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The long-held view that evolutionary change is a slow process 
and therefore unlikely to contribute to the spread of invasive 
species has now repeatedly been challenged1–4. Increasingly, 

studies are demonstrating that rapid evolution of invasive popula-
tions can have a large impact on their success, either independent 
of the local environment5,6 or through adaptation along climatic 
gradients7,8. Despite this progress, few studies have identified the 
traits that drive invasive spread or the underlying genetic mecha-
nisms (see refs 9–11). Additionally, phenotypic plasticity may facili-
tate range expansions, by allowing invasive genotypes to maintain 
high fitness across environments, or to more efficiently exploit 
favorable conditions12–14. Importantly, adaptive evolution and phe-
notypic plasticity are not mutually exclusive, and may also interact. 
For example, if plasticity exposes genetic variation in invasiveness 
traits, it can jump-start adaptive evolution, by a process known as 
genetic accommodation15. During genetic accommodation, a pre-
existing plastic response is refined by selection in the introduced 
range. As a result, the slope and/or elevation of reaction norms are 
increased for invasive genotypes, which then outperform non-inva-
sive genotypes at one end of the environmental gradient16–18. While 
support for the contribution of adaptive evolution to invasion suc-
cess has been accumulating, the role of plasticity is still disputed19. 
As well, whether both mechanisms contribute to invasion success 
via genetic accommodation remains to be established17.

Here, we investigate these topics in the perennial sunflower 
Helianthus tuberosus (Jerusalem artichoke). Phylogenetic evidence 
indicates H. tuberosus is a polyploid hybrid species, containing a 
diploid subgenome derived from H. grosseserratus and a tetraploid 
subgenome derived from H. hirsutus20,21. Native to North America 
(Supplementary Fig. 1), H. tuberosus was introduced to Europe in 
1607, and cultivated for its tubers22. It remained a minor crop until 
the 1900s, when a number of breeding programmes were established 
across the continent22,23. During the second half of the twentieth 
century, as these breeding efforts were abandoned, reports started to 

accumulate regarding the spread of the species into natural habitats 
along watercourses23–25. These expansions have become increasingly 
aggressive during the past three decades, such that H. tuberosus is 
now one of the most invasive plants in central-eastern Europe23–26.

To understand the origin of invasive genotypes, we analyse sin-
gle-nucleotide polymorphism (SNP) data from a diverse collection 
of H. tuberosus (Supplementary Table 1). We then combine green-
house and common garden experiments to identify genetically 
based trait shifts between invasive and non-invasive lineages, and 
to infer what the important phenotypic determinants of invasion 
success are. To assess the contribution of phenotypic plasticity to 
invasive spread, we compare the performance of invasive and non-
invasive lineages at putative invasiveness traits across environmen-
tal conditions. Lastly, we combine genomic and phenotype data to 
pinpoint genetic mechanisms of invasiveness.

Results and discussion
Origin of invasive genotypes. A principal component analysis 
(PCA) based on 27,396 SNPs clustered H. tuberosus between its pro-
posed progenitor species (Fig. 1a). This analysis further indicated 
that the main axis of divergence within H. tuberosus is between wild 
North American samples (hereafter ‘native samples’) and cultivated 
samples (Fig. 1a). Wild European (hereafter ‘invasive’) samples 
spanned a large fraction of the PC space delineated by native and 
cultivated samples (Fig. 1a; see also Supplementary Fig. 2), sug-
gesting that invasive genotypes may have a diverse origin. Further 
supporting this possibility, a maximum-likelihood phylogeny based 
on the diploid subgenome of H. tuberosus did not group invasive 
samples monophyletically (Supplementary Fig. 3). Because rela-
tionships among H. tuberosus genotypes may not follow a tree-like 
pattern, we verified this result using a phylogenetic network. Here 
as well, invasive H. tuberosus grouped in four phylogenetic clusters 
(origins 1–4; Fig. 1b). These results therefore point towards at least 
four derivations of invasive genotypes.
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Bayesian STRUCTURE analyses supported the distinction 
between invasive origins 1–2, represented by three genotypes of 
native ancestry, and invasive origins 3–4, represented by 32 geno-
types with native and cultivated ancestry (Fig. 1c; Supplementary 
Fig. 4). The assignment of mixed ancestry for most invasive geno-
types could be explained by incomplete lineage sorting or hybridiza-
tion. Two lines of evidence indicate that the latter scenario, that most 
invasive genotypes have an admixed native by cultivated origin, is 
more likely. First, most (~85%) invasive genotypes, part of inferred 
origin 3, are closely related to a number of breeding lines that were 
obtained from crosses involving native and cultivated genotypes 
(Supplementary Fig. 3). Second, heterozygosity was elevated in inva-
sive samples (Fig. 1d). This result is consistent throughout much of 
the genome (Supplementary Fig. 5), and is robust to calculations of 
heterozygosity based on the complete marker set, or based on mark-
ers assigned to the two subgenomes (Supplementary Fig. 6).

Identification and evolution of invasiveness traits. To identify 
determinants of invasive spread, we compared invasive and non-
invasive genotypes grown in a common environment at 20 traits. 
These traits included allelopathy and clonality, two previously pro-
posed invasiveness traits in this system (Supplementary Table 2; see 
also Supplementary Discussion). Overall, the first two PC axes of 
morphological variation recapitulated patterns recovered using SNP 
markers, and indicated that invasive H. tuberosus are  intermediate 

relative to native and cultivated samples (Fig. 2a). Analyses of vari-
ance (ANOVAs) confirmed this result. In most cases (~71% of 
comparisons), including all analyses of allelopathy traits, invasive 
samples were not differentiated from native and/or cultivated con-
specifics (Supplementary Tables 3–5). In interspecific comparisons 
as well, allelopathy of H. tuberosus did not exceed values observed 
in its non-invasive parental taxa (Supplementary Table 6). These 
results therefore do not point towards a role of allelopathy in inva-
siveness for this species.

By contrast, trait analyses supported the possibility that clon-
ality (estimated as number of tubers per plant) is an important 
invasiveness trait in H. tuberosus. In ANOVAs performed without 
corrections for population genetic structure, invasive H. tuberosus 
was significantly differentiated at seven traits. For three of these, 
namely tuber number, average tuber weight and tuber shape index, 
differences were maintained when accounting for genetic structure 
(Supplementary Tables 4,5). Of these, tuber number was extreme in 
invasive samples, while average tuber weight and tuber shape index 
were intermediate. In MCMCglmm analyses also, tuber number, 
as well as tuber area and tuber perimeter, were identified as sig-
nificant predictors of invasive status, with and without corrections 
for genetic structure (Supplementary Table 7). Lastly, the extent of 
differentiation in tuber number among invasive and non-invasive 
samples is substantial, and comparable with domestication-related 
divergence in this species for the total tuber weight, as well as 
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Fig. 1 | Population structure and genetic diversity of H. tuberosus. a, PCA of 427 H. tuberosus non-clonal genotypes and 175 genotypes of the progenitor 
species. b, Phylogenetic network built using the neighbour-net method. For invasive samples only, the size of the circles indicates clonal size, or the 
number of ramets recovered in invasive populations for each genotype. c, STRUCTURE membership coefficients for the K =  2 model, considering 
the dominant cluster in cultivated samples. White circles represent the averages (± s.d.) for each category. Numbers above the plot indicate the 
inferred origins of invasive genotypes. d, Genome-wide heterozygosity calculated using 82,957 filtered SNPs. Invasive samples are divided by inferred 
origin. Kruskal–Wallis tests for differences among groups: χ3

2 =  88.705, P <  2.2 ×  10−16; pairwise Kruskal–Wallis comparisons using the Nemenyi test, 
and sequential Bonferroni adjusted P values: Pnative–cultivated =  0.06, Pnative–invasive =  6.66 ×  10−16, Pcultivated–invasive =  6.65 ×  10−9. For all panels, colours indicate 
membership to the native (blue), invasive (red), cultivated (orange) or unknown (black) groups.
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 divergence at other traits associated with invasiveness in other taxa 
(Fig. 2b,c; Supplementary Table 8).

Both the extent and the direction of differentiation in tuber num-
ber between invasive and non-invasive lineages are as expected if this 
trait diverged under selection for increased invasiveness in the intro-
duced range (that is, invasive samples are extreme and superior tuber 
number producers). Similar trends could, however, have been gener-
ated by random genetic drift27. Two lines of evidence argue against 
this possibility. First, native and cultivated H. tuberosus have been 
grown extensively in Europe as part of breeding programmes and 
field trials22. As such, it is unlikely that the shift we observe in the dis-
tribution of tuber number values in invasive samples is due to biased 
sampling during a limited number of introduction events. Second, 
invasive H. tuberosus from each of the three origins with available 
phenotype data showed increased tuber number production rela-
tive to their corresponding non-invasive ancestral lineages (Fig. 2d).  
By contrast, trait divergence for average tuber weight, tuber area, 
tuber perimeter or tuber shape index was not in the direction pre-
dicted by ANOVA or MCMCglmm analyses for all ancestral lineage 
comparisons (not shown). Note, however, that because of limited 
sample size, statistical significance was tested for only one compari-
son (origin 3; t =  3.68, d.f. =  22.102, P =  0.0013; Fig. 2d). With this 
caveat, evidence of parallelism in increased clonality among inde-
pendently derived invasive lineages provides additional, strong sup-
port for a role of natural selection, and not post-introduction genetic 
drift in driving tuber number differentiation.

If spread of invasive genotypes was indeed driven by the pro-
duction of extreme tuber numbers, we expect invasive popula-
tions to be highly clonal. This has previously been observed for a 

number of important weeds that rely predominantly on vegetative 
propagation28–30. SNP data confirmed this expectation. Namely, 84% 
(112 of 133) of invasive H. tuberosus samples obtained from tubers 
shared a clonal connection with another sample (Supplementary 
Table 9). Also, levels of genotypic richness (calculated as per ref. 31) 
were low for invasive populations (mean 0.09; range 0–0.5), with 
70% of sampling sites containing a single clone. Ramets of inva-
sive genotypes were not restricted to single localities. Three gen-
otypes were particularly widespread, collectively accounting for 
55% of all surveyed populations. In some cases, sites occupied 
by the same clone were separated by over 500 km (for example, 
clonal series 3, Supplementary Table 9). Finally, two of the invasive 
clones contain samples we obtained from Europe in 2013, as well 
as multiple accessions collected in Europe since at least 1975 and 
archived in public repositories (clonal series 3 and 4; Supplementary 
Table 9, Supplementary Fig. 7). This confirms that clones of invasive  
H. tuberosus are both widespread and long-lived. Our results there-
fore consistently indicate that clonality is an important component 
of invasion success in H. tuberosus. Hereafter, we considered clonal-
ity as a major invasiveness trait in this system.

Plasticity of invasiveness traits. To investigate whether the contri-
bution of clonality to invasive spread is contingent on environment, 
and whether genetic accommodation occurred during evolution 
of invasiveness, we compared invasive and non-invasive genotypes 
under different levels of water availability (see Methods for a justi-
fication of using this environmental variable). We first quantified 
spread for plants that overwintered in the field, under contrasting 
levels of soil water content (Supplementary Fig. 8a). Clonal size  

4.0

5.0

Cultivated

Native

Invasive

P
C

2 
(2

5.
72

%
)

PC1 (33.98%)
−2.5 0.0 2.5

−2.0

0.0

2.0

a

eb

c d

500

T
ub

er
 n

um
be

r

N
(63)

I
(24)

C
(66)

0

100

200

300

400

Native Invasive Cultivated

10 cm

N
(2)

I
(1)

C
(12)

I
(21)

C
(3)

I
(2)

Origin 1 Origin 3 Origin 4

T
ub

er
 n

um
be

r

500

400

300

200

100

0

0

1

2

3

4 Invasionnvasion

E
ffe

ct
 s

iz
e

E. californica
S. jacobaea

S. gigantea
A. vulgaris

S. latifolia
M. vimineum

H. tuberosus

Invasion

Domestication

Fig. 2 | Phenotypic basis of invasiveness in H. tuberosus. All panels include only tuber-propagated H. tuberosus samples. a, PCA based on 11 quantitative 
traits for 160 native (blue), invasive (red) and cultivated (orange) samples, and 60 unknown (black) samples. Polygons enclose native, invasive and 
cultivated samples. b, Hedges’ effect size estimates (± 95% C.I.) for tuber number in H. tuberosus (filled circle, invasion), four candidate domestication 
traits in H. tuberosus (filled circles, domestication) and 18 candidate invasiveness traits in six other species (open circles, invasion; see Supplementary 
Table 7 for references and trait information). c, Box plots of tuber number for native (N), invasive (I) and cultivated (C) H. tuberosus indicating the median, 
the interquartile range and outliers (black circles). d, Tuber numbers for invasive samples from three lineages (origins 1, 3 and 4; Fig. 1b; Supplementary  
Fig. 3) with available phenotype data, and closely related native or cultivated samples with phenotype data. Lines represent the means for each group.  
For c and d, sample sizes are given in parentheses. e, Tuber yield from single native, invasive and cultivated plants.

NatuRE ECoLoGy & EvoLutioN | VOL 2 | JUNE 2018 | 991–999 | www.nature.com/natecolevol 993

http://www.nature.com/natecolevol


© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Articles NaTure ecology & evoluTIoN

(that is, the number of ramets produced per genotype) was the best 
predictor of invasiveness, and showed significantly larger values in 
invasive samples, in the moist soil (ANOVA, F1,23 =  10.44, P =  0.003; 
Fig. 3a,b; see Supplementary Fig. 8 for results on a second invasiveness 
metric). These differences were dependent on environment, however 
(Fig. 3b; two-way ANOVA interaction term: F1,46 =  8.28; P =  0.006). 
Namely, in the dry soil, invasive samples did not maintain an advantage 
over non-invasive samples (ANOVA, F1,23 =  0.28, P =  0.6; Fig. 3a,b).

We evaluated these results in the greenhouse using a drought 
experiment. A plastic response of clonality to water availability 
was mounted by non-invasive genotypes (ANOVA, F1,73 =  58.29, 
P <  0.0001) and by invasive genotypes (ANOVA, F1,62 =  96.9, 
P <  0.0001). In agreement with observations made in the field, the 
slope of reaction norm for the number of clonal propagules pro-
duced per plant was significantly larger for invasive samples (two-
way ANOVA interaction term: F1,135 =  12.13; P =  0.0007). As a result, 
and in line with expectations from genetic accommodation theory, 
invasive genotypes produced significantly more clonal propa-
gules than non-invasive genotypes under well-watered conditions 
(ANOVA, F1,18 =  13.39, P = 0.001), but not under drought condi-
tions (ANOVA, F1,18 =  3.08, P = 0.096; Fig. 3c,d).

Genetic mechanisms of accommodation. We then asked what 
genetic mechanisms contributed to accommodation. Theory 

 predicts that these should be visible to selection in the derived 
(that is, invasive) environment16–18. We therefore investigated the 
genetic control of tuber number production under well-watered 
conditions. We used the 2015 common garden data, which are rep-
resentative of clonality estimates for plants grown in the field in 
the moist soil plot (Supplementary Fig. 8b), or under well-watered 
conditions in the greenhouse (Supplementary Fig. 9). We consid-
ered heterosis (hybrid vigour32) a prime candidate for two reasons. 
First, heterozygosity is significantly elevated in invasive samples 
(Fig. 1d; Supplementary Figs. 5,6). Second, observational and 
experimental evolution evidence from other systems suggests that 
hybrid vigour can enhance invasion success33–35.

As expected if genome-wide heterozygosity has an impor-
tant fitness contribution in H. tuberosus, we detected significant 
positive correlations between heterozygosity and trait values for 
seven phenotypes (Supplementary Fig. 10a). For tuber number, 
correlations were significant for all samples, as well as for the 
native and cultivated subsets (Spearman correlations rall =  0.46, 
P =  6.3 ×  10−13; rnative =  0.31, P =  0.012, rcultivated =  0.27, P =  0.028;  
Fig. 4a; see also Supplementary Fig. 10). Consistent with theoretical 
predictions that polyploids experience reduced inbreeding depres-
sion36, the tuber number heterosis signal was more pronounced 
for markers assigned to the diploid than the tetraploid subgenome 
(Supplementary Fig. 10b,c).
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Invasive samples did not follow the same trend, with most indi-
viduals maintaining high tuber number production irrespective 
of heterozygosity (Fig. 4a; Supplementary Fig. 10b,c). This could 
have resulted if invasive H. tuberosus do not display hybrid vigour.  
We consider this unlikely, however, because invasive samples show 
trait values that are, on average, higher than those observed in native 
and cultivated samples at most other heterotic traits (Supplementary 
Table 5). Increased values at multiple component traits, and in par-
ticular at biomass traits, such as those reported here, are a well-
known characteristic of heterotic phenotypes32,37. Moreover, in  
H. tuberosus, heterosis at these same traits (for example, tuber 
number, branch number) has been reported following intraspecific 
and interspecific crosses22,38. Alternative explanations for a lack of 
correlation between heterozygosity and tuber number for invasive  
H. tuberosus include the reduced sample size for this sample  category. 

Indeed, the estimated power to detect an effect similar to the one 
we observed in non-invasive samples was low for the invasive group 
(0.3; Supplementary Methods). Also, there may not be an added 
benefit for tuber number production beyond a given heterozygosity 
level. Another possibility is that additional genetic factors make an 
important contribution to tuber number production in H. tuberosus. 
This is suggested by the fact that, after accounting for the contribu-
tion of heterozygosity to total phenotypic variance, ~65% of broad-
sense heritability for tuber number remains unexplained. If these 
additional genetic factors were common in invasive samples, they 
would distort the heterosis signal preponderantly for this group.

To investigate this possibility, we performed genome-wide asso-
ciation (GWA) mapping. For tuber number, two quantitative trait 
loci (QTLs) were identified (hereafter referred to as Ha9 and Ha14; 
Fig. 4b), on linkage groups 9 and 14 of the H. annuus genome 
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(Supplementary Tables 10,11). Three lines of evidence indicate the 
signal at these QTLs is independent of heterosis. First, contrary to 
the pattern observed for most other markers along the genome, 
associations at both loci were improved when including genome-
wide heterozygosity as an additional covariate (Fig. 4b,c). Second, 
both QTLs were identified using an additive marker-effect model, 
and were not supported in association analyses assuming domi-
nant or overdominant effects. Third, the two QTLs do not interact 
epistatically with one another, or with SNPs that were significantly 
associated with other traits in our GWA analysis (P >  0.05 for all 
epistasis tests).

The Ha9 and Ha14 QTLs account for a large proportion of tuber 
number variance in our population. The per cent total variance 
explained (PVE) in models considering each QTL independently 
was 15% for Ha9 and 17% for Ha14. Similarly, PVE was substantial 
in models containing terms for both QTLs, either with or without 
an additional term for genome-wide heterozygosity (35% or 24%, 
respectively). Finally, as expected if Ha9 and Ha14 have an impor-
tant contribution to genetic accommodation during the evolution of 
invasiveness, the frequency of superior tuber number alleles at both 
loci is significantly elevated in invasive samples (Fig. 4d).

Relative contribution of hybrid vigour and additive QTLs.  
We next asked whether hybrid vigour and additive QTLs differ in 
their relative contribution to the evolution of invasiveness in the 
four invasive lineages (that is, origins 1–4). To answer this, we com-
pared observed heterozygosity and number of superior Ha9/Ha14 
alleles for the 32 invasive genotypes. For each invasive genotype, we 
considered values at either of the two metrics to be extreme if they 
were higher than the values we observed in the majority (90%) of 
non-invasive samples (Fig. 5a).

There were 28 ramets assigned to origin 1 invasive H. tuberosus, 
distributed across five European populations. Most of these  
(97%; 27/28 ramets) belong to a single widespread genotype. This 
genotype is not extreme in heterozygosity, but contains the Ha14 
allele associated with increased tuber number production (Fig. 5a). 
Origin 4 invasive H. tuberosus shows the reverse pattern. There 
were 29 ramets assigned to this lineage, distributed across five 
populations. These ramets were partitioned among two genotypes 
that showed elevated heterozygosity, but lacked superior Ha9 or 
Ha14 alleles (Fig. 5a). Invasive H. tuberosus assigned to origin 2 
was restricted to one population and a single genotype (5 ramets; 
Fig. 5a). This genotype is not extreme in either of the two metrics. 
Finally, origin 3 invasive H. tuberosus, the most common invasive 
lineage (10 populations; 71 ramets), shows both elevated hetero-
zygosity and number of superior Ha9/Ha14 alleles (Fig. 5a). These 
results therefore suggest that evolution of invasiveness was driven 
by additive QTLs for origin 1, by heterosis for origin 4, and by both 
genetic mechanisms for origin 3 invasive H. tuberosus.

The higher apparent success of origin 3 invasive genotypes could 
have resulted if spread for this lineage is achieved by a combination 
of clonal propagation and seed dispersal. That sexual reproduction 
is more frequent for origin 3 is supported by the fact that a larger 
number of genotypes were recovered for this lineage (30 genotypes) 
than for origins 1, 2 or 4 (1–2 genotypes). All origin 3 genotypes are 
closely related, and group monophyletically (Supplementary Fig. 3), 
indicating they likely originated post-introduction. Furthermore, 
50% of European sites occupied by origin 3 H. tuberosus contained 
more than one genotype, whereas this proportion dropped to 20% 
for origin 1, and to 0% for origins 2 and 4. These observations are 
in line with previous studies that report contrasting levels of seed 
production among invasive populations in Europe, and differentiate 
between ‘generative’ and ‘vegetative’ invasive H. tuberosus25.

A second, non-mutually exclusive possibility is that the joint 
contribution of additive QTLs and heterosis translates to increased 
tuber number production and invasiveness for origin 3 genotypes 

under non-drought conditions. To investigate this, we fit three 
nested linear models that explain tuber number for 220 geneti-
cally distinct tuber-propagated accessions as follows. The ‘qtl-only’ 
model included one term for genotypes at each of the Ha9 and 
Ha14 QTLs (F6,186 =  11.43; P =  7.22 ×  10−11; Akaike information cri-
terion (AIC) =  461.4). The ‘qtl and hybrid vigour’ model addition-
ally included a term for genome-wide heterozygosity (F7,185 =  15.98; 
P =  2.36 ×  10−16; AIC =  432.69). Finally, the ‘interaction’ model 
included all terms from the preceding models, as well as interac-
tion terms between genotypes at each of the two QTLs and hetero-
zygosity (F12,180 =  10.07; P =  5.51 ×  10−15; AIC =  434.84). AIC scores 
and likelihood ratio tests confirmed that the ‘qtl and hybrid vigour’ 
model outperforms the ‘qtl-only’ model (P =  1.61 ×  10−8), and that 
the ‘interaction’ model does not provide a significantly better fit 
(P =  0.18). These results thus support the conclusion that additive 
QTLs and hybrid vigour are complementary, with maximal tuber 
numbers being achieved through the combined action of both 
mechanisms (Fig. 5b)

Conclusions
Our study provides important insights into pathways and mecha-
nisms of biological invasions. First, our results demonstrate that 

500

1 2 3 4

Invasive lineagea

b

1 5 10 20

Clonal size

6

5

4

3

2

1

0

S
um

of
su

pe
rio

r 
al

le
le

s

Heterozygosity (%)

14 16 18 20 22 24

21%

4%

53%

22%

0

400

300

200

100

T
ub

er
 n

um
b

r
er

Low
heterozygosity

Medium
heterozygosity

High
heterozygosity

No. superior alleles

0 1 ≥2
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most invasive genotypes contain wild and cultivated ancestry, and 
indicate that a substantial fraction of invasive H. tuberosus origi-
nate from admixed breeding lines. The H. tuberosus system there-
fore extends a growing number of examples of invasive species 
that escaped from cultivation39, and reinforces crop development 
as a high-propagule vector of biological invasions. Aside from a 
demographic contribution to invasion success, breeding may also 
introduce genetic variation that is advantageous for invasive spread. 
Our results illustrate this point by providing evidence that hybrid 
vigour, commonly exploited in plant breeding, contributes to inva-
sive spread. Following the development of breeding lines, further 
artificial selection is unlikely to have facilitated invasiveness. This 
is because the primary target of H. tuberosus improvement is the 
production of large tubers22, a phenotype that was not identified as 
an outlier in invasive lineages in our analyses.

Our results further established that evolution of extreme clon-
ality in invasive H. tuberosus occurred by genetic accommodation. 
Specifically, an ancestral plastic response of clonality to water avail-
ability likely facilitated the persistence of plants introduced in ripar-
ian habitats. Selection on genotypes that produce superior numbers 
of asexual propagules under sufficient water availability then led to 
the evolution of invasiveness. These results expand current evidence 
from natural populations for a role of phenotypic plasticity in inva-
sion success and, more broadly, in adaptive evolution16,18. Finally, 
our study indicates that evolution of invasiveness was achieved via 
two genetic mechanisms. This result parallels findings from recent 
studies, which highlight that independent evolution of invasive-
ness between species and between populations often has a diverse 
genetic basis40–42. Collectively, this confirms worries formulated dur-
ing early surveys of molecular variation, which indicated invasives 
are unlikely to be genetically constrained43. The success of control 
strategies for invasive species will therefore depend on a thorough 
understanding of the range of environmental conditions and genetic 
solutions that are exploited during the evolution of invasiveness.

Methods
Identification of the origin of invasive genotypes. We performed PCAs using 
all species combined, as well as only for H. tuberosus. We used standard filtering 
(Supplementary Methods), with the exception of the 1% minor allele frequency 
filter, which was applied across taxa. We used the R package ‘adegenet’ (v. 2.0.144), 
which allows for multiple ploidies in the same analysis. The PCA including only  
H. tuberosus samples was performed using the filtered hexaploid call set, as well  
as the marker subsets that we assigned to the diploid and the tetraploid 
subgenomes (Supplementary Methods). To further understand relationships 
among H. tuberosus genotypes, we used a phylogenetic network and Bayesian 
clustering analyses. For the phylogenetic network, we converted SNP calls 
from VCF to Nexus format using the same approach as the one used for the 
phylogenetic tree reconstruction (Supplementary Methods). The network was built 
in Splitstree445 using the neighbour-net method, and was based on uncorrected P 
distances. The Bayesian-model-based clustering was implemented in STRUCTURE 
v. 2.3.446. To optimize STRUCTURE run times, we used 5,000 SNPs, which were 
randomly selected for the filtered hexaploid call set using the ‘vcfrandomsample’ 
utility of vcflib (https://github.com/ekg/vcflib). We used the admixture model with 
correlated allele frequencies, with 105 burn-in replicates, followed by 105 replicates. 
We performed 20 runs for each value of K ranging from 1 to 10. To select the most 
likely value of K according to previosuly published reports4647, we used Structure 
Harvester48. Results were plotted using the ‘pophelper’ R package (v. 1.2.149).

Trait data collection and analyses. We scored 6 metrics of allelopathy using a 
greenhouse experiment, and 14 additional traits including clonality in a common 
garden (Supplementary Table 2; Supplementary Methods). Across the greenhouse 
and common garden experiments, we included 305 non-clonal H. tuberosus 
genotypes. Of these, 220 (65 wild, 66 cultivated, 29 invasive, 60 unknown) were 
propagated from tubers at the UBC horticulture greenhouse for two generations. 
An additional 85 accessions (70 wild, 15 unknown) were propagated from seeds.

To identify traits with significantly extreme values in invasive H. tuberosus, 
we compared tuber-propagated wild, cultivated and invasive samples (see 
Supplementary Methods for details on sample classification), using R (v. 3.1.250). 
Aside from the PCA, which does not use a priori sample categorization, we excluded 
material labelled as ‘unknown’. This is because ‘unknown’ samples are likely to 
include a mix of material from the other three categories. We also removed the self-
incompatibility trait, because no seeds were recovered for any of the samples.

To improve assumptions of normality, we rank-transformed the data using 
the ‘GenABEL’ package51. We assessed phenotype differentiation between samples 
using a PCA computed with the ‘prcomp’ function. For this analysis, we collapsed 
replicate measurements available for each genotype at the common garden traits  
to a single value. To do this, we tested whether there was a significant block effect 
by fitting linear mixed effect models with maximum likelihood. We used the  
‘lme’ function, treating genotype as a fixed effect and block as random effect.  
We compared the fit of these models to the fit of linear models without a block 
term. For traits without a block effect, we used the raw means of replicates. For 
traits for which block was significant, we used the least-squares means, calculated 
using the ‘lsmeans’ package52. We then only selected 11 of the 19 traits with data for 
90% or more of samples, and samples with data for at least 7 of the 11 traits. Lastly, 
for each trait, we replaced any remaining missing values with the average observed 
across all samples.

For allelopathy traits, we ran two types of fixed ANOVAs. The first 
contained data from H. tuberosus and its progenitor taxa (H. grosseserratus,  
H. divaricatus and H. hirsutus), and had species as predictor variable. The 
second contained only H. tuberosus samples, and had sample category (wild, 
invasive or cultivated) as the predictor. For the common garden traits, also 
containing data only for H. tuberosus, we used mixed ANOVAs implemented 
with the function ‘lme’ in the ‘nlme’ package53. We treated sample category 
as a fixed effect, and genotype nested within block as random effects. Aside 
from the ANOVA based on species (above), we ran all models with and 
without correction for population genetic structure. The versions corrected for 
population structure included as covariates the scores for the first two PC axes 
calculated using all filtered markers (82,957 SNPs).

We additionally implemented generalized linear mixed models using 
Markov chain Monte Carlo in the ‘MCMCglmm’ package54. We used sample 
category as the response variable, and concomitantly considered all traits as 
predictor variables. Prior to the analysis, we removed missing data using the 
same approach described for the PCA above. Of all phenotypes, we selected six 
through a stepwise withdrawal of traits that have a variance inflation factor greater 
than 3. MCMCglmm ran for 5 ×  108 iterations. We fit equivalent models with 
correction for population structure, by including the genetic PC1 and PC2 scores 
as additional fixed effects. Significance levels for all analyses were adjusted using 
sequential Bonferroni55.

The role of tuber number in invasive spread under drought. We chose water 
availability as an environmental variable because previous studies in a range 
of invasive taxa including the congener H. annuus have shown that increased 
growth of introduced genotypes is often gained at the expense of increased water 
needs56–58. In its native range, H. tuberosus is common in woodland ecosystems 
that experience intermediate levels of precipitation, as compared to those 
recorded for the genus as a whole59. By contrast, invasive populations occur 
almost exclusively in riparian habitats24,25,60,61, where water is not limiting. In line 
with these observations, a previous study62 estimated that the niche of invasive 
H. tuberosus is significantly narrower than that of native H. tuberosus. Moreover, 
water availability was identified as a major driver of differentiation between 
native- and invasive-range niches in this species62. This indicates water availability 
may be important for invasive spread in H. tuberosus.

Field experiment. We investigated the effect of drought on the contribution of 
tuber number to invasiveness using a second field experiment conducted at the 
UBC Totem Field research station. The experiment lasted from early summer of 
2015 to the spring of 2016. We used 50 plants (12 native, 14 cultivated, 6 unknown 
and 18 invasive) sprouted at the UBC horticulture greenhouse from tubers of 
2–3 cm in length or from tuber fragments of the same size. On 14 June 2015, we 
transplanted 1.5-month-old plants (30–40 cm tall) to the field, and flagged the 
location of each plant. For each genotype, we randomly assigned a position in 
one of two experimental plots (25 genotypes assigned per plot). Within each plot, 
plants were spaced on 5 m centres. We did not cover the plots with weed barrier, 
nor did we remove weeds during the growing season. We watered the plants daily 
for one week after the transplant, to facilitate establishment. During the growing 
season, water was provided to plants from both plots only when excessive wilting 
was observed, to prevent mortality. The plants matured under natural conditions, 
and produced tubers that were left to overwinter in the field. In the spring of 
the following year (28–29 April 2016), we recorded the total number of ramets 
produced by each genotype as well as the maximal distance between ramets and 
the planting location of the parent genotype.

We rank-transformed the trait data using the ‘GenABEL’ R package. We then 
used Pearson correlation to evaluate the relationship between the two invasiveness 
metrics and rank-transformed values for tuber number. Tuber number estimates 
were obtained from plants grown during the same season, but under the benign 
and well-watered conditions of the common garden. These were available for all 
accessions, except one non-invasive sample in the moist soil plot. Also, for each of 
the two invasiveness metrics, we used mixed ANOVAs, with sample category, plot 
and their interaction as fixed effects, and genotype as a random effect. Compared 
to trait analyses described above, because of the limited samples available, the 
category term grouped genotypes as either invasive or non-invasive.
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Greenhouse drought experiment. In the field experiment described above, 
different genotypes were used for each plot, and plastic responses are potentially 
confounded by genetic variation. To verify these results, we performed a 
greenhouse drought experiment for which clonal replicates were grown with or 
without water stress. We included 20 genotypes (9 invasive, 6 cultivated, 4 wild and 
1 unknown) sprouted from tubers at the UBC horticulture greenhouse. On 17 May 
2017, for each genotype, we planted 7 sprouts (for 3 accessions) or 8 sprouts (for 
17 accessions; N =  157 plants total) of similar size (4–6 leaves stage) in single pots 
(15 cm diameter, 18 cm height) with potting soil mix. We distributed half of the 
sprouts for each genotype to a control group, and half to a drought group. Control 
and drought plants were then assigned a random position on a greenhouse bench, 
with pots spaced 25 cm apart.

Both control and drought plants were watered as needed using plain water 
for the first week of the experiment. After 24 May, the control plants were 
watered, also using plain water, with drip irrigation three times per week during 
the first three weeks of the experiment, and every day for the remaining five 
weeks. When wilting was observed for plants assigned to the drought group 
(usually every three days), we applied, to all drought and control plants, 200 ml 
of fertilizer water. On 15 July, we harvested the plants and counted the number 
of rhizomes.

Data were rank-transformed using the ‘GenABEL’ package. We tested for 
correlations between number of rhizomes produced in the greenhouse under 
control and drought conditions and tuber number estimates from common 
garden plants. Also, we modelled rhizome number production using mixed 
ANOVAs in the ‘nlme’ package, with sample category, treatment and their 
interaction as fixed effects, and genotype as a random effect. Similarly to the 
field experiment described above, the category term grouped genotypes as either 
invasive or non-invasive.

Relationship between heterozygosity and trait values. We used Spearman 
correlation analyses to test the relationship between genome-wide heterozygosity 
estimated using the 6× , 4×  and 2×  call sets, and trait values. For tuber number, to 
account for the possibility that population structure may be driving the observed 
patterns, we repeated these analyses for each of the three sample categories 
separately. For invasive samples, we additionally investigated the power available to 
detect an effect of the same magnitude to the one observed in non-invasive (native, 
cultivated and unknown) samples. We used the function ‘pwr.f2.test’ from the ‘pwr’ 
R package63. We set the critical α level to 0.05. Effect size was estimated as the R2 
from a linear model between rank-transformed heterozygosity and tuber number 
values. The model considered all non-invasive samples, and was built using the 
linear model-fitting R function ‘lm’.

Association mapping. We used the R package ‘GWASpoly’64, which extends 
the Q (or P) +  K mixed linear model for association analyses to allow the use 
of polyploid data. We included 305 H. tuberosus accessions (native, cultivated, 
invasive or unknown) for which genotype and phenotype data was available. 
Of the 305 samples, 220 were propagated from tubers and 85 were propagated 
from seeds. For all association models, we included mode of propagation (that 
is, tubers or seeds) as an additional covariate. The genotypes were in hexaploid 
format, and were based on 43,276 SNPs. These markers were obtained using the 
same filtering criteria as for the rest of the data (Supplementary Methods), with 
the exception of the call rate threshold, which we increased from 60% to 90%. 
We ran mixed linear models that account for kinship (K), kinship and population 
structure as estimated using the top two principal components (K +  P), or kinship 
and population structure as estimated using membership coefficients for the two-
populations STRUCTURE model (K +  Q). The kinship matrix, which is included 
as a random effect in the associations, was calculated in GWASpoly as the 
realized relationship matrix, computed after imputing missing marker data with 
the population mean. We used additive, dominant, diplo-general (heterozygotes 
have the same effect) and diplo-additive (heterozygotes have the same effect, 
constrained to be intermediate relative to the two homozygous effects) marker-
effect models available in GWASpoly. For the seven heterotic traits, we performed 
association analyses with and without genome-wide heterozygosity included as 
an additional covariate. When the same associations were identified by different 
marker-effect models, we recorded the associations with the lowest P value.  
To establish the significance level, we used a conservative 5% Bonferroni 
threshold. Association models were evaluated using quantile–quantile plots. 
Additionally, to verify that population stratification is correctly accounted for,  
we calculated inflation factors (λ values) in ‘GenABEL’.

For tuber number, to test for QTLs of overdominant effect, we repeated the 
association analyses described above using a nonstandard SNP encoding scheme, 
for which both homozygotes were coded as ‘AA’, and all heterozygotes were coded 
as ‘AB’. For significant tuber number associations, we calculated the proportion of 
phenotypic variance explained (R2) by the top SNP by fitting linear models with 
tuber number as response variable and genotype as explanatory variable. Lastly, we 
generated Manhattan plots using the R package ‘qqman’65.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability. Sequencing data used in this study have been deposited in  
the GenBank Sequence Read Archive (accession number PRJNA438356).  
We propagated, until 207, a subset of invasive H. tuberosus samples (12 genotypes) 
representative of all origins with phenotype data. These samples have been 
deposited and are being maintained at Plant Gene Resources of Canada (accession 
numbers CN 120051 to 120062). Phenotype data has been archived at Dryad 
(10.5061/dryad.4r1k05t).
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