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Admixture, the mixing of historically isolated gene pools, can have immedi-
ate consequences for the genetic architecture of fitness traits. Admixture
may be especially important for newly colonized populations, such as during
range expansion and species invasions, by generating heterozygosity that
can boost fitness through heterosis. Despite widespread evidence for admix-
ture during species invasions, few studies have examined the demographic
history leading to admixture, how admixture affects the heterozygosity and
fitness of invasive genotypes, and whether such fitness effects are main-
tained through time. We address these questions using the invasive plant
Silene vulgaris, which shows evidence of admixture in both its native Europe
and in North America where it has invaded. Using multilocus genotype data
in conjunction with approximate Bayesian computation analysis of demo-
graphic history, we showed that admixture during the invasion of North
America was independent from and much younger than admixture in the
native range of Europe. We tested for fitness consequences of admixture in
each range and detected a significant positive heterozygosity—fitness correla-
tion (HFC) in North America; in contrast, no HFC was present in Europe.
The lack of HFC in Europe may reflect the longer time since admixture in
the native range, dissipating associations between heterozygosity at markers
and fitness loci. Our results support a key short-term role for admixture dur-
ing the early stages of invasion by generating HFCs that carry populations
past the threat of extinction from inbreeding and demographic stochasticity.
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together historically isolated gene pools, admixture dur-
ing the invasion process can fuel rapid evolutionary
changes, including a change in the genetic architecture

Introduction

Genetic and evolutionary processes occurring over short

time scales are important components of many success-
ful species invasions (Ellstrand & Schierenbeck, 2000;
Reznick & Ghalambor, 2001; Lee, 2002; Lambrinos,
2004; Salamin et al., 2010). One of the defining genetic
characteristics of contemporary invasions is the occur-
rence of genetic admixture, typically the result of mul-
tiple introductions and introgression among diverse
genotypes descended from structured populations in
the native range (Kolbe et al., 2004; Dlugosch & Parker,
2008; Hufbauer, 2008; Keller ef al.,, 2012). By mixing
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and variance of traits important to fitness (Calsbeek
et al.,, 2011; Colautti & Barrett, 2011).

An important change in the genetic architecture of
fitness traits that is likely to arise from admixture is
heterosis, or hybrid vigour, an increase in performance
generally attributed to the masking of recessive delete-
rious alleles in the heterozygous state (Lynch & Walsh,
1998). The positive contribution of heterosis to fitness
could be of particular importance to the growth rates of
small, recently founded populations. Thus, contempo-
rary human-mediated invasions are a prime example of
where we would expect genetic admixture and hetero-
sis to fuel range expansion (Facon et al, 2005, 2011;
Excoffier et al., 2009; Keller & Taylor, 2010; Turgeon
et al, 2011). However, because the positive fitness
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effects of heterosis may be diminished in subsequent
generations by segregation and recombination (Lynch,
1991; Lynch & Walsh, 1998), the impact of heterosis is
likely to be a short-term catalyst for population growth
(e.g. Drake, 2006).

If admixture during invasion boosts fitness by mask-
ing deleterious alleles that were fixed or near fixation
in the source populations, then this should be evident
as a positive heterozygosity—fitness correlation (HFC;
David, 1998) within the invaded range. General effect
HFCs occur because of genome-wide identity disequilib-
rium, that is, the correlation in genotypic state (hetero-
zygosity and/or homozygosity) among loci, as opposed
to the correlation of allelic state among loci that causes
linkage disequilibrium (Szulkin ef al., 2010). Identity
disequilibrium can thus result in the heterozygosity of
marker loci, even ones that are selectively neutral,
being indicative of the overall heterozygosity of the
genome and therefore statistically associated with het-
erozygosity at fitness loci (e.g. QTL) (Hansson & West-
erberg, 2002; Szulkin efal, 2010). If fitness loci
experience either direct dominance or overdominance
(i.e. fitness increases when deleterious alleles are shel-
tered), then identity disequilibrium will produce HFCs
observable with marker loci when a structured set of
populations becomes admixed, such as during species
invasion or range expansion.

In the invasive weed Silene vulgaris, signals of admix-
ture are evident in the native European range where
introgression between different nuclear genetic lineages
is apparent in Central Europe (Keller et al., 2009; Keller
& Taylor, 2010). This region is a well-studied suture
zone between lineages of many plants and animal spe-
cies expanding from different Mediterranean glacial
refugia (Hewitt, 1996; Petit ef al., 2003) and may there-
fore reflect an admixture event during the northward
expansion of Silene lineages following Pleistocene glacial
retreat, but it is also possible that European admixture
has happened more recently as a result of human-medi-
ated dispersal. Admixture is also prevalent between
these same lineages in North America, where S. vulgaris
has been invading since its initial introduction into east-
ern port cities in the early 1800s (Pursh, 1814; Martin-
dale, 1876). However, it is not known whether admixed
North American genotypes are descended directly from
admixed European genotypes or whether instead the
invasion of North America involved novel bouts of
admixture, and whether this contributes to the fitness
of invasive genotypes. Keller and Taylor (2010) found
an association between fruit production measured under
common garden conditions and the degree of genome
admixture, measured as heterogeneity in the ancestry
coefficients from a Bayesian clustering analysis on AFLP
loci. However, because AFLPs are dominant markers, it
was not possible to test whether ‘admixture—fitness cor-
relations’ (AFCs) were attributable to an association
between fitness and genome-wide heterozygosity per se.
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Further, the AFC observed was only present among
invasive North American genotypes and not within the
zone of admixture in Europe. This result is consistent
with European admixture having occurred more
anciently, allowing time for associations between fitness
and markers to dissipate, but AFLPs do not allow for
dating the relative ages of different admixture events
using population genetic models of demographic
history.

Here, we provide the first test of the hypothesis that
recent admixture during species invasions increases fit-
ness by generating genome-wide heterozygosity that
shelters the genetic load of deleterious recessive alleles.
We used the Silene vulgaris invasion of North America
to generate two predictions regarding the demographic
history of admixture events in each range, and the
effects of admixture on the genetic architecture of fit-
ness. First, we predicted that admixed genotypes in the
invasive range arose recently (post-colonization) and
are independent from the admixed genotypes in the
native range. We tested this prediction using genotypic
data for 15 microsatellite loci and approximate Bayesian
computation (ABC) models of population demography
to determine the relative timing and independence of
admixture events within North America and Europe.
Second, we predicted that positive HFCs should exist in
the invaded range due to admixed genotypes experi-
encing identity disequilibrium between typed marker
loci and unobserved fitness QTL. We tested this second
prediction using common garden measurements of
fitness paired with the microsatellite genotypes to test
for the presence of HFCs in North America and Europe.

Materials and methods

Population samples and genotyping

Samples of S. vulgaris were collected from populations
spanning much of the distributional range of both Eur-
ope (EU; native) and North America (NA; introduced)
and were collected as seeds from maternal families of
field grown plants or as leaf tissue dried on silica gel
(Keller & Taylor, 2010). Genomic DNA was extracted
from leaf tissue using Qiagen DNeasy plant mini kits.
We attempted to genotype the same individuals used in
the AFLP analysis of Keller and Taylor (2010) for 15
codominant microsatellite markers. These included five
microsatellite markers derived from S. vulgaris (A2, AS5,
All, B29 and G3) described by Juillet et al. (2003) and ten
microsatellite markers derived from S. /atifolia (SL_eSSR04,
SL_eSSRO6, SL_eSSR09, SL_eSSR12, SL_eSS16, SL_eS-
SR20, SL_eSSR29, SI._eSSR30) described by Moccia et al.
(2009). The latter set of markers were checked for
cross-species amplification in Moccia et al. (2009) and
described within their Table 4.

Microsatellite amplifications were carried out either
in single or multiplex reactions (depending on the
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locus) using the Qiagen Multiplex PCR kit (Qiagen,
Valencia, CA, USA). The fluorescently labelled PCR
products were combined either in pools of different
loci run from singleplex PCRs or as the product of an
individual multiplex PCR with a loading buffer of
HiDi formamide and a size standard of either Gene-
scan 400HD ROX or 500HD LIZ (Life Technologies,
Grand Island, NY, USA). Samples were then separated
out on an ABI 3130xl automated sequencer. Geno-
type scores were determined with GENEmMAPPER V3.0
software (Life Technologies) using automated scoring
and manual double checking and then binned using the
program TANDEM (Matschiner & Salzburger, 2009).

Common garden field experiment

The common garden measurements of fitness are the
same as those reported in Keller and Taylor (2010).
Plants were grown at two common garden sites in
North America (‘ON’ in Ontario, Canada: N 45.8642, W
—79.4362; and ‘VA’ in Virginia, USA: N 37.8577, W
—78.8208). The design consisted of four replicate seed
offspring from 100 open-pollinated maternal families
per range (EU and NA) grown at each site (ON and
VA) (total N = 1600). Weekly censuses of all plants
were conducted for two full growing seasons. During
each census, plants were checked for the number of
newly produced mature fruits. Fitness was estimated as
the sum of fruit production across years per plant,
which integrates both individual survivorship and
fecundity. Further details concerning the description of
the common garden experiment can be found in Keller
and Taylor (2010). For the present study, we were able
to extract DNA and genotype one randomly chosen
individual from 163 of the 200 families planted (74 in
EU and 89 in NA) using the 15 microsatellite loci
described above.

Statistical analyses

Genetic structure

To assess the structure of allele frequency variation in
the microsatellite data set, we used Bayesian clustering
to assign multilocus genotypes into clusters using the
program StRUCTURE version 2.2 (Pritchard ef al.,, 2000;
Falush et al., 2003). We implemented the admixture
model with correlated allele frequencies and with all
remaining parameters set to the developer’s default
values. We performed 10 independent runs for each K
(1-10) with 1 000 000 MCMC iterations after a burn-in
period of 200 000 iterations. The number of clusters
(K) was chosen based on the method of Evanno et al.
(2005) as implemented in the software STRUCTURE Har-
vesteR (Earl & vonHoldt, 2012). Ancestry coefficients
(Q-values) across runs were combined using CLUMPP
(Jakobsson & Rosenberg, 2007) and visualized using
distruct (Rosenberg, 2004).

Approximate Bayesian computation modelling of
admixture history

To infer the order and timing of admixture events
within the native (EU) and invaded ranges (NA) of
S. vulgaris, we performed ABC analyses of admixture
history based on applying coalescent theory to the
microsatellite data. All coalescent simulations were
performed using prvasc version 1.0.4.46 (Cornuet et al.,
2008) run on a Linux cluster via the University of
Virginia cross-campus computing grid, whereas the
ABC calculations were conducted on a Windows 7
machine running the same version.

For the ABC analysis, we organized samples into the
following a priori defined groups: (1) pure Eastern EU,
(2) pure Western EU, (3) admixed EU and (4) NA.
Eastern and Western EU groups reflect regional genetic
structure in S. vulgaris (Keller & Taylor, 2010). The EU
admixed group was defined based on the current Struc-
TurRE analysis of Q-values, with genotypes having
0.25 < Q < 0.75 assigned to the EU admixed group. All
North American genotypes were assigned to the NA
group. These groupings were used to evaluate two com-
peting scenarios that gave rise to the admixture
observed in both the native and introduced ranges.
Modelled scenarios focused on the splitting of S. vulga-
ris’ native range into Eastern and Western EU popula-
tions, and the subsequent timing and magnitude and
origin of the admixed populations in EU and NA
(Fig. 1). Scenario 1 described the origin of an admixed
European population (AEU) that resulted from intro-
gression between the two ancestral European popula-
tions (EEU and WEU). A North American (NA)
population then arose as the result of an independent
admixture event that occurred between EEU and WEU
during the invasion of North America. Scenario 2 is dis-
tinguished from Scenario 1 in that the NA population
derives directly from the admixed European group
(AEU) and thus does not represent an independent
admixture event. Most importantly, these two scenarios
allow us to determine whether the admixture observed
within the European native range of S. vulgaris and that
of the invaded range have independent demographic
histories, and whether the European admixture could
be more ancient (Keller & Taylor, 2010). Although it is
possible to define many plausible scenarios to describe
the history of S. vulgaris, these two particular scenarios
were formulated in order to specifically address our
objective of determining the timing and independence
of admixture events in each range.

We set uniform priors on all demographic parameters
(Table S1). The upper and lower bounds for priors were
adjusted to encompass the high-probability regions from
the posterior distribution based on exploratory models
and were consistent with our previous research on the
invasion history of S. vulgaris (Taylor & Keller, 2007;
Keller & Taylor, 2010). Effective population sizes
were also given a uniform prior [1000-1 000 000] to
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Scenario 2

Fig. 1 Two scenarios describing the
historical demography of Silene vulgaris.
EEU = Eastern Europe group;

WEU = Western Europe group;

AEU = admixed EU, between WEU and
EEU; and NA = North American group.
Timing of demographic events is
indicated along the vertical axis and
corresponds to Tables 1 and 2.

EEU AEU

accommodate a potentially wide variance in N, among
groups. The divergence between East and West Euro-
pean groups probably occurred as a result of glacial
divergence or during post-glacial expansion (Taylor &
Keller, 2007; Keller & Taylor, 2010), so we set this uni-
form prior as [5000-500 000] which allowed for diver-
gence as early as two glacial cycles ago (Riss glacial
period, ca. 200 000 years before present) and as
recently as during the Holocene post-glacial expansion.
We modelled the temporal origin of the admixed EU
group with a uniform prior [1-100 000] and the origin
of the admixed NA population with uniform prior [1-
500]. This time range allowed for admixture among EU
groups to have happened as early as during Pleistocene
glacial cycles or as recently as during contemporary
time; all S. vulgaris in NA result from contemporary
(post-Columbian) colonization. Mutation rate parame-
ters were modelled as both mean estimates across loci
(uniform prior) and individual locus estimates (gamma
prior) and were based on a stepwise mutation model
that allowed for deviations from perfect repeats by sin-
gle nucleotide insertions or deletions (Table S1).

Models for each scenario were simulated based on
neutral coalescence for 1 x 10° iterations. A rejection
step was then performed to keep only the 0.1% of sim-
ulations that most closely matched the observed data
based on four single-population summary statistics
(mean number of alleles, mean expected heterozygos-
ity, mean allele size variance and mean ratio of number
of alleles over the range in alleles sizes) and six pair-
wise-population summary statistics (mean individual
assignment likelihoods, maximum-likelihood admixture
proportion, mean number of alleles across loci, mean
expected heterozygosity across loci, mean allele size
variance across loci and population pairwise Fsr). Sum-
ming across all single and pairwise statistics, the total
number of summary statistics was 54.

We performed ABC model selection by estimating
posterior support for each model using two different
methods: a direct estimate, based on the frequency of
a given scenario within the 500 data sets generating

© 2014 THE AUTHORS. J. EVOL. BIOL. 27 (2014) 616-627

NA WEU EEU AEU NA WEU

summary statistics that most closely matched the
observed data, and a logistic regression estimate, based
on predicting the probability of a model from the devi-
ations in the summary statistics among the 1%
(50 000) closest simulated and observed data sets
(Cornuet et al., 2008). In addition to the standard com-
parisons of summary statistics as part of an ABC analy-
sis, we also included a replicate analysis in which we
have included a linear discriminant analysis (LDA) step
for summary statistics in order to aid efficient ABC
posterior scenario probability estimation (Estoup et al.,
2012).

To assess confidence in selection of the most proba-
ble model, we performed a posteriori simulations using
each model’s parameter estimates and calculated the
probability of false-positive and false-negative errors
from 1000 pseudo-observed data sets. We estimated
the false-positive rate of a particular scenario to be the
proportion of times that model selection resulted in
choosing that scenario when in fact the data were
simulated under the alternative scenario; similarly, the
false-negative rate was estimated from the proportion
of times that model selection resulted in choosing the
alternative scenario when in fact the data were simu-
lated under the focal scenario. Lastly, we performed a
model checking analysis by comparing the first three
axes from a PCA on our observed summary statistics
to those obtained from 1000 simulations based on the
posterior predictive distribution of the best-fitting
model (Cornuet ef al., 2010). The LDA step was used
as part of our confidence in model choice procedure
as well.

Multilocus heterozygosity and HFCs

To estimate multilocus heterozygosity for each individ-
ual, we calculated three different measures of multilo-
cus heterozygosity using the Rhh package (Alho et al.,
2010) in R version 2.14.2 (R Development Core Team,
2011). The three measures consisted of homozygosity
by loci (HL; Aparicio et al., 2006), internal relatedness
(IR; Amos et al., 2001) and standardized heterozygosity
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(SH; Coltman et al, 1999). These measures provide
complimentary estimators of identity disequilibrium
from a set of marker loci. We found them all to be
highly correlated and so we only report results for SH
(see Results).

We tested for the presence of HFCs in the global data
set using Gaussian linear models fit with the /m func-
tion in R (R Development Core Team, 2011). Family
means of log (fruit production) were predicted by SH,
continent of origin and their interaction. Common gar-
den site (ON or VA) was also included as a fixed effect
to control for environmental effects on fruit set. To
determine whether the presence or magnitude of HFCs
varied among different groups, we tested for HFCs
using the following partitions of the global data set: (1)
All EU individuals; (2) Just admixed EU individuals
(based on StrucTUurRE ancestry of 0.25 < Q < 0.75); (3)
Just admixed EU individuals (based on geographical
location within a suture zone in Central Europe;
Fig. S2); (4) All NA individuals; (5) Just admixed
NA individuals (based on StrucTUrRE ancestry of
0.25 < Q £ 0.75); and (6) Just nonadmixed NA individ-
uals (based on StructurRe ancestry of Q <0.25 or
Q > 0.75). We included the last group (6) as a sort of
negative control, where the lack of genotypic admix-
ture predicts no HFC. To account for multiple testing of
the HFC hypothesis, we adjusted our significance
threshold to « = 0.05/6 = 0.008.

Results

Evidence of evolutionary divergence among nuclear
genomes, as estimated by StrucTurRe Bayesian cluster-
ing of microsatellite genotypes, described an optimal
model of K =3 clusters based on the AK method
(Fig. S1) (Evanno et al, 2005). These clusters corre-
sponded to a Western EU phylogeographical group
(cluster 1) and two additional phylogeographical
groups distributed primarily in Central and Eastern
Europe and around the Mediterranean Sea (clusters 2

Europe (native)

and 3) (Fig. S2). Structure’s estimate of allele fre-
quency divergence was greatest between cluster 1 vs.
2 (0.08) and 3 (0.06), with lesser divergence between
clusters 2 and 3 (0.04), indicating that the major axis
of divergence lies between clusters 1 vs. 2. A large
number of cluster 3 genotypes in EU showed inter-
mediate ancestry coefficients at K = 2, indicating that
this cluster is associated with admixture between
WEU and EEU lineages (Fig. 2). In order to simplity
ABC demographic modelling of admixture history (see
below), we therefore proceeded with analysis using
groupings based on the Structure K = 2 model, delin-
eating Western Europe (WEU, corresponding to clus-
ter 1), Eastern EU (EEU, corresponding to cluster 2)
and admixed Europe (AEU, corresponding to admixed
(0.25 < Q<0.75) EU genotypes). Genetic diversity
estimated as the number of alleles and expected het-
erozygosity was generally higher in WEU and lower
in EEU, whereas the admixed AEU and NA groups
contained nearly the same or higher diversity than
WEU (Table S2). All groups showed similar levels of
excess homozygosity (Gis ~ 0.50), likely indicating
population substructure and/or local inbreeding within
groups. Divergence among groups (Fsr) varied from
0.030 to 0.097 and was greatest between WEU and
EEU (Table S3).

We modelled the demographic history that gave rise
to admixture in the native range (AEU) and invasive
range (NA) in order to disentangle the timing and inde-
pendence of these events. Of the modelled scenarios,
Scenario 1 had the highest posterior probability [direct
estimate = 0.7060 (0.3067, 1.0000; 95% credible inter-
val); logistic regression suggested zero support for Sce-
nario 2; Fig. S3]. Strong support of Scenario 1 indicates
the AEU and NA admixtures were unique, temporally
separated events, and thus rejects the hypothesis that
NA genotypes are descended from admixture that
occurred previously in the native range (Fig. 1). Poster-
ior estimates of the composite timing parameters indi-
cated that European admixture occurred approximately

North America (introduced)

WEU EEU AEU NA

Fig. 2 Ancestry assignment from
Structure for models K = 2 and 3.
Labels along the horizontal axis indicate
phylogeographical groupings used in
the approximate Bayesian computation
(ABC) modelling of admixture history.
These correspond to Western Europe
(WEU), Eastern Europe (EEU), admixed

WEU EEU AEU NA

Europe (AEU) and North America (NA).
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two orders of magnitude earlier (median 7, = 2.10 x
107") than admixture during the invasion of North
America (median 7, = 1.76 x 107°), confirming the
prediction that native range admixture was more
ancient than admixture during invasion (Fig. 3). The
median absolute estimate of European admixture tim-
ing (ca. 32 000 generations ago; 95% CI 5300-84 900)
places this event in the late Pleistocene or early
Holocene, shortly after the historical divergence
between WEU and EEU, but well before the North
American admixture that occurred within the last
several hundred generations (ca. 288 generations ago;
95% CI 17.5-491; Table 1).

A posteriori simulations affirmed our ability to differ-
entiate Scenarios 1 and 2 based upon the utilized
summary statistics (Table 2). Using logistic regression
for model selection, both our estimated false-positive
and false-negative rates of model selection were <1%,
indicating strong confidence in our ability to infer the
correct model between these two competing models.
Similar results were found based on the direct esti-
mate of model selection (Table 2). Model checking
analysis confirmed that ABC estimates of demographic
parameters from Scenario 1 were a good fit to the
observed microsatellite genotypes, as summary statis-
tics from the observed data produced eigenvectors that
were within (PC2 and PC3) or at the margins (PC1)
of the set of simulated data sets from the posterior
predictive distribution based on Scenario 1 (Fig. S4;

Heterozygosity—fitness correlation after admixture 621

for Scenario 1 parameters indicated most demographic
parameters were estimated with good confidence
(Table S5).

Multilocus heterozygosity for each genotype, esti-
mated as standardized heterozygosity (SH) by Rhh, ran-
ged from 0 to 2.06 and was not significantly different
in mean between EU and NA ranges (SHgy = 0.97 and
SHya = 0.99; t = —0.32, P =0.75). Similarly, the vari-
ance in SH among genotypes was not significantly dif-
ferent between EU and NA ranges (Levene’s test:
F=1.49, P=0.07). However, heterozygosity was sig-
nificantly correlated with the degree of admixture for
each genotype (r = 0.2297, 95% C.I. = 0.0820-0.3675);
thus, the SH estimates recovered the predicted increase
in genomic heterozygosity expected from introgression
between divergent populations.

Linear modelling of the heterozygosity—fitness corre-
lations (HFCs) indicated a significant interaction
between SH and continent (F=11.45; P <0.001),
and thus, separate models were run by continent of
origin to estimate the strength of HFCs in EU and
NA. When all EU genotypes were analysed together,
there was no correlation between fitness and SH
(Table 3). The absence of an HFC in Europe was also
true when analysing just EU genotypes that showed
admixed Q-scores from the StrucTURE analysis or just
those genotypes from the geographical suture zone in
Central Europe that had a high frequency of admix-
ture (both P> 0.5). In contrast, NA genotypes exhib-

Table S4). Additionally, bias and precision assessment ited a positive and highly significant correlation
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Fig. 3 Bayesian estimates of compound demographic parameters from the best-fit approximate Bayesian computation (ABC) demographic
model (Scenario 1). Prior distributions are shown by dotted lines, and posterior distributions by filled bars. Parameters correspond to
mutation-scaled estimates of effective population size (a—d), admixture timing for NA (e), AEU (f) and timing of divergence between WEU

and EEU (g). Note differences in x-axis scale among plots, which are scaled based on the range in the prior distribution for each parameter.
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Table 1 Posterior parameter estimates from the best-fit approximate Bayesian computation (ABC) demographic model (Scenario 1). Time
estimates for the original parameters are in units of generations, with the average generation time of Silene vulgaris approximately equal to

1.5 (Taylor & Keller, 2007).

Original Composite
Interpretation parameter Median (95% ClI) parameter Median (95% CiI)
Western EU (WEU) N1 6.28E+005 (2.21E+005 — 9.55E+005) 04 3.93E+000 (2.20E+000 — 7.81E+000)
Eastern EU (EEU) N2 3.57E+005 (8.04E+004 — 8.83E+005) 0 2.27E+000 (8.90E—001 — 5.91E+000)
Admixed European (AEU) N3 8.01E+005 (3.35E+005 — 9.89E+005) 03 5.01E+000 (2.08E+000 — 1.32E+001)
North America (NA) N4 2.77E+005 (1.84E+004 — 9.48E+005) 04 1.79E+000 (1.10E—001 — 1.05E+001)
WEU/EEU split 13 4.19E+004 (1.15E+004 — 2.17E+005) 3 2.83E—001 (1.08E—001 — 1.19E+000)
AEU founding time 2 3.24E+004 (5.30E+003 — 8.49E+004) 2 2.10E—001 (4.40E—002 — 6.00E—001)
NA founding time t 2.88E+002 (1.75E+001 — 4.91E+002) 1 1.76E—003 (1.00E—004 — 6.74E—003)
AEU admixture of W/EEU r2 5.74E—-001 (1.38E-001 — 9.05E-001)
NA admixture of W/EEU r1 4.93E-001 (3.67E—001 — 6.23E—001)

Table 2 Confidence in scenario choice evaluated by computation
of false-positive and false-negative rates for both direct estimate
and logistic regression methods of model selection.

Direct estimate Logistic regression

False False False False
Scenario negatives positives negatives positives
1 0.036 0 0.004 0.004
2 0 0.036 0.008 0

Table 3 Heterozygosity—fitness correlations (HFC'’s) for Silene
vulgaris genotypes sampled from Europe (native) and North
America (introduced). Admixed genotypes based on Q-scores were
defined as 0.25 < Q < 0.75, and those based on geography defined
as being located within the Central European suture zone between
expanding eastern and western refugial populations.

Comparison N Estimate (SE) F P R?
Europe
All genotypes 98 —0.46 (0.40) 126  0.263 0.005
Admixed genotypes 27 0.26 (0.53) 0.01 0.988 0.000
(Q-scores)
Admixed genotypes 33 —0.11(0.49) 0.33  0.565 0.003
(geography)
North America
All genotypes 100 1.01 (0.43) 12.88 <0.001 0.043
Admixed genotypes 25 2.58 (0.79) 17.03 <0.001 0.175
(Q-scores)
Nonadmixed 66 0.32 (0.51) 217 0.143 0.011

genotypes (Q-scores)

See text for further details. Bold values are significant after Bonfer-
roni correction.

between fitness and SH when analysing all genotypes
together (P < 0.001; Table 3; Fig. 4). Standardized het-
erozygosity alone explained ca. 4.3% of the variance
in fitness among all North American genotypes. The
support for the HFC strengthened when analysing just

NA genotypes that showed admixed Q-scores
(P <0.001), and increased the variance in fitness
explained by SH to 17.5% (Table 3). As predicted,
the HFC disappeared when analysing only NA geno-
types with nonadmixed Q-scores (P = 0.143). Impor-
tantly, the correlation between SH and fitness was
not environmentally sensitive to common garden
site (SH*site interaction, P > 0.6 for both EU and NA
all-genotype models), indicating that the signal of
positive association between heterozygosity and fitness
was statistically repeatable under different growing
conditions.

Discussion

Although genetic admixture is associated with multiple
introductions in many species invasions, little is known
about how admixture affects the fitness of invasive
genotypes. We tested the hypothesis that recent
admixture between invasion sources of Silene vulgaris
introduced to North America was responsible for
increases in plant fitness due to a masking of the
genetic load. We made two predictions: first, that
admixed genotypes in the invasive range arose recently
and were independent from the history of admixture
in Europe; and second, that fitness should be positively
associated with multilocus marker heterozygosity (a
significant heterozygosity—fitness correlation, HFC) due
to identity disequilibrium between markers and fitness
QTL.

Our results support both of these predictions. ABC
demographic models of population history unambigu-
ously pointed to admixture in the native European
range being much older (late Pleistocene to early Holo-
cene) and independent from the admixture that accom-
panied the contemporary invasion of North America
over the past several 100 years (Scenario 1). Timing of
the European admixture between Western and Eastern
EU lineages of S. vulgaris was coincident with post-gla-
cial expansion and probably reflects historical secondary
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Fig. 4 Heterozygosity—fitness correlations for families deriving from Europe (a and b) and North America (c and d), measured in two
common gardens (Ontario and Virginia). Multilocus heterozygosity is based on the standardized heterozygosity (SH) estimate from Rhh.

Log (fruit set) is based on family mean estimates within each site. Lines show significant best-fit relationships based on a linear model.

contact between refugial populations that was common
in Central Europe following glacial retreat (Petit et al.,
2003). This historical admixture did not produce the
genotypes that colonized North America, however,
which instead arose from separate introductions of
WEU and EEU genotypes that became admixed after
the invasion.

The magnitude of admixture among genotypes was
positively correlated with multilocus heterozygosity,
and the latter was positively correlated with fitness (a
positive HFC) among NA but not EU genotypes. The
effect size of the HFC showed that ca. 4.3% of fitness
variance was explained by multilocus heterozygosity
when analysing all NA genotypes together and
increased to 17.5% when analysing just admixed NA
genotypes. These values for HFC are comparatively
large relative to a recent meta-analysis of HFCs in other
natural populations (ca. <1-3% of fitness variance;
Chapman et al., 2009; Szulkin et al., 2010).

What is the likely genetic mechanism underlying the
association between heterozygosity and fitness in

© 2014 THE AUTHORS. J. EVOL. BIOL. 27 (2014) 616-627

S. vulgaris? HEC’s arise due to identity disequilibrium in
genotypic state between markers and fitness loci. As
heterozygosity is positively related to both admixture
and fitness in S. vulgaris, we suggest that during the
recent invasion of North America, admixture between
WEU and EEU gave rise to genotypes that possessed a
decreased frequency of loci harbouring alleles that
show identity by descent (IBD). The frequency of IBD
at fitness loci will affect the degree to which the genetic
load of deleterious mutations is expressed. Thus, by
increasing heterozygosity across the genome, admixture
during invasion probably reduced the frequency of IBD
within ‘hybrid” NA genotypes, thereby sheltering the
genetic load and increasing fitness (i.e. heterosis; Lynch
& Walsh, 1998; Charlesworth & Willis, 2009), as well
as generating the identity disequilibria between fitness
and marker loci that lead to the HFC.

Possible alternative explanations to explain the
fitness results in NA and EU genotypes are local
adaptation and inbreeding depression. The degree of
local adaptation (or pre-adaptation) exhibited by
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different NA and EU genotypes is likely to affect plant
fitness in common gardens and probably contributes
to some of the variation in fruit production we
observed (see also Keller et al., 2009). However, local
adaptation would not be expected to result in a positive
heterozygosity—fitness relationship and in some cases
may even cause a negative HFC (i.e. selection against
locally maladapted hybrids). In addition, the significant
HFC we observed in S. vulgaris was repeatable across
both common gardens, suggesting the HFC was robust
to growing environment. Lastly, our previous work
showed that fruit production of nonadmixed genotypes
was similar between NA and EU, but that admixed NA
genotypes had increased fruit production by two-fold
over admixed EU genotypes (Fig. 4 in Keller & Taylor,
2010).

Heterozygosity—fitness correlations may also arise
due to inbreeding depression when demographic
events that increase the frequency of IBD, such as
genetic bottlenecks or changes in mating system, lead
to decreased fitness in less heterozygous genotypes.
Our ABC analysis does suggest a decrease in effective
population size in North America (Table 1), which
reflects a modest but detectable genetic bottleneck
associated with the founding of invasive populations.
However, we think that the HFC present among NA
genotypes is not due to increased inbreeding for the
following reasons. First, if the HFC in North America
was caused by increased inbreeding, then we would
expect the overall fitness of NA genotypes to be
lower than that of EU genotypes, which is not the
case (Fig. S5; see also Keller & Taylor, 2010). Addi-
tionally, we would expect the HFC to be present
among nonadmixed genotypes, as these would have
experienced the bottleneck, and thus the effects of
increased IBD, which again is not observed (Table 3).
Therefore, we conclude that the most likely cause of
the HFC in S. vulgaris is recent admixture in North
America increasing identity disequilibrium between
heterozygosity at neutral molecular markers and fit-
ness loci, with the latter benefiting from the
increased sheltering of the genetic load of deleterious
mutations.

Whereas recent admixture in North America
increased fitness among highly heterozygous genotypes,
the older admixture in Europe appears to be associated
with a loss of high fitness genotypes and a disruption of
the heterozygosity—fitness correlation. Given the large
number of generations elapsed since the EU admixture,
we suspect the loss of fitness in part reflects the loss of
heterosis expected with segregation (Lynch, 1991). The
lack of an HFC in Europe likely reflects the dissolution
of identity disequilibrium between unlinked loci caused
by independent assortment and recombination. Given
the time since EU admixture, we would expect the loss
in identity disequilibrium to cause the heterozygosity at
marker loci to become less predictive of heterozygosity

at fitness loci. Thus, both the fitness benefits of hetero-
sis due to admixture and the manifestation of an HFC
are likely to be transient and only detectable early in
the admixture history. However, with only a single
comparison between two admixture events (NA vs.
EU), it is impossible to state with certainty that the loss
of HFC is directly attributable to time since admixture.
A more powerful test of this hypothesis would be to
compare the HFC from many populations arrayed along
a gradient of time since admixture. Such tests might be
possible for invasions where the expansion history is
particularly well known.

Our study shows that the demographic history of
multiple introductions and admixture associated with
many biological invasions can affect heterozygosity
across the genome, with corresponding fitness effects
on populations observable over ecological timescales —
a hypothesis that has so far received limited empirical
testing (Keller & Taylor, 2010; Facon ef al., 2011; Tur-
geon et al., 2011; Verhoeven et al,, 2011). Comparative
tests of HFCs in populations from the native vs. intro-
duced ranges of an invasive species highlight the
importance that demographic history plays in generat-
ing genetic variation in fitness (Szulkin et al., 2010).
What is less clear is whether admixture actually helps
drive the range expansion of invasive species forward
vs. the alternative scenario that admixture and its fit-
ness effects are simply passive by-products of the inva-
sion process (i.e. secondary contact among different
invasion sources may be somewhat inevitable during
invasions experiencing high propagule pressure). That
is, does the short-term fitness boost from heterosis
lead to either 1) greater population densities or 2) an
accelerated rate of expansion relative to invading pop-
ulations not experiencing heterosis?

Drake (2006) argued that heterosis could act as a
‘catapult’” for colonizing populations, contributing to
positive population growth rates when populations are
small and/or young and most subject to Allee effects
or reproductive failure. As populations age, even
though the fitness gains from heterosis fade, the
increased population growth has lasted long enough to
carry populations past the initial threat of extinction
from demographic stochasticity. Field surveys that
measure the intrinsic rate of increase in invasive pop-
ulations across a continuum of population age and
admixture status would provide an intriguing test of
this idea (and the hypothesis of HFC’s fading with
time), as would spatially explicit simulation studies
that compare the extent and rate of range expansion
under contrasting scenarios of admixture and hetero-
sis. It would also be interesting to examine how the
prior inbreeding history of populations affects the
magnitude of heterosis (and the catapult effect), with
one prediction being that the magnitude of heterosis
would be greater for more inbred populations, creating
a genetic rescue effect of admixture during invasion

© 2014 THE AUTHORS. J. EVOL. BIOL. 27 (2014) 616-627

JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



(Richards, 2000; Ingvarsson, 2001). This might be
particularly relevant when admixture occurs between
introduced populations that have undergone severe
genetic bottlenecks, as might be common during the
initial establishment of invasive species.

Although we have primarily focused on sheltering
the genetic load as a positive fitness outcome of
admixture, it should be noted that mixing divergent
gene pools can bring about a variety of both short- and
longer-term evolutionary outcomes (e.g. increased addi-
tive genetic variance, transgressive segregation, novel
multivariate trait combinations), some of which may
have longer-lasting impacts than we observe in EU vs.
NA genotypes of S. vulgaris. Some genetic consequences
of admixture may also be detrimental to invading pop-
ulations (e.g. outbreeding depression). For example, it
is well known that admixture can decrease the fitness
of late-generation hybrids (F2 and beyond) if epistatic
combinations of positively interacting loci are broken
up by recombination and independent assortment
(Lynch, 1991; Edmands, 1999). Thus, we might expect
that for some introduced species, admixture (or hybrid-
ization more generally) could be more permanent, or
result in outbreeding depression and reduced popula-
tion growth rates (Keller & Waller, 2002). Given these
different outcomes of admixture on fitness, it would be
useful to begin developing predictive metrics of when
heterosis or outbreeding depression can be expected for
a given invasion (Frankham ef al., 2011). Thus, the
management of particularly noxious invasive species
may stand to directly benefit from genetic studies that
connect the effects of admixture with their phenotypic
consequences.
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Figure S3 Posterior model probabilities for competing
Scenarios 1 and 2 based on a direct estimate and logis-
tic regression.
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modelling.
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