analyze the difference in
the averages of repeat number and alele number among subpopula-
tions. Levene's test (Statsoft 1996) was used for the homogeneity
test of variance in the repeat number at SSR loci. In order to test the
effect of random events (e.g. genetic drift and/or founder effect), a

east-facing slope, Rs = ridge, south-facing slope; Rp, = ridge,
shoulder of plateau; Rp, = ridge, top of plateau

¢ Different letters near values means significant difference
(Duncan’s test)

permutation test was performed for habitat-specificity or uniqueness
of alleles and linkage disequilibria, based on 5000 random shuffling
samples.

Results
Distribution of alleles at polymorphic SSR loci

Of the 28 SSR primers, 24 amplified DNA fragments in
all samples. Each of 23 markers produced only one band
per genotype, and was regarded as one locus. GWM 332
amplified two fragments in al samples, which were
considered as two loci defined as GWM332a
and GWM332b. Four markers (GWM368, GWM408,
GWM577 and GWM®637) were excluded from the data
analysis because of missing data or no amplification
products. In total, 25 loci were included in the following
genetic analyses. Of these, two loci (GWM601 and
GWM361) were monomorphic in al habitats and 23 loci
were polymorphic. The alele frequencies for the 23
polymorphic loci appear in the Appendix. The propor-
tions of polymorphic loci were P = 0.76, 0.92, 0.92, and
0.84 in the North, Valley, Ridge, and Karst habitats, re-
spectively (Table 2).

Oneto twelve aleles were amplified at the 25 loci, and
the numbers of alleles differed at al 23 polymorphic loci
of the four habitats. The total numbers of aleles over al
loci were 62, 87, 118, and 63 in the North, Valley, Ridge,
and Karst subpopulations, respectively. The average num-
bers of alleles per locus were 2.5, 3.5, 4.7, and 25 in
North, Valey, Ridge, and Karst, respectively (Table 2).
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Table 2 Microsatellite DNA markers used in this study: repeat types and chromosomal locations in Chinese Spring, and number of
aleles amplified at each locus in the subpopul ations from the four major habitats at the Ammiad microsite, Israel

Marker Repeat type Chromosomal Number of aleles

location

North Valley Ridge Karst Overall

GWMO018 (CA),GA(TA),2 1BS 1 2 5 2 6
GWMO060 (CA), 7AS 1 3 4 2 5
GWMO095 (AC) 2AS 2 2 3 4 6
GWMO099 (AC), 1AL 1 3 2 1 4
GWM120 (CT),(CA), 2BL 2 4 4 2 4
GWM124 (CT),(GT)impP 1BL 2 5 7 4 7
GWM 136 CT), 1AS 2 4 7 3 9
GWM 162 (CA) AA(CA), 3AL 3 3 4 3 5
GWM 169 (GA), 6AL 4 6 10 3 12
GWM 186 (GA), 5AL 4 6 7 2 9
GWM218 (cn, 3AS 3 4 5 2 6
GWM219 (GA),imp 6BL 5 2 5 2 6
GWM251 (CA), 4BL 2 2 4 1 4
GWM294 (GA)nTA(GA)k 2AL 1 2 6 3 6
GWM332a (GA), TAL 3 3 3 2 3
GWM332b (GA)n TAL 4 5 6 4 9
GWM340 (GA), 3BL 2 2 3 3 4
GWM361 (GA),imp 6BS 1 1 1 1 1
GWM389 (CT)(GT), 3BS 3 5 7 3 8
GWM415 (GA),imp 5AS 3 2 2 2 4
GWM429 (cn, 2BS 2 2 3 2 3
GWM459 (GA), 6AS 3 4 5 3 5
GWM537 (CA)(TA), 7BS 3 8 8 5 8
GWM540 (CT)(CO)CT), 5BS 4 6 6 3 8
GWMe601 (cn), 4AS 1 1 1 1 1
Total 62 87 118 63 143
Mean allele no. per locus 25 35 4.7 25 5.7
Habitat-unique aleles 5 2 22 9 -
Proportion of polymorphic loci 0.76 0.92 0.92 0.84 0.92
Sample size 7 14 37 17 75

an and k=numbers of repeats
bimp =

The habitats significantly affected the number of SSR a-
lefes [(K-W test), Hzqq) - 19.555, P < 0.001]. Excluding
rare alleles (observed in'<5 individuals), 19 were found to
be karst-specific (i.e. predominating in the Karst habitat,
x2-test, P < 0.01-0.00005). Among them, six alleles were
Karst-uniqgue: GWMO018;,, GWMO060,;,, GWMO095,,,
GWM 13655, GWM162,; and GWM218,,. These aleles
were found at the six loci with the motifs (CA), and
(CT),, The Karst-unique alleles were almost fixed in the
Karst subpopulation (allele frequency > 0.82, see Appen-
dix). In the Ridge subpopulation, two alleles (GWMO060,,,
GWM136;,) were Ridge-unique (see Appendix). The per-
mutation test showed that out of 5000 random
shuffling samples, no cases were found with more habitat-
specific aleles than the observed. The probability of
obtaining the observed habitat-specific and -unique
aleles by chance was < 0.0002. Particularly, in most
(> 70%) of the individuals tested from the Karst habitat,
alleles were distributed in clusters at al polymorphic loci
except GWM136, GWM332b, GWM340 and GWM537
(see Appendix). These results indicated that alele distri-
butions were nonrandom, and associated with habitats
across the small area of the microsite at Ammiad.

imperfect. GWM 368, 408, 577, and 637 were excluded from the list due to no amplifications in most or all samples

SSR variation in repeat number

The K-W test indicated that the average repeat number
(ARN) was significantly different across the four
habitats at 16 loci (Table 3). At six loci (GWMOQ99,
GWM120, GWM162, GWM219, GWM41l5 and
GWM540), the ARNs were significantly smaller in Karst
than in the other subpopulations. However, at the other
ten loci, the ARNs in the Karst subpopulation were
mostly significantly larger than in the others.

The variances in repeat number were also significant-
ly (Levene'stest, P < 0.05-0.00005) different among the
four subpopulations at most loci (Table 3). The order of
the variances among the four subpopulations varied at
different loci. In the Karst subpopulation, those loci car-
rying the largest or smallest ARNSs also showed the high-
est variance, eg. GWMO018, GWMO095, GWM218,
GWM332b and GWMA415. These results suggest that the
distributions of repeat number (alleles) varied among the
different subpopulations, i.e. they are differentiated ac-
cording to habitat.
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SSR gene diversity among the four habitats

At each SSR locus, gene diversity was different among
the four habitats (Table 3). The highest gene diversity
across all loci was observed in the Ridge subpopulation
(0.560), followed by Valley (0.498), North (0.397) and
Karst (0.286). A Wilcoxon signed-rank test showed that
gene diversities were significantly different in four of six
pairs of comparisons for the four habitats, except those
between North and Karst and between Valley and Ridge
(Table 4).

Genetic differentiation and genetic distance
at four major habitats

The total gene diversity of a subdivided population (Hy)
can be analyzed into the mean gene diversity in a popula-
tion (Hy), the average (Dgr - H-Hy), and the relative (Ggr)
degree of gene differentiation among subpopulations (Nei
1973). At all SSR loci except GWM251 and 537, the Ggr
ranged from 0.12 to 0.67, with an average of 0.291 (Table
3), suggesting that 12—67% of the total gene diversity ex-
isted between these close microscale habitats at the SSR
loci. The average Ggr (0.291) indicated that 29% of the
total gene diversity existed among the habitats.

Genetic distances among the four subpopulations
were estimated by the allele-sharing distance index

Table 4 Coefficients of allele-sharing genetic distance (Dps,
above the diagonal) and differences? of gene diversities (He, under
the diagonal) among subpopulations of T. dicoccoides at the four
habitats at the Ammiad microsite, |srael

Subpopulation  North Valley Ridge Karst
North 0.375 0.417 0.707
Valley -0.101*P 0.288 0.670
Ridge -0.164* —-0.062c 0.678
Karst 0.111c 0.212%**  0.275****

a The difference = He of subpopulation of the column, He of the
row. The Wilcoxon signed-rank test was used for pairwise com-
parison across all loci

b wx xxx wkksk P<(,05, 0.01, 0.001, 0.0001, respectively

¢ P<0.10

(Dps, Chakraborty and Jin 1993, Table 4). Karst is the
most remote subpopulation from the three other habitats
(Dpg 00.7). The genetic distances among the other habi-
tats were amost half those of the Karst habitat. The
smallest D,g (0.288) was observed between Valley and
Ridge.

Genetic diversity in eight subhabitats

Within the three habitats, the number of alleles (A), the
proportion of polymorphic loci (P), and the gene diversi-
ties (He) differed in subpopulations from subhabitats
(Table 5). Within the Karst habitat, higher genetic diver-
sity (A, P, and He) was found in the Upper Karst (K,)
subpopulation than in the Lower Karst (K,), although the
sample sizein K; (n = 6) was much smaller than in the
K, subpopulation (n = 11). Within the Valley habitat,
genetic diversity in the Narrow Valley (Vn) was higher
than in the Valley Center (Vc) subpopulation. Within the
Ridge habitat, higher genetic diversities were observed
on the south-facing slope (Rs) and the top of plateau
(Rp,) than on the east-facing slope (Re) and the shoulder
of the plateau (Rp,). The North habitat was not subdivid-
ed here because of the small sample size. In the nine
subhabitats, the gene diversities (He) were ordered as
follows: Rp, (0.474) > Rs (0.453) > Re (0.433) > North
(0.397) > Vc (0.396) > Rp, (0.384) > K, (0.350) > Vn
(0.314) > K, (0.199). The Wilcoxon signed-rank test
showed that within the Ridge subpopulation the gene di-
versity in Rp; was significantly (P < 0.05) less than in
Rp,, Re and Rs; and within Karst the H, was highly sig-
nificantly (P < 0.01), higher in the K, than in the K, sub-
population (Table 5).

Spatial autocorrelation

Spatial autocorrelation analysis tests whether the ob-
served values (here, allele frequencies) at one locality
are more similar to near localities than to more distant
ones. This analysis can summarize the pattern of geo-
graphic variation exhibited by the response surface of
any given variable. The autocorrelation coefficients (e.g.

Table5 Genetic diversity of microsatellites in subpopulations of T. dicoccoides at subhabitats? at the Ammiad microsite, |srael

Genetic Karst Valley Ridge North
diversity (n=7)
Ky K, Shared Ve vn Shared Re Rs Shared R, Rz Shared
(n=6) (n=11) dleles (n=5) (n=9) dledes (N=9) (n=9) adledes (n=6) (n=13) adleles
No. alleles: (A)
Total 51 48 37 51 66 29 64 66 32 59 76 42 62
Mean 2.0 1.9 15 2.0 2.6 12 2.0 2.6 13 24 3.0 1.7 25
Pe 0.80 0.76 060 076 076 084 084 0.88 0.76
HJd 0350 0.199 0.314 0.396 0.433 0.453 0.384 0474 0.397

a The North habitat was not subdivided because of the small sam-
ple size. For abbreviations, see Table 1
b n=samplesize

¢ P = proportion of polymorphic loci
d He = gene diversity (Nei 1973)



Table 6 Spatial autocorrelation analysis of alele frequencies at 50
loci of nine subpopulations of T. dicoccoides at the Ammiad mi-
crosite, Israel. Moran's | coefficients for each allele in three dis-
tance classes are given. The expected values of | were — 0.143 for
classes 1 and 3, and — 0.125 for class 2.

Locus Allelea Distance (m)
0-200 200-500 500-800
GWMO060 2 -0.16 -011 —-0.06
9 0.17 -0.32 -0.23
GWM120 32 -011 0.00 -0.36
33 -0.23 -0.14 -034
34 -0.18 -0.15 -0.07
GWM124 17 -0.03 -0.03 -0.27
49 -0.13 —0.55%*b 0.00
50 -0.09 0.17 -0.39
GWM162 30 -0.01 -0.19 -0.19
GWM169 24 -0.30 -0.32 -0.10
25 0.03 -0.33 -0.16
30 -0.10 -0.25 —0.05
36 -0.28 0.03 -0.13
38 0.01 -0.15 -0.21
39 -0.13 —-0.09 -0.15
GWM186 1 -0.30 -0.12 0.00
19 —-0.08 -0.26 —0.06
32 -0.08 —-0.06 -0.21
GWM218 3 -0.26 -0.02 -0.07
4 -0.26 -0.09 -0.07
8 -0.27 -0.16 -0.21
GWM219 32 -0.30 -0.42 0.00
GWM251 13 -0.14 —0.46* —-0.05
20 -0.02 —0.51* —-0.26
26 -015  -026 -0.17
GWM294 10 -0.02 -0.28 —-0.06
GWM332a 17 0.02 0.15 —0.54*
GWM332b 23 -0.21 -0.12 -0.03
26 -0.04 -0.17 -0.15
28 -0.14 -0.03 -0.19
GWM340 32 0.16 —0.50* —0.09
GWM389 18 0.07 -0.28 —-0.16
30 -0.22 -0.12 -0.05
31 -0.18 -0.25 -0.13
GWM429 9 —-0.06 0.11 —0.36
16 -0.16 0.15 -0.30
GWM459 25 -0.16 -0.04 -0.16
26 0.04 —-0.40 -0.12
27 —0.02 -0.22 -0.12
28 0.05 -0.32 -0.14
GWM537 20 -0.04 —0.49* —0.05
25 -0.30 0.02 —-0.08
34 -0.23 -0.12 -011
37 -0.34 —-0.08 -0.04
38 -0.12 0.04 -0.29
39 -0.30 0.00 —0.08
41 -041 0.02 0.00
GWM540 23 0.01 -0.26 -0.11
24 —-0.08 —-0.08 -0.18
25 -0.16 -0.12 -0.07
Mean -0.122 —0.165 —-0.151
SE 0.019 0.026 0.016

a This analysis was performed only for the relatively common al-
leles in the subpopulations
b ** P <0.05,0.01, respectively
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Moran's 1) and their significance levels are a function of
the distance between pairs of localities (Sokal and Oden
1978a, b). We computed the Moran’s-l autocorrelation
coefficient of relatively common alleles across the entire
microgeographic range in our study, including the nine
subpopulations. The space was partitioned into three dis-
tance classes, so that each class contained equal numbers
of locality pairs. The results are presented in Table 6.

Average coefficients

All the average autocorrelation coefficients over all test-
ed alelesin al three distance classes were low and non-
significant. In each distance class, positive or negative
values of low, medium and sometimes high estimates
were found for different alleles, suggesting that there is
no similar pattern across|oci.

Low order: short-distance (0—200 m) autocorrelation

Positive and negative autocorrelations were intermixed
across loci. No positive and significant autocorrelations
were found. Although all negative autocorrelations were
not significant, their abundance suggests the existence of
an opposite pattern to the expected highest positive auto-
correlations at low distance.

Multiple regression analysis of ecological factors
and SSR diversity

A test of the best predictors of A, P and He over all loci
in the nine subpopulations was conducted by stepwise
multiple regression, using these genetic indices as de-
pendent variables and ecological factors as independent
variables. The following ecological factors were includ-
ed in the analysis: distance to rock base (HAVDB), soil
moisture content (M) averaged for 3-year measurements,
average height to rock top (AVH) and angle to rock top
(AVA). The best two variable-predictors of A, P and He
were HAVDB and M, explaining significantly (P < 0.01)
0.86, 0.87 and 0.80 of their variances, respectively
(Table 7). The best three predictors including HAVDB,
M and AVH could significantly (P < 0.01) explain 0.89
and 0.92 of the variances of P and A (Table 7). These re-
sults suggested that a substantial amount of genetic di-
versity at the Ammiad microsite is associated with some
of the micro-ecological variables.

Discriminant analysis

Stepwise discriminant analyses were conducted to distin-
guish between the four subpopulations and classify indi-
viduals into the four habitats. The program computed
three canonical functions based on eight (GWMO095,
GWM124, GWM 162, GWM 186, GWM219, GWM 3323,
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Table 7 Coefficient of multiple

regression (R?) of genetic di- ~ Step  Genetic diversity

versity and micro-ecological

variables (as independent vari- P2 Number of alleles Hee

ables) in the ni etational-

ol oo e e Variabled R2(n=9) Variable R2(n=9) Varisble  RZ(n=09)

subhabitats of T. dicoccoides at

Ammiad HAVDB 0.711**d  HAVDB 0.203 M 0.196
0.862**  HAVDB, M 0.873**

2 HAVDB, M
3

HAVDB, M, AVH 0.887**

M, HAVDB 0.796**
HAVDB, M, AVH 0.920** - -

aP = proportion of polymorphic loci

b Four ecological variables are included in this multiple regression analysis: HAVDB = distance to
rock base (harmonic average, cm), M = soil moisture content (%) averaged 3-year measurements,
AVH = average height to rock top. AVA = angle to rock top. All data of these variables were extract-
ed from Noy-Meir et al. (1991b)
¢ He = gene diversity (Nei 1973)
d** P <0.01

¢ uonduNy

Fig. 2 Scatterplot of 70 plants of T. dicoccoides from the four
major habitats at the Ammiad microsite in the spaces of canonical
discriminant functions one, two and three based on eight polymor-
phicloci. 1 = North, 2 = Valley, 3 =Ridge, 4 = Karst

GWM389 and GWM429) out of 23 polymorphic loci.
The overall multivariate F ratio for differences among
the subpopulation centroids was highly significant
[F(24, 185 = 17.08, P < 0.00005]. These functions were

Igfluent to correctly classify 85% of 70 individuals into
their original habitats. Figure 2 shows the plot of these
70 individuals in the space of the three canonical discri-
minant functions. With respect to five loci (GWMO095,
GWM124, GWM 186, GWM219 and GWM429), 81% of
the 70 individuals could be correctly classified into their
original habitats, the difference among the subpopulation
centroids being highly significant [F 5 154 = 23.46,
P < 0.00005]. Moreover, even for three loci (GWMQ95,
GWM219 and GWM429), 75% of the 70 individuas
could be correctly assigned to their original habitats; the
difference among the subpopulation centroids was also

highly significant [F ;5 175 =33.88, P < 0.00005]. These
results suggested that the genetic differentiation was sub-
stantial.

Linkage disequilibrium (LD) between SSR loci

In the present study, 8.0%, 12.3%, 13.1%, and 36.0% of
the total 1413, 3297, 6259, and 1626 two-allele pairs be-
tween loci in North, Valley, Ridge, and Karst respective-
ly displayed significant (P < 0.05) LDs (Table 8d). In the
four subpopulations, the percentages of significant LDs
between loci over al genomes, within genome A, within
genome B, between genome A and B, and within chro-
mosomes were significantly (P < 0.01-0.00005) larger
than the 5% expected by chance. In the Karst subpopula-
tion, the percentage of significant LDs was in most cases
significantly (x2-test, P < 0.05-0.00005) higher than in
the other subpopulations (Table 8a). Sample size may af-
fect the significant LDs. However, the sample size at
Karst (n = 17) was much smaller than that at Ridge
(n =37) and similar to that in Valley(n = 14). This may
suggest that the significant difference in the percentages
of LDs do not result from different sample sizes. We
found that 94% and 96% of LDs were significantly (at
P < 0.05 and P < 0.01 levels) different between the two
extreme opposite Valley and Karst subpopulations,
namely, these LDs were habitat-specific. Many habitat-
unique LDs were also found at different loci; some ex-
amples are presented in Table 8b. Random drift and
founder effects may also affect the LDs. In order to de-
termine the significance of the observed habitat specifici-
ty or uniqueness of LDs, a permutation test was per-
formed. Out of 5000 random permutations, no cases
showed more Karst-specific or -unique LDs, suggesting
high significance (P < 0.0002) of the observed Karst-
specificity and -uniqueness for LDs. After exclusion of
the rare alleles (observed in < 5 individuals in the whole
population), the LD for karst-specificity or -uniqueness
remained the same based on the 5000 random permuta-
tions. This result suggested that the Karst-specific or
-unique LDs do not arise from chance events, e.g. ran-
dom drift.



Table 8

a Pairs of significant (P < 0.05)
linkage disequilibriain the four
major subpopulations of T.
dicoccoides at the Ammiad mi-
crosite, |srael

ax2-test for difference of
percentage of significant LDs
from the 5% expected by chance.
*’ **’ ***’ *Exk- P < 0_05’ 0_01,
0.0005, 0.00005, respectively

b Habitat-unique linkage dis-
equilibrium in the Ammiad
population of T. dicoccoides,
Upper Galilee, Israel

aNo = no linkage dis-
equilibium because at least
one alele did not exist

b *’ **’ ***’ ****: P < 0.05,
0.01, 0.001,0.00005
respectively (x2 test)

Table 9 Genome organization
based on the 23 polymorphic
loci for the subpopulations of
T. dicoccoides from the four
habitats at the Ammiad micro-
site, Israel
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Habitat North Valley Ridge Karst Overal
Total pairs 1413 3297 6259 1626 9532
Significant LDs 114 405 819 586 1720
% of thetotala 8.0x*a 12.3%*** 13.1%*** 36.0%x** 18.4%***
Within genome A
Total pairs 324 838 1635 428 3088
Significant LDs 20 123 232 195 641
% of the total 6.2 14, 7**** 21.0%x** 46.5%*** 20.8%***
Within genome B:
Total pairs 273 625 1199 293 1496
Significant LDs 21 85 238 73 255
% of the total 7.7 13.6%*** 19.8%*** 24,9 x** 17.0%***
Between A and B:
Total pairs 680 1605 3097 791 4968
Significant LDs 71 185 535 286 824
% of the total 10.4%** 11.5%%** 17.3%x** 36.2%*** 16.6%**
Within chromosome
Total pairs 43 103 206 60 216
Significant LDs 4 17 24 22 38
% of the total 9.3 16.5* 11.7* 36.7%** 17.8%***
Locus,ge10CUS1ge Linkage disequilibrium: D
North Ridge Valley Karst

GWM294,,-GWM415,, Noa 0.040 —0.138**b 0.097***
GWM294,,-GWM186,, No No 0.092* —0.097***
GWM294,,-GWM332b,, No —-0.025 —0.128* 0.104***
GWM218,-GWM332bg No No 0.061** —0.114*
GWM415,,-GWM 1244 No —-0.051 —0.056* 0.048*
GWM 186,-GWM 332bgg No No 0.061** —0.114**
GWM186,,-GWM124,4 No No 0.061** —0.048*
GWM169,,-GWM540,, No —0.004 0.061** —0.052**
GWM 169;,-GWM219;, No 0.073** —0.061** No
GWMO060, -GWM540,4 Fixed 0.063** —0.153* No
GWM095,;-GWM540,, No 0.028* No —0.052**
GWM136,, -GWM095,, No —-0.035 No 0.062%**
GWM332b,,-GWM429,, No 0.080* 0.020 —0.104* ***
GWM124,5-GWM540,, No 0.024* —0.005 —0.052%*

Expected Observed Upper limit X(2)b
Habitat variance of Ka variance of K of 95%
North 4.249 25.876*¢ 8.605 5.091
Valley 4.846 25.288* 8.380 4,219
Ridge 4,579 20.640* 6.638 3.507
Karst 4,193 39.833* 6.968 8.500
Overall 4.606 21.692* 6.060 3.710

aK = number of heterozygous loci in two randomly chosen gametes
b X(2) = an index of the intensity of multilocus structure

c*, P<0.05

The proportions of significant LDs between loci within
the genomes A and B, between A and B, and within
chromosomes were similar in the Valley and Ridge sub-
populations. However, a significant (x2=15.01, df = 1,
P < 0.0001) difference was found within genomes A

(46.5%) and B (24.9%, Table 8 &) in the Karst subpopula-
tion. In the North subpopulation, more significant LDs
were observed between genomes A and B (10.4%) than
within genome A (6.2%) and within B (7.7%). These re-
sults may suggest that the effects of genetic factors (ge-
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nome, linkage itself) on LDs were not significant in the
Valley and Ridge subpopulations, but that the genome ef-
fect (A vs B) was very strong on LDs in the Karst subpop-
ulation.

Multilocus structure

The observed and expected variances of K, the number
of heterozygous loci between two randomly chosen ga-
metes in a (sub)population (Brown et al. 1980), were es-
timated (Table 9). The difference between the observed
and expected variances were significant (P < 0.05) in the
four subpopulations. The observed variance of K in the
Karst subpopulation was the highest (39.83), and appar-
ently larger than those in North (25.88), Valley (25.29),
and Ridge (20.64). The standardized index of the intensi-
ty of multilocus structure, X(2), was also obviously
higher (8.50) in Karst than in the other habitats, suggest-
ing that a higher level of multilocus association exists in
Karst than in the other habitats.

Discussion
Genetic divergence and the ecological theater

Aridity stress may be the major discriminant factor for
genetic diversity in Ammiad (Nevo et al. 1991). Specifi-
cally, rock factors, both directly (through soil moisture
of the early growing season) and indirectly (through the
associated vegetation), might contribute to the ecol ogical
factors within the population of wild emmer at the Am-
miad microsite (Noy-Meir et a. 1991b). Phenotypic
variation of wild emmer at Ammiad indicated that both
gualitative and quantitative traits of wild emmer varied
nonrandomly among subpopulations from these habitats,
suggesting an adaptation to the habitats (Anikster et al.
1991).

The four major habitats showed highly significant
differencesin rock micro-relief (Noy-Meir et al. 1991b).
The Karst habitat is the ecologically most distinct sub-
unit of this study, with characteristic rock features, soil
moisture regime and vegetation (Noy-Meir et al.
1991b). The Karst habitat consists of heterogeneous mi-
cro-niches that differ in soil-moisture content during the
growing season, depending on their distance from rock
walls. The Upper Karst subhabitat was drier and with
deeper soil than in the Lower Karst subhabitat (Noy-
Meir et a. 1991b). Nevo et a. (1991) found that the
highest allozymic gene diversity was in the Karst sub-
population among the four major habitats and, within
the Karst habitat, a relatively higher gene diversity was
found in the Lower Karst than in the Upper Karst sub-
population. Genetic diversity is assumed to parallel hab-
itat heterogeneity, corroborating the niche-width genetic
diversity (Van Valen 1965; Nevo 1988), which visualiz-
es a positive correlation between niche width and the
level of genetic diversity.

In our study, genetic diversity (A, P, and He) of the
SSRs was lower in Karst than in the Valey and Ridge
populations. Although the North subpopulation had the
smallest size (n = 7), its He (essentialy: a sample-inde-
pendent index) was larger than that of the Karst subpop-
ulation, while the two sample-dependent indices (P and
A) were smaller in the North than in Karst. The highest
genetic diversity observed in the Ridge subpopulation
may be due to its larger sample size (n = 37). However,
the higher genetic diversity in the Valey than in the
Karst subpopulation cannot be explained by sample sizes
(n=14, 17 in Valey and Karst, respectively). Within the
Ridge habitat, the south-facing slope (Rs) was drier than
the east-facing slope (Re, Noy-Meir et al. 1991b). More
alleles and more polymorphic SSR loci were observed in
the drier Rs than in the Re subpopulation with the same
sample size (n = 9). Within the Karst habitat, the rela-
tively drier Upper Karst subpopulation showed more al-
leles, a higher proportion of polymorphic loci and an al-
most double He (K, n = 6; He = 0.350) than the adjacent
and relatively wetter Lower Karst subpopulation (K.,
n = 11; He = 0.199). The same pattern was also shown
by alozymic diversity in the same 1993 sample set
(He = 0.052, 0.035 for the K; and K,, respectively).
These results consistently demonstrate that the subpopu-
lations dwelling in drier habitats or subhabitats tend to
have higher genetic diversities at SSR loci, presumably
suggesting an adaptation to water stress. Environmental
stresses may accelerate replication errors (Jackson et al.
1998) and recombination intermediates (Korol et al.
1994; Afzal et al. 1995), or decrease the ability of DNA
mismatch-repair mechanisms (Radman et al. 1995;
Brentnall et a. 1996; Jackson et al. 1998) so as to in-
crease SSR diversity. Ecological stress could also select
the favorable alleles or eliminate deleterious mutants,
thereby changing the level and pattern of SSR diversity
(Hartl and Clark 1997).

Distinct phenotypic divergence of T. dicoccoides
was found in the deeply creviced Lower Karst (K,) sub-
habitat (Anikster et al. 1991). However, we did not find
any specific or unique alleles at any SSR loci assayed
for the K, subpopulation. By contrast, we did find some
specific or unique alleles distributed across the whole
Karst subpopulation at some SSR loci (e.g. GWMO018,
GWMO060, GWM095, GWM 162 and GWM218). In the
K, subpopulation, alleles were fixed, or almost fixed, at
22 polymorphic SSR loci with the exception of
GWM 340 and GWM537 (data not shown). Similar re-
sults were also found in the protein-coding (allozymic)
regions (data not shown). Gene flow may not be the
reason for the observed allele distributions at Lower
and Upper Karst, since it can not create differential
pattern. The pattern may suggest that the unique eco-
logical forces in the Karst habitat may eliminate or lim-
it mutation, so as to maintain the Karst-unique or -spe-
cific aleles.

Multiple regression analysis indicated that the ob-
served SSR diversities among the subpopulations from
the nine subhabitats were significantly associated with



micro-ecological factors, including rock-relief and soil-
moisture.

Functional significance of the SSRs

The functional significance of SSRs may explain the ge-
netic pattern in the Karst habitat. The most Karst-specific
and -unique alleles were found at (GA), and (CA),,
(CT), SSR loci, respectively. The results may suggest
that these tandem repeated sequences would have some
biologically functional regulatory role in helping plants
to adapt to their environment. Although a general func-
tion for SSR loci has not been clear, apparently not all
SSRs represent pure evolutionary junk (Epplen et al.
1993); certain functions have been observed for some
SSRs and these could provide a basis for selection on
particular loci (reviewed in Kashi et al. 1997; King and
Soller 1999). Previous experiments have already shown
that (TC),, (GA),, and (TA), control the transcriptional
activity of the genes Ultrabithorax, hsp26, and actin 5 C,
respectively, in Drosophila, and that (TG), influences
the activity of transcription in the prolactin gene of the
rat (reviewed in Kashi et al. 1997). The presence of
(TA), as a part of many regulatory signals (e.g. TATA
box, transcription terminators) may help to avoid inap-
propriate binding of regulatory factors (Karlin et al.
1998). SSRs are functionally integrated into the genome,
so that changes in tract length can exert a quantitative
regulatory effect on gene transcription activity (King and
Soller 1999). SSR alleles undergoing changes in length
can nevertheless retain their characteristic mutability.
Consequently, selection for favorable aleles would indi-
rectly select the mutability function by which those al-
leles arise. Conversely, SSR alleles can undergo site-spe-
cific modification of their mutability, for example by
mutation that alters the purity of motif repetition, while
retaining their characteristic effect on phenotype and fit-
ness. Indirect selection can thereby shape the degree of
mutability for any gene that includes a functional SSR
(King and Soller 1999).

Potential selection scenario of SSRsin T. dicoccoides

Habitat-specificity was found at both single- and two-
locus levels in different habitats, in particular in the
Karst subpopulation, suggesting that natural selection
may act upon SSR variation. Although T. dicoccoides is
a selfing plant with a low rate of outcrossing (1%,
Golenberg 1986), even alittle outcrossing in wild cereals
(Brown et al. 1978) can provide raw material for clonal
selection, particularly in a widespread population, such
as that of Ammiad, involving thousands of wild emmer
individual plants. In the present study, more significant
linkage disequilibria than the 5% expected by chance
were found in the North, Valley, Ridge, and Karst sub-
populations. All the percentages of significant linkage
disequilibria were higher than that obtained for the out-
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crossing species honeybee (6.4%, Estoup et al. 1995),
and were also higher than that observed in a selfing plant
Arabidopsis thaliana (12.1%, Innan et al. 1997) except
in the case of the North subpopulation. In T. dicoccoides
at the Ammiad microsite, habitat significantly affected
the percentage of significant linkage disequilibria. The
Karst subpopulation showed the largest amount of link-
age disequilibria and more Karst-specific or -unique
linkage disequilibria. The permutation test suggested that
the observed Karst uniqueness or specificity of linkage
disequilibria were not caused by random genetic drift.
The uniqueness or specificity of two-locus associations
may be an adaptation to the Karst microenvironment. In
the study of the selfing plant A. thaliana, Innan et al.
(1997) suggested that there was no reason to reject some
form of balancing selection on SSRs, although conven-
tional population genetic tests were not applied to see if
there was any deviation from neutrality because of the
homozygosity of individuals of A. thaliana, as in the
case of T. dicoccoides investigated in this study. Stephan
and Cho (1994) built a simulation evolutionary model of
tandem-repetitive DNA according to previous experi-
mental data. In this model, natural selection acts upon
SSRs as a mechanism for controlling the length of a nu-
cleotide string. SSRs themselves may be either targets of
selection, or markers of selected haplotypes. The possi-
bility of SSRs being located in a selected haplotype can-
not be excluded, especially because wheat is a selfer.

In an inbreeder such as wild emmer, the neutral model
would predict a random distribution of parent plants,
each propagating itself in its vicinity and creating the
well-known neighbourhood effect. It is important to
avoid the pitfalls of neighbouring effects in the attempt
to separate random (founder effect) from nonrandom
(niche structure) factors. Patches of given genotypes are
expected to develop in plant populations when gene dis-
persal islimited (e.g. Turner et al. 1982). A spurious cor-
relation of gene frequency with the habitat units could
easily be observed in a limited number of samples. The
pattern of an inbreeder would involve the entire geno-
type and not just individual, separate alleles. While a
neutral model can account for different alleles in differ-
ent clusters, it cannot generate any systematic differen-
tial patterning of genotype clusters distinguishing be-
tween habitats and years. It is noteworthy that under a
neutral model only factors such as population size and
isolation by distance without selection can generate dif-
ferential patterns of genotypes and alleles. The neutral
expectation seems not to meet with the genetic structure
at the Ammiad microsite. The negation of the neutral
model is based on the following points:

(1)Population size; the population size of wild emmer in
the Ammiad is large involving many thousands of in-
dividuals and does not represent a Wrightian small
population of n = 10-100.

(2)Vegetation; both plant association and floristic pat-
terns differ in the four major habitats (Noy-Meir et al.
1991b). Therefore, habitat differentiation of SSRs is
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unlikely to be random. Likewise, phenotypic variation
(Anikster et al. 1991) and allozymic variation (Nevo
et a. 1991) in wild emmer also varies among habitats.

(3)Temporal variation; the observed genetic structure of
allozymes and SSRs in the 1993 collection of wild
emmer in this study is inconsistent with that of allo-
zymes observed in the 1984-1988 collections by
Nevo et al. (1991). Temporal variation is unlikely un-
der a neutral model, since the neutral model does not
expect such large changes in large population.

As mentioned above, gene flow may not be the reason
for the observed structure, because it does not cause
differentiation. The permutation test ruled out the possi-
bility of a stochastic effect. Thus, neighborhood effect
and gene flow could not explain the habitat- and subhab-
itat-structures; natural selection appeared to be the pri-
mary effect for the observed microgeographic structure
at the Ammiad microsite.

Spatial autocorrelation

The autocorrelation analysis predicts that, starting from
the first ones migration will cause a high positive correla-
tion (similarity) in neighboring localities. Migration is ex-
pected to result in a similarity between loci and alleles.
Our results did not meet this expectation. In contrast,
SSR loci of wild emmer wheat differed drastically in
their autocorrelation pattern between loci. Our SSR data
was structured, and so negated randomness. Environmen-
tal selection is also partly autocorrelated and affects loci
differentialy, asindicated by our data. We found not only
variation between loci, but aso a positive correlation in
distant groups and not necessarily in the first one.

SSR divergence in other microsites, Yehudiyya
and Tabigha, of T. dicoccoides

Edaphic and microclimatic SSR diversities were also
found in our two other populations of T. dicoccoides
from two microsites, Tabigha and Yehudiyya, near the
Sea of Galilee, Israel (Li et al. 1999). The Tabigha mi-
crosite included two adjacent niches on terra rossa and
basalt soils. The Yehudiyya microsite involved two mi-
croclimatic niches (the shady and sunny) distributed
mosaically among trees. Soil- and shade-unique or
-specific alleles and linkage disequilibria were found in
the two microsites. This proved that edaphic and micro-
climatic selection appears to be the primary cause for
these microniche structures of T. dicoccoides (Li et al.
1999).

Conclusions and prospects

In conclusion, SSR allele distributions in Ammiad were
nonrandom and associated with the habitats of T. dicoc-
coides. Other explanatory models (stochastic, founder

effect, etc.) are unlikely to explain the patterns obtained
in this and other studies on the microscale divergence
of SSRs. Natural selection appears to be the most-like-
ly explanatory model. Natural selection may act upon
SSR variation at both single- and multi-locus levels.
SSRs themselves may be either targets of selection or
markers of selected haplotypes. The possibility of SSRs
being located in a selected haplotype cannot be exclud-
ed, especially because wheat is a selfer. SSRs may be
genetic agents to achieve fast adjustment of genetic ac-
tivity in spatially stressful and heterogeneous environ-
ments.
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Appendix

Allele size and frequencya of polymorphic microsatellite loci in
four subpopulations of T. dicoccoides at the four different habitats
at the Ammiad microsite, Israel

Locus Allelesize  Allele frequency
(repeat
number) North Valey Ridge Karst
(n=7) (n=14) =37 (n=17)

GWMO018 20 0.21 0.24
21 1.00 0.79 0.57 0.18
22 0.08
30 0.05
32 0.05
36 0.82
GWMO060 2 0.50 0.30 0.12
9 1.00 0.43 0.15
17 0.88
22 0.27
23 0.07 0.27
GWMO095 11 0.29
14 0.71 0.86 0.92 0.06
16 0.14 0.03 0.06
17 0.06
21 0.06
22 0.82
GWMO099 7 021 1.00
17 1.00 0.64 0.92
34 0.08
47 0.14
GWM120 31 0.07 0.03
32 0.64 0.43 0.94
33 0.71 0.14 0.43
34 0.29 0.14 0.11 0.06
GwWM124 17 0.86 0.50 0.24 0.06
46 0.07 0.08
47 0.14 0.14 0.11
49 0.07 0.16 0.06
50 0.08 0.18
52 021 0.27 0.71
59 0.05
GWM136 34 0.67 0.14 0.13
35 0.57 0.33
36 0.14 0.13
43 0.08
44 0.08 0.07
57 0.27
58 0.67
67 0.17

82 0.33 0.14 0.08

Appendix (continued)

Locus Allelesize  Allele frequency
(repeat
number) North ~ Valley Ridge Karst
(n=7) (n=14) (=37 (n=17)
GWM162 20 0.29 0.29 0.19
21 0.82
23 0.08
27 0.57 0.57 0.51 0.12
30 0.14 0.14 0.22 0.06
GWM169 23 0.08
24 0.14 0.05
25 0.14 0.36 0.19
27 0.29 0.88
30 0.14 0.14 0.06
31 0.03
33 0.03
36 0.07 0.11
37 0.21
38 0.43 0.14 0.22 0.06
39 0.07 0.08
42 0.08
GWM186 1 0.14 0.14 0.35 0.18
15 0.57 0.43 0.19
19 0.05
20 0.14 0.82
22 0.05
26 0.14
29 0.07 0.11
31 0.14 0.03
32 0.15 0.07 0.22
GWM218 3 0.07 0.24
4 0.14 0.14 0.14 0.18
8 0.57 0.43 0.14
9 0.29 0.36 041
20 0.08
26 0.82
GWM219 18 0.14 0.03
21 0.14 0.11 0.88
23 0.29
26 0.07 0.11
32 0.14 0.30 0.12
33 0.29 0.93 0.43
GWM251 13 0.14 0.03
20 0.14 0.16
26 0.86 0.86 0.70 1.00
27 0.11
GWM294 10 0.36 0.30 0.12
16 1.00 0.64 0.49
18 0.05 0.76
20 0.03 0.12
22 0.08
24 0.05
GWM332a 17 0.43 0.36 0.25
18 0.29 0.14 0.31 0.94
19 0.29 0.50 0.44 0.06
GWM332b 23 0.29 0.06 0.06
24 0.29 0.36 0.44 0.12
26 0.21 0.11
27 0.07 0.11
28 0.14 0.06
29 0.29
34 0.29 0.22
48 0.07 0.65
49 0.18
GWM340 24 0.14 0.18
32 0.86 0.46 0.61 0.35
36 0.54 0.36
37 0.03 0.47
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Appendix (continued) Appendix (continued)
Locus Allelesize  Allele frequency Locus Allelesize  Allele frequency
(repeat (repeat
number) North ~ Valley Ridge Karst number) North  Valley Ridge Karst
(n=7) (n=14) (n=37) (n=17) (n=7) (n=14) (=37 (n=17)
GWM389 15 0.03 28 0.07 0.17 0.75
18 0.29 0.21 0.03 29 0.36 0.17
26 0.07 0.03 GWM537 20 0.14 0.14 0.33 0.13
30 0.08 0.06 25 0.07 0.11
31 0.43 0.50 0.56 0.29 32 0.14 0.06
32 0.29 0.07 0.17 0.65 34 0.29 0.07 0.03
34 0.14 37 0.07 0.08 0.13
38 0.11 38 0.07 0.03 0.25
GWM415 19 0.14 0.82 39 0.57 0.36 0.31 0.44
22 0.14 0.21 41 0.07 0.06 0.06
23 0.71 0.79 0.87 0.18 GWM540 16 0.07 0.03 0.88
26 0.14 17 0.14 0.06
GWM429 9 0.14 0.69 18 0.06 0.06
16 0.57 0.86 0.28 0.88 21 0.29 0.36 0.20 0.06
17 0.43 0.03 0.12 22 0.14 0.57
GWM459 25 0.14 0.08 0.06 23 0.14 0.07
26 0.14 0.21 0.17 0.19 24 0.43 0.14
27 0.72 0.36 0.42 25 0.21 0.09

aThe habitat-unique alleles were bolded and underlined.



