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Abstract

Analysis of fine scale genetic structure in continuous populations of outcrossing plant
species has traditionally been limited by the availability of sufficient markers. We used a
set of 468 SNPs to characterize fine-scale genetic structure within and between two dense
stands of the wild ancestor of maize, teosinte (Zea mays ssp. parviglumis). Our analyses
confirmed that teosinte is highly outcrossing and showed little population structure over
short distances. We found that the two populations were clearly genetically differen-
tiated, although the actual level of differentiation was low. Spatial autocorrelation of
relatedness was observed within both sites but was somewhat stronger in one of the
populations. Using principal component analysis, we found evidence for significant
local differentiation in the population with stronger spatial autocorrelation. This
differentiation was associated with pronounced shifts in the first two principal
components along the field. These shifts corresponded to changes in allele frequencies,
potentially due to local topographical features. There was little evidence for selection at
individual loci as a contributing factor to differentiation. Our results demonstrate that
significant local differentiation may, but need not, co-occur with spatial autocorrelation
of relatedness. The present study represents one of the most detailed analyses of local
genetic structure to date and provides a benchmark for future studies dealing with fine
scale patterns of genetic diversity in natural plant populations.
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Krakauer 1973; Beaumont 2005).
within continuous populations is of particular interest,

. Genetic structure
Introduction

One of the main aims of ecological genetics is to
describe and understand the spatial distribution of
genetic variation. The organization of genetic diversity
within species reflects geographical and demographic
factors that affect patterns of mating. Deviation from
genome-wide patterns of genetic structure may be infor-
mative of selection at individual loci (Lewontin &
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as it may be informative of dispersal distances (Hardy
& Vekemans 1999) or signal the existence of environ-
mental features that affect gene flow across the
landscape (e.g. Piertney et al. 1998).

Theoretical work on continuously distributed species
dates back to Wright (1943) and Malécot (1948), both of
whom addressed the patterns of relatedness in popula-
tions that are characterized by decreased mating proba-
bility with distance. Subsequent simulation studies have
explored the spatial distribution of allelic and genotypic
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frequencies in two dimensional habitats, both under
simple isolation by distance (Rohlf & Schnell 1971; Ep-
person 1995), and under asymmetrical migration and
selection (Sokal ef al. 1989a). These studies have shown
that when mating frequency decreases with distance,
single locus genotypes will be correlated in space, but
localized spatial patterns shared among unlinked loci
are not expected. When directional gene flow occurs,
however, localized genetic differentiation of gene fre-
quencies at multiple loci will arise.

Two nonexclusive types of spatial genetic structure
can thus be distinguished. The first, which we will refer
to as spatial autocorrelation of relatedness, exists when
individuals closer together spatially are also more clo-
sely related genetically. Spatial autocorrelation of relat-
edness may arise under many circumstances where
mating or dispersal is restricted in space (Slatkin &
Arter 1991) but in its simplest form occurs when the
dispersal probability of gametes or offspring decreases
as a function of distance (Wright 1943). The second type
of spatial structure, here termed differentiation, occurs
whenever individuals grouped by genetic similarity
form distinct geographical or spatial patterns. This form
of structure is only expected when underlying biologi-
cal or environmental factors are spatially nonrandom
(e.g. Sokal et al. 1989a).

Although both forms of genetic structure have been
frequently observed at the landscape level in both
plants (Bockelmann et al. 2003; Vigouroux et al. 2008)
and other organisms (Menozzi et al. 1978; Barbujani
1987; Sokal et al. 1989b; Piertney et al. 1998), differentia-
tion has been rarely described within individual popu-
lations. The large geographic areas covered by
landscape genetic studies (Manel et al. 2003) make the
detection of differentiation likely, either due to disconti-
nuities in sampling (Handley ef al. 2007) or because of
the presence of strong historical and geographical barri-
ers to gene flow (Castric et al. 2001). These factors are
expected to be less prominent at small spatial scales,
such as within stands of outcrossing plants, making the
detection of differentiation in such species challenging.
Indeed, most fine-scale genetic studies do not describe
detailed patterns of differentiation and have been gen-
erally limited to analysis of spatial autocorrelation of
relatedness (Loiselle et al. 1995; Hardy & Vekemans
1999; Smouse & Peakall 1999; Hardy 2003; Hardy et al.
2004; see Jones et al. 2007 for an exception). But while
spatial autocorrelation analysis is a sensitive method for
detecting spatial genetic structure (Sokal & Oden 1978;
Epperson & Li 1996), without explicit spatial descrip-
tion of differentiation it cannot distinguish among dif-
ferent explanations for the data (Slatkin & Arter 1991).
Observation of decreasing relatedness with distance
may, for example, simply reflect symmetrical decay in
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mating probability, but could also be caused by differ-
entiation due to factors such as kin-structured dispersal
or regeneration (Knowles ef al. 1992; Ingvarsson & Giles
1999), local selection, or asymmetrical patterns of gene
flow (Sokal et al. 1989a).

Joint analysis of spatial autocorrelation of relatedness
and patterns of differentiation poses at least two signifi-
cant challenges. First, sampling of individuals must be
dense and uniform to avoid spurious identification of
differentiation due to sampling (Serre & Paabo 2004;
Handley et al. 2007). Second, the number of available
markers for most wild species is limited, resulting in a
lack of power to detect differentiation at fine spatial
scales (Kalisz et al. 2001; Hardy et al. 2004). While dense
sampling is common in many studies of fine-scale
genetic structure in plants, a lack of genetic markers is
likely the main reason that so few empirical studies on
fine-scale genetic structure have been successful at
describing the spatial patterns of localized differentia-
tion.

In this paper we exploit the availability of genome-
wide SNP markers to study fine-scale genetic structure
in the wild ancestor of cultivated maize, annual teosinte
(Zea mays ssp. parviglumis, hereafter teosinte). Like
maize, teosinte is an outbreeding annual grass. It is
common throughout south-central Mexico, where it is
found growing in large, dense populations. Several
authors have investigated patterns of genetic structure
in teosinte (Doebley et al. 1984; Fukunaga et al. 2005;
Moeller et al. 2007), and while these studies reveal
strong population structure at the landscape scale, little
is known regarding fine-scale genetic structure. The
combination of high diversity and low population dif-
ferentiation observed in teosinte from the Balsas region
of Mexico (Moeller et al. 2007) makes these populations
of particular interest for studying continuous genetic
variation.

We sampled a total of 964 seeds from individually
mapped teosinte plants from two populations situated
within contiguous grassland habitat in the Balsas region
of Mexico. Seeds were sampled uniformly at ~5 m
intervals to achieve fine-scale spatial coverage within
both sites. Each individual was genotyped using 468
SNP markers, selected from both random and candidate
genes (Weber ef al. 2007, 2008). Our aim was to eluci-
date spatial patterns of genetic structure at the limits of
high gene flow. We specifically addressed the occur-
rence of differentiation, in combination with spatial
autocorrelation of relatedness, by studying spatial
trends using principal component analysis and relating
them to allele frequency differences. We evaluated the
possible roles of kin structure, natural selection and
topographical discontinuities as potential factors that
could explain the observed genetic structure. Our
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combination of dense, uniform sampling and a large
number of markers allowed us to analyse genetic
structure in unprecedented detail, making it one of the
first empirical studies to describe the precise patterns
of spatial genetic differentiation within individual
outcrossing populations.

Methods

Plant materials and sampling

Single seeds of individual teosinte plants were collected
from two sites in the south of the Mexican state of Mex-
ico (Fig. 1). The two sites—Hill (18.583°N, 100.356°W)
and Mound (18.640°N, 100.358°W)—are located 6.3 km
apart within large, semi-contiguous stands of teosinte in
a mesquite grassland. Seeds were collected from the
Hill site on November 30, 2005 from 389 individual teo-
sinte plants in a very dense stand growing on a steep
hillside. The eight seed collectors formed a line at the
base of the slope roughly parallel to the contour, mov-
ing upslope and stopping approximately every five
meters to collect seed from a plant. The two seed collec-
tors at the ends of the line took GPS readings every
fifth plant; GPS coordinates of other sampled individu-
als were calculated via linear interpolation of these out-
side readings. Seeds from 575 plants were collected the
following day from the Mound site using a modification
of the same collection strategy in which two transects
were laid from a central location in the population. An
additional 2-m grid was used to finish collection in the
northwestern extreme of the Mound population. Field
elevation profiles for both sites were inferred by sub-
mitting a square grid of spatial coordinates surrounding
each site to the NASA SRTM3 elevation database, as
implemented on the GPS visualizer website (http://
www.gpsvisualizer.com/).

Genotyping

We selected SNPs that had been successfully genotyped
(less than 10% missing data) in maize and teosinte

Fig. 1 Images showing the Hill and the
Mound sites.

(Briggs et al. 2007; Weber et al. 2007, 2008, unpublished
data). From these, we preferentially chose SNPs from
alignments that contained multiple scorable SNPs.
These SNPs were selected from alignments of either (1)
genes with known biological functions (henceforth ‘can-
didate genes’; Weber et al. 2007, 2008) or (2) low-copy
EST sequences chosen at random from ~10 000 maize
ESTs in the MMP-DuPont set (Gardiner et al. 2004). The
random ESTs were screened by overgo-hybridization
against the maize B73 BAC library (Gardiner et al.
2004), and only ESTs that hybridized to a single BAC
contig were used for SNP discovery (Wright et al. 2005).
SNP genotyping was performed using the Sequenom
MassARRAY System (Jurinke et al. 2002). A complete
list of the SNPs used in this study is included in
Table S1 (Supporting Information). Sequence align-
ments, genotypes, and SNP context sequences are avail-
able at http://www.panzea.org. As in most other
studies, our SNP markers were ascertained in a limited
set of individuals and their absolute frequencies may
therefore be skewed towards medium frequency vari-
ants. Absolute values of heterozygosity reported in our
study should therefore not be compared to other pub-
lished values, although relative values and differentia-
tion are not likely to be affected by ascertainment.

Genotypes were obtained from Sequenom Inc. for
599 submitted SNPs. From this data set, quality control
removed 109 SNPs: 88 SNPs had greater than 10%
missing data, 15 SNPs showed extreme genotypic fre-
quencies (Fig > 0.4 or <-0.25), and 6 SNPs either failed,
were found to be duplicates, or were typed as hetero-
zygous in the inbred control line W22. An additional
22 SNPs were monomorphic in our sample. Nine
plants were deleted from the final data set because
they had greater than 20% missing data. Our final
data set thus consisted of 955 individuals genotyped
for 468 SNPs. Of these SNPs, 173 were scored in one
of 34 candidate genes and 295 in one of 95 random
genes. Candidate genes had an average annotated
length of 1219 bp and contained 5.56 SNPs per gene,
while random genes averaged 525 bp with 3.14 SNPs
per gene.
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Diversity and linkage disequilibrium

We calculated Nei's gene diversity (Nei 1973) and
Wright's inbreeding coefficient Fig (Wright 1951) and fix-
ation index Fsr (Weir 1996, p. 167), for random and
candidate SNPs in both the Hill and Mound popula-
tions. The physical positions of SNPs were mapped by
blasting context sequences against the maize genome
(http:/ /www.maizesequence.org), and are listed in
Table S1 (Supporting Information). Using physical dis-
tances from the reference genome pseudomolecules, we
then estimated the decay of linkage disequilibrium (%)
following Remington et al. (2001).

Principal component analysis and genetic
differentiation

Genetic differentiation within and between populations
was analysed using principal component analysis
(PCA) on the SNP genotype data (Patterson et al.
2006). This approach detects and summarizes differen-
tiation by identifying a set of successive orthogonal
principal components (PCs), each explaining a higher
amount of the total variation than any remaining PCs.
Significance is determined by comparing eigenvalues
corresponding to successive PCs to the theoretical
Tracy-Widom (TW) distribution of largest eigenvalues
(Tracy & Widom 1994). As this distribution assumes
independence of markers, we applied a correction for
linkage among SNPs within the same gene. We used a
two-stage approach in which we performed a separate
PCA for each of g genes, and replaced the s; SNPs
within a gene by s;—k; principal components, or
eigenSNPs (Lin & Altman 2004), where k; represents
the number of eigenSNPS accounting for <0.1% of
total variance within a gene. These m =% (s; — k;)
eigenSNPs were normalized by their standard devia-
tions, and joined into a n X m matrix U, with n being
the number of individuals. PCA was then performed
on this matrix, with the significance of PCs determined
by comparing the standardized eigenvalues of the
covariance matrix of U to the TW distribution (Patter-
son et al. 2006).

Because the columns of U are normalized by their
standard deviations, performing PCA on this matrix is
technically equivalent to an eigenvalue decomposition
of a correlation matrix. Strictly speaking, Tracy-Widom
theory applies to covariance matrices, so the distribu-
tion of our eigenvalues is not guaranteed to exactly
match the TW distribution (Johnstone 2001). We there-
fore tested the validity of our two-stage approach on
1000 data sets simulated from the observed variance
and covariance between SNPs. A matrix U was calcu-
lated for each data set and the distribution of the largest
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standardized eigenvalues compared to the TW distribu-
tion.

Genotypes were clustered based on the significant
principal components (Paschou et al. 2007). We applied
Ward’s hierarchical clustering algorithm to the matrix
of Euclidean distances, calculated from the PCs, and
used the R function cutree to assign individuals to each
cluster.

Analysis of spatial autocorrelation and differentiation

Spatial autocorrelation of relatedness was performed
using the programme SPAGeDi (Hardy & Vekemans
2002). Average pairwise genetic relatedness f; was cal-
culated for different distance classes according to Rit-
land (1996) and plotted as a function of the Euclidean
distance between individuals. Spatial autocorrelation of
the main within-population PCs, corresponding to local
differentiation, was calculated by Moran’s I. Signifi-
cance of spatial autocorrelation was evaluated by a
Mantel test.

The spatial distribution of values of significant PCs
and clustering results was visualized by means of Voro-
noi mosaics of the sampling coordinates, using the
tripack package in R (R Development Core Team 2009).
Spatial clustering patterns were quantified by calculat-
ing the correlation between the matrix of geographical
distance and the pairwise matrix of cluster identity, in
which each element takes a value of 1 for individuals
from the same cluster and 0 otherwise. To evaluate spa-
tial changes in PCs across each site, average PC values
were calculated over sections spaced at 15-m intervals
defined by the orthogonal intercepts of each point
with a central line drawn through each field. Similarly,
genetic differentiation with respect to the total
population was calculated for each section as
Fst = (p—pi)* = (pi(1 — pi)/2n)/p(1 — p), where p is the
average allele frequency in the population, p; is the fre-
quency within a section, and 7 is the number of plants
sampled in that section. Significance of trends of PC
values was tested by linear regression of individual
plant PC values against the position along the central
line. Correspondence between PC values, Fgr, and
inferred clusters was studied by calculating the percent-
age of individuals belonging to each cluster for each
15 m section across the central line.

Selection analysis

It seems feasible that variation at candidate SNPs—
found in genes whose mutant alleles have effects on
plant phenotypes such as morphology, flowering time
and seed physiology—could influence local adaptation.
Accordingly, we asked whether candidate genes might
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be more likely to show evidence for selection than
genes chosen at random and without known effects on
phenotype. We tested this idea by comparing the contri-
bution of candidate and random SNPs to population
differentiation. A mixed model was fitted to the per
gene median eigenSNP loadings to a single PC, with
gene class as a fixed effect and number of SNPs per
gene as a random term. Significance was tested by com-
paring the likelihood with a reduced model without the
gene class term. To evaluate evidence of selection on all
SNPs irrespective of gene class, we performed an out-
lier analysis of per-locus differences in allele frequencies
between pairs of populations (Price ef al. 2009). Outliers
were identified using Quantile-Quantile (Q-Q) plots of
Price et al’s test statistic against a chi-square distribu-
tion with 1 degree of freedom.

Results

Diversity and linkage

Mean gene diversity was identical in both Hill and
Mound sites (Hg = 0.29 + SE 0.007). The two sites
showed low but significant genetic differentiation (Fsr =
0.017, +SE 0.001), similar to that reported for Balsas
teosinte by Moeller et al. (2007). Genotype frequencies
in the full data set deviated little from equilibrium
expectations (Fig = 0.085 + SE 0.004), also consistent
with previous reports in teosinte (Doebley et al. 1984);
the equilibrium selfing rate estimated from Fig (Haldane
1924) was ~16%. Fig was higher in the Mound site
(0.088 vs. 0.065, t test, P = 0.001). Though we observed
linkage among SNPs within a locus (<10 kb distance,
mean pairwise 7 =023) linkage disequilibrium
decayed extremely rapidly (Fig. S1, Supporting Infor-
mation), and SNPs in different loci were effectively
unlinked (>10 kb, mean r? << 0.01).

Genetic differentiation

Because multiple SNPs were typed for most loci, we
anticipated that analysis of population structure would
be confounded by correlations among linked SNPs.
Model-based methods for genetic structure analysis
such as sTRUCTURE (Pritchard et al. 2000) are not recom-
mended for use with tightly linked markers (Falush
et al. 2003), and our simulations showed that PCA
methods consistently overestimate the number of clus-
ters unless linkage is accounted for (Fig. S2, Supporting
Information). Consistent with this, PCA on the matrix
of normalized SNPs in both populations yielded 64 sig-
nificant PCs, but correcting for linkage using our two-
stage PCA approach (see section ‘Methods’) resulted in
the detection of only four significant PCs in the total

data set (P = 8.0e-09, 2.1e-3, 6.2e-3, 2.3e-2, 5th PC: 0.45).
All further PCA results utilized the eigenSNP matrix
from this two-stage approach. The first eigenvalue
accounted for 46% of the significant variation (1.6% of
the total variation) while the remaining three eigen-
values each contributed 18% (0.6% of the total varia-
tion). Clustering based on the first PC clearly separated
the Hill and Mound sites, leaving only five individuals
(1%) misclassified at each site (Fig. S3, Supporting
Information). The second and third PCs further sepa-
rated the Mound site into three subgroups. The fourth
PC was associated with three groups within Mound as
well as an apparent subdivision within the Hill plot.

To maximize the power to detect within-population
structure, we performed separate principal component
analysis for each site. All subsequent results are based
on within-population PCs. Within the Hill site, none of
the PCs were significant, suggesting little evidence for
substructure. In contrast, analysis in the Mound popula-
tion showed three significant PCs, indicating the pres-
ence of four differentiated groups. Fsr calculated over
the four inferred subpopulations was 0.012, significantly
higher than observed in 1000 random assignments of
individuals to groups (P < 0.001, mean Fsr = 0.003).
Mean Fis within Mound subpopulations was 0.077,
compared to 0.087 in the total population. Although this
was still higher than the value of 0.065 observed in the
Hill population, the difference was no longer significant
(t-test, P = 0.075).

Spatial autocorrelation of relatedness

Both the Hill and Mound sites showed significant spa-
tial autocorrelation of relatedness (Fig. 2a). Overall
relatedness was low however, and few close relatives
(sibs and half-sibs, f;; > 0.25) were found (5 pairs in Hill,
14 pairs in Mound). Close relatives did not cluster spa-
tially, although they were closer on average than ran-
dom individuals (Hill: 31 m vs. 69 m, Mound: 76 m vs.
106 m). The Mound site showed higher relatedness over
the first 50 m, but relatedness fell to 0 beyond this dis-
tance in both populations. Spatial autocorrelation calcu-
lated within the four subpopulations of the Mound site
yielded a curve that more closely resembled the Hill
site.

Spatial autocorrelation of principal components

Analysis of Moran’s I of individual PCs (Fig. 2b-d)
showed that the genetic differentiation within the
Mound plot as revealed by the three significant PCs
was indeed spatially structured: autocorrelation
extended to the maximum distance class for the first
PC, while the second and third component showed
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Fig. 2 Spatial autocorrelation analysis. The top left panel shows the spatial autocorrelation of relatedness for the Hill population, the
Mound population and the Mound population corrected for inferred within-population structure. The remaining panels show
Moran’s I as a function of distance for the first (nonsignificant) within-Hill PC and the first three (significant) within-mound PCs.
Shaded areas represent the 95% confidence envelope generated from 100 random permutations of the data.

significant autocorrelation but at decreasing spatial
scales. The first two within-Hill PCs did not show sig-
nificant autocorrelation, although the correlation with
distance was somewhat stronger for the second PC
(Fig. 2e, f).

A Voronoi heat map of the PCs confirmed these find-
ings: clear spatial patterns were visible for the first two
significant within-Mound PCs, but no spatial pattern is
apparent for PCs in the Hill site (Fig. 3). The first PC in
the Mound population showed an increasing trend
from north to south that was accentuated at the
extremes of the sampling area, while the second PC
decreased from north to south, but increased again in
the southern extreme of the site. No obvious pattern
was evident for the third within-Mound PC.

We further confirmed spatial genetic differentiation
within the Mound population by analysing the distribu-
tion of clustering results based on the three significant
PCs. Allowing for three groups, three spatial clusters
were apparent that roughly corresponded to the north-
ern, central and southern parts of the field, although
individuals assigned to the three clusters were found
throughout the field (Fig. 4). Adding a fourth group
resulted in the subdivision of the northern cluster, but
without any clear spatial interpretation. Mapping clus-
ters derived from the first three PCs in the Hill did not
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reveal any spatial pattern (Fig. 4), consistent with the
lack of significance for the PCs.

To evaluate the sensitivity of spatial clustering to
reduction in the number of markers, we compared the
observed correlation between cluster identity and geo-
graphic distance in the Mound population (0.157 vs.
—0.001 in Hill) to estimates from analyses performed on
subsets of our marker data. A clear positive relationship
is evident between number of markers analysed and
the correlation between cluster identity and distance
(Fig. S4, Supporting Information), with very little corre-
lation remaining when using fewer than 250 SNPs.
Also, reanalysing the mound data without correction
for linkage led to a lack of correlation between cluster
identity and distance (correlation coefficient —0.015).

We studied the spatial relationships between the
within-plot principal components, clustering results,
and levels of differentiation by plotting section-aver-
aged PC and Fgr values on the relative predominance
of each of three clusters (Fig. 5). The results for the Hill
site again were consistent with a lack of spatial struc-
ture. The first PC showed no trend along the field
mid-line, and although values of the second PC chan-
ged significantly across the field (P < 0.001), distance
along the mid-line explained only 3% of total variation.
Similarly, cluster membership based on the first three
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Fig. 3 Voronoi mosaics showing the distribution of PC values for Hill and Mound. White areas within each population mark

patches of nonhabitat that did not contain any accessible plants.

PCs showed no spatial trend, and Fsr between each sec-
tion and the total population was correspondingly low
across the field with no clear differences between sec-
tions. Within the Mound site, however, the first PC
showed a clear upward trend across the field (P < 2e-
16, R?> = 0.35), with a stronger slope visible along the
first 100 m. The second PC showed a much weaker
trend along the field mid-line (P = 0.009, R? =0.02) but
a clear upward trend was visible over the last 75 m of
the field. Cluster membership changed along the field,
with prevalence of the first and third cluster negatively

correlated with PC1 and positively related with PC2.
Prevalence of the second cluster was associated with
intermediate values for both PCs, typical of the middle
section of the field. Consistent with the observed spatial
structure, section-wise Fgr in the Mound was higher
compared to the Hill population, with the largest values
occurring in the extremes of the field, corresponding to
the sections of highest prevalence of the first and the
third cluster. Projection of section-averaged elevation on
the clustering results (Fig. 5) showed a possible relation
between local topology and prevalence of the three

© 2010 Blackwell Publishing Ltd
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Fig. 4 Voronoi mosaics of individual assignment to each of three groups based on the first three PCs in Hill and Mound.

clusters in the Mound population: changes in slope on
either side of the central, flat region corresponded to
the sharpest transitions in cluster prevalence. No such
relation was evident in the Hill population.

Selection

We compared the per-gene averages of eigenSNP load-
ings between candidate and random loci for the main
significant PCs. Mixed model analysis of median load-
ings did not provide evidence for selection at candidate
loci. Differentiation between populations and subpopu-
lations did not differ between candidate and random
SNPs. Differentiation at individual SNPs reached maxi-
mum values of Fgr of 0.169 (PZA03320.3) between pop-
ulations and 0.152 (PZA03095.2, AY103840) within the
Mound population. Q-Q analysis showed little evidence
of selection at individual SNPs, however. The only
deviation from the expected distribution was found
within the Mound plot, where comparison between the
middle- and south cluster showed 11 deviating SNPs
with a maximum Fsy of 0.07 (Fig. S5, Supporting Infor-
mation). Six of these SNPs (PZA03319.2, PZA03319.3,
PZA03781.3, PZA03781.5, PZA03781.8, and PZB00232.1)
mapped to three candidate loci (ath-miR156, AY107952,
and BG836523), while the five remaining SNPs
(PZA00407.9, PZA00471.3, PZA03094.18, PZA03095.2,
and PZA03102.2) mapped to five random loci
(Table S1). Removal of these 11 SNPs caused a loss of
significance of the second and third within-Mound PCs
but did not appreciably change the clustering results or
the PC and Fsr trends across the field (data not shown).

© 2010 Blackwell Publishing Ltd

Discussion

We have presented results on fine-scale spatial genetic
structure in two continuous populations of a highly
outcrossing species. By using dense, uniform sam-
pling, and a large number of markers, we were able
to observe extremely subtle patterns of structure
within individual populations. Our study represents
one of the first to provide explicit descriptions of dif-
ferentiation at such a high spatial resolution. We also
present one of the first applications of PCA to the
study of fine-scale genetic structure and demonstrate
that PCA is a powerful tool for detailed dissection of
patterns of genetic diversity. Not only does it allow
for the detection of significant features of genetic
structure, but it provides a natural way to analyse
these features spatially. Although recent studies sug-
gest that spatial PCA results should be interpreted
with caution (Novembre & Stephens 2008), our addi-
tional analyses supported the patterns found by PCA.
In particular, our spatial Fsy results confirmed that
different parts of the Mound population were indeed
differentiated in terms of allele frequencies whereas
no such differentiation was evident in the Hill popu-
lation. We found that both the use of a large number
of markers and linkage correction were necessary for
detecting spatial patterns of differentiation at this
scale, providing a note of caution for studies using
few, or many linked markers.

We found that despite similar patterns of spatial
autocorrelation of relatedness, differentiation was
present in only one of the two populations. This result
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Fig. 5 Panel plot showing different parameters calculated for 15 m sections along the field midline in the Hill (left) and Mound
(right) populations. From top to bottom: PC1, PC2, Fsr with respect to the whole population, altitude estimated with SRTM3 eleva-
tion model. Gray bars forming the background of each plot represent the proportion of individuals in each section assigned to three
clusters based on the first three within-population PCs. Whiskers represent the 95% confidence intervals.
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suggests that subtle differences in local conditions can
create contrasting patterns of genetic structure even
among nearby populations of a high gene flow species.
Our results on the distribution of pairwise relatedness
values did not suggest a major role for kin structure in
creating spatial differentiation in the Mound popula-
tion. Since we genotyped single seeds, our study was
most suited to detect half-sibs due to sharing of pollen
donors among progeny. If pollen production were dom-
inated by only a few plants, local differentiation might
be caused by creating an excess of half-sib offspring in
their vicinity. Although some potential half sib pairs
were detected, their spatial distribution did not explain
the spatial patterns of differentiation found in this
population.

We also found little evidence suggesting a role for
natural selection in explaining our data. While some
studies have reported selection at a local scale under
high levels of gene flow (Hamrick & Allard 1972;
Antonovics 2006), neither our mixed model analysis of
candidate and random SNPs, nor the distribution of per
SNP values of Fsr provided strong evidence that selec-
tion was an important factor contributing to differentia-
tion between and within populations of teosinte.
Although some loci showed unusual levels of differenti-
ation between subpopulations in the Mound popula-
tions, their exclusion did not remove the observed
spatial patterns of differentiation.

It thus seems that nonrandom gene flow, caused by
barriers to dispersal or directional environmental
effects, is a more probable explanation for our results.
The observed correspondence between differentiation
within the Mound population and changes in slope, for
example, suggested a causal role for local topography.
Although the observed differences in elevation were
slight, it is possible that they affect pollen and seed dis-
persal in the relatively flat Mound habitat, whereas the
steep slope of the Hill population might preclude small
elevational differences acting as barriers to gene flow.
Other explanations remain, however. In the presence of
prevailing wind conditions, for example, the irregular
shape of the mound population could contribute to
local differentiation by causing biased pollen migration
into different parts of the field.

Although a definitive explanation of the patterns of
differentiation observed in the Mound population will
require further research, our detailed description of pop-
ulation structure enabled us to identify this differentia-
tion and narrow down the possible causes. Most studies
of fine scale genetic structure have exclusively studied
spatial autocorrelation of relatedness, without presenting
evidence for differentiation within the sampled popula-
tions. The contrasting patterns of structure observed in
our two teosinte populations highlight the fact that the

© 2010 Blackwell Publishing Ltd

observation of spatial autocorrelation of relatedness may
or may not be related to underlying differentiation. This
result is an important one: whereas spatial autocorrela-
tion may relate only to dispersal distances, local differen-
tiation signals the existence of factors that restrict or
direct local gene flow. It is thus difficult to interpret the
biological significance of spatial autocorrelation alone,
especially given its potential sensitivity to cryptic differ-
entiation (Xu et al. 2006). Our paper is not the first to
report on both spatial autocorrelation of relatedness and
differentiation using individual genotype data. A study
on Oryza rufipogon, a wild relative of cultivated rice
(Xu et al. 2006), identified highly differentiated (Fsy ~
14%) clusters within a local population and analysed the
effect of this structure on spatial autocorrelation of relat-
edness. The distribution of the sampled population was
not continuous however, and spatial clusters coincided
with discrete patches of individuals. Given that O. rufipo-
gon has relatively low outcrossing rates and shows clonal
reproduction, the presence of structure within the popu-
lation was somewhat unsurprising. More recently, a
study with similar aims to ours found trends in principal
coordinates and significant spatial autocorrelation of
relatedness within a continuous population of Eucalyptus
globulus (Jones et al. 2007). Unfortunately, the exact nat-
ure and interpretation of differentiation in this popula-
tion is difficult to gauge, as the authors did not report
levels and trends of differentiation, and their analyses
relied on interpolation procedures which obscure spatial
patterns of individual values. The extent to which their
results were affected by discontinuities in sampling or
by highly localized family structure—a possibility recog-
nized by the authors—is therefore hard to determine.

To our knowledge, our results are the first to show
that spatially structured genetic differentiation may
arise within continuous, densely sampled populations
in the presence of high gene flow and in the absence of
strong kin structure or selection. We also demonstrated
for the first time how discontinuity in major PCs and
Fgr affect the inference of significantly differentiated
clusters. We showed that accounting for this differentia-
tion can help to explain local differences in inbreeding
and patterns of spatial autocorrelation of relatedness
between sites that appear identical in their ecology.
While the observed within-population differentiation
was subtle (Fst ~ 1%), the fact that it is similar in scale
to the differentiation seen between populations none-
theless suggests that it may be biologically relevant.
Finally, in terms of marker number and sampling den-
sity, the present study represents one of the most pow-
erful analysis of fine scale-genetic structure to date. It
demonstrates how larger data sets may reveal unex-
pected genetic differentiation that can account for
some distinct features of the data. At the same time, the
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relatively weak structure uncovered is probably repre-
sentative of what may be expected when increasing the
number of loci after failure to detect differentiation with
fewer markers. Our results may therefore serve as a
benchmark for future studies by showing both the
possibilities and the limitations of using large data sets
for describing local patterns of genetic diversity.
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