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Abstract

Quercus rubra has been introduced in Europe since the end of the seventeenth century. It is widely
distributed today across this continent and considered invasive in some countries.

Here, we investigated the distribution of genetic diversity of both native and introduced
populations with the aim of tracing the origin of introduced populations. A large sampling of 883
individuals from 73 native and 38 European locations were genotyped at 69 SNPs. In the natural
range, we found a continuous geographic gradient of variation with a predominant latitudinal
component. We explored the existence of ancestral populations by performing Bayesian clustering
analysis and found support for two or three ancestral genetic clusters. Approximate Bayesian
Computations analyses based on these two or three clusters support recent extensive secondary
contacts between them, suggesting that present-day continuous genetic variation resulted from
recent admixture. In the introduced range, one main genetic cluster was not recovered in Europe,
suggesting that source populations were preferentially located in the Northern part of the natural
distribution. However, our results cannot refute the introduction of populations from the Southern
states that did not survive in Europe.

Keywords
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Introduction

Since the sixteenth century, the development of international trade by terrestrial and
maritime routes has favored deliberate and accidental introductions of species by humans far
from species’ native habitats and contributed to inter-continental scale expansions (Hulme
2009, Py3ek et al. 2010). In recent decades, multiple examples of human-mediated
introductions have been reported in animals (Clout and Russell 2008; Leprieur et al. 2008;
Bigsby et al. 2011), plants (Reichard and White 2001; Richardson et al. 2011), fungi
(Desprez-Loustau et al. 2007; Vellinga et al. 2009; Gladieux et al. 2010) and viruses (Tatem
et al. 2006; Jones 2009). In some instances biological introductions has led to invasions and
strong disturbances in natural ecosystems (Ehrenfeld 2010) or had concrete deleterious
effects for plants, animals and human health (Pejchar and Mooney 2009; Pysek and
Richardson 2010; Vila et al. 2011).

Two key features required for a successful plant introduction are the residence time and
propagule pressure (PySek and JaroSik 2005; Simberloff 2009; Blackburn et al. 2015). Long-
standing introductions and high planting densities may trigger the shift from cultivation to
naturalization of woody species (Pysek et al. 2009). Unfortunately, historical records of
inter-continental movement of species are scarce and partial, which makes it difficult to
accurately reconstruct the introduction history of a species. One of the most promising
options to retrace introduction routes — and more broadly to decipher the evolutionary
history of the introduced species — is to use analytical methods of population genetics
(Cristescu 2015). Statistical analysis of genetic structure and diversity of native and
introduced populations can identify sources and pathways from the native to the introduced
range using a handful of DNA markers (Bossdorf et al. 2005; Miura 2007). Inferences drawn
from an Approximate Bayesian Computation (ABC) framework may help to understand the
demographic history of introduction (Estoup and Guillemaud 2010; Csilléry et al. 2010;
Roux et al. 2011; Leroy et al. 2014).

Demographic processes are of utmost importance for investigating the success and spread of
species recently introduced in new environments (Allendorf and Lundquist 2003; Facon et
al. 2006; Sax et al. 2007). To adapt to novel environments, introduced species can rapidly
evolve, displaying phenotypic and genetic divergence from their source populations
(Bossdorf et al. 2005). Rapid adaptive evolution is quite often invoked to explain successful
invasions (Maron et al. 2004; Lavergne and Molofsky 2007; Buswell et al. 2011).

Generally speaking, high genetic diversity is a prerequisite for rapid adaptation of
introduced populations to new environments and ultimately for demographic success
(Lavergne and Molofsky 2007). However, in the newly colonized areas, founder events and
drift at the expanding front of colonization may substantially reduce genetic diversity and
hamper further adaptation. Indeed, genetic bottlenecks are not unlikely, given such
introduction scenarios and may generate founder effects during the early steps of
introduction (Dlugosch and Parker 2008). Resulting loss of diversity will constrain
adaptation of the newly introduced populations. Quite paradoxically, many empirical studies
report demographic successes even in case of strong founder effects or population
bottlenecks, e.g. in Phyla canescens (Xu et al. 2015), suggesting that adaptation may still
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occur under such circumstances (Tsutsui et al. 2000; Rollins et al. 2013; Stapley et al. 2015).
There are at least two interpretations, not mutually exclusive, for this apparent paradox.
First, there might be a strong publication bias because the tracking of these events is
laborious and remains elusive. Thus only few instances of failed introductions have been
reported. Second, simultaneous or repeated multiple introductions from different source
populations in the native range can restore substantial genetic diversity, as has been observed
in case studies of e.g. Alliaria petiolata, Ambrosia artemisiifoliaand Phalaris arundinacea
(Durka et al. 2005; Genton et al. 2005; Lavergne and Molofsky 2007). Thus, even if single
populations were subjected to bottlenecks during their introduction, the introduced gene
pool is a “melting pot”, restoring diversity by the later interbreeding of different sources of
material (Keller and Taylor 2010; Rius and Darling 2014). Finally, surfing of advantageous
mutations can also be expected during population expansion of an introduced species and
contribute to rapid adaptation (Miller 2010; Lehe et al. 2012).

Native to North America, Quercus rubra L. (northern red oak) was introduced in Europe at
the end of the seventeenth and beginning of the eighteenth centuries. First historical records
date back to 1691, suggesting that Q. rubrahas been present for more than ten generations in
Europe (Goeze 1916; Bauer 1953; Magni Diaz 2004). Initially planted in parks and gardens
as an ornamental, the species was progressively used in the second half of the nineteenth
century for reforestation and timber production, making Q. rubra an important forest
resource (Timbal et al. 1994). Quercus rubrais now planted across large areas in Europe
(Magni Diaz 2004). In some European countries, it is considered an invasive alien tree
species due to its successful regeneration and its large acorn production in Europe (Major et
al. 2013; Woziwoda et al. 2014). The species is wind-pollinated, monecious and allogamous.
Within the native range, intraspecific gene flow maintains high genetic diversity (Sork et al.
1993). Reproductive barriers and differences in acorn maturation periods prevent
interspecific hybridization between Q. rubra (Quercus section Lobatae) and European white
oaks (Quercus section Quercus) (Lanier et al. 1980).

Comparative studies of native and introduced populations have shown genetically based
phenotypic differences for some life-history traits such as leaf phenology and growth
(Daubree and Kremer 1993). Introduced populations are assumed to have undergone
selection for adaptation to new local conditions encountered in Europe. Magni Diaz (2004)
found similar levels of plastome diversity between native and introduced populations,
suggesting that multiple sources of introductions have likely prevented strong founder
effects.

In this study, we analyzed the genetic diversity of 73 native and 38 introduced populations of
Q. rubra using 69 nuclear DNA markers. By comparing the genetic structure between native
and introduced populations, our aim was to draw inferences about demographic processes
that may have been associated with the introduction of Q. rubrain Europe. We particularly
addressed the following questions: (1) What is the genetic structure of Q. rubra populations
within the native range? (2) What is the distribution of genetic diversity in the European
gene pool in comparison to the native gene pool? (3) What were the likely sources of origin
of populations introduced in Europe?
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Materials and methods

Sampling design and DNA extraction

SNP marker

All nuclear DNA samples were extracted from buds or leaves collected from different
sampling locations in the native and introduced range, which are defined and considered as
populations (Table 1). Fresh buds and leaves were harvested in a common garden
experiment (combined provenance and progeny tests) comprising populations from the
native and introduced ranges in 2003 by Magni Diaz (2004) and in the summer and fall 2015
by ourselves. Sixty-two native populations and 38 introduced populations were sampled. For
each population, buds or leaves were harvested on one to 19 trees stemming from as many
open pollinated progenies. Buds were preserved at -20°C until DNA extraction. This
collection was complemented by a second sampling campaign in North America composed
of 11 additional native populations. Samples were collected in naturally regenerated stands.
For each population, leaves were harvested from 18 to 39 individual trees. In total, 73 native
populations and 38 introduced populations were used in this study (see detailed information
about populations in Appendix Table S1), each population comprising one to 39 trees. We
further extracted annual mean temperatures (BIO1) for each population from the WorldClim
database (http://www.worldclim.org/current).

Nuclear DNA was isolated from 1061 bud or leaf samples using the Invisorb® DNA plant
HTS 96 kit (STRATEC Molecular GmbH, Berlin, Germany). DNA yield and quality were
evaluated using a NanoDrop spectrophotometer (NanoDrop Technologies, Inc., Wilmington,
USA). To assess the genotyping reproducibility, 77 individuals were extracted and
genotyped twice.

selection and genotyping

Based on the availability of 2,394 RAD-Seq derived SNPs (Restriction-site Associated DNA
Sequencing) for red oak, 1,410 bi-allelic SNPs, randomly distributed along the genome and
satisfying Sequenom® selection criteria (primer design constraints), were selected, based on
their polymorphism in a full sib mapping family (Konar et al. submitted). Briefly, the RAD-
Seq procedure was based on genomic DNA digestions of red oak samples with two
restriction enzymes (£coRI and Msel). PCR was then performed using an iProof™ High-
Fidelity DNA Polymerase (Bio-Rad, Hercules, California), followed by a purification step
using AMPure XP beads (Beckman Coulter Inc., Brea, CA) before sequencing (BGI
international, Cambridge, MA). Raw sequences were aligned to the de novo generated
reference sequences using default parameters of BWA (BWA is a software package for
mapping sequences against a reference). Picard tools (http://picard.sourceforge.net) were
used to discard PCR duplicates and SAM tools were used for variant detection (SAM tools
is a suite of programs for high-throughput sequencing data analysis). For this study, among
the total of 1,410 bi-allelic SNPs satisfying Sequenom® selection criteria, three Sequenom®
assays (W1 40 SNPs, W2 40 SNPs and W3 35 SNPs: total 115 SNPs) were designed with
the MassARRAY® Assay design 3.1 software (Sequenom® 161, San Diego, USA).
Multiplexes and primer sequences can be found in additional file Appendix Table S2.
Genotyping was performed using a MassARRAY® System (Agena Bioscience™) and
iPLEX® chemistry, according to manufacturer’s specifications. Cluster plots were visually

Genome. Author manuscript; available in PMC 2019 May 20.


http://www.worldclim.org/current
http://picard.sourceforge.net/

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Merceron et al.

Page 5

inspected to ensure accurate genotyping calls and the data analysis was performed using
MassARRAY® TYPER 4.0 genotyping software. After excluding monomorphic and
unamplified loci, data analysis was performed for 80 SNPs. Individuals with more than 10
missing genotypes and loci with more than 10% of missing data were excluded from the
analysis. The remaining dataset contains 883 individuals genotyped at 69 SNP loci. High
reproducibility of the genotyping method (assessed on 77 replicate individuals) was found
(100%). Given the discovery procedure of the SNPs, ascertainment bias was expected due to
enrichment for highly polymorphic SNP. However allele frequencies were evenly distributed
across the selected SNPs, indicating that SNPs with rare alleles were as abundant as SNPs
with frequent alleles (data not shown). This suggests that ascertainment bias might have
been lower than originally expected.

Genetic data analysis

Bayesian Clustering—TESS version 2.3, a spatially-explicit Bayesian clustering
program (Francois et al. 2006, Chen et al. 2007), was used to determine genetic structure of
populations within the native and introduced ranges. A first analysis including populations
from the native range (624 individuals from 73 different geographic locations) was made to
estimate the number of genetic clusters (K) in North America. A second analysis based on
populations from native and introduced ranges (883 individuals from 111 locations) was
carried out to identify the putative source of introductions. For both analyses, assignment of
individuals to different genetic clusters (K from 2 to 8) was simulated 100 times using an
admixture model (Durand et al. 2009), with 5000 sweeps of Markov Chain Monte Carlo
(MCMC) and 1000 burn-in of sweeps of MCMC. The Deviance Information Criterion
(DIC), a statistical measure of the model prediction capabilities, was computed by TESS for
each simulation. A comparison of the best simulations based on DIC values per K'was used
to determine the most likely number of genetic clusters for each analysis. This procedure
was complemented by a more empirical approach when the DIC criterion was not conclusive
(see Results).

Multivariate analysis, population differentiation and diversity—Using the native
and whole datasets, we performed Correspondence Analyses (CA) with Genetix program
version 4.05 (Belkhir et al. 2004). Genetic diversity, estimated through expected
heterozygosity (He), and analysis of molecular variance (AMOVA, Excoffier et al. 1992),
testing for the subdivision of genetic variation among and within populations in both North
America and Europe, were calculated using GenAlEx program version 6.5 (Peakall and
Smouse 2012). Comparisons of Hg between native and introduced populations were done
with adegenet package (R Core Team 2015; Jombart 2008; Jombart and Ahmed 2011) using
1000 permutations.

Approximate Bayesian Computations—Approximate Bayesian Computation (ABC;
Beaumont et al. 2000) was used to investigate the demographic history of Q. rubra. For each
pair of clusters, we evaluated seven scenarios of divergence allowing gene flow at different
timescales (Fig. 1). The first scenario assumed that the two investigated populations derive
from a single panmictic population (PAN) with constant population size (N). The six other
scenarios assumed a split of an ancestral population into two daughter populations (A and B)
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at time Tgp 7. All these 3 diploid populations could have different sizes (Na and Ng.
Nancbeing the size of the ancestral population) that have remained constant over time.
Among these six scenarios, five assumed periods of gene flow since Tgp j1: ancient
migration (AM), periodic ancient migration (PAM), continuous migration (IM), secondary
contacts (SC) and periodic secondary contacts (PSC). The remaining scenario is a strict
isolation model (SI) assuming no migration between clusters. In the AM model, migration is
modelled as occurring after Tspy |7 stopping at time Tap. In the PAM model, a derivative of
the previous AM model, two periods of ancient migration are assumed stopping at time
Tam1 and Tapme. In the IM model, migration is assumed to have occurred continuously since
TspriT. In the SC model, divergence without gene flow is assumed to have occurred first but
at time Ty, the two populations started to exchange genes by secondary gene flow. In its
derivative model (PSC), two different cycles of isolation and gene flow were assumed, with
gene flow starting at time Tsc; and restarting at time Tgco (/.6 no gene flow between

TspLiT-Tsc1 and Tscr-Tsco)-

For all scenarios, four million data sets were simulated under the seven different scenarios
using a pipeline composed of msnsam, priorgen and mscalc. Msnsam (Ross-Ibarra et al.
2008) is a modified version of ms (Hudson 2002) allowing variations of sample sizes
between loci. Priorgen is a generator of priors developed by Ross-Ibarra et al. (2008) and
modified by Roux et al. (2011, 2013) and Leroy et al. (2017) to take into account both more
complex scenarios of divergence and variations in both effective population sizes and
migration rates among loci, two key genomic features known to bias demographic inferences
(Charlesworth et al. 1997; Castric et al. 2008; Charlesworth 2009; Roux et al. 2013;
Cruickshank and Hahn 2014). For this study, we made further improvements to allow
priorgen to generate random prior draws for more complex demographic scenarios with two-
cycles of gene flow (PAM and PSC scenarios). Prior parameters were drawn from a large
uniform distribution for times and effective population sizes as following: Tsp 7 [0; 100];
Nanc: Na and Ng [0; 10,000,000]. For all simulations, mscalc was used to calculate 19
summary statistics (Ross-1bara et al. 2008; Roux et al. 2011; Roux et al. 2016), including the
average and standard variation for (1) the number of fixed differences, (2) the number of
polymorphic sites specific to each gene pool, (3) the number of polymorphic sites existing in
both gene pools, (4) Tajima's pi for each gene pool and between the two gene pools, (5) the
gross divergence (Dxy), (6) the net divergence (Da), (7) Fst and (8) Pearson's correlation
coefficient (see also Roux et al. 2016).

The relevance of prior-model combinations was pre-evaluated using principal component
analysis to check if these combinations can produce simulated data sets reasonably similar to
the observed data set. For the five models assuming gene flow, locus-specific effective
migration rates M and Mg were drawn from a Beta distribution shaped by parameters a and
b (see Roux et al. (2013) for details). Parameters a and b were randomly drawn from a
uniform distribution: [0; 100] and [0; 500] respectively. We used a feed forward neutral
network to estimate the posterior probability of the seven models (PAN, SI, AM, PAM, IM,
SC, PSC). This network was performed in the R package “abc” (Csilléry et al. 2012) and
used a nonlinear multivariate regression by considering the model itself as an additional
parameter to be inferred under the ABC framework. We retained the 0.125% simulated
values closest to the observed values for the summary statistics which were weighted by an
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Epanechnikov kernel (Csilléry et al. 2012). ABC analyses were performed 20 times using
for each 20 trained neural networks and 8 hidden layers in the regression.

Parameter estimation was performed using the “abc” package (Csilléry et al. 2012) for the
best inferred model based on the 10,000 replicated simulations (0.25% closest simulations)
providing the smallest Euclidian distance. Computations were performed using 25 trained
neural networks and 10 hidden layers in the regression. To check the robustness of our
inferences, we computed 15,000 pseudo-observed data sets (PODS) for each scenario with
priors drawn in the same distribution, as previously described. We used the same model
selection procedure to obtain posterior probabilities at each of seven scenarios for each POD
and then estimated robustness by using distributions of these posterior probabilities over all
PODS (see Appendix Fig. S2).

All datasets and programs used in this article are available from the GitHub repository:
https://github.com/ThibaultLeroyFr/RedOakABC.

Overall subdivision of genetic diversity

The genetic diversity calculated for native and introduced populations was similar in both
gene pools. Expected heterozygosity values were not significantly different: He= 0.330

(x 0.019 SE) for the native populations and He= 0.327 (x 0.019 SE) for the introduced
populations (p=0.299). The results of the AMOVA analyses indicated that the subdivision of
genetic diversity between North American and European gene pools and among populations
within gene pools was significant (p<0.001), albeit low (Table 2). Most of the genetic
diversity was found among individuals within populations. In both North American and
European areas, less than 3% of the total variation was among populations. Genetic
differentiation between Europe and North America, albeit significant, was weak (0.98%).
Considering both gene pools, ninety-six per cent of the total molecular variance was
explained by within-population variation (Table 2).

Native populations

We further explored the distribution of genetic variation within the native gene pool by using
a multi-locus approach. We performed a Correspondence Analysis (CA) with individuals
from the native range (n=624) showing that projections of individual values along the three
main axis were distributed continuously (Fig. 2a). Coordinates of individuals on the first two
axes of the CA (3.61% of the variance) indicate a much greater diversity in the populations
sampled in the USA compared to those sampled in Canada. We then investigated whether
the continuous variation in North America follows a clinal geographic trend. Projections of
individuals on the first axis are significantly correlated with the latitude of the origin of the
population (Fig. 2b). Similarly, values of the projections on the second axis are significantly
correlated with longitude (Fig. 2c). Finally annual mean temperatures, from observed data
recorded between 1960 and 1990, were highly correlated with the first axis but not the
second (see Appendix Fig. S1). Extant continuous variation across the natural distribution
can be the outcome of various different evolutionary scenarios. Two contrasting scenarios
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illustrate this. On the one hand, one may consider a single founding population
disseminating throughout the range and generating genetic clines through isolation by
distance. This scenario would have resulted today in a single, large, potentially panmictic
population characterized by a latitudinal genetic gradient of variation. On the other hand, we
can imagine multiple ancestral populations located at the extremes of the distribution, and
dissemination from these different sources would have resulted in continuous genetic
variation across the natural distribution of populations as a consequence of admixture and
isolation by distance. We investigated some of these scenarios by using clustering methods
to explore the existence of ancestral populations and using ABC methods to reconstruct
likely demographic histories.

Ancestral populations—We used TESS - a spatially explicit Bayesian clustering method
particularly suited to investigating discontinuities in continuous populations - to report
ancestry estimates for K genetic clusters. To estimate the optimal number of clusters, /.¢. the
number of K'that best fit the data, we used the average Deviance Information Criterion
(DIC) criteria, which measures the posterior predictive error and allows comparisons of
scenarios corresponding to different Kvalues. In our case, DIC values continuously
decreased without sudden variation (see Appendix Table S3), which made it impossible to
identify the optimal K value using this criterion. Consequently, instead of using the DIC
criterion, we checked the assignment of individuals to different genetic clusters (with
different K values) and compared the outcomes by considering the number of meaningful
groups of individuals. This is an empirical approach attempting to compare the consistency
of assignments to clusters as the number of clusters increases. For example, we checked
whether clusters at lower K'values are nested in clusters when Kincreases. In what follows
and to account for the uncertainty due to the empiricism of our approach, we considered in
more detail the two cases with lower values of K (K=2 and K=3). In our study, when K=2,
the Bayesian clustering analysis resulted in a latitudinal distribution of the trees from the
North (G1, orange) and trees from the South (G2, yellow) and admixed trees at intermediate
latitudes (Fig. 3), thus confirming the latitudinal trend observed by CA. At K=3, clustering
analysis suggested that the additional cluster (G3, purple) is preferentially present in the
Northcentral to Northwestern part of the distribution, although its distribution is more
ubiquitous than the other two clusters. This third cluster contained a large group of
individuals originating from Missouri (populations MO_2, see Appendix Table S1) and from
Northwestern Michigan (populations OT_2 and MTU, see Appendix Table S1) suggesting a
genetic split from Northeastern (G1, orange) and Southeastern (G2, yellow) populations
(Fig. 3 and 4). At K=4, only 13 individuals (2%) were clearly assigned to one of the four
cluster (Q-values above to 0.8), representing a very low proportion of the samples, whereas
most individuals were admixed (n=611, 98%). In addition, the clustering appeared to be
independent of geography (Fig. 3), an empirical evidence that this value of K'is greater than
the real number of clusters. Similar conclusions can be drawn for analyses based on more
than four genetic clusters. In view of the difficulty of estimating K'in our study, all our
subsequent analyses have been performed assuming estimates of admixture proportions at
K=2 and K=3. In what follows, Bayesian clustering should also be seen here as a pragmatic
way for discretizing the continuous variation in order to ease the tracking of the source
populations of the European gene pool.
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Demographic scenarios—We used an Approximate Bayesian Computation (ABC)
framework to elucidate occurrences and timing of contacts between ancestral populations.
These methods allow explicit tests of primary vs. secondary differentiation hypotheses.
Here, seven demographic models of divergence were tested within all pairs of clusters in the
native range at K=2 and K=3. We considered each genetic cluster previously identified by
the Bayesian clustering analysis as a population and performed our tests on the pair of
clusters for each K: K2G1-K2G2, K3G1- K3G2, K3G2- K3G3 and K3G1- K3G3. For each
pair of clusters we also considered the scenario of a single panmictic population, assuming
the two populations of a pair were actually one single population (Fig. 1). For all pairs of
clusters at K=2 and at K=3, the ABC results showed strongest support for models with at
least one event of secondary contact, with posterior probabilities ranging from 0.6140 to
0.7619 (Table 3). Models with a single secondary contact (SC) clearly outperformed models
assuming two cycles of secondary contacts (Table 3).

For each pair of clusters at K=2 and K=3, demographic parameters were estimated under the
best-fitting model SC (see Appendix Table S4). Posterior distributions of parameters were
built from 10,000 best simulations. Among all parameters, the ancestral population sizes
(NaNc), migration rates (M and Mg) and divergence times (Tspy 1) were found to be
poorly differentiated from their prior distributions. Conversely, the timing of secondary
contact (Tsc) was quite well estimated and suggests that secondary gene flow occurred
recently, in the last 2.08% of the divergence time between K3G1 and K3G3 (median=
0.33%), and the last 5.70% of the divergence time between K3G2 and K3G3 (median=
0.41%). The range of the posterior distribution of the divergence time between K3G1 and
K3G2 is larger, suggesting that secondary contact occurred in the last 65.48% of the
divergence time (median= 9.32%) (see Appendix Table S4). Using leave-one-out cross
validations based on 15,000 pseudo-observed datasets (PODS) for each model, we estimated
a robustness over 0.99 in support of secondary contact for all pairwise comparisons (see
Appendix Fig. S2).

Introduced populations

To identify the source clusters of introduced populations in Europe, we performed the same
population structure analyses as conducted previously, but with the inclusion of 38
additional populations (259 introduced individuals) from the introduced range, collected
from 7 European countries. The Correspondence Analysis based on all native and introduced
populations showed that coordinates of European individuals are also continuously
distributed on the three first axes of the CA (8.07% of the total variance, Fig. 5). Introduced
populations do not show a random distribution in the space of the three CA axes.

We conducted the Bayesian clustering over the whole data set comprising native and
introduced individuals to explore the likely origin of the extant European gene pool. We
assume in this analysis that introduced populations originated from one or more of the
ancestral populations of the native range that we sampled previously. Thus the Bayesian
clustering analysis were conducted at K=2 and K=3 as within the native gene pool (Fig. 6).
At K=2, most European individuals (n=107, 41%) were mainly assigned (Q-values equal or
above to 0.8) to the genetic cluster of Northeastern native populations (G1, orange). Only a
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very low proportion of samples (n=3, 1%) were strongly assigned to the other cluster (G2,
yellow). The remaining (n=149, 58%) exhibited Q-values below 0.8 and were considered to
be admixed. At K=3, individuals were near-exclusively assigned to two of the three native
genetic clusters: Northeastern and Northcentral/Northwestern native clusters (G1, orange
and G3, purple; Fig. 6). In this case, only 20.5% (n=53) were mostly assigned to the cluster
G1, 13% (n=34) to the cluster G3 and none to the cluster G2. At K=3, most individuals
(n=172, 66.5%) did not have a well-defined membership to any cluster (Q-values < 0.8) and
were considered admixed. No geographical structure across Europe was observed (Fig. 7).

Discussion

In this study, our main goal was to retrace historical and demographic events that would
have been associated with the introduction of Q. rubrato Europe. We proceeded stepwise by
first deciphering the present genetic structure in the native distribution only. We then
compared the structure in the introduced range with the extant structure in the native range
and inferred putative native sources of the introduced gene pools. Overall our efforts and
expectations were hampered by the low genetic differentiation of Q. rubrain its natural
range (Table 2). There have been few range-wide explorations of gene diversity in Q. rubra.
Earlier reports mentioned contrasting levels of differentiation (Fst = 0.092 in allozymes,
Sork et al. 1993; Ggt = 0.018 in allozymes, Daubree and Kremer 1993; Fst = 0.043 in
microsatellites, Borkowski et al. submitted), likely due to quite different sampling strategies.
Other genetic surveys conducted on continental-wide distributed oak species report levels
similar to what we found here (Gst = 0.025 in Quercus petraea, Zanetto and Kremer 1995;
Gst =0.020 in Quercus robur, Mariette et al. 2002). Differentiation between the introduced
and native gene pool was even lower, about 1% (Table 2). Despite the overall low
differentiation, we found a continuous trend of genetic variation across the natural
distribution (Fig. 2). Our attempts to track the source population of introduced populations
were therefore also constrained by the continuous genetic variation. To overcome these
difficulties, we attempted to discretize the continuous variation by exploring the existence of
ancestral populations that would have contributed through admixture to the extant
continuous variation. We considered different testable scenarios that would cope to the
extant distribution of genetic variation in the natural range and ease the search of source
population of European populations, although they would not reproduce exactly the
evolutionary history. We therefore adopted a heuristic approach by considering multiple
scenarios and found that their outcomes resulted in congruent conclusions that the European
populations most likely originated from the Northeastern part of the natural distribution.

Continuous geographic variation in the natural range

Our findings of continuous geographic variations are well illustrated by the correlation
between the first axis of the correspondence analysis and latitude and longitude (Fig. 2b, c).
These results contrast with a previous study using chloroplast DNA markers reporting only
weak clinal variation in North America (Magni et al. 2005). Although chloroplast DNA
markers usually exhibit very high genetic differentiation in oaks due to limited seed
dispersal (Petit et al. 2002a, 2002b, 2002c), these markers provide an incomplete view of the
genetic structure of populations as they are maternally inherited. In addition, chloroplast
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genome capture and swamping occurring during colonization dynamics may blur and hide
the background nuclear genetic structure (Kremer et al. 2002; Leroy et al. 2017).
Alternatively, high nuclear genetic structure may be present even with very low or no
chloroplast population structure (Birchenko et al. 2009; Hoban et al. 2010; Laricchia et al.
2015).

A recent range wide genetic survey based on microsatellites also detected a latitudinal trend
of variation but showed a higher divergence at the Northwestern part of the range
(Borkowski et al. submitted). Apart from genetic marker data, the comparison of phenotypic
traits among populations in provenance-progeny tests highlighted genetic trends across the
entire native range. Phenological traits such as the timing of leaf budburst and leaf coloration
exhibited strong differentiation among provenances from different geographic origins
(Kriebel 1993). Timing of budburst was correlated with longitude whereas leaf coloration
showed latitudinal variation (Deneke 1974; Kriebel et al. 1976; Schlarbaum and Bagley
1981). According to results obtained in range-wide provenance tests established in middle
latitudes of the species range from eastern Nebraska to Northern Ohio, no latitudinal or
longitudinal trend was observed for growth but populations coming from the Northern part
of the range (extending from the Mississippi river to Western Maine) grew faster than other
provenances (Schlarbaum and Bagley 1981; Kriebel et al. 1988; Kriebel 1993). Populations
located to the West of the range limits, in lowa, Kansas and Missouri for example, were
more drought resistant and had higher survival compared to other populations of the natural
range (Deneke 1974). Overall there are some congruent patterns observed between
molecular genetic surveys (our results and Borkowski et al. submitted) and previous
investigations conducted in common garden experiments, suggesting such potential common
causes as divergent selection across large environmental gradients. However, these gradients
overlap also with historical pathways of colonization (Schlarbaum et al. 1982), which may
generate signatures similar to those of demographic processes. Further investigations are
needed to disentangle these sources of variation.

Exploring evolutionary scenarios in the natural range

Whether the geographic trends of variation we found in the natural range bear the signatures
of historical demographic events, divergent selection, or a combination of both remains an
open debate. As already mentioned, demographic scenarios may entail multiple ancestral
populations that disseminated across the landscape, finally generating continuous gradients
of variation as a result of admixture and isolation by distance. By using Bayesian structuring
analysis, we considered two scenarios (K=2 and K=3), and by explicitly exploring evolution
within a single panmictic population in the ABC analysis, we also considered the case of a
single ancestral population. Posterior probabilities in the ABC analysis clearly excluded the
case of a single ancestral population and the two cases (K=2 and K=3) resulted in very
congruent results, confirming the latitudinal trend, and suggesting two clusters preferentially
distributed in the Northeast and the Southwest. When K=3, an additional more ubiquitous
group was identified located more frequently in the Northcentral to the Northwestern part of
the range. There might be more ancestral populations, but additional clustering will not erase
the latitudinal structure. It will only refine the subdivision, but would likely require the use
of more SNPs to be detected.
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One question we addressed is whether divergence between these two (or three) different
genetic clusters is ancient. Indeed, divergence can be the result of a recent process of
isolation (“primary divergence”) or more ancient as expected under secondary contact (SC)
scenarios. For all pairs of clusters, our ABC analyses found support for models assuming at
least an event of secondary contact, with higher support for models assuming a single period
of SC. In addition, our inferences suggested that secondary contact is very recent as
compared with the period of strict isolation and showed that the high level of admixture
explains the continuous pattern of genetic variation in red oak populations. More broadly,
the compilation of all our ABC analyses suggests that these two (or three) different genetic
groups have been separated in at least two (or three) different regions during a long part of
their history, or were somehow isolated for a long period of time. One explanation for this
apparent allopatric isolation is different climatic refuges, as already suspected between four
species of the European white oak complex (Leroy et al. 2017). In the continental United
States, the advances and retreats of Pleistocene glaciations for the last 800,000 years
occurred over four major cycles, with complex patterns of retreats and advances (Balco and
Rovey 2010). Long established regional populations of Q. rubra could have come into
secondary contact during the migrations that must have occurred during these climate shifts.

Deciphering the origin of European populations

To decipher the origin of the current Q. rubra populations in Europe, we performed a second
Bayesian clustering analysis based on both native and introduced populations (Fig. 6). The
two cases (K=2 and K=3) came to the same conclusions. Trees of introduced populations are
mostly assigned to one (when K=2) or two (K=3) ancestral populations of the natural range.
To sum up, the likely geographic origin of introduced population extends in the Northern
part of the natural range. Indeed European populations are more similar in terms of
admixture profiles to native populations present in the Northern part (Fig. 6 and 7). However
our results are not clear-cut to the point to exclude entirely origins from Southern latitudes.
These results are quite consistent with historical documents reporting numerous
introductions of Q. rubrain Europe from Northeastern North America during the eighteenth
century, probably due to the shortest maritime route between Northern states and the ports of
Western Europe, as suggested by Bauer (1954), who first raised the issue of the origin of
introduced populations in Europe. Nevertheless, there are also a few records of trade
exchanges with Southern states occurring at the beginning of the nineteenth century (United
States. Bureau of the Census 1975). Whether acorns of red oak were introduced during that
period is unknown. If it ever had been the case, then our results suggest that Southern origins
have been largely extirpated since introduction either through natural selection or human
interferences. Probably, Northeastern and Northcentral/Northwestern populations could have
managed better to adapt to environmental conditions encountered in Europe. As mentioned
by Colautti and Barrett (2013) and Hamilton et al. (2015), rapid adaptation to local climatic
conditions favors survival and spread of introduced populations in new habitats.

It is worth mentioning that Q. rubrawas earlier named Quercus borealis F. Michx, during
which time botanists and foresters recognized Q. borealis var. maxima (Marshall) Sargent as
a morphologically distinct variety based on acorn shape and higher frequency in New
England (Palmer 1942). This variety was still recognized in the 1950s by European foresters
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(Bauer 1953; Gohre and Wagenknecht 1955), and it might well be a clue for understanding
the preferential seed sourcing in Northeastern states where the pure type Q. borealis was
supposedly more frequent. However, we cannot exclude the possibility that Southern native
populations were never introduced in Europe. Further investigations are needed based on
additional markers and phenotypic traits assessed in common garden experiments including
populations of both origins.

Concluding remarks

Despite the continental presence of northern red oak in Europe, no information was available
before the current study about the diversity and origins of the introduced gene pool in
comparison to the native gene pool. In the current study, we investigate the likely origin of
introduced populations by conducting a comparative analysis of the distribution and
structure of genetic variation in the native and introduced ranges. Our task was hampered by
the very weak structure in the natural range that is illustrated by the continuous pattern of
genetic variation along geographic gradients. We explored ways of discretizing the
continuous variation with the aim of facilitating identification of source populations of the
European gene pool. This approach has shortcomings as it disrupts the underlying clinal
pattern, but it results nonetheless in congruent conclusions under different scenarios,
showing that the source populations of the European gene pool are likely located in the
Northern part of the natural distribution. Refinements of the geographic origin may improve
if the number of markers and studied populations is increased. These investigations should
now be extended to explore whether evolutionary change (adaptive or neutral) has
accumulated since introduction in the European gene pool, to understand the evolutionary
success of the species in Europe.
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Fig. 1.

Se%/en alternative models tested using our ABC framework: PAN: panmixia, Sl: strict
isolation, AM: ancient migration, IM: isolation migration, SC: secondary contact, PAM:
periodic ancient migration; PSC: periodic secondary contact. N is the size of populations
(N for Pop A and Ng for Pop B) for each cluster, Nanc is the size of ancestral population
before the division into two populations (Pop A and Pop B). Ma and Mg are, respectively,
migration rates from population B to population A and from population A to population B.
TsppT is the number of generations since the divergence time and Tgc the number of
generations since the secondary contact between both populations. T ap the number of
generations since the ancient migration between both populations.
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a) Correspondence Analysis (CA) of all North American individuals. Green open circles
represent individuals from USA and blue open circles represent individuals from Canada. b)
Linear regression between projections on the first axis (Axis1) of the Correspondence
Analysis (CA) for all North American individuals and latitude of each population origin. c)
Linear regression between the projections on the second axis (Axis 2) of CA for all North
American individuals and longitude of each population origin.
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Fig. 3.

Pc?sterior estimates of cluster membership for native individuals (n=624) at distinct values of
K (from 2 to 4), obtained with TESS software. Genetic cluster of G1 is represented in
orange, G2 in yellow, G3 in purple and G4 in green. Native individuals are arranged from
South to North (from left to right).
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Fig. 4.
Geographic distribution of the 3 genetic clusters (K=3) detected in North America. Pie

diagrams represent the mean assignation of every native population to each genetic cluster
and the nearby number indicates the amount of individuals contributing to the population.
G1 individuals, Northeastern populations, are indicated in orange, G2, Southeastern
populations, in yellow and G3, Northcentral/Northwestern populations, in purple (see main
text). The black thick line delineates the natural area of Q. rubrain North America. The
raster maps data are free of use and come from Natural Earth website (http://
www.naturalearthdata.com/) at 1:50m scale.
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Fig. 5.

Correspondence Analysis (CA) of all North American and European individuals. Individuals
from different ranges are shown by different colors: green open circles represent individuals
from the native range and red closed circles individuals from the introduced range.
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Fig. 6.
Posterior estimates of cluster membership for native and introduced individuals (respectively

n=624 and n=259) at K=2 and K=3, obtained with TESS software. Genetic cluster of G1 is
represented in orange, G2 in yellow and G3 in purple. Individuals are arranged according to
their latitudinal coordinates from South to North (from left to right).
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Fig. 7.

Ggographic distribution of the 3 genetic clusters (K) found in Europe. Pie diagrams
represent the mean assignation of every introduced population to each genetic cluster and
the nearby number indicates the amount of individuals contributing to population. G1
individuals, Northeastern populations, are indicated in orange, G2, Southeastern populations,
in yellow and G3, Northcentral/Northwestern populations, in purple. The raster maps data
are free of use and come from Natural Earth website (http://www.naturalearthdata.com/) at
1:50m scale.
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Description of samples used for DNA extraction and genotyping: kind of samples, number of samples

Table 1

Page 27

(NsampLEs), year of sampling, sampling location, number of native (Nnative) and introduced (NiNTRODUCED)
populations sampled.

Samples NgsampLes Year  Sampling location NnaTive  NINTRODUCED
Buds 394 2003  Progeny tests in France
62 38
Leaves 331 2015  Progeny tests in France
Leaves 336 2015 Natural population in USA 11 -
Total 1061 - - 73 38
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Table 2

Results of Analyses of Molecular Variance (AMOVA) within North America and Europe and between both
gene pools of Q. rubra. dfrepresents the degree of freedom.

d Sum of Variance Percent

Source of variation squares components variation p-value
North America
Among populations 45 1740.4 0.838 2.84 <0.001
Within populations 512 14645.7 28.605 97.16
Europe
Among populations 21 791 0.847 289  <0.001
Within populations 220 6253.4 28.424 97.11
All two gene pools
Between gene pools 1 138.4 0.291 098 <0.001
Among populations 66 2531.4 0.840 283 <0.001

Within populations 732 20899 28.551 96.19
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