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ABSTRACT

Here we report the results of an analysis of variation at 128 EST-based microsatellites in wild Helianthus
annuus, using populations from the species’ typical plains habitat in Kansas and Colorado, as well as two
arid desert and two distinct brackish marsh areas in Utah. The test statistics InRV and InRH were used to
find regions of the genome that were significantly less variable in one population relative to the others
and thus are likely to contain genes under selection. A small but detectable percentage (1.5-6%) of genes
showed evidence for selection from both statistics in any particular environment, and a total of 17 loci
showed evidence of selection in at least one environment. Distance-based measures provided additional
evidence of selection for 15 of the 17 loci. Global Fgr-values were significantly higher for candidate loci, as
expected under divergent selection. However, pairwise Fgr-values were lower for populations that shared
a selective sweep. Moreover, while spatially separated populations undergoing similar selective pressures
showed evidence of divergence at some loci, they evolved in concert at other loci. Thus, this study illustrates
how selective sweeps might contribute both to the integration of conspecific populations and to the dif-

ferentiation of races or species.

ECAUSE plants are sessile during a significant frac-
tion of their life cycle, they are subject to strong
selection for optimal performance under local envi-
ronmental conditions. As a consequence, most plant
populations are expected to exhibit significant local
adaptation, an expectation that has been corroborated
by a century of reciprocal transplant and common gar-
den studies (TURESSON 1922; CLAUSEN et al. 1940, 1948;
ScHEMSKE 1984; STANTON and GALEN 1997; DONOHUE
et al. 2000; RaAMSEY et al. 2003; VERHOEVEN et al. 2004;
ANGERT and ScHEMSKE 2005). Significant progress has
been made toward identifying phenotypic traits that
contribute to adaptation and estimating the strength of
selection on these traits (ARNQVIST 1992; DUDLEY 1996;
DubpLEY and ScuMmITT 1996; NAGcY 1997; PETIT and
TraOMPSON 1998; WEINIG 2000; KINGSOLVER et al. 2001;
CaLrAaHAN and Picriucct 2002; UNGERER et al. 2002;
McKAY et al. 2003; ETTERSON 2004; Gross et al. 2004;
GrirriTH and WATsON 2005). However, little is known
about the genetic basis of locally adapted differences,
particularly outside of the model plant, Arabidopsis thaliana
(MrTcHELLOLDS 1996; PURUGGANAN and SuppITH 1998;
UNGERER ¢t al. 2002; Cork and PURUGGANAN 2005;
STINCHCOMBE et al. 2005). Important issues that remain
to be addressed include the number, kinds, and effects
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of genes and mutations that contribute to local adap-
tation, the source of adaptive variants (new mutation,
standing variation, or migration), the effects of genetic
background and environment on allelic fitness, and
the geographic extent of selective sweeps.

Providing answers to all of these questions, even with-
in a single model system, is a formidable task. Nonetheless,
progress is being made on several fronts. For example,
QTL studies have been useful for estimating a minimum
number of genes underlying fitness traits, either under
laboratory (SARIGORLA et al. 1992; MITCHELLOLDS 1996;
BRADSHAW et al. 1998; Fry et al. 1998; Kim and RIESEBERG
1999; UNGERER et al. 2003) or under field (SCHEMSKE and
BrapsHAw 1999; LEXER et al. 2003; WEINIG et al. 2003b)
conditions. QTL approaches also have been employed to
estimate the fitness effects of particular genotypes across
environments and have shown that different QTL may
contribute to fitness when the environment changes
(WEINIG et al. 2003a). While these kinds of studies pro-
vide insight into the complex and conditional nature of
adaptation to local environmental conditions, they rarely
lead to a detailed understanding of the genetic basis of
adaptation because a given QTL typically contains doz-
ens or hundreds of genes, any one (or several) of which
might be under selection. Only for major QTL is cloning
and functional analysis likely to be feasible (although see
(KroYMANN and M1TCHELL-OLDS 2005), yet these repre-
sent a biased subset of the genes and mutations contrib-
uting to adaptation.
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Another strategy that has become increasingly popu-
lar is the search for correlations between sequence and
expression variation at candidate genes and phenotypic
variation at fitness-related traits (or fitness itself). This
approach is likely to be most successful in model or-
ganisms (PicLiuccr and ScaMITT 1999; KORN et al. 2000,
2003; HARR et al. 2002; WAYNE and McINTYRE 2002;
Storz 2005), where the gene of interest has been func-
tionally characterized. However, candidate gene lists are
necessarily biased toward developmentally important
or well-studied genes. These genes, while showing large
phenotypic effects in the lab, may not be the most im-
portant sites involved in adaptation in nature.

While QTL and candidate gene genetic approaches
provide insight into the number and kinds of genes
that contribute to local adaptation, a new type of multi-
locus genetic screen may hold a more general route
for the dissection of recent adaptation (HARR et al. 2002;
SCHLOTTERER 2002; SCHLOTTERER and DIERINGER 2005).
Multiple individuals from two or more populations are
genotyped, typically at microsatellite markers, and the
test statics InRV (HARR et al. 2002; SCHLOTTERER 2002)
and InRH (ScHLOTTERER and DIERINGER 2005) are used
to identify loci that are likely to have recently experi-
enced strong selection. The rationale for this approach
is that recent genetic changes driven by selection leave a
record or “genetic signature” in the genome. These in-
clude a reduction of variation and/or increased differ-
entiation at selected loci and tightly linked regions
(SmrTH and Harcu 1974). This approach is particularly
powerful when applied to the study of local adaptation,
especially with multiple populations recently adapted
to similar environmental conditions. The divergence of
populations is recent and the cause of divergence from
ancestral populations is clear—adaptation to different
environmental conditions. This technique has the ad-
vantage of wide applicability to nonmodel systems, in-
cluding those for which controlled crosses, and thus
traditional genetics, are impossible. In addition, this type
of forward-genetic screen may be somewhat less biased
than an analysis based on obvious phenotypic differ-
ences between groups or known candidate genes. That
is, selection may be detected for genes underlying traits
that might otherwise not be measured.

Because this approach can be applied to natural pop-
ulations, it is ideal for the study of genes that enable a
species to adapt to new environments in the wild. This
was used with some success in Drosophila (SCHLOTTERER
2002; ScaorL and SCHLOTTERER 2004). A plant species
that also has a remarkably diverse range of habitats is
Helianthus annuus, the common sunflower. This species
is among the most widespread and ubiquitous of the
wild sunflower species in the United States (HEISER et al.
1969) and has populations adapted to numerous hab-
itats, throughout North America from Mexico to Can-
ada, and spanning both coasts. In some regions,
hybridization with other native sunflower species may

have allowed introgression of favorable alleles into the
H. annuus background, thus facilitating the H. annuus
invasion. This appears to have occurred in both Texas
(RIESEBERG et al. 1990) and California (CARNEY et al.
2000), but it is unclear if this mechanism is of wide-
spread importance in H. annuus. In addition to intro-
gression, adaptation in many areas could have involved
either standing variation or new mutations in existing
H. annuus alleles.

A particularly interesting region for examining local
adaptation is the dry deserts of the American southwest.
In much of the southwestern United States, H. annuus
can grow only in more favorable years; sunflowers may
have low or no germination if there is not enough mois-
ture, and sunflower seeds may persist in the seed bank
for many years (ALEXANDER and SCHRAG 2003). How-
ever, sunflowers may instead obtain a more reliable
source of water by living in or near a small stream or
seep or living on the edge of a pond or marshy area.
While plants in these environments escape desiccation,
they are likely to encounter other, novel stresses, as
water supplies may be contaminated by salts or other
toxins. In addition, competition may be more important
in habitats with a more reliable water supply.

The focus in this study is on a comparison of H. annuus
from the fertile plains of Kansas and eastern Colorado
with populations from the arid deserts of Utah. Addition-
ally, multiple populations within Utah were compared,
placing a special emphasis on the different adaptations
to stresses specific to salt marshes surrounding the Great
Salt Lake as compared to life in more arid habitats. For
this study, we used microsatellites located within ex-
pressed sequence tags (ESTs), which have the advantage
of being tightly linked to a known, expressed gene. Us-
ing a screen of 128 microsatellite markers, we looked for
genes that may underlie adaptation to salt and drought
stress in H. annuus. We also estimated gene flow (Fst)
between the different populations, overall and for indi-
vidual loci, at both neutral and putatively selected loci.
Several distance-based tests were used to look for ad-
ditional evidence confirming the presence of selection
and to infer its mode of action.

MATERIALS AND METHODS

Plant material: In July 2003, fresh, young leaf tissue was
collected from 48 plants in each of eight populations of H.
annuus (Figure 1), including two plains populations (PLAI,
PLA2) and two Utah desert populations (DES1, DES2) col-
lected from typical habitats near roadsides, two brackish marsh
populations from the northeast side of the Great Salt Lake
(SMN1, SMN2), and two brackish marsh populations from the
southwest side of the Great Salt Lake (SMS1, SMS2). Brackish
marshes were identified by their proximity to visible salt flats.
In addition, we identified any species within 10 m known to
favor saline environments. Plants included in the survey were:
Sarcobatus vermiculatus (greasewood), Atriplex sp. (saltbush),
Salicornia utahensis (glasswort), and Allenrolfea occidentalis (iodine
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bush). All sites classified as saline had at least one of these four
species growing nearby. DNA was extracted from 50 mg leaf
tissue using DNeasy 96-well plate Kkits.

Microsatellite analysis: Screening was done using micro-
satellites derived from the sunflower Compositae Genome
Project (CGP) database (http:/compgenomics.ucdavis.edu/),
which includes sequence information for ~70,000 sunflower
ESTs. A total of 288 microsatellite markers previously de-
veloped from the CGP database (http:/cgpdb.ucdavis.edu/)
were screened for reliability and the presence of variation in
two populations (PLAI and SMN1), yielding 102 usable mark-
ers. To add to these genes, the CGP database was searched
using perl scripts for additional genes with useful micro-
satellites. Microsatellites were defined as any occurrence of five
or more repeats of di-, tri, or tetramers. From this data set, 50
more microsatellites were chosen, and primers flanking the
microsatellite were designed using Primer3, with an additional
tail (GTCGTTTTACAACGTCGTG) added to the 5’ end of
the forward primer for hybridization with fluorescent probes
(ScauEeLKE 2000), and synthesized by Integrated DNA Tech-
nologies (http:/www.idtdna.com). As before, these 50 mark-
ers were screened for reliability and variability, and 26 primer
pairs were chosen, yielding a total of 128 microsatellite mark-
ers analyzed on the full data set. It should be noted that this
screening method is likely to remove loci that are consistently
invariant in all populations examined. Thus, loci with extremely
low mutation rates or consistently high levels of selection in all
populations screened would not be included. However, in-
variant loci cannot yield meaningful comparisons between
populations, so there is little that researchers can do to avoid
this effect.

PCR: During PCR, the 5’ end of the forward primer was
labeled using fluorescent dye (SCHUELKE 2000; WILLS el al.
2005). The PCR reactions were performed in volumes of 10 ml
containing 2 ng DNA, 2 units Taq DNA polymerase, 0.2 pm
fluorescent dye 6FAM, VIC, NED, or PET, 0.2 uMm of each
primer, 30 um Tricine, 50 pM KCl, 2 um MgCl2, and 100 pm
each dNTP. Fragments were amplified using a “touchdown”
PCR protocol, developed to reduce nonspecific primer bind-
ing and fragment amplification (DON et al. 1991). An initial
denaturing cycle of 3 min at 95° was followed by 10 touchdown
cycles, starting with a 58° annealing temperature but dropping
1° each cycle, of 30 sec at 94°, 30 sec at the annealing tem-
perature, and 45 sec at 72°. These 10 cycles were followed by
29 cycles of 30 sec at 95°, 30 sec at 48°, and 45 sec at 72°, with
a final elongation period at 72° for 20 min.

Genotyping: Analysis of microsatellite fragment size was
done on an ABI 3730 (Applied Biosystems, Foster City, CA).
Multiple, nonoverlapping PCR fragments were pooled and
diluted 1:60 with ddH»O. One microliter of the diluted PCR
product was added to 8.9 ul ddHsO and 0.1 wl of the GenScan-
500 Liz Size Standard (Applied Biosystems). Samples were
denatured at 95°, snap cooled on ice, and then centrifuged to
remove bubbles before loading onto the ABI 3730. For each
marker, genotypes were scored using GeneMapper 3.7 (Ap-
plied Biosystems). Markers were scored automatically, with re-
sults manually corrected in cases of errors in the automatic
scoring.

Selective sweeps: For each population, observed heterozy-
gosity, expected heterozygosity, and variance in microsatellite
length were calculated using the program Microsatellite An-
alyzer (DIERINGER and SCHLOTTERER 2003). Global Fsr and
all possible pairwise Fsr-values were calculated using the Weir
and Cockerham method (WEIR and COCKERHAM 1984) as im-
plemented by GenePop 3.4 (RaymoND and RousseT 1995).
Additionally, global Gsrvalues were calculated (NE1 1973) and
yielded nearly identical results.

Populations were grouped into four pairs: the plains pop-
ulations (PLA1, PLA2), the desert Utah populations (DESI,
DES2), the southwestern Utah salt marsh populations (SMSI,
SMS2), and the northeastern Utah salt marsh populations
(SMN1, SMN2). These were verified as valid groupings using
various algorithms including the neighborjoining trees in
PHILIP (FELSENSTEIN 2005) and Bayesian clustering methods
using the program Structure (PRITCHARD e/ al. 2000), as de-
scribed below. Each of the four groups was then used as a single
population for the InRH and InRV tests described below.
Additionally, for some tests, all six of the Utah populations
were grouped together for some analyses (see below).

To evaluate the significance of reductions in variance or
heterozygosity, we used the statistics InRH and InRV, developed
by SCHLOTTERER and DIERINGER (2005) and SCHLOTTERER
(2002), respectively. The two statistics InRH and InRV were
calculated using the equations InRV =In(V,op1/Vpope)
(ScHLOTTERER 2002) and InRH1 = In(((1/(1 — Hyop1))® = 1)/
(1/(1 = Hpops))® — 1)) (SCHLOTTERER and DIERINGER 2005),
respectively. These statistics are generally normally distrib-
uted, and simulations have confirmed that outliers are likely to
be caused by selection (SCHLOTTERER and DIERINGER 2005).
Additionally, independent, sequence-based measures of selec-
tion [e.g., HKA tests (HUDSON et al. 1987)] have confirmed
the existence of adaptive alleles within regions identified as
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candidates using these statistics (HARR et al. 2002; VIGOUROUX
et al. 2002; DuMoONT and AQuaDRO 2005), as have SNP-based
measures of reductions in nucleotide diversity (IHLE et al.
2006). It is important to note that these statistics are merely
screens to emphasize candidate markers likely to be linked to
genes under selection and do not indicate how close the
marker is to the selected locus. Another caution in inter-
preting these tests is that they produce a low level of false posi-
tives (SCHLOTTERER and DIERINGER 2005). However, because
the variance in repeat number and the heterozygosity of a
population measure different aspects of the variation at a
locus, using both statistics together lowers the rate of false
positives by a factor of three (SCHLOTTERER and DIERINGER
2005). There is also a reduction in power, especially for de-
tecting older sweeps. However, for detecting the most recent
and strong selective sweeps, the combination of InRH and
InRYV statistics is as powerful as InRV on its own, but with one-
third the false-positive rate (SCHLOTTERER and DIERINGER 2005).
Thus, for each locus, we calculated InRH and InRYV statistics for
several evolutionarily significant groupings. These groupings
were based on the presumed relatedness among populations,
as indicated by both neighbor-joining and Bayesian clustering
algorithms (below). Specifically, we compared the plains to all
Utah populations (desert and salt marsh) to test for differen-
tial selection associated with the invasion of the arid southwest.
Within Utah, we compared the desert populations to each pair
of salt marsh populations, pooled, to identify genes under se-
lection, looking for potentially independent evolution of salt
tolerance in each salt habitat. Significance of InRH and InRV
for each comparison was calculated according to standard me-
thods (SCHLOTTERER 2002; SCHLOTTERER and DIERINGER 2005).

Distance-based tests of selection: Several different methods
use population divergence, rather than heterozygosity or var-
iance differences, to test for selection. To test for additional
evidence of selection, we used the coalescent-based simulation
methods of BEAUMONT and NicHoLS (1996) and VITALIS ef al.
(2001), as well as a more robust Baysean test (BEAUMONT and
BALDING 2004).

For the BEAUMONT and NicHOLS (1996) method, we used the
program FDIST2 (http:/www.rubic.rdg.ac.uk/~mab/software.
html) to calculate Pvalues for each locus. We used the pro-
gram to generate 100,000 simulated loci, providing an expected,
neutral distribution of Fgr-values. To match our experimental
design, each simulation had 48 individuals per population,
eight populations, and 128 loci. This method provides evidence
for divergent selection by looking for outliers with higher than
expected Fgr-values, controlling for heterozygosity (BEAUMONT
and NicHoLs 1996).

The ViTaLis et al. (2001) coalescence-based approach was per-
formed using the program DETSEL 1.0 (http:/www.univ-montp2.
fr/~genetix/detsel.html). Null distributions were generated us-
ing the following parameters: population size before the split
Ny = 50, 500; mutation rate p = 0.01, 0.001, 0.0001; ancestral
population size N. = 500, 5000, 50,000; time since bottleneck
Ty =50, 500, 5000; and time since divergence ¢ = 50, 500. This
test defines an expected distribution of data points, on the
basis of a defined Pvalue (in this case P= ¢ — 1 = 0.01), and
defines those loci outside of this expected region as showing
evidence for recent selection. It has the advantage of being
able to take into consideration a wide range of potential
parameter values simultaneously and giving results that are
robust to these starting assumptions.

BeaumONT and BALDING’s (2004) hierarchical-Bayesian
method was performed using the program newfst.c, which gen-
erates 2000 Markov chain Monte Carlo (MCMC) simulated
loci on the basis of the distribution of Fgr given the data.
Outliers from our data set were identified on the basis of this
distribution following BEAUMONT and BALDING (2004).

Gene function: Genes for which a significant reduction in
variability was found were investigated further to determine
their predicted function and expression patterns. Blasts against
GenBank using tBlastn on NCBI were used to find significant
hits (ALTSCHUL et al. 1990, 1997). These genes were catego-
rized according to known cellular and molecular functions,
using gene ontology (GO) functional groups. Gene ontology
is a standardized vocabulary used to describe the biological
function of a gene and is an important tool for relating the
putative functions of different genes in separate cells, tissues,
or organisms (ASHBURNER ef al. 2000; HARRIS ef al. 2006). Genes
were assigned to six broad functional groups: GO:0003824
(catalytic activity), GO:0030528 (transcription regulator activ-
ity), GO:0019538 (protein metabolism), GO:0005575 (cellu-
lar component), GO:0006281 (DNA repair), and GO:0005554
(molecular function unknown). In a separate analysis of bio-
logical function, genes were categorized according to whether
or not they are known to be involved in response to stress
(GO:0006950). On the basis of the GO functional groups, chi-
square tests were used to determine whether the genes under
selection have a different distribution of function than ex-
pected by chance.

Expression patterns, gene flow, and marker characteristics:
Because the sunflower EST libraries were not normalized, the
number of redundant ESTs should be correlated with expres-
sion level. For each gene, the number of ESTs found and the
tissues they were extracted from were calculated from the sun-
flower EST database (http://cgpdb.ucdavis.edu/). Using Statis-
tical Package for Social Sciences, chi-square tests were used to
determine whether the patterns of expression in the loci with
significant selective sweeps were significantly different from
those expected by chance given the distribution of expression
patterns in all genes analyzed. Additionally, chi-square tests
were used to examine whether microsatellite markers were in
different parts of selected genes (5'-UTR, coding, or 3’-UTR)
than in genes with neutral patterns of evolution. One-way
ANOVAs were used to look at the association between selected
loci and motif size, mean repeat number, chromosomal
location, and global Fgy-values for each marker.

Population structure: (3j.)? (GOLDSTEIN et al. 1995; SLATKIN
1995) was used as a measure of genetic distance because of its
expected linear relationship to time of divergence (GOLDSTEIN
et al. 1995). The (3p)* measure of divergence was calculated
using the software Microsatellite Analyzer (DIERINGER and
ScHLOTTERER 2003) for all population pairs, and the resulting
genetic distance matrix was used to build a neighborjoining
tree using the program NEIGHBOR in PHYLIP (FELSENSTEIN
2005). Additionally, we investigated the population structure
in further detail, using the Bayesian clustering method of
PrRITCHARD et al. (2000), as implemented by the program
Structure2.1. The number of populations (K) was estimated us-
ing the “no admixture” ancestral model with correlated al-
leles, allowing maximal population resolution, with K ranging
from 2 to 8. Three independent runs of 100,000 MCMC
generations and 20,000 generations of “burn in” were used for
each value of K. The recent migration status of individuals
within the populations was then assessed by incorporating the
population information into the model.

RESULTS

Number of inferred selective sweeps: In all three
comparisons, the averages for both InRH and InRV were
very close to zero and values were normally distributed,
as expected for populations of roughly equal sizes.
There were no significant genomewide reductions in



Selective Sweeps and Local Adaptation in Sunflowers 1827

variation or heterozygosity in any given population or
region, although slightly higher diversity was seen in the
plains populations than in Utah. Including all three com-
parisons, 19 genes were found with significant (P <
0.05) InRH. Note that this is approximately the number
expected by chance. A partially overlapping set of 19
genes showed significant levels of reduction in one or
more comparisons (P< 0.05) using InRV, and 17 of these
loci were significant for both InRH and InRV. These loci
thus had significant reductions in both allelic diversity
and variance in allele size. For all of these loci, in the
populations thought to be under selection, one allele
was nearly completely fixed, with a few other alleles at
very low frequency. Simulations have indicated that InRH
and InRV measure different aspects of variation, despite
high levels of correlation between the statistics, and that
using both statistics together eliminates atleast two-thirds
of the false positives (SCHLOTTERER and DIERINGER 2005).
Thus, of the 17 genes with both InRV and InRH signi-
ficant (P < 0.05), 7 are expected to be false positive un-
der conservative assumptions, given the sample size and
number of comparisons (SCHLOTTERER and DIERINGER
2005). Using a higher threshold for significance (P <
0.01), for which only one false positive would be ex-
pected, 13 genes showed reduced variation indicating
selection. Five genes showed such dramatic reductions
in variation that they were significant under almost any
threshold for both statistics (P << 0.001). In addition to
the possibility of statistical false positives, these candi-
date genes may of course not be the targets of selection,
but merely tightly linked to them. However, linkage dis-
equilibrium is known to be extremely low in wild sun-
flowers (L1u and BURKE 2006), so the region swept due
to selection is likely to be quite small. Despite the pos-
sible presence of a few false positives, the full set of 17
significant genes was used in further analyses, as these
are at the very least good candidate loci for further study.
Of these 17 genes, 7 have been mapped in at least
one study (S. KNaPP, personal communication). These
7 microsatellites map to six different chromosomes. The
2 that map to the same linkage group (Figure 2) map to
opposite ends of the linkage group. Moreover, in all seven
cases, the nearest markers showed no reduction of InRH
(Figure 2) or InRV (not shown). Thus, no evidence was
found for linkage between markers under selection. It
is thus likely that the 17 reductions in variation and
heterozygosity represent 17 distinct selective sweeps.
Of the 17 candidate genes, 2 showed reduced vari-
ation only in the plains populations (Figure 3a). Four
were found to be reduced significantly across all of the
Utah populations examined (Figure 3a). Five and three
loci had reductions in variation only in the northeastern
(Figure 3b) and southwestern (Figure 3c) brackish marsh
populations, respectively. Three loci, on the other hand,
showed reductions in variation in both northeastern
and southwestern salt populations, but not in desert
populations. It should be emphasized that this result is
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F1GURE 2.—Graphs of InRH for mapped markers on three
representative chromosomes, showing four examples of selec-
tive sweeps. Dashed line represents significance (P < 0.05).

not an artifact of spatial clustering of salt marsh pop-
ulations; DESI was closer to each of the salt marsh pop-
ulations than they were to each other (Figure 1), but did
not show the same selection patterns. Nor is this result
likely to be due to a close relationship between the two
salt populations; these populations do not cluster to-
gether when grouped by genetic distance [e.g., (d)®
(Figure 4) or fixation index (i.e., Fst)]. Thus, spatially
and genetically distinct populations thought to be un-
dergoing similar selective pressures appear to have shared
selective sweeps at several loci.

Whether these represent independent, parallel sweeps
or a single sweep that passed through multiple popula-
tions remains to be determined. In all three cases, the
same size allele was apparently swept in both popula-
tions, which would apparently make a single mutation
more likely. However, this could be due to two inde-
pendent mutations in the same ancestral allele as well.

Gene function: Candidate genes selected using the
InRH and InRYV statistics had a wide variety of predicted
functions (Table 1). The 17 significantloci included genes
with the following homology based on closest BLAST
hits: four genes with catalytic or metabolic functions, five
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InRV and InRH. (a) Plains populations ws. all Utah popula-
tions. (b) Utah desert vs. northeastern salt marsh populations
(SMN). (c) Utah desert vs. southwestern salt marsh popula-
tions (SMS).

transcription factors, three cellular components, one
DNA-repair gene, and four genes of unknown homology
or function (Table 2). This was significantly different
from the distribution expected by chance (x* =15.28; 5
d.f;; P<0.01), mainly due to fewer than expected genes
with no known function or with kinase, ubiquitinase, or
other protein metabolic function and more genes than
expected with roles as transcription factors, cell struc-
ture, or catalytic functions. In addition to these molec-
ular and structural functions, among these 17 candidate
genes were 3 of the 4 known stress-response genes (GO:
0006950) from the 128 loci used, which was significantly
different from that expected (x*=4.25; 1 d.f.; P<0.05).
Of course, as stated above, it must be kept in mind that
these genes are only candidate genes and may be tightly
linked only to the actual locus under selection. How-
ever, the fact remains that their gene functions differ
significantly from the expected distribution, indicating
that they are not just a random set of genes.
Expression patterns, motifs: The expression patterns
of the significant genes were found to be not significantly
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Ficure 4.—Unrooted neighborjoining tree showing the
relationships between the eight populations used, based on
genetic distances, (8)%. Numbers represent bootstrap sup-
port, from 1000 iterations, using the Phylip 3.63 program
“neighbor.”

different than expected by chance, although there were
marginally significantly more genes from the seed hull
tissues than expected when that tissue was analyzed
alone (x2=2.71; 1 d.f.; P<0.1). There was no evidence
for any effect of motif size, motif location, mean repeat
number, chromosomal location, diversity of tissue expres-
sion, or level of expression on likelihood of detecting
selective sweeps.

Distance-based test of selection: Distance-based tests
of selection are prone to false positives because of sensi-
tivity to demographic history (WHITLOCK and MCCAULEY
1999) and heterogeneity among loci in mutation rate
(SLATKIN 1995; BALLOUX and GOoUuDET 2002). Nonethe-
less, we expect the set of loci identified by distance-based
tests to be enriched for true positives. This appears to be
what we find here. Fifteen of the 17 “selected” loci from
the InRH and InRYV tests also showed evidence of selec-
tion in atleast one of the three distance-based tests (Table
1). Because of the sensitivity of any Fsr-based tests to
locus-specific phenomena not related to selection, we
limit our discussion to those loci that show selection in
the more robust InRV and InRH tests, which are spe-
cifically designed to control for locus-specific phenom-
ena (SCHLOTTERER and DIERINGER 2005). Nevertheless,
the additional evidence of selection from the Fyr-based
tests isimportant in bolstering the results from the more
robust tests. Since each of the five tests used relies on
slightly different assumptions, loci that are repeatedly
found to be outside of the range expected for neutral
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Results of selection analyses InRH, InRYV, fdist2, detSel, and newfst (see text), along with protein homology, putative function, and
chromosomal locations for mapped markers

Contig/EST InRH* InRV* fdist2’ detSel® newfst’ Populations  Function Protein homology =~ Chromosome <M

Contig 0291 *** woH — o — SMS Catalytic/ Secretory peroxidase 15 36.2
metabolism

Contig 1731 #*#* wEE Rk * SMN DNA binding DNA-binding protein 13 103

Contig 1891 *** wE o A K Plains DNA binding DNA-binding protein —

Contig 2016 **%* Ak — — * SMN DNA binding Heat-shock protein 16 36.8

Contig 2135 *#%* *k Fkk Fokkk Fokk SMS, SMN  DNA binding Ovule development —

Contig 2281 ks ik — — * SMS, SMN  Catalytic/ Catalytic/ 11 39.1
metabolism  metabolism

Contig 2293 ###® ook — ok Utah Repair of Purple acid 8 79
DNA phosphatase

Contig 2727 ik ik — — SMN Unknown — 3 30

Contig 3403 *** R Rk wEE * SMN Unknown None — —

Contig 3590 *#* o — — — Utah Membrane COPTH — —

Contig 5468 *** wEE o — wE SMN Catalytic/ Cellulose synthase — —
metabolism  like

QHAI9L11 & ok Rk Rk SMS Unknown None — —

QHAGBLO6 ik ook — ok SMS Membrane Xyloglucan — —

galactosyltransferase
QHBI12L.21 ¥ Rk clelek ddeleiek ik SMN Cell wall None 10 77.4
QHB33B17 ¥ wE — oAk ###%k Utah DNA binding Squamosa promoter 8 218
binding protein

QHGT7NQ9 s ik HhEE Lk Plains Unknown None — —

QHJ18D19  ** K — K ok SMS, SMN  Catalytic/ Putative — —
metabolism  dehydrogenase

*¥P < 0.10, #*P < 0.05, ¥**¥*P < 0.01, #**%P < 0.001, *****P < 0.0001.

“Tests were performed following SCHLOTTERER (2002) and SCHLOTTERER and DIERINGER (2005).

*The results of the program fdist2, implementing the protocol from BEAUMONT and NicHoLs (1996).
“The results from the program detSel, which performs the calculations outlined in VITALIS ef al. (2001).
“Summary of the results of the program newfst.c (BEAUMONT and BALDING 2004).

loci are extremely good candidates for genes under
selection.

Consistent with the results of all five tests, global Fgr-
values were significantly higher for selected loci (P <
0.05), as expected under divergent selection (STORZ
2005), averaging 0.11 in the neutral loci and 0.15 in the
selected loci. It should be noted that all global Fg-values
calculated were significantly >0 (thus indicating pop-
ulation structure).

TABLE 2

Functional categories of genes analyzed, for all genes,
for those found to be under selection, and the
expected distribution

Population comparisons: Using the Bayesian methods
implemented by the program Structure2.1 (PRITCHARD
et al. 2000) , we were able show that the eight populations
collected from were indeed distinct genetic clusters and
did not show evidence for substantial recent admixture
or migration. With eight populations assumed, between
95 and 100% of individuals clustered together into their
appropriate population groupings, with only three pop-
ulations showing even one individual with substantial
genetic material from other populations. The Structure
analysis was not informative regarding the true number
of populations [as the number of populations, K, in the
model was increased the posterior probabilities Pr(X| K)
increased progressively, with no clear discontinuities].
However, the results did reveal several values for K that

Observed Expected captured important aspects of clustering within the
GO category Total selected selected data. When the model was set at lower numbers of as-
Catalytic/metabolism 17 4 9 sumed.populations, thf: pop.ulations. tended to cluster
Transcription 15 5 9 according to geographic regions. With only two popu-
Protein metabolism 18 0 2 lations assumed, individuals collected from all six Utah
Cellular component 6 3 1 populations clustered together in all three iterations,
Repair of DNA 72 1 1 while individuals from Kansas and Colorado (PLA1 and
Unknown 9 4 9 PLA2) clustered as a separate group. With more popu-
Total 128 17 17 ) P group pop

lations assumed, populations clustered into pairs. SMS1
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and SMS2 clustered together in every analysis where
more than three populations were assumed. Similarly,
DESI and DES2 clustered together in at least two of
three of the runs for values of K from 3 to 7. SMN1 and
SMN2 seemed to be more differentiated, but did cluster
together in some analyses. The two pairs of salt marsh
populations did not tend to cluster together; rather,
SMS1 and SMS2 tended to cluster more closely with
DESI1 and DES2, particularly with the geographically
closer DES2. On the basis of this analysis, we conclude
that the four groupings used for the InRH and InRV
tests are valid. Also, it appears that the two salt marsh
regions show little genetic relationship or gene flow and
show much closer genetic relationships to geographi-
cally proximal desert populations.

DISCUSSION

The geographic extent of selective sweeps: The
origin and spread of adaptive mutations has implica-
tions not only for understanding local adaptation and
population-level phenomena, but also for interpreting
the cohesions and divisions at the species level. For ex-
ample, some authors argue that species are products of
rather than units of evolution because gene flow within
species often is too low to prevent differentiation through
drift or local adaptation (EHRLICH and RAVEN 1969;
MisHLER 1999). However, even very low migration rates
are sufficient for the spread of advantageous alleles
(MoRrjaN and RIESEBERG 2004), leading RIESEBERG and
BURkE (2001) to propose that selective sweeps associ-
ated with favorable mutations may allow species to be
held together at some loci, while simultaneously differ-
entiating at others.

The results presented here are broadly consistent
with this proposal. While some genes sweep to fixation
only within local populations, other genes sweep across
a broader range of the species. Some selective sweeps
define a single salt-tolerant population, three occur in
spatially separated salt marsh populations, while others
appear to have reduced variation across all of the Utah
populations examined. Unfortunately, our design did
not allow us to detect sweeps that have occurred across
all populations of H. annuus, but another analysis utiliz-
ing comparisons with a hybridizing congener, H. petiolaris,
indicates that specieswide selective sweeps are common
as well (Y. YATABE and L. H. RIESEBERG, unpublished
data).

There was a clear pattern of higher Fgr-values, and
thus lower effective migration rates, for genes under
selection than for other loci. This shows that selection
may maintain higher levels of population differentia-
tion at swept loci (Fst = 0.15) than at other loci (Fst =
0.11). However, for the four genes that were swept across
all of Utah, there were dramatic increases in effective
gene flow, such that pairwise Fgr-values were not sig-
nificantly >0 between any Utah populations for these

genes. Thus, selection has effectively obliterated all pop-
ulation structure within Utah at these loci.

Although spatially separated populations undergoing
similar selective pressures show evidence of divergence
at some loci, they evolve in concert at others. This is illus-
trated by three sweeps that are exclusive to the spatially
separated salt marsh populations. In two of the cases,
the same allele appears to be fixed in all salt populations
examined. Those selective sweeps point to the impor-
tance of an allele that spreads through both clusters of
salt marsh populations despite hundreds of miles of sep-
aration. In the third case, all salt populations examined
show strong reductions in allelic diversity, but the north-
ern salt populations are fixed for a different allele than
the southern populations. This is likely due to two com-
pletely independent selective sweeps, each due to a sep-
arate adaptive mutation. For all three loci, whether the
coincident patterns of variation occurred through long-
distance dispersal of a new mutation or parallel evolu-
tion based on ancestral variation (Woob et al. 2005),
strong selection at each locus is likely to be the cause of
reduced variation in all populations. This is consistent
with previous work looking at parallel evolution of edaphic
races in Laesthenia californica (RAJAKARUNA et al. 2003).

In the present study, very few genes showed evidence
for selection in the more benign and common plains
populations, while relatively more genes appeared to be
under selection in the more stressful and unusual envi-
ronment of the salt marshes. The generality of this pat-
tern of increased rates of molecular evolution in novel,
unusual, or recently colonized environments remains to
be determined. This may explain the widely reported
pattern of increased phenotypic evolution in novel envi-
ronments (SINGER et al. 1993; HUEY et al. 2000; REZNICK
and GHALAMBOR 2001; SCHOFL and SCHLOTTERER 2004;
YeH 2004; BoNSER and GEBER 2005).

Caveats: Because they are natural, not experimental,
populations, the populations studied differ in many char-
acteristics other than precipitation and salinity. Thus,
some of the differentiation observed could have been
due to some other selective force, such as herbivory, path-
ogens, or disturbance regime. Moreover, it is important
to keep in mind that selection is not the only way that the
distribution of variation can be changed at particular
loci—reduced variation or increased differentiation can
result from chance alone, e.g., genetic drift, bottlenecks,
or founder events. As in this study, false positives can be
minimized by using tests that account for population
differences, looking for locus-specific effects, and by
using multiple measures of variability, each of which mea-
sures different parameters and relies on different as-
sumptions, e.g., heterozygosity and variance in allele size
(ScHLOTTERER and DIERINGER 2005). Thus, loci with
significant reductions in variability and/or increased
differentiation are good candidates for further study
and are quite likely to have been under recent selection
(ScHLOTTERER 2002; VIGOUROUX ¢f al. 2002).
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Of course, the microsatellites themselves are not
likely to be the target of selection, but are merely tightly
linked to it. Since each of the microsatellite loci used is
located within ESTs, this gives us one good candidate
gene that is known to be expressed and is tightly linked
to each locus. In many of the cases so far examined,
selective sweeps have affected only a very small region,
potentially containing only one or a few genes (CLARK
et al. 2004; DuMonNT and AQuaDpRro 2005; Storz 2005),
except in the case of extremely strong selection (KoHN
et al. 2000; WooTTON et al. 2002). Moreover, recent
estimates of linkage disequilibrium in wild H. annuus as
negligible after 200-300 bp (L1u and BURkE 2005) indi-
cate that in most cases the region of reduced variability
is likely to contain only a single gene or domain. Results
for the domesticated H. annuus cultivars showed little
linkage disequilibrium after 1800-1900 bp, which may
be more reasonable for the more recently derived wild
populations or for genes under strong selection. In any
case, even if linkage disequilibrium is much higher, when
a marker is found to be in a swept region, that marker is
likely to be close to the actual locus under selection.
Because of the small size of swept regions, however, even
with the substantial number of loci we used, we are likely
to have found only a very small fraction of the genes
under selection in these H. annuus populations.

Nature of selected genes: The nature of this study
precludes speculation on the type of genes that may
sweep across an entire species range; for that a broader
sampling of populations from multiple, closely related
species would be necessary. However, this work provides
insight into the percentage and types of genes involved
in local and regional selective sweeps. In this study, we
found that 1.5-6% of the loci examined, depending on
the environment, showed significant reductions in hetero-
zygosity and variance consistent with a recent selective
sweep. Most of these loci showed additional evidence for
selection on the basis of other statistical tests as well.
Thus, while the large number of genes apparently under
selection is somewhat surprising, our results are based
on many independent tests of selection. Moreover, they
are consistent with a growing body of evidence that a
large percentage of a typical genome shows evidence for
recent selection (DILLER et al. 2002; HARR et al. 2002;
VIGOUROUX et al. 2002, 2005; KAUER et al. 2003; KAYSER
et al. 2003; ScHOFL and SCHLOTTERER 2004; STORZ ¢! al.
2004; VASEMAGI et al. 2005; WRIGHT et al. 2005).

The genes under selection exhibit a wide range of
putative functions, including DNA binding, DNA repair,
formation of cell walls, and catalyzing biosynthetic or
metabolic reactions, as well as a number of unknown
functions. The phenotypes associated with alternate alleles
remain to be determined, but these results imply that
adaptation to salt and drought is polygenic. Additionally,
a substantial proportion of the selected genes (18%)
show homology to known stress-response genes, from
the GO classification, thus indicating that responses to

abiotic stresses are indeed a major component of adap-
tation to the habitats examined. It should be empha-
sized, once again, that these genes are only candidate
genes showing tight linkage to the markers identified as
being under selection.

The three putative stress response genes apparently
under selection have a variety of putative functions. One
shows 85% identity to a secretory peroxidase thought
to be involved in response to several different stresses
(TooNoLLI et al. 2002) and that is highly homologous to
a peroxidase upregulated in response to salt stress in
cotton (RITTER ef al. 1993). Another shows homology to
a heat-shock protein from Arabidopsis. The third shows
homology to a putative purple acid phosphatase, which
is involved in response to phosphate starvation (DUFF
et al. 1994) and potentially other stresses (OLCZAK et al.
2003). In addition to the genes classified as “stress re-
sponse” genes in GO, some of the selected genes have
known or putative functions in adaptation to salinity or
drought. For instance, one candidate locus shows ho-
mology to tocopherol cyclase, which can enhance tol-
erance of oxidative stress (KANWISCHER e¢f al. 2005).

In addition to these potential stress-response genes, a
number of genes appear to be involved in determining
the structure or function of the cell wall and cellular
membrane. These include two ESTs with homology to
membrane proteins (one of which is an ion channel)
and one with homology to a cellulose-synthase-like pro-
tein. Other genes of interest include a squamosa pro-
moter-binding protein, part of a family of DNA-binding
proteins found only in plants (KLEIN et al. 1996), which
regulates the expression of the MADS-box gene squamosa
(Huyjser et al. 1992), and AINTEGUMENTA (ErLioTT
et al. 1996; KLUCHER et al. 1996), an APETALLA-2 like
gene involved in floral organ development.

In addition to homology, the expression patterns of
the genes in our database give us some idea of the types
of traits potentially involved in adaptation. The preva-
lence of seed hull genes as candidates for genes under
selection is interesting, as several aspects of seed mor-
phology are extremely variable between populations, and,
on the basis of our observations, are likely to be under
selection. Seed coat coloration is one of the most vari-
able traits between wild sunflower populations, with seeds
colored to match the soil surface in every population
examined (R. RANDEL, personal communication). Ger-
mination characteristics, which also vary highly between
populations of H. annuus, are also likely to be affected
by seed coat morphology and composition. Thus, these
traits merit further study in these populations, with par-
ticular emphasis on the role of allelic variation at the
selected loci.

Conclusions and future directions: In summary, this
study provides strong evidence that a large proportion
of the genome is involved in adaptation and that se-
lective sweeps play a major role in determining gene
flow and genetic differences between populations. In
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terms of the types of genes potentially involved in ad-
aptation, transcription factors appear to be quite impor-
tant, but so do genes involved in catalyzing biosynthetic
or metabolic reactions. In contrast, we found no evi-
dence for selection on any of the protein kinases or
other genes involved in protein synthesis, degradation,
or regulation in our data set, despite their prevalence as
the most common functional group.

Currently underway, an effort to sequence alleles of
these candidate genes from these populations should
provide insight into the differences between adaptive
and ancestral sequences and may help us understand
the origin of these adaptive alleles—either as new mutants
or as part of the standing variation prior to selection. By
gaining a greater understanding of the molecular basis
for local adaptation, we hope to understand the contri-
butions of standing variation, mutation, and migration
in allowing species to colonize new habitats.
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