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ABSTRACT

Information about polymorphism, population structure, and linkage disequilibrium (LD) is crucial for
association studies of complex trait variation. However, most genomewide studies have focused on model
systems, with very few analyses of undisturbed natural populations. Here, we sequenced 86 mapped nuclear
loci for a sample of 46 genotypes of Boechera stricta and two individuals of B. holboelliz, both wild relatives of
Arabidopsis. Isolation by distance was significant across the species range of B. stricta, and three geographic
groups were identified by structure analysis, principal coordinates analysis, and distance-based phylogeny
analyses. The allele frequency spectrum indicated a genomewide deviation from an equilibrium neutral
model, with silentnucleotide diversity averaging 0.004. LD decayed rapidly, declining to background levels in
~10 kb or less. For tightly linked SNPs separated by <1 kb, LD was dependent on the reference population.
LD was lower in the specieswide sample than within populations, suggesting that low levels of LD found in
inbreeding species such as B. stricta, Arabidopsis thaliana, and barley may result from broad geographic
sampling that spans heterogeneous genetic groups. Finally, analyses also showed that inbreeding B. stricta

and A. thaliana have ~45% higher recombination per kilobase than outcrossing A. lyrata.

SSOCIATION studies are one of the fundamental
tools for identification of the genes responsible

for complex trait variation (ARANZANA et al. 2005). The
distance over which linkage disequilibrium (LD) per-
sists will determine the number and density of markers
and appropriate experimental design for association
analysis (FLINT-GARCIA e al. 2003; SLATKIN 2008). In-
breeding species are expected to have high levels of LD
(NorDBORG and INNAN 2002). To date, genomic sur-
veys of LD using SNP data are available for three highly
selfing plant species, Arabidopsis thaliana, barley, and
rice. In A. thaliana, LD decays within 10 kb at a genome
level (Kim et al. 2007), which is more rapidly than
expected considering its high levels of inbreeding. A
recent study of LD in wild barley (which has a 98%
selfing rate) showed very low levels of LD (MORRELL
et al. 2005). However, inbred rice populations show
significant LD across >75 kb (MATHER et al. 2007).
Thus, some inbred plant species have surprisingly low
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levels of LD in specieswide samples. To test the gener-
ality of this pattern and examine possible evolutionary
explanations for low levels of LD, we used genomewide
single copy nuclear loci to investigate the extent and
patterns of LD for Boechera stricta, a close relative of
Arabidopsis, which has largely undisturbed natural
populations and a high inbreeding rate.

Information on population structure is important in
association studies (GOLDSTEIN and WEALE 2001; FLINT-
GaRrcaia et al. 2003). The primary obstacles to successful
association studies in plants are population structure
and levels of linkage disequilibrium which may be
inappropriate for QTL identification. The presence of
subpopulations can result in spurious associations due
to confounding of unlinked markers with phenotypic
variation (BUCKLER and THORNSBERRY 2002). Thus,
population structure must be investigated to determine
the potential for association analyses. Population struc-
ture is also crucial for understanding the evolutionary
patterns of genes of interest. Most plant species studied
to date do not fit the demographic assumptions of the
standard equilibrium neutral model, and thus deviation
from neutral expectation is relatively common (WRIGHT
and Gaut 2005; MiTCHELL-OLDS and ScHMITT 2006;
Ross-IBARRA et al. 2008). One approach to understand-



1022 B.-H. Song et al.

ing evolutionarily important polymorphisms is to identify
loci that deviate from genomewide patterns of variation,
which may indicate a locus-specific influence of natural
selection. Thus, adaptation is best inferred by compari-
son to genomewide patterns of nucleotide variation and
population structure (MiTCHELL-OLDS and ScamiTT 2006).

In the past decade most studies of molecular pop-
ulation genetics have used model organisms, while
natural populations and organisms with complex life
histories have received far less attention (MITCHELL-
OLps and ScHmITT 2006). However, many key questions
in ecology and evolutionary biology cannot be ad-
dressed solely using model systems (GRACEY and COSSINS
2003; Lee and M1TCHELL-OLDS 2006). Recent progress
in computational biology, comparative genomics, phy-
logenetics, and functional genomics makes it possible to
apply these advances to diverse nonmodel systems
(ScHRANZ et al. 2007a). Here we focus on the genus
Boechera, which is closely related to Arabidopsis, thus
providing access to information and techniques from
this model plant species. Boechera is a widespread
North American group with great potential for studies
of ecology and evolution, occurring in diverse habitats,
with a range of mating systems, as well as highly variable
phenotypes (MiTCHELL-OLDs 2001). B. stricta (previ-
ously Arabis drummondii) is a morphologically and
genetically well-defined, monophyletic, shortlived pe-
rennial crucifer species (DOBEs et al. 2004). Genetic and
molecular analyses indicate that B. stricta is predomi-
nantly diploid, sexual, and inbreeding (/15 = 0.9 and 11 =
0.95) (ScHRANZ et al. 2005; SONG et al. 2006). B. stricta
populations are distributed in diverse habitats across
much of western North America, providing opportuni-
ties to study evolutionary and ecological functional
genomics in undisturbed natural environments.

In this study, we analyzed nucleotide polymorphism at
86 mapped loci in 46 individuals of B. stricta. We
examined population structure across the species range,
patterns of genomewide nucleotide polymorphism, and
LD on a scale of nucleotides and centimorgans. Specif-
ically, we ask the following questions: (a) Is the species
distribution genetically structured? If so, what are the lev-
els of population differentiation? (b) What are the levels
of genomewide polymorphism? (c) Whatis the extent of
LD at nucleotide and centimorgan scales, for both
specieswide and population-level sampling?

MATERIALS AND METHODS

Sampling: We analyzed 46 genotypes of B. stricta (one
individual/site), as well as two B. holboellii plants from two
locations (see supplemental Table 1; Figure 1A). The B. stricta
individuals span most of the species range in the western
United States. Although asexual hybrids between B. strictaand
B. holboellii are found in some populations (SCHRANZ et al.
2005; KANTAMA et al. 2007), these are readily identified by their
divergent morphology and high levels of heterozygosity, and
are not included in this study. Average f1s and It in B. stricta

are ~0.90 and 0.95, respectively (SONG et al. 2006), and these
studied genotypes had been propagated by self-pollination in
the laboratory for one generation; hence, levels of residual
heterozygosity were very low.

Loci, primer design, and sequencing: The loci included in
this study were chosen from the data set generated from end
sequencing of lambda clones (WINDSOR et al. 2006) with the
following filtering steps: exclude loci <600 bp; blast each locus
against ~43,000 B. stricta sequences in GenBank, and exclude
those with F_values >1E-2 to any other sequences; and
exclude loci containing microsatellites. We chose 69 loci
located on linkage groups 2-7 of the B. stricta genetic map
(SCHRANZ et al. 2007b). Loci on linkage group 1 (LG1) were
not selected because this chromosome showed low levels of
recombination in the mapping population (SCHRANZ et al.
2007b). Primers were designed using either PRIMER3 or
PRIMACLADE software (RozEN and SKALETSKY 2000; GADBERRY
et al. 2005), and the length of the PCR products ranged from
600 to 800 bp. In addition, 17 loci were chosen from previous
studies (ScHMID et al. 2005; SCHRANZ et al. 2007b; SONG and
MiTcHELL-OLDS 2007). Overall, a total of 86 mapped loci from
linkage groups 27 (SCHRANZ et al. 2007b) were examined. We
used direct sequencing of PCR products as described (SoNG
and MrTcHELL-OLDs 2007). Base calling and sequence trim-
ming followed ScHMID ef al. (2003). A few sites showing
heterozygosity were considered as missing data.

Data analysis: Polymorphism and diversity: Sequences were
aligned with ClustalW (THOMPSON et al. 1994) and diversity
estimates (S, m, and 0) for the 86 loci that were obtained from
DNASP 4.0 (Rozas et al. 2003). For the comparisons of
polymorphisms at silent, synonymous, and nonsynonymous
sites, 82 loci, with clear orthologs in A. thaliana, were analyzed
with the MANVA program (http:/www.ub.es/softevol/
manva/ ).

Structure analyses: Haplotype data were generated using
original Python scripts for the 86 loci, with singleton and
indel sites excluded from haplotype assignments. We used two
Bayesian Markov Chain Monte Carlo programs, INSTRUCT
and STRUCTURE, to infer historical lineages that show
clusters of similar genotypes (PRITCHARD et al. 2000; FALUSH
et al. 2003; Gao et al. 2007). STRUCTURE assumes Hardy—
Weinberg equilibrium and linkage equilibrium within pop-
ulations, although it can be applied to partially inbred
genotypes by randomly choosing a single allele from each
individual (J. PRITCHARD, personal communication). In
contrast, INSTRUCT does not assume Hardy—Weinberg equi-
librium and allows simultaneous inference of the selfing rate
and the number and admixture of historical lineages (Gao
et al. 2007). In these analyses, each locus was treated as a
marker with multialleles, so that two individuals had a dif-
ferent type if they differed at any nonsingleton site.

Both INSTRUCT and STRUCTURE programs assume that
the marker loci are statistically independent, hence, in linkage
equilibrium and not closely linked with one another. To verify
this assumption, LD was analyzed for these 86 loci with FSTAT
version 2.9.3 (GoupeT 2001). We ran INSTRUCT on the data
for five independent chains for each Kvalue (K = 2-9). Each
chain was iterated 200,000 times after burn-in with 100,000
iterations, using the model for inferring population structure
only with admixture. In addition, the STRUCTURE algorithm
was run with a burn-in length of 100,000 MCMC iterations and
then 50,000 iterations for estimating the parameters. This was
repeated five times for each K, ranging from one to nine.

Both INSTRUCT and STRUCTURE analyses consistently
identified four clusters for the 48 individuals, with three clusters
for the 46 B. stricta individuals (see RESULTS). We also analyzed
population subdivision employing principal coordinates
analysis (PCA) implemented in GENALEX (PEAKALL and
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F1cure 1.—Geographic distribution and population structure. (A) Geographic distribution of the samples in this study. Blue,
SOUTH; red, NORTHj; yellow, WEST; and green, B. holboellii. (B) Population structure based on Bayesian clustering for the 46 B.

stricta ecotypes and 2 B. holboellii individuals.

SMouse 2006) on pairwise genetic distances among all 46
individuals of B. stricta and two individuals of B. holboellii.
Finally, a neighbor-joining tree on the basis of genetic distance
was constructed in MEGA (TAMURA et al. 2007). We obtained
the same grouping patterns from all these methods. On the
basis of the three inferred groups in B. stricta, we analyzed
species-level and within-group diversity based on Sand 0 using
MANVA (http:/www.ub.es/softevol/manva/). The statistical
comparisons employed paired ttests in SYSTAT (version 11).
Genetic differentiation between pairs of inferred populations
was calculated with S,,,, (Hupson 2000) and Fst (HUDSON et al.

1992). S, (nearest-neighbor statistic) is a powerful statistic for
detecting genetic differentiation using sequence-based analy-
sis over a wide range of sample size and levels of variation
(Hupbson 2000). If two populations are highly differentiated,
Sun is expected to be near one. For I51, we employed Hubpson
etal’s (1992) Equation 3: Fsr =1 — H,,/Hy, (H,, is mean number
of differences between sequences from the same population,
and H, is mean number of differences between sequences
from the different populations). The hierarchical analysis
of population differentiation was conducted using AMOVA
implemented in GENALEX (PEARALL and SmousE 2006).
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Intralocus and interlocus L.D: The level of LD between pairs
of sites within each locus was estimated using the soft-
ware package TASSEL (http:/www2.maizegenetics.net/index.
php?page=home/index.html). Only biallelic SNPs with at
least 10% frequency were considered. SNPs typed in <75% of
the individuals in each group were excluded from LD analyses.
We evaluate LD using the correlation coefficient 7 between
each pair of SNPs (HARTL and CrLARK 2007). The intralocus
LD was estimated for the entire B. stricta sample, as well as for
each structure group (NORTH, SOUTH, and WEST, see
RESULTS). Decay of intralocus LD with distance in base pairs
(bp) was evaluated by nonlinear regression using SigmaPlot
(Windows version 10.0).

To examine the population recombination parameter (p =
4Nr) for the whole data set, as well as each population, we
obtained the estimates for each locus using a composite-
likelihood approach (Hubson 2001) as implemented in the
LDhat software package (McVEAN et al. 2002).

We evaluated interlocus LD by using the correlation co-
efficient 7 between all pairs of SNPs along each linkage group
using HAPLOVIEW (version 4.0) (BARRETT et al. 2005).
Interlocus 7 was calculated for the total B. stricta data set, as
well as for each group (NORTH, SOUTH, and WEST). Decay
of interlocus LD with distance (cM) for all samples and the
three groups was plotted using SYSTAT, on the basis of the
estimate that 1 ¢cM = 100 kb (SCHRANZ ¢t al. 2007b). A Mantel
permutation test implemented in the ZT program (BONNET
and VAN DE PEEr 2002) was used to test for significant
correlation between recombination distance and LD for each
linkage group.

To better understand the observed patterns of linkage
disequilibrium in our species, we calculated variance compo-
nents of linkage disequilibrium for each linkage group on the
basis of OnTA (1982) with the program LINKDOS (Brack and
Krarsur 1985). By analogy with the partitioning of the
inbreeding coefficient, OnTa (1982) defined several variance
components of disequilibrium to account for within- (D;s? and
D’st?) and between- (Dsr? and D'is?) subpopulation effects, to
discriminate among possible evolutionary forces shaping
patterns of LD (Brack and Krarsur 1985; KReEMER and
ZANETTO 1997; ViTALIS et al. 2002). When variances of LD
among subpopulations (D3} and D'?) are greater than those
within populations (Dis? and D'st?), this suggests that genetic
drift plays an important role in shaping observed patterns of
LD (Onta 1982; Brack and Krarsur 1985; VITALIS et al.
2002). Alternatively, epistatic selection among loci also might
be reflected by these components of LD.

RESULTS

Polymorphism and population structure in B. stricta:
Genome-level polymorphism: We surveyed 86 single copy
nuclear loci with average length (including indels) of
591 bp. The total length of all analyzed amplicons was
~b1 kb, and the number of nucleotides sequenced
reached 2.2 million. Overall, a total of 687 polymorphic
sites were detected, averaging S = 8 per locus and 0.013
per nucleotide. Pairwise sequence diversity averages m =
0.0030 (range from 0.0001 to 0.028) and mean 6 =
0.00385 (range from 0.0005 to 0.018) (Table 1). Poly-
morphism patterns along each linkage group showed
little evidence for local windows of high or low diversity.
Instead, we found apparently haphazard differences
among adjacent loci (see supplemental Figure 1). The

82 loci, with clear orthologs in A. thaliana, show 13.5%
divergence between B. stricta and A. thaliana at silent
sites, and average levels of nucleotide diversity of 0.0035,
0.0041, and 0.0017 for silent, synonymous, and non-
synonymous sites, respectively.

The site frequency spectrum can indicate whether
patterns of polymorphism are compatible with equilib-
rium neutral expectations. Our results show that the
distribution of polymorphism (0y,) for silent sites shows
an excess of rare alleles (Figure 2A), in comparison to
equilibrium neutral expectation. We also investigated
the frequency spectrum of nucleotide polymorphisms
using Tajima’s D (Tajima 1989). The frequency distri-
bution of Tajima’s D is skewed toward negative values
(Figure 2B). The mean value of Tajima’s D for all sites
was —0.46 (Table 1), which is significantly <0 (¢ =
—6.43, d.f. = 85, P < 0.001), showing a departure from
neutral equilibrium expectations. The Tajima’s D for
silent sites was also significantly <0 (1 = —2.647; d.f. =
71; P = 0.01). The Tajima’s D value is slightly less
negative in noncoding than in coding regions (—0.144
and —0.521, respectively), which is compatible with the
hypothesis that nonsynonymous polymorphisms occur
at relatively lower frequencies due to weak purifying
selection (MITCHELL-OLDS et al. 2007; Fox et al. 2008).

Population structure: To verify independence of the 86
loci assumed by INSTRUCT (Gao et al. 2007), levels of
LD were tested using haplotype data. We used sequen-
tial Bonferroni (Rice 1989) to control for multiple
statistical tests, providing a less conservative test than the
standard Bonferroni procedure. Using this approach
for genomewide tests on haplotype data, we found no
significant pairwise LD. Although closely linked SNPs
show association (below), the haplotype data used for
INSTRUCT are compatible with the assumption of
independent marker loci. INSTRUCT identified three
population clusters for the 46 B. siricta ecotypes,
henceforth referred to as the NORTHERN, SOUTHERN,
and WESTERN groups (Figure 1B). STRUCTURE, which
can accommodate disequilibrium among linked markers
(PRITCHARD et al. 2000; FALUSH et al. 2003), gave very
similar results, as did PCA and tree-based analyses. Only
the results from STRUCTURE are shown here. The
NORTHERN group is geographically located in the
northern Rocky Mountains, while the SOUTHERN
group is centered in Colorado. The WESTERN group
corresponds to the Monida group found previously
(SoNG et al. 2006), which is now seen to extend westward
to the Cascades and Sierra Nevada. Three individuals
from Utah (UT02, UT05, and UT07) and one accession
from Arizona (AZ01) showed admixture between NORTH
and SOUTH, and one accession from Idaho (ID89)
showed admixture between NORTH and WEST. Aside
from admixed individuals, there are 6, 12, and 23
individuals in the WESTERN, SOUTHERN, and
NORTHERN groups, respectively. The PCA analysis of
46 B. stricta individuals and 2 B. holboellii individuals



Patterns of Polymorphism in Boechera stricta 1025
TABLE 1
Nucleotide variation at 86 mapped loci in Boechera stricta
Linkage MAP_Position No. of Sequence
Locus name group (CM) sequences length N % 0,° L Tajima’s D
Bst012863 BstLG2 0.0 46 438 5 5 0.0026 0.0020 —0.59
Bst012428 BstLG2 6.3 46 453 5 6 0.0026 0.0026 0.07
Hypo_1 BstLG2 29.4 45 756 6 7 0.0018 0.0008 —1.41
CAL BstL.G2 34.0 43 658 8 7 0.0029 0.0025 —-0.41
Stzfp BstLLG2 39.7 45 584 3 4 0.0012 0.0008 —0.72
BstES0023 BstLG2 42.4 44 594 4 5 0.0016 0.0014 —0.19
Bst004963 BstL.G2 45.6 41 451 7 8 0.0037 0.0023 —-1.03
BstES0030 BstLG2 60.7 46 475 5 5 0.0024 0.0020 —-0.44
Bst011023 BstLG2 62.2 45 449 19 9 0.0097 0.0078 —0.64
Atl31 BstLG2 81.2 25 473 6 3 0.0033 0.0042 0.80
Bst004807 BstLG2 83.7 46 439 4 5 0.0021 0.0012 —-1.04
MAF1 BstL.G2 102.5 42 751 3 4 0.0010 0.0005 —1.08
Bst011647 BstLG2 114.2 46 416 4 4 0.0022 0.0019 —0.36
Bst027958 BstLG3 0.0 44 445 3 4 0.0016 0.0008 -0.97
Bst003056 BstLG3 7.4 46 461 10 8 0.0050 0.0054 0.21
HRG BstLLG3 8.2 45 622 15 17 0.0058 0.0036 —1.18
Bst010608 BstL.G3 14.2 31 372 17 7 0.0116 0.0189 1.70
Bst011191 BstL.G3 21.6 46 460 4 5 0.0022 0.0022 —0.06
Dex1 BstLLG3 25.2 42 1185 6 7 0.0012 0.0007 —-1.13
FLD_1 BstL.G3 28.8 45 731 7 6 0.0022 0.0017 —0.67
SPY BstLLG3 32.0 44 745 6 7 0.0019 0.0007 —1.63
Bst001594 BstLG3 41.9 46 499 6 7 0.0027 0.0021 —0.61
VRNI_1 BstL.G3 60.0 45 574 7 6 0.0028 0.0028 —0.03
Bst027506 BstLG3 68.2 44 441 5 6 0.0026 0.0013 —1.28
Abi_3 BstLG3 77.6 45 835 5 5 0.0014 0.0008 —0.97
MET1_1 BstLLG3 82.2 45 528 2 4 0.0009 0.0008 -0.17
Bst027135 BstLG3 88.1 44 446 19 17 0.0098 0.0054 —1.56
Bst027974 BstL.G3 88.1 45 496 29 7 0.0187 0.0045 —2.34
BstES0049 BstLG3 101.5 46 621 9 9 0.0033 0.0018 —1.26
Bst002609 BstLG3 123.1 46 470 5 6 0.0025 0.0019 —0.58
Nph3 BstLG3 134.3 45 1077 10 8 0.0021 0.0019 —0.37
Bst001650 BstL.G4 17.8 46 502 3 4 0.0014 0.0013 —0.15
Fdh_Song_1 BstL.G4 23.6 45 785 5 6 0.0015 0.0009 —-0.94
BstES0026 BstLLG4 37.0 46 525 4 5 0.0017 0.0009 —1.10
TIGR3144_1 BstL.G4 46.1 45 537 5 4 0.0021 0.0016 —0.64
SNZ BstL.G4 70.6 43 467 4 5 0.0021 0.0010 —1.24
HOS1_1 BstLG4 72.7 43 852 4 5 0.0011 0.0010 —0.10
Tigr1093 BstL.G4 82.8 43 486 5 6 0.0024 0.0020 —0.42
Fnr_Song_1 BstLGbH 18.2 44 559 4 5 0.0016 0.0014 —0.41
Bst028989 BstLLGH 23.5 45 452 7 5 0.0035 0.0030 —-0.41
PhyB_1 BstLGbH 28.7 46 615 8 7 0.0030 0.0014 —1.48
RGA1 BstLGbH 37.0 46 707 5 6 0.0016 0.0015 —0.13
Bst012271 BstLGbH 41.1 46 382 12 10 0.0076 0.0097 0.76
Bst013659 BstLGbH 48.8 46 425 3 4 0.0016 0.0007 —1.23
Bst006119 BstLLG5 49.4 45 475 15 4 0.0074 0.0059 —0.68
Bst001200 BstLGbH 62.8 46 458 5 6 0.0025 0.0019 —0.58
Golm66 BstLG5 68.5 45 471 4 5 0.0021 0.0007 —1.56
AtG1 BstLLG5 73.9 45 509 3 4 0.0014 0.0011 —0.33
Bst007412 BstLGbH 99.1 45 440 6 6 0.0031 0.0035 0.29
LLox2_1 BstLLG5 112.5 43 733 2 3 0.0006 0.0006 —0.02
FRI_1 BstLG6 0.0 44 758 14 10 0.0043 0.0033 -0.73
Golm73 BstLG6 6.6 39 709 6 5 0.0020 0.0010 —-1.39
GAl BstLG6 9.0 46 621 14 10 0.0056 0.0039 -0.97
AOP3 BstLG6 11.7 46 629 6 7 0.0022 0.0012 —-1.21
BstES0005 BstLG6 20.0 45 512 24 7 0.0108 0.0155 1.36
Bst030242 BstLG6 21.9 39 486 24 15 0.0119 0.0060 -1.75
Detl BstL.G6 27.7 45 687 4 5 0.0013 0.0015 0.35

(continued)



1026

B.-H. Song et al.

TABLE 1
(Continued)
Linkage MAP_Position No. of Sequence
Locus name group (CM) sequences length S n 0,° ! Tajima’s D
STK BstL.G6 28.2 43 482 5 5 0.0024 0.0027 0.32
Bst004397 BstL.G6 28.3 46 457 3 4 0.0015 0.0007 —1.12
Bst002440 BstLG6 29.6 38 492 11 11 0.0053 0.0028 —1.23
BstES0011 BstL.G6 32.5 46 590 3 4 0.0012 0.0010 —0.25
Bst030781 BstLG6 39.3 41 471 20 11 0.0099 0.0095 —0.20
Rd22F BstL.G6 40.4 43 993 9 10 0.0021 0.0018 —0.39
Bst012781 BstL.G6 67.8 46 437 2 3 0.0010 0.0006 —0.86
TFL2_1 BstLG6 69.3 43 526 7 6 0.0031 0.0017 —1.19
AtV8_1 BstL.G6 70.5 45 482 7 8 0.0033 0.0014 —1.56
CO BstLG6 72.6 46 642 12 6 0.0044 0.0054 0.67
Chs BstL.G6 78.6 45 725 3 3 0.0009 0.0002 -1.71
Bst007987 BstL.G6 107.5 45 449 29 4 0.0179 0.0278 1.48
CYP79A2 BstL.G6 108.2 46 604 7 6 0.0026 0.0018 —0.82
Bst027123 BstL.G6 109.5 45 397 13 12 0.0076 0.0055 —0.84
Pul BstLG6 109.8 43 653 6 7 0.0021 0.0016 —0.70
Bst006354 BstL.G6 115.1 45 491 2 3 0.0009 0.0004 —1.14
Golm23 BstLG6 115.7 42 548 4 5 0.0017 0.0016 —0.29
BstES0012 BstLG7 27.8 45 618 11 10 0.0041 0.0034 —0.53
Cyp83A_1 BstLG7 30.6 27 1734 27 11 0.0041 0.0023 —1.63
BstES0007 BstLG7 31.8 46 598 8 8 0.0030 0.0034 0.27
BstES0008 BstL.G7 31.8 46 558 5 7 0.0020 0.0020 —0.07
FCA2_1 BstLG7 42.2 44 570 8 9 0.0033 0.0023 —0.85
Bst010295 BstLG7 50.4 46 475 12 12 0.0058 0.0052 —0.28
Bst001405 BstLG7 65.0 46 466 6 7 0.0029 0.0028 —0.10
Cip7_1 BstLG7 76.5 45 747 14 8 0.0044 0.0041 —0.22
VIN3_like BstLG7 86.9 43 643 3 2 0.0011 0.0001 —0.19
Cyp83B1 BstLG7 89.9 30 1335 6 7 0.0011 0.0011 —0.22
Bst004238 BstL.G7 98.5 45 452 1 2 0.0005 0.0008 0.75
Bst027363 BstLG7 117.4 45 438 3 4 0.0016 0.0026 1.42

“Number of polymorphic sites.

’Haplotype diversity (NEr 1987).

“Sequence diversity (WATTERSON 1975).

“Pairwise sequence diversity (LYNCH and CREASE 1990).

showed similar patterns of genetic differentiation (see sup-
plemental Figure 2), as did a neighborjoining tree using
genetic distance (not shown). Despite their very different
assumptions and modeling approaches, INSTRUCT,
STRUCTURE, PCA, and tree-based analyses all pro-
vided very similar results, giving confidence in the ro-
bustness of these inferred population groups.

We observed a clear pattern of isolation by distance:
individuals are more similar to individuals that grow
nearby (Figure 1A). The Mantel test showed significant
isolation by distance across the sampled range (r= 0.35; P
= 0.001; 10,000 randomizations; see supplemental Fig-
ure 3). In comparison, most analyses in A. thaliana have
found a weaker pattern of isolation by distance (SHARBEL
et al. 2000; NORDBORG et al. 2005), which may reflect a
homogenization of allele frequencies resulting from
thousands of years of human disturbance across Eurasia.

High differentiation was detected between the three
groups identified by structure analyses. Average Fsr
among STRUCTURE groups for the 86 mapped loci is
0.45. This result is similar to a previous microsatellite

study (SONG et al. 2006), although population sampling
was rather different between these two analyses. The
pairwise Fsr estimates between the three STRUCTURE
groups averaged 0.24, 0.53, and 0.56 for NORTH us.
SOUTH, WEST vs. SOUTH, and WEST vs. NORTH,
respectively, on the basis of sequence data (Figure 3).
There is much higher differentiation between WEST
and EAST (= NORTH + SOUTH), while relatively
lower differentiation is found between the NORTHERN
and SOUTHERN genotypes. Pairwise S,,,, values showed
a pattern similar to Fgranalyses: S,,,, values are 0.69, 0.86,
and 0.92 for NORTH vs. SOUTH, WEST ws. SOUTH,
and WEST vs. NORTH, respectively. The analysis of mo-
lecular variance (AMOVA) implemented in GENALEX
confirmed high levels of differentiation between the
WESTERN group wvs. the other two lineages (38% of
total variation occurs between WESTERN vs. EASTERN
groups) (see supplemental Figure 4).

The distribution of Fsralong the linkage groups may
identify chromosome regions showing unusually high
or low Igy values, which might reflect selective differen-
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tiation among population clusters. However, we found
no clear trend of Fgr values along the linkage groups
(Figure 3). High levels of Fgr in most chromosomal
regions indicated high differentiation among popula-
tions, especially for WEST vs. NORTH and WEST us.
SOUTH. Loci that show high Fst within B. stricta are
different from those showing high differentiation be-
tween B. stricta and B. holboellii; hence, the processes in-
fluencing Fsr evidently differ within vs. between species
(data not shown). However, loci with high Fsr in the
WEST vs. NORTH comparison also tend to show high
differentiation between WEST and SOUTH (Figure 3).
We also examined sequence polymorphism and
differentiation among these groups using A. thaliana
to identify ancestral polymorphisms. The WESTERN
group has 14 fixed mutations and 37 exclusive poly-
morphisms, indicating its high differentiation from the
rest of the species. The SOUTHERN group has no fixed
mutations, although it has 87 exclusive polymorphisms,
indicating its high diversity. The NORTHERN group is
intermediate, and has 2 fixed mutations and 61 exclu-
sive polymorphisms (Table 2). WEST shows 28 and 22

Tajima'S D (silent sites)

shared polymorphisms with SOUTH and NORTH
separately, while SOUTH and NORTH shared 97 poly-
morphisms, indicating high differentiation of the
WESTERN group from the EASTERN group.
Polymorphism within populations: Contrasting results
for the entire species vs. populations (three groups
identified in the structure analyses) showed a signifi-
cantly higher level of diversity at specieswide sampling
(see supplemental Figure 5; paired ttest, all P << 0.001).
Asimilar pattern has also been found in maize (MOELLER
et al. 2007). Also, polymorphism levels within the three
groups showed notable differences. At silent sites, the
SOUTHERN group showed the highest diversity levels
(for silent sites, GSOUTH - 00024, GNORTH = 00017,
Owest = 0.0018; for synonymous sites, OsouT = 0.0030,
OnorTa = 0.0024, 6ywrst = 0.0023) (see supplemental
Tables 2 and 3), in agreement with an earlier study
based on chloroplast sequences (DOBEs et al. 2004).
Linkage disequilibrium: Intralocus LD: The average
value of 7 is 0.66 for all samples, with a range from 0.0 to
1.0. The decay of intralocus LD is shown in the plot of #*
against distance in base pairs between SNPs (Figure 4;
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TABLE 2

Fixed differences and shared polymorphisms in each
group (A. thaliana as outgroup)

Sf1¢ Sx1° Ss¢ Sx1f2¢
WEST 14 37 55 6
SOUTH 0 87 125 17
NORTH 2 61 115 7

“Fixed biallelic mutations in the studied group.
’Polymorphic exclusive biallelic mutations in the studied

group.
“Shared biallelic mutations.
“Polymorphic in the studied group but fixed in the other

group.

see supplemental Figure 6). Nonlinear regression shows
clear and rapid decline of LD with distance (correlation
coefficient, r= —0.48, P < 0.001), with LD declining to
background levels within ~1 kb. The intralocus LD
pattern found in this study is consistent with results for
inbreeding barley accessions, as well with outcrossing
maize (MORRELL ¢t al. 2005) . Nevertheless, within-group
analyses of intralocus LD show a much higher level of
LD within each geographical structure group (Figure 4;
see supplemental Figure 6).

Interlocus LD: The average interlocus »* value is 0.17
for all samples based on SNPs. Average genomewide LD
decays within ~10 kb for all samples, with similar values
within the NORTHERN and SOUTHERN groups (Fig-
ure 5). These results are comparable to A. thaliana
(NORDBORG et al. 2005; Kim et al. 2007). In contrast,
elevated »* persists within the WESTERN group among
loosely linked markers separated by >10 cM (~1 Mb).
As with A. thaliana, the rapid decay of LD at a genome
level seems surprising considering the high level of
inbreeding in these two species. The average »* calcu-
lated within population groups is 0.15 (SOUTH) and
0.22 (NORTH), but shows a higher average of 0.34 in
the WESTERN group (Figure 5). The relatively high LD
value in the WEST may reflect the limited sample size of
this population, or perhaps a historical population
bottleneck. In addition, most of the linkage groups
showed a significant negative correlation between LD
and map distance (P << 0.01 for LG3, -5, and -6; P < 0.05
for LG7), except for LG2 and LG4, which have fewer
SNPs (not shown).

LD partitioning: Partitioning variance components of
LD showed that the variances of disequilibrium among
subpopulations (Dsr? and D'is?) are much greater than
those within subpopulations (Dis? and D'sp?) for each
linkage group (Table 3). Moreover, since the total
variance of disequilibrium = D'1t? = D's* + D'st?,
D'is* contributed a much larger portion to D'ir* (Table
3). These results suggest that genetic drift plays an
important role in shaping observed patterns of LD.

Population recombination parameters: We examined LD
for specieswide samples, as well as for each structure

1.0 NI e =

All samples
g — — —  NORTH
[ ]
o | T . — — — = SOUTH
» WEST

r2

0 200 400 600 800 1000 1200 1400
Distance in bp

FIGURE 4.—The decay of shortrange linkage disequilib-
rium within 86 loci for all samples and within each group.
The curves are nonlinear regressions of 7 onto distance in
base pairs.

group using the population recombination parameter
(p = 4Nr). We found no significant difference for p in
the specieswide sample vs. within each population. The
comparisons still remain nonsignificant when control-
ling for diversity (p/0, not shown). Comparing the two
populations with similar sample sizes, the SOUTH
shows a higher population recombination rate than
the NORTHERN group (psouth = 16.3, while puorm =
10.1). These estimates are influenced by demographic
factors (BEAUMONT et al. 2001; PRZEWORSKI and WALL
2001), complicating interpretation in these spatially
structured real-world populations.

DISCUSSION

Levels of LD in B. stricta: Linkage disequilibrium
decays rapidly in B. stricta, declining to background
levels (©* < 0.2) in ~10 kb or less. For tightly linked SNPs
separated by <1 kb, LD is dependent on the reference
population: LD is lower in the specieswide sample than
within population groups (Figure 4; see supplemental
Figure 6), due to the shorter coalescence time for
recombination in regional population groups. Never-
theless, loosely linked polymorphisms show comparable
levels of LD in the NORTHERN, SOUTHERN, and
specieswide samples (Figure 5), reflecting the relatively
high rate of recombination among loosely linked
markers. However, the WESTERN group had higher
LD and lower levels of polymorphism, perhaps due to a
historical population bottleneck. Except in the WEST-
ERN group, LD declines rapidly on a scale of a few
genes, then shows an asymptotic decline among loosely
linked markers. The fine-scale LD pattern among tightly
linked markers may be influenced by gene conversion
on alocal scale (PRZzEwORSKI and WALL 2001; HAuBoLD
et al. 2002; MORRELL et al. 2006; PLAGNOL et al. 2006).
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Inbreeding species have low levels of heterozygosity,
which causes reduced rates of effective recombination,
and therefore high levels of LD are expected in in-
breeding species. In contrast to this prediction, two
recent studies of inbreeding species, A. thaliana (Kim
et al. 2007) and barley (MORRELL ¢/ al. 2005) , have found
surprisingly low levels of LD. Low levels of LD also were
found in the current study among tightly (intralocus)
and loosely linked (interlocus) markers (Figures 4 and
5). Thus, our results show that low levels of LD in
specieswide samples of inbreeding organisms are not
exceptional. Our findings shed light on several hypoth-
eses, which previously have been suggested to explain
the unexpectedly low levels of LD in inbreeding species.

First, low LD might result from a specieswide scale of
sampling, which incorporates the entire history of
polymorphism and recombination within a species over

10" 102 103 104
Distance in kb

thousands of generations (MORRELL et al. 2005; Kim et al.
2007). Our data support this sample-scale explanation,
which predicts that LD should be higher within pop-
ulations or local regions, as we observe for * within loci
(Figure 4; see supplemental Figure 6). However, the
scale of sampling is less important among loosely linked
SNPs (Figure 5), indicating that correlations among
distant polymorphisms have had time to decay to back-
ground levels within the relatively large NORTHERN
and SOUTHERN populations. The analysis of compo-
nents of LD further supports this sample-scale hypoth-
esis, showing that population subdivision and genetic
drift play important roles in shaping the patterns of LD
in B. stricta. Similar results also were found in Marsilera
strigosa (VITALIS et al. 2002).

Second, inbreeding species may have higher levels of
recombination per kilobase, which may reduce levels of

TABLE 3

OHTA'’s variance components of linkage disequilibrium in each linkage group of Boechera stricta

Linkage groups Dys? Dsr? D'st? D's® Dyyr? D's*/Dir?
LG2 0.0016 0.1020 0.0086 0.5757 0.8753 0.6579
LG3 0.0043 0.1114 0.0117 0.6493 0.8048 0.8068
LG4 0.0014 0.2046 0.0130 1.0730 1.2924 0.8302
LGH 0.0006 0.2071 0.0131 1.0644 1.2666 0.8404
LG6 0.0056 0.0835 0.0066 0.3827 0.4700 0.8142
LG7 0.0050 0.1252 0.0283 0.7757 1.0582 0.7330
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LD in these species. Within the limits of available data,
our comparative studies support this hypothesis. The
genome size of inbreeding B. stricta is only 5% larger
than outcrossing A. lyrata (JOHNSTON et al. 2005; WINDSOR
et al. 2006; Ovama et al. 2008), with similar numbers of
chromosomes (7 vs. 8, respectively), but B. stricta has a
linkage map thatis ~50% longer than A. lyrata (KUITTINEN
et al. 2004; YOGEESWARAN e¢f al. 2005; SCHRANZ el al.
2007b). Likewise, the DNA content of A. lyrata is ~50%
greater than A. thaliana, but the linkage maps of both
Arabidopsis species are of similar length (KUITTINEN
et al. 2004; YOGEESWARAN et al. 2005). Thus inbreeding
B. stricta and A. thaliana have ~45% higher recombina-
tion per kilobase than outcrossing A. lyrata. Future work
is needed to verify the generality of this trend in
additional species comparisons.

Third, low LD might result from selection that favors
recombinant genotypes with new combinations of
parental traits (BAKKER et al. 2006). This explanation
is plausible for organisms growing in spatially or
temporally heterogeneous environments, or as a mech-
anism to eliminate deleterious mutations (KEIGHTLEY
and OTTO 2006; MARTIN ef al. 2006). Experiments are
needed from natural populations to verify such fitness
advantages for recombinant genotypes.

Finally, low LD may result from ancient recombina-
tion events that took place in an outcrossing ancestor
(MORRELL et al. 2005; BECHSGAARD et al. 2006; TANG et al.
2007). However, outcrossing species are rare or absent
in the genus Boechera (ScHRANZ et al. 2005); hence,
there is little evidence for a recent transition to in-
breeding. Rather, it appears that B. stricta has been
predominantly inbreeding throughout the history of
existing nucleotide polymorphisms.

These analyses suggest that the surprisingly low levels
of LD in inbreeding species are influenced by the
rangewide geographic sampling that spans heteroge-
neous genetic groups. In contrast, analyses conducted
within population groups result in higher LD estimates
among tightly linked polymorphisms, as expected for
inbreeding species. This poses a substantial challenge
for association studies: low levels of LD (which are
desirable for analyses of association) occur in broad
genetic and geographic samples, where population
structure may be confounded with phenotypic differ-
ences among groups, and where statistical adjustment
for population structure may remove the very effects of
interest (REMINGTON et al. 2001). In contrast, more local
samples of homogeneous populations may be simpler to
analyze, but are characterized by higher levels of LD and
partial confounding of polymorphisms in nearby loci.
These concerns further emphasize that the full toolset
for analysis of complex trait variation should include
both association studies and QTL mapping, especially
in species where experimental crosses are feasible.

Nucleotide polymorphism in B. stricta: Genomewide
nucleotide diversity in B. stricta averages w = 0.003 for all

loci, and 0.0035, 0.0041, and 0.0017 for silent, synony-
mous, and nonsynonymous sites, respectively. One
explanation for the relatively low level of polymorphism
in B. strictais its predominately self-pollinating breeding
system, leading to reduction in effective population size.
Microsatellite data suggest that the inbreeding coeffi-
cient is ~0.9 in this species (SONG et al. 2006). Mating
system is a major factor that affects polymorphism levels
and the distribution of genetic variation within and
among populations (CHARLESWORTH 2003). Contrast-
ing patterns of genetic variation are found in the
outcrossing relative, A. lyrata, with Iy ~ 0.01, Fsr =
0.2-0.5, and ™ ~ 0.01 (Ramos-ONSINs et al. 2004;
Crauss and MITcHELL-OLDS 2006; WRIGHT et al. 2006;
Ross-IBARRA et al. 2008). Within-population polymor-
phism in A. lyrata is even higher than the specieswide
level of diversity in A. thaliana. However, the levels of
polymorphism in B. strictaare lower than those observed
in A. thaliana. This might be explained by the broad
Furasian distribution of A. thaliana, while B. stricta has a
relatively restricted distribution in western North America.
The levels of diversity in B. stricta are also lower than
other well-studied wild species: wild barley (Hordeum
vulgare ssp. spontaneum, inbreeding, m = 0.0075; Mor-
RELL et al. 2005), teosinte (Zea mays ssp. parviglumis,
outcrossing, m = 0.0134; MOELLER e/ al. 2007), and wild
sunflower (Helianthus annuus, outcrossing, m = 0.0128;
Liu and Burke 2006). Founder effects and extinction of
local metapopulations also may have reduced genetic
variation in our species.

As in A. thaliana (NORDBORG et al. 2005; SCHMID et al.
2005), we also observed genomewide deviation from
a standard equilibrium neutral model in B. stricta.
Demographic factors such as population structure,
changes in population size, and low levels of gene flow
from related species are possible factors that might
explain these patterns of variation. Analyses with more
flexible demographic models (ScHMID et al. 2005;
CAICEDO et al. 2007) and increased population sampling
may help elucidate evolutionary influences on the pat-
terns of polymorphism in this wild species (NORDBORG
et al. 2005; HEUERTZ et al. 2006).

Genetic differentiation among lineages: Patterns of
genomewide neutral variation can be used to infer
historical lineages contributing to current populations
and may help interpret natural selection at ecologically
important genes. Sequence polymorphism from these
86 mapped loci assayed on 46 individuals across the
species range identified three lineages corresponding
to SOUTHERN and NORTHERN groups, as well as
a divergent WESTERN lineage. These results support
and expand upon an earlier microsatellite study of 15
populations ranging from Arizona to Montana (SONG
et al. 2006). Moreover, the sampling of plants in this
study spans the whole species range in the United States,
and samples loci across the genome. This provides more
statistical power in understanding genomewide popu-
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lation structure. The high levels of Fsr along each
linkage group showed no evidence for heterogeneous
patterns of differentiation among chromosomal regions
(Figure 3), hence no suggestion of variable introgres-
sion of chromosomal regions among population lineages.

We also found that the WESTERN group is quite
distinct from the rest of the species. Average Fsr
between the WESTERN group and its eastern counter-
parts is about twofold higher than levels of NORTH-
SOUTH differentiation in the eastern part of the range
(Figure 3). The WESTERN group is widely dispersed in
North America (California, Washington, Idaho, and
Montana), and more studies are needed to define the
distribution of this group (Figure 1A). The WESTERN
group also showed high levels of LD (Figure 5D),
although sample size is low within this lineage. Finally,
the WESTERN group shows noticeable morphological
divergence from the EASTERN individuals, with signif-
icantly larger rosette size, growth rates, and trichome
density (B.-H. SONG, A. MANZANEDA, and T. MITCHELL-
OLps, unpublished data).

Finally, it is striking that the structure of historical
lineages in B. stricta (Figure 1B) is simpler than in A.
thaliana (with three vs. eight or more genetic lineages),
and that B. strictaindividuals show less admixture among
groups than is found in A. thaliana [compare our Figure
1B with Figure 2A of NORDBORG et al. (2005)]. These
differences may result from contrasting Pleistocene
migrations, or widespread human disturbance in Eu-
rope, or a combination of these and other factors.

A model system for ecological genomics: The genus
Boechera is closely related to Arabidopsis, providing
access to information and techniques from this model
plant species. B. stricta is an inbreeding-tolerant sexual
diploid, which is very important for development of
near-isogenic lines and positional cloning of QTL.
Although it is unknown whether our study populations
are at ecological or genetic equilibrium, they have not
been impacted by habitat destruction and introduced
genotypes, which complicates evolutionary inferences
in weedy ephemerals such as A. thaliana and Capsella
rubella. We have shown that Boechera populations are
locally adapted to some of the ecological differences
among these diverse habitats (KNIGHT et al. 2006). To
understand the evolutionary processes that influence
ecologically important trait variation in natural popula-
tions requires positional cloning, genetically undis-
turbed populations, and the opportunity to compare
the fitness of QTL alleles in their natural environments.
In the current study we have documented genomewide
patterns of genetic variation and linkage disequilib-
rium, which are essential for evolutionary interpretation
of nucleotide polymorphisms at genes of interest
(MiTcHELL-OLDS el al. 2007). This combination of
ecological characteristics and genetic information is
the reason why we have developed B. stricta as a model
organism for ecological genomics.
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