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Abstract 

Ecologically divergent, hybridizing species such as oaks and poplars provide models to identify genomic regions under 
selection and adaptive alleles that are transferred between species in hybrid zones. Oaks show patterns of genomic divergence 
characteristic for early stages of speciation with gene flow, in which large genomic regions are homogenized by interspecific 
gene flow interspersed by smaller regions (outlier regions) with high interspecific differentiation as result of divergent 

selection. These outlier regions can be identified using genome scans in hybrid zones and anchored to the Quercus robur 

genome sequence which will become available in the near future. Combined outlier and association genetic approaches can 
assess the role of individual genes in outlier genomic regions in adaptive trait variation. In contrast, hybridizing poplar species 
show a pattern of genomic divergence with large genomic regions of high interspecific differentiation punctuated by smaller 
regions of low differentiation as the result of interspecific gene flow. Genome scans in multiple hybrid zones of interfertile 
poplar species and in populations outside the area of sympatry will allow for the identification of genes that are exchanged 

between species by interspecific gene flow using the Populus trichocarpa genome sequence as a reference. Again association 

genetic approaches can be used for the characterization of variation in these introgressed genes with adaptive trait variation. In 
the present paper, the application of genomic approaches to identify genes for adaptive species divergence and reproductive 
isolation, and introgressed genes between species is discussed. 

Keywords: ecological speciation, genome scans, Quercus, Populus, reproductive isolation, Simple Sequence Repeats (SSRs) 

 

 

 

 

 

 

 

 

 

 

Introduction 

In early stages of speciation, genome scans in hybrid zones 
can discriminate genomic regions with high interspecific 
differentiation as result of divergent selection (outlier regions) 
from selectively neutral genomic regions that are 
homogenized by interspecific gene flow (e.g. Nosil et al., 
2009). The size of these outlier genomic regions increases 
with divergence time between species and the evolution of 
intrinsic and extrinsic barriers to interspecific gene flow (e.g. 
Via, 2009; Stolting et al., 2013). In later stages of speciation, 
introgressed chromosomal blocks with low interspecific 
differentiation can be identified when populations from 
hybrid zones are compared with parental species populations 
outside the zones of sympatry. 
Oaks and poplars represent model tree species to study 

early and later stages of speciation, and maintenance of species 
identity with gene flow. Thus, in both genera interspecific 
gene flow is common in contact zones between interfertile, 
but ecologically divergent species (e.g. Lepais et al., 2009; 
Lexer et al., 2005). However, oaks and poplars show different 
signatures of genomic divergence. 
Hybridizing oaks show overall very low interspecific 

genetic differentiation punctuated by genomic regions of high 
differentiation (Goicoechea et al., 2012; Lind-Riehl et al., 

2014; Scotti-Saintagne et al., 2004b), a pattern that is 
predicted by the models of early stages of ecological speciation 
in the face of gene flow and strong divergent selection (Via, 
2009, 2012; Via and West, 2008). This pattern of genomic 
divergence allows for screening of loci under divergent 
selection and linked genomic regions (outlier regions) in 
hybrid zones between ecologically divergent oak species 
(Scotti-Saintagne et al., 2004b). Genome scans and the 
availability of high density linkage maps (Bodénès et al., 2012) 
and a reference genome sequence in Quercus robur 
(Christophe Plomion, pers. comm.) will enable us to identify 
the genes that underlie these outlier regions. 
In contrast, poplar species show patterns of genomic 

divergence indicative of later stages of speciation. In these 
later stages of speciation, genetic drift and selection within 
species has resulted in divergence of large genomic regions 
(Via, 2009) making it impossible to distinguish genomic 
regions involved in initial adaptive divergence between species 
from genomic regions that are differentiated as the result of 
genetic drift and within species selection responses. Thus, 
overall genome-wide genetic differentiation between 
interfertile hybridizing poplar species is magnitudes higher 
than in oaks, punctuated by smaller genomic blocks of low 
divergence (Stolting et al., 2013; Fig. 1). Consequently, 
transfer of alleles (including adaptive alleles) between 
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their potential adaptive importance using association genetic 
approaches (see below). 
Oaks and poplars provide a model to compare the size 

and distribution of genomic blocks in early and later stages of 
speciation. The availability of genomic and experimental 
resources such as Whole Genome Sequences (WGS), high 
density linkage maps, Quantitative Trait Locus (QTL) and 
association populations in the model tree poplar (Evans et al., 
2014; Novaes et al., 2009; Tuskan et al., 2006) and in the 
related oaks (Alberto et al., 2013; Bodénès et al., 2012; Faivre 
Rampant et al., 2011; Christophe Plomion, pers. comm.) will 
allow for the identification of genes that underlie outlier 
genomic regions in oaks and introgressed genomic regions in 
poplars. Outlier regions are expected to contain genes 
involved in adaptive divergence and reproductive isolation 
between species (Via, 2009). Introgressed genomic regions 
may be selectively neutral or contain genes of adaptive 
significance. Since both oaks and poplars show considerable 
within-species genetic variation for traits that discriminate 

ecologically divergent species can be analyzed when poplar 
hybrid zones are compared with populations outside the area 
of sympatry. 
Comparison of hybrid classes in seedlings and adult trees 

of Populus alba and Populus tremula suggested strong viability 
selection against many but not all hybrid classes from seedling 
to adult life stage (Lindtke et al., 2014). These results suggest 
that introgression of adaptive alleles between species is 
restricted to a few regions that are permeable to gene flow, but 
low interspecific differentiation could also be due to shared 
ancestral variation. The identification of genomic regions 
with low interspecific differentiation on the P. trichocarpa or 
P. tremula reference genomes (Tuskan et al., 2006; 
http://loblolly.ucdavis.edu/bipod/ftp/Genome_Data/genome/P
ota/) can help to distinguish between these two scenarios. 
Thus, blocks of introgressed regions in the other species’ 
genomic background would indicate recent interspecific gene 
flow (Stolting et al., 2013). Genes that underlie regions of low 
interspecific differentiation could be identified and tested for 
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Fig. 1. Schematic representation of interspecific genetic differentiation (FST) at individual markers across a chromosomal segment 
in poplars (A) and oaks (B). Interspecific differentiation at most markers is magnitudes higher in hybridizing poplars than in 
hybridizing oaks (see text for details). Black bars indicate chromosomal regions marked by low interspecific differentiation in 
poplars and by high interspecific differentiation in oaks. Genome-scans using next generation sequencing could identify blocks of 
genes in these chromosomal segments that are exchanged by gene flow in poplars and that show signatures of divergent selection 
in oaks 
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1989; Roe et al., 2014; Whitham et al., 1999). For example, 
genome scans at 11,976 Restriction Site Associated DNA 
(RAD)-sequencing derived loci in a Populus alba and P. 
tremula hybrid zone revealed pronounced selection against 
many, but not all hybrid classes, when adult and seedling 
generations were compared (Lindtke et al., 2014). Likewise, 
effective interspecific gene flow in a hybrid zone between 
Populus balsamifera and Populus deltoides was much lower in 
the seedling generation than in the seeds suggesting selection 
in early life stages as a post-zygotic isolation mechanism (Roe 
et al., 2014). Pre-zygotic barriers include phenological 
differences and incompatibilities resulting for example in 
asymmetric interspecific gene flow (Hamzeh et al., 2007; 
Keim et al., 1989; Roe et al., 2014). 
Mean genetic differentiation as measured by FST (Weir 

and Cockerham, 1984) at Simple Sequence Repeat (SSR) 
and Single Nucleotide Polymorphism (SNP) markers 
between hybridizing poplar species is magnitudes higher 
(mean FST > 0.30; Hersch-Green et al., 2014; Stolting et al., 
2013) than between hybridizing oaks (mean FST < 0.10; 
Alberto et al., 2013; Lind and Gailing, 2013; Mariette et al., 
2002) (see Fig. 1 for a schematic representation). For 
example, interspecific FST for 26 genomic SSR loci in a hybrid 
zone between P. deltoides and P. angustifolia ranged from FST 
= 0.003 to FST = 0.96 with a mean FST across all markers of 
0.47 (Hersch-Green et al., 2014). Likewise, comparatively 
high interspecific FST values were found in a contact zone 
between the hybridizing species P. alba and P. tremula (FST = 
0.37 for SSRs, FST = 0.634 for SNPs; Stolting et al., 2013). 
 
Outlier screening of candidate genes in red oak species 

(section Lobatae) 
 
Species boundaries in the North American red oaks are 

often genetically and morphologically ambiguous (Aldrich 
and Cavender-Bares, 2011; Hipp and Weber, 2008) and the 
overall level of genetic differentiation at genomic SSRs and 
genic Expressed Sequence Tag (EST)-SSRs is comparatively 
low (e.g. < 5% between Q. rubra and Q. ellipsoidalis; Lind and 
Gailing, 2013; Sullivan et al., 2013). Genetic assignment 
analyses at SSR and AFLP markers (Lind and Gailing, 2013; 
Owusu et al., submitted; Sullivan et al., submitted) and 
sharing of chloroplast haplotypes among species, but genetic 
differentiation among geographic regions independent of the 
species (Zhang et al., in prep.) illustrated recurrent gene flow 
among species. Yet despite interspecific gene flow, species 
cluster genetically (Lind and Gailing, 2013) and maintain 
ecological distinctions such as different soil preferences and 
adaptations to drought (Abrams, 1990, 1992; Gailing, 2013). 
Outlier screens using 36 genic EST-SSRs, that were 

originally developed in Q. robur and Q. petraea (Durand et al., 
2010), and eight genomic SSRs (Sullivan et al., 2013) in the 
ecologically divergent species Q. rubra (drought averse) and 
Q. ellipsoidalis (drought tolerant) revealed four outlier loci, 
one of which was identified as under strong divergent 
selection in all four interspecific population pairs from three 
geographic regions (Lind-Riehl et al., 2014). This 
microsatellite, FIR013, was nearly fixed for alternative alleles 
(138bp in Q. ellipsoidalis, 141bp in Q. rubra) in the two 

between hybridizing species, some genes that are related to 
interspecific trait differences may also show significant 
associations with trait variation within species as shown for 
both poplars (Frewen et al., 2000; Ingvarsson et al., 2008) and 
oaks (Alberto et al., 2013; Lind-Riehl et al., 2014). 
Current advances in interspecific genome scans and 

association genetics, and strategies to characterize outlier and 
introgressed genomic regions and to assess their effect on 
adaptive trait variation in oaks and poplars are presented in 
the present paper. 
 
Hybridization in oaks 
 
Oaks are known for their propensity to hybridize and are 

sometimes considered as a “worst case scenario for the 
biological species concept” due to recurrent interspecific gene 
flow (Coyne and Orr, 2004). On the other hand they provide 
a model to study ecological speciation and species coherence 
in the face of gene flow at the genome level (Goicoechea et al., 
2012; Lind-Riehl et al., 2014; Scotti-Saintagne et al., 2004b). 
Despite interspecific gene flow, oaks maintain genetic and 
morphological differences as well as specific ecological 
adaptations (Abrams, 1990; Curtu et al., 2007; Kremer et al., 
2002) suggesting that strong divergent selection might 
contribute to species coherence (Curtu et al., 2007; Scotti-
Saintagne et al., 2004b). 
As an example, the ecologically divergent but interfertile 

oak species Q. robur and Q. petraea revealed a mosaic of 
genomic regions, in which regions of high interspecific 
differentiation (outlier regions) are surrounded by regions of 
low differentiation (Goicoechea et al., 2012; Scotti-Saintagne 
et al., 2004b). This genomic signature is predicted by models 
of early stages of ecological speciation in the face of gene flow 
and strong divergent selection (Via, 2009, 2012; Via and 
West, 2008). Linkage disequilibrium (LD) is expected to be 
higher in genomic regions under divergent selection than in 
neutral regions due a reduction in effective interspecific gene 
flow (Nosil et al., 2009; Via, 2009, 2012; Via and West, 
2008). This divergence hitchhiking could allow for the 
accumulation of alleles involved in reproductive isolation 
between species by reducing gene exchange around a gene 
under strong divergent selection (Via, 2009, 2012). Since the 
first whole genome sequence in Q. robur is nearing 
completion (Christophe Plomion, pers. comm.) and high 
density genetic linkage maps are currently developed in the 
European white oak section Quercus (Bodénès et al., 2012; 
Gailing et al., 2013) and in the North American species 
Quercus rubra (section Lobatae) (Jeanne Romero-Severson, 
pers. comm.), oaks provide an excellent model to identify 
genes that underlie these outlier genomic regions. 
 
Hybridization in poplars 
 
In contrast to oaks, hybridizing poplar species represent 

highly divergent species as reflected in the pattern of genomic 
divergence (Stolting et al., 2013). Hybridization is frequent in 
contact zones between ecologically differentiated and 
genetically highly divergent poplar species, but gene exchange 
is limited by pre- and post-zygotic reproductive barriers, and 
distinct species boundaries are maintained (e.g. Keim et al., 
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species (interspecific FST = 0.38 – 0.79) in adult and seedling 
generations (Lind-Riehl et al., 2014; Collins et al., submitted). 
Heterozygous genotypes were rare in each region, but more 
frequent in the Q. ellipsoidalis populations which might 
indicate asymmetric gene flow between the more frequent Q. 
rubra and the disjunct Q. ellipsoidalis populations (Fig. 2). 
Likewise homozygotes for the 141bp-allele (the “Q. rubra”-
allele) were more frequent in Q. ellipsoidalis populations than 
homozygotes for the 138bp-allele (the “Q. ellipsoidalis”-allele) 
in the Q. rubra populations (Fig. 2). 
The EST from which FIR013 was derived was annotated 

as CONSTANS-like 1 (COL1), a candidate gene for 
flowering time (Yano et al., 2000). The tri-nucleotide 
microsatellite encodes a poly(E) repeat, and Q. ellipsoidalis is 
characterized by the deletion of one glutamine residue 
(138bp-allele) (Lind-Riehl et al., 2014). Interestingly, a 
poly(E) repeat allele in COL2B was associated with growth 
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cessation in Populus tremula (Ma et al., 2010). Additionally, 
nucleotide variation in the COL1 gene that differentiated 
between Q. rubra and Q. ellipsoidalis was also significantly 
associated with the timing of vegetative bud burst in Q. 
petraea (Alberto et al., 2013). CONSTANS-like genes are 
zinc finger transcription factors involved in the photoperiod 
pathway of floral transition (Amasino, 2005) and are also 
involved in growth and development (Herrmann et al., 2010; 
Hsu et al., 2012). For example, a CONSTANS-like gene was 
associated with both height and flowering time in Medicago 
sativa (Herrmann et al., 2010). Thus, these genes may play a 
role in adaptive divergence between species through both 
ecological and phenological divergence (Lind-Riehl et al., 
2014). Interestingly, Q. ellipsoidalis seedlings showed a 
significantly later, albeit overlapping, bud burst and higher 
mortality than Q. rubra seedlings from neighboring 
populations in a common garden trial (Gailing, 2013). 
QTL and association mapping studies in red oaks could 

show whether variation in COL1 is associated with 
phenology and growth traits. QTL mapping populations are 
available for Q. rubra and a high-density genetic linkage map 
is currently developed for this species (Jeanne Romero-
Severson, pers. comm.). Likewise, range-wide provenance 
trials for Q. rubra with large adaptive trait variation are 
available for future association analyses (Kriebel et al., 1976; 
Schlarbaum and Bagley, 1981) to test for an association of 
nucleotide variation in outlier genes with adaptive trait 
variation. Outlier loci between species can also be tested for 
allele frequency clines along environmental gradients within 
species and for associations with climatic / environmental 
parameters and adaptive traits (see Alberto et al., 2013; Evans 
et al., 2014). For example, whole genome selection scans and 
association analyses revealed a large number of genomic 
regions that showed both signatures of recent positive or 
divergent selection among populations and associations with 
adaptive trait variations in Populus trichocarpa (Evan et al. 
2014). Finally, the allelic variants of COL1 that differentiate 
between Q. rubra and Q. ellipsoidalis could be cloned and 
expressed in Arabidopsis wild type or late and early flowering 
mutants. 
So far we performed outlier screens between Q. rubra and 

Q. ellipsoidalis population pairs from contrasting sites (mesic 
vs. xeric conditions) in the northern range of their sympatric 
distribution and identified COL1 consistently as outlier 
under strong divergent selection across all interspecific 
comparisons. However, Q. ellipsoidalis populations are found 
to grow under more mesic conditions in some locations at the 
southern edge of its distribution range (A. Hipp, pers. 
comm.). Thus, interspecific population pairs with less 
pronounced differences in site preference and drought 
tolerance could be identified. The screening of outlier loci 
(e.g. COL1) in interspecific population pairs across different 
environments and soils could reveal distinct differentiation 
patterns depending on the steepness of environmental 
gradients between interspecific population pairs. Thus, 
species-discriminating genes might be nearly fixed on 
alternative alleles in highly contrasting environments as 
observed for COL1 (Lind-Riehl et al., 2014; Fig. 2), while 
introgression of adaptive alleles between species could be 
found in regions with less pronounced micro-environmental 

A

B

C

 

Fig. 2. Frequency (in percent) of genotypes at FIR013 (COL1) 

in neighboring Quercus ellipsoidalis (white bars) and Q. rubra 

(black bars) populations from three geographic regions. A: 
Baraga plains, B. Nicolet National Forest, C: Chequamegon 
National Forest. Detailed information on outlier screens and 

population locations is given in Lind-Riehl et al., 2014) 
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regions based on the literature and publicly available 
microarray data for Populus (e.g. Poplar-Plant Expression 
data base2, or Gene Expression Omnibus3), and comparative 
expression analyses could be performed in species and 
hybrids from species contact zones and from “pure” species 
reference populations. 
A combined approach of genome scans for introgressed 

genomic regions and association analyses could reveal 
whether genes in these genomic regions are associated with 
adaptive trait variation. In a similar approach, whole genome 
outlier screens and association analyses for ecologically 
divergent populations of P. trichocarpa revealed outlier genes 
under positive or recent divergent selection that at the same 
time showed significant associations with adaptive traits 
(Evans et al., 2014). 
 
Comparative outlier regions across oak sections 
 
Comparative outlier analyses across taxonomic groups 

can reveal genomic divergence unique to species pairs and 
parallel genomic divergence driven by natural selection as 
shown recently in an animal model (Soria-Carrasco et al., 
2014). The first outlier screens in oaks have been performed 
between the two European white oak species Q. robur and Q. 
petraea. Both species are interfertile and co-occur in most 
European forests, but have different soil preferences. Thus, Q. 
petraea prefers drier soils, while Q. robur is more frequent on 
nutrient rich soils which are temporally subjected to flooding 
(Breda et al., 1993; Levy et al., 1992; Zanetto et al., 1994). A 
genome scan using AFLPs, SSRs and selected gene markers 
showed a mosaic of regions with low interspecific 
differentiation interspersed by regions with signatures of 
divergent selection and a hotspot of interspecific 
differentiation on linkage group 12 (Scotti-Saintagne et al., 
2004b). One SSR marker, QrZAG112, has been identified as 
an outlier between the two European white oak species Q. 
robur and Q. petraea (section Quercus) (Goicoechea et al., 
2012; Scotti-Saintagne et al., 2004b) and between the species 
pair Quercus alnifolia and Quercus coccifera from section Cerris 
(Neophytou et al., 2011). Likewise, the COL1 gene as a 
strong outlier between Q. rubra and Q. ellipsoidalis (see 
above) showed elevated levels of interspecific differentiation 
between Q. robur and Q. pedunculiflora K. Koch (Curtu et al., 
in prep.), two closely related species with different 
adaptations to drought (Enescu, 1993; Gailing and Curtu, 
2014). 
Comparative outlier screenings in different oak sections 

can further our understanding of how divergent selection 
drives species divergence and reproductive isolation between 
species. Next generation sequencing such as Restriction Site 
Associated DNA (RAD) sequencing (Baird et al., 2008) can 
reveal genome-wide patterns of interspecific divergence (Keller 
et al., 2013; Stolting et al., 2013). For example, RAD libraries 
enriched for gene sequences can be sequenced in multiple 
population pairs to identify loci that are involved in adaptive 
species divergence. When RAD-seq data are anchored to the Q. 

differences between species pairs. First analyses within a 
narrow geographic range indicated that the frequency of 
introgressed alleles differed for the three geographic regions 
with slightly different climatic and edaphic conditions (Fig. 2; 
Lind-Riehl et al., 2014). 
Another outlier screen between the infertile and 

ecologically divergent species Quercus velutina and Q. 
ellipsoidalis identified two gene-based EST-SSRs as outliers, 
GOT040 and POR016 (Sullivan et al., submitted). Both 
markers mapped on the same linkage group bin on linkage 
group 6 (≤ 15cM apart) of Q. robur (Durand et al., 2010). 
Genetic variation and number of alleles at both markers were 
strongly reduced in all five Q. ellipsoidalis populations across 
the Great Lakes region indicative of a recent selective sweep 
(Sullivan et al., submitted). GOT040 was annotated as a 40s 
ribosomal 16s-like protein and POR016 as serine/threonine-
protein phosphatase 5-like protein. These outlier genes 
provide additional candidates for QTL and comparative 
mapping analyses as well as association genetic studies. 
 
Genome scans in hybridizing poplars 
 
Poplars can provide a model to identify genomic regions 

that are shared between hybridizing species as the result of 
recurrent interspecific gene flow (Stolting et al., 2013). 
However, in addition to recurrent interspecific gene flow, 
allele sharing between species can be due to homoplasy and 
shared ancestral polymorphisms between species as the result 
of similar selection pressures in each species and/or 
insufficient time since species divergence (Stolting et al., 
2013). A genome scan in a P. tremula and P. alba hybrid zone 
revealed a genomic region of low interspecific differentiation 
of three megabases on chromosome 14, an incipient sex 
chromosome in poplar, possibly as result of interspecific gene 
flow (Stolting et al., 2013). The genes underlying this region 
of low genetic divergence are not reported. 

In silico mapping of loci with low interspecific 
differentiation to the P. trichocarpa reference genome 
(Tuskan et al., 2006) or to the P. tremula draft genome 
assembly1 can reveal blocks of low divergence on 
chromosomes indicative of recent interspecific gene flow 
(Scotti-Saintagne et al., 2004b; Stolting et al., 2013). 
Additionally, comparative genome scans in populations of 
parental species outside the area of sympatry and in hybrid 
zones could distinguish genomic regions that are shared 
between species as result of recurrent gene flow in hybrid 
zones from shared ancestral polymorphisms. However, it is 
unclear whether genomic regions that are exchanged among 
ecologically divergent poplar species contain adaptive alleles. 
The characterization of genomic regions with low 
interspecific differentiation in multiple hybrid zones and in 
control regions (non-hybrid zones outside the area of 
sympatry) from different environments could help to reveal 
whether introgression of alleles is dependent on 
environmental conditions. Expressional candidate genes of 
adaptive significance could be identified in these genomic 

1http://loblolly.ucdavis.edu/bipod/ftp/Genome_ Data/genome/Pota/ 
2http://www.plexdb.org/plex.php?database=Poplar 
3http://www.ncbi.nlm.nih.gov/geo/ 
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robur whole genome sequence (WGS), genomic regions with 
signatures of divergent selection shared across taxonomic 
groups can be identified. Additionally, comparison of multiple 
interfertile taxa within sections (e.g. within section Quercus and 
Lobatae) with different divergence times could reveal the 
sequential accumulation of barrier loci (loci under divergent 
selection and/or involved in reproductive isolation between 
species) in the genome. For example, within section Lobatae 
the distribution range of the most drought tolerant red oak 
species Q. ellipsoidalis is largely overlapping with the range of Q. 
velutina and with that of Q. rubra as the most mesophytic 
species. Genetic assignment analysis at SSRs (Sullivan et al., 
submitted) and AFLPs (Hipp and Weber, 2008; Sullivan et 
al., submitted) suggested more frequent gene flow between Q. 
ellipsoidalis and the closely related species Q. velutina than 
between Q. ellipsoidalis and the more distantly related Q. 
rubra. Outlier screens at a limited number of genic and 
genomic SSRs between Q. ellipsoidalis on the one hand and 
Q. velutina and Q. rubra on the other hand revealed outliers 
unique to each species pair but also two genic outliers, 
GOT040 and POR016, common to both pairs (Sullivan et 
al., submitted). 
 
Quantitative Trait Locus (QTL) mapping for adaptive 

traits in oaks 
 
Co-location of outlier loci between species with 

Quantitative Trait Loci (QTL) for traits that are related to 
adaptive species differences provides additional evidence for 
the role of outlier loci in adaptive species divergence. 

Quercus robur and Q. petraea co-occur in mixed stands 
across Europe, but show different ecological requirements. 
Morphologically, both species can be distinguished based on 
leaf morphological characters (Aas, 1993; Curtu et al., 2007; 
Kremer et al., 2002) and characters of the cupulae (Aas, 
1993). While most samples can be assigned to the one or 
other morphological species using multivariate statistics, both 
species show a wide variation in traits that are used to 
distinguish between them (e.g. Curtu et al., 2007; Kremer et 
al., 2002). QTL for species-discriminating leaf traits have 
been characterized in intraspecific Q. robur crosses and, 
similar to outlier loci, were distributed across most of the 12 
oak linkage groups (Gailing, 2008; Gailing et al., 2013; 
Saintagne et al., 2004; Scotti-Saintagne et al., 2004a). 
Interestingly, one interspecific outlier locus, QrZAG96, co-
located with a QTL for leaf morphological variation (petiole 
ratio and lobe-width ratio) on linkage group 10 in a Q. robur 
x Q. robur full-sib family (Saintagne et al., 2004). One of the 
leaf traits, petiole ratio, showed very high interspecific 
differentiation (84%) in a mixed Q. petraea / Q. robur 
population (Saintagne et al., 2004). 
Likewise, Q. robur is less drought tolerant than Q. petraea 

and showed a lower water use efficiency (WUE) in adult trees 
that co-occurred in sympatric stands (Ponton et al., 2001) as 
well as in seedling common garden experiments (Ponton et 
al., 2002). A major QTL that explained more than 20% of 
the phenotypic variation in WUE was mapped on linkage 
group 11 in the Q. robur full-sib progeny in three consecutive 
years (Brendel et al., 2008) suggesting considerable within-

species genetic variation for this species-discriminating trait. 
Quercus robur is more tolerant to waterlogging than Q. 

petraea (Parelle et al., 2006; Parelle et al., 2007a), and QTL for 
responses to waterlogging were detected on four linkage groups 
explaining each a moderate percentage of the total phenotypic 
variance in a Q. robur full-sib family (Parelle et al., 2007b). 
High density genetic linkage maps are now becoming 

available for F1 interspecific Q. robur and Q. petraea and for Q. 
petraea full-sib families (Bodénès et al., 2012) which will allow 
for a comparison of QTL positions between species. 
Backcrosses of F1 interspecific hybrids with one or both of the 
parental species would be desirable to identify QTL that are 
associated with species differences in morphological and 
physiological traits. 
A QTL mapping population is also available in Q. rubra, 

and the construction of a high-density genetic linkage map 
based on RAD tags and SSRs is underway (Jeanne Romero-
Severson pers. comm.). Full-sib families are not available for 
the drought tolerant Q. ellipsoidalis, but single tree progeny 
have been obtained from Q. ellipsoidalis and from phenotypic 
intermediate individuals (putative Q. rubra x Q. ellispoidalis 
hybrids). Genotyping of open pollinated progeny is planned 
to identify full-sibs for genetic linkage and QTL mapping. 
In order to validate the role of outlier loci in adaptive 

species differences, genetic and in silico mapping of outlier loci 
on genetic linkage maps can identify co-locations of outliers 
with QTL for adaptive and species differentiating traits. To 
narrow down the genomic region to individual genes, 
association mapping in unstructured populations of all genes 
in outlier regions in addition to reference loci should be 
performed. In the future, genome-wide outlier screens, and 
genetic linkage and association mapping using the same 
marker technique (e.g. single or double-digest RAD markers) 
can identify genes under divergent selection that are 
associated with adaptive species differences such as WUE or 
tolerance to waterlogging (root hypoxia). 
Also, admixture mapping in natural hybrid zones was 

proposed as a method for the identification of QTL for traits 
that differ between hybridizing poplar species (Lindtke et al., 
2013). The simultaneous screening for significant marker-
phenotype associations (QTL) and outlier screens in oak 
hybrid zones may represent a way to identify candidate gene 
regions under divergent selection that at the same time are 
associated with adaptive trait differences. These genomic 
regions could be further validated in independent QTL and 
association populations. 
 
QTL mapping for adaptive traits in poplars 
 
QTL mapping studies for a variety of characters including 

growth and phenology traits have been conducted in intra- 
and interspecific poplar crosses (Dillen et al., 2009; Fabbrini 
et al., 2012). QTL for species differences can be mapped in 
interspecific pseudo-backcross pedigrees that segregate for 
traits that differentiate between parental species. For example, 
QTL mapping for 20 wood chemistry and growth traits 
under high and low nitrogen conditions in an interspecific 
pseudo-backcross pedigree of P. trichocarpa and P. deltoides 
(P. trichocarpa (clone 93-968) x P. deltoides (clone ILL-101) 
crossed with P. deltoides clone D124) identified a total of 63 
QTL that explained from 3.58% to 11.36% of the 
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phenotypic variance. The P. deltoides allele was associated 
with the higher trait values in 29 QTL, the P. trichocarpa 
allele in 34 QTL (Novaes et al., 2009). With the availability 
of the P. trichocarpa reference genome sequence, QTL 
regions can be anchored to the genome sequence and 
underlying genes can be identified (Muchero et al., 2013; 
Novaes et al., 2009). 
In interspecific hybrid zones, full-sib pedigrees could be 

generated by crossing F1 hybrids with both parental species to 
perform QTL analyses for adaptive species differences. 
However, the generation of full-sib families in these long-
lived forest trees is time- and labor-intensive. 
As a potential alternative, admixture mapping in hybrid 

zones holds promise for the identification of chromosomal 
regions that are associated with species differences (Lexer et 
al., 2007; Lindtke et al., 2013). Admixture mapping across 
multiple hybrid zones could identify stable marker-
phenotype associations that could be further validated in 
segregating full-sib families and association populations. 
Thus, admixture mapping in an Italian hybrid zone between 
P. tremula and P. alba (n =219) for species discriminating 
leaf traits revealed polygenic inheritance with significant 
marker-phenotype associations on several chromosomes, each 
explaining between 2.3% to 18.2% of the phenotypic variance 
(mean phenotypic variance explained: 8.6%). Pooling of all 
samples from four hybrid zones including the Italian one 
identified mainly different QTL, but four markers were 
consistently associated with the same leaf traits in both data 
sets (Lindtke et al., 2013). 
Genome-wide scans for marker-phenotype associations 

and for interspecific genetic differentiation in the same hybrid 
zones could provide an effective means to identify candidate 
genes that are involved in adaptive species differences, and to 
compare interspecific differentiation at these genes in hybrid 
zones and in populations outside the area of sympatry. Given 
the large within-species variation for most species-
discriminating characters, association mapping in provenance 
trials of one species could also be used to test for marker-
phenotype associations (Frewen et al., 2000; Ingvarsson et al., 
2008). 
 
Association mapping for adaptive traits in oaks 
 
In outcrossing species like oaks, association mapping in 

provenance trials can narrow down QTL regions to 
individual genes (Neale and Savolainen, 2004). Association 
and outlier approaches can complement each other to 
identify genes under selection. For example, association and 
outlier analyses were performed at 106 candidate genes for 
bud burst in a Q. petraea common garden experiment 
consisting of 758 individuals from 32 natural populations 
sampled along latitudinal and altitudinal gradients (Alberto et 
al., 2013). Outlier SNPs were identified in 15 genes, clinal 
variation was found for six SNPs in six genes, and associations 
with phenotypic or breeding values were observed in 14 SNPs 
from 12 genes. Out of the 14 SNPs identified under 
divergent selection, six were also correlated with geographic 
and climatic variables. Only one SNP in the Early light-
induced protein1 (ELIP1) was identified as under divergent 
selection (for the latitudinal gradient) and was at the same 
time associated with the timing of bud burst (for the 

altitudinal gradient) (PVE = 6.6%). SNPs at three additional 
genes, Ribosomal protein (L18a), Aquaporin (PIP1) and 
Unknown protein 3 (UNK3) were identified as outliers 
under divergent selection, while closely linked SNPs at the 
same genes were associated with the timing of bud burst 
(3.3% - 8.8% PVE). Interestingly, nucleotide variation in the 
3’-UTR of a major outlier locus between the red oak species 
Q. rubra and Q. ellipsoidalis, COL1 (Lind-Riehl et al., 2014), 
was also associated with bud burst in the Q. petraea 
provenance trial explaining 4.6% of the phenotypic variation 
(Alberto et al., 2013). 
 
Association mapping for adaptive traits in poplars 
 
Whole genome selection scans and association analyses 

across a wide latitudinal range in P. trichocarpa identified 397 
genomic regions with signatures of recent positive or 
divergent selection. These regions showed an 
overrepresentation of markers that were significantly 
associated with adaptive traits such as bud burst, bud set and 
height (Evans et al., 2014). For example FT1, a gene involved 
in the maintenance of dormancy, was identified as an FST 
outlier under divergent selection and at the same time was 
significantly associated with bud burst at three different 
common garden sites. 
Association studies of bud burst and bud set in a P. 

tremula common garden experiment identified phytochrome 
B2 (phyB2) as outlier with clinal variation across a latitudinal 
gradient (Ingvarsson et al., 2006), and two non-synonymous 
SNPs in phyB2 were associated with the timing of bud set in 
the same common garden trial (Ingvarsson et al., 2008). 
PhyB2 also co-located with QTL for bud burst and bud set in 
P. deltoides (southern latitude, 31°N) and P. trichocarpa 
(northern latitude, 48° N) interspecific crosses (Frewen et al., 
2000). Other association studies in P. trichocarpa identified 
significant marker-phenotype association for 16 wood 
chemistry traits. Individual markers explained a moderate 
level of the total phenotypic variation for each trait (3% -7%) 
(Porth et al., 2013). 
 
Selection against migrant alleles and allele combinations 

(reciprocal transplant experiments) 
 
Selection against hybrids and migrants, and migrant 

alleles and allele combinations can be validated in reciprocal 
transplant experiments between both parental environments 
and between parental and intermediate (hybrid) 
environments. Especially fitness effects of outlier alleles (e.g. 
of COL1) could be evaluated in both parental and 
intermediate environments across multiple population pairs. 
However, migrant alleles will be rare in outliers that are nearly 
fixed on alternative alleles as it is the case for COL1 in Q. 
rubra and Q. ellipsoidalis (i.e. the 141bp-allele is rare in Q. 
ellipsoidalis, the 138bp-allele is rare in Q. rubra) (Fig. 2; Lind-
Riehl et al., 2014). However, homozygotes and heterozygotes 
for migrant alleles might be more frequent in direct contact 
zones between species. Two of such sympatric Q. rubra / Q. 
ellipsoidalis stands have recently been identified in two 
geographic regions and genetic assignment analyses of adult 
trees and seeds are underway seed/seedling generations. 
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Comparisons of hybrid frequencies between adult and 
seedling generations provide indirect evidence for selection 
against hybrids in oaks (Curtu et al., 2009) and poplar 
(Lindtke et al., 2014), but direct evidence of selection against 
hybrids and migrant alleles from reciprocal transplant 
experiments is missing in both species. 
 

Conclusions 

Combined genome scans for outliers in hybrid zones, and 
association genetic approaches are necessary to identify 
genomic regions and genes that are involved in adaptive 
divergence and reproductive isolation between species (outlier 
regions). Oaks show a pattern of genomic divergence that 
makes them models for the identification of outlier regions and 
of individual genes that are associated with adaptive species 
differences. 
Genome scans in genetically divergent and hybridizing 

poplar species can identify genomic regions that are exchanged 
between species. Underlying genes can be assessed for marker-
phenotype associations in association populations. The 
availability of genomic resources and decreasing costs for 
sequencing will enable us to perform genome scans in 
different hybrids zones of several hybridizing species in both 
oaks and poplars. These comparative genome scan could 
identify patterns of genomic divergence which is unique to 
species pairs and patterns of parallel divergence driven by 
natural selection (Soria-Carrasco et al., 2014) within both 
genera. Selection against migrant alleles can be tested in 
reciprocal transplant experiments between parental 
environments and between parental and hybrid 
environments. 
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