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Abstract The extent of spatial genetic structure (SGS)
within plant populations depends on seed and pollen dis-
persal distance, breeding type, level of self-fertilization and
effective plant density. Self-fertilizing species with gravity-
dispersed seeds are expected to have both small effective
population sizes and low pollen movement leading to high
genetic structure. Higher SGS can be expected in more
patchy and peripheral populations because of lower plant
density and population sizes, and lower intensity of gene
flow. We tested these predictions analyzing SGS in two core
and two peripheral populations of predominantly self-fer-
tilizing emmer wheat. Analysis of SGS with 11 nuclear
microsatellites revealed (1) a negative linear relationship
between kinship coefficients, calculated for pairs of indi-
viduals, and the logarithm of geographical distance between
members of the pairs, in all studied populations; and (2) a
significant autocorrelation for a distance up to 5 m (core
populations) or 20 m (peripheral populations). Pollen flow,
estimated from comparison of nuclear and chloroplast
variation, was spatially limited, as was seed dispersal. Our
results support a hypothesized relationship between SGS
intensity and breeding system, the mode of seed dispersal
and the population range position (core vs. periphery).
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Introduction

Analysis of gene dispersal is important for understanding
the role of gene flow in species distribution over space.
Gene dispersal at the fine scale (i.e. within populations) is
particularly important for detecting a spatial scale at which
major gene dispersal occurs and this scale is inferred from
a change in genetic distance or relatedness among neigh-
boring individuals, compared with more spatially distant
individuals. An interplay between limited gene flow and
local genetic drift leads to a balance which, according to
the theory of isolation by distance, results in spatial genetic
structure (SGS). The rate of decrease of genetic similarity
with distance is a measure of strength of SGS (Loiselle
et al. 1995; Rousset 2000; Hardy 2003). The extent of SGS
within plant populations depends on seed and pollen dis-
persal distance, breeding type, level of self-fertilization and
effective plant density (Vekemans and Hardy 2004).

The relative contribution of contemporary seed and
pollen dispersal to gene flow, despite recognized impor-
tance for plant population demographic and genetic pro-
cesses is still poorly understood (but see Doligez et al.
1998; Ravigne et al. 2006; Epperson 2007; Lopez et al.
2008). Especially lacking are studies investigating a rela-
tionship among seed/pollen dispersal, breeding type and
population size/range position. Self-fertilizing species are
expected to have both smaller effective populations sizes
(Ingvarsson 2002) and lower pollen movement leading to
higher genetic structure than out-crossing species (Hamrick
and Godt 1996). Higher SGS can be expected in more
patchy and peripheral populations because of lower plant
density and population sizes, and lower intensity of gene
flow (Doligez et al. 1998; Vekemans and Hardy 2004).
Although still limited, there are increasing reports on SGS
in fragmented versus continuous (Williams et al. 2007;
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Born et al. 2008; De-Lucas et al. 2009) and core versus
peripheral populations (Gapare and Aitken 2005; Pandey
and Rajora 2012).

Here we investigate gene dispersal patterns in an annual
grass Triticum turgidum L. ssp. dicoccoides (hereafter T.
diccocoides). This species is an ideal model species to study
SGS in core versus peripheral populations of a predomi-
nantly self-fertilizing plant species. Distribution of this
species is well known (Ozkan et al. 2011) with peripheral
populations being smaller, more isolated and patchily dis-
tributed than core populations (Feldman and Kislev 2007,
Ozkanetal.2011). T. diccocoides was intensively studied for
extent and structure of genetic variation at large (Fahima
et al. 2002; Ozbek et al. 2007, 2011) and fine geographical
scale (Anikster etal. 1991; Felsenburg et al. 1991; Nevo et al.
1991; Li et al. 2000a, b, c; Volis et al. 2004). However, a
majority of the studies conducted at the fine geographical
scale examined an association between environmental
parameters (e.g. topography, soil type) and allele frequencies
using different molecular markers, and only one analyzed the
spatial structure and assessed an intensity of gene flow in this
species (Golenberg 1987). In this study, a sharp decrease in
gene flow was observed beyond the first distance class of
5-7 m. However, this study was done in a single population
with limited sample size and distance coverage and using
low polymorphism markers (allozymes).

The aim of the present study was to analyze SGS and
assess impact of seed and pollen dispersal on the pattern of
genetic diversity in core versus peripheral populations of T.
diccocoides using SSR markers. First, we investigated the
scale of within-population gene flow by multivariate spatial
autocorrelation analysis and a test for isolation by distance in
two core and two peripheral populations. Second, we esti-
mated the relative contributions of pollen-mediated and seed-
mediated gene flow by comparing the patterns revealed by
nuclear versus chromosomal SSR markers. Our hypotheses
were: (1) since T. diccocoides is predominantly (>95 %)
self-pollinated with gravity dispersed seeds, this species is
expected to have fine-scale within-population SGS with low
pollen to seed migration ratio; (2) the peripheral populations
of the species are expected to have higher levels of SGS than
the core populations due to their lower population size and
density; and potentially restricted gene dispersal.

Materials and Methods

Study Species and Sampling

Wild emmer wheat, T. turgidum L. ssp. dicoccoides is a
predominantly self-pollinating (>95 % for the whole Triti-

cum-Aegilops group, Mendlinger and Zohary 1995) annual
grass in which spikes at maturity disarticulate into arrow-

- \Q%VIH (periphery)

) o Nty

HA

(periphery) %

Fig. 1 Map of Israel showing isohyets of multiyear averages of
annual rainfall amount (mm), distribution of 7. diccocoides and study
populations. Dots mark known populations of 7. diccocoides based on
data of the Institute for Cereal Improvement (Israel)

shaped dispersal units (spikelets) having a sharp-edged
rachis and containing 2 or rarely 3 grains. The spikelets are
shattered close to the mother plant and the awns balance and
propel them into the ground as they fall (Elbaum et al. 2007).

The species is found in habitats with annual precipitation
ranging 200 to over 1,300 mm, at altitudes between —100
and 1,400 m, and in several soil types, although most pop-
ulations are found on terra-rossa and basalt soils (Feldman
and Sears 1981; Feldman and Kislev 2007). We have chosen
two populations representing the species distributional core
in the Upper Jordan Valley catchment area (Ammiad Karst
and Ammiad North), and two populations from the two
opposite edges of species distributional range (cold edge
Mount Hermon and hot edge Har Amasa; Fig. 1).

Sampling was done in 2007. From each sampled plant we
took a separately bagged spike and precise GIS coordinates
of its location. The number of sampled plants was 70, 68, 57
and 94 (K, N, MH and HA locations, respectively).

Genetic Markers
DNA was extracted from fresh leaves of 6 week old plants

using the modified CTAB protocol of Rogers and Benedich
1985). Eleven polymorphic nuclear (Roder et al. 1995,
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1998) and four chloroplast (Ishii et al. 2001) SSR loci
(Table 1) were amplified with polymerase chain reaction
(PCR) (Roder et al. 1995; Schuelke 2000). The PCR
products were detected and sized by the ABI PRISM 3700
DNA Analyzer at the Hebrew University, Jerusalem, Israel.
The data were analyzed using Peak Scanner'™ Software
v1.0 (Applied Biosystems).

Statistical Analysis

We employed two approaches for detecting and describing
SGS in the studied populations. Analysis of spatial auto-
correlation utilized the multivariate procedure of Smouse
and Peakall (1999) and Peakall et al. (2003). The SGS
patterns were compared between populations in a pair-wise
fashion as described by Smouse et al. (2008) using the test
of heterogeneity of spatial autocorrelation. The statistical
significance of autocorrelation coefficient () for each of
seven distance classes and correlogram heterogeneity test
criteria (w) was tested by 10,000 random permutations and
obtaining 95 % confidence intervals after bootstrapping
(10,000 repeats). The analyses were conducted by GEN-
ALEX 6.5 software (Peakall and Smouse 2006).

Further assessment of SGS followed the procedure
described by Vekemans and Hardy (2004), based on pair-wise
kinship coefficients between individuals and implemented in
the SPAGEDI software (Hardy and Vekemans 2002). The
multi-locus kinship coefficient values calculated as described
in Loiselle et al. (1995) were regressed on the natural loga-
rithm of geographic distance separating the two individuals to
estimate the regression slopes (b). To visualize SGS, kinship
coefficient values were averaged over a set of seven distance
classes and plotted against geographical distance. A jackknife
procedure (over loci) was used to estimate standard errors and
10,000 permutations to assess significance of the each dis-
tance class multi-locus kinship coefficient.

The extent of gene dispersal was estimated from the
regression slope as Nb = —(1 — Fy)/b where Nb is the
neighborhood size in terms of number of individuals, in a
continuous two-dimensional population (Wright, 1943), and
F is the average kinship coefficient between adjacent indi-
viduals. In our study, we estimated F, for the first distance
class (1 m distance) as the closest approximation to “adja-
cent” plants (Vekemans and Hardy 2004; Oddou-Muratorio
and Klein 2008) and designated it F(;). The lower and upper
bounds for the 95 % confidence intervals (CI) of Nb were
computed as (F(;, — 1)/(b & 2SE,), SE,, being the standard
error of the regression slope b (Hardy et al. 2006). We also
calculated the ‘Sp’ statistic, which is the inverse of the
neighborhood size Nb under isolation by distance in two-
dimensional space (Vekemans and Hardy 2004), i.e. the ratio
—bl(1 — F(yy). This statistic is very useful in comparison of
SGS and gene dispersal across populations and species.

@ Springer

Gene dispersal under migration-drift equilibrium c was
estimated using an iterative approach implemented in the
SPAGEDI software. Estimation of ¢ requires knowledge of
effective population density D.. The effective density was
estimated from the adult population density, D, using
approximation D---N./N (ratio of the effective to the census
population size) (Hardy et al. 2006). Under self-fertiliza-
tion N, is predicted to equal N(2-s)/2 (Pollak 1987), thus in
a predominantly self-fertilizing species N. ~ N/2. As
density of emmer varies not only spatially but also from
year to year (Noy-Meir et al. 1991), we used a range of
D (2, 4 and 10 plants/rn2) for calculation of D, = D/2.
These values are representative of the plant density
observed in the field (Noy-Meir et al. 1991).

The effective population size (Ne) for each of the four
populations was estimated from nuclear SSR data using the
maximum likelihood approach of MIGRATE program
(Beerli and Felsenstein 2001). The Ne was calculated from
the number of mutants per generation 0 (i.e. 4N,u) values
using an average mutation rate for microsatellites in wheat of
10~ per generation (Thuillet et al. 2002), as 0/(4 x 107,
assuming an infinite allele mutational model. For the esti-
mation of 0, each run was conducted with ten short chains of
500 and three long chains of 5,000, and the burn-in at the
beginning of each chain of 10,000. The migration matrix
assumed one-directional gene flow from core (Ammiad
population) to periphery (MH and HA populations), and
bidirectional symmetric gene flow between K and N habitats.
Ten simulations were performed and their results combined.

To calculate the ratio of pollen flow to seed flow, we used
the formula from El Mousadik and Petit 1996): Pollen/
seed migrationratio = [2(1/®gp. — D—(1/Pg, — D1 — 1/
Dgr.), where @gr, and Pgr. are levels of among-population
differentiation calculated from nuclear and chloroplast
markers, respectively. Analysis of molecular variance
(AMOVA) (Excoffier et al. 1992) was used to get the ®gr,
and ®gr. values. Because of spatially limited seed dispersal
in emmer (several meters from the mother plant) and pre-
dominant self-fertilizing, for estimation of contemporary
and not historical gene flow we could not use the populations
separated by tens and hundreds of kilometers. Therefore
estimation of pollen to seed flow was done comparing pop-
ulation differentiation between N and K populations sepa-
rated by about 1 km.

Results
Population Genetic Diversity
Genetic diversity statistics for the four populations are

given in Table 1. The average number of alleles per locus
A and expected heterozygosity He were similar in all
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Table 2 Population estimates of the number of mutants per genera-
tion (0) and effective population size (Ne), and an estimate of
between-population (K vs. N) differentiation calculated from nuclear
and chloroplast markers (®gy and g, respectively)

Population 0 (CI 95 %) Ne (CI 95 %)

HA 0.44 (0.41-0.49) 1,100 (1,025-1,225)

K 0.82 (0.76-0.89) 2,050 (1,900-2,225)

N 0.81 (0.70-0.93) 2,025 (1,750-2,325)

MH 0.78 (0.71-0.89) 1,950 (1,775-2,225)

K versus N (O DOy my/my
0.183 0.162 0.788

Ne estimates assumed SSR mutation rate of 10~ per generation

populations, with range 2.8-3.4 and 0.380-0.500, respec-
tively. Heterozygotes were rare in all four populations
(observed heterozygosity Ho and inbreeding coefficient Fy
ranged 0.001-0.007 and 0.981-0.997, respectively).

The estimates of 0 (with 95 % CI) for two core popu-
lations were 0.82 (0.76-0.89) and 0.81 (0.70-0.93) (K and
N, respectively), and for two peripheral populations were
0.78 (0.71-0.89) and 0.44 (0.41-0.49) (MH and HA,
respectively). The resulting Ne estimates assuming SSR
mutation rate of 10™# per generation were 2,050 (1,900—

Autocorrelation (r)

Distance class (m)

Fig. 2 Left: The autocorrelogram with 95 % confidence interval
(dotted lines) for autocorrelation coefficient r (solid line) for the four
populations studied. Right: Average kinship coefficients = SE plotted
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2,225), 2,025 (1,750-2,325), 1,950 (1,775-2,225) and
1,100 (1,025-1,225) individuals (K, N, MH and HA,
respectively) (Table 2).

Spatial Genetic Structure

We found significant autocorrelation up to 20 m in two
peripheral populations (HA and MH). In the two core
populations, autocorrelation was detected at shorter dis-
tances, in the distance classes of 1 and 2 m in the K pop-
ulation, and 1, 2 and 5 m in the N population (Fig. 2). The
two peripheral populations MH and HA did not differ in
their SGS (heterogeneity test, ® = 12.2, p > 0.5), while all
other pairs of populations did differ (heterogeneity test,
o = 90.6, 66.3, 65.0, 63.9 and 72.9, for all p < 0.001, HA
vs. N, HA vs. K, N vs. K, MH vs. N and MH vs. K,
respectively).

A highly significant linear decrease of estimated kinship
coefficients between pairs of individuals with the logarithm
of increasing geographical distance was detected in all four
populations (Table 3; Fig. 2) with variance explained by
the regression slopes (R?) between 0.07 and 0.11.

The neighborhood size Nb estimates were the lowest in
HA (7.6) and the highest in N population (37.3), and did

¢ p<0.05
& p>0.05

F(d)

050 051 152 253 354 455
Ln distance (m)

against logarithmic distance between individuals and the estimated
regression lines



Evol Biol (2014) 41:166-173

171

Table 3 Estimates of SGS parameters for each population: b, slopes
of the regression of kinship coefficient values on the logarithm of the
spatial distance between individuals with associated determination
coefficient R average values of kinship coefficient between

individuals separated by less than 1 m (F;)); neighborhood size
(Nb); intensity of SGS (Sp); and gene dispersal distance ¢ assuming
effective population density of 5, 2 and 1 plant/m>

Population b £+ SE R? p Fuy Nb (95 % CI) Sp g (5) g (2) g (1)
HA —0.081 + 0.018 0.086 <0.001 0.386 7.6 (6.2-9.7) 0.132 0.329 0.547 0.688
K —0.051 + 0.009 0.070 <0.001 0.278 14.1 (12.0-17.0) 0.071 0.309 0.434 0.629
N —0.022 + 0.005 0.017 <0.001 0.165 37.3 (30.5-49.6) 0.027 0.419 0.641 0.895
MH —0.061 + 0.019 0.110 <0.001 0.173 13.6 (10.3-19.7) 0.073 0.541 0.959 1.092

not differ between populations K and MH (14.1 and 13.6,
respectively) (Table 3).

The Sp values ranged from 0.027 in N population to
0.132 in HA population with the average value across
populations being 0.075. The average kinship coefficient
between adjacent (1 m apart) individuals F(;, ranged
0.165-0.386.

The inferred gene dispersal (o) was very low (range
0.309-1.092) for the effective plant density used (1, 2 and 5
plants/m?).

Pollen to Seed Flow

The chloroplast genetic diversity was similar in the three
populations (Table 1).

The ®gn and Pgc in an analysis of K and N population
genetic differentiation were 0.183 and 0.162, respectively,
providing the ratio of pollen flow to seed flow my/ms 0.788
(Table 2).

Discussion
SGS and Pollen-to-Seed Flow in a Predominant Selfer

The SGS pattern detected in all four populations by both
spatial autocorrelation analysis and a relationship of kin-
ship coefficients with distance was consistent with isolation
by distance. In no studied population was the autocorre-
lation coefficient significant for a distance between plants
exceeding 20 m. These results evidence limited gene flow
at short distances and fine-scale spatial organization of
genetic variation in emmer wheat.

Gene flow has two components, and the relative
importance of seed and pollen dispersal in creation of SGS
can be inferred from joint usage of nuclear and chloroplast
markers (Petit et al. 1993; Ennos 1994). The vast majority
of SGS studies in general and those that estimated pollen-
to-seed gene flow ratio in particular were done on out-
breeding species (reviewed in El Mousadik and Petit 1996;
Ouborg et al. 1999; Raspe et al. 2000). Ratio of pollen-to-
seed flow analyzed in several out-crossing herbs was much

higher than unity (Tarayre et al. 1997; McCauley 1997,
1998). In contrast to out-breeding species, pollen-to-seed
migration ratio in predominantly self-fertilizing emmer
wheat (this study) and wild barley (Volis et al. 2010) was
close to unity. In both these species primary seed dispersal
is by gravity, self-pollination is above 95 % and pollen life
is short (less than 1 h in wheat and up to 26 h in barley
(Fritz and Lukaszewski 1989; Parzies et al. 2005).

The averaged over populations SGS (Sp = 0.075) is
remarkably similar to one detected in wild soybean
(Sp = 0.073) (Zhao and Lu 2009) and wild barley
(Sp = 0.071) (Volis et al. 2010). It is important to note,
that in the latter studies the Sp values were estimated in
three to four populations and averaged to provide the
species Sp. These three species, emmer wheat, wild soy-
bean and wild barley, share such characteristics as annual
life cycle, predominant selfing and low dispersal distance
of pollen (by wind) and seeds (by gravity). Higher SGS is
theoretically expected and indeed was observed in a com-
parative species survey by Vekemans and Hardy (2004) in
self-pollinated as compared with out-crossing, and in her-
baceous as compared with tree species. In the survey of
Vekemans and Hardy (2004) mode of seed dispersal also
exhibited a trend (although this was not significant due to
limited sample size) of increase in Sp from animal- and
wind- to gravity-dispersed seeds. The conclusions of Ve-
kemans and Hardy (2004) with respect to effects of
breeding system, life form and seed dispersal on intensity
of SGS are reinforced by high Sp values estimated for three
self-pollinated, with gravity-dispersed seeds annual plants.

SGS in Core Versus Peripheral Populations

Although significant SGS was detected in all studied
population, the extent of SGS differed in core and
peripheral populations. While the SGS in the core popu-
lations was limited to 5 m distance, in both peripheral
populations it was much larger (20 m).

Genetic diversity in core and peripheral populations was
comparable, thus a higher level of genetic structuring in
peripheral as compared with core populations appears to be
due to lower intensity of within-population gene flow. The

@ Springer



172

Evol Biol (2014) 41:166-173

latter is expected in the species periphery due to lower
population density, lower number and higher isolation of
patches of suitable environment. Consistent with this
expectation, the arid edge peripheral population, which is
extremely isolated (more than 10 km from the nearest
population), distributed over a very limited area of less
than 1 ha and comprises several hundred individuals,
showed extreme values of neighborhood size (Nb) and
intensity of SGS (Sp).

Studies comparing the fine-scale genetic structure of
more than one population of a patchily distributed species
are rare (Williams 1994; Williams and Guries 1994; Giles
et al. 1998; Gapare and Aitken 2005; Zhao and Lu 2009).
Especially rare are studies comparing fine-scale SGS across
a species range. Our results agree with two studies of SGS
in peripheral versus core populations. Gapare and Aitken
(2005) found random distribution of genotypes in the core
populations and positive SGS up to 500 m in the peripheral
populations of Sitka spruce. Pandey and Rajora (2012)
detected higher SGS in peripheral populations (up to
90 m), compared with core populations (up to 15 m) in the
eastern white cedar. It appears to be a general rule that
intensity of SGS increases from the species core to
periphery if peripherality is associated with fragmentation
of species habitat.

Acknowledgments The current study was funded by Israel Acad-
emy of Sciences (ISF 958/07). We would like to thank Asher Dvir for
help with sampling and Mitia Frumin, Keren Lev, Yoav Sofer and
Michael Blecher for help with GIS data, and Linda Whittaker for
editing the manuscript English.

References

Anikster, Y., Eshel, A., Ezrati, S., & Horovitz, A. (1991). Patterns of
phenotypic variation in wild tetraploid wheat at Ammiad. Israel
Journal of Botany, 40, 397-418.

Beerli, P., & Felsenstein, J. (2001). Maximum likelihood estimation
of a migration matrix and effective population sizes in n
subpopulations by using a coalescent approach. Proceedings of
the National Academy of Sciences, 98, 4563-4568.

Born, C., Hardy, O. J., Chevallier, M. H., Ossari, S., Atteke, C.,
Wickings, J., et al. (2008). Small-scale spatial genetic structure
in the Central African rainforest tree species Aucoumea klaine-
ana: a stepwise approach to infer the impact of limited gene
dispersal, population history and habitat fragmentation. Molec-
ular Ecology, 17, 2041-2050.

De-Lucas, A. I, Gonzalez-Martinez, S. C., Vendramin, G. G.,
Hidalgo, E., & Heuertz, M. (2009). Spatial genetic structure in
continuous and fragmented populations of Pinus pinaster Aiton.
Molecular Ecology, 18, 4564-4576.

Doligez, A., Baril, C., & Joly, H. L. (1998). Fine-scale spatial genetic
structure with nonuniform distribution of individuals. Genetics,
148, 905-919.

El Mousadik, A., & Petit, R. J. (1996). Chloroplast DNA phyloge-
ography of the argan tree of Morocco. Molecular Ecology, 5,
547-555.

@ Springer

Elbaum, R., Zaltzman, L., Burgert, I., & Fratzl, P. (2007). The role of
wheat awns in the seed dispersal unit. Science, 316, 884-886.

Ennos, R. A. (1994). Estimating the relative rates of pollen and seed
migration among plant populations. Heredity, 72, 250-259.

Epperson, B. K. (2007). Plant dispersal, neighbourhood size and
isolation by distance. Molecular Ecology, 16, 3854-3865.

Excoffier, L., Smouse, P. E., & Quattro, J. M. (1992). Analysis of
molecular variance inferred from metric distances among DNA
haplotypes—application to human mitochondrial DNA restric-
tion data. Genetics, 131, 479-491.

Fahima, T., Roder, M. S., Wendehake, K., Kirzhner, V. M., & Nevo,
E. (2002). Microsatellite polymorphism in natural populations of
wild emmer wheat, Triticum dicoccoides, in Israel. Theoretical
and Applied Genetics, 104, 17-29.

Feldman, M., & Kislev, M. E. (2007). Domestication of emmer wheat
and evolution of free-threshing tetraploid wheat. Israel Journal
of Plant Sciences, 55, 207-221.

Feldman, M., & Sears, E. R. (1981). The wild gene resources of
wheat. Scientific American, 244, 102-112.

Felsenburg, T., Levy, A. A., Galili, G., & Feldman, M. (1991).
Polymorphism of high-molecular-weight glutenins in wild
tetraploid wheat: spatial and temporal variation in a native site.
Israel Journal of Botany, 40, 451-479.

Fritz, S. E., & Lukaszewski, A. J. (1989). Pollen longevity in wheat,
rye and triticale. Plant Breeding, 102, 31-34.

Gapare, W. J., & Aitken, S. N. (2005). Strong spatial genetic structure
in peripheral but not core populations of Sitka spruce [Picea
sitchensis (Bong.) Carr.]. Molecular Ecology, 14, 2659-2667.

Giles, B. E., Lundqyvist, E., & Goudet, J. (1998). Restricted gene flow
and subpopulation differentiation in Silene dioica. Heredity, 80,
715-723.

Golenberg, E. M. (1987). Estimation of gene flow and genetic
neighborhood size by indirect methods in a selfing annual,
Triticum dicoccoides. Evolution, 41, 1326-1334.

Hamrick, J. L., & Godt, M. J. W. (1996). Effects of life history traits
on genetic diversity in plant species. Philosophical Transactions
of the Royal Society of London Series B-Biological Sciences,
351, 1291-1298.

Hardy, O. J. (2003). Estimation of pairwise relatedness between
individuals and characterization of isolation-by-distance pro-
cesses using dominant genetic markers. Molecular Ecology, 12,
1577-1588.

Hardy, O. J., Maggia, L., Bandou, E., Breyne, P., Caron, H.,
Chevallier, M. H., et al. (2006). Fine-scale genetic structure and
gene dispersal inferences in 10 Neotropical tree species.
Molecular Ecology, 15, 559-571.

Hardy, O. J.,, & Vekemans, X. (2002). SPAGEDi: a versatile
computer program to analyse spatial genetic structure at the
individual or population levels. Molecular Ecology Notes, 2,
618-620.

Ingvarsson, P. K. (2002). A metapopulation perspective on genetic
diversity and differentiation in partially self-fertilizing plants.
Evolution, 56, 2368-2373.

Ishii, T., Mori, N., & Ogihara, Y. (2001). Evaluation of allelic
diversity at chloroplast microsatellite loci among common wheat
and its ancestral species. Theoretical and Applied Genetics, 103,
896-904.

Li, Y. C., Fahima, T., Korol, A. B., Peng, J. H., Roder, M. S.,
Kirzhner, V., et al. (2000a). Microsatellite diversity correlated
with ecological-edaphic and genetic factors in three microsites of
wild emmer wheat in north Israel. Molecular Biology and
Evolution, 17, 851-862.

Li, Y.-C., Fahima, T., Krugman, T., Beiles, A., Roder, M. S., Korol,
A. B., et al. (2000b). Parallel microgeographic patterns of
genetic diversity and divergence revealed by allozyme, RAPD,



Evol Biol (2014) 41:166-173

173

and microsatellites in Triticum dicoccoides at Ammiad, Israel.
Conservation Genetics, 3, 191-207.

Li, Y. C., Roder, M. S., Fahima, T., Kirzhner, V., Korol, A. B., &
Nevo, E. (2000c). Natural selection causing microsatellite
divergence in wild emmer wheat at the ecologically variable
microsite at Ammiad, Israel. Theoretical and Applied Genetics,
100, 985-999.

Loiselle, B. A., Sork, V. L., Nason, J., & Graham, C. (1995). Spatial
genetic structure of a tropical understory shrub, Psychotria
officinalis (Rubiaceae). American Journal of Botany, 82,
1420-1425.

Lopez, S., Rousset, F., Shaw, F. H., Shaw, R. G., & Ronce, O. (2008).
Migration load in plants: role of pollen and seed dispersal in
heterogeneous landscapes. Journal of Evolutionary Biology, 21,
294-309.

McCauley, D. E. (1997). The relative contributions of seed and pollen
movement to the local genetic structure of Silene alba. Journal
of Heredity, 88, 257-263.

McCauley, D. E. (1998). The genetic structure of a gynodioecious
plant: nuclear and cytoplasmic genes. Evolution, 52, 255-280.

Mendlinger, S., & Zohary, D. (1995). The extent and structure of
genetic variation in species of the Sitopsis group of Aegilops.
Heredity, 74, 616-627.

Nevo, E., Noy-Meir, I., Beiles, A., Krugman, T., & Agami, M.
(1991). Natural selection of isozyme polymorphisms: micro-
geographical spatial and temporal ecological differentiation in
wild emmer wheat. Israel Journal of Botany, 40, 419-449.

Noy-Meir, 1., Agami, M., & Anikster, Y. (1991). Changes in the
population density of wild emmer wheat (Triticum turgidum var.
diccocoides) in a Mediterranean grassland. Israel Journal of
Botany, 40, 385-395.

Oddou-Muratorio, S., & Klein, E. K. (2008). Comparing direct vs.
indirect estimates of gene flow within a population of a scattered
tree species. Molecular Ecology, 17, 2743-2754.

Ouborg, N. J., Piquot, Y., & Van Groenendael, J. M. (1999).
Population genetics, molecular markers and the study of
dispersal in plants. Journal of Ecology, 87, 551-568.

Ozbek, O., Millet, E., Anikster, Y., Arslan, O., & Feldman, M.
(2007). Spatio-temporal genetic variation in populations of wild
emmer wheat, Triticum turgidum ssp. dicoccoides, as revealed
by AFLP analysis. Theoretical and Applied Genetics, 115,
19-26.

Ozkan, H., Willcox, G., Graner, A., Salamini, F., & Kilian, B. (2011).
Geographic distribution and domestication of wild emmer wheat
(Triticum dicoccoides). Genetic Resources and Crop Evolution,
58, 11-53.

Pandey, M., & Rajora, O. P. (2012). Higher fine-scale genetic
structure in peripheral than in core populations of a long-lived
and mixed-mating conifer-eastern white cedar (Thuja occiden-
talis L.). BMC Evolutionary Biology, 12, 48.

Parzies, H. K., Schnaithmann, F., & Geiger, H. H. (2005). Pollen
viability of Hordeum spp genotypes with different flowering
characteristics. Euphytica, 145, 229-235.

Peakall, R., Ruibal, M., & Lindemayer, D. B. (2003). Spatial
autocorrelation analysis of individual multiallele and multilocus
genetic structure. Heredity, 82, 561-573.

Peakall, R., & Smouse, P. E. (2006). GENALEX 6: genetic analysis
in Excel. Population genetic software for teaching and research.
Molecular Ecology Notes, 6, 288-295.

Petit, R. J., Kremer, A., & Wagner, D. B. (1993). Finite island model
for organelle and nuclear genes. Heredity, 71, 630-641.

Pollak, E. (1987). On the theory of partially inbreeding finate
populations. 1. Partial selfing. Genetics, 117, 353-360.

Raspe, O., Saumitou-Laprade, P., Cuguen, J., & Jacquemart, A. L.
(2000). Chloroplast DNA haplotype variation and population
differentiation in Sorbus aucuparia L. (Rosaceae: Maloideae).
Molecular Ecology, 9, 1113-1122.

Ravigne, V., Olivieri, 1., Gonzalez-Martinez, S. C., & Rousset, F.
(2006). Selective interactions between short-distance pollen and
seed dispersal in self-compatible species. Evolution, 60,
2257-2271.

Roder, M. S., Korzun, V., Wendehake, K., Plaschke, J., Tixier, M. H.,
Leroy, P., et al. (1998). A microsattelite map of wheat. Genetics,
149, 2007-2023.

Roder, M. S., Plaschke, J., Konig, S. U., Borner, A., Sorrells, M. E.,
Tanksley, S. D., et al. (1995). Abundance, variability and
chromosomal location of microsatellites in wheat. Molecular
Genetics and Genomics, 246, 327-333.

Rogers, S. O., & Benedich, A. J. (1985). Extraction of DNA from
milligram amounts of fresh, herbarium and mummified plant
tissues. Plant Molecular Biology, 5, 69-76.

Rousset, F. (2000). Genetic differentiation between individuals.
Journal of Evolutionary Biology, 13, 58-62.

Schuelke, M. (2000). An economic method for the fluorescent
labeling of PCR fragments. Nature Biotechnology, 18, 233-234.

Smouse, P. E., & Peakall, R. (1999). Spatial autocorrelation analysis
of individual multiallele and multilocus genetic structure.
Heredity, 82, 561-573.

Smouse, P. E., Peakall, R., & Gonzales, E. (2008). A heterogeneity
test for fine-scale genetic structure. Molecular Ecology, 17,
3389-3400.

Tarayre, M., Saumitou-Laprade, P., Cuguen, J., Couvet, D., &
Thompson, J. D. (1997). The spatial genetic structure of
cytoplasmic (cpDNA) and nuclear (allozyme) markers within
and among populations of the gynodioecious Thymus vulgaris
(Labiatae) in southern France. American Journal of Botany, 84,
1675-1684.

Thuillet, A. C., Bru, D., David, J., Roumet, P., Santoni, S., Sourdille,
P., et al. (2002). Direct estimation of mutation rate for 10
microsatellite loci in durum wheat, Triticum turgidum (L.) Thell.
ssp durum desf. Molecular Biology and Evolution, 19, 122—125.

Vekemans, X., & Hardy, O. J. (2004). New insights from fine-scale
spatial genetic structure analyses in plant populations. Molecular
Ecology, 13, 921-935.

Volis, S., Verhoeven, K., Mendlinger, S., & Ward, D. (2004).
Phenotypic selection and regulation of reproduction in different
environments in wild barley. Journal of Evolutionary Biology,
17, 1121-1131.

Volis, S., Zaretsky, M., & Shulgina, 1. (2010). Fine-scale spatial
genetic structure in a predominantly selfing plant: role of seed
and pollen dispersal. Heredity, 105, 384-393.

Williams, C. F. (1994). Genetic consequences of seed dispersal in
three sympatric forest herbs. II. Microspatial genetic structure
within populations. Evolution, 48, 1959-1972.

Williams, C. F., & Guries, R. P. (1994). Genetic consequences of seed
dispersal in three sympatric forest herbs. I Hierarchical
population genetic structure. Evolution, 48, 791-805.

Williams, D. A., Wang, Y., Borchetta, M., & Gaines, M. S. (2007).
Genetic diversity and spatial structure of a keystone species in
fragmented pine rockland habitat. Biological Conservation, 138,
256-268.

Wright, S. (1943). Isolation by distance. Genetics, 28, 114—138.

Zhao, R., & Lu, B. R. (2009). Fine-scale genetic structure enhances
biparental inbreeding by promoting mating events between more
related individuals in wild soybean (Glycine soja; Fabaceae)
populations. American Journal of Botany, 96, 1138—1147.

@ Springer



	Fine-Scale Spatial Genetic Structure in Emmer Wheat and the Role of Population Range Position
	Abstract
	Introduction
	Materials and Methods
	Study Species and Sampling
	Genetic Markers
	Statistical Analysis

	Results
	Population Genetic Diversity
	Spatial Genetic Structure
	Pollen to Seed Flow

	Discussion
	SGS and Pollen-to-Seed Flow in a Predominant Selfer
	SGS in Core Versus Peripheral Populations

	Acknowledgments
	References


