1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Mol Ecol. 2011 November ; 20(22): 4631-4642. doi:10.1111/j.1365-294X.2011.05310.x.

Quantifying Effects of Environmental and Geographical Factors
on Patterns of Genetic Differentiation

Cheng-Ruei Leel and Thomas Mitchell-Olds!:2

1Department of Biology, PO Box 90338, Duke University, Durham, North Carolina, United States
of America

?Institute for Genome Sciences and Policy, Duke University, Durham, North Carolina, United
States of America

Abstract

Elucidating the factors influencing genetic differentiation is an important task in biology, and the
relative contribution from natural selection and genetic drift has long been debated. In this study,
we used a regression-based approach to simultaneously estimate the quantitative contributions of
environmental adaptation and isolation by distance on genetic variation in Boechera stricta, a wild
relative of Arabidopsis. Patterns of discrete and continuous genetic differentiation coexist within
this species. For the discrete differentiation between two major genetic groups, environment has
larger contribution than geography, and we also identified a significant environment-by-geography
interaction effect. Elsewhere in the species range, we found a latitudinal cline of genetic variation
reflecting only isolation by distance. To further confirm the effect of environmental selection on
genetic divergence, we identified the specific environmental variables predicting local genotypes
in allopatric and sympatric regions. Water availability was identified as the possible cause of
differential local adaptation in both geographic regions, confirming the role of environmental
adaptation in driving and maintaining genetic differentiation between the two major genetic
groups. In addition, the environment-by-geography interaction is further confirmed by the finding
that water availability is represented by different environmental factors in the allopatric and
sympatric regions. In conclusion, this study found that geographical and environmental factors
together created stronger and more discrete genetic differentiation than isolation by distance alone,
which only produced a gradual, clinal pattern of genetic variation. These findings emphasize the
importance of environmental selection in shaping patterns of species-wide genetic variation in the
natural environment.
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Introduction

Elucidating the processes underlying the origin and maintenance of genetic variation in
natural populations is a fundamental task in biology. The detailed characterization of genetic
variation may reveal the demographic history and population structure of a species (Bryc et
al. 2010; Novembre et al. 2008; Novembre & Stephens 2008; Platt et al. 2010; Sharbel et al.
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2000; van Heerwaarden et al. 2011). This information also enables further analyses, such as
association mapping for complex traits (Atwell et al. 2010; Huang et al. 2010; Yu et al.
2006) and the identification of genes that co-vary with specific environmental factors (Coop
et al. 2010; Eckert et al. 2010; Hancock et al. 2010; Manel et al. 2010), both aiming at
understanding the genetic basis of local adaptation and the mechanisms underlying
evolutionary changes. However, despite the fundamental importance of studying natural
genetic variation and the availability of diverse methods of describing patterns of genetic
variation, (Engelhardt & Stephens 2010; Gao et al. 2007; Jombart et al. 2009; Pritchard et
al. 2000), still few studies have tried to investigate the relative contributions of factors
affecting genetic differentiation across a species range.

It is widely acknowledged that genetic differentiation is strongly influenced by two
processes: isolation by distance and differential local adaptation (Nosil et al. 2008; Nosil et
al. 2005; Slatkin 1987; Wright 1931; Wright 1943). Under isolation by distance, the major
factor limiting interbreeding is the physical distance, and populations diverge via genetic
drift or clinal selective factors correlated with geographical distance. Because neighboring
populations often have only minor differences in local environments (for example, day-
length across latitude) and therefore minor reductions of immigrant or hybrid fitness,
substantial gene flow could occur among adjacent populations. As a consequence, the
amount of gene flow is mainly restricted by geographical distance, and genome-wide
divergence, as revealed by neutral genetic markers, is expected to be clinally correlated with
geographical distance. In contrast, when migration occurs between nearby populations
adapted to distinct environments, fitness of immigrants or hybrids may be reduced by
natural selection (Nosil et al. 2005), and the resulting reduction of genetic exchange may
facilitate or maintain genetic divergence (Thibert-Plante & Hendry 2010). Under this
process, an abrupt change in local environment (for example, elevation change over a few
kilometers) may cause substantial reduction of immigrant fitness, resulting in discrete, rather
than continuous pattern of genetic differentiation. Therefore, the degree of genetic
differentiation inferred from neutral loci is expected to correlate more with differences in
local environment than with geographical distance. Although examples, theories, and
reviews exist for the two processes (Engelhardt & Stephens 2010; Nosil et al. 2008; Nosil et
al. 2005; Orr & Smith 1998; Rundle & Nosil 2005; Schluter 2001; Schluter & Conte 2009;
Templeton 2008; Thibert-Plante & Hendry 2010; Wang & Summers 2010), few studies have
jointly considered the relative importance of isolation by distance and local adaptation on
genetic variation at a species-wide scale (but see Cushman et al. 2006; Freedman et al.
2010; Pease et al. 2009). By combining population structure estimation and niche modeling,
here we statistically separate and quantify the effects of isolation by distance and local
adaptation on genetic divergence patterns in the wild mustard species Boechera stricta.

For divergent selection to facilitate or maintain population differentiation, the environmental
differences between lineages should be higher than within species or populations (Coyne &
Orr 2004). Therefore, niche modeling has been used to identify possible environmental
factors contributing to population differentiation (Hiibner et al. 2009; Kozak et al. 2008;
Kozak & Wiens 2006; Nakazato et al. 2008). However, many environmental factors are
highly correlated with each other and with geographical distance. To avoid spurious
correlations, it is necessary to control for neutral processes when estimating the relationship
between environment and genetic structure (Dyer et al. 2010; McCormack et al. 2010).
Using geographical distance as a covariate, we investigate the contribution of environmental
factors to independent axes of genetic differentiation in Boechera stricta. With isolation by
distance as the null model (Novembre et al. 2008; Novembre & Stephens 2008; Platt et al.
2010; Sharbel et al. 2000), we attribute an axis of genetic differentiation to isolation by
distance when only geographical distance has significant effect on this axis, or when we are
unable to separate the effects of geography and environment due to their strong correlation.
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On the other hand, after controlling for geography, significant effects of environmental
factors are expected when local adaptation drives or maintains genetic divergence.

Previous research has identified three major genetic groups within Boechera stricta (Song et
al. 2009). A contact zone between the two most diverged groups (East and West) is found in
the Rocky Mountains in Idaho, USA. During the last glacial maximum, this contact zone
was mostly unsuitable habitat for this species or was covered by montane glaciers (Brunelle
& Whitlock 2003; Hostetler & Clark 1997), suggesting that the current overlap is a zone of
secondary contact after historical allopatry. Despite the existence of this contact zone, less
than 3% of sampled genotypes were admixed (Song et al. 2009); nevertheless, fertile and
healthy hybrids can be produced in the laboratory. Both observations suggest the existence
of an extrinsic reproductive isolating mechanism other than isolation by distance or intrinsic
hybrid inviability. If natural selection imposed by environmental factors contributes to
divergence and prevents current hybridization between the two genetic groups, we may be
able to identify environmental factors as significant predictors of genotypic differentiation in
both allopatric and sympatric regions. Additionally, the significant predictors should reflect
the same underlying causal factors in both regions. In contrast, if reproductive isolation is
caused by factors not related with environmental selection, while several environmental
factors may be identified in the allopatric regions due to correlations among geography,
genetic structure, and environments, no relationship between environmental factors and
genetic divergence should exist in the contact zone.

In this study, we address the following questions: (i) What is the relative contribution of
isolation by distance and environmental adaptation on independent genetic axes showing
distinct patterns of differentiation? (ii) When environmental adaptation is inferred, can we
further confirm this by identifying the same causal environmental variable in both allopatric
and sympatric regions?

Material and Methods

Study species

Genotyping

Boechera stricta (Brassicaceae) is a wild perennial mustard species and a close relative of
Arabidopsis thaliana (Mitchell-Olds 2001; Oyama et al. 2008). This species is native to
western North America, occupying wide geographical, altitudinal, and environmental ranges
(Song et al. 2006). Although polyploidy or apomixis occur in this genus (Schranz et al.
2005), B. stricta genotypes are predominantly diploid and sexual, with approximately 95%
selfing rate (Song et al. 2006). With 46 genotypes, previous research has identified three
genetic groups within this species (Song et al. 2009). To obtain more detailed information
on genetic variation across the distribution range and to examine the multi-dimensional
niche space of these genetic groups, we used 239 genotypes sampled from relatively un-
disturbed environments in western North America.

Seeds of Boechera stricta were collected from about 250 locations across western North
America and grown in the Duke Greenhouse. One individual was randomly chosen as
representative of each collection site, a sampling scheme also used in previous studies
(Manel et al. 2003; Platt et al. 2010). Because genetic variation within local populations is
low (Song et al. 2006), this sampling scheme maximizes genetic diversity for a given
sample size. Trichome morphology was examined for species confirmation (Rollins 1993),
and the ploidy was estimated by flow cytometry (Partec, Munster, Germany) or the number
of alleles in microsatellite loci, leaving 239 diploid individuals, each from different locations
(Figure 1A). Seventeen microsatellite markers used in a previous study (Table S1, Song et

Mol Ecol. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lee and Mitchell-Olds Page 4

al. 2006) were genotyped, and the PCR primers were modified for fluorescently-labeled
M13-tailing (Boutin-Ganache et al. 2001). PCR products were processed with Applied
Biosystems 3730, and alleles were called with GeneMarker (SoftGenetics, State College,
PA, USA).

Genetic analysis

Two major methods have been employed to identify population structure (Engelhardt &
Stephens 2010). Admixture-based models, such as STRUCTURE (Pritchard et al. 2000),
estimate the proportion of each sample’s genome derived from an ancestral genetic group.
The other method, principal component analysis (PCA), uses multivariate statistics to depict
the genetic structure and is free from many population genetics assumptions underlying
STRUCTURE (Gao et al. 2007; Jombart et al. 2009). Although the two methods differ in
model assumptions and methodologies, a recent study (Engelhardt & Stephens 2010)
showed that both approaches are special cases of matrix factorization with different
constraints, and while admixture-based models are more suitable for discrete and partially
admixed populations (such as secondary contact after historical allopatry), PCA is more
useful with continuous patterns of differentiation (such as isolation by distance). Here, we
employed advantages of both methods to investigate population structure within Boechera
stricta. We have not employed methods that incorporate geographic information while
assigning genetic structure (for example, Guillot et al. 2005) because our goal is to
investigate the population structure based on genetic information per se, with the
contributions from geography and environment to be estimated subsequently.

With STRUCTURE, three replicates were run for each k value (k = 2 and 3), following
previous results (Song et al. 2006). We tried other k values (k from 4 to 10) but do not
explicitly report the results here because we focused on the major genetic differentiation
pattern in this study and other k values did not produce clear patterns (data not shown).
Within each run, a total of two million iterations were conducted with the first one million as
burn-in. In our definition, a genotype was regarded as belonging to a pure group if the
Bayesian posterior probability was higher than 0.8. In addition, principal coordinate analysis
(PCOA) was conducted with GenAlEx (Peakall & Smouse 2006). GenAlEx first calculated
a pairwise genetic distance matrix based on the allele states. The PCOA axes and scores
were then obtained by performing multidimensional scaling on this matrix. In theory, PCOA
is equivalent to principal component analysis (PCA) if the initial distance matrix is
calculated as Euclidean distance. Therefore, the PCOA result generated by GenAIlEXx can be
viewed as the PCA of allele states within Boechera stricta.

We used customized Perl scripts to compare the range of Fgt values between genetic groups
identified by STRUCTURE. Instead of bootstrapping among loci (Goudet 2001), our script
performed bootstrap resampling of individuals within each genetic group. This approach
gave us the advantage of retaining information from all loci while accounting for the spatial
and temporal unevenness in field seed collection. One thousand bootstrapped data sets were
generated by randomly resampling individuals from each group. Each data set was
transformed into the input data format of FSTAT (Goudet 2001), and Fgt was calculated as
the proportion of between-group to total genetic variation by package HIERFSTAT (Goudet
2005) in R (http:/Avww.r-project.org/).

Environmental variables

Environmental variables with a resolution of 1 km? were downloaded from publicly
available databases. Elevation and nineteen biologically-relevant climatic variables (Bioclim
variables) were downloaded from World Clim (Hijmans et al. 2005), and five topographical
variables (aspect, slope, flow direction, flow accumulations, and compound topographical
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index) were downloaded from the HYDRO1k database of U.S. Geological Survey (USGS).
Based on latitude and longitude, data layers were overlaid in ArcGIS 9 (ESRI, Redlands,
CA, USA), and environmental factors from Boechera stricta collection sites were extracted
with Hawth’s Tools (http://www.spatialecology.com/htools/tooldesc.php). In addition, we
manually measured “distance to the nearest stream’ with the resolution of one meter in
Google Earth. Some environmental factors were excluded due to high correlation (r > 0.9 in
some pairs of variables), finally leaving six climatic and four topographical variables (Table
S2). The six climatic variables were chosen as the representatives of four major clusters in
the hierarchical clustering analysis of climatic variables (data not shown), and these
variables represent the mean and variation of temperature and precipitation and their
interaction effect. All environmental variables were log-transformed and standardized prior
to statistical analyses due to their skewed distribution. Latitude and longitude were also
transformed in the following regression-based but not distance-matrix-based analyses.

Niche modeling—The genetic analyses identified three major genetic groups, forming
two contrasting patterns of genetic differentiation within B. stricta - the discrete East-West
and the continuous North-South divergence. To dissect the effect of natural selection
(environment, isolation by adaptation) and genetic drift (geography, isolation by distance)
on the two distinct patterns of genetic differentiation, we first performed Mantel tests to
assess the correlations among genetic, environmental, and geographic distance matrices.
Pairwise genetic distance among genotypes was calculated by GenAlEx (described above),
and the environmental distance matrix was obtained by calculating the Euclidean distance
between pairs of collection sites from the ten environmental variables. The great-circle
geographic distance, the nearest distance between two points on the Earth surface, was
obtained by package “fields’ (http://CRAN.R-project.org/package=fields) of R using un-
transformed latitude and longitude values. We did not employ more complex geographical
distance measurements, such as least-cost path (Storfer et al. 2007), because the dispersal
distance of B. stricta is only a few meters (Mitchell-Olds, personal observation), a much
smaller scale than the resolution of the environmental data layers used in this study. To
account for the correlation among these three distance matrices, partial Mantel tests were
further conducted to estimate the contribution of environmental distance to genetic distance
while accounting for the effect of geographic distance. Both Mantel and partial Mantel tests
were performed with package ‘vegan’ (http://CRAN.R-project.org/package=vegan) of R,
and significance was determined by 1000 permutations.

However, while partial Mantel tests can examine the significance of correlations among
matrices, recent reports (Balkenhol et al. 2009; Legendre & Fortin 2010) show that such
distance-based methods have less statistical power and do not correctly estimate the amount
of total variation explained by predictor variables. To quantitatively estimate the relative
influence of genetic drift and environmental adaptation on genetic differentiation, we
combined the genetic principal component analysis (PCA) and geographical and
environmental discriminant function analysis (DFA) into a multiple regression framework:

GEN=GEO+ENV+GEO * ENV,

where GEN, GEO, and ENV are the genetic, geographic, and environmental ‘scores’ of each
genotype. Each genotype has its unique positions in the multivariate genetic, geographic,
and environmental spaces, and the corresponding scores are projections on axes that best
distinguish genetic groups in each multivariate space. Notice that we employed DFA rather
than PCA for geographical and environmental factors because PCA axes only capture most
variation among all samples, but not necessarily the geographical or environmental
differences between genetic groups. These scores provide a metric to quantify how
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Results

geographical and environmental factors predict genetic variation between Boechera genetic
groups. Thus, the GEN score is simply the projection on the genetic PCA axes. For GEO
and ENV, discriminant function analyses (DFA) were first performed between the inferred
genetic groups being compared, and the geographic and environmental score of every
individual (including hybrids) was calculated from the coefficients of each variable
identified by DFA. DFA was performed with the ‘MASS’ package
(http://CRAN.R-project.org/package=MASS) in R, and multiple regression was performed
with JMP 8 (SAS, Cary, NC). Proportion of genetic variation explained by GEO or ENV,
after accounting for the effect of each other, was calculated from Type 111 sum of squares.
The entire analysis was conducted separately for the East-West and North-South
comparisons. We chose genetic PCA values rather than STRUCTURE posterior
probabilities as responses because PCA axes are independent by definition. This allowed us
to model the contribution from environment and geography to one genetic differentiation
pattern (e.g., East-West, PC1) with minimal interference from the other pattern (e.g., North-
South, PC2). In contrast, the posterior probabilities given by STRUCTURE are constrained
so that all values sum to 1. Nevertheless, using STRUCTURE posterior probability as
response variable yields qualitatively similar results (data not shown).

To further identify whether the two categories of environmental factors (climatic and
topographical, Table S2) have different contributions to the spatial distribution of ‘pure
genotypes’ in sympatric and allopatric regions, a similar regression analysis was performed
by separating the ENV factor into CLIM (six climatic variables) and TOPO (four
topographical variables):

GEN=GEO+CLIM+TOPO+GEO+CLIM+GEO*TOPO+CLIM+TOPO+GEO+CLIM+TOPO.

In these regression analyses, we were able to quantitatively estimate the contribution of each
predictor variable to the genetic structure of B. stricta by using the genetic PCA scores as
response variables. However, PCA scores reflect the genetic variation both within and
between genetic groups. Therefore, we used multiple logistic regression to identify specific
environmental variables contributing mainly to the between-group differentiation, with “‘pure
genetic group’ (a binary categorical variable) as response and twelve factors (latitude,
longitude, and ten environmental factors) as predictor variables. Because putting all
predictors in a full model simultaneously would cause over-fitting of the model, we first
used automatic forward selection of predictors in JMP 8 and then manually removed non-
significant variables. We set the alpha value for each iteration of the forward selection
process as 0.01, a somewhat stringent significance criterion, to prevent type | error
generated during multiple steps of model comparison and to limit the number of predictor
variables in the final model.

In analyses involving the comparison between East and West genetic groups in the
sympatric or allopatric regions, three collections from central Montana (MacDonald Pass
Trailhead, Elkhorn, and Brackett Creek) were removed because, due to limited sampling, we
were not certain about the existence of a contact zone there.

Genetic structure in Boechera stricta

Our larger sample confirms previous results (Song et al. 2009), in that STRUCTURE
identified three major groups (North, South, and West) when k = 3 (Figure 1A). When
setting k = 2, North and South merged into one group while West remained distinct. This
result was consistent with PCA (Figure 2). While the PC axis explaining the largest fraction
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(40.43%) of genetic variation distinguished West versus the two other groups, the axis
accounting for 17.23% of the variation separated North from South groups. Both results
were consistent with previous findings that West was most diverged from the two other
genetic groups. Therefore, North and South lineages will be referenced collectively as the
‘East’ genetic group at some points in the following discussion. This pattern was also
supported by the Fgr distribution from bootstrap resampling of “pure genotypes’ (mean Fgt
between East and West = 0.30, with 95% CI from 0.28 to 0.32; North and South = 0.18, with
95% CI from 0.16 to 0.21).

Noticeably, North and South groups are distributed continuously along the second principal
component axis (PC2, Figure 2). In contrast, although most of the West genotypes were
sampled in the Idaho contact zone, they were genetically distinct from the North group in
PC1, suggesting mechanisms other than geographic isolation may contribute to their genetic
differentiation. Therefore, our niche modeling focused on two distinct comparisons: a
species-wide comparison of East vs. West, and a North vs. South comparison within the
more continuously distributed East group.

Contribution of environment versus geography to population structure

Mantel tests showed that for both East-West and North-South divergence, all three distance
matrices (genetic, environmental, and geographic) were highly correlated (all P < 0.002). In
partial Mantel tests, environmental distance remained a significant predictor of genetic
distance after accounting for geographic distance only in the East-West (P = 0.001) but not
in the North-South comparison (P = 0.185).

The genetic PC1 values (from all samples) correspond to the genetic scores of East-West
divergence. Within the East group, PC2 scores correspond to North-South divergence
(Figure 2). In both cases, quantitative results from multiple regression revealed similar
pattern as the partial Mantel tests (Table 1). While the full models explained comparable
amounts of total genetic variation in both contrasts between groups (42.77% for East-West
and 50.84% for North-South), environmental factors gave significant prediction only for
East vs. West divergence (21.60%, P < 0.001) but not between North and South (0.87%, P =
0.107), while controlling for geographic effect. In the North-South comparison (Table 1),
any predictor only explained a small portion of genetic variation after accounting for the
contribution of other predictors. This reflects the strong correlation between geography and
environment in the North-South comparison (Pearson’s correlation coefficient r = 0.95, P <
0.001). In contrast, this correlation was less pronounced (r = 0.66, P < 0.001) in the East-
West divergence pattern.

These results suggest that isolation by distance played a fundamental role in the divergence
between North and South genetic groups. On the other hand, when controlling for
geographical factors, the importance of environmental selection was highly significant in
East-West divergence. Next, we focused on identifying the specific environmental factors
contributing to the ecological differentiation between East and West lineages.

Identifying sources of environmental selection

By separating ten environmental variables into six climatic and four topographical variables
(Table S2), similar regression analyses identified the relative contribution of the two
categories of environmental variables to the genetic divergence between East and West
genetic groups in sympatric and allopatric regions (Figure 1B, Table 2). In the allopatric
region, climatic factors explained 8.17% (P < 0.001) of total genetic variation, about three
times the contribution of topographical factors (2.66%, P = 0.001). These results were
reversed in the sympatric region, where topographical factors predicted 5.68% (P = 0.002)
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of East-West genetic divergence, but climatic factors alone had little effect (0.67 %, P =
0.278).

Logistic regression confirmed the importance of climate in allopatry and topography in
sympatry for the genetic divergence between East and West lineages (Table 3). In the
allopatric region, while most environmental variables differed significantly between East
and West genotypes in simple logistic regression (data not shown), only ‘winter
precipitation” (a climatic variable, P < 0.001) and longitude (P < 0.001) were significant in
multiple logistic regression. For sympatric genotypes, ‘distance to the nearest stream’ (a
topographical variable, P < 0.001) and latitude (P < 0.001) were significant in multiple
logistic regression. Noticeably, this pattern was also reflected by the significant interaction
effect between environment and geography in the previous multiple regression (Table 1).

Discussion

Recent years have witnessed the rise of landscape genetics, a research area combining
molecular population genetics and landscape ecology (Manel et al. 2003; Storfer et al. 2007;
Storfer et al. 2010). As summarized by Storfer et al. (2007), the study of landscape genetics
includes several major research categories, using a broad range of approaches to examine
geographical patterns of genetic variation. Nevertheless, most studies focus on the effects of
geographical and environmental factors on current gene flow among local populations.
Phylogeography, on the other hand, differs from landscape genetics in the broader spatial
and longer temporal scale considered (Manel et al. 2003; Storfer et al. 2007). However,
despite its larger spatio-temporal scale, phylogeographic analyses to date have concentrated
primarily on the effect of historical neutral processes on the pattern of genetic variation, and
the role of environmental adaptation is not often considered (Hickerson et al. 2010). Here
we combine the consideration of environmental factors from landscape genetics and the
broad spatio-temporal scale of phylogeography in order to separate the effects of neutral
processes and environmental adaptation on the species-wide pattern of genetic variation. We
regard the pattern of genetic variation within Boechera stricta as created via the long-term
accumulation of reproductive isolation among the three major genetic groups, rather than the
result of recent gene flow between local populations. Hence, this research has larger spatio-
temporal scale than most landscape genetics studies. While most studies investigating
within-species genetic variation are mainly exploratory rather than hypothesis driven
(Storfer et al. 2010), our approach specifically tests whether different patterns of genetic
differentiation (distinct or continuous) are driven by heterogeneous contributions from
geography and environment.

In this study, we investigated the population structure of Boechera stricta and then
performed sequential tests to examine the role of environmental factors in shaping the
pattern of species-wide genetic variation. First, we investigated the relative contributions of
isolation by distance and environmental adaptation to two contrasting patterns of genetic
divergence: East-West (discrete) and North-South (continuous). After the importance of
environmental adaptation was demonstrated in the East-West divergence, we then examined
the allopatric versus sympatric portions of the species range in order to infer the contributing
environmental factors.

Contribution of environment versus geography to population structure

Many studies have investigated the evolutionary processes that drive population
differentiation (Hubner et al. 2009; McCormack et al. 2010; Nakazato et al. 2008; Pease et
al. 2009). While most examples focus on either isolation by distance or environmental
adaptation, our study is one of the first to jointly estimate the relative influence of these two
forces on multivariate genetic differentiation at a species-wide level, and to identify distinct
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patterns at different levels of population structure (also see Cushman et al. 2006; Freedman
et al. 2010; Pease et al. 2009). Here, we used neutral molecular markers to represent the
pattern of genomic background divergence and used this estimated divergence as a surrogate
for the historical accumulation of reproductive isolation. Therefore, our goal in this study is
to use the degree of reproductive isolation as response variable and estimate the effect from
environmental adaptation, using isolation by distance as background control. This is in
contrast to many other studies, which controlled for population structure when searching for
phenotype-environment correlation (Keller et al. 2009; Keller & Taylor 2008), gene-
environment association (Coop et al. 2010; Eckert et al. 2010; Freedman et al. 2010;
Hancock et al. 2010), or gene-phenotype association both in the whole-genome (Yu et al.
2006) and the single gene level (Korves et al. 2007; Samis et al. 2008). Specifically, using a
multiple regression framework, we tested the contribution from isolation by distance and
environmental adaptation at the two hierarchical levels of genetic differentiation and found
heterogeneous effects from the two contributing factors across the species range. While
isolation by distance alone is sufficient to explain the moderate and continuous North-South
divergence, environmental variables show larger contribution than geographical factors in
the discrete divergence between East and West. Thus, when environmental adaptation is
involved, it may create or maintain higher genetic divergence than isolation by distance
alone.

In this study, we incorporated genetic principal component analyses (PCA) and discriminant
function analyses (DFA) of multivariate geographical and environmental data sets into a
multiple regression framework. This regression-based approach enables the quantitative
estimation of genetic variation explained by environmental and geographic factors and their
interaction effects, which could not be correctly estimated by partial Mantel test and its
derivatives (Balkenhol et al. 2009; Legendre & Fortin 2010; Manel et al. 2003). Similar
regression-based approaches have examined the contributions of environment and
geography to genetic variation (e.g., Sork et al. 2010), and the dimensions of environmental
variables were usually reduced via PCA rather than DFA, and multiple PCA axes were often
used. Instead, we examined factors contributing to each of the two hierarchical levels of
population structure, and therefore, we chose DFA in order to identify the axis best
distinguishing the environmental differences between genetic groups in the hierarchical
level being investigated. In addition, our study may be the first to demonstrate the
interaction effect between geography and environment in shaping natural genetic variation:
In Boechera stricta, the significant GEO*ENV interaction effect in Table 1 is further
confirmed by the finding that different environmental variables contribute to the East vs.
West divergence in sympatric and allopatric regions (Table 2 and 3).

The possibility that environmental factors contribute to the North-South divergence pattern
in B. stricta cannot be ruled out, however. Indeed, several studies have found phenotypic
divergence and local adaptation among populations along latitudinal gradients (Arthur et al.
2008; Colautti et al. 2009; Hopkins et al. 2008; Leinonen et al. 2009; Mitchell-Olds et al.
2007; Montague et al. 2008; Stinchcombe et al. 2004). As shown by several examples
(Hubner et al. 2009; Platt et al. 2010), when both environmental variables and axes of
genetic differentiation are highly correlated with geography, it is difficult to statistically
identify the causal factors. This is analogous to the well-known issue of population structure
in genome-wide association studies (Bergelson & Roux 2010; Marchini et al. 2004). Like
association studies, which control false positives by incorporating population structure into
the model (Yu et al. 2006), here we employ a similar approach by using isolation by
distance as our null model (Novembre et al. 2008; Novembre & Stephens 2008; Platt et al.
2010; Sharbel et al. 2000) and then examine the effect of environmental variables on genetic
differentiation while controlling for geographical factors. The importance of performing
such controls is illustrated by a recent study (McCormack et al. 2010), in which, contrary to
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previous results not accounting for geographical effects, no niche divergence was detected
between taxa after such controls were implemented. Similarly, another study (Zellmer &
Knowles 2009) used landscape data from three different time periods to model concurrent
genetic differentiation among frog populations, and after controlling the effect from each
other, they found only contemporary landscape features, rather than historical ones,
significantly predict genetic differentiation. Our approach is conservative, since we infer the
existence of environmental adaptation only when environment factors explain significant
genetic variation in addition to what is already accounted for by geography. If the effects of
geography and environment cannot be separated due to their strong correlation, we
conservatively attribute genetic differentiation patterns to isolation by distance. Thus, in
some circumstances a strong correlation between environment and geography may obscure
causal influences of natural selection due to environmental factors.

Nevertheless, even if the North-South divergence in B. stricta is under natural selection from
undetected clinal environmental factors, such selection may not cause obvious immigrant or
hybrid inviability between adjacent local populations. Under such clinal pattern, although
obvious local adaptation may be detected between distant populations (Etterson 2004;
Leinonen et al. 2009), there may be little environmental difference among nearby
populations. For example, if day length mediates local adaptation between North and South
genetic groups, the limited variation in day length between neighboring populations will
cause little reduction in gene flow. This clinal pattern is in sharp contrast to the East-West
divergence, where two genetically distant populations reside in environmentally distinct
locations separated only by a few kilometers. Indeed, given the predominant role of isolation
by distance in the North-South divergence of Boechera stricta and in Arabidopsis thaliana,
a close relative having similar breeding system (Platt et al. 2010; Sharbel et al. 2000), our
finding that environmental selection played a large role in the discrete East-West divergence
pattern further illustrates the importance of environmental selection in facilitating or
maintaining genetic divergence.

Identifying sources of environmental selection

After the importance of local environment was demonstrated in the East-West divergence,
we examined possible environmental factors underlying this divergence pattern to further
confirm the role of environmental variables and the GEO*ENYV interaction effect in shaping
genetic variation in B. stricta. If natural selection by environmental differences were driving
phenotypic differentiation during historical allopatry and maintaining reproductive isolation
after secondary contact, local genotypes should be consistently associated with predictable
environmental conditions. We found similar underlying mechanisms influencing genetic
differentiation in allopatric and sympatric regions (Table 2 and 3). In the allopatric region,
West genotypes occur in habitats with higher winter snowfall, which provides greater water
availability in summer. In the sympatric area, West genotypes occur in riparian sites near
streams, where they may experience higher and more consistent levels of soil moisture. In
contrast, East genotypes occur on high elevation mountain slopes where ephemeral moisture
is supplied by rainfall and snowmelt in spring and early summer. Therefore, during
historical allopatry, climatic differences likely drove the phenotypic divergence between the
two genetic groups. Upon secondary contact, this trait divergence causes the two genetic
groups to occur in distinct habitats based on topography, because climatic variation in the
contact zone is low relative to the species range across western North America. In addition,
the importance of controlling for geographical factors is again emphasized. While most
variables are significant predictors of local East-West genotypes in simple logistic
regression (data not shown), the putatively most important factors would be identified only
when the effect of geography (latitude or longitude) is controlled in multiple logistic
regression (Table 3).
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The possibility cannot be totally ruled out, however, that other correlated factors (such as
local fauna or other plant competitors) contribute to local adaptation of East and West
genotypes, rather than direct effects of water availability. Nevertheless, the importance of
soil moisture is supported by preliminary greenhouse and field observations (Lee and
Mitchell-Olds, unpublished data). Phenotypic differentiation is significant in a common
greenhouse environment, where East genotypes show higher tolerance of drought. Also,
observations in the field suggest that in their native moist riparian sites, West genotypes
have greater fruit production than East genotypes, possibly due to the longer flowering
duration and larger vegetative size. In contrast, slower flowering of West genotypes makes
them more susceptible to the late summer drought typical of Eastern habitat on montane
slopes. In addition to reciprocal immigrant inferiority (Nosil et al. 2005), their difference in
flowering time may also reduce the chance of hybridization, causing assortative mating.
Although the genome-wide neutral genetic divergence between East and West may have
arisen by genetic drift during historical allopatry, natural selection can be the force currently
maintaining such differentiation in the sympatric zone, given the lack of intrinsic hybrid
incompatibility.

Recently, methods have been developed to predict species distribution based on inferred
environments at collection sites (Phillips et al. 2006; Thomassen et al. 2010). However, our
results show that even if the same underlying factor (water availability) determines the
distribution of East and West lineages in B. stricta, distinct environmental variables (‘winter
precipitation’ or ‘distance to nearest stream’) may represent this underlying factor in
different geographical regions. Therefore, in this study we do not attempt to predict the
distribution of these genetic groups. In addition, the lack of a “distance to the nearest stream’
data layer with the resolution in meters may compromise the accuracy and statistical power
of such modeling methods. We suggest that future studies involving environmental niche
modeling should incorporate understanding of the biology and ecology of the target species
before applying a universal model to continental-scale distributions.

Concluding remarks

This study jointly estimates the relative contribution of isolation by distance versus
environmental adaptation to genetic divergence across a species range. In B. stricta, the
East-West axis of genetic differentiation, incorporating the joint influences of isolation by
distance and environmental adaptation, explains more species-wide genetic variation than
the North-South genetic axis, where only the effect of isolation by distance is significant. In
addition, our inference of environmental adaptation contributing to East-West divergence
also is supported by preliminary observations from laboratory and field. In summary, this
research emphasizes the role of ecological factors in the creation and maintenance of genetic
differentiation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Collection sites and STRUCTURE results for Boechera stricta

Each pie chart represents one individual randomly chosen from one location. Different
colors in each pie chart represent STRUCTURE posterior probabilities that the individual
belongs to each genetic group. A) The distribution of three genetic groups across western
North America. Red = West; blue = North; green = South. Notice the narrow contact zone
between West and East (comprised of North + South), and the clinal distribution between
North and South genetic groups. B) The distribution of West and East genetic groups around
the contact zone. Red = West; blue = East. Region encompassed by the dashed line is
regarded as ‘sympatric zone’.
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Figure 2. Genetic principal component analysis (PCA) of 239 Boechera stricta accessions
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PC1 explains 40.4% and PC2 explains 17.2% of total genetic variation. Accessions were
colored based on STRUCTURE results with k = 3, and a genotype belongs to a ‘pure genetic
group’ (W = West, N = North, S = South) only when the corresponding posterior probability
is higher than 0.8. ‘NS’ and “WE’ denote North-South hybrids and West-East (East = North
+ South) hybrids, respectively. Notice the distinct distribution patterns between West-East

along PC1 (discrete) and North-South along PC2 (continuous).
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Proportion of genetic variation explained by environmental (ENV) and geographical (GEO) effects or their
interaction in the East-West (species-wide, genetic PC1) and the North-South (within-East, genetic PC2)

genetic divergence patterns.

Predictors East-West Proportion explained (%) P value

Full model 42.77 <0.001
-ENV 21.60 <0.001
-GEO 0.06 0.608
-ENV*GEO 4.80 <0.001
Error 57.23

North-South Proportion explained (%0)
50.84

0.87

1.15

0.74

49.16

P value
<0.001
0.107
0.065
0.139
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Proportion of East-West (genetic PC1) genetic variation explained by climatic (CLIM), topographical

Table 2

(TOPO), geographical (GEO), or the interaction effects in the allopatric or sympatric regions.

Predictors

Full model

-CLIM

-TOPO

-GEO
-CLIM*TOPO
-CLIM*GEO
-TOPO*GEO
-CLIM*TOPO*GEO

Error

Allopatric Proportion explained (%) P value

71.69 <0.001
8.17 <0.001
2.66 0.001
3.18 <0.001
5.63 <0.001
0.35 0.231
0.15 0.430
3.25 <0.001
28.31

Sympatric Proportion explained (%0)
41.39

0.67

5.68

3.32

0.44

<0.01

0.01

1.27

58.61

P value
<0.001
0.278
0.002
0.017
0.381
0.995
0.878
0.136
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Table 3

P values based on likelihood ratio tests in multiple logistic regressions on East-West genotypes (a binary
response variable) in the allopatric or sympatric regions.

Predictors? Allopatric ~ Sympatric
Winter precipitation <0.001

Distance to the nearest stream <0.001
Latitude <0.001
Longitude <0.001

Only significant predictors in multiple logistic regression are reported. Refer to Table S2 for a full list of all variables used.
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