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Abstract

A long-standing question in evolutionary biology is whether the evolution of conver-
gent phenotypes results from selection on the same heritable genetic components.
Using whole-genome sequencing and genome scans, we tested whether the evolution
of parallel longitudinal flowering time clines in the native and introduced ranges of
Arabidopsis thaliana has a similar genetic basis. We found that common variants of
large effect on flowering time in the native range do not appear to have been under
recent strong selection in the introduced range. We identified a set of 38 new candidate
genes that are putatively linked to the evolution of flowering time. A high degree of
conditional neutrality of flowering time variants between the native and introduced
range may preclude parallel evolution at the level of genes. Overall, neither gene
pleiotropy nor available standing genetic variation appears to have restricted the evo-
lution of flowering time to high-frequency variants from the native range or to known
flowering time pathway genes.
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Introduction

A long-standing question in evolutionary biology is
whether the evolution of convergent phenotypes results
from selection on the same heritable genetic components.
Are there multiple genetic mechanisms to produce adap-
tive phenotypes? Or, do correlations between traits and
the pleiotropic constraint imposed by some genes and
complex pathways confine evolution to using the same
genetic mechanisms or loci? Answering these questions
provides direct evidence of the role genetic constraint or
flexibility in evolutionary responses. A fundamental goal
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in evolutionary biology is to understand which genes are
subject to selection and how often, and to evaluate the
general predictability of the evolutionary process at the
phenotypic and genetic levels (Wood et al. 2005; Arendt
& Reznick 2008; Elmer & Meyer 2011; Lee et al. 2014).
Here, we show how parallel evolution in a key life history
trait, flowering time, in the introduced range of the
mouse-ear cress (Arabidopsis thaliana) utilizes novel loci,
suggesting that numerous independent genetic mecha-
nisms can be used to produce adaptive phenotypes.
Convergent evolution of locally adaptive traits can
play a significant role in the successful establishment of
plants outside their native ranges (Lee 2002; Bossdorf
et al. 2005; Buswell et al. 2011). The existence of parallel
geographic clines in the native and introduced ranges is
often an indicator that similar climate-based selective
pressures have promoted convergent local adaptation in
both ranges. For example, North American populations
of St. John’s Wort (Hypericum perforatum) exhibit clines
in physiological traits, biomass and fecundity that

© 2016 John Wiley & Sons Ltd



GENOMICS OF CONVERGENT FLOWERING TIME 93

parallel patterns found in its native European range
(Maron et al. 2004, 2007). Similarly, the invasive purple
loosestrife has rapidly evolved geographic differences
in time to flowering similar to those found in Europe
(Montague et al. 2008; Colautti & Barrett 2013). As natu-
ral replicates of the evolutionary process, convergently
evolved, native and introduced populations are often
used as evidence of natural selection shaping pheno-
typic trends. They also provide a valuable scenario for
testing to what extent selection acts repeatedly on the
same traits, genes and mutations. Theory (Orr 2005)
and intuition suggest that parallel evolution at the
genetic level will be common when there are relatively
few possible or viable genetic mechanisms to produce
adaptive phenotypes (e.g. when there is high gene
pleiotropy) and rare when there are many genetic
routes to adaptation. Adaptation from standing genetic
variation in the introduced range is also predicted to
occur first through selection on variants that are already
high in frequency and are (or were) adaptive (Barrett &
Schluter 2008). To date, however, there have been few
studies where the genetic basis of variation in conver-
gently evolved traits has been compared between native
and introduced populations.

For plants, flowering when environmental conditions
are optimal is one of the most important traits for maxi-
mizing fitness, and much of what we know about the
genetic pathways controlling flowering time has
resulted from molecular work on laboratory strains of
Arabidopsis (reviewed (Simpson & Dean 2002)). More
recently, studies of naturally occurring Arabidopsis
accessions have revealed a suite of both rare and com-
mon genetic variants that influence flowering time vari-
ation in the species native European range. Some
mutations are common and control a large portion of
the rangewide variation in phenotype while others are
regionally restricted in their distribution. Null muta-
tions affecting the interacting loci FRIGIDA (FRI) and
FLOWERING LOCUS C (FLC) explain 50-70% of flower-
ing time variation under overwintering conditions in
some studies (Caicedo et al. 2004; Shindo et al. 2005).
Common, high-impact variants also occur in the light-
sensing protein PHYTOCHROME C (PHYC) (Balasubra-
manian ef al. 2006; Samis et al. 2008) and in the tran-
scription factor MADS affecting flowering 2 (MAF2)
(Caicedo et al. 2009; Rosloski et al. 2010). Rare variants
in FRI, FLC and other loci also contribute to differences
between specific lines (Gazzani et al. 2003; Shindo et al.
2005; Li et al. 2014). Multiple cross-QTL experiments
have yielded similar results as to the number of geno-
mic regions that control flowering time variation
between divergent European ecotypes. In a study of 13
recombinant inbred line families generated from mainly
non-North American parental genotypes, Brachi et al.
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(2010) found five genomic regions containing upwards
of 60 QTL implicated in flowering time variation, many
of which were unique to a single cross. Salomé et al.
(2011) found flowering time variation was also linked
to as few as five genomic regions using 17 F2 popula-
tions. A recent genomewide association study that
included the analysis of 23 separate flowering time-
related phenotypes identified significant SNPs in seven
loci, some of which affected known flowering time
pathway genes (including FRI and FLC) and some of
which did not (Aranzana et al. 2005; Atwell et al. 2010;
Horton et al. 2012).

Mutations affecting flowering time variation in Ara-
bidopsis thaliana have been largely generated from stud-
ies that included few or no genotypes from the species
introduced range in North America (but see Atwell
et al. (2010)). Only one study of which we are aware
has directly compared flowering time differences
between genotypes from the native and introduced
ranges. Samis et al. (2012) found similar longitudinal
flowering time clines in lines from both Europe and
North America. Under natural overwintering conditions
in a common garden, plants from more coastal popula-
tions flowered later in both Europe and North America.
The cline was significant on both continents, but stron-
ger in Europe (—0.20 days/degree longitude) than in
North America (—0.09 days/degree longitude, Fig S1A).
In the introduced range, the cline is strongly correlated
with total annual precipitation, and in these lines, selec-
tion acts more strongly in favour of early flowering
under low water conditions (Stock et al. 2015). As an
initial test for a parallel genetic basis underlying flower-
ing time clines in the native and introduced range,
Samis and colleagues genotyped populations for eight
common polymorphisms across FRI, FLC and PHYC.
Some common alleles were present in the introduced
range, but none were strongly associated with flowering
time phenotype. It remains unknown whether other less
common flowering time alleles, novel mutations affect-
ing flowering time pathway genes or variants in other
parts of the genome have been co-opted during local
adaptation in the introduced range.

In the present study, we used a whole-genome
sequencing approach to search for evidence of selection
associated with flowering time differences in introduced
Arabidopsis genotypes. First, we identified SNPs geno-
mewide that show high levels of genetic differentiation
between early- and late-flowering individuals, while
controlling for population structure. We paired this
with diversity-based scans to identify potential regions
of recent selection associated with flowering time varia-
tion. We then compared the results of these analyses to
the functional categorization of the implicated regions
and known flowering time genes and mutations from
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the native range. Collectively, we find little or no evi-
dence of genetic parallelism which suggests that neither
pleiotropic constraint nor available standing genetic
variation has strongly constrained the evolution of flow-
ering time in the species introduced range to selection
on high-frequency variants from the native range or to
known flowering time pathway genes.

Methods

Plant material

Thirty-four North American Arabidopsis lines were
selected for sequencing from among natural accessions
previously phenotyped by Samis et al. (2012). The lines
were obtained from the Arabidopsis Biological Resource
Center (ABRC) and from recent collections from natural
populations (Table S1). The lines were phenotyped in a
rooftop common garden at the University of Toronto
after overwintering under natural conditions (see Samis
et al. (2012)). We chose 17 late-flowering and 17 early-
flowering lines for whole-genome sequencing, using
previous SNP data to choose lines with the maximum
level of genetic diversity. The average flowering time
difference between the two phenotypic groups was
6.7 days. In total, we sequenced lines from 14 different
populations in the eastern United States, between one
and five lines per population. Some of the early-flower-
ing lines and the late-flowering lines came from the
same population (see Fig. S1 and Table S1). The pres-
ence of early- and late-flowering lines at the same local-
ity raises two questions: Why is there within-population
variation, and what effect will it have on our popula-
tion genomic analyses? As described by Stock et al.
(2015); also see Brachi et al. (2011), within-population
variation along a broad cline could be due to recent
geneflow, nonequilibrium conditions, seasonally vary-
ing selection, diversifying selection pressures on the
trait or microgeographic variation in selection. One con-
sequence of early- and late-flowering lines sometimes
occurring in the same locality in our sample is that pop-
ulation history is shared across phenotypes, allowing us
to control for the effects of population structuring on
genetic variation across the genome. In practice, we also
use a differentiation statistic that controls for population
history and uneven sampling among localities through
a reference covariance matrix of SNP allele frequencies.

To generate plant material for sequencing, seeds were
stratified in 0.15% agarose at 4 °C for 3 days and then
germinated in soil in a growth chamber at 20 °C under
16-h days. DNA was extracted from young leaves using
the Qiagen DNeasy Plant Mini kit. One barcoded
sequencing library was constructed per line (34 lines
total) using the Illumina TruSeq DNA sample prep Kkit.

Library preparation and sequencing were performed at
the McGill University and Genome Quebec Innovation
Center (Montréal, Québec).

Sequencing and variant detection

Whole-genome sequencing was performed on two lanes
of the Illumina HiSeq2000 platform using 100-bp paired
end reads. We obtained an average of 24.4 million high-
quality reads per line. We aligned reads back to the
TAIR10 reference genome using stampy (Lunter &
Goodson 2011) with a predicted substitution rate of
0.007 (Mitchell-Olds & Schmitt 2006). On average, 92.5%
of reads could be mapped back to the reference per
line, generating an average of 14.6X coverage across the
autosomes. We removed PCR duplicates from each
alignment using ricaRD TOOLS v1.98 (‘http://broadinsti-
tute.github.io/picard” 2015) and used the Genome Anal-
ysis Toolkit (GaTk, v2.7-2) for downstream filtering and
variant calling. We identified insertions and deletions
using GATK RealignerTargetCreator and realigned reads
around them using INDELREALIGNER. We created reduced
alignment files using REDUCEREADS and called variants
using HAPLOTYPECALLER. Variants were called using the
set of all alignments in discovery mode with a strand
call confidence of 30 and an emit confidence of 10. We
filtered the initial set of called variants following guide-
lines provided by GATK best practices documentation.
SNPs were excluded that had quality divided by read
depth (QD) <2.0, Fisher strand bias (FS) > 60.0 and
mapping quality (MQ) < 40.0. Indels were removed that
had QD <20, FS5>2000 and MQ <40. Filtering
removed about 6.7% of the original variants, leaving
2 453 132 autosomal variants in the data set. Down-
stream analyses were conducted using vcrroots (0.1.11),
PYTHON (v.2.7.5) and R (R Core Team 2012).

We compared the SNPs in our lines with results from
two previous resequencing studies. We identified all
SNP sites with nonmissing allele calls in at least half of
the lines (n = 662 892 sites). Our goal was to compare
only high-confidence SNPs in North America with
SNPs in other data sets. These were compared with fil-
tered SNP calls published from the 1001 genomes pro-
ject (Cao et al. 2011) http://1001genomes.org/data/
MPI/MPICa02010/releases/2012 03 13/strains/ and
SNPs from 19 genomes that make up the MAGIC
nested association panel (Gan et al. 2011) (downloaded
from http://mus.well.ox.ac.uk/19genomes/variants.ta-
bles/).

We validated the filtered set of variants against geno-
type calls at 135 SNPs previously genotyped in the
same lines using Sanger sequencing (Samis et al. 2012).
Two of the lines had a low validation rate (<60% of
markers had matching calls) and we excluded these
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from further analysis (both were early-flowering geno-
types). Among the remaining 32 lines, concordance at
homozygous sites between genotype calls using the two
methods was 96.4%.

From the initial data set, we isolated a set of high-
confidence variants to use for analysis of population
structure and differentiation. We chose to retain only
variants on the autosomes with no missing data, a
minor allele frequency above 0.0625 (four out of 64 pos-
sible calls at each site), a minimum mean individual
depth of coverage of three reads and a maximum of 80,
and excluded all nonbiallelic variants (1.7% of all vari-
ants). We used the program sneerr (Cingolani et al.
2012) to annotate the high-confidence variants and to
predict the functional impact of each variant on protein
coding genes and noncoding RNAs. High-impact vari-
ants are defined as those predicted to cause premature
start and stop codons, destruction of splice sites and
frameshift mutations in protein coding regions or non-
coding RNAs. We used vcrrooLs to estimate linkage dis-
equilibrium between variants separated by at most
25 kb.

In the high-confidence variant set, we considered
variants in difficult to sequence regions as missing data.
Because Arabidopsis is highly inbreeding and expected
to have high homozygosity throughout the genome, we
identified genomic regions with low-quality sequence
by scanning for regions of unusually high heterozygos-
ity indicative either of sequencing error or recent rare
outcrossing events. Per cent heterozygosity was calcu-
lated as the percentage of heterozygous genotype calls
out of total calls at variant sites in 20 kb, nonoverlap-
ping windows. We calculated both within-individual
and across-individual per cent heterozygosity. In a sin-
gle individual (line PA-DT1-12), we found large regions
of high heterozygosity indicative of recent outcrossing
and considered genotype calls in these regions for this
one individual as missing data. We also considered
variants in windows with >20% heterozygous calls
across all individuals as missing data. As predicted,
heterozygosity was increased in highly repetitive cen-
tromeric regions of each chromosome and we excluded
all variants in these regions (in total about 10.6 Mbp)
from further analysis (equal to about 8.5% of the gen-
ome).

We used the program PINDEL (Ye et al. 2009) to detect
structural variants. We searched for insertions and dele-
tions greater than 79 bp (the largest indel size detected
in our genomes by the Gatk). We also tested for reads
supporting the presence of large replacements and tan-
dem duplications. Structural variants (SVs) were consid-
ered high confidence if they were supported in at least
four individuals, and had a maximum mean depth of
coverage below 80. We used a Fisher’s exact test to test
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whether each high-confidence structural variant was
overdifferentiated between early- and late-flowering
plant groups. We interpret the results of computational
SV detection with caution, and SVs of interest will need
to be validated using PCR in future work.

Population structure analysis

We used a subset of the high-confidence SNPs to anal-
yse population structure using the program STRUCTURE
(Pritchard et al. 2000). We used only SNPs with a mean
individual depth of coverage between 8 and 20 reads,
and selected a subset spaced at least 10 kb apart
throughout the genome to control for linkage disequi-
librium (n = 9852 SNPs). We used PGDSpider (Lischer
& Excoffier 2012) to convert the SNP data to the correct
format and then ran STRUCTURE using an admixture
model with a burn-in of 10 000 iterations, 10 000 sam-
pling iterations and K = 2 or 3 groups, chosen based on
previous studies of population structure in North
American Arabidopsis (Beck et al. 2008; Platt et al. 2010).
The sTRUCTURE model incorporated a priori information
on sample population of origin. Our goals with the
STRUCTURE analysis were twofold: (i) to determine
whether population structure in our sample followed a
longitudinal cline, such that clinical variation in flower-
ing time would be confounded with population struc-
ture, and (ii) to determine whether population structure
was confounded with the early- and late-flowering
groups that we examined with XtX statistics.

To see how our sequenced lines were related to other
accessions worldwide, we compared them to a subset of
90 geographically diverse lines genotyped by Platt et al.
(2010). We used genotype information from whole-gen-
ome sequencing calls at 135 SNP marker locations
(Samis ef al. 2012) to calculate distances between indi-
viduals and generate neighbour-joining trees in the pro-
gram TAssEL (Bradbury et al. 2007). We included data for
65 lines scattered throughout Eurasia, 25 North Ameri-
can lines and genotype calls from our 32 sequenced
lines. To verify genetic diversity of our sample, we also
screened our samples for the presence of a common hap-
lotype found in over 1000 lines from North America
reported by Platt et al. (2010). That haplotype was repre-
sented in only 13% of our sequenced lines (1 = 4).

Signatures of selection

We used three tests in genomewide scans to detect
regions of the genome with potential signatures of
selection for flowering time.

Differentiation as X"X (~Fsr). First, we identified vari-
ants that were overdifferentiated between early- and
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late-flowering plants and also predicted to have delete-
rious impacts on protein coding genes and noncoding
RNAs (as annotated by snrerr, above). To measure dif-
ferentiation, we calculated the statistic X'X for high-
confidence variants using the program BAYENV2
(Giinther & Coop 2013). The X'X statistic is analogous
to Fst, but is based on allele frequencies that are nor-
malized for population structure and uneven sampling
between groups. X'X controls for residual population
structure through the use of a kinship matrix generated
from a subsample of genomewide SNPs. The expected
value of XX is the number of groups being compared
(n = 2). We generated a kinship matrix used to normal-
ize allele frequencies using a set of 3000 high-confi-
dence synonymous coding SNPs spaced evenly
throughout the genome. We then calculated X'X for
two subsets of markers: (i) 20 213 high-confidence syn-
onymous SNPs spaced no closer than 2500 bp from
each other throughout the genome and (ii) the set of all
variants predicted to have strong deleterious impacts
on genes (1 =17 324). X"X values were calculated as
the average value from three separate BAYENV2 runs
using a burn-in of 30 000 iterations and 100 000 sam-
pling iterations each. The distribution of values from
synonymous SNPs was used to gauge background
levels of differentiation between the early- and late-
flowering plant groups. We considered SNPs overdiffer-
entiated if they had average X" X values above the aver-
age of the highest synonymous X'X values from across
three runs. We thus attempted to mitigate the potential
problems of population structure in our identification of
SNPs as overdifferentiated in two ways: (i) X'X, by its
construction, identifies individual loci with reference to
a covariance matrix of allele frequencies, which we esti-
mated with 3000 synonymous SNPs, and (i) we com-
pare the distribution of X'X values for high-impact
variants to a different set of markers expected to be
neutral (the 20 213 synonymous SNPs), as suggested by
Lotterhos & Whitlock (2015).

Fsr can be inflated by processes that reduce within-
population genetic diversity (e.g. inbreeding depression,
stronger background selection in some regions of the
genome, differences in effective population size) that do
not universally reduce variation in the entire sample
(Charlesworth 1998). We do not expect this to be a sub-
stantial problem with our implementation of X'X
because our comparison of early- and late-flowering
genotypes incorporates samples from several popula-
tions, with different relationships to native samples, into
the categories being compared. Consequently, the forces
that would reduce within-sample genetic diversity in
one flowering group but not the entire sample are unli-
kely to be occurring independently in several localities
that make up the early- or late-flowering groups.

Cross-population composite likelihood ratio test. We used
the cross-population composite likelihood ratio (xp-CLR)
test (Nielsen et al. 2005) to search for genomic regions
indicative of selective sweeps. We analysed high-confi-
dence variants including heterozygous sites (to avoid
biases introduced due to missing data). We obtained
physical and genetic map distances between 455 mark-
ers in the Arabidopsis genome from The Arabidopsis
Information Resource (Rhee et al. 2003) (map files; Rlda-
taGeneticMap.txt and TAIR9_AGI _Map_data). We used
the genetic distance information from the markers to
predict genetic distances between all markers in our
populations using a fourth-order polynomial. We calcu-
lated both the xp-cLr of selection in the early-flowering
plant group using the late-flowering group as a refer-
ence and vice versa. Input genotypes were left
unphased, as haplotype information is not required.
The presence vs. absence of a selective sweep was
tested in 0.5 cM windows around grid points placed
every 5 kb along each chromosome. We excluded grid
points within centromeric regions (due to poor genotyp-
ing accuracy in these repetitive areas). SNPs were
downsampled to a maximum of 100 SNPs per window.
We calculated the difference between the xp-CLR statistic
in the early group and the late group at each grid point
and considered as potential sweep regions those with
difference values below the first quantile or above the
99th quantile of values.

Nucleotide diversity. We looked genomewide for regions
of unusually low nucleotide diversity () in either the
early- or late-flowering plants. We used the set of all
called sites (including invariant sites) to calculate diver-
sity in windows across the genome (described below).
To generate call confidence information for all bases
throughout the genome, we used an alternative GATK
pipeline to call variants. Sequence alignments were
used to call variants separately for each individual
against the reference genome using GATK HAPLOTYPE-
CALLER. A combined variant set was then generated
using catk  CombineGVCFs followed by Geno-
typeGVCFs, emitting genotype and read depth informa-
tion for every base in the genome.

We calculated m in nonoverlapping windows across
the genome using only genotype calls with a minimum
depth of four reads. To keep the number of individuals
sampled at each site constant, we randomly subsam-
pled genotype data for 12 individuals only at sites
where at least 12 individuals had nonmissing calls. II
was calculated for windows containing 10 000 bases
meeting the read depth and missing data cut-offs sepa-
rately within each phenotypic group. Using the window
data, we found the difference between m values in the
early- and late-flowering lines at each grid point
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previously used to calculate xp-cLrs. We considered grid
points with difference values below the first quantile
and above the 99th quantile of all difference values as
potential sweep regions in the late- and early-flowering
groups, respectively. Windows of interest around these
significant grid points were defined using the bound-
aries from the original group-specific window calcula-
tions.

Identification of genes potentially under selection

To detect genes potentially under selection for flower-
ing time, we identified genes that fell in regions of the
genome characterized by a large difference in diversity
between groups or a high xp-cLr. Nucleotide diversity
(m) was calculated in windows as described above and
xp-CLR windows of interest were defined as 2500 bp
upstream and downstream of significant grid points.
Candidate genes related to flowering time adaptation
overlap genomic windows with one of these signatures
of selection and contain overdifferentiated For (X'X)
outliers. We conducted functional term enrichment
analyses of different gene sets of interest using the
online tools paviD (Huang et al. 2009) and GOrilla (Eden
et al. 2009). The set of all genes affected by overdifferen-
tiated (but nondeleterious) SNPs was used as the back-
ground set for enrichment analyses of high-impact
outliers. The set of all Arabidopsis genes was used as the
background set for enrichment comparisons of genes in
regions with significant signatures of selection.

We also directly examined a predetermined list of
284 candidate genes, identified by Brachi et al. (2010)
and Atwell et al. (2010), which are associated with plant
development and responses to endogenous and exoge-
nous environmental cues. We included three genes
identified as associated with flowering time by Atwell
et al. (2010). Genes in this list were termed ‘a priori’ can-
didate genes for flowering time. For each candidate
locus, within each phenotypic group, we calculated =
using nonmissing genotype calls with data for at least
seven individuals. When more individuals had valid
calls, the data were randomly downsampled to seven
within each phenotypic group. We then compared =
values for each gene between the early- and late-flower-
ing plant groups and compared the differences against
the distribution of differences calculated similarly for
all other genes in the genome.

Extended analysis of candidate loci FLC, FRI, PHYC
and MAF?2

Indel and SNP polymorphisms in the loci FLC, FRI,
PHYC and MAF2 have been previously linked to geo-
graphic variation in flowering time in Arabidopsis
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(Caicedo et al. 2004, 2009; Balasubramanian et al. 2006;
Samis et al. 2008; Rosloski et al. 2010; Li et al. 2014). We
compared the sequences of these four loci and the sur-
rounding regions with sequences published in other
studies to determine whether (i) polymorphisms associ-
ated with flowering time identified in other studies are
present and similarly associated in the 32 North Ameri-
can lines and (ii) the genes or surrounding sequence
haplotypes show any structuring between early- and
late-flowering lines. Polymorphisms in +/— 50-kb
regions surrounding each locus, or genic sequences
were aligned to the reference and used to create neigh-
bour-joining trees (model = ‘raw’) using the ‘ape” pack-
age in R, with pairwise.deletion = TRUE (Paradis et al.
2014).

Data availability

Arabidopsis lines are available on request. Table S1 con-
tains geographic origin information on the sequenced
lines. Short-read sequence data for each line will be
deposited in the NCBI short-read archive (SRA) under
BioProject number PRJNA288374. A VCF file containing
genotype information on the sequenced lines is avail-
able on request.

Results

Unique genetic diversity and evidence of outcrossing
in North American populations

We found introduced Arabidopsis populations have sub-
stantial genetic diversity, much of which is unique to
the introduced range or at least uncommon in Eurasia.
We compared approximately 662 000 SNPs (those with
nonmissing genotype calls in at least 50% of individu-
als) with available large polymorphism data sets for
Arabidopsis including data from the 18 Eurasian parental
accessions used to generate the MAGIC nested associa-
tion reference panel (Gan et al. 2011), the first 80 gen-
omes from the 1001 genomes project (Cao et al. 2011)
and ~215 000 SNPs generated from the worldwide
RegMap panel (Horton et al. 2012) (Fig. 1). We found
about 81 000 high-confidence SNPs in our North Ameri-
can lines were only present in our data set and not in
any other. Only a small number of lines cluster with a
common haplogroup (haplogroup 1, Fig. 2) observed in
a large portion of North American samples in previous
work (Platt et al. 2010). The presence of a substantial
number of unique SNPs indicates introduced popula-
tions are diverse and contain an abundance of new
and/or rare mutations that have not been observed in
previously sequenced North American or Eurasian nat-
ural accessions.
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current’study
(0.66

80 Euxopean genomes

Fig. 1 Overlap between SNPs identified in the current study
and three other studies (Cao et al. 2011; Gan et al. 2011; Horton
et al. 2012).

On average, short-range LD dropped off at approxi-
mately 7 kb on each autosome which is similar to LD
estimates of 10 kb in the native range (Kim et al. 2007).
Based on average pairwise diversity of our sample, the
effective population size (N,) for eastern North America
is about 215 000 which is comparable with regional esti-
mates of N, in Europe (Cao et al. 2011). Fixed-window
analysis of individual genomes revealed wide regions
of unusually high heterozygosity in a single individual
from Pennsylvania (PA:DT1-12, Fig. S2) on chromo-
somes 1, 4 and 5, which is indicative of a recent rare
outcrossing event.

Population structure consistent with multiple
introductions and mixing among early- and late-
flowering groups

Genomewide data on ~9 800 SNPs showed that natural
accessions in the introduced range tend to cluster
within individual collection localities, although there is
no clear evidence of longitudinal trends in structure
assignments (Figs 2A and S3). We also did not observe
consistent differences between early- and late-flowering
groups in structure ancestry assignments in a way that
would suggest that flowering time and population
structure covary. Some individuals did not cluster with
their nearest geographic neighbours and others were

likely to be admixed. For example, two lines from a sin-
gle population in Massachusetts (HVSQ) each clustered
strongly with a different ancestral genetic group
(Fig. S3). Some lines from the Midwest (populations
Knox and Kin) and from New York (population CSH)
also had mixed ancestry.

Comparison of North American lines and a subset of
natural accessions from around the world (compared at
126 SNP markers genotyped by Platt ef al. [34]) showed
North American populations cluster with lines from
many different parts of Eurasia (Fig. 2, Fig. 54). Cluster-
ing was consistent with previous analyses of smaller
SNP sets which indicate patterns of isolation by dis-
tance at the scale of ~250 km (Kim et al. 2007; Beck et al.
2008; Platt et al. 2010; Samis et al. 2012). Genomewide
polymorphisms indicated at least three genetic clusters
in eastern North America (K = 3) (Fig. S3). There was
no indication that early- and late-flowering genotypes
stem from independent lineages (Fig S1 B).

Outlier analysis reveals deleterious variants associated
with flowering time

We tested whether any variants with predicted delete-
rious impacts on protein coding genes were overdiffer-
entiated between the early- and late-flowering plant
groups and thus potentially linked to adaptation. We
considered the impact of a variant potentially deleteri-
ous if it caused a frameshift mutation, a gain or loss
of a stop or start codon, or disrupted splice sites. As a
measure of differentiation between phenotypic groups,
we used X'X (an Fsr -like statistic) implemented in
the program Bavenv2 (Giinther & Coop 2013). X'X
controls for residual population structure through the
use of a kinship matrix generated from a subsample of
genomewide SNPs. In our simulations, the modal XX
value for unlinked synonymous coding SNPs was 1.96,
close to the expected value for neutral variants
(X"X = 2.0), demonstrating adequate control for popu-
lation structure. In contrast, SNPs predicted to have
deleterious impacts on proteins had a right-skewed
distribution with modal X"X = 2.8 (Fig. 3). The maxi-
mum XX value for synonymous SNPs was 2.8, but
high-impact variants had values up to 8.1, indicating
some are likely to be under selection. There were 996
deleterious variants with differentiation values above
the maximum observed at any synonymous SNP and
these had putative impacts on 416 protein coding

Fig. 2 Population structure and location of sequenced lines. (A) The color of each marker represents the STRUCTURE group to
which each line most likely belongs (K = 3 groups; see Fig. S4). (B) Neighbor-joining tree based on 126 SNP markers. Early flowering
lines are in red, late flowering lines are in black, lines genotyped by Platt et al. are in gray. Lines are labeled with their country of
origin. The bracket shows individuals with the most common North American haplotype detected by Platt et al. Bootstrap percent-

ages are shown for nodes >50%.
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genes. Among a list of 284 genes with functions
related to flowering time, development or environmen-
tal sensing (termed ‘a priori’ flowering time genes, see
Methods), we also scanned for overdifferentiated dele-
terious variants. Five a priori flowering time candi-
dates contained such variants; however, this number is
not more than expected by chance (X2 = 1.647,
P =0.10). Among the genes containing the most differ-
entiated nonsynonymous SNPs (1 = 156), there was
also no significant enrichment for a priori flowering
time candidate genes (P =1.0) or GO terms related to
development or environmental sensing.

We also scanned the genome for large structural vari-
ants and tested whether any were associated with flow-
ering phenotype. We used the program PINDEL to search
for variants larger than the largest insertion or deletion
detected using the GATK variant calling pipeline (72 bp).
There was strong support for the presence of 3062 large
structural variants in the genome, almost 75% of which
were deletions with respect to the reference (Fig. S5).
Forty-three structural variants were highly differenti-
ated between early- and late-flowering genotypes (Fish-
er's exact test, lower 1% quantile of P-values,
P <0.0002) and these were within 5 kb of 60 genes.
One affected gene was an a priori flowering time candi-
date gene, the floral organ identity gene enhancer of
HUA2 (HEN2).

Targeted analysis of flowering time candidate genes
shows little evidence of selection or association with
flowering variation

To identify loci potentially under selection, we com-
pared gene-level nucleotide diversity (m) between the
early- and late-flowering plant groups. A reduction in
diversity in one group relative to the other may indicate

High-impact SNPs
Synonymous SNPs

10000 -

5000 -

Number of SNPs

2 4 6 8

XTX value

Fig. 3 Distribution of average XTX (Fsr) values, for synony-
mous SNPs (blue) and variants with predicted deleterious
impacts on protein coding genes (pink).

recent selection on a particular locus. Only one out of
284 a priori flowering time candidate genes was within
the top 1% of genes with reduced diversity (n) in late-
flowering lines, a subunit of the transcription factor nu-
clear factor Y (NF-YA3), also known as HAP2C. Simi-
larly, a single candidate gene fell within the top 1% of
genes with reduced diversity in early-flowering lines,
the transcription factor tiny (TNY) (Fig. S6 A).

In the native range of Arabidopsis, at least four genes
have alleles that affect flowering time and also occur at
moderately high frequencies across the range: FLC, FRI,
PHYC and MAF2. We evaluated whether the known
common variants at these loci are present in North
America and associated with flowering time differences.
We also tested for haplotype structuring at these loci
indicative that nearby variation is associated with phe-
notype. We did this by constructing phylogenetic neigh-
bour-joining trees based on alignments of the coding
regions and regulatory regions (50 kb up- and down-
stream) of these genes (Fig. S7). We chose a 50-kb inter-
val based on the method of Li T AL. 2014 who detected
segregating haplotypes near FLC at this scale.

Full sequences of the FRI and FLC genic regions con-
firmed the results of previous PCR-based genotyping
(Samis et al. 2012;). FRI contains a ~376-bp deletion that
was present in eight lines and a 16-bp insertion present
in all but two lines. Neither deletion was strongly associ-
ated with flowering time phenotype and analysis of
structural variation using PINDEL (Ye et al. 2009) did not
detect any additional large variants in FRI. We observed
several other small putative deletions affecting FRI, but
all occurred at low frequency (in one or two individuals).

Within FLC, we did not detect any of the large trans-
posable element insertions that occur within the FLC*
group (or any other large structural variants within the
gene) and confer early flowering in the Eurasian range
(Gazzani et al. 2003; Michaels et al. 2003). Haplotypes in
the 100-kb region surrounding FLC did not closely
match any of the European rapid or slow vernalization
haplotypes detected by Li et al. (2014) with the excep-
tion of a single early-flowering North American line
that had strong similarity to the early-flowering rapid-
vernalization-2 haplotype (RV2, Fig. S8).

The photoreceptor PHYC contains alleles that vary
longitudinally in frequency across Europe and affect
flowering in response to day length in some mapping
populations (Balasubramanian et al. 2006, Samis et al.
2008). PHYC is characterized by Ler-type and Col-type
haplotypes that are distinguished by a large deletion
associated with early-flowering and sensitivity to day
length. Analysis of PHYC haplotypes in North America
showed that lines can also be distinguished as Ler and
Col types, although neither haplotype is strongly associ-
ated with early or late flowering (Fig. S9). Four lines
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from Rhode Island form a unique group outside of the
Ler and Col PHYC types, and all are late flowering;
however, the association may be due to population
structure rather than the presence of a late-flowering
functional variant near PHYC. The 100-kb region sur-
rounding PHYC 1is highly polymorphic containing
seven or more haplotype clusters, none of which are
characterized by a single flowering time phenotype (B.
Gould and J. R. Stinchcombe, unpublished).

Lastly, we examined variation in MADS AFFECTING
FLOWERING 2 (MAF2). Large insertions in MAF?2 origi-
nating from an adjacent tandemly duplicated paralog,
MAF3, are common throughout Eurasia and associated
with delayed flowering (Caicedo et al. 2009; Rosloski
et al. 2010). Sequence alignments showed no evidence
of MAF?2 insertions in any of the North American lines,
outside of two regions of microsatellite variation. Nei-
ther genic nor upstream MAF2 haplotypes clustered by
flowering time phenotype, and PINDEL analysis did not
detect any large structural variation within the locus.

Intersection of selection scan results identifies genes in
low diversity genomic regions

We calculated nucleotide diversity (m) and the cross-
population composite likelihood ratio (xp-CLR) in
nonoverlapping windows across the genome to detect
regions potentially affected by recent selective sweeps
for flowering time. The presence of a recent sweep is
indicated where there is a large difference in nucleotide
diversity or the xp-CLR between the early- and late-flow-
ering groups relative to the distribution of difference
values in other regions in the rest of the genome
(Fig. S10). The top 1% of genomewide windows where
signatures of selection had the greatest difference

Gen
4 ) ,
3 1163 With $
selection

impact
outliers

267

Flowering time
sandidate gene

Fig. 4 Genes with evidence of involvement in flowering time
evolution. The overlap is shown between genes containing
highly differentiated variants with predicted deleterious
impacts (XTX outliers), genes in regions with a signature of
selection for flowering time, and genes identified as a priori
candidates.
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between early- and late-flowering lines contained 1210
genes (Fig. 4). These genes are potential candidates for
involvement in flowering time evolution, but the set
was not enriched for a priori flowering time candidates
(n = 13, Fisher’s exact test, P = 0.88). There was also no
significant enrichment for gene ontology (GO) terms
related to development or environmental sensing.

Of the genes potentially under selection, 35 contained
one or more variants predicted to have deleterious
impacts on protein function and were also overdifferen-
tiated between early- and late-flowering plants
(XTX > 3.48; Fig. 3, Table S2). Three additional genes
from the set were in close proximity to overdifferenti-
ated structural variants (Table S2). These 38 genes are
candidates for involvement in flowering time differenti-
ation in the introduced range.

For the 35 candidate genes with overdifferentiated,
deleterious variants, we measured the frequency of the
alternate allele both in our sample and in Europe (using
data generated by Cao ef al. 2011 (30)). Most of the dele-
terious indels had zero frequency in the European data
set, but this may be due to low repeatability between
current indel prediction methods. Among the overdif-
ferentiated deleterious SNPs in the two ranges (n = 15),
the frequency in Europe was predictive of the fre-
quency in North America (Fig. S11). However, the SNPs
were not more or less common in the native than the
introduced range.

Discussion

Whole-genome sequencing in natural Arabidopsis acces-
sions from eastern North America has revealed little
evidence that the evolution of flowering time differ-
ences in the introduced range has involved selection on
known genetic variants from the native range. Some
mutations known to have strong influence on flowering
time do occur in the introduced range, but we found no
evidence that these mutations are associated with differ-
ences in flowering time in introduced populations or
have been subject to recent hard selective sweeps. Fur-
ther, regions of the genome containing the strongest sig-
natures of selection do not contain genes that are
enriched for functions in development or sensing of
environmental cues. Thus, it is unlikely that the evolu-
tion of flowering time in the two parts of the range is
strongly parallel at the level of genes. Our results there-
fore suggest that neither pleiotropic constraint nor
available standing genetic variation has constrained the
evolution of flowering time to selection on high-fre-
quency functional mutations from the native range or
known flowering time pathway genes.

We identified regions of the genome with large differ-
ences in diversity (m) between phenotypic groups;
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however, on average, differences in the top 1% of
regions were small and consistent with only putatively
weak selection. Also, few a priori flowering time candi-
date genes showed strong signatures of selection. Given
the diversity of introduced populations and evidence of
multiple introductions from this and other studies,
standing genetic variation has most likely played a cen-
tral role in the evolution of traits in the introduced
range. The absence of a signal of strong selective
sweeps at flowering time genes in the introduced range
thus might be explained by several nonmutually exclu-
sive mechanisms: (i) evolution through soft rather than
hard sweeps; (ii) polygenic adaptation involving many
genes of small effect; and (iii) selection on rare alleles
present at low frequency in our sample. While soft
sweeps, polygenic adaptation and selection on rare alle-
les can explain why we did not find evidence of selec-
tion and differentiation in known flowering time genes,
we did find evidence of selection and differentiation in
novel genes. We consider both aspects below.

Soft sweeps, G x E and polygenic adaptation

Soft selection on standing genetic variation is probable
in introduced Arabidopsis which has a history of multi-
ple introductions and is likely to have experienced
introduction of multiple adaptive alleles at many loci.
Signatures of soft selection may not be strong enough
to differentiate from patterns produced by drift using
diversity scans. However, haplotype structuring around
loci under soft selection may reveal phylogenetic group-
ing by phenotype (Messer & Petrov 2013). Haplotype
structuring around candidate genes FRI, FLC, PHYC
and MAF2 did not reveal any evidence of haplotype
clustering by phenotype; however, some structuring
was apparent at two developmental transcription factor
genes found in regions of the genome with the stron-
gest selection signatures (TFIIIA and HAP2C, Fig S12).
Soft sweeps at these and other loci may have con-
tributed to flowering time adaptation in the introduced
range and warrant further investigation.

Another possibility is that the planting season used
in generating our original flowering phenotypes (fall
planting, overwintering rosettes, intended to simulate
vernalizing, ecologically realistic conditions) altered the
expression of variation due to these candidate genes
(e.g. Wilczek et al. 2009). Under alternative experimental
conditions (fall vs. spring generations, earlier or later
planting in the fall, etc.), different flowering phenotypes
may be expressed, with these genes potentially playing
a role in those environments. Stock et al. (2015) found a
significant  across-environment genetic  correlation
between flowering time in the common garden and a
growth chamber and significant genotype by

environment interaction for flowering time, suggesting
that environment-specific genetic variation contributes
to the flowering phenotype.

Likewise, allele frequency changes in many genes of
small effect on flowering time may go undetected in
outlier scans. The importance of polygenic adaptation
in evolution in response to new environments is cur-
rently unknown, but may be the predominant form of
quantitative trait evolution from standing genetic varia-
tion (Hancock et al. 2010; Pritchard & Di Rienzo 2010;
Pritchard et al. 2010). Studies of human height (Lango
Allen et al. 2010; Turchin et al. 2012) reveal how allele
frequency differences observed across many loci are
often quite small. For instance, allele frequency differ-
ences between northern and southern human popula-
tions ranged from 0.0044 to 0.016 with sample sizes
ranging from 58 to 257 in each population. Our study
likely lacked statistical power to detect subtle allele fre-
quency changes across many genes characteristic of
polygenic adaptation. A lack of strong signatures of
selection in candidate genes may mean that adaptive
polymorphisms are abundant but independently rela-
tively weak, each contributing little to overall adaptive
differentiation in flowering time.

In addition to power considerations, polygenic adap-
tation may contribute in ways that are difficult to dis-
cern from genomic portraits of polymorphism and
divergence. Theoretical work by Latta (1998, 2004) and
LeCorre and colleagues (Kremer & Le Corre 2012; Le
Corre & Kremer 2012) has demonstrated that trait
divergence can evolve even with limited differentiation
of the underlying causal loci. In brief, because selec-
tion generates covariances among different loci,
changes in genetic variances, and hence quantitative
genetic differentiation, can far outpace allele frequency
changes in individual loci. Consequently, outlier-based
approaches, such as ours, are likely to represent a con-
servative lower bound of the loci involved in adapta-
tion.

Selection on locally common but regionally rare alleles

In the absence of any strong evidence for a parallel
genetic basis of flowering time clines, selection on
locally common but regionally rare alleles may explain
a portion of the evolution of flowering time in the
introduced range. Adaptive alleles and haplotypes that
occur only in small areas of the introduced range
would not occur often enough within our set of intro-
duced lines to show a signal of overdifferentiation or
reduced diversity. In the native range, previous studies
have shown that alleles that are regionally restricted in
their distribution explain up to 24% of the variation in
some fitness-related traits (Fournier-Level ef al. 2011; Li
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et al. 2014). In these studies, the alleles are not associ-
ated with signatures of selection and are rarely associ-
ated with fitness in more than one region, and their
distribution is also often spatially correlated with cli-
mate factors. In the introduced range, the evolution of
flowering time may follow a similar pattern and would
be facilitated by the introduction of adaptive alleles
from throughout the native range. For example, we
found some evidence of uncommon deletions in FRI in
our sample, some of which could be at high frequency
at a local scale and contribute to flowering time pheno-
type only in certain populations. Rare mutations in
both FRI and FLC have often been associated with
flowering time phenotype in Arabidopsis accessions
from Eurasia (e.g. Le Corre 2005; Sanchez-Bermejo et al.
2012). Also, in a study of Arabidopsis lines from France,
Brachi et al. 2013 found genomic regions associated
with phenology varied at a local scale. In the future,
greater within-population sampling of Arabidopsis in
North America will be able to test the hypothesis that
adaptive alleles are regionally rare but locally abun-
dant.

New candidates for flowering time evolution in the
introduced range

Despite the limitations of outlier-based genome scans,
many of the loci detected in the present study are
likely to represent true recent targets of selection.
Outlier-based selection scans are most powerful at
detecting selection that results from newly arising
mutations or similarly, those that exist within bottle-
necked populations prior to demographic expansion
(Teshima et al. 2006; Jensen et al. 2007; Pritchard & Di
Rienzo 2010; Lotterhos & Whitlock 2015). The signa-
tures of full or partial selective sweeps in the genome
are expected to persist on the order of N, generations
(Przeworski 2002). Introduced Arabidopsis has a rela-
tively large effective population size in eastern North
America (comparable to regional diversity in Europe,
Ne ~215000 in this study) and a history of very
recent introduction over the past ~250 years (Jorgen-
sen & Mauricio 2004). Prior to population expansion,
sweeps should be detectable but rare in the intro-
duced range. Results of outlier tests are not likely to
detect all targets of selection for flowering time evolu-
tion in the introduced range, but the use of multiple
test statistics, as in this study, encourages a high rate
of true positives among outlier loci (Teshima et al.
2006).

We identified a set of 38 candidate genes impacted
by large or small overdifferentiated variants that also
show signatures of selection (Table S2) for flowering
time. The list includes one a priori candidate gene: NF-
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YA (HAP2C). Nuclear factor Y is a transcription factor
that has been shown to influence flowering time
through interaction with the major flowering time gene
Constans (Kumimoto et al. 2010). The candidate genes
also include two heat-shock proteins, a thigmomorpho-
genesis locus (involved in response to mechanical stim-
uli) and a MADS-box transcription factor. The
candidate genes generated from this work provide tar-
gets for future investigation and functional validation in
the study of the genetic basis of flowering time adapta-
tion in introduced Arabidopsis. Importantly, the genetic
tools available for Arabidopsis will facilitate functional
verification of these candidates through knockout stud-
ies and other approaches.

Nonparallelism at the level of genes in the evolu-
tion of flowering time clines in the native and intro-
duced range of Arabidopsis is consistent with the
results of a recent study by Hamilton et al. (2015). In
a transplant of Eurasian genotypes to a common gar-
den in Rhode Island, they found that adaptive vari-
ants in the native range differed from adaptive
variants in Rhode Island, despite similar climate con-
ditions. Most of the adaptive alleles in Europe and
Rhode Island exhibited conditional neutrality: benefi-
cial in one site, with little or no effect in the other.
The prevalence of conditional neutrality underlying
local adaptation has important consequences for evo-
lution in introduced species. If loci underlying local
adaptation in the native range frequently exhibit con-
ditional neutrality (Anderson et al. 2011, 2013; e.g.
Fournier-Level ef al. 2011), one would predict that
they would be locally abundant, but possibly not
have spread rangewide. For species with a history of
multiple introductions, like Arabidopsis, a complex
mosaic of previously locally adapted yet globally rare
alleles may underlie any postintroduction evolutionary
responses. In these scenarios, evolution of similar
broad geographic patterns through parallel genetic
mechanisms may be unlikely.

Collectively, our results show that postintroduction
evolution of flowering time has been neither confined
by pleiotropic constraint to a handful of loci previously
implicated in flowering time evolution, nor constrained
by limited standing genetic variation. Further studies
on the genetic basis of adaptation in complex, quantita-
tive traits will be necessary to determine the prevalence
of this pattern.
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