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Abstract

Asteraceae, the largest family of flowering plants, has given rise to many notorious

invasive species. Using publicly available transcriptome assemblies from 35 Astera-

ceae, including six major invasive species, we examined evidence for micro- and

macro-evolutionary genomic changes associated with invasion. To detect episodes of

positive selection repeated across multiple introductions, we conducted comparisons

between native and introduced genotypes from six focal species and identified genes

with elevated rates of amino acid change (dN/dS). We then looked for evidence of

positive selection at a broader phylogenetic scale across all taxa. As invasive species

may experience founder events during colonization and spread, we also looked for evi-

dence of increased genetic load in introduced genotypes. We rarely found evidence for

parallel changes in orthologous genes in the intraspecific comparisons, but in some

cases we identified changes in members of the same gene family. Using among-species

comparisons, we detected positive selection in 0.003–0.69% and 2.4–7.8% of the genes

using site and stochastic branch-site models, respectively. These genes had diverse

putative functions, including defence response, stress response and herbicide resis-

tance, although there was no clear pattern in the GO terms. There was no indication

that introduced genotypes have a higher proportion of deleterious alleles than native

genotypes in the six focal species, suggesting multiple introductions and admixture

mitigated the impact of drift. Our findings provide little evidence for common genomic

responses in invasive taxa of the Asteraceae and hence suggest that multiple evolution-

ary pathways may lead to adaptation during introduction and spread in these species.
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Introduction

Anthropogenic changes have transformed the global

landscape and, although many species are suffering

from habitat loss and extinction as a result, invasive

species have thrived. Invasive species, those that spread

outside their natural range and proliferate (Gray &

Mack 1986), can have negative impacts on the economy

and the environment, which provides considerable

incentive to understand the factors that contribute to

their success (Stewart et al. 2009). However, the study

of invasive species offers opportunities beyond the

applied realm. Several decades ago, Baker (1974) pro-

posed that weedy and invasive species were excellent

subjects of evolutionary study because of their abun-

dance, ease in growing, documented introduction his-

tory and recent evolutionary response to new

environments (e.g. herbicide resistance). Since that time,

considerable effort has been applied to identify the
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ecological factors contributing to invasion success (e.g.

Catford et al. 2009; Lockwood et al. 2009), but more

recently there has been renewed interest in understand-

ing the evolutionary changes associated with invasion

(Dlugosch & Parker 2008; Hodgins & Rieseberg 2011;

Colautti & Barrett 2013; Turner et al. 2014). Now that

genomic information is becoming abundant for a wide

array of nonmodel organisms, including invasive spe-

cies, we can begin to uncover the genomic causes and

consequences of biological invasions.

A comparative genomics approach to invasive species

research has the potential to identify adaptive genetic

changes that are commonly associated with the evolu-

tion of invasive species, as well as those that are idio-

syncratic. This tactic may also help pinpoint which

changes were selected for after introduction, and which

have evolved in the native range to predispose certain

groups to become problematic invaders. Such informa-

tion could help elucidate why invasive species are

abundant in some lineages but not in others (Kuester

et al. 2014). The identification of selected changes in

invasive populations with independent origins will pro-

vide evidence for common genetic responses to coloni-

zation. Similarly, finding adaptive responses in the

same functional groups of genes among invaders might

reveal shared trade-offs that contribute to invasion suc-

cess, even if the particular genes involved differ among

populations or species (Lai et al. 2008; Mayrose et al.

2011; Guggisberg et al. 2013; Hodgins et al. 2013b).

While positive selection may play an important role

in the evolution of invasive species, introduced popula-

tions often experience founder events and an increased

likelihood of repeated bottlenecks (Barrett & Shore

1989; Dlugosch & Parker 2008). Because of these pro-

cesses, significant losses of both allelic richness and het-

erozygosity in introduced populations are common and

gains of diversity are infrequent (Dlugosch & Parker

2008). Population expansion during the spread of an

invader across a landscape can have important conse-

quences for genetic variation and fitness. As a species

increases its range, genetic drift is predicted to be stron-

ger at the leading edge of the expanding wave front,

due to low population densities (Slatkin & Excoffier

2012; Peischl et al. 2013). This can have consequences

for spatial patterns of neutrally evolving variants

(Klopfstein et al. 2006; Slatkin & Excoffier 2012), as well

as those under selection (Lehe et al. 2012; Peischl et al.

2013). Genetic drift on the leading edge of range

expansions can result in a long-lasting accumulation of

deleterious mutations over most of a species range. A

recent study revealed that population expansion has left

its imprint on the spatial distribution of neutral and

deleterious alleles in humans (Peischl et al. 2013).

Similarly, organisms that have experienced considerable

expansion in range size due to their association with

humans, such as weeds, may be expected to bear a

significant expansion load, yet this remains to be tested.

The Asteraceae family, home to many of the world’s

worst weeds and invasive species (Baker 1974), is an

ideal system for a comparative genomics approach to

invasive species research. For example, 588 species in

the Asteraceae are considered globally invasive includ-

ing two of the 33 plants listed by the IUCN as the 100

World’s Worst Invasive Alien Species, and 94 species

on the US Federal and state noxious weed list (Cham-

berlain & Sz€ocs 2013; EOL 2014; GISD 2014; USDA,

NRCS 2014). Furthermore, extensive genomic resources

have been developed for this family through the Com-

positae Genome Project (www.cgpdb.ucdavis.edu).

These include transcriptome assemblies from upwards

of 40 different species, many of which are crops, feral

weeds, crop wild relatives and invasive species (Barker

et al. 2008; Lai et al. 2012; Scaglione et al. 2012; Hodgins

et al. 2013b), as well as assemblies of introduced and

native genotypes from six invasive species and four out

groups to the family. Although the traits associated

with successful Asteraceae invasive species vary across

taxa (Muth & Pigliucci 2006), herbicide resistance (Holt

et al. 2013), as well as growth–defence/stress tolerance

trade-offs are commonly observed in weedy species in

this family (Hodgins & Rieseberg 2011; Mayrose et al.

2011; Guggisberg et al. 2013; Turner et al. 2014) includ-

ing those that are the subject of this study.

Here we implement a comparative genomics approach

to examine changes in protein evolution associated with

invasion in Asteraceae species at both micro- and macro-

evolutionary scales using transcriptome data. First, we

asked whether there was evidence of recent parallel evo-

lutionary change among species during invasion by com-

paring native and introduced genotypes from six focal

species. We tested for positive selection in introduced

genotypes by identifying genes with elevated nonsynon-

ymous nucleotide substitutions (dN) relative to synony-

mous substitutions (dS). Following this, we took a

broader approach and identified rapidly evolving genes

across the family and specifically in weedy lineages. This

allowed us to ascertain the genes that may contribute to

the propensity of certain groups to become invasive. We

then examined changes in genome-wide rates of deleteri-

ous mutation to assess whether there was a shift in the

genetic load associated with introduction.

Materials and methods

Data set

We used previously published de novo transcriptome

assemblies (Barker et al. 2008; Lai et al. 2012; Scaglione
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et al. 2012; Hodgins et al. 2013b) for 39 species, which

include 35 Asteraceae and four out group taxa (Table

S1, Supporting information; www.cgpdb.ucdavis.edu).

We classified each of the species as invasive or noninva-

sive (see Table S1, Supporting information) using the

Encyclopedia of Life invasive species comprehensive

list, which was accessed programmatically on August

12, 2014 using the taxize package in R (Chamberlain &

Sz€ocs 2013). For some of the species represented in our

data set, multiple transcriptomes were available. We

included these samples in our ortholog identification

and preferentially selected 454 and Illumina transcripto-

mes as they were generally more complete than Sanger

assemblies. For Helianthus annuus (annual sunflower),

Ambrosia trifida (giant ragweed), A. artemisiifolia (com-

mon ragweed), Centaurea diffusa (diffuse knapweed),

C. solstitialis (yellow starthistle) and Cirsium arvense

(Canada thistle), de novo assemblies from native and

introduced samples were available. From here on, we

refer to these six species as our ‘focal invasive taxa’ (see

Appendix S1, Supporting information for species

descriptions). The six focal species were used for micro-

evolutionary comparisons and the 35 species as well as

the out groups were used for the macro-evolutionary

comparisons.

Ortholog identification and alignments

For each transcriptome, we removed redundant tran-

scripts, representing alternatively spliced transcripts,

alleles or close paralogs, by clustering using Cd-Hit-Est

(94% identity, word size = 8 and both strands were

compared; Li & Godzik 2006; Fu et al. 2012). A single

representative sequence from each cluster was retained

and used for further analyses. We identified the most

likely open reading frames for all orthologs using

Transdecoder (option –search_pfam; Haas et al. 2013).

Open reading frames were translated and annotated

through BLASTP to the TAIR 10 database (The Arabidopsis

Information Resource; arabidopsis.org). To validate the

predicted open reading frames from Transdecoder, we

only retained those with a pfam hit or hit to A. thaliana.

On average, this resulted in 20% of the predicted pro-

teins being removed from the analysis. Confirmation of

the predicted proteins reduced the possibility that com-

plete and partial open reading frames were misidenti-

fied, reducing a potential source of error, although we

acknowledge that we are likely missing important loci

that have no homology to proteins in these databases.

We conducted an all-against-all BLASTP (e-10). Using

these results, we identified orthologs with ORTHAGOGUE

version 1.0.2 applying the bit score option and 50%

overlap (Li et al. 2003). We performed the ortholog

identification for all transcriptomes across the entire

tree, as well as for subsets of the data used in further

analyses. These subsets consisted of (i) species in Aster-

oideae and Carduoideae, the two subfamilies that con-

tain our focal invasive taxa, (ii) the six focal invasive

taxa, and (iii) triplets representing one transcriptome

for each introduced and native genotype of our focal

invasive taxa, and a third transcriptome from a closely

related noninvasive out group (cf. triplet analyses

below). For all comparisons, we only used one-to-one

orthologs.

We extracted the predicted coding sequences for each

transcript and aligned the nucleotide sequences for each

orthogroup using Prank (+F option). We used the codon

model for the alignments, which is preferred over the

amino acid model (L€oytynoja & Goldman 2008). We

chose Prank because it takes evolutionary relationships

into account, outperforming other alignment programs

(L€oytynoja & Goldman 2008; Fletcher & Yang 2010;

Markova-Raina & Petrov 2011; Jordan & Goldman

2012). To automatically remove any sequences resulting

in alignment errors, we used Guidance (Penn et al.

2010), which generates replicate alignments using a

slightly perturbed guide tree with Prank (amino acid

model, 30 bootstraps) as the bootstrap aligner, for those

alignments with at least four or more sequences. We

used a conservative Guidance sequence score cut-off of

0.9 and repeated the Prank alignments. Additionally, to

remove potential paralogs, we used a tree-based

approach (see Appendix S1, Supporting information).

Species tree construction

We identified the 70 orthogroups with the fewest missing

taxa and concatenated the sequences for each species. We

visually inspected these data as well as the individual

gene trees and removed any sequences representing

likely paralogs. We constructed a maximum-likelihood

tree in RAXML version 8.0.6 (Stamatakis 2006) using the

GTR+G model, which was selected based on JMODELTEST

2.1.4 results (Darriba et al. 2012). We did not include gene

partitions to prevent overparameterization of the model.

The tree was rooted using four out-groups to the Astera-

ceae family. We used the resulting tree topology for the

downstream analyses of positive selection.

Pairwise comparisons of native and introduced
transcriptomes

For all orthogroups for which a native and introduced

genotype of our focal invasive taxa had one-to-one

orthologs, we conducted pairwise comparisons to

determine divergence at nonsynonymous and synon-

ymous sites in the coding sequence using PAML version

4.5 (Yang 1997, 2007; see Appendix S1, Supporting
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information). Using orthogroups represented across

multiple native and introduced pairs, we examined

whether patterns of divergence were conserved within

and among species by determining whether there was a

significant positive correlation in dN/dS ratio (Spear-

man’s rho). Positive correlations would indicate consis-

tency in the strength of selection (purifying and/or

positive) among species.

Site-specific positive selection

We conducted an analysis of site-specific tests of posi-

tive selection using PAML 4.5 to identify genes that were

rapidly evolving across the family, and within the two

subfamilies (Asteroideae and Carduoideae) that contain

our focal weedy species. For the family-wide analysis,

we examined orthogroups with at least three species

present in the Asteroideae, Carduoideae and Cichorioi-

deae subfamilies. For the Asteroideae and Carduoideae

analysis, only orthogroups with at least four species in

each group were used. We trimmed and unrooted the

maximum-likelihood species tree to the species in each

alignment, using the R package Ape (Paradis et al.

2004). We then applied the site model in CODEML to

estimate dN and dS at each codon averaged across all

branches in the tree. We tested for sites evolving by

positive selection by comparing M1a (nearly neutral)

and M2a (positive selection), and M7 (beta) against M8

(beta & x) (F3X4, and transition/transversion ratios esti-

mated). Twice the difference in log-likelihood values

M7:M8 (2 d.f.) and M1a:M2a (2 d.f.), comparisons were

assessed for statistical significance using the v2 distribu-

tion. Because the M8 model can be influenced by start-

ing parameters, we ran the program using different

starting values of x (0.4 and 1.5). To statistically mini-

mize the false discovery rate (FDR), we compared

P-values to critical values calculated based on a = 0.05

(p.adjust package in R; Benjamini & Hochberg 1995).

PAML branch and branch-site models

While the site-specific analyses identify genes that are

rapidly evolving at specific amino acids across the tree,

they do not identify changes in the evolutionary rate that

are specific to particular branches. To do this, we imple-

mented PAML’s branch and branch-site models for two

data subsets. The first consisted of triplets of sequences

represented by native and introduced transcriptomes for

each of our six focal invasive species and a closely

related noninvasive out group. The out groups we used

were Parthenium argentatum for ragweeds, Carthamus pal-

aestinus for C. diffusa, C. solstitialis and C. solstitialis, and

Echinacea angustifolia for H. annuus. In each of these trip-

lets, we marked the introduced genotype as foreground

branch (i.e. the branch that is tested for evidence of posi-

tive selection). The second data subset consisted of

native and introduced genotypes for the six focal inva-

sive taxa. For this analysis, we retained orthogroups con-

taining at least two native-introduced pairs and marked

all introduced genotypes as foreground branches.

Branch models allow x to vary among branches but

not among sites and therefore may detect positive selec-

tion in specific genes along foreground lineages. We

compared the null model, which estimates one x for all

branches, with the alternative model, which estimates

one x for the foreground branches and one x for the

background branches. To identify codons that display

evidence of positive selection in specific genes and

along foreground branches, we used PAML’s branch-site

models. We compared the null model, which fixes

x2 = 1 (Zhang et al. 2005) with the alternative model, in

which x2 is estimated (x2 ≥ 1). To avoid the detection

of local peaks, we ran the branch-site models using dif-

ferent starting x values (x = 0.5, 1, 1.5, 2). Other param-

eters as well as the significance were assessed similarly

to the site models, but using one d.f. for likelihood ratio

tests (see Appendix S1, Supporting information).

Stochastic branch-site models

We also implemented branch-site models for positive

selection using Fitmodel (Guindon et al. 2004). The Fit-

model analysis was used for the family-wide data set,

as well as for the Asteroideae and Carduoideae subfam-

ilies. We limited our analysis to alignments with six or

more sequences due to computational time and because

the power to detect selection diminishes when there are

few species in the tree (Lu & Guindon 2014). Switching

models allow each codon site to change the selective

regime and thus be affected by selective pressures at

different time points. To test for evidence of positive

selection varying down branches, we compared the

M1a model (no positive selection) to the M2a model,

which included selection. In both cases, switching was

allowed to occur. Sites with episodes of positive selec-

tion (P > 0.90) were detected a posteriori using a Bayes-

ian approach (Guindon et al. 2004). The likelihood ratio

test statistic with one d.f. was assumed based on results

of simulations (Lu & Guindon 2014). Similarly to the

PAML analysis, all putatively selected sites were con-

firmed by visually inspecting the alignments.

Functional annotation and GO analysis

Using the results of the BLASTP to the TAIR 10 database

(cf. above), we selected the top hit for each species

assigned to each orthogroup. We were specifically

interested in examining positive selection in target-site
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resistance (TSR) genes for several herbicides (Table S2,

Supporting information), due to the repeated evolution

of herbicide resistance in Asteraceae weeds (Holt et al.

2013). We conducted a BLASTP against the predicted pro-

teins for each species and then identified putative TSR

orthogroups using these annotations. We assigned GO

terms to each orthogroup based on the GO A. thaliana

mappings to the top hits and performed a GO enrich-

ment analysis using topGO and the parent–child
method (Alexa et al. 2006; Grossmann et al. 2007; see

Appendix S1, Supporting information). To identify

broader patterns, we then identified GO slim terms for

each gene using the TAIR 10 database and conducted a

chi-squared test to compare the number of loci found in

each category for the background and selected loci.

Identification of deleterious alleles

Using the pairwise alignments, we wrote custom scripts

to identify if SNPs caused amino acid changes between

the introduced and native transcriptomes for each of

the six focal invasive species. The deleterious effects of

amino acid substitutions were then predicted for pro-

teins derived from each gene with Provean (Choi et al.

2012). Provean uses homologous sequences identified

by PSI-BLAST against protein databases (nr protein data-

base) and identifies changes in sequence similarity of a

query sequence to the protein sequence homolog by

comparing an alignment-based score before and after

the amino acid change to the query sequence. We used

the recommended threshold of �2.5 for the identifica-

tion of deleterious sites using the nr database and a

paired t-test to determine whether there were differ-

ences in the number of deleterious amino acids separat-

ing each native and introduced comparison. We then

identified out groups using alignments within each sub-

family to determine derived amino acid changes and

eliminated any sites where both amino acids were

found in the out group species as these were potential

paralogs. We applied a Fisher’s exact test to examine

differences in the proportion of derived deleterious

amino acids between the native and introduced tran-

scriptomes for each of the six species and then assessed

overall significance using a paired t-test. If multiple

comparisons could be conducted within a species, we

took the average for each range.

Results

Pairwise comparisons of native and introduced
transcriptomes

Our pairwise comparison of dN/dS ratios between

native and introduced transcriptomes, performed using

2836–8368 total orthogroups depending on the focal spe-

cies considered, identified between 0.6% and 2.6% of loci

with elevated evolutionary rates (Table S3, Supporting

information). All rapidly evolving genes were unique to

each species, except one that was shared between C. ar-

vense and A. trifida, for which no homolog in A. thaliana

was identified. However, using the all-against-all blasts,

we did identify 20 overlapping homolog groups (i.e.

where the reciprocal blast hits were identified) among

species for rapidly evolving genes (Table S3, Supporting

information). For the conserved orthologs identified

among the focal species, we found significant correla-

tions between species, except in some comparisons with

A. trifida, as well as stronger correlations within species,

where multiple comparisons could be conducted (Fig. 1).

When multiple native and introduced comparisons were

possible within each species, we tested all combinations

and present average values in Fig. 1.

Among the quickly evolving genes identified, there

were 21 GO terms overrepresented for A. artemisiifolia,

including defence response (four genes), 27 in A. trifida,

nine in C. diffusa, 24 in C. solstitialis, seven in C. arvense

and three terms in H. annuus (Table S3, Supporting

information; P < 0.05). However, the GO analyses of the

specific terms did not reveal any significant overrepre-

sentation of terms after correcting for multiple tests for
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any of the pairwise comparisons. Examination of the

GO slim terms identified significant differences in the

distribution of terms in C. solstitialis, C. arvense and

H. annuus (Table 1).

PAML branch and branch-site models

The final tree topology (Fig. 2) of our species tree

generally agreed with the previously published Aster-

aceae supertree (Funk et al. 2005). The branch and

branch-site models for the triplet data sets, performed

using 939–2590 total orthogroups depending on the

focal species considered, revealed evidence of positive

selection in <1.28% and 5.75% of orthogroups, respec-

tively, for each focal species (Table S4, Supporting

information). For those genes where orthology could

be identified, none of the rapidly evolving genes were

shared across species. Using the all-against-all blasts,

we did identify 24 overlapping homolog groups

among two to three species (Table S4, Supporting

information). The corresponding TAIR hits and topGO

results for these orthogroups are given in Table S4

(Supporting information). The branch model per-

formed for all six focal species, which considered

information from 1792 total orthogroups, concomi-

tantly revealed evidence of positive selection in three

orthogroups (Table 2 and Table S5, Supporting infor-

mation). The branch-site model implemented for the

same data set, however, did not identify any signifi-

cant orthogroups.

Site-specific positive selection

For the M1a:M2a comparison, after FDR correction, we

found evidence of positive selection in one of the 397

(0.003%; Table S6, Supporting information) orthogroups

across the entire family. Similarly, for Carduoideae and

Asteroideae, 32 of the 7654 (0.42%) and 16 of the 12,416

(0.13%) orthogroups showed evidence of positive selec-

tion, respectively. For the M7:M8 comparison, we found

evidence for positive selection in six genes (0.02%) across

the entire family, in 53 genes (0.69%) for Carduoideae

and in 55 genes (0.44%) for Asteroideae. Most of these

genes were also identified using the M1a:M2a models.

For the Carduoideae, we found 10 GO terms overrep-

resented at P < 0.05 including response to biotic stimu-

lus, vegetative phase change, response to UV, response

to wounding and response to virus (Table S6, Supporting

information). For the Asteroideae, we identified 40 GO

terms overrepresented at P < 0.05 including GO terms

related to response to abiotic stimulus and cell wall

biogenesis (Table S6, Supporting information). However,

these terms were not significant after FDR correction.

When comparing the GO slim categories between

background and selected genes, the Carduoideae was

marginally significantly different (v2 = 58.63, d.f. = 43,

P = 0.056; with other molecular functions, binding, enzyme

activity and response to abiotic or biotic stimulus the most

overrepresented terms) and the Asteroideae was not

significantly different (v2 = 46.35, d.f. = 43, P = 0.34).

Stochastic branch-site models

Across the entire family, we found evidence for positive

selection in 29 of the 397 genes (M1a+S1:M2a+S1; Table
S6, Supporting information) after FDR correction (7.8%).

All genes possessed at least one site showing evidence

of positive selection (Bayesian posterior probability

>0.90) in branches leading to at least one introduced

species (Table S6, Supporting information; for designa-

tions, see Table S1, Supporting information). Within the

Carduoideae, we found evidence of positive selection in

55 of the 2259 genes after FDR correction (2.4%). Of

those genes, 46 had at least one site showing evidence

of positive selection (Bayesian posterior probability

>0.90) and 44 of those showed evidence of positive

selection in branches leading to at least one introduced

species (Centaurea, Cynara and Cirsium) with two addi-

tional loci showing evidence of positive selection in

Carthamus alone. We identified significant evidence for

positive selection in 212 of the 6356 genes in the Aster-

oideae (3.3%). Of those genes, 83 had at least one site

showing evidence of positive selection (Bayesian poster-

ior probability >0.90) and all but three of those showed

evidence of positive selection in branches leading to at

Table 1 Results of chi-squared tests comparing the number of

genes in each GO slim category for genes showing evidence of

positive selection in pairwise comparisons between native and

introduced genotypes relative to those that did not

Species v2 d.f. P

Top three GO slim

categories overrepresented

Ambrosia

artemisiifolia

52.59 43 0.15

Ambrosia

trifida

58.23 43 0.06

Centaurea

diffusa

41.95 43 0.52

Centaurea

solstitialis

64.29 43 0.02 Other binding, other

enzyme activity, other

cellular components,

cell wall

Cirsium

arvense

70.58 43 0.005 Unknown cellular

components, other

metabolic processes,

transcription factor activity

Helianthus

annuus

67.54 43 0.009 Hydrolase activity, response

to stress, cell wall
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least one introduced species (A. artemisiifolia, A. trifida,

G. segetum, H. annuus, H. ciliaris, H. petiolaris, H. tubero-

sus or I. annua).

We then identified the putative function of the sig-

nificant genes using the BLASTP results to the A. thaliana

proteins (Table S6, Supporting information). Across the

entire family, we found five GO terms overrepresented

(P < 0.05; Table S6, Supporting information). For the

Carduoideae, we found 14 GO terms overrepresented

at P < 0.05 including response to herbicide (one gene;

Table S6, Supporting information). For the Asteroideae,

we identified 20 GO terms overrepresented at P < 0.05

including GO terms related to response to osmotic

stress (seven genes), response to gibberellin-mediated

signalling pathway (two genes) and reproductive pro-

cess (12 genes; Table S6, Supporting information).

However, these GO terms were not significant after

FDR correction. The analysis of the GO slim terms

revealed a marginally significant difference in the pro-

portion of genes in the different categories between the

background and selected loci across the family

(v2 = 54.74, d.f. = 25, P = 0.10) with other enzyme,

response to abiotic or biotic stimulus and response to stress

as the most overrepresented GO slim terms. There was

no significant difference in the Asteroideae (v2 = 43.18,

d.f. = 43, P = 0.46) or Carduoideae (v2 = 30.5, d.f. = 43,

P = 0.92).

Herbicide resistance target genes

We identified filtered orthogroup alignments homolo-

gous to several TSR genes (Table S2, Supporting infor-

mation). Homologs of a-tubulin, b-tubulin, and ALS

were found in the Carduoideae and Asteroideae align-

ments as well as psbA and PPX2L in the Asteroideae

alignments. For both the PAML site model M1a:M2a and

Fitmodel analysis, we identified ALS as significant in

the Asteroideae (q < 0.05 after correcting for multiple

comparison for the TSR genes only). Comparisons of

the sites putatively under selection (amino acids 484

and 598 in the A. thaliana protein) were not known

amino acids conferring resistance in other species (see
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Fig. 2 The tree topology used in the PAML and Fitmodel analysis. Bold font is used to indicate our focal invasive taxa.

Table 2 PAML results for three orthogroups that showed evidence of significant changes in dN/dS ratio (x) in native vs. introduced

genotypes using branch models

Orthogroup TAIR ID Description Significant foreground branches Likelihood ratio†

Ortho group4063 AT5G42990.1 Ubiquitin-conjugating enzyme 18 A. artemisiifolia, H. annuus 27.58***
Ortho group5021 AT5G34930.1 Arogenate dehydrogenase A. trifida, H. annuus 17.05*
Ortho group5575 AT3G12120.1 Fatty acid desaturase 2 (FAD2) A. trifida, H. annuus 53.06***

†Significance after FDR correction. *P < 0.05;***P < 0.001.
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www.weedscience.org/Mutations/MutationDisplayAll.

aspx), and those known to confer resistance were not

represented in our alignments for that gene. Several ho-

mologs of a-tubulin and b-tubulin were identified, and

both models of site-specific positive selection in PAML

were significant for a predicted b-tubulin in the Car-

duoideae (q < 0.05 as significant after correcting for

multiple comparison for the TSR genes).

Proportion of deleterious alleles

We found no effect of introduction on the number of

deleterious alleles among the six focal species (t5 = 0.52,

P = 0.63). The same was true when we restricted our

analysis to the proportion of deleterious derived alleles

in each of the transcriptomes. Individual Fisher’s exact

tests of the paired samples demonstrated differences in

the proportion of derived deleterious alleles for differ-

ent species: a significantly greater proportion of delete-

rious variants in the introduced sample from Australia

in H. annuus, no significant difference in A. artemisiifolia

and some A. trifida comparisons, and significantly lower

number of deleterious variants in the introduced range

for the remaining comparisons (Fig. 3; Table S7, Sup-

porting information). A paired t-test of the per cent dif-

ference between the native and introduced

transcriptomes revealed no general pattern (t5 = �0.82,

P = 0.45).

Discussion

Positive selection in introductions

To test whether there were common adaptive changes

at the genetic level, we examined evidence for positive

selection in introduced genotypes across multiple spe-

cies. Detecting the genomic signature of selection has

an advantage in that no a priori determination of the

traits under selection is required. However, common

garden studies comparing native and introduced popu-

lations of A. artemisiifolia, C. solstitialis, C. arvense and

C. diffusa, as well as comparisons between weedy and

wild H. annuus have been conducted and striking simi-

larities have emerged (Eriksen et al. 2012; Guggisberg

et al. 2013; Hodgins et al. 2013a; Turner et al. 2014). In

these studies, introduced populations tended to be lar-

ger with higher reproductive output and delayed repro-

duction relative to native populations. Introduced

populations of all three species also show evidence of

reduced abiotic tolerance and in particular are more

susceptible to drought; comparisons of weedy and wild

H. annuus show a similar pattern (Mayrose et al. 2011).

In all four species, there is limited evidence for trade-

offs of competitive ability with defence, although in

most cases the effects of specialist herbivores have not

been examined (but see Turner et al. 2014). These paral-

lel evolutionary responses to introduction suggest that

there may be replicated genetic changes during intro-

duction among these species, either in terms of particu-

lar genes under selection or the functional groups

commonly targeted.

We found little evidence of repeated adaptive change

among any of the six focal species investigated in this

study. While, in most cases, dN/dS ratios were corre-

lated across species, this appeared to be due to consis-

tent differences in the strength of purifying selection

among loci (Fig. 1). Our analyses identified many genes

showing evidence of positive selection. However, there

was little overlap among species in the identity of posi-

tively selected orthologs. For example, only three genes,

Ambrosia artemisiifolia Ambrosia trifida Centaurea diffusa Centaurea solstitialis Helianthus annuusCirsium arvense
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using Provean. Average values are pre-

sented for species with multiple native

and introduced samples.

© 2014 John Wiley & Sons Ltd

GENOMICS OF INVASION IN THE ASTERACEAE 2233



including one (FAD2) implicated in seed dormancy, as

well as seed oil content during sunflower domestication

(Linder 2000; Chapman & Burke 2012), have evidence

for repeated adaptive evolution using our branch mod-

els, but these patterns are only replicated in two species

(Table 2). Comparisons of genes inferred to be under

positive selection during domestication in this family

have found little commonality between any two domes-

tication events using this approach (Kane et al. 2011).

Notably, this pattern was found despite similar selec-

tive pressures and strong artificial selection across thou-

sands of years. Given the shorter timescale and the

more diverse ecological conditions likely encountered

during invasions relative to an agricultural environ-

ment, the fact that there is little evidence of repeatabil-

ity in positively selected genes in our comparisons

between native and introduced genotypes is not sur-

prising. Whether the lack of repeatability at the genetic

level during invasion will be found across other taxo-

nomic groups remains to be seen. However, given the

variable evidence for consistent phenotypic change dur-

ing invasion (e.g. Bossdorf et al. 2005; Colautti et al.

2009), and the complex genetic architecture of many of

the putative traits under selection (e.g. plant growth

and defence response), we predict that our findings are

a harbinger of what is to come when comparing multi-

ple species.

We identified evidence that genes in the same family

were evolving rapidly across species, suggesting that at

least in some cases, similar types of genes were under

selection. These genes have diverse functions in A. thali-

ana, including defence response (e.g. AT4G16890,

AT3G15850, AT2G25620), abiotic stress response partic-

ularly osmotic stress (e.g. AT5G59320) and flavonol bio-

synthesis (AT5G54160). Although there was limited

evidence for the overrepresentation of functional cate-

gories in the divergent genes for each species, we found

many putatively selected loci important for abiotic and

biotic responses. For example, in pairwise comparisons

of A. artemisiifolia, four genes were annotated as defence

response genes, and in H. annuus, five genes were anno-

tated as response to stress and a further four were

annotated as response to abiotic or biotic stimulus.

These GO slim categories were some of the most over-

represented in pairwise comparisons of C. arvense. In

microarray experiments of C. arvense and A. artemisiifoli-

a (Guggisberg et al. 2013; Hodgins et al. 2013a), differ-

ences in gene expression between the native and

introduced range have also involved stress response

genes and, in particular, genes associated with second-

ary metabolism and detoxification such as the cyto-

chrome P450 gene family. Although differences in

expression are not necessarily expected to coincide with

changes in coding sequence (e.g. Renaut et al. 2012; but

see Chapman et al. 2013), we identified one differen-

tially expressed gene and putatively selected loci in

A. artemisiifolia, a UDP-glucosyl transferase (AT1G22340).

These genes are involved in metabolism of plant hor-

mones, all major classes of plant secondary metabolites

and xenobiotics such as herbicides (Ross et al. 2001).

Analyses of gene expression between native and

introduced populations are underway in the remaining

species, and comparisons will offer additional insights

into the repeatability of molecular changes during

invasion.

The power of our approach relies on our ability to

examine large numbers of genes across multiple species

to determine commonalities in the signature of selec-

tion. However, we lack sufficient sampling within each

species to determine whether the observed differences

are consistently associated with introductions within

each species. Large-scale population genomic sampling

for species is underway using a variety of techniques

(e.g. transcriptome resequencing, GBS and RAD tags),

and these data will be important to determine whether

the genes and functional groups that we have identified

have likely diverged as a result of selective processes

during introduction and spread. Some of the candidate

loci could be due to mistakenly identifying close para-

logs as orthologs, although all of the orthologs that we

identified showed high sequence similarity (Table S3,

Supporting information). Other processes may be main-

taining variation within and among populations of

these species that are not associated with invasion. For

example, we might expect that some of the genes iden-

tified as highly divergent, such as disease resistance

genes, are maintained by balancing selection within the

species generally (Bergelson et al. 2001). The recent

occurrence of the introductions (100–200 years) and the

rapid evolutionary change needed for this approach to

be successful, where multiple amino acid changes are

often required to identify diverging genes, suggests that

standing variation segregating in the initial introduc-

tions would likely be the origin of the putatively

selected loci (Prentis et al. 2008). In contrast, any diver-

gence between the native and introduced ranges that is

due to de novo mutations in the introduced range is

unlikely to be identified using this approach, given the

time needed for new mutations to arise.

Rates of positive selection in the Asteraceae

We found that a small fraction of genes exhibited signif-

icant evidence of positive selection using the site mod-

els (<1%), while the stochastic branch-site models

identified many more candidate loci (2–8%). Site models

are mainly able to detect recurrent diversifying selection

and lack the capacity to detect episodic adaptive
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evolution. Our estimates of site-specific positive selec-

tion are lower than previous findings (~4% for annual

Helianthus and Lactuca species vs. <1% for each subfam-

ily; Kane et al. 2011). This could be in part because of

the broader phylogenetic scale that we were examining

and suggests that a particular site is rarely the subject

of selection over longer evolutionary timescales. In

keeping with this, our stochastic branch-site models

identified a higher proportion of candidate loci and the

proportion was greater in the analysis across the family

relative to the subfamilies, as more diverse taxa were

added. In some cases, the Bayesian posterior analysis of

the stochastic branch-site models did find evidence that

the same gene was the target of selection across the

entire tree, but the particular sites would often vary

among lineages. In other cases, selection was clearly

episodic or recurrent down a particular section of the

tree.

However, both approaches likely considerably under-

estimate the actual rate of positive selection for a num-

ber of reasons. First, by identifying orthology using a

blast-based approach, we are potentially missing rap-

idly evolving genes that are highly divergent. More-

over, missing or incomplete transcripts are common in

some of the assemblies and limited our ability to assess

selection across the entire set of species or proteins in

many cases. Second, by necessity, we restricted our

analysis to one-to-one orthologs, which likely biases our

sample towards single-copy genes that can be subject to

stronger purifying selection than multicopy gene fami-

lies (Waterhouse et al. 2011). Ortholog identification

may have particularly impacted our ability to detect

selection at broader phylogenetic scales. Third, we rig-

orously trimmed and filtered regions that were difficult

to align and may harbour diverging sections of the

gene. However, conserved regions might be more likely

to contain positively selected substitutions (Bazykin &

Kondrashov 2012) and removing problematic regions

that generate false positives should improve our capac-

ity to detect positive selection (Jordan & Goldman 2012;

Privman et al. 2012).

Genes under selection in the Asteraceae

Many of the genes that appear to be rapidly evolving in

the Asteraceae appear to be likely targets of positive

selection in plants in general. Although our gene ontol-

ogy analysis did not reveal a strong pattern in the types

of genes overrepresented in the set of positively

selected loci (Table S6, Supporting information), in most

cases, the number of selected loci was small which lim-

ited the power of the test. In plants, defence genes, in

particular leucine-rich repeats of R genes, provide some

of the best examples of co-evolutionary ‘arms races’

resulting in rapid evolutionary change (Bergelson et al.

2001). We identified many defence-related genes, partic-

ularly in the Carduoideae, including ENHANCED DIS-

EASE SUSCEPTIBILITY 1 (AT3G48090), which impacts

salicylic acid (SA) levels and enhances susceptibility to

pathogen infection (Falk et al. 1999; Nawrath et al. 2002),

CUCUMOVIRUS MULTIPLICATION 1 (AT4G18040)

and BINDING TO TOMV RNA 1 (AT4G37760), both of

which are involved in viral resistance (Gao et al. 2004;

Fujisaki & Ishikawa 2008; Contreras-Paredes et al. 2013).

Many other stress response genes were identified,

including GRX480, a member of the glutaredoxin family

that is induced by SA (Ndamukong et al. 2007), heat-

shock proteins (e.g. AT5G02500 AT3G47650), as well as

glutathione S-transferases (e.g. AT2G30860, AT1G78380),

involved in abiotic and biotic stress response, including

drought stress and herbicide resistance (Rouhier et al.

2008; Powles & Yu 2010). In the Asteroideae, abiotic

stress response genes predominated, including seven

genes related to osmotic stress response, such as LOW

EXPRESSION OF OSMOTICALLY RESPONSIVE

GENES 2 (AT2G36530; Ishitani et al. 1997) and a gly-

cine-rich RNA-binding protein (AT3G23830), important

for cold tolerance and osmotic stress response in

A. thaliana (Kwak et al. 2011). Taken together, these data

indicate that genes important for environmental

responses appear to be evolving rapidly in this family,

which is consistent with previous findings (Kane et al.

2011).

Conflicts between genomes can be an important dri-

ver of evolutionary rate in plants (e.g. Fujii et al. 2011)

and this appears to also be the case in our study. We

identified candidate genes involved in interactions

between the nucleus and either the mitochondrion or

the chloroplast including maternal effect embryo arrest

proteins (AT3G10110 and AT5G05950; Pagnussat et al.

2005). High rates of reproductive protein evolution are

also common in both animals and plants (reviewed in

Clark et al. 2006) and we identified several reproductive

genes, particularly in the Asteroideae where 12 were

identified. For example, we found several genes

involved in male and female gametophyte development

(e.g. APK3 AT3G03900, Mob1 AT5G45550 and

AT4G30930; Portereiko et al. 2006; Mugford et al. 2010;

Galla et al. 2011), which were also localized to the mito-

chondrial or chloroplast, as well as two putative genes

involved in the regulation of flowering time (FCA and

CONSTANS-like; Macknight et al. 1997; Reeves &

Coupland 2001; Hassidim et al. 2009).

The evolution of herbicide resistance is increasingly

common in weeds (Holt et al. 2013) and is known to

occur in several species used in this study (e.g. ALS

inhibitors in A. trifida, A. artemisiifolia and H. annuus,

and resistance to synthetic auxins in C. arvense and
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C. solstitialis http://www.weedscience.org/Summary/

home.aspx), although the resistance status to various

herbicides of the genotypes used in this analysis was

not known. There were several genes showing evidence

of positive selection that play important roles in detoxi-

fication and response to xenobiotics (e.g. glutathione S-

transferases, Cytochrome p450s; Powles & Yu 2010;

D�elye et al. 2013) and could be important for herbicide

response in this family. However, there are many genes

that are known to be the direct targets of commonly

applied herbicides (i.e. TSR genes). We tested these for

evidence of positive selection and found elevated evolu-

tionary rates in two cases (b-tubulin in Carduoideae

and ALS in the Asteroideae). Several ALS-resistant

weeds species, such as H. annuus and ragweeds, are

present in our analysis; however, none of the substitu-

tions in these alignments coincided with known resis-

tance alleles, which suggests either the evolution of

novel resistance mutations or a separate selective mech-

anism driving evolutionary change in these loci. Several

key TSR genes (e.g. EPSPS, the target of glyphosate)

were not found in our alignments; however, studies are

ongoing in ragweeds and other Asteraceae (e.g. Conyza

spp.) to uncover the genetic basis of herbicide resistance

and relative importance of TSR and non-TSR mecha-

nisms in the group.

Genetic load in the introduced range

We predicted that the demographic changes, such as

repeated bottlenecks and founder events associated

with establishment and spread during invasion,

would result in higher levels of genetic load in intro-

duced genotypes. However, our estimates of genetic

load across the six focal species did not reveal a gen-

eral increase in the proportion of deleterious variants

in introduced samples. One of the comparisons

(native vs. introduced H. annuus from Australia)

revealed a significantly greater proportion of deleteri-

ous alleles in the introduced genotype, suggesting

that this population may have been subjected to

higher levels of drift. An isozyme study of genetic

diversity in Australian H. annuus populations, where

it was likely introduced as an ornamental, revealed

high levels of variation within, but also among popu-

lations, as well as an apparent lack of isolation by

distance; this pattern is consistent with multiple dis-

tinct source populations (Dry & Burdon 1986). How-

ever, the study also found relatively high inbreeding

coefficients, and the authors suggested this was due

to small population sizes, founder events and poten-

tially some degree of selfing. This may also explain

why we found evidence of higher genetic load in this

particular comparison.

In contrast to H. annuus, the introduced samples from

the other five focal species were from a portion of the

species’ range where they are considered invasive and

form large population sizes. These comparisons showed

statistically equivalent levels of load or even the reverse

pattern with a significantly higher proportion of delete-

rious alleles in the native samples. With the exception

of A. trifida, where no genetic data are yet available,

previous studies of the introduction history of all of

these species show evidence of multiple introductions

and high levels of genetic variation within populations

(Sun 1997; Marrs et al. 2007; Blair & Hufbauer 2010;

Chun et al. 2010; Gaudeul et al. 2011; Guggisberg et al.

2012). Cirsium arvense, A. artemisiifolia and C. solstitialis

lack substantial isolation by distance in the introduced

range, giving further support for repeated long distance

dispersal from multiple source populations as the pri-

mary driver of genetic variation within the introduced

range. Although drift in colonizing species is predicted

to increase genetic load, hybridization and population

admixture through multiple introductions might limit

its severity. Future analyses of the frequency of these

deleterious alleles, the degree of admixture across the

landscape and the spatial distribution of genetic load

within and between the native and introduced range

will be essential to more conclusively assess this

hypothesis.

Conclusions

Our micro- and macro-evolutionary comparisons

revealed that generally there is little overlap in specific

genes that appeared to be under positive selection. In

our comparisons of native and introduced genotypes

across species, there was little commonality in the par-

ticular orthologs under selection, despite similarities in

phenotypic response during invasion. In some cases,

we found similar types of genes under positive selec-

tion across two or three introductions, which opens

some possibilities of common responses to invasion at

the genomic level, but our data suggest that repeated

changes in the same gene are unlikely. At the macro-

evolutionary scale, we found a similar pattern, where

the sites, genes and functional groups showing evi-

dence of positive selection generally differed between

subfamilies. These findings point to the idiosyncratic

nature of positive selection, where the targets of selec-

tion shift across sites, genes and lineages. Moreover, it

suggests that selection pressures may be highly vari-

able and outcomes dependent on historical contingency

and species-specific genetic constraints, and highlights

the possibility of multiple genetic solutions to the chal-

lenge of adapting to similar types of environmental

change.
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