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Abstract

Human activities have increasingly introduced plant species far outside their native

ranges under environmental conditions that can strongly differ from those originally

met. Therefore, before spreading, and potentially causing ecological and economical

damage, non-native species may rapidly evolve. Evidence of genetically based adapta-

tion during the process of becoming invasive is very scant, however, which is due to

the lack of knowledge regarding the historical genetic makeup of the introduced popu-

lations and the lack of genomic resources. Capitalizing on the availability of old non-

native herbarium specimens, we examined frequency shifts in genic SNPs of the

Pyrenean Rocket (Sisymbrium austriacum subsp. chrysanthum), comparing the (i)

native, (ii) currently spreading non-native and (iii) historically introduced gene pool.

Results show strong divergence in flowering time genes during the establishment

phase, indicating that rapid genetic adaptation preceded the spread of this species and

possibly assisted in overcoming environmental constraints.
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Introduction

Human activities such as trade and gardening have

increasingly resulted in the introduction of plant species

far outside their native range. Once successfully estab-

lished, some introduced species become invasive, that

is, they start spreading and may jeopardize biodiversity

conservation and ecosystem functioning (Vitousek et al.

1996; Hejda et al. 2009; Gilbert & Levine 2013). The

mechanisms driving successful invasion are therefore a

key issue in ecology and conservation biology.

By definition, invasive species are introduced in areas

where they did not evolve, under biotic and abiotic envi-

ronmental conditions that can strongly differ from those

met in the native range (Broennimann et al. 2007). There-

fore, before becoming invasive, introduced plant species

may rapidly evolve in response to the prevalent adaptive

forces, such as differences in herbivore community,

mutualistic interactions, drought and/or day length, that

are faced during the introduction to, and the colonization

of a novel range (Barrett et al. 2008; Prentis et al. 2008).

The phenotypic differentiation observed between native

and introduced populations in ecologically important

traits such as germination rate, flowering time and bio-

mass accumulation indeed suggests selection driven by

adaptive forces in a variety of invasive and nascent inva-

sive species (Leger & Rice 2003; Blair & Wolfe 2004;

Maron et al. 2004; Dlugosch & Parker 2008a). Further-

more, genetic studies employing neutral markers have

demonstrated high levels of population genetic diversity

in invasive plant species, suggesting a high adaptive
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potential (Lavergne & Molofsky 2007; Dlugosch & Parker

2008b). Strong molecular evidence of adaptation during

the process of becoming invasive is currently scant, how-

ever (Guggisberg et al. 2013; Hodgins et al. 2013). This is

partly due to important methodological drawbacks

related to the lack of genomic resources in invasive plant

species (Stewart et al. 2009) and, importantly, the lack of

knowledge regarding the historical genetic makeup of

the introduced populations, that is, before the species

started spreading (Sultan et al. 2013).

Here, we aimed to evaluate the possibility of geneti-

cally based adaptation following the introduction of the

Pyrenean rocket (Sisymbrium austriacum subsp. chrysant-

hum (Jord.) Rouy et Fouc) (Brassicaceae), a species for

which both old non-native herbarium specimens and a

documented colonization history were available. The

relatively narrow native distribution range of this self-

compatible herb is the mountainous region in the south

of France and north of Spain (The Pyrenees; Tutin

1983). In Belgium, 1200 km north of its native range,

S. austriacum was first reported in a wool industry area

along a tributary of the Meuse River (the Vesdre; Van

Landuyt et al. 2006) in 1824, where it was most likely

introduced together with massive wool import (Verloo-

ve 2006). Notes appended to herbarium specimens indi-

cate the presence of at least two substantial populations

along the Vesdre by 1880 (K. Vandepitte, personal

observation). It was, however, not until the 1980s, that

S. austriacum appeared more north along the River

Meuse, from where it is currently rapidly expanding

into the Netherlands (Jacquemyn et al. 2010; Fig. 1).

The close phylogenetic relationship between S. aus-

triacum and Arabidopsis thaliana (Couvreur et al. 2010),

for which the genome is richly annotated and the bio-

logical functions of many genes are well understood

(Lamesch et al. 2012), allowed accurate functional infer-

ence of the >14 000 putative SNPs (single nucleotide

polymorphisms) we previously discovered in a small

number of individuals from both the native and non-

native range, using massively parallel sequencing (Van-

depitte et al. 2013). Here, we screened the (i) native, (ii)

the currently spreading non-native and (iii) the histori-

cal introduced gene pool on a large set of genic SNPs,

broadly involved in plant development and a wide

range of responses to environmental stimuli. We identi-

fied loci under selection and reconstructed frequency

shifts in putative adaptive genes.

Materials and methods

Study species

The Pyrenean rocket (S. austriacum subsp. chrysanthum

(Jord.) Rouy et Fouc) is a small, diploid (2n = 2x = 14)

biennial or perennial herb. It is a typical pioneer species

that colonizes sand, gravel and organic disposals on

rocky soils. The small bright yellow flowers are self-

compatible and pollinated by insects (bees and syrphid

flies). S. austriacum flowers from June till August. Seeds

(mean seed weight: 0.3 mg) are dispersed by wind, fall

directly on the ground or are likely transported by

water through the movement of flowering branches

(Tutin 1983; Jacquemyn et al. 2010). Populations are

typically small and discrete.

Data generation

SNP assays were recently developed from Paired End

RAD sequences, and individuals were genotyped as

described in Vandepitte et al. (2013). In brief, to reduce

ascertainment bias, we used 12 individuals spanning the

species entire distribution range (native and introduced)

for SNP discovery. Contigs containing SNPs were anno-

tated based on sequence homology with A. thaliana

(E-blast value<10�15), and Gene Ontology (GO) terms

were assigned. Next, 300 putative SNPs, representing 300

distinct genes, were selected from a larger set of genes

assigned to one or more terms within the general high-

order GO slim categories ‘response to the biotic and abi-

otic environment’ and ‘plant development’. This SNP set

was validated in 393 Sisymbrium samples collected in

2010 and 2011 from 11 native and 12 non-native locations

(Fig. 1), using KASPar technology (Genotyping by

Allele-Specific Amplification; Cuppen 2007). We sampled

all individuals of populations sized below 20 individuals

(n = 13) and between 22 and 30 individuals in larger pop-

ulations. After the removal of individuals containing

excess missing genotype calls (>10%), 209 unambiguous

and polymorphic SNPs assays with <10% missing geno-

type calls were retained for further analysis.

In addition, we also genotyped dated historical non-

native herbarium specimens and two old undated speci-

mens, collected along the Vesdre, using the developed

set of 209 SNPs. The two undated samples were collected

by Dumortier (1789–1878). Leaf material of specimens

was obtained through the herbaria of the National Bota-

nic Garden of Belgium and the University of Li�ege. His-

torical samples were processed several weeks after the

current samples, and filter tips were used to avoid aero-

sol contamination. To increase the yield of DNA

extracted from herbarium specimens using the Nucleo-

spin DNA-extraction kit (Macherey Nagel, Germany), the

cell lysis phase was extended to 16 h at 65 °C.

SNP outlier detection

Putative adaptive SNPs were detected performing

genetic outlier analyses on all 209 SNPs in all 23 current
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populations, premising that environmental selection

inflates the magnitude of among-population genetic dif-

ferentiation (FST) in and near genetic loci under selec-

tion (Beaumont 2005). The age classes of herbarium

specimens were excluded from this analysis as these do

not represent true populations. We used the simulation

method of Beaumont and Nichols (1996) extended to

the case of a hierarchical population structure in ARLE-

QUIN version 3.5 (Excoffier et al. 2009a; Excoffier & Li-

scher 2010) which arranges populations into predefined

groups (native and invasive). This analysis performs

particularly well when neutral and adaptive processes

are both expected to increase genetic differentiation

between regions (FRT; Excoffier et al. 2009a), as during

range expansions. Null distributions were generated

assuming a hierarchical island model with 50 groups

each consisting of 100 populations applying 1 9 105

simulations across SNPs as a function of scaled between

population heterozygosity. SNPs exceeding the simu-

lated 0.98 null distribution quantile of FST and FRT were

considered significant outliers, which is a conservative

threshold as the preselection of merely genic SNPs most

likely inflated the width of simulated thresholds.

Furthermore, to reduce the number of potential false

positives, we reported only SNPs with scaled heterozy-

gosity >0.2 (Excoffier et al. 2009a). Standard population

genetic diversity indices were also calculated using

ARLEQUIN and compared between native and invasive

populations using a 2-sample t-test.

To validate outliers detected using ARLEQUIN, the

correlation of allele frequencies between populations

was simulated by a multinomial-Dirichlet likelihood

using BAYESCAN v2.1 (Foll & Gaggiotti 2008). This Bayes-

ian method assumes an island model in which subpop-

ulation allele frequencies are correlated through a

common migrant gene pool from which they differ in

varying degrees. We implemented 20 pilot runs of 5000

iterations, followed by an additional burn-in of 50 000

iterations and 100 000 subsequent iterations with a sam-

ple size of 5000 and thinning interval of 20 to simulate

neutral expectations and to detect deviating loci.

Gene function enrichment analysis

Founder events and spatial expansion following intro-

duction can lift rare alleles to high frequencies and so

mimic the signature of environmental selection (Excoffier

et al. 2009b). Therefore, we complemented the genetic

(A) (B)

(C)

Fig. 1 Map of the 23 sampled populations (A) throughout the invasive (B) and native (C) range of Sisymbrium austriacum subsp.

chrysanthum.
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outlier analysis with gene function enrichment analysis.

The Amigo Term Enrichment tool (http://amigo.geneon

tology.org/cgi-bin/amigo/term_enrichment) was used

to test for overrepresentation of GO terms in the set of

outlier genes against the background of all terms

associated with the total set of 209 SNPs analysed. Locus

identifiers of Arabidopsis homologues (AGI codes) were

entered as input data. P-values were calculated using the

hypergeometric distribution as detailed in Carbon et al.

(2009) with Bonferroni correction for multiple testing.

The minimal number of gene products was set to three.

SNP function prediction

SNP functions were predicted using the EnsemblPlants

Variant Predictor Tool (http://plants.ensembl.org/tools.

html) based on the A. thaliana TAIR 10 genome.

Time series

Time series were reconstructed for SNPs identified in

the gene function enrichment analysis. We compared

allele frequencies of the historical (3 groups) and cur-

rent non-native (1 group), and native gene pool (1

group). The significance of pairwise differences between

groups was based on the 95% confidence intervals gen-

erated through 104 bootstraps of individual allele fre-

quencies (f = 0, 0.5 or 1) applying Fisher’s least

significant difference (LSD) test. Bootstrap analysis was

performed in SPSS20.0 (IBM, Armonk, NY, USA).

Results

We obtained high-quality SNP data for 209 different

genes (one SNP per gene) in 189 and 201 individuals

collected from twelve non-native and eleven native

locations (populations), respectively. In addition, we

successfully genotyped 42 non-native herbarium speci-

mens collected between 1829 and 1955 along the River

Vesdre on this set of SNPs (mean percentage missing

data = 5.1%), which were assigned to three equally

populated time periods [<1878 (n = 14), 1878–1905

(n = 14) and 1906–1955 (n = 14)]. The proportion of

polymorphic loci per population ranged from 0.77 to

0.91 (mean = 0.86; SD = 0.04) and was not significantly

reduced in the currently invasive as compared to native

populations (Fig. 2). The three age groups showed a

comparable degree of polymorphism ([<1878 = 0.93,

1878–1905 = 0.90 and 1906–1955 = 0.90). Pairwise

genetic differentiation (FST) was on average 0.27 among

native populations, 0.07 among non-native populations

and 0.04 among non-native age groups.

Assuming a hierarchical island model, in which gene

exchange between the native and non-native range was

less likely than among populations within ranges

(Excoffier et al. 2009a), the null distribution limits of the

magnitude of genetic differentiation between all 23 cur-

rent populations, FST (mean = 0.35), and between the

native and invasive range, FRT (mean = 0.13), were sim-

ulated. Twenty-five SNPs exceeded FST expectations

(Table 1), of which the majority (n = 15) represented the

most divergent SNPs between the two regions. That is,

they also exceeded neutral genetic FRT expectations.

Invasive Native
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m
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1.0

Fig. 2 Polymorphism as the proportion of polymorphic loci in

native (n = 11) and current invasive (n = 12) populations of

Sisymbrium austriacum subsp. chrysanthum. Error bars represent

standard deviation.

Table 1 List of positive FST outlier genes. AGI codes follow

The Arabidopsis Information Resource nomenclature (TAIR;

http://www.arabidopsis.org)

AGI_code HE FST FRT

AT1G14400 0.55 0.76 0.49

AT2G35510 0.25 0.53 0.23

AT3G63420 0.65 0.75 0.44

AT4G20910 0.31 0.52 0.27

AT4G23100 0.52 0.71 0.46

AT5G20250 0.46 0.69 0.42

AT5G64970 0.47 0.64 0.45

AT1G03190 0.50 0.70 0.46

AT1G51450 0.56 0.73 0.51

AT2G28900 0.59 0.73 0.53

AT1G09970* 0.84 0.87 0.83

AT1G18450* 0.73 0.74 0.72

AT1G22770* 0.52 0.61 0.50

AT1G77080* 0.80 0.79 0.77

AT2G40140* 0.69 0.72 0.69

AT3G05700* 0.54 0.62 0.52

AT3G09350* 0.78 0.79 0.72

AT3G09600* 0.67 0.79 0.65

AT3G12320* 0.92 0.93 0.92

AT3G47390* 0.78 0.77 0.72

AT4G00450* 0.75 0.76 0.69

AT4G00650* 0.74 0.77 0.73

AT4G25560* 0.66 0.75 0.63

AT5G20320* 0.60 0.64 0.58

AT5G64930* 0.51 0.58 0.49

*Significant FST and FRT outlier.
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Gene Ontology (GO) terms associated with this set of

FST/FRT positive outliers SNPs showed significant

enrichment for A. thaliana homologues involved in

photoperiodic flowering time. Of the 15 outlier SNPs,

six (40.0%; 6/15) were associated with the GO term

‘Photoperiodism, Flowering’ (GO:0048573) relative to a

background frequency of 5.8% (12/209; P = 0.02). This

was the only significantly enriched GO term in the set

of outliers at the P = 0.05 significance cut-off after Bon-

ferroni adjustment for multiple testing. These six SNPs

included FLOWERING LOCUS M (MAF1), a well-char-

acterized MADS-box gene suppressing flowering (Scor-

tecci et al. 2001), GIGANTEA (GI), a major determinant

of flowering time in long-day plants (Sawa & Kay

2011), and REVEILLE8 (RVE8), which is known to regu-

late the circadian clock in A. thaliana (Rawat et al. 2011).

Complementary analysis based on the island model

of migration in Bayescan, which does not account for

differences between ranges, confirmed the robustness of

results. All but one (GI) of the six SNPs involved in

photoperiodic flowering were detected as outliers with

the maximal Bayesian probability of 1.00.

Time series of the six SNPs in flowering time genes

demonstrated allele frequency shifts in the 19th century

(Fig. 3). In three cases (ARP, GI and MAF1), allele fre-

quencies of the oldest available herbarium specimens

(<1878) were significantly intermediate to the current

native and invasive gene pool, while more recent herbar-

ium specimens (>1878) displayed allele frequencies simi-

lar to the current invasive gene pool (in Fig. 3),

representing changes across ca. 27 generations (54 years)

or less since the first reported non-native observation of

this biennial or perennial species in 1824 (Van Landuyt

et al. 2006). In two more cases (RVE8 and CPR5), both

alleles were present in the native gene pool and the old-

est available non-native herbarium specimens (<1878)
but absent from more recent herbarium samples and the

current invasive gene pool. Differences between the

ancient and recent invasive gene pool were not signifi-

cant for these two SNPs, though. All six SNPs were pres-

ent in the native gene pool. Based on sequence homology

with A. thaliana, two of the six SNPs (CCT and CPR5 in

Fig. 3) were predicted to effectively change the amino

acid sequence of the protein for which they code
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Fig. 3 Time series of the frequency of six outlier SNPs in photoperiodic flowering time genes demonstrate genetic adaptation in the

19th century to seasonal differences in photoperiod between the native and introduced range. Allele frequencies of the current native

and invasive gene pool are based on 189 and 210 individuals of the Pyrenean rocket (Sisymbrium austriacum subsp. chrysanthum) col-

lected from twelve and eleven native and non-native locations, respectively. The historical gene pool was reconstructed based on 42

herbarium specimens assigned to three equally populated age classes [<1878, 1878–1905 and 1906–1955]. The gene labels (on top of

the figure panels) are the locus identifiers (AGI codes) and gene symbols of A. thaliana homologues according to The Arabidopsis

Information Resource nomenclature (TAIR; http://www.arabidopsis.org). Letters represent significant pairwise differences (P < 0.05)

based on 104 bootstrap samplings.
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(nonsynonymous changes). A third SNP (RVE8) was a 30

UTR variant, which can modulate the level of gene

expression (Barrett et al. 2012). The other two outlier SNPs

resulted in synonymous changes in the protein sequence

(ARP4 and MAF1) or in polymorphism in an intron region

(GI), which however may lie near/be in linkage disequi-

librium with undiscovered functional mutations.

Discussion

In native species, genetically based evolutionary changes

in adaptive traits such as frost tolerance and flowering

time have been demonstrated to occur within 20 genera-

tions or less, suggesting that rapid genetic adaptation is

possible and may precede invasive spread (Franks et al.

2007; Thompson et al. 2013). Indeed, current native and

invasive S. austriacum populations showed stronger than

expected divergence in A. thaliana homologues underly-

ing photoperiodic flowering phenology, genes which are

generally well conserved among flowering plants (Putte-

rill et al. 2004; Taylor et al. 2010). Furthermore, day length

considerably differs between the native and non-native

range, especially during late spring when S. austriacum

starts flowering (Tutin 1983; Fig. S1, Supporting informa-

tion), which corroborates the hypothesis of natural selec-

tion in response to seasonal differences between ranges

in the daily duration of light and dark. Alternative expla-

nations such as increased divergence in flowering time

genes due to founder events followed by genetic drift

seem unlikely. The odds are very low that neutral genetic

processes, acting randomly throughout the genome,

would accidently increase the divergence of genes with a

significantly enriched common function, relative to the

baseline of overall genetic differentiation. This study

therefore provides strong indications that genetic adapta-

tion preceded the spread of an introduced plant species.

Our findings also lend insight into the timing and nat-

ure of genetic adaptation during plant invasions. In

S. austriacum, genetic adaptation seems to have occurred

relatively shortly after the species was first reported in

the region (Fig. 3), suggesting that rapid genetic adapta-

tion during establishment preceded the initial spread of

S. austriacum along the River Vesdre. This finding is in

accordance with studies demonstrating adaptive pheno-

typic divergence in introduced, but not yet spreading

plant species such as Hypericum canariensis (Dlugosch &

Parker 2008b). Invasive plant species may also evolve

during later geographical expansion, when they radiate

into novel habitats (Chun et al. 2011; Sultan et al. 2013).

The recent rapid expansion of S. austriacum downstream

the River Meuse was however very likely the result of a

series of extreme flooding events. During 1982, 1993,

1995, 2000 and 2002 five major water flushes (more than

2.200 m3/s) occurred, which most likely enhanced

long-distance hydrochorous seed dispersal of already

adapted genotypes and assisted the establishment of

overbank populations (Jacquemyn et al. 2010).

Selection imposed by novel environmental pressures

may entice an adaptive response that can stem from

new mutations or from standing genetic variation. In

the latter case, functional alleles that previously segre-

gated neutrally, being only weakly affected by selection,

may become targets of strong selection. Both types of

selection, either from new mutations or from standing

variation, have been suggested in the context of plant

invasions (Dormontt et al. 2011). Our results suggest

that selection on standing variation in flowering time

genes predominated during the early stages of coloniza-

tion in S. austriacum for two reasons. Although some of

the outlier SNPs in flowering time homologues may just

lie near the polymorphism under selection, all were

present in the investigated native populations (Fig. 3).

Furthermore, we observed high levels of SNP diversity

in the current invasive populations (Fig. 2), which sug-

gests that founder events during introduction did not

reduce the adaptive potential (Lavergne & Molofsky

2007; Dlugosch & Parker 2008b).

In conclusion, although we have investigated a single

species, the frequently observed phenotypic divergence

between native and non-native populations and the

generally high levels of genetic diversity held within

invasive plant populations (reviewed in Dlugosch &

Parker 2008b), we suggest that our findings may apply

to a wider number of invasive and nascent invasive

plant species. Invasive species management therefore

needs to take into consideration the possibility that

rapid genetic adaption can assist introduced plant spe-

cies to overcome environmental constraints and so facil-

itate successful invasive spread (Colautti & Barrett

2013). More generally, as adaptation during invasive

spread can be compared to adaptation at range limits

(Sexton et al. 2009), this research also adds to our

understanding of changing plant distribution patterns

and adaptation in response to environmental changes.

Rapid genetic adaptation based on existing variation

emphasizes the need to conserve the genetic diversity

held within wild populations as to increase their ability

to cope with novel environmental pressures, including

ongoing climate change.
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