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5 Welcome to the IUFRO ‘Genomics and
T B A Forest Genetics’ Conference

For the first time this conference brought
together 4 working groups of IUFRO sub-division
2.4 ‘Genetics’ in a single event.

NON 2.04.01 - Population, ecological and conservation genetics
& FOR )1 2.04.02 - Breedingtheory and progenytesting
2.04.06 - Molecularbiology of foresttrees
el Lt A 2.04.10 - Genomics

A general unifying theme of theseworking groups is the application of molecular technologies
to study important commercial or evolutionary traits of forest trees. The traits of study can
range from expression of a single gene in a particular tissue to allele frequencies among
hundreds of genes in populations that span a continent. Information from the smallest scale
of investigation can often be used in investigations at the largest scales. With this in mind the
Genetics Research Group provides an organizational structure where ideas and information
are openly exchanged among seemingly disparate fields of research.

The objective of the conference is to present and discuss new scientific findings in the area
of population, quantitative and evolutionary genetics and how they can be applied in genetic
resource conservation and breeding. It is organized by INRA, Bordeaux University, CIRAD
and IUFRO and has over 250 attendees from 35 countries.

The conference will take place in Arcachon (France), at the gate of the Atlantic Ocean just 1
hour from Bordeaux. The scientific programme is extremely busy with 73 talks and 140
posters, but we hope you can enjoy the city and the surrounding.

Thank you for attending the conference and we hope you have a great time with us.

Christophe Plomion
Jean-Marc Gion
Francis Martin
Antoine Kremer

The conference is dedicated to the Memory of two distinguished forest tree geneticists:
Jean-Francois Lacaze(INRA, France) and Thomas Ledig (UC Davis, United States).



Presentation Abstracts

OPENING KEYNOTE LECTURE: Outi Savolainen

Genomic consequences of phenotypic selection (in Pinus sylvestris and Arabidopsis lyrata)
Outi Savolainen, Jaakko Tyrmi, Tiina Mattila, Sonja Kujala, Katri Karkkainen
Plant population genetics, University of Oulu, Finland

Conifers are known to experience strong selection in different life stages. Extensive provenance trials
and other experiments have demonstrated adaptation to local climatic conditions, as seen in patterns
of phenotypic variation correlated with climatic conditions. On the other hand, after selfing, there is
high mortality at especially early life stages due to the high numbers of lethal equivalents. Current
theories make predictions on the expected patterns of variation at loci related to local adaptation.
Further, the effects of selection due deleterious recessives on genomic patterns of variation have also
been predicted. Initial genetic data from exome capture in Scots pine and whole genome sequences in
the outcrossing perennial Arabidopsis lyrata can be contrasted against some of these predictions.

SESSION 1

KEY NOTE: Nicolas Bierne

Crossing the species barrier: is local interspecies introgression adaptive?
Nicolas Bierne
CNRS, France

Although introgression -the flow of genes between partially isolated genetic backgrounds- is under
study for decades, the qualitative and quantitative importance of introgression in evolution is still
discussed. The debate has recently been revivified with genomics data that revealed the ubiquity of
introgression in many systems including our own species, and many trees. Many open questions
persist about introgression: How long species barriers remain permeable? Why are some regions of
the genome less resistant to introgression than others? Is adaptive introgression really so
widespread? Could it simply be a spectacular manifestation of the general process of adaptation which
nonetheless mainly proceeds by intra-specific evolution? Could the pattern of local introgression be
attributed to other phenomena than trans-specific positive selection? | will try to offer some elements
of answer to these questions in the light of theoretical arguments from the Fisher's geometric model
and of experimental works in my study systems, marine invertebrates, which are not trees but share
many similarities with trees.

Genomic architecture of adaptation and species boundaries in a Eurasian Populus species
complex

Camille Christe1, Kai N. Stélting1, Margot Paris1, Luisa Bresadolal, Christelle Fraisse23, Dorothea
Lindtke14, Celine Caseys1, Daniel Wegmann1, Nicolas Bierne23, Alex Buerkle4, Christian Lexer15*
1University of Fribourg, Department of Biology, Chemin du Musée 10, CH-1700 Fribourg,
Switzerland.2Institut des Sciences de I'Evolution (UMR 5554), CNRS-UM2-IRD, Place Eugene
Bataillon, F-34095 Montpellier, France.3Station Méditerranéenne de [I'Environnement Littoral,
Université Montpellier 2, 2 Rue des Chantiers, F-34200 Séte, France. 4University of Wyoming,
Department of Botany, Laramie, WY 82071, USA. 5University of Vienna, Department of Botany and
Biodiversity Research, Rennweg 14, A-1030 Vienna, Austria

*Presenting author

Rapid recent progress in ecological & evolutionary genomics is imparting fresh perspectives to the
study of adaptation and speciation, i.e. the origin and maintenance of biological diversity. Evolutionary
genomic studies of the genus Populus (poplars, aspens, cottonwoods) have already contributed
greatly to our current understanding of these topics, facilitated by the early availability of a functionally
annotated chromosome-level genome assembly. We will highlight recent progress of our ongoing
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research on the genomic architecture of adaptation and species boundaries along the divergence
continuum in Eurasian Populus spp. We will explore the determinants of divergence and cohesion
along this continuum, ranging from differentiated populations and phylogeographic lineages to highly
divergent species with incomplete reproductive barriers (e.g. Genetics 186:699, 2010; Heredity
111:474, 2013; Molecular Ecology, 22:842, 2013; Ecology Letters 16:1515, 2013; Molecular Ecology
23: 4316, 2014; New Phytologist 207: 723-734, 2015; PLoS ONE 2015, 10: e0128200). By coupling
genomics with experiments, we are beginning to understand how the genomic landscape of
divergence is transformed during the process of speciation, which isolating mechanisms are involved
in making this possible, and how genetic interactions between previously diverged species affect the
functionally important genetic variation (e.g. for chemical defence traits) present in these ecologically
important foundation species. To illustrate our points, we will present results from recent whole
genome sequencing (WGS) and reduced complexity library sequencing (RAD and GBS) studies of
hybrid zones between the two wide-spread taxa Populus alba (White poplar) and P. tremula
(European aspen). In these highly divergent species, model-free and model-based approaches reveal
the genomic footprint of a complex joint demographic history with recurrent gene flow episodes.
Nevertheless, species integrity is maintained by strong postzygotic selection, consistent with the
‘genomic coadaptation’ model of barriers in secondary contact (Molecular Ecology 2016, doi:
10.1111/mec.13587). Based on recent results on hybrid survivorship and genomic patterns of adaptive
and deleterious coding mutations, we will discuss the potential role of heterosis in facilitating both, F1
hybrid persistence and the episodic breakdown of barriers between two species that apparently
diverged for millions of years.

Identification of recent secondary contacts between four morphologically distinct oak species
Thibault Leroy(a)*, Camille Roux (b), Laure Villate (a), Catherine Bodénés (a), Jean-Marc Aury (c),
Antoine Kremer (a) and Christophe Plomion (a)

(a) BIOGECO, INRA, Univ. Bordeaux, 33610 Cestas, France; (b) Department of Ecology and
Evolution, University of Lausanne, Lausanne 1015, Switzerland, (¢) Commissariat a I'énergie
Atomique (CEA), Institut de Génomique (IG), Genoscope, 91057 Evry, France

INRA - Univ. Bordeaux, France

*Presenting author

An important issue in evolutionary biology is to understand how historical events have shaped the
diversity currently observed within species. Migration between gene pools is a major force
homogenizing genomes at neutral loci, but it can also reveals loci acting as species barriers by
decreasing the viability or fertility of produced hybrids.Here, we quantify past and current events of
gene flow between four morphologically divergent oak species (Quercus petraea, Q. robur, Q.
pyrenaica, Q. pubescens) by using two independent inference methods: diffusion approximation to the
joint frequency spectrum and Approximate Bayesian Computation. For each pairs of species,
alternative scenarios of speciation allowing gene flow at different timescales were evaluated. Based on
3,524 SNPs detected in gene sequences spanning the genome, we found that current introgression
between oak species is the result of an unambiguous secondary contact following a long period of
isolation, probably as the result of the last postglacial recolonization.Based on the inferred secondary
contact with genomic heterogeneity in gene flow, and the different ecological requirements between
these white oak species (e.g. soil pH or moisture), we subsequently performed a whole-genome scan
for divergence (along the 12 pseudo-chromosomes of the reference oak genome sequence) to identify
the reproductive barriers maintaining species integrity in the face of interspecific gene flow. Allele
frequencies were estimated based on deep pool sequencing for each of the four species (up to 450x
genome coverage per species). We will report evidence for narrow regions of high divergence and
candidate speciation genes for both intrinsic and ecological barriers including genes involved in
flowering or drought tolerance.



Genome-wide local ancestry analysis reveals cassette-like adaptive introgression from
Populus balsamifera (balsam poplar) into P. trichocarpa (black cottonwood)

Adriana Suarez-Gonzalez(a), Charles A. Hefer(a,b), Camille Christe (c,d), Oliver Corea(a,e), Daniel
Wegmann(d), Christian Lexer(c), Quentin C. B. Cronk(a), Carl J. Douglas(a)*

(a) Department of Botany, University of British Columbia, Vancouver, Canada ; (b) Biotechnology
Platform, Agricultural Research Council, Private Bag X05, Onderstepoort, 0110, South Africa ; (c)
Department of Botany and Biodiversity Research, University of Vienna, Austria ; (d) Department of
Biology, University of Fribourg, Fribourg, Switzerland ; (e) Department of Biology and Centre for Forest
Biology, University of Victoria, Victoria, Canad;

*Presenting author

Natural hybrid zones in forest trees provide systems to study the transfer of adaptive genetic variation
by introgression. We used population-wide whole genome resequencing data from the North American
sister species Populus trichocarpa and P. balsamifera to investigate the role of hybridization and
introgression in local adaptation in these closely related yet ecologically divergent species. Landscape
genomic studies in P. trichocarpa indicated genomic footprints of admixture with P. balsamifera, with
admixed individuals mostly restricted to drainages at the edge of the P. trichocarpa distribution near
contact with the range of P. balsamifera (Geraldes et al., 2014), consistent with a “porous” or
“semipermeable” species boundary (Harrison and Larson, 2014). Using Fst outlier (Geraldes et al.,
2014) and GWAS (McKown et al., 2014) approaches, with extensive phenotypic data, we identified P.
trichocarpa candidate genes for local adaptation. To identify introgressed regions at a fine genomic
scale, we employed local ancestry analysis using whole genome resequencing data from pure species
and admixed individuals. In admixed P. trichocarpa individuals, ancestry analysis revealed 25 genomic
regions of P. balsamifera ancestry on 12 chromosomes. In contrast, admixed P. balsamifera
individuals contained 10 distinct genomic regions of P. trichocarpa ancestry on 6 chromosomes.
These data are consistent with a “semipermeable” species boundary (Harrison and Larson, 2014),
allowing differential introgression of certain alleles across the boundary, some of which could be the
result of selective processes. To test the hypothesis of cassette-like adaptive introgression, we
focused on a 580-kb telomeric region in chromosome 15 of P. balsamifera ancestry present in
admixed P. trichocarpa individuals from the northern and north-central extremes of its range, which
contains several candidate genes for local adaptation (e.g. PRR5, COMT1, TTG1; Geraldes et al.,
2014; McKown et al., 2014). In contrast, a paralogous block of genes in chromosome 12 showed no
signs of introgression or signatures of selection. Genomic analyses revealed signals of selection in
certain genes in the chromosome 15 region, and functional analyses based on gene expression
variation and correlations with adaptive phenotypes suggest distinct functions of the introgressed
alleles (Suarez-Gonzalez et al., 2016). We hypothesize that the introgressed region in chromosome 15
is an example of differential, adaptive introgression that has introduced modular, cassette-like variation
into P. trichocarpa individuals, adapting them to transitional environments at the extremes of this
species’ range. The linked adaptive mutations are in genes

Landscape genomics approach to study historic response of mountain hemlock to Pleistocene
glaciation at its range limit in Alaska, USA

Jeremy S. Johnson(a)*, Keith D. Gaddis (a), David M. Cairns(a), Konstantin V. Krutovsky (b,c,d,e )
(a) Department of Geography, Texas A&M Universiy, College Station, TX 77843-3147, USA;(b)
Department of Forest Genetics and Forest Tree Breeding, Georg-August-University of Goéttingen,
37077 Gottingen, Germany;(c)Department of Ecosystem Science & Management, Texas A&M
University, College Station, TX 77843-2138, USA; (d) Laboratory of Population Genetics, N.I. Vavilov
Institute of General Genetics, Russian Academy of Sciences, 119333 Moscow, Russia; (e) Laboratory
of Forest Genomics, Genome Research and Education Center, Siberian Federal University, 660036
Krasnoyarsk, Russia

Quaternary glaciations were very important processes structuring present day northern vegetation. In
many cases, advancing glaciers forced species to retreat into southern portions of their range, where
climates were more suitable, or reduced distribution into microrefugia, where climate remained within
the species tolerance. As glaciers receded, species slowly recolonized their previous northern
distributions. However, because of the potential for alternative recolonization pathways, discerning the
history of species distribution and migration is often difficult. Even when species are distributed in
geographically isolated patches, suggesting pre-glaciation refugia, we cannot discount the ability of
rare long distance dispersal (LDD) to establish them. We used molecular ecological and landscape



genomics approaches to address two research questions: 1) Are isolated stands of mountain hemlock
found in the Kenai lowlands glacial relicts or are they the product of LDD following glacial retreat? 2)
What is the degree to which mountain hemlock patches across the Kenai Peninsula have been
historically connected by gene-flow? To address these questions we used SNP markers discovered in
double digest Restriction Associated DNA sequencing (ddRADseq) of multiple trees collected from
eight mountain hemlock sample sites on the Kenai Peninsula, Alaska USA. We found significant
differences in genomic diversity (P = 0.003) and genetic structure (P = 0.03) between isolated stands
of mountain hemlock and those found across the rest of the peninsula. A graph approach based on
electrical circuit analysis identified high landscape connectivity and conductance across the peninsula.
Genetic variation (22 %) was primarily explained by landscape resistance (r = 0.469, P = 0.103) and
not geographic distance (r = 0.293, P = 0.153). These findings suggest that mountain hemlock
colonized the peninsula via LDD and repeated founding events accompanied by high levels of gene-
flow.

KEY NOTE: Alex Buerkle

Inconsistent reproductive isolation
Alex Buerkle
University of Wyoming, United States

Speciation has commonly been studied as if variable genetics, phenotypes and environments of
species were unlikely to affect reproductive isolation between species. Perhaps unsurprisingly, for taxa
that are incompletely isolated, this simplification is probably commonly inappropriate and has the
potential to mislead us about the nature of barriers to reproduction between species. | will discuss
several examples of diversity of reproductive isolation in plants and animals, and the implications
these have for thinking about species and boundaries between them.

Living-at-the-Edge: Speciation and Adaptation in Marginal Populations of two Mediterranean
White Oaks

Goicoechea PG1*, Herran A1, Valbuena-Carabana M2, Gil L2, Alia R3, Gonzalez-Martinez SC4,
Kremer A4

1: NEIKER, PO Box 46, 01080 Vitoria-Gasteiz (Spain) pgoikoetxea@neiker.eus ; 2: E.T.S. Forestry
Engineering, Ciudad Universitaria s/n, 28040 Madrid (Spain); 3: CIFOR-INIA, Avda A Corufia km 7.5,
28040 Madrid (Spain), 4: BIOGECO, INRA-University of Bordeaux |, 33610 Cestas (France)
*Presenting author

Marginal populations have received much attention during the last years, especially since their
contribution to species genetic diversity has been properly recognized. Marginal populations usually
carry adaptations to harsh environments where most populations from such species could not survive,
thus becoming the focus of conservation efforts on the one hand, and evolutionary analyses on the
other. In this study, we analyzed the genome-wide structure (110 EST-SSRs) of the genetic diversity
and differentiation in 4 inter-specific pairs of marginal populations from two Mediterranean white oaks,
Quercus faginea and Q. pyrenaica. Population pairs were selected along 6 latitudinal degrees (37-
42°), from the edges of the distribution areas or from places under extreme abiotic (e.g., summer
temperature) or biotic (e.g., long-term isolation) conditions. Most sampled individuals (> 98%)
presented clear leave-morphology differences that allowed an easy species discrimination. Bayesian
clustering indicated that 3 inter-specific population pairs formed one distinct genetic group each. Thus,
it was not surprising that overall genetic differentiation among-populations within-species was much
higher than overall between-species differentiation. Inter-specific genome scans suggested GOT021
(a member of the HK gene-family that is involved in cytokinin reception, HK4-like) could be responsible
for geographic-independent speciation. Other regions previously identified by their high inter-specific
differentiation (LGs#2 and 12) probably take part in the geographic mosaic of speciation. Intra-specific
genome scans identified mostly the same outliers among populations from the two species. Evidence
of their involvement in local adaptation was further obtained from the functional annotation of ESTs
with significant genomic-environmental associations. Our results could be explained by either selection
of ancestral polymorphisms or by a history of gene flow and admixture between incipient species that
allows the interchange of selected loci. Coalescent simulations using SSRs were able to differentiate
between several admixture scenarios (Sousa et al., 2012), thus suggesting they could be helpful to
discriminate between our two hypotheses. If the latest were the case, the Mediterranean white oaks
would fit into the “reciprocal evolutionary change” strict coevolution definition, thus being eligible for a



rarely discussed case of mutualism that is characterized by convergent coevolution.

Comparative population genomics of local adaptation

Ivan Scotti, URFM, INRA, 84914, Avignon, FranceThe FLAG Consortium, Members of the ANR-
FLAG project, http://www.ecofog.gf/spip.php?article6352; INRA, URFM Ecology of the Mediterranean
Forests, Avignon, France

Environmental conditions can vary abruptly within a landscape. When continuous tree stands occur
across environmental gradients or contrasts, populations can undergo microgeographic1 adaptation
(i.e. adaptive divergence within individual dispersal range), arising from the interplay of dispersal,
gene flow, and selection. If environmental variation affects intra-populational genetic diversity, this may
partly explain the maintenance of adaptive, and associated neutral, variability and adaptive potential.
In spite of growing evidence in favour of microgeographic adaptation in trees2, and of an increasingly
coherent theoretical and modelling framework describing the conditions of existence of such a
process3, information on its genome-wide effects is scant.We have undertaken the study of the extent
of sub-population divergence along local environmental gradients through sequence capture in eight
tree species (Abies alba, Cedrus atlantica, Eperua falcata, Fagus sylvatica, Larix decidua, Pinus
halepensis, Pinus pinaster, and Symphonia globulifera), chosen to cover a wide variety of ecosystems,
from alpine to mediterranean to tropical. For each species, one to three pairs of sub-populations,
representative of similar ecological gradients but distant enough from each other to be considered as
independent, were studied. Because the subpopulations belonged to continuous stands and had
minimal (sometimes zero) genome-wide neutral divergence, our experimental design was ideally
suited to detect weak signals of ecological-gradient related divergence at individual loci.We obtained
between six thousand and twelwe thousand SNPs from approximately twelwe thousand independent
sequences for each species. Within each species and each pair of subpopulations, between 0.5% and
5% (depending on detection method and stringency) of the polymorphic loci were divergence outliers
(and therefore candidates for directional or disruptive selection). This result suggests that intra-
populational, microgeographic adaptive processes can be strong4,5,6, even though gene flow should
tend to wipe out patterns induced by selection at such short geographical distances. Overlap of lists of
divergent loci across same-species subpopulation pairs was limited. This may be a consequence of
limited statistical power, but may also suggest that different genotypic combinations are selected in
different populations, or that slight differences in local environmental conditions along similar gradients
lead to different patterns of population divergence.The results will be discussed in the light of current
knowledge about mechanisms maintaining intraspecific and intra-populational genetic diversity, and in
the context of the assessment of natural functional diversity and adaptive potential to global change.

Gene-specific Introgression drives local climatic adaptation in a North American spruce hybrid
zone (Picea engelmannii x P. glauca)

Degner, Jonathana*, Yeaman, Samb, Hodgins, Kayc, Nurkowski, Kristinc, Reiseberg, Lorend, and
Aitken, Sallya.

a Department of Forest and Conservation Sciences; University of British Columbia. Vancouver,
Canada, b Department of Biological Sciences; University of Calgary. Calgary, Canada, ¢ School of
Biological Sciences; Monash University. Melbourne, Australia, d Department of Botany; University of
British Columbia. Vancouver, Canada

*Presenting author

Engelmann spruce (Picea engelmannii) and white spruce (Picea glauca) are closely-related North
American conifers that occupy distinct ecological niches in temperate and boreal regions, respectively.
These species hybridize extensively throughout western Canada in environments intermediate to
those of the parent species’. There is some evidence that hybrids have superior fitness in these
environments. Climatic modeling suggests that this hybrid zone is ancient, and its current climatic and
spatial extents are among the broadest described, spanning at least 285,000 km2. This affords a
unique opportunity to study the long-term genomic effects of hybridization on a massive environmental
scale. Additionally, 32% of the multivariate climatic niche envelope of hybrids does not overlap with the
niche envelopes of either parent species, suggesting that hybridization has allowed for colonization of
novel habitats. As part of the AdapTree Large-Scale Applied Genomics Project, sequence capture
data was generated for ~23,000 genes from 572 individuals representing 254 natural populations of
both parental species and their hybrids across western Canada. A panel of 14,009 SNPs exhibiting
allele frequency differences greater than 0.6 between species was selected for genomic cline analysis
using bgc, identifying 4,944 SNPs across 1,305 genic regions where parental alleles are



disproportionately introgressed (DI) into hybrids. These DI alleles are equally distributed between
parent species, although P. engelmannii DI alleles tend to be more strongly introgressed. In genotype-
environment associations performed using Bayenv2 across 23 important geoclimatic variables, DI
SNPs were more likely to be associated with climatic variables than SNPs exhibiting neutral
introgression, suggesting an adaptive signature for DI alleles. A climatic comparison between parental
species’ habitats and the hybrid zone revealed that hybrid habitats tend to be more similar to one
parental species or the other rather than intermediate for many climatic variables. The strength of
association between DI alleles and environmental variables is strongly correlated with hybrid-parent
environmental similarity for those variables (R2 = 0.77, p < 0.0001), suggesting that bi-directional
adaptive introgression is allowing for fine-scale local adaptation to climate within the hybrid zone. This
may help explain the observed hybrid superiority within the hybrid zone, and the apparent ability of
hybrids to colonize novel habitats using unique combinations of parent species’ climatic adaptations.

Widespread selection and adaptive introgression of parental alleles in the genome of the
hybrid pine Pinus densata

Pan Ja, Wang Bb, Zhao Wa, Mao J.-Fc, Wang X.-R a*

aDepartment of Ecology and Environmental Science, UPSC, Umea University, SE-90187 Umea3,
Sweden.bDepartment of Ecology and Genetics, Evolutionary Biology Centre, Uppsala University, SE-
752 36 Uppsala, Sweden.cNational Engineering Laboratory for Forest Tree Breeding, College of
Biological Sciences and Technology, Beijing Forestry University, Beijing 100083, China.

*Presenting author

Homoploid hybrid speciation (HHS) is increasingly recognized as an important form of rapid
organismal evolution in both plants and animals. Unlike hybrid speciation accompanied by ploidy
changes, which can cause near instantaneous reproductive isolation of the incipient hybrids from their
progenitors, reproductive isolation in HHS is often facilitated by ecological selection and/or
geographical isolation, which promotes the adaptation of the hybrids to a novel habitat. Diverse
geographical modes and mechanisms are often involved at different stages of a hybrid speciation
history, but genome-wide outcomes of the different evolutionary processes during HHS are less well
understood. An important step towards understanding the genome dynamics of HHS is identifying key
speciation events and environments and performing comparative genomic analyses in populations of
the hybrid relative to the parent populations.Pinus densata forms extensive forest on the Tibetan
Plateau and represents one of the most ecologically successful cases of homoploid hybrid speciation
in plants. To understand the genetic mechanisms of this speciation, we conducted comparative
genomic analysis in populations of P. densata and its two parent species P. tabuliformis and P.
yunnanensis by exome capture sequencing and genotyping-by-sequencing. We found accelerated
and widespread coding sequence divergence between P. densata and the parent species. Intra- and
interspecific levels of sequence diversity and divergence analyses suggest widespread divergent
selection in exome sequences, and this pattern is remarkable in the early stages of species
diversification. Unlike the distinct mosaic genome structure discovered in other recent hybrid species,
the genome of the advanced generation of the P. densata population is more homogenized by
introgression from P. yunnanensis, and only 2% of the exome loci are dominated by P. tabuliformis
alleles. These alleles in P. densata seem to be maintained by divergent or balancing selection. Our
study reveals that introgression, selection and demographic events all had an impact on the genome
architecture and diversity of the P. densata population, and highlights the important role of multiple
modes of selection on parental genetic variation, mediated by hybridization/introgression, to facilitate
the rapid environmental adaptation of hybrid populations. Our findings also shed lights on the
genomics of conifer evolution defined by a weak genetic barrier but strong adaptation to local
environments.

Evolutionary dynamics of the leaf phenological cycle in an oak metapopulation along an
elevation gradient

Cyril Firmat (a)*, Sylvain Delzon (b), Jean-Marc Louvet (a), Julien Parmentier (c), Antoine Kremer (a)

(a) BIOGECO, INRA, Univ. Bordeaux, 33610 Cestas, France (b) BIOGECO, INRA, Univ. Bordeaux,
33615 Pessac, France (c) INRA — UE 0393, Unité Expérimentale Arboricole, Centre de Recherche
Bordeaux-Aquitaine, Toulenne, France.

*Presenting author

Predictions suggest that climate change will radically alter the selection of phenological traits. Long-
lived species, such as trees, will be particularly affected, as they will have only one or a few



generations to track a moving fitness optimum. The traits describing the annual life cycle of trees
generally have a high evolutionary potential, but nothing is known about the strength of their genetic
correlation. Strong correlations can impose evolutionary constraints, potentially hampering the
adaptation of multivariate phenological phenotypes. We investigated the influence of the G-matrix
linking leaf unfolding and leaf senescence timing in an oak metapopulation along an elevation gradient
(see ref [1]). The study of local and future adaptation to climate has mostly been focused on spring
phenology, but recent studies have pointed that fall phenology should not be neglected (e.g. [2, 3]).
From a coupled in situ and common garden design, we found that the genetic correlation between
these traits was very weak, indicating that adaptation to extreme climatic conditions at high elevations
results from correlated selection on both the spring and the fall phenological traits, compensating for
the shortening of canopy duration due to delayed bud flushing to cope with colder spring
temperatures. A parallel GWAS study of phenological traits found results congruent with the the one
obtained from the pedigree information. Comparing the G-matrix with divergence patterns along the
gradient showed selection for spring phenology to be twice as strong as for fall phenology. These
results highlight the benefits of integrative quantitative genetic investigations of phenological cycles for
predicting the capacity of populations to cope with climate change.

SESSION 2

KEY NOTE: Angela Hancock

Understanding local adaptation using Arabidopsis thaliana as a model
Angela Hancock
Molecular basis of adaptative evolution, Max F. Perutz Laboratories

Arabidopsis thaliana is a superb model for studying local adaptation because it is geographically
widespread and its range encompasses extensive variation in climate and other environmental factors.
| will discuss work we are doing to identify loci and pathways involved in local adaptation across the A.
thaliana range as well as efforts to comprehensively characterize population history and adaptation in
specific cases. Depending on the details of population history, different models of phenotypic variation
and adaptation may be most relevant. Moreover, optimal study design for mapping traits and
elucidating adaptive responses depends on population history due to its effects on overall levels of
genetic and phenotypic variation, genetic and allelic heterogeneity and the extent of linkage
disequilibrium. | will discuss the relevance of these factors to different A. thaliana cases and the more
general implications.

Making the most of a high CO2 world: genomic factors associated with eucalypt performance
under future CO2 conditions

Dillon, Sd*., Mellickd, R., Busch, Fa., Blackman, Cb., Pinkard, Lc., Ivkovich, Md., Brookhouse, Ma.,
Battaglia, Mc., Tissue, Db., O’Grady, Ac., Bush, Dd., Rymer, Pb., Smith, Rb., Southerton, Sd.,
Farquhar, Ga

a Australian National University, Canberra, ACT, Australia, 2601, b Western Sydney University,
Hawkesbury Campus, NSW, Australia, 2753, ¢ CSIRO Land and Water, Hobart, VIC, Australia, 7005,
d CSIRO Agriculture, Canberra, ACT, Australia, 2601

*Presenting author

The unabated rise in atmospheric CO2 presents a global challenge, with potential to enhance forest
productivity and carbon mitigation via CO2 fertilisation effects. Eucalypts are one of the world’s most
dominant hardwood species, widely planted, and an important foundation species in Australasian
forest ecosystems. Current knowledge of eucalypt responses to high CO2 is insufficient to identify
which species, and genotypes within species, will be most productive in a high CO2 world. As part of a
large multidisciplinary project we are characterising genomic factors underpinning photosynthetic
regulation and growth in high CO2 conditions by linking quantitative genomics, leaf-based phenomics
and tree physiology. The goal is to deliver diagnostic markers and decision tools to aid selection for
improved phenotypic performance across multiple eucalypt species. This work has focused on four
key eucalypt species; E. camaldulensis, E. grandis, E. globulus and E. nitens. In each case,
phenotypic assessment is being performed on young plants under “high” (640ppm) and “normal”
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(400ppm) CO2 in glass house conditions, followed by whole genome association analyses, to identify
genetic factors underpinning performance.Here we present findings from the first species, E. c.
camaldulensis. An association population consisting of 420 diverse genotypes spanning the natural
range of the subspecies was established and maintained as clonal hedges. Detailed phenotyping on a
subset of genotypes identified CO2 responsive traits, including height, diameter, stem volume,
biomass, leaf area and d13C, which were screened across the population. Variance in these traits was
shown to reflect heritable genetic factors (h2: 0.21 to 0.43). A lack of a significant G x CO2 effect
suggests that genotypes of this species performed similarly in ambient and high [CO2]. To circumvent
challenges of whole genome association analyses in high diversity populations, we applied a two-step
process involving, 1) whole-genome bulked segregant analyses (BSA) to identify candidate regions of
the genome based on population extremes, followed by 2) genotype:phenotype association of SNPs in
candidate regions. We identified 3641 and 3873 significant associations at a recommended FDR of
1.0X10-5, which was narrowed to 110 and 122 unique candidate genes for d13C and diameter
respectively. In both cases this included a number of genes with functions related to environmental
stress. To confirm associations we are in the process of screening SNP diversity from 2MB of the
genome in each genotype of the association population via target enrichment sequencing, which will
be validated firstly in glasshouse and then field collected trait data.

Ecological genetics and adaptation in European yew (Taxus baccata L.)

Santiago C. Gonzalez-Martinez a,*, Miquel Riba b, Concetta Burgarella ¢, Miguel Navascués d,
Francesca Bagnoli e, Stephen Cavers f, Delphine Grivet g, Giovanni G. Vendramin e, Maria Mayol b
aBIOGECO, INRA, Univ. Bordeaux, 33610 Cestas, France, bCREAF-Univ. Auténoma Barcelona,
08193 Cerdanyola del Vallés, Spain, cDIADE, Institut de Recherche pour le Développement (IRD),
34394 Montpellier, Franced, d CBGP, INRA, 34988 Montferrier-sur-Lez, France, elnstitute of
Biosciences and Bioresources, National Research Council, 50019 Sesto Fiorentino (Florence), ltaly,
fCentre for Ecology and Hydrology (CEH), Edinburgh, UK, gForest Research Centre (CIFOR), INIA,
28040 Madrid, Spain

*Presenting author

Studies on how forest tree species adapt to major environmental drivers have acquired great
relevance in the last years, fostered by increasing societal demands to produce sound forest
management and conservation plans in a context of climate change. Some species, such as the
European yew (Taxus baccata), due to their fragmented (albeit large) distribution and often low
effective population sizes may be more severely affected by climate change than other forest trees.
Here we provide an overview of our research on population genetics and adaptation in this iconic
conifer. We first describe the multi-layered population genetic structure revealed by microsatellites at
different spatial scales, from within-stand to rangewide. Second, we present quantitative genetics
evaluations on a wide range of phenotypic data, including multi-year measurements of growth,
phenology, and taxane (including taxol) content, from a clonal common garden planted in Central
Spain. Phenotypic data allowed us to identify temperature as a main adaptive driver for European yew.
Third, we present our ongoing work on molecular adaptation to climate based on 1,210 candidate
genes (25,726 SNPs) obtained from an exome capture experiment covering an environmental gradient
in Europe. First results based on new-generation outlier detection and environmental association
approaches identified a methionine synthase, involved in responses to stress, as a target of selection
in this species. Finally, we provide insights and perspectives for future research work on European
yew molecular adaptation and its relevance for the species’ management and conservation.

Signatures of local adaptation in candidate genes of oaks (Quercus spp.) in respect to present
and future climatic conditions

Christian Rellstab a*, Stefan Zoller b, Lorenz Walthert a, Isabelle Lesur c,d,e, Catherine Bodéneés
d,e, Andrea R. Pluess a, Christoph Sperisen a, Antoine Kremer c¢,d, Felix Gugerlia

a WSL Swiss Federal Research Institute, Birmensdorf, Switzerland, b ETH Zirich, Genetic Diversity
Centre, Zurich, Switzerland, ¢ INRA, Cestas, France, d University of Bordeaux, Pessac, France
*Presenting author

Testing whether and how populations are adapted to their local environment and predicting their
response to future habitat alterations is of key importance in the face of climate change. A powerful
approach to investigate such processes is landscape genomics, which identifies genes and
environmental factors involved in local adaptation. We investigated whether the three common and
ecologically divergent oak species in Switzerland (Quercus petraea, Q. pubescens, Q. robur) are
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adapted to their present and future environmental conditions. In a pooled amplicon sequencing
approach of 94 genes in 71 oak populations, we identified over 3P0 single nucleotide polymorphisms
(SNPs) and tested if they show an association with abiotic factors related to local topography,
historical climate, and soil characteristics. These environmental association analyses were run on all
populations and on populations of each species separately. In each analysis, we found around 20% of
the SNPs and 80% of the genes associated to at least one environmental factor. In the overall
analysis, the most frequently associated environmental factors were those best describing the habitats
of the different species. In the species-specific analyses, associated environmental factors and SNPs
greatly differed among species. However, we identified one SNP and seven genes that were
associated to the same environmental factor in all three species. We finally used allele frequency
distributions of candidate SNPs along environmental gradients to predict the risk of non-adaptedness
(RONA). RONA represents the change in allele frequency of populations that is theoretically required
to be adapted to simulated climatic conditions in the future. Our results show that RONA is
considerable for some populations and species. For example, in order to be adapted to the predicted
warmer climate, populations of Q. robur need a change in mean allele frequency of 30% within 140
years in SNPs associated to temperature. However, RONA strongly differs among species and
environmental factors and is therefore hard to predict for multifactorial environmental change. Given
the long generation time of oaks, some of the required allele frequency changes might not be realistic
for the populations to achieve on the basis of standing genetic variation. We conclude that some oak
stands will require gene flow or plantations to introduce beneficial alleles or better adapted seed
material (including different oak species) from habitats that currently match future climatic conditions.

Recombination rate variation, hitchhiking, and central-peripheral structure shape deleterious
load in black cottonwood (Populus trichocarpa)

Man Zhang, Lecong Zhou, Rajesh Bawa, Jason Holliday*

Department of Forest Resources and Environmental Conservation, Virginia Polytechnic Institute and
State University, 304 Cheatham Hall, Blacksburg, VA, USA, 24061

*Presenting author

Deleterious alleles that affect fitness are expected to be purged by purifying selection or maintained at
low frequency by drift. However, many additional evolutionary forces may shape the pattern of
deleterious mutations across the genome and among populations, including positive selection,
hitchhiking, recombination, and demographic history. We used exome capture data to estimate the
genome-wide distribution of deleterious alleles across natural populations of Populus trichocarpa.
While deleterious alleles were on average present at low frequency, suggesting purifying selection,
they were preferentially enriched both within genomic regions of low-recombination and in regions
showing evidence of recent positive selection. In addition, the demographic history of poplar appeared
to play a role in the distribution of deleterious alleles among populations, with peripheral populations
having higher rates of deleterious homo- and heterozygosity. This suggests that marginal populations
bear more deleterious mutations due in part to less efficient selection arising from smaller effective
population sizes, and possibly also due to recent bottlenecks associated with postglacial
recolonization. Finally, correlations between deleterious homozygosity and plant growth suggest a
significant effect of deleterious load on fitness. Our results suggest that both genomic context and
historical demography play a role in shaping the distribution of deleterious alleles across the genome
and range of P. trichocarpa.
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KEY NOTE: Matthew Rockman

Maternal and zygotic genetic effects in life-history evolution
Matthew Rockman
New York University, United States

Early stages of organismal development are subject to unique selective pressures that differ from
those experienced by mature individuals. Early stages are also disproportionately dependent on
maternally provisioned material. | will describe an experimental genetic model for the interplay of
maternal and zygotic genetic effects on phenotypic variation and evolution. Females in our study
species make either many small offspring or few large offspring, and the offspring develop through
different morphologies and dispersal modes to yield indistinguishable adults. These developmental
differences are highly heritable via both maternal and zygotic effects, with implications for how
selection shapes the distribution of phenotypes in populations.

Polygenic adaptation in a hierarchical population structure
Francois Lefévre
INRA, URFM Ecology of the Mediterranean Forests, Avignon, France

Local adaptation is generally studied at a large geographic scale, i.e. among populations. However,
within-population environmental heterogeneity can be large and there is increasing empirical evidence
of adaptation at microgeographic scale (i.e. within dispersal neighborhood [1,2,3]). A recent review [4]
advocates more studies on the interplay of evolutionary drivers at a wider range of scales.We used the
NEMO simulation framework in a hierarchical island metapopulation model to investigate the
evolutionary response to hierarchical patterns of selection both within and among populations. By
varying strength of selection, demographic parameters and the genetic architecture of traits, we
investigated polygenic adaptation patterns and processes at microgeographic and population scales
by using generalized Q-statistics and Fg-statistics for hierarchical population structures.Our results
show that microgeographic adaptation can be expected under a broad range of parameter values
including relatively low selection intensity. Patterns of differentiation at QTLs (Fg-statistics) at all
scales are primarily shaped by the pattern of environmental heterogeneity, the intensity of selection
and the number of QTLs determining the trait under selection. We also show interactions across
spatial scales: e.g. patterns of within-population heterogeneity have an impact on patch occupancy
and differentiation between populations. Furthermore, the discrepancy between Q-statistics and Fg-
statistics due to covariance among QTLs depends on the interaction between the differentiation
patterns at different hierarchical levels of the population structure. These results will be discussed from
the point of view of the expected genome-wide distribution of marks of selection, particularly those that
can be detected as changes of QTL-allele frequencies.

Evidence for local adaptation and potential maladaptation to climate change in Fagus
sylvatica: Genome-environment and phenotype-environment associations at regional scale
Pluess Andrea R. (a*), Frank Aline (a), Rellstab Christian (a), Vendramin Giovanni G. (b), Howe
Glenn T. (c), Heiri Caroline (a), Sperisen Christoph (a), Oddou-Muratorio Sylvie (d)

(a) Swiss Federal Institute of Forest, Snow and Landscape Research WSL, Zurcherstrasse 111, 8903
Birmensdorf, Switzerland(b) Institute of Biosciences and Bioresources, National Research Council, Via
Madonna del Piano 10, 50019 Sesto Fiorentino (Fl), Italy(c) Department of Forest Ecosystems and
Society, Oregon State University, 321 Richardson Hall, Corvallis, OR 97331-5752, USA (d) INRA,
UR629 Ecologie des Foréts Méditerranéennes (URFM), F- 84914 Avignon, France

*Presenting author

The evolutionary potential of long-lived species, such as forest trees, is fundamental for their local
persistence under climate change (CC). Genome-environment and phenotype-environment
association analyses (GEA /PEA) can reveal whether populations in heterogeneous environments at
regional scale are under differential selection pressure. This would result in populations with potential
pre-adaptation to CC within this area. In addition, climate projections can indicate the risk of
maladaptation to CC.In 79 natural Fagus sylvatica populations, neutral genetic structure was
characterized by 12 nSSR-markers and potentially adaptive variation (144 SNPs in 52 candidate
genes) was associated to 87 environmental predictors using latent factor mixed models (LFMM; [1]),
logistic regressions and isolation by spatial/environmental distance (IBD/IBE) tests [2]. Seedlings of
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the same populations were grown in two common gardens at contrasting altitudes to estimate
quantitative genetic differentiation (Qst) and phenotypic plasticity in growth and phenology traits as
well as to analyse PEA patterns [3]. To predict the risk of maladaptation to CC, differences between
present allele frequencies or plant phenotypic traits to those expected under projected climatic
conditions were assessed (analogous to [4, 5]).nSSR-diversity revealed low genetic differentiation
(overall Fst = 0.017) and relatedness up to 150 m inter-tree distance. However, large-scale spatial
genetic structure and IBE were absent. In the GEA 16 SNPs in 10 genes were associated to
environmental predictors and IBE (corrected for IBD) was confirmed. The GEA often reflected the
described gene functions, including evidence for adaptation to water availability and temperature. Qst
was higher for the phenology than growth traits (0.18-0.32 vs. 0-0.16) and was often much larger
than Fst, suggesting that most traits are under selection. Within-population genetic variation was
greater for growth than for phenology. In the common garden at the high elevation, phenology was
delayed and plants grew less, suggesting a passive plastic reaction. The PEA analyses indicated
adaptive divergence in phenology and growth with respect to temperature and water availability, but
not to soil characteristics. Overall, climate models explained 19-42% of the seedling trait variation.
Finally, potential maladaptation to climate change was found for different traits and populations.In our
study system, genomic and quantitative genetic divergence, combined with a lack of large-scale
neutral genetic patterns suggest that gene flow allows the spread of advantageous alleles in adaptive
genes and traits. Therefore, adaptation processes are likely taking place in populations occupying
heterogeneous environments, reducing their regional risk of maladaptation under CC.

Daily stem radial fluctuations in Eucalyptus reveal the dynamic of the genetic determinants of
trees response to environment

J. Bartholomé a,b, A. Mabiala c, R. Burlett a, D. Bert a, C. Plomion a, J-M. Gion a,b*

a BIOGECO, INRA, Univ. Bordeaux, 33610 Cestas, France, b CIRAD, UMR AGAP, F-33612 Cestas,
France,c CRDPI, BP 1291, Pointe Noire, Rep. of Congo

*Presenting author

In trees, daily stem radial fluctuation (DSRF) constitutes a remarkable dynamic trait in response to
environmental variations. This circadian rhythm integrates two major processes: i/ the variation in
water content in stem tissues in relation with water transport in the stem, determined by transpiration
and water absorption, and ii/ cell division in the cambium and subsequent cell expansion (secondary
xylem and phloem). DSRF can be measured at a very fine temporal scale using automatic
dendrometers placed on the surface of the trunk. While it has been largely studied by
ecophysiologists, the genetic basis of DSRF and its interplay with the environment remain largely
unknown.The objective of this study was to characterize the genetic architecture of the DSRF in
Eucalyptus, to learn about the dynamics of genotype-by-environment interaction (GxE). To this end,
we analyzed two years of sub-hourly data collected on 220 full-sibs of E. urophylla x E. grandis grown
in the Republic of Congo, i.e. about 200,000 data points per tree. Two components of the circadian
cycle were studied: the daily amplitude of radial shrinkage (DA), and the difference between
successive daily maximum trunk radius values (ARm). These two variables in relation with
environmental factors (temperature, air vapor pressure deficit, soil water content, global radiation)
enabled us to study the QTLxE interaction.At the phenotypic level, DA and ARm were on average not
correlated during the studied period. They showed clear differences in environmental plasticity: DA
being positively correlated with several atmospheric variables (vapor pressure deficit, radiation and
temperature) at the daily scale. Conversely, ARm showed low correlations with environmental
variables at this time scale, while it was associated with soil water content over a longer integration
time (week). These two traits presented a very different genetic architecture (few coincidences
between QTLs) suggesting that different genes are indeed involved in DA and ARm variation.
Moreover, the study of the genetic architecture of both traits over two years revealed a temporal
instability of the genetic control for DA and ARm. For DA, this instability was clearly related to
seasonal variations, and well-illustrated by two QTL regions on the linkage group 3 of the E. urophylla.
Interestingly, these QTLs colocalized with two major QTLs involved in the genetic control of mature
wood properties. These results reinforce the hypothesis that tree response to environmental variation
at the juvenile stage could be a key driver of many properties at an older developmental stage.
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Validating climate-adaptation candidate genes and translating variation into assisted gene flow
strategies

Aitken SNa*, Yeaman Sb, Hamann Ac, Hodgins KAd, Degner JCa, Gray LKc, Holliday JAe, Liepe
KJc, Lotterhos KEf, MacLachlan IRa, Rieseberg LHg, Smets Pa, Wang Ta, Whitlock MCh, Yoder JBa
*Presenting author

Population genomic approaches can characterize local adaptation to climate and inform assisted gene
flow strategies more quickly than provenance trials by revealing geographic variation in climate-related
genes and identifying climatic drivers of that variation. Analytical challenges include a high rate of false
positives for climate adaptation if population structure is not controlled in analyses, false negatives if
population structure and demographic history parallel spatial patterns of variation, and the high
threshold for statistical significance necessary with large numbers of markers (Lotterhos and Whitlock
2014, 2015). Once climate-adaptation genes and climatic drivers of local adaptation are validated, the
next challenge is how to translate knowledge of that variation into guidelines for reforestation in new
climates. Here we report on various approaches we are using to validate candidate genes for climate
adaptation and translate patterns of adaptation into recommendations for assisted gene flow (Aitken
and Whitlock 2014) in the AdapTree Project.We re-sequenced ~23,000 genes in ~600 trees from over
280 populations of lodgepole pine (Pinus contorta) and 250 populations of ‘interior’ spruce (Picea
glauca, P. engelmannii and their hybrids). Genetic-environment associations (GEA) and genotype-
phenotype associations (GPA) with climate-related traits were used to identify single nucleotide
polymorphisms (SNPs) and candidate genes involved in local adaptation. Top candidates in each
species were identified as those genes with exceptional numbers of SNPs in the 99th percentile for
GEA and GPA tests adjusted for population structure. We also tested orthologs of top candidates
identified in one species in the other, using raw rather than population-adjusted associations. This
comparative approach identified substantial overlap between these long-diverged (~140MY) taxa, and
suggested single species analyses resulted in over-correction for population structure in interior
spruce. The primary climatic drivers of local adaptation identified by GEA were related to low
temperatures rather than precipitation for both species, and are consistent with phenotypic variation
(Liepe et al. 2016).Climate-adaptation candidate SNPs from GEA and GPA were included on 50K
SNP arrays for each species. These arrays have been used to validate SNPs by genotyping several
thousand trees per species from: 1) additional seedling common garden experiments and
environments; 2) multiple sites and populations in a provenance trial; and 3) selectively bred orchard
seedlots from regional breeding programs. Validated SNPs will be used in regression tree and climatic
niche models to cluster similarly adapted natural stand and breeding populations for genetic resource
management, and to match adaptive profiles to current and future climates for assisted gene flow.

SESSION 3

KEY NOTE: Rishikesh P. Bhalerao

Molecular basis of adaptation to seasonal changes in boreal trees
Rishikesh P. Bhalerao
Department of Forest Genetics and Plant Physiology, Umea Plant Science Centre, Sweden

Trees growing in temperate and boreal forest need to modulate their patterns of growth in order to
survive the extreme fluctuations in temperature that accompany the change of seasons. Therefore
these trees undergo growth cessation and establish dormancy prior to the advent of winter when
temperatures can go down to -50°C. The cessation of growth and establishment of dormancy is
controlled by photoperiod. Whereas release of dormancy and subsequent bud flush in the spring are
temperature regulated. In contrast to photoperiodic control of growth cessation, the molecular basis of
bud dormancy establishment, its release and bud flush is poorly understood. We have identified
evolutionarily conserved components of Polycomb and plant hormone ABA as key components of SD
mediated bud dormancy establishment. | will discuss the how polycomb and ABA mediate in
photoperiodic control of bud dormancy establishment. | will describe our recent results that provide
insight into the genetic framework underlying temperature controlled break of dormancy and
subsequent bud flush.
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Adaptive Variation in Lodgepole and Jack Pine Population Responses to Mountain Pine Beetle
Fungal Associates and Abiotic Stresses

Kate R. St.Onge*, Catherine I. Cullingham, Janice E.K. Cooke

University of Alberta, Canada

*Presenting author

Mountain pine beetle (MPB) is an historic component of pine forests in the central and southern
interior of British Columbia. However, in recent years MPB populations have expanded north- and
eastward, threatening pine forests naive to attack from this pest. This study investigates adaptive
variation in lodgepole pine, the ancestral host, and jack pine, a naive host, across east-west gradients
in Canadian pine populations for traits that influence host quality to MPB. Characterizing the
susceptibility of naive pine populations is important for predicting the impact MPB will have as it
expands beyond its historic range. Lodgepole pine is distributed throughout the western North
America, moving eastward we transition to jack pine, whose distribution range extends from Alberta to
the Atlantic provinces. Using population genomics, we have redefined the large hybrid zone that
occurs between these two species in Alberta and discovered introgression and patterns of diversity
that suggest genetic variation is linked to variation in environmental factors along the east-west
gradient. We hypothesize that genetic variation along this gradient in lodgepole and jack pine also
correspond to a gradient in susceptibility to MPB fungal associates (Grosmannia clavigera), and that
traits affecting tree defence capacity, such as drought tolerance, differ across these same gradients.
To test these hypotheses we conducted a large-scale phenotypic screening of seedlings from 18 pine
provenances from across Canada for response to G. clavigera infection and to drought. We measured
lesion length at 1 and 2 weeks after infection with G. clavigera and photosynthetic capacity at 1, 3, 5
and 11 weeks of drought conditions in 756 and 816 trees, respectively, from our 18 populations. We
observed wide variation between our populations in phenotypic response to our biotic and abiotic
treatments. We are currently preparing to conduct a genome-wide association study to identify
genomic regions that underlie this variation. The results of this work contribute to our understanding of
how genetic variation in pine contributes to differences in host quality and, by combining these results
with our population genetic work, will identify whether population genomics can identify spatial patterns
of differential pine susceptibility to mountain pine beetle in novel habitats.

The nature of the progression of drought stress drives differential metabolomic responses in
Populus deltoides

Timothy Tschaplinskia®, Alina Campbellb, KC Cushmanc, Madhavi Martina, Nancy Englea, Xiaohan
Yanga, Jerry Tuskana. a Oak Ridge National Laboratory, Oak Ridge, TN, USA, b University of Florida
(c/o USDA), Miami, FL, USA, c Brown University, Providence, RIl, USA

*Presenting author

Use of woody crops for Quad-level (1015 BTU) energy production will require use of marginal
agricultural lands, where the occurrence of water stress will be recurrent, especially given the
predictions of increased frequency and severity of droughts associated with the predicted global
climate change. Our previous research demonstrated that Populus has the capacity to increase
dehydration tolerance by lowering the osmotic potential via osmotic adjustment, the active
accumulation of solutes under stress, which allows turgor and growth maintenance under mild to
moderate stress and facilitates growth recovery after stress relief. Despite the large number of
drought stress studies that have been published, few studies have contrasted the degree and nature
of solute accumulation if the nature of drought stress progression is varied (e.g., cyclic vs acute, short-
term vs long term, moderate vs severe stress).

We conducted a drought stress study on Populus deltoides in a greenhouse and determined the
metabolomic profiles of leaves from plants subjected to mild (-0.5 MPa predawn leaf water potential)
cyclic drought vs severe (-1.30 MPa) in contrast to well-watered controls (-0.1 MPa) after 2 or 4
drought cycles, and in contrast to plants subjected to acute drought, where plants were not rewatered
and were allowed to dessicate for up to 8 days. Leaves were rapidly sampled, fast frozen on dry ice,
ground with liquid N and then twice extracted with aqueous ethanol (80%). Dried aliquots of extracts
were analyzed for metabolites by gas chromatography-mass spectrometry (GCMS) with electron
impact ionization (70 eV) following trimethylsilylation.

The nature of drought onset (cyclic vs acute), frequency of drought (number of cycles), and the
severity of drought (mild vs severe), all interact to dictate the degree of osmotic adjustment and the
nature of the organic solutes that accumulate. Acute onset of prolonged, severe drought induced the
greatest osmotic adjustment after withholding water for 7 days (1.44x) with the greatest accumulations
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in the large, complex higher-order salicylate conjugates. Organic solute accumulation under cyclic
stress relative to well-watered controls was moderate (1.33x) and was largely constituted by soluble
sugars, organic acids, and amino acids. The metabolite responses are discussed in the context of
stress acclimation versus metabolic perturbation.

Genome-wide transcriptome and miRNA profiling of epigenetic memory formation in somatic
embryos of Norway spruce in response to temperature conditioning

Igor A. Yakovlev*, Adam Vivian-Smith, Carl Gunnar Fossdal .

Norwegian Institute for Bioeconomy research, PO box 115, 1431, As, Norway

*Presenting author

Epigenetic memory in Norway spruce affects vitally important adaptive traits such as the timing of bud
burst and bud set. The temperature conditions that prevail during early seed formation impact on
epigenetic processes resulting in the formation of epitypes, which determine the seasonal timing of
bud burst and set throughout later developmental cycles and seasons. Epigenetic memory formation
involves multiple epigenetic regulators and small non-coding RNAs. Components of epigenetic
regulators include writers, eraser and readers of epigenetic marks on DNA and chromatin. MicroRNAs
(miBRNAs), a class of small noncoding RNA molecules have recently drawn attention for their
prominent role in development, phase change and in their role in mediating response to environmental
conditions. Understanding the complex genetic pathways and regulatory mechanisms operative during
epigenetic memory formation was feasible by combining data of genome-wide transcriptome and
profiling small RNAs produced by different conditioning temperatures.We prepared 18 small RNA and
18 mRNA transcriptomic libraries from embryogenic tissues of two individuals at three stages of
maturation grown in vitro under three epitype-inducing temperatures (18, 23 and 28°C). These
libraries were sequenced with the PGM™ (lon Torrent™) system and were analyzed using CLC
genomic workbench software.The epitype-inducing conditions during somatic embryogenesis were
accompanied by marked transcriptome changes for a large number of gene models related to the
epigenetic machinery. Out of 735 putative orthologs of epigenetic regulators, 329 were affected by the
epitype-inducing temperatures and differentially expressed. Remarkably, we observed enrichment in
the majority of differentially expressed genes for epigenetic regulators related to DNA and histone
methylation, sRNA biosynthesis and action, and putative thermo-sensing and signaling genes.
Extensive characterization of miRNAs in Norway spruce during different stages of embryogenesis
under different temperature treatments allowed the identification of 1115 highly expressed miRNAs,
including 522 conserved and 593 novel miRNAs. For most miRNAs, we confirmed precursor
molecules and defined their cognate targets. We demonstrate that Norway spruce has a variety of
miRNAs with distinct epitype inducing temperature dependent expression patterns, and that these
miRNAs target an asymmetrically higher number of spruce genes with broad functions, including those
involved in epigenetic regulation. Overall, 124 miRNAs targeting 203 differentially expressed
epigenetic regulators were defined, | indicating an expansion of the epigenetic machinery relative to
angiosperms, and we suggest that this expansion reflect a finely tuned mechanisms involved in
development and in epigenetic memory formation.

Endogenous rhythmic growth, a trait suitable for the study of interplays between multitrophic
interactions and tree development

Buscot F*, Tarkka M., Herrmann S

Department of Soil Ecology, Helmholtz Centre for Environmental Research - UFZ, Germany
*Presenting author

As perennials, trees undergo phases of meristem activity ceases that control tree architecture and
their ability to survive through unfavorable seasons. The episodic growth is linked to variations in
allocation of the below- and aboveground plant resources. This affects the numerous multitrophic
associations typical of trees, which feedbacks on plant growth and resource economy. Some major
forest trees display an endogenous growth rhythm, and related pulses of variation in allocation of
resources have been detected. As this trait makes it possible to separate growth into defined phases,
it offers an opportunity to disentangle the complex regulation of growth and multitrophic interactions.
We present the experimental platform “TrophinOak” [1] that uses microcuttings of DF159, a clone of
Quercus robur. Q. robur displays an endogenous rhythmic growth characterized by alternating shoot
and root growth flushes. We selected beneficial or detrimental above- and belowground partners
including animals, fungi and bacteria, to synthesize multitrophic interactions on DF159. At distinct
phases of the oak growth, fluctuations of carbon and nitrogen allocation were monitored by stable
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isotope pulse labeling, and plant gene expression was analyzed by RNA-Seq in reference to a contig
library specific of DF159 [1, 2].We found highest variations in gene expression in leaves and roots
entering into growth cessation at the end of shoot and root flushing, respectively. Plants inoculated
with the ectomycorrhizal fungus Piloderma croceum displayed enhanced growth and increased
resources without modifying the rhythmic growth. However in this inoculation treatment, the differential
gene expression in leaves and roots entering into growth cessation dropped, especially in roots. This
enabled us to detect core genes ruling endogenous rhythmic growth, several of which correspond to
internal clock processes [3].Comparing interactions with seven types of biotic partners, we found only
two patterns of differentially expressed contigs. Patterns 1 corresponds to increased levels of DEC
upon shoot flush in both root and shoot tissues, while in pattern 2 the increased level is found during
root growth flush. Noteworthy these patterns depend neither on the beneficial or detrimental nature of
the partners, nor on whether they target leaves or roots. We now aim at identifying genes common
and specific of the different types of biotic partners [1].(1)  Herrmann et al. (in press) Perspectives in
Plant Ecology Evolution and Systematics(2)  Tarkka et al. (2013) New Phytologist 199, 529-540(3)
Herrmann et al. (2015) Journal of Experimental. Botany 66, 7113-7127

Epigenomics and tree phenotypic plasticity in response to water deficit

Anne-Laure Le Gac1, Clément Lafon-Placette1, Didier Chauveau2, Vincent Ségura3, Régis Fichot1,
Alain Delaunay1, Isabelle LeJan1, Franck Brignolas1, Steven H Strauss4, Stéphane Maury1*
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Global climate changes in progress will impact tree productivity in the northern hemisphere. The
understanding of physiological as well as genetic/molecular processes controlling plants response to
abiotic stress will help to improve plant breeding. Recently, epigenetic mechanisms such as DNA
methylation have been shown to participate to the control of plant development and their adaptation to
environment through modifications of chromatin compaction and gene expression profiles. Phenotypic
plasticity defines as the different phenotypes for a given genotype in distinct environments is a key
process for plant to adapt to their changing environment. This is particularly relevant for perennial
plants such as trees that are exposed to repeated fluctuations of their living conditions. In this context,
drought is a significant threat to forest health and agro-ecosystem productivity. With the availability of
its genome and its important natural genetic and phenotypic variations, Populus became a model
tree.The aim of our project is to develop an integrative approach to identify ecophysiological and
molecular bases, particularly DNA methylation, involved in phenotypic plasticity. Contrary to animals,
plants exhibit a continuous development and their germline arise from very specific somatic tissue: the
shoot apical meristem. We focus our effort to the study the role of DNA methylation in shoot apical
meristem using various epigenomic approaches (MeDIP-SEQ, MeDIP-CHIP, WGBS) in parallel to
transcriptomics and phenotyping. Our experimental designs include collection of genotypes and are
established in controlled conditions such as in greenhouse and nursery as well as in field plantations.
We have also characterized the first hypomethylated tree (DDM1-RNAi poplars) in different
environments.Altogether, our results demonstrate the role of DNA methylation in memorizing
environmental influence and identify the corresponding genes network in relation to phenotypic
plasticity.
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KEY NOTE: Joy Bergelson

Diffuse interactions shape the dynamics of a plant pathogen interaction
Joy Bergelson
University of Chicago, United States

Theories of host pathogen interactions explain the maintenance of resistance polymorphisms in terms
of frequency dependent selection acting between an obligately associated host and pathogen.
However, many host-pathogen interactions are not obligate: pathogens often infect multiple host
species and hosts harbor complex microbial communities. In this talk, | will tease apart the ecological
interactions underlying an ancient balanced polymorphism that we have identified in Arabidopsis
thaliana in nature. We find that this ancient balanced polymorphism at the R gene, Rps5, persists
amidst a web of complex interactions involving multiple host species, multiple bacterial species and
multiple effectors segregating among strains of single pathogen species. These results challenge us to
understand how selection acts on plant resistance, and how pathogens adapt to their numerous
secondary hosts. | will assess how P. syringae adapts to one of its secondary hosts, A. thaliana,
through an analysis of whole genome sequences and associated experiments.

Discovering genes involved in ecological speciation in European white oaks using an RNAseq
approach
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The European white oaks are mainly represented by two species: sessile (Quercus petraesa Matt.
Liebl.) and pedunculate (Quercus robur L.) oaks [1]. The distribution of these two sympatric species, is
largely imposed by environmental factors such as light, soil composition and humidity [2]. Sessile oak
is generally found on deep, well drained and rather acidic soil, while pedunculate oak favors deep and
fertile bottomland with sometime large level of hydromorphia. It is more tolerant to root hypoxia,
whereas sessile oak is more drought tolerant [3]. This species complex constitutes therefore a
powerful system to determine the role of gene expression in ecological speciation. While the role of
gene expression in ecological speciation is receiving a growing interest in animals, it still remains in its
infancy in forest trees. To fill this gap, we exposed seedlings of these two oak species to a cycle of
waterlogging followed by a moderate drought after a recovery period. White roots were harvested on
the two species along the whole cycle. An additional sampling of the immersed portion of the stem (i.e
containing hypertrophied lenticels) was also performed after the seedlings received the waterlogging
treatment. Gene expression for the different time points of the kinetics (5 in total) and tissues was
analyzed using an RNAseq approach. Genes showing differential expression between the two species
were identified using the Deseq and the EdgeR software. Overall, 1,997 and 107 genes were found to
be over-expressed in pedunculate oak and in sessile oak during waterlogging and drought stress,
respectively. Genes regulated by waterlogging and drought stress were validated by qPCR. Our
results provide new insights on the role of gene expression in shaping adaptive phenotypes in these
two oak species. For instance, we found that the suberin pathway is an important component of
waterlogging adaptation in pedunculate oak by favoring O2 diffusion to the root tip.

Tissue-specific transcriptome profiles underlying genotype- and drought-related variation in
phenotypic traits in Populus nigra
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Considering the increasing demand for both, food production and production of bioenergy feedstock,
energy crop production systems should preferentially utilise perennial crops grown on marginal sites.
Climate change, especially drought events, put biomass productivity at an increasing risk. Therefore, it
is pivotal to understand the underlying physiological and molecular mechanisms of drought stress
responses of bioenergy crops, and to investigate genotypic variation of such drought stress
responses. Here, we report on a study of drought stress adaptation in Populus nigra. Our hypothesis is
that genotypes from environments differing in precipitation and mean annual temperature harbour
different physiological and molecular mechanisms to cope with limited water availability, which can be
exploited to produce improved germplasm for sustained biomass production.To address this
hypothesis plants of three genotypes of Populus nigra originating from habitats characterized by
increasing water limitation were exposed to well-watered conditions or moderate drought for five
weeks in a greenhouse experiment.We found constitutive differences in biomass productivity among
genotypes, and a significant reduction of biomass accumulation under drought. Height and diameter
growth rates differed among genotypes and were reduced early after the onset the drought treatment.
Drought provoked an increase of intrinsic water use efficiency, with some genotype effects. The
genotypes differed constitutively in wood anatomical traits, and some traits were affected by
drought.RNA-seq transcriptome profiles obtained from plants sampled at the end of the experiment
revealed a strong drought-effect in mature leaves and fine roots, while the transcriptome of the
developing xylem was more resilient. In addition, very strong genotype effects were detected, while
only a small number of genes showed genotype-x-treatment-interactions. By gene correlation network
analyses, we identified genes and gene clusters linked to drought-related and genotypic variation in
growth and biomass traits.AcknowledgementsThe research reported here was conducted in WATBIO
(Development of improved perennial non-food biomass and bioproduct crops for water-stressed
environments) which is a collaborative research project funded from the European Union’s Seventh
Programme for research, technological development and demonstration under grant agreement No
311929.

Low temperatures induce secondary cell wall remodeling in Eucalyptus through a complex
network of transcription factors
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