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Abstract

Identifying sources of genetic variation and reconstructing invasion routes for non-native
introduced species is central to understanding the circumstances under which they may evolve
increased invasiveness. In this study, we used genome-wide single nucleotide polymorphisms to
study the colonization history of Centaurea solstitialis in its native range in Eurasia and invasions
into the Americas. We leveraged this information to pinpoint key evolutionary shifts in plant size,
a focal trait associated with invasiveness in this species. Our analyses revealed clear population
genomic structure of potential source populations in Eurasia, including deep differentiation of a
lineage found in the southern Apennine and Balkan Peninsulas and divergence among populations
in Asia, eastern Europe, and western Europe. We found strongest support for an evolutionary
scenario in which western European populations were derived from an ancient admixture event
between populations from eastern Europe and Asia, and subsequently served as the main genetic
‘bridgehead’ for introductions to the Americas. Introductions to California appear to be from a
single source region, and multiple, independent introductions of divergent genotypes likely
occurred into the Pacific Northwest. Plant size has evolved significantly at three points during
range expansion, including a large size increase in the lineage responsible for the aggressive
invasion of California’s interior. These results reveal a long history of colonization, admixture, and
trait evolution in C. sofstitialis, and suggest routes for improving evidence-based management
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decisions for one of the most ecologically and economically damaging invasive species in the
western United States.
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Introduction

Rapid adaptation of introduced species to a new environment appears to be common in
successful biological invasions (Thompson et al. 1998; Cox 2004; Bossdorf et al. 2005;
Prentis et al. 2008; Colautti & Lau 2015). By increasing fitness, adaptive evolution is likely
to increase the abundance and spread of introduced species, contributing directly to their
invasiveness (e.g. Colautti & Barrett 2013). We should expect adaptation to occur frequently
when strong selection associated with a new environment can act on pre-existing standing
genetic variation (Koskinen et al. 2002; Lee 2002; Bock et al. 2015). Many successful
invasions are indeed associated with high levels of standing genetic variation resulting from
multiple introductions and subsequent intraspecific genetic admixture, or from introgression
of alleles from other species via interspecific hybridization (Ellstrand & Schierenbeck 2000;
Kolbe et al. 2004; Dlugosch & Parker 2008; Hufbauer 2008; Bock et a/. 2015).
Understanding when this variation fuels evolutionary and ecological change during invasion
requires reconstructing invasion routes, pinpointing sources of variation, and identifying
when key transitions in ecological characters have evolved (Rosenthal et a/. 2008; Colautti
& Lau 2015; Cristescu 2015; Dlugosch et al. 2015a).

The highly invasive plant yellow starthistle, Centaurea solstitialis (hereafter YST), appears
to have benefited from adaptive evolution during its spread in the western US (Dlugosch et
al. 2015b). Native to Eurasia, YST is a diploid, obligately outcrossing annual that has spread
into Argentina, Chile, the United States, South Africa, and several oceanic islands
(DiTomaso et al. 2006). Previous work has demonstrated evolutionary increases in seed size,
growth rate, and adult plant size in invading genotypes of YST, particularly in its aggressive
invasion of California (Widmer et al. 2007; Eriksen et al. 2012; Graebner et al. 2012; Hierro
et al. 2012; Dlugosch et al. 2015b). These evolutionary changes are associated with fitness
benefits to YST: larger seeds improve seedling growth (Widmer et al. 2007) and/or survival
(Hierro et al. 2012), and larger size triggers earlier flowering and increased reproduction
(Dlugosch et al. 2015b).

A thorough analysis of the population structure and history of YST across its range is
fundamental to identifying invasion routes, sources of genetic variation, and evolutionary
transitions in traits of invading populations. Historical records indicate that YST was
introduced accidentally as a contaminant of alfalfa seed to Chile from Spain in the
mid-1600s, and then to the San Francisco bay area in California from Chile in the 1850s
(Stewart 1926; Howell 1959; Gerlach 1997). Secondary introductions of YST may also have
occurred when additional alfalfa seed was imported into the western US from multiple
regions throughout Eurasia beginning in the early 1900s (Gerlach 1997). Previous genetic
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studies have identified high levels of genetic diversity and putative admixture in western US
populations (Sun 1997; Dlugosch et al. 2013; Eriksen et al. 2014), but genetic structure
across YST’s Eurasian range and its contribution to invading populations has remained
poorly resolved. Resolving the introduction history of YST requires more comprehensive
sampling of invading populations, their potential native source populations, and co-
distributed congeners which may have contributed to invasions through hybridization. In
general, comprehensive geographic sampling and the analysis of hundreds or thousands of
unlinked loci may be necessary for resolving past population relationships in putatively
complex colonization scenarios (Garrick et al. 2015).

It may be particularly important to resolve YST’s history in western Europe, a region where
populations are hypothesized to represent an ancient human-mediated range expansion
(Wagenitz 1975; Maddox et a/. 1985). This region may have served as a ‘bridgehead’
(Lombaert et al. 2010) of successful colonizing genotypes that were pre-adapted for invasion
of the Americas. A coarse-scale study based on transcriptome-derived single nucleotide
polymorphisms (SNPs) of YST reported that human-mediated introductions to Spain from
independent sources in eastern Europe and Asia may explain signatures of admixture found
in populations there and in the subsequent introduction of these genotypes to the Americas
(Dlugosch et al. 2013). In contrast, a microsatellite-DNA study of YST found significant
differentiation of populations in Spain from the rest of Europe, with little evidence for
admixture (Eriksen et al. 2014). They hypothesized that YST underwent a continuous
stepwise expansion through Europe prior to human activity, admixing only later during
introduction to the Americas (Eriksen et al. 2014). Resolving the history of western
European populations is essential for understanding the context from which contemporary
introductions have evolved.

In this study, we resolve the invasion routes of YST and its population history in Eurasia,
and we leverage this information to identify evolutionary shifts in plant size associated with
invasiveness. We use double digest restriction-site associated sequencing (ddRADseq) to
generate genome-wide polymorphism information across a broad geographic sample of YST
and its co-occurring congeners. Using this genomic data set, we identify population structure
and admixture of YST across its range in both Eurasia and the Americas, test for evidence of
hybridization with related species, and evaluate evolutionary scenarios using coalescent
simulations in an approximate Bayesian computation (ABC) framework. Finally, we test for
congruence between genetic and phenotypic patterns of divergence and identify instances of
putatively adaptive trait shifts during range expansion, improving our understanding of
evolutionary factors responsible for the invasion of one of the most ecologically and
economically damaging invasive species in the western US (DiTomaso & Healy 2007).

Sampling and ddRADseq library preparation

We sampled seeds of 732 YST individuals from 61 sites in the native and introduced range
(Table S1 and Fig. S1, Supporting information). Samples spanned introductions in the
western US (California, Oregon, Washington, and Idaho), introductions in South America
(Chile and Argentina), and native populations in southern and western Europe (Spain,
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France, Italy, and Greece), central-eastern Europe [Hungary, Greece, Bulgaria, Romania,
Thrace (western Turkey), Ukraine, Russia], and Asia [Anatolia (eastern Turkey), Armenia,
and Uzbekistan]. We also collected individuals of closely-related taxa C. melitensis (N = 3),
C. nicaeensis (N =5), and C. pallescens (N =5) to assess the relationship of YST
populations to these species and reveal any evidence for hybridization. Centaurea melitensis,
the putative sister species of YST (Garcia-Jacas et al. 2006), is co-distributed with YST in
southern Europe and North America, C. nicaeensis is co-distributed with YST in parts of
Spain, Italy, and Sardinia, and C. pallescens may co-occur with YST in the Middle East,
northern Africa, and France (Dostal 1976).

Genomic DNA was isolated from leaves of greenhouse reared seedlings with a modified
CTAB/PVP (cetyl trimethylammonium bromide/polyvinylpyrrolidone) DNA extraction
protocol (Webb & Knapp 1990). We used a modified version of Peterson et al.’s (2012)
ddRADseq protocol to construct reduced-representation libraries of genomic DNA of each
of our individuals. Following fluorometric quantification (Qubit® 2.0 high-sensitivity or
broad-range assay; Invitrogen, Inc., Carlsbad, CA, USA), 500ng of each sample was
digested with PstZ and Msel. Unique combinations of individual P1 and P2 barcoded
adapters were annealed to genomic DNA of each sample [P1 adapter as in Etter et a/. 2011,
P2 adapter top oligo: 5’-

[Phos] TAXxxxxxAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAA
CAA-3" (xxxxxx = barcode); bottom oligo: 5-
CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTC
CGATCTxxxxx*x-3" (* = phosphorothioate bond)]. Barcodes used to differentiate
multiplexed individuals were six base pairs long and differed by at least two nucleotides.
Barcoded DNA was pooled, purified using AmpureXP beads (Beckman Coulter, Inc., Brea,
CA, USA), and size selected for 350-650 bp using the Pippin Prep automated DNA size
selection system (Sage Science, Beverly, MA, USA). We enriched adapter-ligated fragments
in size-selected libraries using 12 PCR cycles and purified the resulting product using
AmpureXP beads. The ddRADseq library protocol used for Run 1 used 100ng of each
sample and enriched adapter-ligated fragments using 26 PCR cycles prior to DNA size
selection. Pooled libraries were run on a total of five lanes of the Illumina HiSeq 2000 or
2500 platforms (Illumina, Inc., San Diego, CA, USA) to generate 100 base-pair paired-end
reads. In total, we obtained ~1.5 billion paired-end Illumina reads of 100 bp length each,
across 745 individuals. The list of samples and sequencing run information are available in
Dryad (doi:10.5061/dryad.pf550).

Data processing

We quality-filtered and de-multiplexed reads using the SNOWHITE 2.0.2 package
(Dlugosch et al. 2013). In SNOWHITE, sequences composed of primer and/or adapter
contaminants were removed using TAGDUST (Lassmann et a/. 2009) and SEQCLEAN
(Chen et al. 2007), and bases with quality scores less than 20 were removed from the 3
ends. Due to the poor quality of R2 reads after ca. 20 bp in two of the five Illumina data sets,
we conducted all downstream analyses using only R1 reads. We end-trimmed reads to a
standard length of 76bp after removing barcode and enzyme recognition sequences. The
number of reads varied substantially across individuals (median 395.7K reads per individual,
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range 3.4K-5.6M). We removed 132 individuals with = 75% missing SNP data. The
resulting “FULL” data set contained 591 YST individuals (1-19 samples per site) from 61
sites (Table S1, Supporting information), with an average of 16% missing SNP data per
sample (range 0-72%).

We delineated two additional RAD data sets for subsequent analyses. We defined a “CORE”
data set that excluded YST individuals from five sites in the southern Apennine and Balkan
Peninsulas (Italy, southern Greece, and Crete; Table S1 and Fig. S1, Supporting information)
that we found to be strongly differentiated from remaining individuals (see Results). Finally,
we analysed a third “OUTGROUPS” data set that included individuals of YST, C.
melitensis, C. pallescens, and C. nicaeensis. We excluded individuals with = 25% missing
data from the “OUTGROUPS” data set to increase the number of loci shared across species,
which may increase the accuracy of ancestry assessments (Vaha & Primmer 2006; Bohling
et al. 2013). This resulted in the inclusion of 382 YST individuals from the “FULL” data set,
as well as two C. melitensis, five C. pallescens, and two C. nicaeensis individuals.

We used the denovo_map.pl pipeline program in STACKS 1.20 (Catchen et al. 2011, 2013)
to merge stacks (i.e. sets of identical reads) into RAD loci within individuals, identify
polymorphic sites, create a catalog of loci across individuals, determine the allelic state at
each locus in each individual, and exclude reads with likely sequencing errors. We inferred
RAD loci in each sample in the “FULL” and “CORE” data sets using a minimum coverage
depth (-m) of five to create a stack, a maximum mismatch distance of two nucleotides
between loci when processing a single individual (-M), and a maximum of two stacks at a
single locus (-X), because YST is diploid. To account for the possibility of fixed differences
at loci in individuals when creating the catalog of loci (Catchen et al. 2011), we allowed a
mismatch distance of two nucleotides between loci (-n). A transcriptome-based population
genomics study of YST observed an average of one SNP per 89.6 bp of coding sequence
across individuals in the native and introduced range (Dlugosch et al. 2013), which informed
our choice of -M and -n parameters, and tests of alternative settings suggested that our
parameters minimized under- or over-clustering of alleles (Fig. S2, Supporting information).
Settings for the “OUTGROUPS” data set were identical to the “FULL” and “CORE” data
sets except that -M and -n were increased to 4 to account for potentially greater levels of
sequence divergence across species. In all analyses, we enforced the lumberjack stacks (-r)
to remove stacks with excessive numbers of reads (more than two standard deviations above
the mean) and the deleveraging (-d) algorithm to resolve over merged loci.

Analyses of population structure and demographic history assume that loci are unlinked and
selectively neutral. To limit the effect of linkage disequilibrium in these analyses, we
exported from STACKS only the first SNP from each locus for each SNP data set. In
addition, we searched for SNP loci that exhibited ~st coefficients that were significantly
different from those expected under neutral expectations with three independent runs of
BAYESCAN 2.1 (Foll & Gaggiotti 2008). Pairwise Fst values were calculated among YST
individuals that were grouped by geographic region and their assignment to the same genetic
cluster according to both BAPS and STRUCTURE for individual SNP data sets generated
from the “FULL” and “CORE” data set, and among different Centaurea species and the two
differentiated lineages of YST for the “OUTGROUPS” data set (see Results). Each
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BAYESCAN analysis employed 20 pilot runs of each 5000 iterations followed by an
additional burn-in of 5 x 104 and then 5 x 10 output iterations with a thinning interval of
10. An outlier analysis with FDR-corrected P-values (g-values) < 0.05 for all three replicate
runs was used to detect outlier loci. Five SNPs that differentiated divergent southern
Apennine and Balkan Peninsulas individuals in analyses of population structure of the
“FULL” data set, and one SNP differentiating taxa in analyses of the “OUTGROUPS” data
set, were identified as outliers in BAYESCAN analyses. These loci were removed from the
data sets prior to subsequent analyses.

Population structure

We quantified population structure in YST to define genetically-differentiated native regions
for subsequent tests of evolutionary scenarios in an ABC framework. When exporting SNPs
in the ‘populations” module in STACKS, we required that a locus was independent (i.e. a
single locus per RAD locus), was selectively neutral, had a minimum coverage depth of 10
(m =10), and had < 25% missing data (quantified and removed manually). We also required
that each locus was present across all geographic regions and was present in at least 70% of
the individuals within those regions (r = 0.7). We defined geographic regions as follows:
western US (California, Oregon, Washington, and Idaho), South America (Chile and
Argentina), western Europe (Spain and France), eastern Europe (Hungary, northern Greece,
Thrace, Bulgaria, Romania, Ukraine, and Russia), Asia (Anatolia, Armenia, and
Uzbekistan), and the southern Apennine and Balkan Peninsulas (Italy, southern Greece, and
Crete). We excluded individuals from the southern Apennine and Balkan Peninsulas when
exporting SNPs for the “CORE” data set. In total, SNP datasets for analyses of population
structure of the “FULL” and “CORE” data sets included 752 SNPs from 591 individuals and
1013 SNPs from 550 individuals, respectively.

We visualized population structure in the “FULL” and “CORE” data sets using a
discriminant analysis of principal components (DAPC), a multivariate method that
maximizes genetic differentiation between pre-defined groups (Jombart ef a/. 2010). We
grouped individuals by the same geographic regions as for STACKS output, with additional
separate groups for individuals from the Pacific Northwest and Anatolia, because of multiple
genetic clusters in these regions (see Results). DAPC analyses were performed using the
ADEGENET 1.4 and ADE4 R packages (Dray & Dufour 2007; Jombart 2008; Jombart &
Ahmed 2011) in R 3.0.2 (R Development Core Team 2013). We retained 180 principal
components of PCA in the data transformation step and 10 discriminant functions for
displaying differences between groups.

We used two Bayesian clustering methods to further partition population structure in YST.
First, we quantified population structure in the “FULL” and “CORE” data sets in
STRUCTURE 2.3.4 (Pritchard et a/. 2000). For each analysis, we implemented a model of
correlated allele frequencies (Falush et a/. 2003) and admixture, and applied the default
setting for all other parameters. Ten independent runs for all values of K (humber of genetic
clusters) between 1 and 10 were run using an MCMC length of 10° generations following a
burn-in of 10° generations. For each K value, we used CLUMPP v. 1.1.2 (Jackobsson &
Rosenberg 2007) to examine consistency across replicate cluster analyses by estimating the
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highest value of pairwise similarity (4" value), and averaged assignment probabilities for
each individual. We applied the Greedy algorithm for K =1-8 and the LargeKGreedy
algorithm for K= 9-10, using 1000 random input orders. The best K value was chosen by
examining the log probability of the data [In Pr(X/K)] and plots of AK (Evanno et al. 2005)
produced by STRUCTURE HARVESTER (**Earl & vonHoldt 2011). Second, we used
BAPS 6 (Corander et al. 2003; Corander & Marttinen 2006) to conduct a mixture analysis,
which identifies the optimal value of K from a list of the ten best visited partitions according
to their log(ml) values and assigns individuals to genetic clusters. For the mixture analysis,
we set the maximum value of K'to 20 and executed 10 independent runs for each value of K.
We calculated assignment probabilities of each individual to each cluster. The simulations
consisted of a minimum population size of 40, 100 iterations to estimate assignment
probabilities for genotypes, 40 reference individuals from each genetic cluster, and 20
iterations to estimate assignment probabilities for reference individuals. We created bar plots
showing assignment probabilities for each individual inferred by STRUCTURE (averaged
across 10 replicates) and BAPS with DISTRUCT 1.1 (Rosenberg 2004).

Testing for interspecific hybridization

We used Bayesian clustering methods in STRUCTURE and BAPS to explore the potential
role of hybridization in the evolutionary history of YST. We exported SNPs from the
“OUTGROUPS” data set in the ‘populations’ module in STACKS, requiring that each locus
was independent, selectively neutral, present in C. melitensis, C. pallescens, C. nicaeensis,
and each of the two YST lineages (p = 5), genotyped in at least 70% of the individuals in
each species/lineage (r = 0.7), had a minimum coverage depth of 10, and had < 25% missing
data. This resulted in 440 SNP loci. Settings applied in STRUCTURE, CLUMPP, and BAPS
were identical to those used for the population structure analyses, with the following
exceptions. In STRUCTURE, we implemented a model of independent allele frequencies,
because allele frequencies are likely to differ strongly among species. In BAPS, we set the
minimum size of populations and number of reference individuals from each cluster to two
to accommodate the smallest sample size (C. melitensis, N =2).

Testing scenarios of evolutionary history

We conducted ABC analyses of the “CORE” data set in DIYABC 2.0.4 (Cornuet et al. 2010)
to make inferences about the history of YST populations in Eurasia and the Americas. First,
we generated four evolutionary scenarios likely to describe the history of divergence and
admixture among Y ST populations in Eurasia (Fig. 1a), with a focus on evaluating the
support for hypotheses regarding the sources and history of populations in western Europe, a
primary source for many introductions to the Americas (Gerlach 1997). Specifically, we
tested whether western European populations 1) have a long history of isolation, diverging
from other regions of Eurasia during the Pleistocene (e.g. in an isolated glacial refuge), 2)
have a more recent origin as a result of gradual range expansion from eastern Europe post-
Pleistocene (Eriksen et al. 2014), 3) have a more recent origin as a result of long-distance
dispersal from Asia post-Pleistocene, or 4) are derived from recent admixture between
eastern European and Asian lineages post-Pleistocene (Dlugosch ef a/. 2013). To reduce the
number and complexity of evolutionary scenarios to be compared, we pooled populations in
Eurasia that belonged to the same genetic group (c.f. Lombaert et a/. 2014). Based on results
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of DAPC and groupings by STRUCTURE and BAPS at K = 4, we delineated western
Europe, eastern Europe, and Asia as separate groups (Table S1, Supporting information).

Next, we used the most highly supported scenario from this analysis (Scenario 4, see
Results; c.f. Lombaert ef al. 2014) to test seven scenarios regarding the invasion route(s) of
YST to California (Fig. 1b). The first two models tested whether Californian populations
have a single origin as a secondary introduction from Chile (Scenario 4.1, consistent with
historical records of the first introduction to North America) or a primary introduction from
western Europe (Scenario 4.2, consistent with historical records of additional introductions
from western Europe to North America; Gerlach 1997). In contrast, remaining models tested
whether Californian populations are derived from admixture of these introductions with
those from Eurasia (Gerlach 1997), including models of admixture between Chile and
eastern Europe (Scenario 4.3), Chile and Asia (Scenario 4.4), western Europe and eastern
Europe (Scenario 4.5), western Europe and Asia (Scenario 4.6), or western Europe and Chile
(Scenario 4.7). Each model incorporated a population bottleneck during colonization of both
Chile and California, because founders there would have included only a subset of
individuals from these source regions. Including populations from the Pacific Northwest in
ABC analyses was computationally infeasible because multiple genetic clusters occurred in
this region, and individual sampling sites varied greatly in their assignment (see Results).
Inferring YST’s introduction history in the Pacific Northwest will require increased
sampling and testing of multiple evolutionary scenarios for individual populations in this
region. Detailed descriptions of all evolutionary scenarios and prior distributions for
demographic parameters are described Appendix S1 and Table S2 (Supporting information),
respectively.

For each of the two ABC analyses, we exported SNPs from the “CORE” data set in the
‘populations” module in STACKS, requiring that each locus was independent, selectively
neutral, present in all regions, genotyped in at least 70% of the individuals in each group,
had a minimum coverage depth of 10, and had < 25% missing data. The analysis of Eurasian
populations included 1069 SNPs, and the analysis of both Eurasian and American
populations included 943 SNPs.

For both DIYABC analyses, we simulated 1.5 x 10 data sets for each scenario and
generated summary statistics as in Cornuet et a/. (2014), which are described in Appendix
S1 (Supporting information). To select the best-fit scenario, posterior probabilities were
computed via logistic regression on the 1% of simulated data sets closest to the empirical
data (Cornuet et al. 2008). Summary statistics were transformed by linear discrimination
analysis prior to logistic regression to reduce correlation among explanatory variables and
provide conservative estimates of scenario discrimination (Estoup et al. 2012). We used a
model checking computation to evaluate the goodness of fit of the most highly supported
scenario and evaluated confidence in scenario choice as empirical verifications of the
performance of the ABC procedure (Cornuet ef al. 2010). These analyses are detailed in
Appendix S1 (Supporting information).
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Population genomic diversity

We quantified several aspects of genomic diversity at the 1050 SNPs used for analyses of
population structure of the “CORE” data set. The proportion of variable loci (#), observed
heterozygosity (Hp), and nucleotide diversity (1) within each region were calculated using
ARLEQUIN 3.5 (Excoffier & Lischer 2010). We inferred the number of private alleles,
mean allelic richness (ANaR), and mean private allelic richness (ApaR) in each region with
HP-RARE version 1.0 (Kalinowski 2005), which uses rarefaction and hierarchical sampling
to adjust for uneven sample sizes. Seven individuals (14 allele copies) were sampled at
random from each region to match the smallest regional sample size. When calculating
Npar, We allowed a private allele to also be present in regions where YST was later
introduced (e.g. a private allele in South America could also be present in California and the
Pacific Northwest).

Trait differentiation

Results

We have previously published data from a large common garden experiment, demonstrating
divergence in plant size between the native range and western US invasion of YST
(Dlugosch et al. 2015b). We reanalysed these data to test for trait differentiation among
genetically differentiated regions revealed by our analyses here, including two sites from
Chile that were part of the experiment but not previously reported. Seeds used in the
common garden experiment and seeds for this study were obtained from the same field
collections. In total, we included genotypes from 40 sites (Table S1, Supporting information)
that span Asia (excluding Anatolia), eastern Europe, western Europe, Chile, California coast,
and California interior. Briefly, single offspring from 7-20 different mothers per site were
reared in a randomized glasshouse common garden, and their size at 5.5 weeks measured
using a linear morphological index that strongly correlates with biomass (Dlugosch et a/.
2015b): Size Index = [leaf number * (maximum leaf length*maximum leaf width)/2].
Regional differentiation in In-transformed size indices was compared using REML ANOVA,
with fixed effects of region, site nested within region, and observer (c.f. Dlugosch et al.
2015b). We calculated pairwise F5t among regions in ARLEQUIN 3.5 using 1000
permutations. Pairwise differences in least squares means for the size index were tested for a
correlation with Fst using a Mantel test in the ADE4 R package (with 1000 permutations).

Population structure

DAPC analyses revealed clear differentiation among populations across YST’s range.
Individuals from the southern Apennine and Balkan Peninsulas (Italy, southern Greece, and
Crete) were clearly separated from all other native and introduced individuals (Fig. 2a). This
divergence was unambiguous in all population genetic analyses (see below). Henceforth, we
refer to the two divergent groups of YST as the Apennine-Balkan lineage and the core
lineage. In the analysis of the “CORE” data set, eastern Europe and Californian populations
were differentiated from other populations, and there was clear overlap between South
America and the Pacific Northwest populations with those of western Europe and Asia
(including Anatolia; Fig. 2b).
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In STRUCTURE analyses of the “FULL” data set, individuals from the southern Apennine
and Balkan Peninsulas were separated from remaining individuals across all replicates at
each Kvalue (Fig. S3, Supporting information). The mean log probability of the data
increased with the successive addition of clusters to K =5, after which it plateaued, and the
AK statistic was greatest for K =2 (Fig. S4, Supporting information). CLUMPP revealed
identical clustering solutions across replicates for K= 2-3 (K = 1) and lower similarity
across replicates at K= 4-10 (mean A = 0.76; Fig. S5, Supporting information).

STRUCTURE analyses of the “CORE” data set depicted finer geographic structuring of the
core lineage of YST (Figs 3a and 4). The mean log probability of the data increased with the
successive addition of clusters to K =5, after which it plateaued, and the AK statistic was
greatest for K =2 (Fig. S4, Supporting information). With the exception of K =3, K=2-5
had high similarity of clustering solutions across replicates (mean A = 0.95; Fig. S5,
Supporting information). We focus on results for K= 4 because BAPS identified this K
value as the most probable number of genetic clusters (see below), and we used this
clustering solution to define genetically-differentiated native regions for testing evolutionary
scenarios in DIYABC. Population structure at K =4 clearly delineated eastern Europe, Asia,
and western Europe, although individuals from Anatolia had partial assignment to the
western Europe cluster (Figs 3a and 4a). For introduced populations at K =4, a unique
cluster predominated in California, the Asia cluster occurred in Washington, the eastern
Europe cluster occurred in both Washington and Idaho, and the western Europe cluster was
prevalent in South America, the California coast, and throughout the Pacific Northwest (Figs
3a and 4b,c). Most individuals in the western US exhibited assignment to two or more
clusters (i.e. multiple assignment).

In general, results of BAPS analyses were consistent with those of STRUCTURE. BAPS
identified K =4 as the most probable number of genetic clusters for both data sets, and these
clusters had similar geographic distributions as those inferred by STRUCTURE (Fig. 3b and
Fig. S3, Supporting information). However, BAPS inferred lower levels of multiple
assignment in Anatolia and California. Individuals in western Anatolia (site 49; Fig. S1,
Supporting information) were assigned to the western Europe cluster, whereas those in
central and eastern Anatolia (sites 50 and 51, respectively; Fig. S1, Supporting information)
were assigned to the Asia cluster. A single individual from central Anatolia exhibited
multiple assignment. In California, only individuals from the coast exhibited multiple
assignment.

Interspecific hybridization

BAPS identified outgroup species as distinct and suggested no evidence of recent
interspecific hybridization. BAPS identified K =6 as the most probable number of genetic
clusters, assigning individuals of each outgroup species (C. melitensis, C. pallescens, and C.
nicaeensis) and the two YST lineages to separate clusters (Fig. S6, Supporting information).

STRUCTURE demonstrated less power to distinguish among species, consistent with
previous work showing that clustering does not always correspond to the branching pattern
of a species tree (Carstens et a/. 2013), but similarly identified little evidence of recent
interspecific hybridization among the core lineage of YST (responsible for invading
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populations) and outgroup species (Fig. S6, Supporting information). The mean log
probability of the data increased with the successive addition of clusters to K =6, after
which it plateaued, and the AK statistic was greatest for K =2 (Fig. S4, Supporting
information). CLUMPP revealed high similarity of clustering solutions across replicates for
K=2and K=7-10 (mean A = 0.97) and lower similarity across replicates at K= 3-6
(mean A = 0.74; Fig. S5, Supporting information). We focus on results for K=2and K=7
due to high similarity across replicates. At K= 2, all outgroup species clustered with the
Apennine-Balkan lineage of YST. At K =7, C. melitensisand C. pallescens formed a
separate cluster, whereas C. nicaeensis individuals exhibited partial assignment to the
Apennine-Balkan lineage of YST (mean assignment probability = 0.46) and to the western
Europe cluster of the core lineage of YST (mean assignment probability = 0.30).

Scenarios of evolutionary history with approximate Bayesian computation

The ABC analysis of the history of the core lineage of YST in Eurasia identified Scenario 4
as the best-fit scenario [posterior probability (PP) = 0.95 based on logistic regression (95%
confidence interval (Cl): 0.93-0.96); Table S3, Supporting information]. In Scenario 4,
admixture occurred between eastern European and Asian populations after their divergence
from one another, creating a lineage that gave rise to populations in western Europe (Fig. 1a;
Table S4, Supporting information). The observed data set was closely matched by many
simulated data sets from the posterior sample of Scenario 4, indicating that the simulations
produced data sets similar to the observed data (Fig. S7, Supporting information). In
assessing confidence in scenario choice, the type | error was 0.12 and the mean type Il error
was 0.04 (minimum = 0.01, maximum = 0.06). The low type Il error indicates very high
(96%) statistical power to distinguish between the alternative evolutionary scenarios.

The ABC analysis of the history of populations of the core lineage of YST in both Eurasia
and the Americas identified Scenario 4.1 as the best-fit scenario (PP = 0.73) and its 95% ClI
(0.64-0.82) did not overlap with the 95% CI of the next best scenario [Scenario 4.7; PP =
0.13 (CI: 0-0.36); Table S3, Supporting information]. Scenario 4.1 depicts a bottleneck in
Chilean populations followed by their divergence from western European populations, and a
second relatively recent bottleneck in Californian populations followed by their divergence
from Chilean populations (Fig. 1b). Both bottlenecks were inferred to be weak, with
effective population sizes similar to that of western Europe (thousands of individuals) before
population expansion in each of the invasions (Table S4, Supporting information). Again, the
simulations produced data sets similar to the observed one (Fig. S7, Supporting
information). In assessing confidence in scenario choice, the type I error was 0.24 and the
mean type Il error was 0.04 (minimum = 0.00, maximum = 0.21). The low type Il error
indicates very high (96%) statistical power to distinguish between the alternative
evolutionary scenarios.

Population genomic diversity

In general, genomic diversity of the core lineage of YST was similar across regions in the
native and introduced ranges (Table 1). In the native range, populations in Asia had the
lowest allelic richness and private allelic richness corrected for uneven sample size (Nar and
NpaR, respectively) relative to other Eurasian populations. Introduced populations in the
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Americas had lower ApaR, and similar levels of Aiag, nucleotide diversity (), and observed
heterozygosity (Hp) as most native populations.

Trait differentiation

Our analyses of population structure (above) indicated clear differentiation of native
populations from Asia, eastern Europe, and western Europe, and of introduced populations
from California. According to STRUCTURE and BAPS, there was also differentiation
between populations from California’s coast and interior. Plant size was significantly
different among these regions (ANOVA: £< 0.0001; Fig. 5b), but these phenotypic
differences were not correlated with F51 (Mantel test: 2= 0.85; Table S5, Supporting
information). Instead, introduced genotypes from California and Chile differ in growth from
their closest relatives in the native range (western Europe), and three specific morphological
transitions appear to have occurred during YST’s colonization history (Fig. 5). The most
recent native expansion into western Europe was associated with a shift to smaller plant size
relative to other Eurasian regions. Assuming that this smaller size reflects western European
phenotypes at the time of their introduction into the Americas, the invasion into Chile and
the California coast corresponded to a single evolutionary shift (back) to larger size. Finally,
the evolution of the most extreme and novel size increase in YST was associated with the
range expansion from the California coast to the California interior.

Discussion

There is mounting evidence that introduced YST populations have been evolving adaptively
in the Americas, potentially contributing to invasiveness in this species (Widmer et al. 2007,
Hierro et al. 2009; Eriksen et al. 2012; Graebner et al. 2012; Hierro et al. 2012; Dlugosch et
al. 2015b). Using broad population genomic sampling across the range of YST, we clearly
identify invasion routes and the sources of genetic variation in invading populations. We find
evidence to support the hypothesis that populations in western Europe represent an ancient
colonization event that has served as a ‘bridgehead’ for much of the invasions into the
Americas. Our reconstruction of the population history of YST reveals that colonization
events into western Europe and the Americas are associated with multiple evolutionary
transitions in plant size, a focal trait associated with invasiveness in YST.

Population structure and colonization history of yellow starthistle in Eurasia

The Apennine-Balkan lineage of YST, which consisted of individuals from Italy, southern
Greece, and Crete, was deeply differentiated from a core lineage that included individuals
from the rest of Eurasia (Fig. 2a; Fig. S3, Supporting information). There was no evidence
for gene flow between these lineages despite their close geographic proximity in Greece and
Italy. Additional work to understand the taxonomic status and history of the Apennine-
Balkan lineage are needed. While all characters of this unique lineage conform to
morphological specifications for YST in the Flora Europaea (Dostéal 1976) taxonomic key
(pers. obs.), our data suggest that it has not contributed to the expansion of YST across its
introduced range.
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Our analyses of population genomic structure of the core lineage in Eurasia clearly defined
genetic differentiation among populations in eastern Europe and Asia (Figs 2b, 3, and 4a).
Portions of eastern Europe and Asia are known to have provided refugia for plant and animal
species during cool and dry periods of the Pleistocene (Médail & Diadema 2009; Bilgin
2011; Stock et al. 2012; Dufresnes et al. 2016), and may have contributed to the isolation of
YST populations. The narrow strip of land connecting eastern Europe to Anatolia (i.e.
Thrace) is associated with a genetic discontinuity in YST, a finding consistent with previous
work showing that the Sea of Marmara, the Black Sea, and a waterway connecting these seas
have acted as dispersal barriers to certain insect and mammal species (Bilgin 2011). Several
geologic features in Anatolia, including the Central Anatolian Plateau, the Anatolian
Diagonal, and the Central Anatolian Lake system acted as barriers to dispersal to species of
plants, fish, amphibians, and reptiles during the Pliocene and/or Pleistocene (Bilgin 2011,
Kapli et al. 2013; Dufresnes et al. 2016).

STRUCTURE analyses suggested the possibility of admixture in YST populations in
Anatolia. A previous microsatellite survey of YST (Eriksen et a/. 2014) did not detect
admixture in this region, nor did our BAPS analysis; however, BAPS is less likely than
STRUCTURE to detect admixed genotypes (Bohling et a/. 2013; Neophytou 2014).
Evidence for admixture might indicate that previously isolated populations have reconnected
in Anatolia, a phenomenon documented in other species in this region (Bilgin 2011,
Dufresnes et al. 2016). Assignment to multiple clusters may also be derived from the
contribution of populations in Anatolia to admixture elsewhere (e.g. in western Europe) and
further exploration of population genetics of YST there is likely to be informative about its
history of range expansion in Europe.

The origin(s) of western European populations and their possible history of admixture have
been a subject of past debate (Dlugosch et al. 2013; Eriksen et al. 2014). Prior to the
availability of molecular genetic data, it was hypothesized that western European
populations represented an ancient human-mediated introduction of YST (Wagenitz 1975;
Maddox et al. 1985). This hypothesis predicts that western European populations diverged
relatively recently from other Eurasian populations, and it has been supported by a previous
analysis of transcriptome data which further suggested that they formed through admixture
of eastern European and Asian populations (Dlugosch et al. 2013). In contrast, a survey of
microsatellite markers suggested deep divergence of western European populations, without
admixture (Eriksen et al. 2014). Our ABC inference provided the strongest support for a
scenario in which the western European lineage arose most recently from an admixture
event between eastern European and Asian populations (Fig. 1a; Table S3, Supporting
information). This scenario is consistent with high allelic richness in this region (Table 1). A
rapid range expansion facilitated by human-mediated dispersal could explain these results.
YST is strongly associated with human disturbed habitats (Bottema & Woldring 1990;
DiTomaso et al. 2006) and it occurs in areas that have a long history of human occupation
(Dennell 2008). Palynological data indicate a sudden appearance and increase in C.
solstitialis-type pollen in Anatolia and south-eastern Greece ca. 5500 years ago as
agropastoral activities by Neolithic farmers increased (Bottema & Woldring 1990). Neolithic
plant cultivation advanced rapidly along the north coast of the Mediterranean, reaching
southern Spain by ca. 6650 years ago (Waterbolk 1982; Behre 1988). Additional
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opportunities for human-mediated dispersal of YST likely occurred as cultivated plants were
extensively introduced across southern, central and western Europe beginning in the Roman
period ca. 2000 years ago (Behre 1988).

Population structure and colonization history of yellow starthistle in the Americas

Our ABC analysis provided strongest support for a scenario in which introductions from a
single source genepool established YST in Chile and California (Fig. 1b; Table S3,
Supporting information). This finding implies that unique allele frequencies in California
(Figs 2b, 3, and 4b) did not arise via additional introductions of divergent source material
but instead evolved post-introduction. The presence of the western Europe cluster in both
Chile and the California coast corroborates introduction records indicating that YST was
introduced to Chile from Spain in the mid-1600s, and then to the San Francisco bay area in
California from Chile in the 1850s (Stewart 1926; Howell 1959; Gerlach 1997). ABC
models inferred weak genetic bottlenecks (effective population sizes of thousands of
individuals) during each of these introduction events, followed by effective size expansion
(Table S4, Supporting information). Increasing connectivity and population sizes during a
range expansion can increase population genetic diversity (Dlugosch & Parker 2008;
Excoffier et al. 2009; Ramakrishnan et al. 2010), and may explain high allelic richness in
Californian populations. Following its initial introduction to the San Francisco bay area,
YST spread into the Sacramento and San Joaquin Valleys and began rapidly expanding into
rangelands in the Sierra Nevada foothills beginning in the 1930s or 1940s (Maddox &
Mayfield 1985; Gerlach 1997). Gene flow among repeated introduction events from the
same source (i.e. Chile) could also have contributed to high diversity of Californian
populations.

In contrast, our analyses of population structure and genomic diversity of YST in the Pacific
Northwest imply multiple, independent introduction sources there. Allelic richness and
nucleotide diversity were higher in the Pacific Northwest than in any other region in the
Americas (Table 1), multiple genetic clusters occurred there (Figs 3 and 4b), and the 95%
inertia ellipses of Pacific Northwest populations overlapped substantially with those of Asia
(including Anatolia) and South America (Fig 2b). The western Europe cluster was
widespread in the Pacific Northwest, a result that supports records indicating that initial
introductions to the Pacific Northwest in the 1870s and 1880s likely originated from the
same Spanish stock as Californian populations (Roché 1965; Gerlach 1997). Subsequently, a
large proportion of alfalfa seed imported into Washington during the early 1900s originated
from “Turkestan’ (Roché & Talbott 1986), consistent with the presence of the Asia cluster in
this state. The presence of the eastern Europe cluster in Idaho supports the hypothesis of
another independent introduction of YST to this area (Sun 1997). Multiple clusters were
found at most sites in the Pacific Northwest, which may imply gene flow among sites and/or
multiple introductions to the same site. The presence of the unique California cluster in the
Pacific Northwest implies long-distance dispersal across the western US, which is consistent
with evidence that YST seed is readily dispersed across long distances in the western US by
vehicles, contaminated crop seed, hay or soil, road maintenance, and movement of livestock
(DiTomaso et al. 2006). However, the rareness of the Asia and eastern Europe clusters in
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California suggests that they were not introduced in significant numbers to this region, or
that they did not establish there.

Interspecific hybridization among yellow starthistle and Centaurea species

Hybridization has played a major role in the evolution of the Centaurea genus (Garcia-Jacas
et al. 2006; Suarez-Santiago et al. 2007), and has been associated with an increase in
invasiveness in a variety of plant taxa (Abbott 1992; Ellstrand & Schierenbeck 2000; Hovick
and Whitney 2014), including Centaurea species (Hahn et al. 2012; Mraz et al. 2012). For
YST in particular, hybridization with other Centaurea species has been documented in
Turkey (Wagenitz 1955), and a sterile hybrid has been formed between YST and a distantly
related congener, C. moncktoni, in Oregon (Roché & Susanna 2011), suggesting that
hybridization could be an important component of recent evolution in this species. However,
our STRUCTURE and BAPS analyses did not provide any compelling evidence for
interspecific hybridization between the core lineage of YST and either C. melitensis, C.
nicaeensis, or C. pallescens (Fig. S6, Supporting information). BAPS depicted no evidence
of interspecific hybridization, and STRUCTURE suggested a small amount of hybridization
(mean assignment probability = 0.30) between C. nicaeensis and the western Europe cluster
of YST. These contrasting results are likely explained by the different clustering algorithms
used by these programs (Neophytou 2014), as well as by variation in our sample sizes across
species. Simulations have shown that clusters inferred by STRUCTURE are often not
consistent with the evolutionary history of populations when it is forced to place individuals
into too few clusters (Kalinowski 2011). Additionally, our data set consisted of substantially
more YST individuals than those of outgroup species, and such unbalanced sampling can
result in spurious clustering solutions (Kalinowski 2011; Neophytou 2014). Better sampling
of co-occurring congeners will be necessary to fully test for evidence of interspecific gene
flow in this system, but our data suggest that hybridization has not been a major feature of
YST’s invasion into the Americas.

Evolution of invasiveness

We have recently shown that YST has evolved a novel increase in size and fitness in its
invasion into California, and this may be a key component of its invasiveness (Dlugosch et
al. 2015b). Our analyses here suggest that plant size has evolved significantly at three points
during YST’s range expansion (Fig. 5). Smaller size appears to have evolved during the
colonization of western Europe. Our previous research indicated that smaller size is
associated with greater drought tolerance in YST, and is favored in warm climates with
consistent summer droughts, including those in Mediterranean western Europe (Dlugosch et
al. 2015b). In contrast, populations in Chile and the California coast that are closely derived
from western Europe populations show an evolutionary transition back to larger size, a
phenotype that is typical of the rest of Eurasia. While it might be parsimonious to infer that
it was western European populations that evolved smaller size afferintroductions to the
Americas occurred, it seems more plausible that larger size re-evolved from standing
variation in the invasion.

The third and largest evolutionary increase in size is associated with populations in the
California interior (Table S6, Supporting information), an area where YST has rapidly
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spread and attained high densities (Swope & Parker 2010; Andonian et a/. 2011). Our
analyses of population structure identified only slight genomic divergence in this region, and
little evidence of significant admixture with other parts of the range. Moreover, although
YST’s most recent native expansion into western Europe served as the primary genetic
‘bridgehead’ for introductions to the Americas, its traits in terms of plant size do not appear
to have been pre-adapted for increased invasiveness there. Instead, YST appears to have
experienced an exceptional increase in size during the expansion of a single lineage in the
Americas, and in California’s interior in particular.

Management implications

Controlling the spread of YST is critical for minimizing its negative impacts on native
biodiversity, water cycles, and crop, forest and livestock productivity (DiTomaso et al.
2006). The presence of multiple distinct genetic clusters and divergent phenotypes of YST in
the western US is likely to have implications for managing this invasive plant. The efficacy
of biological control and chemical control, both of which are primary avenues for managing
and reducing the abundance and spread of YST (DiTomaso et al. 2006), can be influenced
by plant traits, the genetic diversity of an invading population, and the origin of invading
genotypes (Hokkanen & Pimentel 1989; Wilson et al. 2009; Paynter et al. 2012; Kuester et
al. 2015). None of the seven established biological control agents (six insect and one fungal
species) for YST were chosen based on the origin of invading plant genotypes, and all have
had limited success (DiTomaso et a/. 2006; Pitcairn et al. 2008). YST has evolved resistance
to herbicide treatments in at least one population in Dayton, Washington (Sabba et a/. 2003),
a site where we found multiple genetic clusters. Future work that addresses the extent to
which the origins and genetic diversity in invading YST shapes the success of biological and
chemical control programs offers clear opportunities for improving management plans for
this highly invasive species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Evolutionary scenarios tested for two successive steps of ABC analyses of range expansions
of the core lineage of YST. The first analysis (a) tested among four evolutionary scenarios
for populations in Eurasia. The second analysis (b) incorporated the most highly supported
scenario from (a) to test among seven competing evolutionary scenarios for the invasion of
California. Scenarios are shown together with their respective tree topologies and relative
times of divergence (# represents the oldest split and 0 represents the present day) and
admixture (Zagm1 and Zagm2). Narrow lines in topologies of (b) indicate population
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bottlenecks at times DB1 and DBZ2. Times are not to scale. The best-fit scenario for each
analysis is indicated with a bold topology. Additional details regarding evolutionary
scenarios and prior distributions for their demographic parameters are described in
Appendix S1 and Table S2 (Supporting information) respectively.
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Fig. 2.
Discriminant analysis of principal components (DAPC) based on single nucleotide

polymorphisms, using regions as prior clusters. Results are shown for (a) the analysis that
included YST individuals from across the entire sampled range (i.e. the “FULL” data set)
and (b) the analysis that included only individuals belonging to the core lineage (i.e. the
“CORE?” data set). Ovals are 95% inertia ellipses. Individual genotypes are depicted with
closed squares (Eurasia), closed triangles (South America), dots (western US), and open
triangles (southern Apennine and Balkan Peninsulas), and are colored according to the
geographic region from which they were sampled.
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Fig. 3.

Individual assignments from STRUCTURE analyses and a BAPS admixture analysis based
on 1013 SNP loci of 550 individuals belonging to the core lineage of YST, which excludes
populations from the southern Apennine and Balkan Peninsulas (i.e. the “CORE” data set).
(a) STRUCTURE bar plots of assignment probabilities averaged across ten runs (calculated
by CLUMPP) are shown for K= 2 to K= 5, where K'is the number of genetic clusters.
CLUMPP A values indicated low heterogeneity at K= 2 (0.998), K= 4 (0.940), and K =5
(0.923; Fig. S5, Supporting information). (b) BAPS bar plots are shown for the best estimate
of K'(4), where Kis the number of genetic clusters. Each vertical bar shows the proportional
representation of the estimated cluster membership for a single individual.
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Fig. 4.

Pig charts depicting the average assignment probabilities of individuals of the core lineage of
YST at each sampling site in Eurasia (a), the western US (b), and South America (c) to a
genetic cluster inferred by STRUCTURE analyses at K = 4 (the average of ten replicates),
where K'is the number of genetic clusters. Black leader lines indicate the geographic
location of nearby sampling sites. Black triangles in Eurasia indicate sampling sites for
populations of the divergent Apennine-Balkan lineage of YST.
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Fig. 5.
Ilustration of the most highly supported evolutionary scenario (Scenario 4.1) in the ABC

analysis of YST in Eurasia and the Americas, in relation to variation in plant size among
regions. (a) Within Europe, eastern European populations diverged from those in Asia, and
subsequently these two lineages admixed to form western European populations. The
western European lineage then served as the primary source of the YST introduction to
Chile, followed by introduction of the Chilean lineage to California. (b) Least Squares
Means (+/- standard error of the mean) of a linear size index of biomass. Letters indicate
significantly different regions based on Tukey’s HSD post-hoc tests.
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