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Summary
. Historical trajectories of tree species during the late quaternary have been well
reconstructed through genetic and paleobotanical studies. However many congeneric
tree species are interfertile, and the timing and contribution of introgression to species
divergence during their evolutionary history remains largely unknown. .
. We quantified past and current gene flow events between four morphologically

divergent oak species (Quercus petraea, Q. robur, Q. pyrenaica, Q. pubescens), by two
independent inference methods: diffusion approximation to the joint frequency
spectrum (0adi) and approximate Bayesian computation (ABC). For each pair of
species, alternative scenarios of speciation allowing gene flow over different timescales
were evaluated.

. Analyses of 3,524 SNPs randomly distributed in the genome, showed that these species
evolved in complete isolation for most of their history, but recently came into
secondary contact, probably facilitated by the most recent period of postglacial
warming.

. We demonstrated that i) there was sufficient genetic differentiation before secondary
contact for the accumulation of barriers to gene flow, and ii) current European white
oak genomes are a mosaic of genes that have crossed species boundaries and genes
impermeable to gene flow.
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Introduction

The historical trajectories of tree species during the late quaternary have been well
reconstructed through genetic and paleobotanical studies over the last decade (Cheddadi et
al., 2005; Hewitt, 2000; Hu et a/., 2009). These investigations have retraced the major
continental migration pathways occurring during the most recent glacial-postglacial periods.
These pathways have been particularly well described for widely distributed European forest
tree species, such as Norway spruce (Tollefsrud et a/., 2015), Scots pine (Cheddadi et a/,
2006), beech (Magri et al., 2006), sessile and pedunculate oaks (Petit et al., 2002a; Brewer et
al., 2002) and larch (Wagner et al., 2015). One of the key features that emerged from these
studies was the recurrent retraction/expansion of populations during the glacial/interglacial
periods that recurrently occurred during the Pleistocene and that molded the extant genetic
differentiation. During glacial periods, allopatric divergence between populations was
reinforced by isolation in different refugial areas (Iberian Peninsula, Italy and Balkans),
whereas recolonization during interglacial periods restored genetic contacts among the
expanding populations from the refugia. While this general scenario holds for many tree
species, it can also be extended at a larger scale, for related sympatric and hybridizing
species. Understanding how related species have maintained their species integrity in the
context of the glacial/interglacial remains a challenging and pending issue.

As mentioned, many tree genera (Abies, Pinus, Fraxinus, Quercus ...) comprise groups of
interfertile species that share today the same or proximal habitats. Their ability to intercross
with closely phylogenetically related species indicates a wide semi-permeability of
boundaries to gene flow (Mallet, 2005). This semi-permeability may result from physical
linkage to species barrier loci, reducing introgression rates at some loci. However, it may
also result from adaptive introgression, because hybridization and subsequent introgression
may contribute to rapid evolutionary change by introducing advantageous mutations into
another gene pool (e.g. Martin et al,, 2006; Whitney et al., 2006; Castric et al., 2008, Lexer
& Widmer, 2008; Whitney et al., 2010). A well-known example of species introgression and
genome permeability to gene flow in forest trees is oaks. Temperate white oaks form a
limited group of species widespread throughout Europe and are known to be interfertile
(Lepais et al., 2013). The four oak species, Quercus petraea, Q. robur, Q. pubescens and Q.
pyrenaica, have partially overlapping distributions in Europe. Q. petraeaand Q. roburare
found throughout the continent, whereas Q. pubescens is mostly located in southern Europe,
and Q. pyrenaica in the extreme western part of the continent. These species have at least
three features making them ideal case studies for retracing historical pathways of species
divergence:

i) The recent post-glacial history of temperate European white oak species has
been reconstructed from both genetic and historical evidence (Petit et a/., 2002a,
2002b and 2002c). The locations of the principal refugia of oak species in
Europe (Iberian Peninsula, Italy, the Balkans) have been identified, together with
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their postglacial recolonization routes. However, the initial links between
postglacial lineages and oak species remain unclear (Petit et a/., 2002a and
2002b). Little is known about the sequence of speciation events within the
European white oak complex, except the start of the radiation (1-5 million years
ago, Hubert et al., 2014).

ii) Interspecific hybridization between these four species has been investigated in
detail in mixed stands and it has been suggested that they form a species
complex (Lepais et al., 2009; Lepais & Gerber, 2011). These studies also
showed that species boundaries were maintained largely through postmating
prezygotic barriers, especially between Q. petracaand Q. robur (Abadie et al.,
2012, Bodéneés et al., 2016).

iii) The Q. robur (pedunculate oak) genome sequence is now available (Plomion et
al., 2016). Many other genomic resources are also available for European white
oaks: a transcript atlas (Lesur et al., 2011; Lesur et al., 2015), expression profiles
(Le Provost et al., 2012; Ueno et al., 2013; Le Provost et al., 2016), a SNP array
(Lepoittevin et al., 2015) and genetic linkage maps (Bodéneés et al., 2012;
Bodénes et al., 2016). Bodénés and coworkers (2012; 2016) observed a
remarkably high degree of collinearity between pedunculated and sessile oak
genomes.

Although contemporary interspecific gene flow between European white oaks has received
considerable attention (Lepais ef al., 2009; Lepais & Gerber, 2011, Gailing & Curtu, 2014),
the historical occurrence and evolutionary imprint of gene flow remain largely unexplored. It
is unknown whether species contacts were disrupted, maintained or reinforced during the
Pleistocene, especially during the glacial and interglacial periods. Hence its imprint on
extant species divergence counterbalancing divergent selection is still an open debate. By
using two different independent inference methods based on a large genomic SNP survey,
we addressed these pending issues by raising the following questions: (i) did divergence
within the white oak complex occur in sympatry or include periods of strict allopatry? (ii)
Were periods of interspecific contacts associated to the climatic history, 7.e. to glacial/
interglacial sequences? (iii) Are current genomic landscapes of differentiation explained
solely by demographic factors or also shaped in part by natural selection? Our investigations
were conducted in the four white oak species (Q. petraea, Q. robur, Q. pyrenaica, Q.
pubescens), and we explored the species contacts by considering separately each pair of
species. In a more global approach, we completed the pairwise historical perspective by
reconstructing the phylogenetic relationships among the four species.

Materials and Methods

Sampling

We used samples from a mixed stand of four white oak species (Q. petraea, Q. robur, Q.
pubescens and Q. pyrenaicd) located near Briouant (latitude: 43.2166, longitude: 0.8667,
elevation 200 to 400 meters) in South-West France. We sampled eight trees for Q. petraea,
66 for Q. pubescens, 73 for Q. roburand 65 for Q. pyrenaica. Additional Q. petraea
genotypes were also sampled from two mixed oak stands (also containing Q. robur) located
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less than 15 km apart on the northern slopes of the foothills of the French Pyrenees: 49 trees
in Ade (latitude 43.2617, longitude: -0.0098 elevation: 370 m) and 22 trees in Ibos (latitude:
43.1489, longitude: -0.0134 elevation: 425 m). All these stands were of natural origin and
have been described in previous studies (Lepais & Gerber, 2011).

SNP genotyping and mapping

We genotyped 7913 SNPs in 283 individuals with an [llumina® Infinium Iselect Custom
Genotyping Array (Illumina Inc., San Diego, CA, USA). The development of the high-
density SNP array and the SNP genotyping methods have been described elsewhere
(Lepoittevin et al., 2015). Briefly, SNP array was derived from two different SNP calling
projects, both using sequences from Q. roburand Q. petraea samples. The first one is a set of
1,371 SNPs derived from Sanger sequences across 709 gene fragments. The second set is
composed of 6,542 SNPs derived from 454 reads at 5, 112 unigenes (Ueno et al., 2010).
Given the relatively high frequency of sequencing errors due to the 454 technology,
uncommon alleles (MAF>0.2) were discarded (for details, see Lepoittevin ef a/. 2015).
Despite this screening procedure during the SNP discovery step, MAF followed a clear L
shape distribution in natural populations, with as expected more lower MAF values in Q.
pyrenaicaand Q. pubescens (Lepoittevin ef al. 2015). Distributions of the SNPs on a high-
density composite linkage map (Bodénés et al., 2016) are displayed on Figs SI-S6.

Outgroup genome sequencing

A Quercus suber (cork oak) genotype from Herdade dos LeitBes, Montargil, Portugal was
used as the outgroup. Q. suberbelongs to a different, more ancestral group of oaks than the
white oaks (Hubert et al., 2014). This genotype was sequenced and orthologous regions to
the studied loci were identified. DNA extraction, library preparation and Illumina
sequencing are detailed in Methods S1. In total, 96 million Illumina paired-end reads were
mapped onto a haploid version of the recently released reference Q. robur genome sequence
(Plomion et al., 2016). We used the Haplomerger vl (Huang et al., 2012) pipeline to
reconstruct allelic relationships in the released diploid assembly and to reconstruct a
reference haploid assembly. The diploid genome was first soft-masked with trf (to mask
tandem repeats) (Benson, 1999), RepeatMasker (to mask simple repeats, low complexity and
Viridiplantae-specific transposable elements) (Smit et a/., 2013-2015), DUST (to mask low
complexity sequences) (Margulis et a/., 2006) and RepeatScout (to mask unknown
transposable elements) (Price et al., 2005). We then inferred a scoring matrix specific to the
oak genome sequence, using 5% of the diploid assembly. The haploid genome was obtained
from the soft-masked assembly and the specific scoring matrix, with the default parameters
of Haplomerger. Our read mapping pipeline includes bowtie2 v.2. 1.0 for mapping
(Langmead & Salzberg 2012), Picard v.1.88 for removing duplicates (http://
picard.sourceforge.net) and SAMtools 1.1 for variant calling (Li et al., 2009). Given the
relatively low sequencing depth (12.4x per base, on average, considering bases covered at
least once, see also Fig. S7), varFilter was used to discard sites with an extremely high
coverage (100x), which are likely to correspond to repetitive regions of the genome.

We checked the quality of this Q. suber genotyping, by individually blasting each of the
primers described by Lepoittevin et al. (2015) against our reference haploid genome. We
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retained only SNPs directly flanked by the two flanking primer sequences (no neighboring
gaps or SNPs). Only 1,549 SNPs successfully fulfilled this criterion and were used for
phylogenetic analysis.

Population genetics analysis

Principal component analysis (PCA) was performed with the FactoMineR package (Lé et al.,
2008) implemented in R (R Core Team 2016) to visualize population structure. For
admixture analysis, we ran fastSTRUCTURE v1.0 (Raj ef al., 2014) with different values for
the number of ancestral populations (K), ranging from 1 to 12, with 10 replicates per K
value. We used two different strategies to determine the best value of K: the automatic
heuristic method implemented in fastSTRUCTURE and the lowest cross-validation error. In
all clustering algorithms, the best value of K'is the optimal number of groups partitioning the
dataset under a given model. This best value of K'must be interpreted with caution, because
either the sampling ascertainment scheme or violations of the hypothesis to the underlying
model can lead to confounding results or erroneous interpretations (for limitations see
Schwartz & McKelvey 2009; Kalinowski 2011; Raj et al., 2014). We excluded first-
generation hybrids, by retaining only individuals with mean cluster membership (Qvalues)
values above 0.9 for all subsequent analyses.

We also calculated summary statistics for diversity and genetic divergence between pairs of
species with GENEPOP (Raymond & Rousset 1995). Allele frequencies, and observed (Ho)
and expected (He) heterozygosities were estimated for the four white oak species. We used
Genetix v.4.05 (Belkhir et al., 1996) to estimate both multilocus and per-locus Weir &
Cockerham's Fg1 values for each pair of species (Weir & Cockerham 1984).

Phylogenetic analysis

Concatenated alignments of all sites were used to infer the maximum likelihood tree with
RAXML v8.1.5 (GTR+CAT model, 100 bootstrap replicates) (Stamatakis 2014). The tree
was rooted with 1,549 SNPs from the Quercus suber outgroup. Tree representations were
generated with online Interactive Tree Of Life software (iTOL; Letunic & Bork 2011).

ABC analysis

Simulated models—We used an ABC approach to investigate the demographic history of
the four European white oak species (Beaumont et a/., 2002). We carried out a statistical
evaluation of four models of speciation, for the six possible pairs of species (Fig. 1). All
these scenarios included the subdivision of an ancestral panmictic population into two
daughter populations (popl and pop2) at time Tgp ;7. The models assumed that the three
diploid populations had independent sizes that remained constant over time (Nanc, Npop1,
Npop2)- Three of the scenarios assumed substantial gene flow since Tsp 7: ancient
migration (AM), continuous migration (IM) and secondary contacts (SC). The remaining
model assumed strict isolation (SI). In the AM model, migration occurred after Tgp |1 but
stopped before the present (at time T ap). In the IM model, migration was assumed to have
occurred without interruption since Tgp 7. In the SC model, the daughter populations were
assumed to have started to evolve in complete isolation early in speciation, with secondary
gene flow beginning to occur at time Tgc.
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Coalescent simulations—For each model, we simulated 10 million data sets with
msnsam, a modified version of Hudson's ms program allowing variability of sample size
across loci (Hudson 2002; Ross-1barra et a/., 2008). Simulations were performed with
random prior draws from a modified version of priorgen (Ross-1barra et al., 2008). For all
simulations, summary statistics were calculated with mscalc (Ross-lbarra et a/., 2008; 2009;
Roux et al., 2011). All these programs and all input files used are available for download at a
GitHub repository (https://github.com/ThibaultLeroyFr/WhiteOaksABC). Large uniform
prior distributions were used for all parameters common to all models. The relevance of the
chosen prior-model combinations was first evaluated by generating a subset of summary
statistics similar to that observed, as proposed by Cornuet et a/., (2010). For each model,
effective population sizes Npop1, Npop2 and Nanc were sampled from a uniform distribution
running from 0 to 10,000,000. For speciation models assuming homogeneous migration of
loci, all loci moving in a given direction had the same effective migration rate, which was
independent of that for migration in the opposite direction. Mpop1 (= 4.Npop1-Mpop2->pop1)
and Myop2 (= 4.Npop2-Mpop1->pop2) Were sampled from uniform distributions (0-100), where
Mpop2->pop1 @Nd Mpop1>pop2 are the proportions of migrants from population pop2 in
population popl and of migrants from population pop2 in population popl, respectively. In
our models, special attention was paid to two important genomic features known to bias
demographic inferences: genomic heterogeneities in effective migration rates and effective
population sizes. For models assuming genomic heterogeneity in effective migration rates,
locus-specific effective migration rates were randomly sampled from a beta distribution
shaped by parameters “a” and “b” (“a” randomly chosen from 0-100 and “b” from 0-500;
Roux et al., 2013). Our SI model assumed genomic variation of effective population size, to
take into account the confounding effects of linked selection (Charlesworth et a/., 1997,
Charlesworth 2009; Cruickshank and Hahn 2014). For this model, a number of loci unlinked
to barriers are randomly sampled from a uniform distribution between 0 and the total
number of polymorphic loci for the considered pair. For these loci, effective population sizes
were sampled from the same uniform distribution than for models assuming genomic
homogeneity (0-10,000,000). For the remaining loci, locus-specific effective population
sizes were randomly sampled from the beta distribution shaped by parameters “a” and “b”.

Model selection—Posterior probabilities for each of the four models (S, IM, AM, SC)
were estimated with a feedforward neural network by nonlinear multivariate regression, with
the model itself considered as an additional parameter to be inferred under the ABC
framework, in the R package “abc” (Csillery et al., 2012). The 10,000 replicate simulations
(0.025% of the total number) closest to the observed values for the summary statistics were
selected and weighted with an Epanechnikov kernel. Computations were performed with 20
trained neural networks and eight hidden networks in the regression.

Finally, we estimated the probability of correctly supporting the best model, as described by
Fagunges et al., (2007), by simulating 1,000 pseudo-observed datasets (PODS) under each
of the four models compared, with parameters sampled from the same prior distributions.
We then used the model selection procedure described above to estimate the relative
posterior probabilities of each model for each PODS. The robustness of the demographic
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inference for each pair of species was then estimated from distributions of posterior
probabilities over PODS.

Parameter estimation—Posterior distribution of the parameters was estimated for the
best models using nonlinear regressions. We first used a logit transformation of the
parameters on the 10,000 best replicate simulations providing the smallest Euclidian
distance (Csillery et al., 2012). Posterior probability were then estimated using the neural
network procedure and obtained by means of weighted nonlinear multivariate regressions of
the parameters on the summary statistics using 25 trained neural networks and 10 hidden
networks.

daoi analysis

Results

Eleven demographic scenarios were compared in a modified version of 0adi, a diffusion
approximation method for demographic inference (Gutenkunst et al., 2009; Tine et al., 2014,
Le Moan et al., 2016). These models were derived from the four scenarios (SI, AM, IM and
SC) compared in the ABC analysis. We evaluated scenarios including genomic homogeneity
and heterogeneity in introgression rates between loci and in effective population size. S,
AM, IM and SC describe the same models as investigated by ABC, with genomes displaying
similar migration rates and effective population sizes. SI2N describes the SI model with two
categories of loci, with reduced or non-reduced effective population sizes, at proportions
alpha and 1-alpha in genomes. AM2M, IM2M and SC2M describe the AM, IM and SC
models but with two categories of loci in each case: loci linked to species barriers (a
proportion P of loci) and loci unlinked to species barriers (a proportion 1-P of loci with
Ma>0 and Mg>0). For these three models, barriers were assumed to be symmetric: Mpopy =
Mpop2 = 0 for P loci. AM2M2P, IM2M2P and SC2M2P describe the AM2M, IM2M and
SC2M maodels, but with asymmetric barriers. Two independent values of P were used, one
for each migration direction (see Methods S2 for details). 0adi estimates the maximum
composite likelihood for each model. Two simulated annealing procedures, one cold and the
other hot, were successively included before quasi-Newtonian optimization (Tine et al.,
2014; Le Moan et al., 2016). For each model, we report the maximum likelihood after 150
independent runs. We then compared the 11 best diffusion fits to the observed joint spectrum
of allele frequencies, using the Akaike information criterion (AIC) to take into account
heterogeneity in the number of parameters between the 11 models tested (Tine et al., 2014;
Le Moan et al., 2016).

Genetic diversity

We genotyped 283 individuals of four different white oak species: Q. petraea (n=79), Q.
robur (n=73), Q. pubescens (n=66) and Q. pyrenaica (n=65) at 7,913 SNPs (Lepoittevin et
al., 2015). Overall, 4,211 SNPs from the initial set of 7,913 SNPs satisfied Illumina quality
control criteria, displayed unambiguous patterns on genotyping and were polymorphic in at
least one species. No SNP was found to be differentially fixed in any of the six pairs of
species. In total, 3,232 SNPs (76.75%) were common to all four species, even if sequences
from only two species (Q. robur & Q. petraea) were used to design the SNP array,
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suggesting a substantial fraction of shared polymorphisms between the four species. The rest
of the dataset consisted of 167 polymorphisms specific to one species (3.97%), 279 to two
species (6.62%) and 533 to three species (12.66%). Mean genomic differentiation, as
assessed by Fgr, varied from 0.068 (Q. pubescens - Q. pyrenaicd) to 0.131 (Q. pubescens -
Q. robur). For all pairs, standard deviations of Fg7 values between SNPs were relatively
high, ranging from 0.109 to 0.162, indicating high levels of genetic heterogeneity and
differentiation within genomes (Figs. S1-S6; S8). Our SNP data was based on SNP detection
in a limited number of coding regions (Lepoittevin et al., 2015), and several SNPs were
identified in some transcripts. We ensured that inferences about population structure and
demographics remained unbiased, by reducing the degree of physical linkage disequilibrium
between markers through the random sampling of a single SNP for each of the 3,524
transcripts.

Strong interspecific structure

We investigated population structure, by principal component analysis (PCA) and inference-
based methods. In PCA (Fig. 2-A and 2-B), the first component accounted for 11.6% of total
inertia and clearly separated Q. roburindividuals from those of the Q. petraea, Q. pubescens,
Q. pyrenaica gene pools (Fig. 2-A and 2-B). The second component (5.87%) isolated Q.
petraea samples from Q. pubescensand Q. pyrenaica. The third component (3.02%)
separated Q. pubescens samples from those corresponding to the other three species. The
three first components were, therefore, sufficient to detect four distinct genetic clusters,
consistent with both the morphological identification of the four species (Viscosi et al.,
2009) and a previous species assignment performed with 807 individuals from the mixed
stand at Briouant genotyped for 10 SSR loci (Lepais et a/., 2009). However, the species
assignments for some individuals were different from those previously reported (e.g. gray
arrows - Fig. 2-A and 2-B), suggesting that a small number of markers can be insufficient to
ensure an accurate species assignment (Neophytou 2014).

An individual-based clustering analysis was carried out in fastSTRUCTURE to infer
population structure from the data. The automatic heuristic method implemented in the
software suggested that the best partitioning of the data set was achieved with K=5 or K=6.
Cross-validation error was observed smallest for K=5, indicating that statistical support was
strongest for a model with five clusters. The bar plot obtained for K=5 (Fig. 2-C; Fig. S9)
indicated that the individuals belonged to four main clusters (average membership
proportions of 0.28, 0.26, 0.24, 0.22 for the four genotypes), with low average membership
rates for the fifth cluster (<1 x 104, to which none of the individuals was mainly assigned.
Clustering patterns at K= 5 revealed strong associations between our four main clusters and
prior species assignments based on the genotyping of 10 SSR loci (Fig. 2, Lepais et al.,
2009). For some individuals, species assignment was discordant with the results obtained in
the previous study. These individuals were reassigned to the genetic clusters identified in this
study (K=5, Fig. 2-C). In total, 256 of the 283 individuals had Q-values (estimates of
membership coefficient) exceeding 0.9 for membership of one of the four main clusters: 66
Q. robur, 70 Q. petraea, 55 Q. pubescensand 65 Q. pyrenaica individuals. The remaining 27
individuals were considered to be admixed. For all subsequent analyses, only the 256
individuals clearly assigned to one of the four main genetic clusters were retained.
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We then investigated the phylogenetic relationships between the four main clusters (Fig. 3).
A maximum likelihood tree based on 1,549 SNPs and rooted on a Q. suber genotype (see
Materials & Methods for details) suggested that individuals of the Q. mbur cluster first split
from the individuals of the other three genetic clusters. These three clusters then split into
two subclades, one corresponding to Q. pyrenaica and the other to Q. petracaand Q.
pubescens. The most recent split likely occurred between Q. pefraeaand Q. pubescens. With
the notable exception of Q. pubescens (Fig. S9), the phylogenetic relationships between
species were consistent with the population split observed with the increasing number of
axes or clusters in our population structure analyses (Fig. 2), suggesting that both population
genetic structure and phylogeny analyses yielded reliable conclusions about the sequence of
speciation events.

Strong statistical support for secondary contact

We investigated the importance of gene flow during the European white oak radiation, by
comparing four models of divergence (Fig. 1) in two independent approaches: ABC
(Beaumont 2002) and dadi (Gutenkunst et al., 2009). Two of the models tested assumed that
the sister species were currently isolated (SI and AM models), whereas the other two models
assumed ongoing gene flow (IM and SC models).

ABC analyses of the six possible pairs of species systematically provided unambiguous
statistical support for the SC model (Table 1). The posterior probabilities of this model
always exceeded 98.5%, outperforming the IM (from 0.1 % to 0.7%), AM (from 0.4% to
0.7%) and SI (from 0.1% to 0.3%) models. Using leave-one-out cross validations based on
PODS simulated 1,000 times for each model, we estimated a robustness of lin support of SC
in all comparisons (Fig. S10-A and S10-B) meaning that the probability to wrongly accept
SC was close to zero.

We then investigated the effects on genomic introgression of putative barriers accumulated
during the isolation period preceding secondary contact. We used ABC to compare
alternative SC scenarios: the SC-homo scenario assumes genomic homogeneity in
introgression rates (Table 2), whereas the SC-hetero scenario assumes variation in
introgression rates among loci. For all pairs of species, ABC provided strong statistical
support for the SC-hetero scenario, with relative posterior probabilities of 97.1% to 98%
(Table 2). Robustness, estimated with 1,000 PODS simulated under the SC-homo and SC-
hetero models, exceeded 0.98 for the six pairs studied (Fig. S10-C and S10-D).

In parallel to the ABC analysis, we also investigated demographic history through a
diffusion-based approach implemented in dadi (Gutenkunst er a/., 2009; Tine et al., 2014).
The maximum composite likelihood was estimated for 11 alternative models. These models
included the four main scenarios compared by ABC (Fig. 1; Methods S2) and their
derivatives. Some assumed heterogeneity in between-locus variation in introgression rates
(AM2M, IM2M, SC2M, AM2M2P, IM2M2P and SC2M2P; Methods S2), and one also
assumed variation in genetic drift (SI2N; Methods S2). As in the ABC analysis, the SC
model outperformed the other models for all six pairs of species (AAIC < 4; Table 3). For
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each pair of species, the maximume-likelihood models obtained with 0adi were consistent
with the observed joint allele frequency spectrum (Fig. S11-S16), confirming that the best-fit
models were able to reproduce observations. However, unlike ABC, 0adi did not distinguish
between heterogeneous and homogeneous models of introgression (Table 3). This may be
due to the different ways in which these two methods deal with heterogeneity. In ABC, we
simulated heterogeneities by assuming that introgression rates followed a beta distribution
across loci. However, such continuous variation across loci is not compatible with dadi, for
which we simulated heterogeneities by assuming two discrete categories of loci: a
proportion Pof loci with a migration rate equal to 0, and a proportion 1-Pwith a migration
rate greater than 0.

Estimated parameters of the SC model

For each pair of species, we examined parameter estimates under the best-fit SC model.
Posterior distributions of parameters were built from 10,000 accepted simulations and were
found to be poorly differentiated from their prior distributions for some parameters. This
was the case for ancestral population size, migration rates and Tgpy ;T (Table 4 and Fig. S17-
S22), suggesting that the data provided little information about these parameters.
Conversely, for each pair of species, the posterior probabilities of the timing of secondary
contact (Tsc and its derivative ratio Tgc/Tgp 1) Were very different from the corresponding
prior distributions. Our estimates thus suggest that all secondary contacts occurred recently
[Tsc/TspL T varying between 0.0027 (95% CI: 0 — 0.0148) for Q. robur — Q. pubescens to
0.0082 (95% CI: 0 — 0.0561) for Q. pubescens— Q. petraed].

Discussion

We used a large population genetic survey to investigate the sequence of speciation events in
the European temperate white oak complex and the history of genetic contacts between these
species. First we provided fine phylogenetic resolution among the four species, enlightening
the sequence of speciation events (Fig. 4). Second our data suggested that there had been a
long period of strict isolation followed by a recent period of massive secondary contact
during the last 1% of the divergence time (0.27% to 0.82%; Fig. 4). Third introgression
resulted in a very heterogeneous distribution of migration rates throughout the genome.

It is tempting to insert these results in a time frame for the discussion, given the existing
knowledge of the timing of speciation events in the genus Quercus. Estimates of divergence
ages within the European white oaks are still imprecise and vary between 1 to 5 million
years according to the most refined dated phylogeny available today (Hubert et al., 2014).
We will consider this time period as the lag within which the earliest split (Q. roburvs. the
ancestor of the 3 other species) and the most recent split (Q. pubescensvs. Q. petraea)
among the 4 species occurred. Starting from this range of time for the divergence and based
on mean inferred values of the ratio Tsc/Tsp T (Table 4), our results suggest that the
massive secondary contacts occurred between 2,700 and 13,500 years for the most recent
contacts (between Q.roburand Q. pubescens) and 8,200 to 41,000 for the most ancient
contacts between Q. pubescensand Q. petraead). Taking into account the confidence interval
of the relative time of the secondary contacts (Table 4) the figures become 0 to 74,000 for
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Q.robur — Q. pubescens, and 0 to 280,500 for Q. pubescens— Q. petraea. While these time
frames may seem rather vague, they can still be interpreted in light of the timing of climatic
oscillations that occurred during the Pleistocene. It is well know that climatic oscillations
were with periods lasting 41 to 100-kyr (Dynesius and Jansson, 2000). These figures suggest
that the secondary contacts between our white oaks species most likely occurred either
during the ongoing or last (Eemian) interglacial period or the two last glacial periods (Riss
and Wurm).

Phylogenetic tree topology in European white oaks

Using a phylogenetic framework, we determined the chronology of speciation events within
the European white oak complex. This chronology had long remained unclear, because
previous oak phylogenetic investigations were unable to distinguish between these species
with a high level of confidence (poor support and short branches, Hubert et a/., 2014). We
found support for an initial splitting off of the Q. robur cluster from the three other clusters
(Q. petraea, Q. pubescensand Q. pyrenaicd). This split was also supported by the significant
contribution of Q. roburto the variance explained by the first axis of the PCA (Fig. 2). Our
phylogeny also suggested that Q. pyrenaica subsequently split off from the other clusters,
with Q. petraeaand Q. pubescens diverging more recently. Earlier phylogenetic
reconstruction considering temperate white oaks were unable to resolve the relationship
between our 4 species (Hubert et al., 2014; Denk and Grimm, 2010; Bellarosa et a/., 2005).
However recent genetic survey conducted with genetic markers highlighted closer genetic
relationships between Quercus pubescensand Q. petraea (Rellstab et al., 2016a; Neophytou
et al. 2015; Curtu et al., 2007; Lepais et al., 2009). These results were also confirmed by
phenetic analysis based on leaf morphological features showing that Q. pubescensand Q.
petraea share strong leaf morphological similarities in contrast to Q. pyrenaicaand Q. robur
(Viscosi et al., 2009).

Unambiguous signature of recent secondary contacts

Our inferences about the evolutionary history of the European white oak complex revealed
clear signals of very recent secondary contacts after a long period of isolation. Models
assuming one secondary contact event clearly outperformed all alternative scenarios of
speciation. This was true for all pairs of species and independently for both dadi and ABC-
based inferences. Our time frame further suggests that the contacts occurred during the very
last glacial or interglacial periods. We contend that contacts were facilitated during
interglacial periods, when species migrated northwards from different geographically
separated refugial zones, as was clearly shown by phylogeographic studies in oaks during
the onset to the current interglacial period (Petit ef a/,, 2002a). But was it only during
interglacial periods? During glacial periods, were species genetically isolated while present
in the same refugial areas, or because they were restricted to different refugial areas. There is
no paleobotanical clue to answer this question, as no clear interspecific differences in pollen
morphology allow species identification within the deciduous oaks. Q. petraea, Q. robur and
Q. pubescens are today present in the three major refugial areas (Iberian Peninsula, Italy and
the Balkan Peninsula), while Q. pyrenaicais only spread today in the Iberian Peninsula.
Hence at least for the three former species, one cannot exclude that they were present in the
three refugial areas. However, although paleo oak distribution is limited by the scarcity of
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pollen sequences, there is evidence that deciduous oaks were restricted in mountains at mid-
altitude sites during glacial periods (Brewer et al., 2002), thus favoring genetic isolation
between species (Moracho et al., 2016). One may therefore conclude that secondary contacts
were less likely to occur during glacial than during interglacial periods. Finally it is
worthwhile recalling that despite our uncertainties about the timing of recent contacts, our
results are the first to suggest that the four white oak species were genetically isolated during
a rather long period before getting into contact (Fig. 4).

How did secondary contact shape the current pattern of nuclear and cytoplasmic divergence?
Assuming that species were separated during glacial periods (either within or between
refugial areas), isolation lasted more than 100,000 years thus reinforcing interspecific
divergence at both the cytoplasmic and nuclear levels (Kremer et al., 2010). Isolation
probably resulted in associations between nuclear and cytoplasmic genomes, as still found in
some rare cases in extant populations (Kremer et al., 2002; Petit et al., 2002a). Evidence for
genetic divergence between refugia during glacial periods is provided by the strong
associations between chloroplast haplotypes and routes of postglacial recolonization (Petit et
al., 1997; Petit et al., 2002a). In Europe, postglacial migration was initiated from at least
three independent oak refugia located in the Iberian, Italian and Balkan peninsulas in
southern Europe (Willis, 1996; Tzedakis et al., 2002). These areas are still characterized by
different chloroplast haplotypes. When contacts were restored during postglacial expansion,
introgression resulted in cytoplasmic capture of chloroplast genomes and genetic
homogeneization among interfertile species, as observed today (Dumolin-Lapégue et al.,
1998; Petit ef al., 1993; Petit ef al., 2004). However introgression was incomplete at the
nuclear level, due to mating barriers, and this has resulted in the maintenance of nuclear
genetic divergence. As also shown by our results, even a handful of DNA markers captured
most of the variation contributing to species divergence today (Bodénes et al., 1997; Lepais
et al.,, 2009; Lepais & Gerber, 2011).

Genomic heterogeneity of species divergence: gene flow vs divergent selection

Our results underpin the imprint of secondary contacts on the extant level of species
divergence in European white oaks. However they also suggest that natural selection has
molded the genomic landscape of species divergence. Demography alone cannot explain the
genomic heterogeneity in introgression rates as we observed. Indeed, using our ABC
framework, models incorporating unequal introgression rates among loci due to
semipermeable barriers to introgression strongly outperformed models assuming equal
levels of gene flow (Table 2). This rejection of the hypothesis of genomic homogeneity is,
however, not significantly supported by five out of six dadi simulations (Table 4). As
emphasized by Roux et al. (2014), the higher power of an ABC framework to infer genomic
heterogeneity in introgression rates as compared to methods assuming discrete groups of
loci can account for this difference. By investigating models with variable introgression rates
among loci, we demonstrated that intrinsic and/or ecological selection also play a key role in
shaping the genomic landscape of species divergence (see also Rellstab et a/.,, 2016b).
Previous study based on controlled pollination experiments reported evidences for both pre-
and postzygotic reproductive barriers to gene flow in European white oaks (Abadie et al.,
2012; Lepais et al., 2013).
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Finally our results suggest that the exploration of demographic events and impacts is a
prerequisite step before investigating footprints of divergent selection. For example
coalescent population genetics approaches are used to determine the mechanisms of
speciation, including the maintenance or absence of interspecific gene flow. Methods
assessing the maintenance of gene flow have been little used to date (but see Wang et al.,
2014 and Christe et al., 2016 for examples in Populus), and divergence scenarios involving
secondary contact have, thus, been largely neglected. Pathogenic species provide an
emblematic example, in which ecological hypotheses of divergence with gene flow continue
to predominate (Leroy et al., 2014), despite clear evidence for secondary contact from
studies explicitly testing different demographic scenarios (Gladieux et a/., 2011; Lemaire et
al., 2016; Leroy et al., 2016). Deciphering the evolutionary history of species is of utmost
importance and studies of this kind should be carried out before attempting to evaluate the
genomic imprint of natural selection. Indeed, detection methods of genomic imprints due to
natural selection based on genome scans try to disentangle the genomic footprints due to
selection and neutral processes. Even for unrealistically simple demographic scenarios, the
efficiency with which these methods detect loci under selection differs considerably between
scenarios (Excoffier et al., 2009; De Mita et al., 2013; Fourcade et al., 2013). This is
particularly true for secondary contact, because violations of model assumptions result in a
very high rate of false-positives (Lotterhos & Whitlock 2014). One of the key challenges we
currently face is, thus, characterization of the genomic footprints predicted for realistic
scenarios (Hermisson ef al., 2009), in the most favorable way, under the best inferred
demographic scenario (Le Moan et al., 2016).

Limitations of our study and future prospects

Although this study outlines a credible scenario for a very recent and extensive secondary
contact between European white oak species, our study carries also some limitations. First,
while our SNP dataset is appropriate for inferring likely scenarios of divergence, it is not
suitable to estimates the dates of different evolutionary events. Indeed, large SNP datasets
are powerful enough to decipher simple scenarios of divergence, but present limitations to
yield reliable estimates of parameters, at least in the absence of any knowledge of the
mutation rate for the species under consideration. Second, recurrent cycles of isolation and
contacts occurring during the quaternary climate oscillations cannot be ruled out (Fig. 4).
Third, our models assuming that effective population sizes remain constant through time.
However, it is not unlikely that climate oscillations may have led to quite large temporal
variation in population sizes, a source of variation which is not taken into account in this
study and which could have a significant effect on the estimation of parameters. Finally,
results of this study are based on pairwise comparisons of species. Simultaneous contacts
with the other species- or with an unsampled species are not taken into account. However the
congruence of the results across the different pairwise analyses suggests that multiple
contacts, if they occurred, were as well recent. To tackle these limitations, more complex
demographic scenarios involving more than two populations, multiple cycles of contacts and
non-constant population sizes need to be tested. This will be easier to achieve using DNA
sequences rather than SNPs, because inferences based on sequences avoid ascertainment
bias and are expected to lead to more accurate estimations of parameters such as the dating
of the different periods of gene flow or the estimation of the population sizes. Historical
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inferences can further be improved by using ancient DNA retrieved from fossil remains.
Such allochronic investigations of “ancient” genetic parameters are currently underway and
their results will later be compared with our data obtained on extant populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The speciation scenarios compared
Four classes of models with different temporal patterns of migration were investigated in our

ABC analyses: Strict Isolation (SlI), Isolation Migration (IM), Ancient Migration (AM), and
Secondary Contact (SC). Tspy T is the number of generations since the divergence time in
all models. T is the number of generations since the two species stopped exchanging
migrants. Tgc is the number of generations since the two species began exchanging
migrants. Nanc, Npop1 and Npopy are the effective population sizes in the ancestral and in the
two daughter species, respectively.

New Phytol. Author manuscript; available in PMC 2017 October 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Leroy et al. Page 21

A

Q. petraea
Q. pubescens
Q. pyrenaica

10 | . i 10
i Q. robur

Dim 2 (5.87%)
[=]
|
Dim 3 (3.02%)
o
|
o 4

| I ] I I | I I I I
10 20 30 40 -20 -10 0 10 20 30 40

Dim 1 (11.60%) Dim 1 (11.60%)

C 1.0

0.8
0.6
0.4
0.2
0.0

Ancestry

Q.pubescens Q.robur Q pyrenaica Q.petraea

Fig. 2. Genetic structure of oak populations
(A) Principal component analysis (Dim 1: horizontal axis, Dim 2: vertical axis) of the 283

oak individuals represented by dots: Q. petraea (red), Q. pubescens (blue), Q. pyrenaica
(green) and Q. robur (black). Arrows indicate individuals assigned to a group other than that
expected on the basis of the original sampling.

(B) Principal component analysis (Dim 1: horizontal axis, Dim 3: vertical axis).

(C) Individual assignment to K=5genetic clusters by fastSTRUCTURE. Vertical lines
represent individuals. Colors represent assignment to different genetic clusters. Species
labels are based on prior knowledge of species delimitations from a previous population
structure analysis (Lepais et a/. 2009). Note that individuals show very restricted
membership to the fifth group (see main text).
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Fig. 3. Phylogenetic relationships of the 256 white oak genotypes rooted on Q. suber as the
outgroup

Tree branches are colored according to the clade bootstrap value (from yellow (50%) to red
(100%); black branches represent nodes with poor bootstrap support <50%). The 4 arc
segments highlight the four main genetic clusters previously detected.
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Fig. 4. Schematic drawing of the most likely scenario of divergence for European white oaks.
Red and light grey planes represent last secondary contact and putative older contact

respectively. Tsc, Tpsc, TspLiT1, TspLiT2 and Tsp 3 represents times for the inferred
secondary contact, a putative previous secondary contact, the split of Q. roburfrom the three
other cluster, the split of Q. pyrenaica from the two last cluster and the split of Q. petraea
from Q. pubescens, respectively. Time is not at scale.
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