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Abstract

Forest trees, like oaks, rely on high levels of genetic variation to adapt to varying
environmental conditions. Thus, genetic variation and its distribution are important
for the long-term survival and adaptability of oak populations. Climate change is
projected to lead to increased drought and fire events as well as a northward
migration of tree species, including oaks. Additionally, decline in oak regeneration
has become increasingly concerning since it may lead to decreased gene flow and
increased inbreeding levels. This will in turn lead to lowered levels of genetic
diversity, negatively affecting the growth and survival of populations. At the same
time, populations at the species’ distribution edge, like those in this study, could
possess important stores of genetic diversity and adaptive potential, while also being
vulnerable to climatic or anthropogenic changes. A survey of the level and
distribution of genetic variation and identification of potentially adaptive genes is

needed since adaptive genetic variation is essential for their long-term survival.

Oaks possess a remarkable characteristic in that they maintain their species identity
and specific environmental adaptations despite their propensity to hybridize. Thus, in
the face of interspecific gene flow, some areas of the genome remain differentiated
due to selection. This characteristic allows the study of local environmental
adaptation through genetic variation analyses. Furthermore, using genic markers with
known putative functions makes it possible to link those differentiated markers to
potential adaptive traits (e.g., flowering time, drought stress tolerance). Demographic
processes like gene flow and genetic drift also play an important role in how genes
(including adaptive genes) are maintained or spread. These processes are influenced
by disturbances, both natural and anthropogenic. An examination of how genetic
variation is geographically distributed can display how these genetic processes and
geographical disturbances influence genetic variation patterns. For example, the
spatial clustering of closely related trees could promote inbreeding with associated

negative effects (inbreeding depression), if gene flow is limited. In turn this can have
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negative consequences for a species’ ability to adapt to changing environmental
conditions. In contrast, interspecific hybridization may also allow the transfer of
genes between species that increase their adaptive potential in a changing

environment.

I have studied the ecologically divergent, interfertile red oaks, Quercus rubra and Q.
ellipsoidalis, to identify genes with potential roles in adaptation to abiotic stress
through traits such as drought tolerance and flowering time, and to assess the level
and distribution of genetic variation. I found evidence for moderate gene flow
between the two species and low interspecific genetic differences at most genetic
markers (Lind and Gailing 2013). However, the screening of genic markers with
potential roles in phenology and drought tolerance led to the identification of a
CONSTANS-like (COL) gene, a candidate gene for flowering time and growth. This
marker, located in the coding region of the gene, was highly differentiated between
the two species in multiple geographical areas, despite interspecific gene flow, and
may play a role in reproductive isolation and adaptive divergence between the two
species (Lind-Riehl et al. 2014). Since climate change could result in a northward
migration of trees species like oaks, this gene could be important in maintaining
species identity despite increased contact zones between species (e.g., increased gene
flow). Finally I examined differences in spatial genetic structure (SGS) and genetic
variation between species and populations subjected to different management
strategies and natural disturbances. Diverse management activities combined with
various natural disturbances as well as species specific life history traits influenced

SGS patterns and inbreeding levels (Lind-Riehl and Gailing submitted).
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Introduction

Forest trees make up 80% of the world’s biomass and contain more carbon in their
biomass and soils than the atmosphere (Pan et al. 2014). They are integral to the
maintenance of biological diversity, soil and water resource protection, and carbon
sequestration in addition to their aesthetic, cultural and economic value (FAO 2011).
They are largely outcrossing and hold large amounts of genetic diversity making
them capable of adapting to changing environments over their long life spans (Petit
and Hampe 2006). However, over the past 150 years anthropogenic impacts (e.g.,
deforestation, fragmentation, etc.) have devastated forests across the globe (FAO
2011). To complicate this, climate change is predicted to accelerate the pace of
environmental changes such as increased droughts and floods, warmer temperatures,
increased insect and pest attacks and overall more frequent and extreme natural
disturbances (Aitken et al. 2008; Bréda et al. 2006; Woodall et al. 2009). The success
of forest tree responses will be dependent on the genetic stores available to adapt to
changing local conditions (Aitken et al. 2008). Thus, it becomes imperative to assess
existing genetic diversity and understand how forest trees currently survive and adapt
to local environmental conditions in order to develop management and conservation
plans that will be effective in the future. Specifically, genetic information is lacking
at the regional and population level for many temperate forest trees in North
America. This is concerning since climate change is likely to display varying impacts
dependent on location (Aitken et al. 2008; Gibson et al. 2009). In fact, a recent study
analyzed geographic patterns of genetic variation in Quercus lobata and how this
might impact the species’ ability to survive the effects of climate change (Sork et al.
2010). The authors found that populations appeared to be adapted to local
environmental conditions through the examination of historical colonization patterns
and the correlation between multivariate nuclear genetic variation and climatic
variation. Regional differences with regard to the impact of climate change will lead
to variable stressors for populations of Q. lobata, with some populations facing a

greater likelihood of extinction than others. For example, temperature increases will
13



result in greater spatial shifts in the northern range versus the southern range of Q.
lobata. As forest trees, including oaks, often encompass large environmentally
heterogeneous ranges, this finding is likely applicable to other tree species as well
(Kremer et al. 2012; Petit and Hampe 2006). In order to accurately predict the impact
of climate change on forest trees, local adaptation and the distribution and amount of

genetic variation within and between species needs to be understood more clearly.

The ability of populations to adapt to changing environmental conditions depends on
genetic variation in adaptive genes (Aitken et al. 2008). However, forest trees present
a challenge for genetic studies like breeding and genetic experiments (e.g., linkage
and Quantitative Trait Loci (QTL) mapping, map-based cloning, genome
sequencing) due to their long generation times and large genomes, respectively.
Fortunately, with the advent of PCR-based markers (e.g., microsatellites, single
nucleotide polymorphisms or SNPs), genomic resources like cDNA libraries and
next generation sequencing advancements, studying non-model organisms like forest
trees is becoming more feasible (Bodénes et al. 2012; Ekblom and Galindo 2011;
Ellis and Burke 2007; Neale and Kremer 2011). The most commonly used markers,
microsatellites are tandemly repeated segments of DNA that are generally evenly
dispersed throughout the genome and highly polymorphic making them ideal for
examining genetic variation in populations and species (Weising 2005). Use of SNPs
has recently begun to increase as well. SNPs represent single base substitutions at a
particular location in the genome, are found frequently in genes and are often
biallelic making them useful for DNA and RNA profiling and genetic variation
studies (Weising 2005). In particular, the development of Expressed Tag Sequence
(EST) libraries has provided a way to mine for microsatellites and SNPs directly
linked to genes. Existing and expanding EST resources thus present an opportunity
to relatively quickly and inexpensively develop gene-associated microsatellite
markers. These EST-Simple Sequence Repeats (EST-SSRs) are generally more
conserved than traditional microsatellite markers and are often transferable among

species within genera and even sometimes between genera (Bodénes et al. 2012;
14



Ellis and Burke 2007). EST-SSRs are not only used to examine within and between
population genetic diversity and structure, but can also be used to link phenotypic
traits with potentially underlying genes. Furthermore, if these markers are genetically
mapped, genomic regions of interest such as those under selection or involved in
reproductive isolation can be identified and compared between species (Bodénes et

al. 2012).

The use of EST-SSRs is of great interest for genetic studies in forest trees because
they link genetic variation to potential adaptive traits. Forest trees possess high
genetic diversity within species and populations as well as specific environmental
adaptations, but at the same time many species exhibit large amounts of gene flow
within and among populations and species (Hamrick et al. 1992). High gene flow
might prevent local adaptation unless genomic areas involved in that adaptation are
under strong selection (Via 2012). Markers that show higher differentiation than
expected under neutrality (outlier loci) between species or populations with different
environmental niches could point towards a gene involved in local adaptation. Using
EST-SSRs to identify outlier loci, which potentially represent or are linked to
candidate genes, provides a targeted search method for markers that have putative
functions related to environmental adaptations in species that do not have a
sequenced genome. For example, a study looking at populations of sunflowers
(Helianthus annuus) with differences in adaptations to drought and salt conditions
using EST-SSRs (some with putative functions in drought and salt tolerance) found
that a substantial proportion of the outliers detected are linked to genes with putative
abiotic stress response functions (Kane and Rieseberg 2007). Currently studies using
EST-SSRs to detect outliers are limited, but growing in both animals (Shikano et al.
2010; Vasemagi et al. 2005; Vilas et al. 2010) and plant species (Kane and Rieseberg
2007; Lind-Riehl et al. 2014; Scotti-Saintagne et al. 2004b; Sullivan et al. 2013).
These outlier loci are candidates for further investigation through sequencing and
genetic mapping to examine the molecular basis for differentiation and confirm

potential involvement in local adaptation. For example, Wood et al. (2008) followed
15



up a outlier scan that used Amplified Fragment Length Polymorphisms (AFLPs) in
the marine gastropod, Littorina saxatilis, by analyzing sequence variation in
population samples at and close to the outlier genomic location. Their results
indicated that two outliers contained large indels and the sequence variation in these
corresponded to populations in two different environments, high shore and mid
shore. In oaks, Vornam et al. (2011) recently characterized a full length dehydrin
gene (involved in abiotic stress response) and its promoter region and assessed the
allelic variation in natural populations of Q. petraea discovering nucleotide diversity
within the coding region. This gene was not originally an identified outlier, but Q.
petraea is known to reside on drier soils than other interfertile European oak species
such as Q. robur (Curtu et al. 2007a). Studies to associate observed nucleotide
diversity with phenotypic variation in larger populations along environmental
gradients are still needed to confirm the involvement of these candidate genes in
local adaptation. For example, a candidate gene was identified in the outlier study
(Lind-Riehl et al. 2014). The same gene was associated with bud burst along an
altitudinal gradient in a Q. petraea provenance trial (Alberto et al. 2013).

Oaks as a model

Oaks play key roles in temperate North American forests by providing habitat and
food for many wildlife species and comprise a large proportion of trees in the
Northern Hemisphere (Aldrich and Cavender-Bares 2011; McShea et al. 2007).
Additionally oaks are economically valuable for their use in wood and paper
products. Oaks possess many life history characteristics associated with high levels
of genetic diversity including an outcrossing mating system, wind pollination, high
fecundity and generally encompassing large ranges (Aldrich and Cavender-Bares
2011; Hamrick et al. 1979). Oak regeneration rates have been declining over the past
60 years potentially due to fire suppression, elevated herbivory, and competition with
invasive plant species (Huebner 2003; Lorimer 1993). However, generally studies

have shown maintenance of high levels of genetic diversity despite low regeneration
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rates likely due to the high outcrossing nature of oaks (Aldrich et al. 2005; Muir et
al. 2004). Despite this, ageing populations are still a concern. Fragmented
populations or those at the species’ distribution edge are of particular concern
because of the potential for increased inbreeding. This can lead to decreased genetic
variation, which leading to negative effects on growth and survival (e.g., inbreeding

depression) and the ability to adapt to changing environmental conditions (Muir et al.

2004).

Interspecific gene flow and selection

Oaks (Quercus spp.) provide an excellent model to study genetic variation patterns
and local adaptation. Oaks hybridize frequently with other closely related oak
species (Rushton 1993). Consequently oaks have displayed low levels of genetic
differentiation between related species, and most genetic diversity is distributed
within species and populations (e.g., (Moran et al. 2012; Scotti-Saintagne et al.
2004b). Despite these often high levels of interspecific gene flow they consistently
maintain their species identity and different local adaptations in sympatry (Gailing
and Curtu 2014; Whittemore and Schaal 1991). In both North America and Europe,
oaks grow over a wide range of environmental conditions (Gailing et al., 2009). For
example, the interfertile European oak species, Q. robur and Q. petraea, display
preferences with regard to edaphic conditions, with Q. petraea growing on drier soils
than Q. robur (Curtu et al. 2007b). Local adaptations to these environmental
conditions may be responsible for this seeming paradox since gene flow is expected
to prevent genetic differentiation. In fact, most regions of the genome are
homogenized by gene flow and exhibit low interspecific differentiation. However, a
few genomic regions display strong interspecific differentiation and resistance to
gene flow (Scotti-Saintagne et al. 2004b). This could be the result of strong divergent
selection on those genes that are involved in species specific local adaptations (Curtu

et al. 2007a; Gailing and Curtu 2014; Scotti-Saintagne et al. 2004b).
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Basic genetic variation studies and outlier screens using nSSRs and EST-SSRs can
reveal areas that show high interspecific differentiation as described in the previous
section. This provides a way to focus research efforts on particular genomic regions
that may be of importance for local adaptation in oaks, while using neutral markers
(nSSRs) as a reference. EST-SSRs are particularly suited for this endeavor for two
reasons. First, plentiful EST resources already exist for white oaks (Durand et al.
2010; Bodénes et al. 2012) and are now available for red oaks (Fageaceae Genomics
Project: http://www.fagaceae.org/, see Gailing and Curtu 2014). Since the markers
are located in expressed genes, outliers can be directly linked to genes with known
functions, and variation in these genes might be associated with specific traits. For
example, genic markers could be selected with potential functions in drought
tolerance or flowering time, two traits that may play a role in local adaptation and
reproductive isolation (Petit et al. 2013; Gailing and Curtu 2014). EST-SSRs are
highly transferable among species within the same genera (or even family), so they
can be applied to discover outliers possibly under divergent selection between
populations within species as well as between interfertile species pairs. Currently,
high density genetic linkage maps exist in Q. robur to which many EST-SSRs are
currently mapped. These can be used to identify the genomic location of potential

outlier loci and allow comparative studies between species.

Oaks are also not exempt from the effects of climate change. Increased drought and
fire events may challenge their long-term survival and productivity. Additionally a
northward migration of some oak species in North America is predicted (Woodall et
al. 2009) that may lead to increased species competition and potentially increased
hybridization with other oak species. High genetic diversity within oaks and the
potential to share genes through hybridization may help them to adapt to future
conditions (Gailing and Curtu 2014), but limited seed dispersal and competition for
space with other species may slow down adaptation (Savolainen et al. 2007). The
ability for forest trees, including oaks, to adapt to climate change will be dependent

on existing genetic variation as well as dispersal and establishment rates (Savolainen
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et al. 2007). Thus it becomes important to understand how the genetic variation in

populations is arranged spatially.

Level and distribution of genetic variation

Oaks often represent foundation species in their ecosystems impacting nutrient and
energy fluxes, food webs and biodiversity. The loss foundation species can
detrimentally impact ecosystem functioning (Ellison et al. 2005). Natural
regeneration in oaks has markedly decreased over the last 60 years. Increased
competition with other more shade tolerant tree species, fire suppression, and
increased herbivory may be responsible for this trend (Lorimer 1993). To add to this,
anthropogenic influences are also leading to increased fragmentation of populations
through urbanization of the landscape, which can lead to decreases in genetic
variation and gene flow (McShea et al. 2007). Most studies have found high and
similar levels of genetic variation in oak populations subject to different management
regimes as well as different natural and anthropogenic environmental impacts such
as fragmentation, which has been attributed to the highly outcrossing nature of these
species (Cottrell et al. 2003; Craft and Ashley 2007; Muir et al. 2004). However, this
may not be the case in the future; as displayed by Sork et al. (2002), pollen donors in
a declining Q. lobata population have decreased since 1944 showing that there may
be limits to gene flow from other populations reaching fragmented or range edge
populations as time passes. Similar observations have been made for Q. ellipsoidalis
populations in the Baraga Plains of Upper Michigan (Lind and Gailing 2013). Other
studies have noted lower numbers of individuals belonging to smaller size classes in
both Q. rubra (Aldrich et al. 2005) and Q. petraea (Muir et al. 2004) stands. This
means that the standing genetic diversity in the populations may not persist over
time. Specifically, with fewer individuals contributing to future generations, spatial
clustering of related trees could result in inbreeding with negative effects on survival
and growth (inbreeding depression). Spatial genetic structure (SGS) analysis allows

the characterization of genetic variation in a two dimensional space. Examining SGS
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can reveal patterns of gene flow, genetic drift, and genetic variation and distribution
(Epperson 1992). An understanding of how the genetic variation of populations is
spatially arranged at a fine scale allows current and future conservation and
management plans to prepare for potential long term impacts on standing genetic

diversity.

Given the importance of oaks both ecologically and economically and the threats of
climate change and continued anthropogenic impacts, is it important to understand
the standing genetic diversity and its distribution at the population level as well as
the role that diversity plays in local environmental adaptation and gene flow within

and between species.

Red oak species in North America

There are approximately 400 species of oaks across five different continents that
occupy a large proportion of the Northern Hemisphere’s forests (Aldrich and
Cavender-Bares 2011). While local adaptation and genetic spatial structure and
variation in European white oaks (section Quercus) have been studied extensively
(e.g., (Bacilieri et al. 1996; Brendel et al. 2008; Cottrell et al. 2003; Curtu et al.
2007a, 2009; Jimenez et al. 2004; Kremer et al. 2002; Lepais et al. 2009; Lexer et al.
2006; Mariette et al. 2002; Petit et al. 2002; Salvini et al. 2009; Scotti-Saintagne et
al. 2004a; Streiff et al. 1998; Streiff et al. 1999; Valbuena-Carabana et al. 2007)),
studies in North American temperate oak species including the red oaks (section
Lobatae) are more limited (Cavender-Bares and Pahlich 2009; Craft et al. 2002;
Dodd and Afzal-Rafii 2004; Moran et al. 2012; Penaloza-Ramirez et al. 2010; Sork
et al. 1993). There are approximately 195 species of red oaks which are only found
in the Americas (Aldrich and Cavender-Bares 2011). They have been shown to
exhibit more extensive introgression and hybridization as compared to the white oaks
(Guttman and Weigt 1989). Furthermore, current genetic information on the basis of
species differences is much less as compared to the well-studied white oaks, but their

ecological and economic importance is just as high (Aldrich and Cavender-Bares
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2011). As such, more research on the delineation and maintenance of species
boundaries including information about genetic variation, gene flow, local adaptation

and the distribution of these genetic resources is warranted.

Quercus rubra L. is a foundation species within North American temperate forests
(Ellison et al. 2005). It has a wide distribution range that extends from the east coast
of North America to the Mississippi River (Barnes 2004). In contrast, the distribution
of Q. ellipsoidalis E. J. Hill is more restricted and fragmented within the Midwestern
Great Lakes region of the United States. While Q. rubra resides on north facing and
bottom slopes with mesic soils, Q. ellipsoidalis is the most drought tolerant red oak
species and resides on sandy dry barrens habitats (Barnes 2004; Hipp 2010). These
two species have different adaptations to drought as displayed by differences in
morphological and physiological characteristics. Q. ellipsoidalis has thicker leaves
and a deeper penetrating root system, and displays higher rates of photosynthesis at
low leaf water potentials, and later stomatal closure. (Abrams 1990). Both are
outcrossing wind pollinated species with primarily gravity dispersed seeds (Burns
and Honkala 1990). Evidence for hybridization was previously indicated by
morphological and isozyme studies (Hokanson et al. 1993; Jensen et al. 1993).
However species delineation and extent of hybridization was insufficiently
understood as isozymes possess far less variation as compared to microsatellite
markers. Additionally, leaf morphology is often not a reliable way to identify species
and their hybrids due to phenotypic plasticity (Blue and Jensen 1988; Tomlinson and
Jensen 2000). In fact, morphological differentiation does not always correspond to
molecular differentiation, as found in a hybrid zone of Mexican red oaks (Gonzalez-
Rodriguez et al. 2004). Using genetic characteristics at molecular markers has also
been shown to resolve species relationships better than morphological methods

(Curtu et al. 2007a; Gailing et al. 2012; Lind and Gailing 2013).

The ecological niche differences with respect to drought tolerance combined with the

presence of interspecific gene flow makes this species pair ideal for studying local
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adaptation and genetic variation patterns in red oaks. The use of genic markers (EST-
SSRs) will allow simultaneous identification of genes under divergent selection
(outlier loci), species and hybrids as well as estimate levels of interspecific gene
flow. Additionally, the populations under study are at the northern range limit of red
oaks and may harbor important genetic stocks (Gibson et al. 2009). This has been
displayed for other peripheral populations of European oaks with specific local
adaptations (Jimenez et al. 2004; Lorenzo et al. 2009). Northern range edge
populations have been shown to genetically differentiate from core populations and
sometimes hold greater genetic diversity that the core populations. Genetic
distinctness and diversity in northern peripheral populations is likely due to limited
gene flow from core populations as well as local selective pressures, thus making
these populations particularly evolutionarily dynamic (Gibson et al. 2009). In
addition, hybridization between these two species could increase due to the predicted
climatically induced northward migration that may allow for a novel source of
diversity and adaptive potential. For example, increased genetic variation in hybrid
zones of the flowering plant species, Cyclamen spp., has been found in northern
peripheral populations (Thompson et al. 2010). Alternatively these populations may
also be more susceptible to losses of genetic diversity through inbreeding, since their
distribution is fragmented and there is increased competition with other species for
space. Anthropogenic factors such as land use changes may exacerbate this further
(Muir et al. 2004; Gibson et al. 2009). The assessment of the spatial distribution of
genetic variation and potential levels of gene flow provides a way to assess the
formation of family structures, level of inbreeding, and genetic diversity. This
information coupled with historical knowledge of environmental disturbances, both
natural and anthropogenic, can provide a way to determine the impact of those

disturbances on genetic variation and distribution.
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Aims and objectives

The ecologically divergent interfertile red oaks, Q. rubra and Q. ellipsoidalis, were
the subject of my dissertation. My main goals were to identify genes with potential
roles in adaptation to environmental stresses and to assess the level and distribution
of genetic variation essential for their long-term survival. Specifically I have chosen

to address these goals through three objectives.

1. To assign species and identify hybrids and introgressive forms using both
genic (EST-SSRs) and neutral microsatellite markers (nSSRs), and assess
within and between species genetic diversity. This is described in the first
part of my thesis entitled “Genetic structure of Quercus rubra L. and Quercus
ellipsoidalis E. J. Hill populations.” (Lind and Gailing 2013)

2. To identify outlier loci potentially under divergent selection using EST-SSRs.
The second part, entitled “Evidence for selection on a CONSTANS-like gene
between Quercus rubra and Q. ellipsoidalis,” describes the findings of this
study. (Lind-Riehl et al. 2014)

3. To assess spatial genetic structure of managed and unmanaged Q. rubra
populations and managed Q. ellipsoidalis populations. This is described in
the third part, entitled “Fine scale spatial genetic structure of two red oak

species, Quercus rubra and Q. ellipsoidalis.” (Lind-Riehl and Gailing 2014)

Material and methods

Sampling

Eleven morphologically identified Q. rubra and Q. ellipsoidalis populations in the
Western Upper Peninsula of Michigan (USA) were sampled for genetic assignment
and variation analyses (Lind & Gailing 2013, Table 1). Four more populations of Q.
rubra and Q. ellipsoidalis were sampled from Wisconsin to provide two
geographically distant population pairs to distinguish between isolation by distance

and isolation by adaptation in the outlier screening (Lind-Riehl et al. 2014, Table 1).
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Populations used in the spatial genetic structure analysis included nine previously
collected populations: four incidentally managed Q. ellipsoidalis populations, four
managed Q. rubra populations and three unmanaged (primary forest) Q. rubra
populations. An additional unmanaged (primary forest) Q. rubra population was
collected so we had an equal number of managed and unmanaged populations (Lind-
Riehl and Gailing 2014, Table 1). Leaf samples for DNA analysis and GPS
coordinates were taken for each tree. Sampling consisted of only adult trees
occupying a dominant or co-dominant canopy with a focus on identifying
populations growing on contrasting sites or along environmental gradients. DNA was
isolated from leaf samples using the Qiagen DNeasy Plant Mini and 96 Plant Kit

(Qiagen, Valencia, CA) and corresponding procedures.
Marker analyses

A set of 8 nuclear microsatellite markers (nSSRs) developed in Q. rubra were used
to represent neutral variation (Aldrich et al. 2002; Steinkellner et al. 1997; Sullivan
et al. 2013). A set of 7 genic microsatellite markers (EST-SSRs) were adapted from
Q. robur (Durand et al. 2010) for use in Q. rubra and Q. ellipsoidalis (Lind and
Gailing 2013). These 15 microsatellite markers were used to perform genetic
assignment of individuals and to assess genetic variation within and among the
populations as well as to perform the spatial genetic analyses. This 15 marker set
covers eight of the 12 Q. robur linkage groups. An additional set of 21 EST-SSRs
(15 from Sullivan et al. 2013) with putative functions in drought tolerance, flowering
time and other functions were adapted to Q. rubra for use in the outlier screens
(Lind-Riehl et al. 2014). The 44 marker set used in the outlier screens covers 10 of
the 12 Q. robur linkage groups. Polymerase chain reaction and electrophoretic

separation were performed according to Lind and Gailing (2013).
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Statistical analyses

Various population genetic programs, including GeneAlEx 6.41 (Peakall and
Smouse 2006), GenePop 4.2 (Raymond and Rousset 1995) and FSTAT (Goudet
1995), were used to assess basic genetic variation parameters including observed and
expected heterozygosity, average number of alleles, the inbreeding coefficient,
pairwise Fgr, and to perform Hardy Weinberg equilibrium tests. STRUCTURE
(Pritchard et al. 2000), a model based clustering method that utilizes a Bayesian
inference approach, was applied to delineate species and population groups and
assign individuals to species as well as to identify hybrids and introgressive forms.
Both a model based method using coalescent simulations (LOSITAN, Antao et al.
2008) and a model-independent statistic (LnRH, Schlotterer and Dieringer 2005)
were applied to minimize false positive detection of outliers in the outlier screening.
Spatial autocorrelation analyses (SPAGeDI, Hardy and Vekemans 2002) were
performed to assess the degree of dependency of genetic variation on geographic

space.

Summary of results

“Genetic structure of Quercus rubra L. and Quercus ellipsoidalis E. J. Hill
populations at gene-based EST-SSR and nuclear SSR markers” by Lind, JF and
Gailing O, Tree Genetics and Genomes 9:707-722

We found evidence for low to moderate gene flow between the two species and low
interspecific genetic differences at most genetic markers. Despite overall low
interspecific genetic differentiation, individuals were largely grouped into two
distinct clusters corresponding to the two species. A comparison between seedling
populations and adult populations showed similar levels of hybrids and introgressive
forms indicating that gene flow is likely low to moderate. Initial outlier testing using
Arlequin (Excoffier and Lischer 2010) indicated GOT021 as an outlier with a

putative function as a histidine kinase 4 between Q. rubra and Q. ellipsoidalis
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populations in the Ford Center Baraga Plains region. It was also identified as an
outlier by a second outlier screening method, LOSITAN (Antao et al. 2008), between
the same populations (Sullivan et al. 2013). Histidine kinases have been shown to be
involved in abitoic stress response in Arabidopsis (Desikan et al. 2008; Tran et al.
2007).

“Evidence for selection on a CONSTANS-like gene between two red oak species” by

Lind-Riehl JF, Sullivan AR, and Gailing O, Annals of Botany 113: 967-975

An additional outlier screening with increased numbers of genic markers (36 EST-
SSRs and 8 nSSRs) including those with putative roles in phenology and drought
tolerance led to the identification of a CONSTANS-like (COL) gene. This gene was
highly differentiated between the two species despite interspecific gene flow in all
population pairs from three different geographical regions. Specifically, this COL
gene has putative functions in flowering time and growth. A seedling common
garden trial also showed differences in flowering time between the two species
(Gailing 2013). Thus, differences in flowering time may also be involved in the low
to moderate effective gene flow observed in the genetic assignment analyses. This
suggests that the Quercus COL gene may play a role in reproductive isolation and

adaptive divergence between the two species.

“Fine-scale spatial genetic structure of two red oak species, Quercus rubra and Q.
ellipsoidalis” by Lind-Riehl JF and Gailing O Plant Systematics and Evolution DOI:
10.1007/s00606-014-1173-y

While no consistent differences in spatial genetic structure (SGS) were noted
between unmanaged and managed Q. rubra populations, diverse management
activities did show differences in SGS patterns. For example, even-aged
management exhibited no significant SGS, while uneven-aged management showed
significant SGS up to 36 m. This is likely a result of mating between overlapping
generations in the uneven-aged stands. Between species comparisons showed that Q.

ellipsoidalis displayed much stronger SGS than Q. rubra. The Q. ellipsoidalis
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populations in this study are largely isolated, and one of them (FC-E) showed
evidence for high levels of inbreeding. Reduced genetic diversity could impact the

future ability of this species to adapt to changing environmental conditions.

Additional related studies

These two studies were not a part of my dissertation, but I played a role in their

completion and was listed as an author on the publication of the results.

“Development and characterization of genomic and gene-based microsatellite
markers in North American red oak species” by Sullivan AR, Lind JF, McCleary TS,
Romero-Severson J, Gailing O in Plant Molecular Biology Reporter 30: 231-239

This study validated four new nSSRs in Q. rubra as well as adapted 21 EST-SSRs
from Q. robur for use in Q. rubra. These markers were subsequently used in all three
parts of my dissertation. Initial outlier screens were also performed that included one
population pair of Q. rubra and Q. ellipsoidalis from the Ford Research Forest and
Baraga Plains region. GOT021 was identified as an outlier between that population

pair and has a putative function as a histisdine kinase-4.

“Leaf morphological and genetic differentiation between Q. rubra L. and Q.
ellipsoidalis E. J. Hill populations in contrasting environments” by Gailing O, Lind
JF, Lilleskov E in Plant Systematics and Evolution 275: 1533-1545

This was a sister study to the first part of my dissertation that assessed morphological
characters in the same populations. The goal was to test whether the large continuous
leaf morphological variation observed in the field was a result of phenotypic
plasticity within species or between two interfertile species and compare the
morphological assignment to the genetic assignment (Gailing et al. 2012). This study
found that the morphological variation was largely due to phenotypic plasticity
within Q. rubra and that although Q. ellipsoidalis was differentiated from Q. rubra
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at the 17 morphological characters analyzed, the genetic assignment analysis

delineated between the species more clearly.

General discussion

Understanding genetic variation patterns provides a way to effectively conserve and
manage oak populations for long term survival and productivity. Since climate
change is predicted to impact migration patterns, water availability, and temperatures
differently across the landscape of North American forests (Aitken et al. 2008; Sork
et al. 2010), it is important to develop regionally specific sources of data on the
growth and survival of important trees species like oaks. Specifically, range edge
population may harbor important genetic resources that may aid in future adaptation
of these species to climatic changes (Gibson et al. 2009). These studies have
provided a solid base of information on genetic variation patterns and the impacts of
various management practices for populations of Q. rubra and Q. ellipsoidalis at the
northern edge of their distribution range. Additionally, a potential candidate gene
(COL) has been identified that may be involved in adaptive species differences.
However, more work is certainly needed and further studies including direct analysis
of gene flow and sequence variation analysis in the COL gene for the two species are
planned. Whole genome scans using recently developed genomic resources for Q.
robur (a closely related white oak species) and Q. rubra (Gailing and Curtu 2014) as
well as associations of potential outliers with phenotypic variation will also provide a
better understanding of how these genetic differences translate in the environment

(Sork et al. 2010).
Genetic variation and distribution

A set of genic and nuclear microsatellite markers were successfully applied to
delineate species boundaries between the interfertile Q. ellipsoidalis and Q. rubra
and to identify hybrids and introgressive forms. Generally high levels of genetic

diversity were found in populations of both species whether managed or unmanaged.
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This is consistent with the wind pollinated, highly outcrossing nature of oaks
(Hamrick et al. 1992) and in correspondence with other studies within Fagaceae
(Buiteveld et al. 2007; Craft and Ashley 2007; Muir et al. 2004). However, potential
inbreeding was noted in at least one Q. ellipsoidalis population. Stronger spatial
genetic structure (SGS) was also noted in the Q. ellipsoidalis populations indicating
more extensive family structures. The geographic isolation of the Q. ellipsoidalis
populations combined with the harsher environmental conditions (dry sandy pine
barrens) may be responsible for the higher level of inbreeding and lower fecundity
observed as well as slightly, but significantly less genetic diversity and stronger SGS
when compared to adjacent Q. rubra populations. In another similar interfertile oak
species pair, Q. robur and Q. petraea, more pronounced SGS was found in Q.
petraea populations. The more drought tolerant Q. petraea’s range is more limited
than Q. robur’s (Streiff et al. 1998). Another study on a related species with similar
life history traits, Fagus sylvatica, found that fragmentation of populations resulted
in a decrease in rare alleles (Paffetti et al. 2012). In contrast, Muir et al. (2004) did
not find reduced genetic variation in fragmented populations of Q. petraea in
Ireland, but noted low size class diversity in the stands and that naturally regenerated
seedlings were also susceptible to animal herbivory. Likewise, Aldrich et al. (2005)
found high levels of genetic diversity within an old growth Q. rubra forest, but
observed that the smaller diameter size classes were conspicuously missing from the
stands. Since trees can hold high levels of genetic variation, the impacts of
fragmentation and human management regimes may not be apparent for several
generations. Case in point, Jump and Pefiuela (2006) studied the long-term (>600
years) impact of fragmentation in Fagus sylvatica populations and found that genetic
diversity was reduced. The Q. rubra and Q. ellipsoidalis populations still show high
levels of genetic diversity, but the isolated Q. ellipsoidalis populations show some
signs of inbreeding and stronger SGS. The long term effects of fragmentation
coupled with apparent decreases in natural regeneration rates due to increased

competition with other species and herbivory (both of which will be exacerbated by
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climate change) may leave these oak populations less equipped to deal with future

environmental changes.
Gene flow and outlier scans

Gene flow was noted to be relatively low between adjacent Q. rubra and Q.
ellipsoidalis populations in the Ford Research Forest and Baraga Plains area, with
similar numbers of statistically significant hybrids and introgressive forms in both
seedling and adult populations. Our outlier screening discovered a putative
CONSTANS-like (COL) gene with functions in flowering time and growth containing
a microsatellite (FIR013) that was highly differentiated between the species in all
three separate geographical locations. Additionally, this marker was not
differentiated within species, even from different geographical regions, providing
strong evidence for this marker being under divergent selection or closely linked to a
gene under divergent selection. In greenhouse experiments, Q. ellipsoidalis seedlings
were found to have significantly later budburst (a proxy for flowering time, see
Chesnoiu et al. (2009) than Q. rubra seedlings (Gailing 2013) and low effective gene
flow may be due to these differences in flowering time. Additionally, the Q. rubra
populations were located in more mesic soils mixed with maple (Acer spp.) and/or
white pine (Pinus strobus), while the Q. ellipsoidalis populations were growing on
very dry sandy plains with jack pine (Pinus bansksiana). Slower growth
characteristics have been shown to be characteristic of species residing on dry sandy
outwash plains like those inhabited by Q. ellipsoidalis populations (Motzkin et al.
2002). Furthermore other studies have shown a putative role for this gene in
flowering time and growth (Herrmann et al. 2010; Hsu et al. 2012), making COL a
candidate gene that may be involved in divergent selection and adaptive speciation
between Q. ellipsoidalis and Q. rubra. This COL gene may be a “magic gene” that
simultaneously acts as a reproductive barrier (i.e., differences in flowering time) and
is under divergent selection, and may lead to the evolution of adaptive species

differences (Servedio et al. 2011). The ecological species concept suggests that
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ecological specialization is the mechanism by which species like oaks maintain their
species despite recurrent gene flow (Van Valen 1976), and divergent speciation
through local adaptation is now viewed as a legitimate evolutionary path since
genetic evidence for this theory has been building (see (Schluter 2009)). Further
examination of this candidate gene will need to be explored to ascertain its role in
adaptive divergent speciation of course, such as examining sequence variation in the
gene and its promoter region in contrasting populations and association studies

between contrasting populations to connect phenotypic and genetic variation.
Outlook

These three studies have provided genetic variation data and its distribution for the
species pair Q. rubra and Q. ellipsoidalis that has provided a better understanding of
the effective reproductive isolation between these interfertile species and a model to
identify genes under divergent selection that may be involved in adaptive species
differences. However, continued research is needed. Given the differences in drought
tolerance between the two species and the identification of a potential outlier
involved in abiotic stress response (GOT021) in the Ford Research Forest and
Baraga Plains region, examining ecophysiological traits such as water use efficiency
will begin to shed light on whether this genetic difference in drought tolerance is
significant physiologically. Preliminary analyses of water use efficiency and soil
moisture differences between Q. rubra and Q. ellipsoidalis populations in that region
are in progress to better understand the role drought tolerance has in the formation of
ecological niches for these two species. Additionally, the gene flow estimates
obtained in this study could be affected by two factors. First, the populations were
not sympatric but rather adjacent within the range of gene flow, meaning that we do
not have a complete understanding of how these two species interact when growing
sympatrically. Second, indirect measures of gene flow, like those carried out in this
thesis, have well documented shortcomings since the assumptions of the models used

often do not reflect natural conditions in populations (e.g., equilibrium between
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genetic drift and migration, equal contribution of migrants from all populations)
(Burczyk et al. 2004). Since the inception of this study, a few populations of truly
sympatric Q. rubra and Q. ellipsoidalis have been identified and sampled. Species
assignment and hybrid identification along with parentage analysis are under way for
those newly identified populations (PhD study, Sudhir Khodwekar). Parentage
analysis can provide a direct, non-model based estimate of gene flow without making
assumptions about equal contribution of migrants from all populations and
equilibrium between genetic drift and migration. In addition to providing better
estimates of contemporary interspecific gene flow, parentage analysis could provide
estimates of genetic differences in adaptive traits. Since the species are nearly fixed
on alternative alleles, a reciprocal transplant experiment with Q. rubra, Q.
ellipsoidalis and hybrid seedlings with different genotypes for COL could be
conducted. If this gene is involved in adaptive species divergence with gene flow, an
increase of species specific alleles from the seedling to adult generation along with
higher growth and survival of Q. rubra and Q. ellipsoidalis seedlings with species

specific alleles in the parental environments would be expected.

Our outlier screening identified a marker (FIR013) located in the coding region of a
COL gene. Further work will need to be conducted to elucidate the importance of
this gene in adaptive species divergence. For example, the whole gene and possibly
its promoter region could be sequenced to characterize sequence variation in the
gene and/or its promoter region among contrasting populations. Alternatively, since
variation for adaptive traits is likely to be spread across many loci with varying
effects (Savolainen et al. 2007), restriction site-associated DNA (RAD) sequencing
(Baird et al. 2008) or genotyping by sequencing (GBS) (Elshire et al. 2011) could be
used to conduct genome-wide scans to identify other outlier regions that may also
play a role in the local adaptation or reproductive isolation. Finally high density
genetic linkage maps of Q. rubra are being constructed currently and could be used
to see if QTL for local adaptations of species co-locate with identified outlier regions

(Gailing and Curtu 2014).
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My SGS study revealed that both anthropogenic and natural disturbances impact the
genetic structure of Q. rubra populations. Since the impacts appear to be variable
from one population to the next, a landscape genetic study could prove useful to
correlate these spatial genetic patterns as well as genetic variation at outlier loci with
environmental variables. Manel et al. (2003) defines landscape genetics as the
detection and correlation of genetic discontinuities to environmental features. This
type of study can help inform conservation efforts on how to account for regional
and local environmental characteristics. For example, Ackerman et al. (2013)
examined the spatial genetic structure of two salmon species using both neutral and
outlier SNPs and showed that local adaptation can play a role in shaping genetic
structure. A SNP, identified as an outlier and located in a gene associated with
adaptive differences in other salmon ecotypes, differentiated between populations
with different spawning behaviors and locations related to temperature and water
flow gradients. This could impact how civic water projects or fishery restocking may
be conducted in order to preserve these distinct ecotypes. In Sork et al. (2010),
mentioned in the introduction, the authors found that regional climatic gradients
were associated with genetic variation in Quercus lobata. The authors are currently
working on identifying SNP variation in candidate genes linked to traits like drought
tolerance and flowering time. SNPs can be associated with climatic variables
allowing adaptive variation to be mapped to the landscape. This will help provide
regionally relevant predictions about how climatic changes may impact growth and

survival.
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Abstract

Sympatric hybridizing oak species provide a model system for studying local
adaptation. Disjunct populations of Quercus rubra L. and Q. ellipsoidalis E. J. Hill at
the northern edge of their distribution may harbor important reservoirs of adaptive
genetic variation. Genic (Expressed Sequence Tag- Simple Sequence Repeat = EST-
SSR) and non-genic nuclear microsatellite (nuclear SSR = nSSR) markers were used
to estimate neutral and potentially adaptive genetic variation in these two supposedly
interfertile oak species showing different adaptations to drought. Eleven populations
of putative Q. rubra and Q. ellipsoidalis located in the Western Upper Peninsula of
Michigan were characterized using seven EST-SSRs and eight nSSRs. Bayesian
cluster analysis revealed two distinct groups corresponding to each species with
evidence of low levels of potential introgression. A comparison of the genetic
structure of adult trees and seedlings revealed no evidence for selection against
hybrids. Overall, similar levels of genetic variation and differentiation between
populations and species were found at both EST-SSRs and SSRs indicating that most
EST-SSRs chosen reflect neutral variation. Two loci, 3A05 (nSSR) and GOTO021
(EST-SSR, putative histidine kinase 4-like), were identified as putative outlier loci
between species showing largely reduced variation in Q. ellipsoidalis. Future
analyses of an increased number of EST-SSRs located in functional genes will allow
the identification of genes involved in the reproductive isolation between both

species.

Keywords EST-SSRs, nuclear SSRs, oaks, genetic assignment
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Introduction

The evolutionary role of hybridization has been a controversial topic. The prevailing
view is that hybridization plays an important role in adaptive evolution and
speciation (e.g., by formation of new species, transfer of adaptations and invasion of
one species into the range of another species, Arnold and Martin 2010). In particular,
oaks (Quercus spp.) have become model taxa to investigate the potential role of
hybridization and introgression in adaptive evolution (Aldrich and Cavender-Bares
2011). Hybridization between related oak species is a common phenomenon and has
challenged the biological species concept even resulting in the development of a
species concept that relies on ecological criteria (Van Valen 1976). Due to their
propensity to hybridize (e.g., Curtu et al. 2009; Mir et al. 2006) and high within-
species genetic and phenotypic variation, species boundaries within the genus
Quercus are not clear-cut (Burger 1975; Rushton 1993). Genetic differentiation
between hybridizing species is generally low, as the result of porous species
boundaries (Moran et al. 2012; Scotti-Saintagne et al. 2004) and/or a short
divergence time between closely related species (Muir et al. 2001). Despite frequent
interspecific gene flow between closely related oak species (Bacilieri et al. 1996;
Curtu et al. 2009, 2007a; Dodd and Afzal-Rafii 2004; Howard et al. 1997; Moran et
al. 2012; Valbuena-Carabaiia et al. 2005), species identity is often maintained
possibly as the result of directional selection (Whittemore and Schaal 1991). For
example, in a central Romanian stand of four hybridizing oak species (Q. robur, Q.
petraea, Q. pubescens and Q. frainetto), their spatial distribution was associated with
different environmental conditions (e.g., soil conditions, elevation) and adult hybrids
and introgressive forms were located at the sympatric edges of the species’
ecological niches, suggesting that selection maintains different species’ adaptations
(Curtu et al. 2009, 2007a). Hybrid seedlings of Q. petraea and Q. pyrenaica have
also been shown to be located in micro-sites of maximum contact between recruits of
both parental species (Lopez de Heredia et al. 2009). Furthermore, even moderate

levels of gene flow are expected to lead to a highly homogenized genome as
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observed in the closely related white oak species Q. robur and Q. petraea (Scotti-
Saintagne et al. 2004). However, some genic regions exhibited interspecific
differentiation that exceeded the neutral expectation. These regions were designated
as outlier loci and may play a role in the control of adaptive traits involved in pre- or
post-zygotic isolation between species (e.g., differences in flowering time or drought

tolerance).

In addition to being a model for studying the evolutionary effects of hybridization,
oaks are important forest tree species in the Northern Hemisphere, both
economically, through wood and paper production, and ecologically, as a source of
food and shelter for countless wildlife (McShea et al. 2007). However, a northward
migration of temperate forest trees in North America is predicted along with changes
in precipitation patterns that will lead to increased drought and fire events as a result
of climate change (Pautasso 2009; Woodall et al. 2009). These changes will affect
distribution ranges and competition between forest tree species (Aldrich and
Cavender-Bares 2011; Doak and Morris 2010). Current disjunct populations of Q.
rubra L. and Q. ellipsoidalis E. J. Hill at the northern range limit of oaks, such as
those analyzed in the present study, may harbor important reservoirs of genetic
variation as has been observed in other peripheral or marginal populations of oaks
with particular local adaptations (Jimenez et al. 1999; Lorenzo et al. 2009).
Additionally, hybridization between these closely related oak species with different
drought adaptations might result in the transfer of adaptations or new adaptations due
to novel gene combinations. Assessment of this species pair in the study area may
provide information relevant for management and conservation of these species in

the face of climate change.

Q. rubra and Q. ellipsoidalis were chosen as model taxa, since they overlap in their
distribution ranges, while also showing different local adaptations to drought. Q.
rubra extends from southern Ontario in the north to central Georgia in the south and

from the Atlantic coast to the Mississippi River in the west (Sork et al. 1993). It
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prefers mesic to well drained uplands and is one of the most genetically diverse oak
species in North America according to a review of nuclear and organelle gene
diversity studies of 33 species of oak (Kremer and Petit 1993). The range of Q.
ellipsoidalis is more scattered, including Michigan, Wisconsin, most of lowa and
Minnesota and the northern parts of Indiana and Illinois (Hipp 2010). In contrast to
Q. rubra, Q. ellipsoidalis prefers very dry sandy sites and is the most drought
tolerant red oak species in North America showing several morphological and
physiological adaptations related to drought tolerance (e.g., tissue elasticity, leaf
conductance, xylem anatomy, root depth) (Hipp 2010; Abrams 1990). The two
species also show differences in leaf and acorn morphology. Q. ellipsoidalis has
smaller ellipsoid acorns and deeply lobed glabrous leaves, while Q. rubra has larger
ovoid acorns with a short cap and leaves with shallower lobes (Barnes 2004). While
hybridization between the species was suggested based on the observation of
continuous leaf morphological variation (Jensen et al. 1993) and low genetic
differentiation between species at isozyme markers (Hokanson et al. 1993), these

markers did not allow an assignment of individual samples to species.

In the present study, a total of 582 individuals from 11 locations in the Upper
Peninsula, where Q. rubra and Q. ellipsoidalis are the only species present, were
characterized at both potentially selectively neutral non-genic microsatellites
(nuclear Simple Sequence Repeats or nSSRs) and at genic microsatellites (Expressed
Sequence Tag or (EST)-SSRs) (Aldrich et al. 2002; Durand et al. 2010; Sullivan et
al. 2013). Most populations were tentatively characterized as Q. rubra and Q.
ellipsoidalis based on multivariate analyses of leaf characters (Gailing et al. 2012).
In one location, adjacent Q. rubra and Q. ellipsoidalis populations were identified on
contrasting soil types with Q. ellipsoidalis growing on very dry outwash sands

(Baraga Plains region).

The specific objectives of the present study were to (1) to develop a set of

discriminating microsatellite markers that allow the assignment of individuals to
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species and to identify hybrids and introgressive forms, (2) test whether there is
evidence for selection against hybrids by comparing the number of hybrids and
introgressive forms in the adult and seedling generation, (3) compare genetic
variation within and among populations and species at potentially selectively neutral
nSSRs and at genic EST-SSRs, (4) identify outlier loci putatively under divergent

selection between species.

We hypothesize that (1) hybrids and introgressive forms can be identified in the
contact zones between species, but their number is low as result of pre- and/or post-
zygotic isolation, and (2) selection against hybrids is reflected in a lower number of
hybrids in the adult tree generation as compared to the seedling generation, (3)
genetic differentiation between species is low as a result of gene flow or shared
common characters, but higher than among populations within species, (4) the level
of interspecific differentiation is higher at potentially adaptive EST-SSRs than at
selectively neutral nSSRs, (5) outlier loci putatively under divergent selection

between species can be identified.

Materials and methods

Plant material

A total of 582 trees were sampled from nine Q. rubra and two Q. ellipsoidalis
populations in four regions of the western Upper Peninsula of Michigan and their
locations mapped using a GPS unit (Table 2, Fig. 1). In the Baraga Plains (near the
Ford Center, FC) two Q. ellipsoidalis populations (FC-C, FC-E) on dry sites and two
Q. rubra populations (FC-A, FC-B) on neighboring mesic sites were sampled. In the
Huron Mountain Reserve (HMR) sampling was conducted along an altitudinal
gradient with soil moisture decreasing as altitude increased. The HMR and
Brockway Mountain (BR) populations included individuals collected from granite
rock outcrops showing a shrubby growth habit, while the MTU-1 samples were

collected from a single old-growth Q. rubra stand on loamy fine sand. In addition,
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leaves from 131 and 34 naturally regenerated seedlings were collected from FC-A
and FC-C, and from 86 one and a half year old seedlings grown from acorns
collected from FC-E. An additional set of samples were included that had previously
been genetically assigned to species using AFLPs (Amplified Fragment Length
Polymorphisms) (Hipp and Weber 2008). These included 12 and 27 individuals that
were assigned to Q. rubra and Q. ellipsoidalis, respectively. The samples were
collected from eight populations (Q. rubra) in the Lower Peninsula of Michigan and
three populations (Q. ellipsoidalis) in Indiana (41° 31' N, 87° 26' W), the Lower
Peninsula of Michigan (44° 26' N, 84° 12' W), and Wisconsin (44° 40' N, 88° 5' W).
Another 30 trees that were morphologically identified as Q. rubra from Henderson
County in Tennessee (TN-HC, 18 individuals from one population) (35° 43°N, 88°
17°W) and Madison County in Alabama (AL-MC, 12 individuals from one
population) (34° 45°N, 86° 30’W) outside of the Q. ellipsoidalis distribution range
were also included in the analyses (Jeanne Romero-Severson, personal
communication). The additional Q. ellipsoidalis samples are referred to as QE and
the additional Q. rubra samples as QR throughout the remainder of the manuscript.

All leaf samples were stored in a -20°C freezer prior to DNA isolation.
DNA extraction and microsatellite genotyping

Total genomic DNA (~20 ng) was isolated from leaf material using the DNeasy96
Plant Kit (Qiagen, Valencia, CA) following the manufacturer’s instructions. A total
of sixteen microsatellite markers were amplified in the populations covering eight of
the 12 linkage groups in Q. robur (Table 3). The eight EST-SSRs were originally
developed in Q. robur (Durand et al. 2010) and adapted for use in Q. rubra (Sullivan
et al. 2013). Seven of the eight nSSRs were developed in Q. rubra (Aldrich et al.
2002; Sullivan et al. 2013) and one was developed in Q. robur (Steinkellner et al.
1997) and adapted for use in Q. rubra (Table 3). EST-SSRs were assigned functional
annotations using the Blast2GO software (Conesa et al. 2005) employing the
BLASTXx algorithm (Altschul et al. 1997) by comparing the reassembled ESTs
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(Durand et al. 2010) to homologous sequences in the non-redundant NCBI database

(Table 3) following the method by Luro et al. (2008).

The samples were amplified in a Peltier Thermal Cycler (GeneAmp® PCR system
2700, Applied Biosystems, Foster City, CA), using the following program: (1) initial
denaturation at 95°C for 15 min (2) 35 cycles at 94°C for 45 s, annealing at 54-62°C
for 45 s (see Table 3), and elongation at 72°C for 45 s and (3) a final extension step
at 72°C for 20 min. The 10 uL PCR reaction was composed of 2 pL 5x
HOTFIREPol Blended Master Mix from Solis BioDyne, Estonia, containing 10mM
MgCl,, 0.4 U of HOTFIREPol Taq polymerase, 2mM dNTPs, 1.3 uL of each SuM
fluorescently labeled forward primer from Applied Biosystems, Foster City, CA, (see
Table 3) and reverse primer from Sigma Aldrich, St. Louis, MO, and 1.5 pL of
template DNA (~2 ng). The PCR products were separated on an ABI Prism®
Genetic Analyzer 3730 and scored using GeneMapper® v.4.0 (Applied Biosystems,
Foster City, CA). One marker, FIR110, amplified two loci. In the Q. rubra
populations, the size range was 168bp to 188bp for FIR110L1 and 180bp to 206bp
for FIR110L2, with 29 individuals (5.7%) showing fragments in the overlapping size
range. In Q. ellipsoidalis populations, the size range was 166bp to 194bp for
FIR110L1 and 180bp to 236bp for FIR110L2, with 54 individuals (30.3%) showing
fragments in the overlapping size range. As a result, this marker was excluded from

further analyses.
Population structure analysis

Null alleles might slightly decrease the power to correctly assign individuals in
STRUCTURE (Carlsson 2008). Since most markers did not show high null allele
frequencies using MICROCHECKER (van Oosterhout et al. 2004) all markers were
used for the assessment of population structure using the software STRUCTURE 2.2
(Pritchard et al. 2000). While the selected microsatellite markers were appropriate to
assign samples to species in one geographic region (see below), the number of

markers might be too scarce to classify samples from a range-wide sampling. Thus,
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Q. ellipsoidalis and Q. rubra reference samples consisting of few individuals from
different geographic locations showed considerable population substructure,
resulting in incorrectly assigned mixed shared ancestry for these individuals (data not
shown). In the final STRUCTURE analyses the latter samples were excluded and
only populations from the western Upper Peninsula of Michigan were included,
where no other oak species besides Q. rubra and Q. ellipsoidalis are present. The
program was set to run five independent runs of a burn-in period of 30000 iterations
followed by 10° iterations for each value of K (K= 1 through 11) using the admixture
model with correlated allele frequencies without a priori information regarding
species identification. We used the admixture model because it allows for mixed
ancestry of individuals and the correlated allele frequencies model because it can
improve clustering of closely related populations or species. The most likely number
of groups (K) was chosen by comparing logarithmized probabilities of data
[Pr(X|K)] according to Pritchard et al. (2000) and by the calculation of an ad hoc
statistic, AK, according to Evanno et al. (2005). Pure species were defined as having
a proportion of ancestry of >0.9 in one cluster. Hybrids were defined as having a
proportion of ancestry of 0.4 to 0.6 in one cluster and introgressive forms were
defined as having a proportion of ancestry of 0.61 to 0.89 in one of the clusters
according to Curtu et al. (2007a). In addition, we used a priori species information
derived from the morphological classification of samples (Gailing et al. 2012) to
calculate posterior probabilities for pure species and putative hybrids using the
USEPOPINFO option, which assumes that most individuals classified as belonging
to one group have pure ancestry from that group, while a small percentage of
individuals may share some proportion of ancestry from another group (species in
our case) (Falush et al. 2007). The GENSBACK option was set to three meaning that
the probability of ancestry from the other species is expressed as proportions
attributable to their parent, grandparent and great-grandparent. The MIGRPRIOR

option was run at three different values of immigration rate v (0.01, 0.05, 0.10) to
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assess the robustness of the assignment as suggested by Pritchard et al. (2000) and as

used in other similar studies in oaks (Craft et al. 2002; Curtu et al. 2007a).
Genetic diversity and differentiation

For all populations with a sample size of >49, the following summary statistics were
calculated in GeneAlEx v.6.41 (Peakall and Smouse 2006): number of different
alleles per locus (N,), observed heterozygosity (H,), and Nei’s unbiased gene
diversity (H.) (Nei 1973). Wright’s inbreeding coefficient (F) (Wright 1922), Fsrand
pairwise Fsr with corresponding significances, and linkage disequilibrium (LD) for
all pairs of loci were calculated in GenePop 4.1 (Raymond and Rousset 1995). These
calculations were done using all individuals and after exclusion of potentially
introgressed and hybrid individuals (data not shown) resulting in only minor
differences. Sequential Bonferroni adjustments of the significance level (o) were

made to correct for multiple comparisons (Rice 1989).

A genetic distance matrix (Fsr, Latter 1973) was calculated and an unrooted tree was
created using the un-weighted pair-group method with arithmetic means (UPGMA)
algorithm (Sneath and Sokal 1973) with 1000 bootstrap replicates in Populations 2.0
(Langella 1999) for populations with a sample size of >49. TreeViewX (Page 1996)
was used to visualize the dendrogram. Q. rubra and Q. ellipsoidalis reference
samples (QE, QR) were included in these analyses to corroborate the species identity
of the Q. ellipsoidalis populations (FC-C, FC-E) from the northern distribution edge
of the species. Arlequin 3.5 was used to analyze population differentiation through
hierarchical analysis of molecular variance (AMOVA) using default settings
(Excoffier and Lischer 2010). A Mantel test (Mantel 1967) was performed in
GeneAlEx v.6.41 to compare pairwise Fst values of nSSRs and EST-SSRs.

Multilocus scans

Wright’s fixation index, Fsr, (Weir and Cockerham 1984) was calculated for each

locus weighted by its heterozygosity between populations to identify outlier loci
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under the assumption that gene loci under selection will show higher differentiation
between species than expected under neutral evolutionary conditions (Beaumont
2005). The two outlier screening programs LOSITAN (Antao et al. 2008) and
Arlequin 3.5 (Excoffier and Lischer 2010), both based on the Fdist method of
Beaumont and Nichols (1996), were used for the calculations. For both LOSITAN
and Arlequin, populations were pooled by species under the finite island model, and
additionally a hierarchical island model of population structure was used in Arlequin
3.5 (Excoffier and Lischer 2010) to account for population structure within species.
In addition, calculations were performed only in the four populations of the Baraga
Plains region where both species occur within gene flow distance (no isolation by
distance). Only populations with a sample size of >49 were included in the analyses.
For LOSITAN, fifty thousand simulations were run at a 95% confidence interval and
a false discount rate of 0.1 under the stepwise mutation model using both the
“neutral” mean Fsr option to exclude loci potentially under selection for the
computation of the initial mean Fgr and the “Force” mean Fgt option to increase the
precision of the simulated mean Fgsr. In Arlequin, the finite island and the
hierarchical island model with default settings were used and included 50000
simulations at a 95% confidence interval under the stepwise mutation model for

microsatellite data.
Results
Population structure

As the model used in STRUCTURE 2.2 assumes that all loci are unlinked, we
performed an LD analysis of all pairs (136 total pairwise comparisons) of loci and
only two pairs of loci exhibited significant LD at p< 0.001 (data not shown). Given
that the majority of markers used were unlinked and the program can handle weakly
linked loci, we proceeded with the analyses. The initial analysis was performed
without any a priori species information. Figure 2 shows the values of the log

likelihood of the multilocus genotypes, Pr(X|K), as a function of the number of
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clusters, K, given the observed genotypes, X. The values of In Pr(X|K) “plateaued”
at K= 2, indicating that two clusters, corresponding to the two species Q. rubra and
Q. ellipsoidalis, best fit the multi-locus genotypic data. Additionally, using the
method developed by Evanno et al. (2005), the values of AK peaked at K= 2, further

confirming that two clusters best fit the multi-locus genotypic data (Fig. 2).

Without a priori species information using the thresholds defined in the material and
methods, low numbers of introgressive forms and hybrids were found in both
species, although in slightly higher numbers in the Q. ellipsoidalis populations
(Suppl. 1). The two populations, FC-C and FC-E, were comprised mostly of
individuals that were assigned to Q. ellipsoidalis, while for all other populations the
vast majority of individuals were assigned to Q. rubra (Fig. 3). Statistical support for
introgressive forms and hybrids at three different values of “immigration” rate (v =
0.01, 0.05, 0.1) using a priori species assignment information was detected for an
even lower number of samples (Suppl. 2). Thus at v=0.01 no introgressive forms
and only two putative hybrids were found, one in the Q. rubra population BR-1 and
one in the Q. ellipsoidalis seedling population of FC-C. For higher values of v (0.05,
0.1) the number of introgressive forms (0% to 4%) and hybrids (0% to 3%) was still
very low, again with slightly higher values in Q. ellipsoidalis adult and seedling
populations. Q. ellipsoidalis-like introgressive forms were found in low numbers
only in the Q. ellipsoidalis populations (FC-C, FC-E) and in one neighboring Q.
rubra population (FC-B) in the Baraga Plains.

Introgressive forms and hybrids found in the adjacent Q. rubra (FC-A, FC-B) and Q.
ellipsoidalis (FC-C, FC-E) populations were visualized spatially in ArcMap (ESRI
2009) but revealed no spatial clustering. An examination of the population structure
of naturally regenerated seedlings from these populations showed similar numbers of
statistically significant introgressive forms for Q. ellipsoidalis (1%) and Q. rubra
seedlings (1%) than in the adult generation and hybrids were identified only in the Q.
ellipsoidalis seedlings (3%) (Suppl. 2). Likewise, among the Q. ellipsoidalis
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greenhouse seedlings, the number of introgressive forms was low (1%) and no
hybrid individuals were detected, but there was a high mortality rate (~40%) for

these seedlings before leaf material was collected.
Genetic variation within populations and species

Eight out of the total 15 markers showed no deviation from Hardy Weinberg
Equilibrium (HWE) in all or most populations (Suppl. 3). However, both FIR004 and
quru-GA-0EQ9 displayed significant excess of homozygotes relative to HWE in all
eight populations, while several other markers showed significant deviations in at
least six populations (GOT004, PIE099, quru-GA-1F07) which may be the result of
the presence of null alleles or population substructure. Nuclear SSR 3A05 showed
significant HWE deviations (homozygote excess) in both the Q. ellipsoidalis
populations, FC-C and FC-E, but not in the vast majority of the other Q. rubra
populations. No population showed deviations from HWE across all loci (see Suppl.
3 and 4). However, one Q. ellipsoidalis population FC-E showed high and positive F
values for several loci and the mean F value was at least 30% higher than any other
population’s mean F value. EST-SSRs showed lower genetic variation (He=0.73)
than nSSRs (e.g., He= 0.86) (Table 5). However, this difference was shown to be
non-significant (p= 0.1552) by a two-sided t-test. For both EST-SSRs and SSRs, Q.
ellipsoidalis and Q. rubra populations showed similar levels of genetic variation
(Table 4). However, GOT021 showed largely reduced genetic variation in Q.
ellipsoidalis populations (Hs= 0.05, He= 0.07), as compared to Q. rubra populations
(Ho=0.32, H= 0.28). A reduced genetic variation at GOT021 was also observed in
the Q. ellipsoidalis reference samples, albeit less pronounced (H,=0.18, He=0.17).
Likewise, 3A05 showed a low H, (0.36) and a high mean F value (F= 0.45, He=
0.66) in Q. ellipsoidalis populations that was not observed in Q. rubra populations
(Ho=0.67, He=0.78) (Table 4).
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Genetic variation between populations and species

All fifteen loci showed significant Fst values that ranged from 0.02 to 0.08 across all
samples with 3A05 (Fsr= 0.08) showing the highest differentiation (Table 4). All
loci except GOT021, GOT009, FIR048, quru-GA-1F07, and 2P24, showed
significant differentiation between Q. ellipsoidalis populations, while all loci showed
significant differentiation among Q. rubra populations. A hierarchical AMOVA
(Table 6) showed that most of the variation was present within populations (93.6%),
while differentiation between species and among populations within species
accounted for 4.95% and 1.41% of the total variation, respectively, with all
components being highly significant. Similar results were obtained from the
hierarchical AMOV A examining the four Baraga Plains populations alone (data not
shown). Between the four Q. ellipsoidalis and Q. rubra populations in the Baraga
Plains, mean differentiation across all loci was 5.8%, while the highest interspecific
differentiation was accounted for by three loci, GOT021 (Fst=0.167), 3A05 (Fsr=
0.136) and 3D15 (Fst= 0.109).

Considering all populations the largest interspecific differentiation was observed at
3A05 (pairwise Fsr= 0.147), while other loci showed moderate genetic
differentiation, but all pairwise Fsr values were significant (Table 4). Pairwise Fgr
values between populations revealed a strong differentiation between Q. ellipsoidalis
populations FC-C and FC-E and Q. rubra populations (Suppl. 5). Moreover,
statistical support for the Quercus ellipsoidalis cluster was high (96%), while it was
low for the Quercus rubra cluster (15%) (Fig. 4). Specifically, Q. ellipsoidalis
populations (FC-C, FC-E) were clearly separated from adjacent Q. rubra populations
(FC-A, FC-B). Notably, the QR and QE samples grouped with Q. rubra and Q.

ellipsoidalis populations, respectively.

A Mantel test between pairwise Fsr matrices of the two marker types displayed a
significant correlation (y=0.7382x + 0.0024, R*= 0.861, p= 0.002). The mean

differentiation between species for EST-SSRs and nSSRs was 4.7% and 6.1%,
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respectively. Interspecific differentiation for the four Q. rubra and Q. ellipsoidalis
populations in the Baraga Plains was 6.0% for EST-SSRs and 6.5% for nSSRs.

Under the hierarchical island model, Arlequin identified FIR004 (Fsr= 0.026, p=
0.033) as an outlier under balancing selection and 3A05 (Fst= 0.15, p= 0.018) under
divergent selection. Locus quru-GA-1F07 (Fst= 0.022, p= 0.038) was identified as
an outlier under balancing selection, and GOT021 (Fsr=0.19, p=0.037) and 3A05
(Fst=0.14, p=0.049) as outliers under divergent selection when only the four
populations in the Baraga Plains were included in the analysis. When populations
were pooled by species, again FIR004 (Fsr= 0.014, p=0.019) and 3A05 (Fsr=0.15,
p=0.016) were detected as outlier loci in the whole sample set, and only locus
GOTO021 (Fst=0.17, p= 0.047) was identified as under divergent selection in the four
Baraga Plains populations (Fig. 5). LOSITAN did not identify outliers between

species.
Discussion
Genetic species assignment

Previous variation studies of the species pair Q. rubra and Q. ellipsoidalis were
mainly restricted to morphological characters and isozyme markers (Hokanson et al.
1993; Jensen et al. 1993). Potential introgressive forms and hybrids could not be
identified with these methods due the plasticity inherent in leaf morphological
characters (Aldrich and Cavender-Bares 2011) and the limited amount of genetic
variation within and among species at isozyme markers (Hokanson et al. 1993). Due
to the availability of numerous nSSRs and EST-SSRs with high transferability
among species in Quercus and their highly polymorphic nature (Aldrich et al. 2002;
Dow et al. 1995; Durand et al. 2010; Kampfer et al. 1998; Steinkellner et al. 1997)

they are the markers of choice to identify potential hybrids and introgressive forms.

A clear separation between Q. ellipsoidalis populations growing on dry sandy sites

versus Q. rubra populations was shown in the present study at both nSSR and EST-
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SSR markers. The high correspondence between morphological and genetic
assignment for “pure” species (e.g., 87.7 % for Q. ellipsoidalis and 97.5% for Q.
rubra) and the assignment of Q. ellipsoidalis-like and Q. rubra-like introgressive
forms to respective morphological species suggest that leaf morphological
differences reflect genetic differences between species in most cases (Gailing et al.
2012). It has been shown repeatedly in different plant species that molecular and
morphological assignments do not always correspond and phenotypically
intermediate individuals are not always of hybrid origin due to wide intraspecific
variation or convergent evolution (Curtu et al. 2007a; Craft et al. 2002; Moran et al.
2012; Rieseberg et al. 1993). Thus most studies in oaks, including the present study,
have shown generally high, but imperfect correspondence between morphological
and molecular assignment which has been attributed to intraspecific variation,
hybridization and maternal effects (Q. virginiana and Q. geminata, Cavender-Bares
and Pahlich 2009; Q. robur, Q. petraea, Q. pubescens and Q. frainetto, Curtu et al.
2007a; Q. grisea and Q. gambelii, Howard et al. 1997, Q. robur and Q. petraea,
Kremer et al. 2002).

Gene flow and hybridization

While introgressive forms and hybrids were identified in the genetic assignment
analysis in the adult and seedling generations, their numbers were very low
(hypothesis 1). Thus, there was no evidence for selection against hybrids in the
seedling generation as it displayed similar numbers of introgressive forms and
hybrids as the adult generation (rejection of hypothesis 2). However, selection
against hybrids in early seedling stages cannot be excluded completely since the
genotypic structure was assessed in young seedlings, not in seeds. In contrast to our
study, previous studies have shown indirect evidence for selection against hybrids as
one potential post-zygotic isolation mechanism involved in the maintenance of
species identity in oaks, including North American red oaks (Curtu et al. 2009;
Emms and Arnold 1997; Moran et al. 2012; Nagy and Rice 1997). The low number
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of hybrids and introgressive forms in the present study and pronounced differences
in vegetative bud burst (unpublished results), as a proxy for flowering time in oaks
(e.g., Chesnoiu et al. 2009), for Q. rubra and Q. ellipsoidalis seedlings suggest pre-
zygotic isolation between both species. Likewise, low levels of introgression mainly
due to differences in flowering time were identified in the species pair Q. virginiana

and Q. geminata (Cavender-Bares and Pahlich 2009).

While there is no evidence for high levels of gene flow between species, the number
of introgressive forms was slightly higher in Q. ellipsoidalis than in neighboring Q.
rubra populations indicating low levels of asymmetrical gene flow as a result of the
much higher abundance of Q. rubra in the region. In contrast, previous studies of
different oak species revealed that interspecific gene flow was relatively common but
often asymmetric (Boavida et al. 2001; Jimenez et al. 2004), and intermediate forms
and hybrids were mostly located at the environmental edges of the species respective
ecological niches (Curtu et al. 2007a; Dodd and Afzal-Rafii 2004; Howard et al.
1997; Lepais et al. 2009; Penaloza-Ramirez et al. 2010).

Genetic variation and differentiation at non-genic and genic markers

Studies comparing genic and non-genic markers have found that generally EST-
SSRs show lower levels of polymorphism which is often attributed to their location
in more conserved regions of the genome (reviewed in Ellis and Burke 2007;
Varshney et al. 2005). While EST-SSRs may show lower levels of polymorphism
relative to putatively neutral nSSRs, they still exhibit a high amount of
polymorphism compared to less variable markers such as isozyme markers (Ellis and
Burke 2007). Likewise, in the present study slightly lower levels of genetic variation

were observed at EST-SSRs than at nSSRs (see Tables 3 and 4).

On average, levels of genetic variation were comparable within Q. rubra and Q.
ellipsoidalis populations with one notable exception. One EST-SSR, GOTO021,
showed strongly reduced genetic variation (H,= 0.05, H.= 0.07) in the Q.
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ellipsoidalis but not in Q. rubra populations (H,= 0.32, He= 0.28). As a result the
genetic differentiation between the four Q. rubra and Q. ellipsoidalis populations in
the Baraga Plains was comparatively high at this marker (Fsr=0.167, p< 0.0001) and
GOTO021 was identified as an outlier locus potentially under divergent selection by
Arlequin (see below). The near fixation of one allele in the more drought adapted Q.
ellipsoidalis populations at this gene locus might be the result of directional
selection. GOTO021 has a putative function as a histidine kinase-4 like protein (Table
3). Histidine kinases have been shown to be involved in the control of water use
efficiency in Arabidopsis as an important part of a signaling cascade to effect
stomatal closure in response to environmental and endogenous stimuli (Desikan et al.
2008). Also GOTO021 is associated with leaf shape variation in a Q. robur full-sib
family (Gailing et al. submitted) and triple mutants of histidine kinase genes in

Arabidopsis showed altered leaf shape and vasculature (Nishimura et al. 2004).

Genetic differentiation between populations and species was overall low, but higher
between species (Fsy= 0.05-0.07) than among populations within species (Fsy= 0.01-
0.03) (Suppl. 5) (hypothesis 3). Similar results were obtained in other sympatric
hybridizing oak species with low overall genetic differentiation between species, and
this pattern has been attributed to either interspecific gene flow or shared ancestral
variation (Cavender-Bares and Pahlich 2009; Curtu et al. 2007b; Pefialoza-Ramirez
et al. 2010; Salvini et al. 2009). However, introgression has been shown to be the
more parsimonious explanation in most cases with selection maintaining species
integrity despite interspecific gene flow (Lexer et al. 2006). In the present study,
genetic differentiation between species at nSSRs (Fsr= 0.061) was slightly higher
than at EST-SSRs (Fst= 0.047) mostly due to the high interspecific differentiation at
locus 3A05 (Fsr=0.147, p< 0.001). After the exclusion of the two loci with the
highest interspecific differentiation (nSSR 3A05 and EST-SSR GOTO021)
differentiation between species was similar for both EST-SSRs (Fst= 0.042) and
nSSRs (Fst= 0.049). Examination of species pairs in four Q. rubra and Q.

ellipsoidalis populations in the Baraga Plains region showed differentiation at nSSRs
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(Fst=0.065) to be slightly higher than at EST-SSRs (Fsr= 0.060). Thus, based on the
limited number of markers analyzed there was no evidence that EST-SSR markers
show a higher level of interspecific genetic differentiation than nSSR markers
(rejection of hypothesis 4). More markers with known genomic locations need to be

screened to find genomic regions under divergent selection between species.

Of the two outlier programs (LOSITAN and Arlequin) utilized, only Arlequin
identified potential outliers, both under the finite and hierarchical island model. This
discrepancy has been observed in numerous studies using more than one outlier
screening method (see Coyer et al. 2011; Goicoechea et al. 2012) and is likely due to
differences in the algorithms used by each program. For example, LOSITAN
computes heterozygosities between populations directly, while Arlequin computes
average heterozygosity within populations and the average Fsr from which
heterozygosities between populations are deduced (Excoffier et al. 2009).
Additionally, LOSITAN has options to exclude loci potentially under selection when
calculating the mean Fgst and to increase the precision of the simulated Fgr. A study
examining the performance of different programs in identifying outliers found that
LOSITAN had lower type I and type II errors than two other outlier programs
including Arlequin 3.5, but false positives were described for both programs
especially for loci supposedly under balancing selection (Narum and Hess 2011).
While we cannot discard the possibility of false positives, it is worth noting that one
of the outliers detected between species among the four Baraga Plains populations,
GOTO21, has a known putative function in drought tolerance and leaf shape
variation consistent with species differences between Q. rubra and Q. ellipsoidalis
(see above). Additionally, nSSR 3A05 was identified as an outlier under both
migration models in Arlequin and may be a candidate for further investigation as it
could be in linkage disequilibrium with a genomic area under selection (hypothesis
5). Since these loci were only detected by one outlier program, we argue that the
application of different outlier detection programs (e.g., LOSITAN and Arlequin)

and the inclusion of additional evidence (e.g., derived from functional or QTL
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analyses) can provide a comprehensive approach to detect loci potentially under

selection as candidates for further investigation.

Increasing the number of markers analyzed, particularly genic markers with putative
functions that may be involved in different local adaptations of the two species may
enhance the discriminative power and allow for the identification of outlier loci that
are involved in pre- or post-zygotic isolation between the species. For example, the
two loci (3A05, GOTO021) that revealed relatively high levels of genetic variation
between species and were identified as putative outlier loci among the four Q. rubra
and Q. ellipsoidalis populations in the Baraga Plains region could be further
characterized by sequencing. Gene flow analyses based on paternity exclusion at
microsatellites can reveal the actual level of contemporary gene flow between
species. Also, the analysis of additional populations and markers in the contact zones
between both species will be necessary to characterize levels of hybridization and
introgression and to better understand the isolation mechanisms between Q. rubra

and Q. ellipsoidalis.
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Table 5 Total and mean genetic variation in eight populations with sample size N> 49 at all 15

microsatellite loci and at the 8 SSRs and 7 EST-SSRs separately

All Markers
Population Species” N N, H, H F
BR-1 Q. rubra 50 13 0.67 0.76 0.11
FC-A Q. rubra 49 12 0.66 0.80 0.16
FC-B Q. rubra 53 12 0.66 0.79 0.15
FC-C Q. ellipsoidalis 56 12 0.68 0.77 0.10
FC-E Q. ellipsoidalis 69 12 0.60 0.75 0.21
HMR-IH Q. rubra 88 14 0.70 0.78 0.09
HMR-LP Q. rubra 69 14 0.66 0.78 0.13
HMR-MI Q. rubra 81 13 0.69 0.77 0.09
Mean Variation 64 13 0.66 0.78 0.13
Total - 20 - 0.80 -
SSRs
Population Species” N N, H, H F
BR-1 Q. rubra 49 15 0.76 0.83 0.07
FC-A Q. rubra 49 13 0.71 0.86 0.17
FC-B Q. rubra 53 14 0.74 0.85 0.12
FC-C Q. ellipsoidalis 56 13 0.72 0.81 0.10
FC-E Q. ellipsoidalis 69 13 0.62 0.77 0.19
HMR-IH Q. rubra 88 15 0.73 0.83 0.12
HMR-LP Q. rubra 69 15 0.70 0.85 0.16
HMR-MI Q. rubra 81 15 0.75 0.84 0.10
Mean Variation 64 14 0.72 0.83 0.13
Total - 22 - 0.86 -
EST-SSRs
Population Species” N N, H, HA F
BR-1 Q. rubra 50 11 0.56 0.69 0.15
FC-A Q. rubra 49 10 0.62 0.74 0.13
FC-B Q. rubra 53 10 0.57 0.71 0.16
FC-C Q. ellipsoidalis 56 10 0.64 0.72 0.08
FC-E Q. ellipsoidalis 69 11 0.57 0.74 0.23
HMR-IH Q. rubra 88 12 0.66 0.72 0.05
HMR-LP Q. rubra 69 12 0.61 0.70 0.08
HMR-MI Q. rubra 80 12 0.61 0.70 0.08
Mean Variation 64 11 0.61 0.70 0.12
Total - 18 - 0.73 -

“unbiased expected heterozygosity (Peakall and Smouse 2006)
Pgenetic species assignment made using STRUCTURE (Pritchard et al. 2000)
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Table 6 Hierarchical Analysis of Molecular Variance (AMOVA) calculated in Arlequin 3.5
(Excoffier and Lischer 2010)

Source of variation df Sum of Variance Percentage p-value
squares components variation
Among species 1 133 0.304 4.95 0.0387
Among populations within 6 106 0.087 1.41 <0.001
species
Within populations 1022 5872 5.751 93.64 <0.001
Total 1029 6110 6.14 - -
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Figure 1 Sampling locations
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Figure 2 The number of populations best fitting the microsatellite data by A) mean log-
likelihood and associated variance across five independent runs for each value of K ranging from
1 to 11, and B) value of AK as a function of K where the modal value points to the most likely
number of partitions (Evanno et al 2005)
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Supplement 1 Relative frequency of individuals identified as Q. rubra and Q. ellipsoidalis, hybrids,
and introgressive forms using genetic assignment in STRUCTURE without a priori species
information (Pritchard, 2000)

' 0. 0. Introgressive Introgressive _
Population rubra  ellipsoidalis forms (Q. fc_)rmg (Q'. Hybrids
rubra) ellipsoidalis)

BR-1 0.92 0 0.06 0 0.02
FC-A 0.90 0 0.10 0 0
FC-B 0.94 0 0.04 0.02 0

FC-C 0 0.82 0.04 0.12 0.02

FC-E 0 0.86 0.01 0.12 0.01

HMR-I1H 0.93 0 0.06 0 0.01
HMR-LI 0.89 0 0.11 0 0
HMR-LP 0.96 0 0.03 0.01 0
HMR-MI 0.98 0 0.02 0 0
HMR-PL 1.00 0 0.00 0 0
MTU-1 0.97 0 0.03 0 0

QE-S (FC-C) 0 0.97 0 0 0.03
QE-S (FC-E) 0 0.98 0.01 0.01 0
QR-S (FC-A) 0.95 0 0.05 0 0
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Supplement 2 Relative frequency of statistically significant hybrids and introgressive forms using
genetic assignment in STRUCTURE with a priori morphological species information at two different
immigration rates (Pritchard, 2000)

Introgressive

Introgressive

Introgressive

Introgressive

Population rJg:;‘;Svi% . ];?errp;)(vz el];?gg?d;?{s) ellclci)gsrgfdglgi's) Fiibgfs gz?)r.:)qss
) 0.05 v=0.1 v=0.05

BR-1 0 0 0 0 0.02 0.02
EC-A 0.02 0 0 0 0 0
EC-B 0 0 0.02 0 0 0

EC-C 0.04 0.04 0.02 0 0.02 0.02

EC-E 0 0 0.04 0.01 0.01 0.01
HMR-IH 0.03 0.02 0 0 0 0
HMR-LI 0 0 0 0 0 0
HMR-LP 0 0 0 0 0 0
HMR-MI 0.01 0 0 0 0 0
HMR-PL 0 0 0 0 0 0
MTU-1 0.03 0.03 0 0 0 0

QE-S (FC-C) 0 0 0 0 0.0 0.03
QE-S (FC-E) 0.01 0.01 0 0 0 0
QR-S (FC-A) 0.01 0 0 0 0 0
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Supplement 3 HWE Exact Tests (Weir and Cockerham, 1984) by locus in each population.
Significant values in boldface type are based on a sequential Bonferroni correction (Rice 1989)
applied to the original significance level of o= 0.05

GOT021
Population F p-value Standard Error
BR-1 -0.1136 1 0
FC-A -0.2462 0.1651 0.0006
FC-B -0.0209 1 0
FC-C -0.0046 1 0
FC-E 0.2641 0.0257 0.0002
HMR-IH -0.1428 0.4149 0.0008
HMR-LP -0.088 1 0
HMR-MI -0.194 0.1111 0.0002
Mean -0.068 - -
PI1E040
BR-1 0.1507 0.0721 0.0014
FC-A 0.1445 0.144 0.0027
FC-B 0.1695 0.2019 0.0023
FC-C -0.0357 0.4851 0.0014
FC-E 0.1651 0.3806 0.0022
HMR-IH -0.0482 0.9485 0.0005
HMR-LP 0.0624 0.1132 0.0023
HMR-MI 0.0051 0.2325 0.0033
Mean 0.077 - -
GOT004
BR-1 0.1469 0.0015 0.0001
FC-A 0.2101 0.0023 0.0002
FC-B 0.2206 0.0023 0.0001
FC-C 0.3066 0 0
FC-E 0.7111 0 0
HMR-IH -0.0275 0.658 0.0035
HMR-LP 0.0839 0.008 0.0006
HMR-MI 0.1224 0.0016 0.0002
Mean 0.222 - -
FIR004
BR-1 0.2292 0.0001 0.0001
FC-A 0.4209 0 0
FC-B 0.3566 0 0
FC-C 0.271 0 0
FC-E 0.3293 0 0
HMR-IH 0.2559 0 0
HMR-LP 0.1614 0.0081 0.0009
HMR-MI 0.327 0 0
Mean 0.294 - -




S3 continued

GOTO009
Population F p-value Standard Error
BR-1 0.3289 0 0
FC-A -0.0243 0.6203 0.0021
FC-B -0.0575 0.6608 0.0022
FC-C 0.1164 0.3085 0.0027
FC-E -0.007 0.8919 0.0008
HMR-IH -0.0745 0.9921 0.0003
HMR-LP 0.0657 0.2378 0.0024
HMR-MI 0.0452 0.5333 0.0032
Mean 0.049 - -
PIE099
BR-1 0.2827 0.0003 0.0001
FC-A 0.4298 0 0
FC-B 0.4254 0 0
FC-C 0.0204 0.3534 0.0026
FC-E 0.1308 0.1113 0.0012
HMR-IH 0.3554 0 0
HMR-LP 0.3939 0 0
HMR-MI 0.2709 0 0
Mean 0.289 - -
FIR048
BR-1 0.0689 0.3486 0.0051
FC-A 0.0161 0.5016 0.0062
FC-B 0.1186 0.3314 0.0063
FC-C -0.0233 0.4786 0.0024
FC-E 0.0407 0.2735 0.0029
HMR-IH 0.058 0.1241 0.0034
HMR-LP -0.0469 0.8577 0.0025
HMR-MI 0.0021 0.9577 0.0019
Mean 0.029 - -
quru-GA-1F07
BR-1 0.0233 0.6984 0.0051
FC-A 0.2233 0.0001 0.0001
FC-B 0.1876 0.0041 0.0007
FC-C 0.2045 0.0029 0.0005
FC-E 0.2919 0 0
HMR-IH 0.2072 0 0
HMR-LP 0.1689 0.001 0.0002
HMR-MI 0.0817 0.0187 0.0015
Mean 0.174 - -
quru-GA-0E09
BR-1 0.3109 0 0
FC-A 0.2158 0 0
FC-B 0.2974 0 0
FC-C 0.2455 0 0
FC-E 0.1192 0.006 0.0011
HMR-TH 0.2612 0 0
HMR-LP 0.4429 0 0
HMR-MI 0.2673 0 0
Mean 0.270 - -
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S3 continued

gquru-GA-0C11

Population F p-value Standard Error
BR-1 0.0915 0.0375 0.0014
FC-A 0.0663 0.0544 0.0018
FC-B 0.0341 0.1325 0.0024
FC-C -0.0723 0.276 0.0032
FC-E 0.0872 0.0055 0.0004

HMR-IH 0.0552 0.1594 0.0024
HMR-LP -0.0194 0.687 0.0034
HMR-MI 0.1345 0.0231 0.0009
Mean 0.047 - -
QpZAG15
BR-1 -0.0096 0.4706 0.0038
FC-A 0.1315 0.3704 0.0028
FC-B 0.0577 0.5806 0.0035
FC-C 0.0308 0.0207 0.0013
FC-E 0.021 0.4339 0.0035
HMR-IH -0.0082 0.7338 0.0038
HMR-LP 0.0971 0.6682 0.0035
HMR-MI 0.0336 0.4159 0.0044
Mean 0.044 - -
3D15
BR-1 0.1791 0.0051 0.0004
FC-A 0.1585 0.1284 0.0018
FC-B 0.1501 0.0858 0.002
FC-C -0.1517 0.2314 0.0013
FC-E 0.1582 0.185 0.0027
HMR-IH 0.1356 0.0787 0.0021
HMR-LP 0.2404 0.0004 0.0001
HMR-MI 0.1492 0.0703 0.0022
Mean 0.127 - -
1P10
BR-1 -0.0271 0.8097 0.0045
FC-A 0.0305 0.7353 0.0022
FC-B -0.0562 0.5458 0.0052
FC-C 0.0678 0.2056 0.003
FC-E 0.0662 0.2869 0.0044
HMR-IH 0.0944 0.23 0.0057
HMR-LP 0.0406 0.793 0.0038
HMR-MI 0.2082 0.0054 0.0006
Mean 0.053 - -
2P24
BR-1 0.0041 0.7169 0.0023
FC-A 0.2679 0.0007 0.0001
FC-B 0.1686 0.0012 0.0001
FC-C 0.2547 0.0006 0.0001
FC-E 0.2223 0.0139 0.0004
HMR-TH 0.1057 0.06 0.001
HMR-LP 0.1395 0.0036 0.0003
HMR-MI 0.024 0.502 0.0024
Mean 0.148 - -
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S3 continued

3A05
Population F p-value Standard Error
BR-1 0.0475 0.423 0.0027
FC-A 0.3415 0.0005 0.0001
FC-B 0.1963 0.1187 0.001
FC-C 0.3208 0.0058 0.0002
FC-E 0.5787 0 0
HMR-TH 0.1398 0.1168 0.002
HMR-LP 0.2177 0.0076 0.0003
HMR-MI -0.0635 0.6384 0.002
Mean 0.222 - -
Mean 0.044 - -
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Supplement 4 HWE Exact Tests (Weir and Cockerham, 1984) by population at each locus .
Significant values in boldface type are based on a sequential Bonferroni correction (Rice 1989)
applied to the original significance level of o= 0.05

BR-1
Locus F p-value Standard Error
GOTO021 -0.1136 1 0
PIE040 0.1507 0.0721 0.0014
GOTO004 0.1469 0.0015 0.0001
FIR004 0.2292 0.0001 0.0001
GOTO009 0.3289 0 0
PIE099 0.2827 0.0003 0.0001
FIR048 0.0689 0.3486 0.0051
quru-GA-1F07 0.0233 0.6984 0.0051
quru-GA-0E09 0.3109 0 0
quru-GA-0Cl11 0.0915 0.0375 0.0014
QpZAGI15 -0.0096 0.4706 0.0038
3D15 0.1791 0.0051 0.0004
1P10 -0.0271 0.8097 0.0045
2P24 0.0041 0.7169 0.0023
3A05 0.0475 0.423 0.0027
Mean 0.1142 - -
FC-A
GOTO021 -0.2462 0.1651 0.0006
PIE040 0.1445 0.144 0.0027
GOTO004 0.2101 0.0023 0.0002
FIR004 0.4209 0 0
GOTO009 -0.0243 0.6203 0.0021
PIE099 0.4298 0 0
FIR048 0.0161 0.5016 0.0062
quru-GA-1F07 0.2233 0.0001 0.0001
quru-GA-0E09 0.2158 0 0
quru-GA-0Cl11 0.0663 0.0544 0.0018
QpZAG15 0.1315 0.3704 0.0028
3D15 0.1585 0.1284 0.0018
1P10 0.0305 0.7353 0.0022
2P24 0.2679 0.0007 0.0001
3A05 0.3415 0.0005 0.0001
Mean 0.1591 - -
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S4 continued

FC-B
Locus F p-value Standard Error
GOTO021 -0.0209 1 0
PIE040 0.1695 0.2019 0.0023
GOT004 0.2206 0.0023 0.0001
FIR004 0.3566 0 0
GOT009 -0.0575 0.6608 0.0022
PIE099 0.4254 0 0
FIR048 0.1186 0.3314 0.0063
quru-GA-1F07 0.1876 0.0041 0.0007
quru-GA-0E09 0.2974 0 0
quru-GA-0C11 0.0341 0.1325 0.0024
QpZAGI15 0.0577 0.5806 0.0035
3D15 0.1501 0.0858 0.002
1P10 -0.0562 0.5458 0.0052
2P24 0.1686 0.0012 0.0001
3A05 0.1963 0.1187 0.001
Mean 0.1499 - -
FC-C
GOTO021 -0.0046 1 0
PIE040 -0.0357 0.4851 0.0014
GOT004 0.3066 0 0
FIR004 0.271 0 0
GOT009 0.1164 0.3085 0.0027
PIE099 0.0204 0.3534 0.0026
FIR048 -0.0233 0.4786 0.0024
quru-GA-1F07 0.2045 0.0029 0.0005
quru-GA-0E09 0.2455 0 0
quru-GA-0C11 -0.0723 0.276 0.0032
QpZAG15 0.0308 0.0207 0.0013
3D15 -0.1517 0.2314 0.0013
1P10 0.0678 0.2056 0.003
2P24 0.2547 0.0006 0.0001
3A05 0.3208 0.0058 0.0002
Mean 0.1034 - -
FC-E
GOT021 0.2641 0.0257 0.0002
PIE040 0.1651 0.3806 0.0022
GOT004 0.7111 0 0
FIR004 0.3293 0 0
GOTO009 -0.007 0.8919 0.0008
PIE099 0.1308 0.1113 0.0012
FIR048 0.0407 0.2735 0.0029
quru-GA-1F07 0.2919 0 0
quru-GA-0E09 0.1192 0.006 0.0011
quru-GA-0C11 0.0872 0.0055 0.0004
QpZAG15 0.021 0.4339 0.0035
3D15 0.1582 0.185 0.0027
1P10 0.0662 0.2869 0.0044
2P24 0.2223 0.0139 0.0004
3A05 0.5787 0 0
Mean 0.2119 - -
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S4 continued

HMR-1H
Locus F p-value Standard Error
GOTO021 -0.1428 0.4149 0.0008
PIE040 -0.0482 0.9485 0.0005
GOT004 -0.0275 0.658 0.0035
FIR004 0.2559 0 0
GOT009 -0.0745 0.9921 0.0003
PIE099 0.3554 0 0
FIR048 0.058 0.1241 0.0034
quru-GA-1F07 0.2072 0 0
quru-GA-0E09 0.2612 0 0
quru-GA-0C11 0.0552 0.1594 0.0024
QpZAGI15 -0.0082 0.7338 0.0038
3D15 0.1356 0.0787 0.0021
1P10 0.0944 0.23 0.0057
2P24 0.1057 0.06 0.001
3A05 0.1398 0.1168 0.002
Mean 0.0911 - -
HMR-LP
GOTO021 -0.088 1 0
PIE040 0.0624 0.1132 0.0023
GOT004 0.0839 0.008 0.0006
FIR004 0.1614 0.0081 0.0009
GOT009 0.0657 0.2378 0.0024
PIE099 0.3939 0 0
FIR048 -0.0469 0.8577 0.0025
quru-GA-1F07 0.1689 0.001 0.0002
quru-GA-0E09 0.4429 0 0
quru-GA-0C11 -0.0194 0.687 0.0034
QpZAG15 0.0971 0.6682 0.0035
3D15 0.2404 0.0004 0.0001
1P10 0.0406 0.793 0.0038
2P24 0.1395 0.0036 0.0003
3A05 0.2177 0.0076 0.0003
Mean 0.1307 - -
HMR-MI
GOT021 -0.194 0.1111 0.0002
PIE040 0.0051 0.2325 0.0033
GOT004 0.1224 0.0016 0.0002
FIR004 0.327 0 0
GOTO009 0.0452 0.5333 0.0032
PIE099 0.2709 0 0
FIR048 0.0021 0.9577 0.0019
quru-GA-1F07 0.0817 0.0187 0.0015
quru-GA-0E09 0.2673 0 0
quru-GA-0C11 0.1345 0.0231 0.0009
QpZAG15 0.0336 0.4159 0.0044
3D15 0.1492 0.0703 0.0022
1P10 0.2082 0.0054 0.0006
2P24 0.024 0.502 0.0024
3A05 -0.0635 0.6884 0.002
Mean 0.0942 - -

98



G0"0 =P JO [9A9] 2ouednyIuJIs [eurdLo oy 03 pardde (686 991y ) UONIALIOD
1uoLRjuog [enuanbas e uo paseq are ad4A3 9oeIp[oq Ul sanjea JuedIugdIg ‘sonjea-d :jeuodern Joddn ‘sonjea 1S, ;[euoTern 1omo]

- $0°0 200 200 200 90°0 500 200 200 200 o)
L0°0 - 90°0 90°0 90°0 £0°0 20°0 90°0 50°0 90°0 30
: . . . . . : . . . IN
100 €0000 200 10°0 100 900 00 200 W0y
. : . . . : . : . : dT
01°0 100 200 600°0 900 $0°0 200 200 W0 AN
. : : . . . : : . : HI
00 600°0 110 91°0 100 900 100 200 100 nH
900°0 10°0 1000°0 50000 1000°0> - 200 00 100 100 394
5000 AN) 2000 £00°0 200°0 $0°0 - 900 900 90°0 304
01°0 €00°0 L0°0 L0°0 020 €0000 000 - 100 100 g9-94
L0°0 10°0 0°0 LT°0 L0°0 T0000>  €0000 610 - 200 V-0
o 200 $0°0 01°0 00 #0000 9000  ¥10 10 - 1-49
e 30 IN-HNH  dT-HNH HIRYNH 304 004 @04 VOd4d 1-ud

(S661 19ssnoy pue puowAey) doJouar) ur paje[noed soouRIFIUIIS pue san[eA 1S asimiared G quswiajddng

N
(o)}



License agreement

This is a License Agreement between Jennifer F Lind-Riehl ("You") and Springer
("Springer") provided by Copyright Clearance Center ("CCC"). The license consists
of your order details, the terms and conditions provided by Springer, and the
payment terms and conditions.

License Number 3357810603310

License date Mar 28, 2014

Licensed content publisher Springer

Licensed content publication Tree Genetics & Genomes

Licensed content title: Genetic structure of Quercus rubra L. and Quercus
ellipsoidalis E. J. Hill populations at gene-based EST-SSR and nuclear SSR markers
Licensed content author: Jennifer F. Lind

Licensed content date: Jan 1, 2013

Volume number: 9

Issue number: 3

Type of Use: Thesis/Dissertation

Number of copies: 1

Author of this Springer article: Yes and you are the sole author of the new work
Title of your dissertation: GENETIC VARIATION, LOCAL ADAPTATION AND
POPULATION STRUCTURE IN NORTH AMERICAN RED OAK SPECIES,
QUERCUS RUBRA L. AND Q. ELLIPSOIDALIS E. J. HILL

Introduction

The publisher for this copyrighted material is Springer Science + Business Media.
By clicking "accept" in connection with completing this licensing transaction, you
agree that the following terms and conditions apply to this transaction (along with
the Billing and Payment terms and conditions established by Copyright Clearance
Center, Inc. ("CCC"), at the time that you opened your Rightslink account and that
are available at any time at http://myaccount.copyright.com). Rightslink Printable
License: https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...1

Limited License

With reference to your request to reprint in your thesis material on which Springer
Science and Business Media control the copyright, permission is granted, free of
charge, for the use indicated in your enquiry. Licenses are for one-time use only with
a maximum distribution equal to the number that you identified in the licensing
process. This License includes use in an electronic form, provided its password
protected or on the university’s intranet or repository, including UMI (according to
the definition at the Sherpa website: http://www.sherpa.ac.uk/romeo/). For any other

100



electronic use, please contact Springer at (permissions.dordrecht@springer.com or
permissions.heidelberg@springer.com). The material can only be used for the
purpose of defending your thesis, and with a maximum of 100 extra copies in paper.
Although Springer holds copyright to the material and is entitled to negotiate on
rights, this license is only valid, subject to a courtesy information to the author
(address is given with the article/chapter) and provided it concerns original material
which does not carry references to other sources (if material in question appears with
credit to another source, authorization from that source is required as well).
Permission free of charge on this occasion does not prejudice any rights we might
have to charge for reproduction of our copyrighted material in the future.

Altering/Modifying Material: Not Permitted

You may not alter or modify the material in any manner. Abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written
authorization of the author(s) and/or Springer Science + Business Media. (Please
contact Springer at (permissions.dordrecht@springer.com or
permissions.heidelberg@springer.com)

Reservation of Rights

Springer Science + Business Media reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of
this licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and
Payment terms and conditions.

Copyright Notice:

Disclaimer

You must include the following copyright and permission notice in connection with
any reproduction of the licensed material: "Springer and the original publisher
/journal title, volume, year of publication, page, chapter/article title, name(s) of
author(s), figure number(s), original copyright notice) is given to the publication in
which the material was originally published, by adding; with kind permission from
Springer Science and Business Media"

Warranties: None

Example 1: Springer Science + Business Media makes no representations or
warranties with respect to the licensed material.

101



Example 2: Springer Science + Business Media makes no representations or
warranties with respect to the licensed material and adopts on its own behalf the
limitations and disclaimers established by CCC on its behalf in its Billing and
Payment terms and conditions for this licensing transaction.

Indemnity

You hereby indemnify and agree to hold harmless Springer Science + Business
Media and CCC, and their respective officers, directors, employees and agents, from
and against any and all claims arising out of your use of the licensed material other
than as specifically authorized pursuant to this license.

No Transfer of License

This license is personal to you and may not be sublicensed, assigned, or transferred
by you to any other person without Springer Science + Business Media's written
permission.

No Amendment Except in Writing

This license may not be amended except in a writing signed by both parties (or, in
the case of Springer Science + Business Media, by CCC on Springer Science +
Business Media's behalf).

Objection to Contrary Terms

Springer Science + Business Media hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by
you, which terms are inconsistent with these terms and conditions or CCC's Billing
and Payment terms and conditions. These terms and conditions, together with CCC's
Billing and Payment terms and conditions (which are incorporated herein), comprise
the entire agreement between you and Springer Science + Business Media (and
CCC) concerning this licensing transaction. In the event of any conflict between your
obligations established by these terms and conditions and those established by CCC's
Billing and Payment terms and conditions, these terms and conditions shall control.

Jurisdiction
All disputes that may arise in connection with this present License, or the breach
thereof, shall be settled exclusively by arbitration, to be held in The Netherlands, in

accordance with Dutch law, and to be conducted under the Rules of the 'Netherlands
Arbitrage Instituut'(Netherlands Institute of Arbitration).

102



OR: All disputes that may arise in connection with this present License, or the breach
thereof, shall be settled exclusively by arbitration, to be held in the Federal Republic
of Germany, in accordance with German law.

Other terms and conditions: v1.3

If you would like to pay for this license now, please remit this license along with
your payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise
you will be invoiced within 48 hours of the license date. Payment should be in the
form of a check or money order referencing your account number and this invoice
number RLNK501263840. Once you receive your invoice for this order, you may
pay your invoice by credit card. Please follow instructions provided at that time.

Make Payment To:

Copyright Clearance Center

Dept 001

P.O. Box 843006

Boston, MA 02284-3006

For suggestions or comments regarding this order, contact RightsLink Customer
Support: customercare@copyright.com or +1-877-622-5543 (toll free in the US) or
+1-978-646-2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.

103



Evidence for selection on a CONSTANS-like gene between two red
oak species?

Jennifer Lind-Riehl’, Alexis Sullivan', Oliver Gailing'

" Michigan Technological University, 1400 Townsend Drive, 49931 Houghton, MI,

United States, * Current address: Umed University, SE-901 87 Umeé, Sweden

*For correspondence: ogailing(@mtu.edu

? The material in this chapter was previously published material and has been reprinted with kind
permission from Oxford University Press from Lind-Riehl JF, Sullivan AR, Gailing O (2014)
Evidence for selection on a CONSTANS-like gene between two red oak species. Annals of Botany
113: 967-975

104



Abstract

e Background and Aims: Hybridizing species such as oaks may provide a model to
study the role of selection in speciation with gene flow. Discrete species
identities and different adaptations are maintained among closely related oak
species despite recurrent gene flow. This is likely due to ecologically-mediated
selection at a few key genes or genomic regions. Neutrality tests can be applied
to identify so-called outlier loci, which demonstrate locus-specific signatures of
divergent selection and are candidate genes for further study.

e Methods: We screened 36 genic microsatellite markers, some with putative
functions in flowering time and drought tolerance, and eight non-genic
microsatellite markers in two population pairs (n = 160) of the interfertile species
Quercus rubra and Q. ellipsoidalis, which are characterized by contrasting
adaptations to drought. Putative outliers were then tested in additional population
pairs from two different geographic regions (n = 159) to further support their
potential role in adaptive divergence.

e Key Results: A marker located in the coding sequence of a putative CONSTANS-
like (COL) gene was repeatedly identified as under strong divergent selection
across all three geographically disjunct population pairs. COL genes are involved
in the photoperiodic control of growth and development and are implicated in the
regulation of flowering time.

e Conclusions: The location of the polymorphism in the Quercus COL gene and
given the potential role of COL genes in adaptive divergence and reproductive
isolation makes this a promising candidate speciation gene. Further investigation
of the phenological characteristics of both species and flowering time pathway
genes is suggested to elucidate the importance of phenology genes for the
maintenance of species integrity. Next generation sequencing in multiple
population pairs in combination with high-density genetic linkage maps could
reveal the genome wide distribution of outlier genes and their potential role in

reproductive isolation between these species.
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Introduction

Natural selection has long been recognized as an important driver of speciation,
particularly in the adaptive radiation of allopatric populations (Schluter 2000). More
recently, divergent selection has been suggested to play an important role in the
development of intrinsic barriers to gene flow (Barluenga et al. 2006; Savolainen et
al. 2006) in a process termed ecological speciation (Schluter 2009; Via 2012). In
ecological speciation, adaptive divergence and reproductive isolation are both
products of genetic adaptation to differing ecological conditions, potentially even in
the presence of recurrent gene flow (Rundle and Nosil 2005; Schluter 2009).
However, both the prevalence and the genetic mechanisms underlying this mode of
speciation are still largely unknown. Linkage disequilibrium may facilitate
ecological speciation if alleles involved in reproductive isolation are linked to
genomic regions subject to strong divergent selection (Via 2012). Alternatively, a
single "magic" trait could be associated with simultaneous adaptive divergence and
non-random mating such as flowering phenology in plants (Servedio et al. 2011). By
extension, magic genes may potentially underlie such traits involved in both
ecological adaptation and non-random mating. In either scenario, the genomes of
recently diverged “ecological species” are marked by broad regions exhibiting little
or no differentiation punctuated by islands of pronounced genetic differentiation.
Accordingly, genome screens can be used to identify regions resisting the
homogenizing effect of gene flow, which may contain genes subject to divergent
selection and/or may be involved in the development of reproductive isolation (Nosil

et al. 2009; Via 2012).

A variety of marker types can be employed in Fsr-based tests to detect loci
putatively affected by divergent selection. In these tests, Fsr values of individual loci
are compared to a simulated null distribution derived from a neutral island model of
migration (Beaumont and Nichols 1996). Loci significantly deviating from neutral

expectations of differentiation, or outlier loci, may be closely linked to the target of
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natural selection or even directly under selection themselves. Such model-based
approaches can be used concurrently with other statistics to reduce the rate of false
positives due to underlying population structure, varying mutation and/or
recombination rates, and population admixture (Storz 2005). In particular, the LnRH
statistic provides a model-independent test of selection and compares the reduction
of locus-specific gene diversity between two populations to the approximately

normal distribution of genome-wide heterozygosity (Schldtterer and Dieringer 2005).

Here, we apply complementary selection-detection methods to oaks (Quercus:
Fagaceae) to identify genes involved in adaptive divergence and reproductive
isolation. Hybridization is common in oaks, yet species identities are maintained
despite non-zero levels of interspecific gene flow (Curtu et al. 2009; Lepais and
Gerber 2011). Consistent with ecological speciation, genetic mapping and outlier
analyses using 389 genetic markers in two sympatric European oak species with
different adaptations to water availability (Q. robur and Q. petraea) revealed largely
undifferentiated genomes marked by a few clusters of highly differentiated loci, a
pattern likely the result of divergent selection with recurrent interspecific gene flow
(Scotti-Saintagne et al. 2004). Furthermore, Goicoechea et al. (2012) studied the
same oak species pair and their results indicated lower recombination rates for
genomic regions containing outliers as compared to a control region.

We focus on the interfertile species Q. rubra and Q. ellipsoidalis (section Lobatae)
which maintain varied adaptations to drought despite recurrent interspecific gene
flow (Lind and Gailing 2013; Sullivan in prep). Both species occur in sympatry in
the Great Lakes region of eastern North America but differ in their ecological niches.
While Q. ellipsoidalis grows on sandy outwash plains and is considered the most
drought tolerant red oak species (Abrams 1988; Burns and Honkala 1990), Q. rubra
is more common on north facing and bottom slopes with fine soils containing more
organic matter (Abrams 1990; Burns and Honkala 1990). Consistent with their
occurrence on sites with differing moisture availability, these two species also differ

in morphological and physiological characteristics related to drought response and
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water-use efficiency (e.g., tissue elasticity, leaf conductance, xylem anatomy, and
root depth; Abrams 1990). Despite the ecological and morphological differences
between Q. rubra and Q. ellipsoidalis, they generally show very low genetic
differentiation at most genetic markers, and the presence of morphologically and
genetically intermediate individuals is consistent with recurrent interspecific gene
flow (Hokanson et al. 1993; Lind and Gailing 2013). In addition, genetic assignment
analyses using nuclear (nSSR) and genic microsatellite (EST-SSR) markers have
identified putative first generation hybrids and introgressive forms in adult trees and
seedlings. However, adult hybrids were relatively infrequent, suggesting the absence
of hybrid swarms and maintenance of species identity by some sort of pre- and/or
post-zygotic isolation mechanism (Lind and Gailing 2013). Differences in flowering
time and different adaptations to drought might contribute to the effective
reproductive isolation between both species. For example, 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 experiment
(Gailing 2013).

Our main objective was to identify genes involved in the adaptive species divergence
and reproductive isolation between Q. rubra and Q. ellipsoidalis. For this purpose,
we selected genetically mapped genic markers, some of which had annotated
functions in drought tolerance and flowering time, to identify loci under divergent
selection between these two species. Outlier tests were replicated in three distinct Q.
rubra/Q. ellipsoidalis population pairs. Replicated population pairs can provide
greater power to outlier screens because divergence in multiple pairs of populations
is less likely to be due to nonselective factors such as false positives or genetic drift
(Nosil et al. 2009). Specifically, in addition to the eight nSSRs developed for Q.
rubra, we adapted 36 gene-linked EST-SSRs to Q. rubra and Q. ellipsoidalis that
were originally developed and mapped in Q. robur (Durand et al. 2010). These EST-
SSRs provide a focused way to detect selection because they represent gene-

associated polymorphic regions (Sullivan et al. 2013). We expect to see loci involved
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in adaptive species differences to be under selection in population pairs across
different geographic regions. Such replicated outlier loci are candidate genes
potentially involved in the evolution and maintenance of species identity between

these ecologically divergent oak species.

Materials and methods

Plant material

Two neighboring population pairs of Q. rubra and Q. ellipsoidalis within the Ford
Center and Baraga Plains area (Baraga County, Michigan), one population pair in the
Chequamegon National Forest (Bayfield County, Wisconsin) and one population
pair in the Nicolet National Forest (Oconto County, Wisconsin) were sampled
resulting in a total number of 319 adult trees (Fig. 6 and Table 7). Only adult trees
occupying a dominant or codominant canopy were sampled. A minimum distance of
approximately 30 m was kept between sampled trees to minimize family structure.
Species identity in the Baraga Plains was confirmed both through morphological
(Gailing et al. 2012) and genetic assignment analyses (Lind and Gailing 2013).
Species identity in the Chequamegon-Nicolet National Forest was determined
through whole tree silvic characters and confirmed by genetic species assignment
(Suppl. 6). Total genomic DNA (~20 ng) was isolated from leaves using the
DNeasy96 Plant Kit (Qiagen, Valencia, CA) following the manufacturer’s

instructions.
Marker selection and microsatellite genotyping

For all EST-SSRs, the repeat-containing Quercus unigene elements (Durand et al.
2010) were reassembled in CAP3 (Huang and Madan 1999) and functionally
annotated using the BLASTx algorithm as implemented in the Blast2GO software
package (Altschul et al. 1997) by comparing the reassembled EST contigs to
homologous sequences in the non-redundant NCBI database. Results are reported in

Supplement 7 for sequences that had an expect value of <10™ and a sequence
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similarity of >50 %. Fourteen EST-SSRs originally described for Q. robur (Durand
et al. 2010) that had putative functions in drought tolerance, flowering time and other
functions were chosen and adapted for use in Q. rubra. Previously, 30 markers
including seven putatively neutral nSSRs were developed for Q. rubra (Aldrich et al.
2002; Sullivan et al. 2013), as well as one one nSSR (Steinkellner et al. 1997) and 22
EST-SSRs adapted for use in Q. rubra (Lind and Gailing 2013; Sullivan et al. 2013).

All 44 microsatellite markers (8 nSSRs and 36 EST-SSRs), covering 10 of the 12
linkage groups in Q. robur (Durand et al. 2010), were amplified in the Ford Center
and Baraga Plains populations (FC). Identified outliers in the FC population pairs,
along with 8 EST-SSRs with pairwise Fgsr values close to the mean and the 8 nSSRs
were amplified in the Chequamegon National Forest (CNF) and Nicolet National
Forest (NNF) populations (Suppl. 7).

PCR amplification and electrophoretic separation were performed according to Lind
and Gailing (2013) with one modification: the 10 uLL PCR reaction mix was scaled to
a 15 pL reaction mix. Marker VIT081 amplified two loci: VITO81L1 had a range of
108-112 bp and VITO81L2 had a range of 115-136 bp. Both loci, VITO81L1 and
VITO081L2, were in Hardy-Weinberg equilibrium in all populations.

Genetic structure

MICROCHECKER was used to assess all markers in each population for null alleles
(o= 0.05) since they can lead to overestimation of measures of differentiation such
as Fsr (Van Oosterhout et al. 2004). MICROCHECKER identified 13 loci as being
in Hardy-Weinberg (HW) disequilibrium in at least three of the FC populations.
Only two loci, FIR013 and GOTO004, were identified as being in HW disequilibrium
in at least three of the CNF and NNF populations, respectively. Deviations from HW
equilibrium may be due to the presence of null alleles, but the high number of
markers in HW disequilibrium in one Q. rubra and both Q. ellipsoidalis populations

in the FC indicates potential inbreeding (Suppl. 8 and 9). All outlier screens were
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conducted with and without corrections using the van Oosterhout correction
algorithm, for potential null alleles resulting in only minor differences in the outliers
detected (Suppl. 10-12).

STRUCTURE 2.3 (Pritchard et al. 2000) was used to determine the population
structure under the admixture model with correlated allele frequencies without a
priori information regarding species identity. Five independent runs of 10° iterations
with a burn-in period of 30000 were performed for each K value (K= 1-4 for FC
populations with 44 markers and K= 1-8 for FC, CNF and NNF populations with 20
markers). We did both analyses to see if the lower number of markers was sufficient
to delineate the species. The most likely number of groups (K) was chosen by using

the ad hoc statistic presented in Evanno et al. (2005).

Genetic variation parameters were calculated in GeneAlEx 6.41 (Peakall and Smouse
2006) including the average number of alleles (N,), Nei’s unbiased gene diversity
(He), and Wright’s inbreeding coefficient (F). Fsrand pairwise Fsr with
corresponding significances were calculated in GenePop 4.1 (Raymond and Rousset
1995). To correct for multiple comparisons, sequential Bonferroni adjustments of the
significance level (o) were made. An Fsr based UPGMA dendrogram was created in

Populations 2.0 (Langella 1999).
Outlier screens

Fsr (Wright’s fixation index) can be used to identify outlier loci between populations
based on the assumption that gene loci under selection will show higher
differentiation between species than expected under neutral evolutionary conditions
(Beaumont and Nichols 1996). Using coalesecent simulations, the program
LOSITAN (Antao et al. 2008) creates a null distribution of Fgr values from the
multilocus data that can be used to identify outlier loci under the finite island model.
The run parameters in LOSITAN included 100000 simulations at a 95 % confidence
interval under the stepwise mutation model. In order to account for multiple testing

and resultant potential false positives, the default false discount rate (FDR) of 10 %
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was used. Both the “neutral” mean Fgst option to exclude loci potentially under
selection for the computation of the initial mean Fsr and the “force” mean Fgt option

to increase the precision of the simulated mean Fsr were applied.

The LnRH test statistic estimates variability between populations at individual loci
instead of population divergence to identify selection and is a powerful test statistic
for the detection of selective sweeps. LnRH is generally normally distributed as
determined by simulation studies, and when plotted against Fsr values outliers can be
found in the tails of the distribution (Schlétterer and Dieringer 2005). LnRH
measures relative gene diversity between two populations to identify putative loci
under selection through the calculation of the natural logarithm of the ratio of gene

diversity (H) for each locus between a pair of populations as follows:

1 > _q
C/1 = Hyop) ~

1 z_
/1= Hyopy)

InRH = In

1

The Kolmogorov-Smirnov test for normal distribution was performed on the
observed data for each comparison. Significance was determined by standardizing
the observed values and applying a 95 % confidence interval, where outliers were

identified as being more than +1.96 standard deviations away from the mean.

Outlier tests were performed for all between and within species pairwise
comparisons as replicated population pairs provide increased power and reduce the
chance of observed divergence being due to nonselective factors (Nosil et al. 2009).

They were also performed for all populations within a region pooled by species.
Isolation by distance vs. isolation by adaptation

To further confirm potential loci under divergent selection, identified outliers were
amplified in two additional interspecific population pairs in two different regions,

CNF and NNF. Each identified outlier was paired with another marker with an Fgr
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value close to the mean identified in the FC populations and amplified in the same
populations to prevent upward biasing of Fsr. The outlier methods described above
were used to screen this marker set in these additional populations. Outliers that are
due to isolation by adaptation between species (IBA) should be identified as outliers
in both allopatric and sympatric geographic scenarios. In contrast, loci identified as
potentially under divergent selection due to isolation by distance (IBD) should only
be identified as distance increases between populations, so that geographically
proximal populations do not show divergence but distant populations do (Nosil et al.
2009). Outliers identified in only one geographic region could be involved in local

adaptation of populations or, more conservatively, may comprise false positives.
Results
Genetic structure and variation

Two clusters were shown to best fit the data in STRUCTURE using the ad hoc
statistic AK (Evanno et al. 2005), which correspond to the two species, Q. rubra and
Q. ellipsoidalis (Suppl. 6). The Q. ellipsoidalis populations in the CNF and NNF
showed higher levels of potential introgression as compared to the FC populations.
However, most individuals could be assigned a species designation with high
certainty (posterior probability >0.90). The species assignment for the FC
populations displayed similar numbers of hybrids and introgressive forms for both
the runs using 44 (data not shown) and 20 markers (Suppl. 6). This indicates that the
higher number of hybrids and introgressive forms in the CNF and NNF populations
are not due to the lower number of markers used for species assignment.
Consequently, outlier screens were conducted with all samples and after excluding
potential hybrids and introgressive forms. Results were consistent and differed
mainly in the number and identity of loci potentially subject to balancing selection
which were not considered (Suppl. 13-15). An Fsrbased UPGMA unrooted
dendrogram showed populations separated by species (Fig. 7). All nodes had high
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bootstrap values whether all individuals or only “pure” species (data not shown)

were included in the analysis.

At the subset of 20 markers common to all eight populations, all populations
exhibited similar levels of genetic variation (Suppl. 16). The mean heterozygosity
(He) was 0.715 and 0.711 for Q. rubra and Q. ellipsoidalis respectively, while mean
number of alleles per locus was 15 for both species. Additionally, 19 out of 20
markers showed statistically significant differentiation (Fst) between species with
values ranging from 0.007 to 0.668 (Suppl. 17). Mean genetic diversity was slightly
lower at the 44 marker set only used in the four FC populations with means of 0.660
and 0.642 for Q. rubra and Q. ellipsoidalis, respectively. Average number of alleles
at the 44 markers was also slightly lower than at the 20 markers, averaging between
9 and 10 for both species in the FC populations. This is likely due to the higher
number of EST-SSRs used, which show lower diversity than nSSRs. Thirty-five out
of 44 markers showed significant differentiation (Fst) between species with a range

from 0.0046 to 0.801 (Suppl. 18).
Outlier screens

LOSITAN consistently identified FIR013 as an outlier between species in almost all
possible comparisons (Fig. 8, Suppl. 19 and 20). This locus showed two major alleles
and was nearly fixed on alternative alleles in all populations of both species (Q.
ellipsoidalis, 138 bp; Q. rubra 141 bp; Fig. 9). Consistent with this pattern of allelic
variation, FIR013 was identified as an outlier between species within and among
regions, which strongly implicates isolation by adaptation (Table 8). Locus FIR013
is putatively located in a CONSTANS-like (COL) gene. Together with CONSTANS
(CO), COL genes comprise a family encoding transcription factors involved in the
photoperiodic regulation of growth and development. Specifically, this family is
broken up into three broad groups based on structural differences. In Arabidopsis,
CO and homologous COL (1-5) genes belong to Group I and are characterized by the

presence of two conserved zinc finger B-boxes near the amino-terminus and a CCT
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domain near the carboxy terminus (Griffiths et al. 2003). COL genes can be
distinguished from CO by the presence of poly-Q regions following the B-box zinc
finger domain (Almada et al. 2009).

Alignment of the Quercus EST unigene element to Populus COL-1 and COL-2 genes
shows 81% and 84% similarity, respectively, and indicates that the FIR013 locus
encodes a poly-Q repeat and is located between a conserved double B-box zinc
finger domain and a CCT motif (Yuceer et al. 2002). Additionally, a gene tree
created using protein sequences from closely related species and the Quercus
unigene indicated strong similarity to the COL genes in Populus spp. with high
bootstrap support (Suppl. 21). Together, the presence of characteristic protein
domains and the high similarly to putatively homologous genes supports the identity

of this Quercus locus as a Group I COL gene.

Even though FIR013 shows high divergence between species, the LnRH statistic
only detected it between species in the NNF population (Table 8, Suppl. 22). The
LnRH statistic describes significant reductions of heterozygosity, but both Q. rubra
and Q. ellipsoidalis exhibit very low heterozygosity at this locus overall, with
different alleles being nearly fixed in each species (Q. rubra: H. = 0.08; Q.
ellipsoidalis: He = 0.25). Additional outliers were identified by either LOSITAN or
LnRH, but did not show up consistently across all comparisons, which could indicate
a role in local adaptations of specific populations (Table 8, Suppl. 23 and 24).
However, given the potentially high rate of false positives associated with outlier
methods, we used caution in interpreting the results. Thus, we considered the FIR013
locus which was identified as an outlier by the Fsr-based method in multiple

replicate species comparisons to be the best candidate under divergent selection.
Discussion

By employing replicated population pairs, we identified a marker located within the

coding sequence of a CONSTANS-like gene (COL) as under divergent selection in
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almost all interspecific comparisons within and among regions, but not for within
species comparisons. Such a pattern of spatially-replicated divergent selection in
contrasting environments is consistent with a role of this COL gene in ecological
speciation, whereby natural selection drives species divergence and reproductive
isolation (Nosil et al. 2009; Schluter 2009). Moreover, COL genes have been
implicated in the regulation of both flowering time and growth, which presents an
avenue for the development of ecologically-mediated reproductive barriers. Putative
outlier loci are only rarely confirmed in multiple population pairs (e.g., Nielsen et al.
2009) and have never before been confirmed in forest tree species. Interestingly,
SNP variation in the same COL gene was significantly associated with the timing of
vegetative bud burst in a Q. petraea provenance trial (Alberto et al. 2013). Also other
studies have shown associations between nucleotide variation in COL genes and
phenotypic traits like flowering time and height in other plant species (e.g.,
Medicago sativa, Herrmann et al. 2010; Populus nigra, Fabbrini et al. 2012; Populus
tremula, Ma et al. 2010). For example, in the association mapping study of Medicago
sativa, a CONSTANS-like gene was shown to be involved in flowering time and

plant height (Herrmann et al. 2010).

Together with CONSTANS, COL genes form a family of transcription factors
involved in the photoperiod pathway of floral transition (Amasino 2005). Group I
COL genes in Arabidopsis are regulated by a circadian clock and, in turn, may help
regulate the pace of the circadian oscillator in Arabidopsis as it has been shown to
accelerate the circadian clock (Griffiths et al. 2003; Ledger et al. 2001). However,
altered expression in transgenic plants of either COL-1 or COL-2 had little effect on
flowering time, suggesting that the functions of CO, COL-1, and COL-2 may not
completely overlap and may have diverged in function in Arabidopsis (Ledger et al.
2001).

Functional diversification of COL genes is also evident in angiosperm trees. In

Populus trichocarpa, PtCOL-2 was shown through RNAi experiments to play a
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central role in the CO/Flowering Time (FT) regulon that controls seasonal growth
patterns in trees (Bohlenius et al. 2006). While overexpression of PtCOL-1 and
PtCOL-2 did not alter normal reproductive onset, bud break or bud set in Populus,
overexpression of PtCOL-1 in Arabidopsis rescued the late flowering phenotype of
the co-1 mutant, suggesting that it may function similarly to CO (Hsu et al. 2012). In
addition, overexpression of PtCOL-1 and PtCOL-2 in Populus affected plant height.

Both Q. rubra and Q. ellipsoidalis are nearly fixed on different alleles at the COL
microsatellite marker (Fig. 9), which corresponds to the addition or deletion of a
glutamine residue as the microsatellite encodes a poly-Q repeat. While the role of
poly-Q repeats in human genetic disorders is well studied, their role in normal
protein function is largely unknown. However, it has been posited that they may be
trans-activation sequences involved in stabilization of protein interactions or in
regulation of gene transcription activation (Yuceer et al. 2002). More interestingly, it
has been proposed that selection drives the evolution of low-complexity sequences
like poly-Q repeats. This has been demonstrated in the Chinook salmon circadian-
regulating CLOCK gene, where repeat lengths are positively correlated with latitude
and thus potentially involved in adaptation of these fish to different latitudes (Haerty
and Golding 2010). Notably, one allele of a poly(Q) repeat in the Populus tremula
COL2B gene was found to be associated with growth cessation, albeit this effect was
not independent of other polymorphisms in the photoperiodic pathway (Ma et al.
2010). While the exact function of COL genes and the poly-Q length polymorphism
in Quercus are currently unknown, they provide excellent candidates for underlying
functional polymorphisms in flowering time and growth-related traits and warrant

further investigation.

Differences in flowering time are a clear mechanism of pre-zygotic isolation.
Selection on the photoperiod pathway might have been essential in divergence and
maintenance of species differences. While oak flowers are difficult to observe in

field studies, the timing of vegetative bud burst is strongly associated with flowering
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time and is used to infer phenological patterns in flowering time (Chesnoiu et al.
2009). Latitudinal and altitudinal gradients in sessile oak (Ducousso et al. 1996) and
local environmental conditions have been shown to impact timing of bud burst in
two interfertile live oak species (Cavender-Bares and Pahlich 2009). Our previous
study indicated low levels of introgression between adult and seedling populations of
the two species, which may be a result of pre-zygotic isolation via flowering time
(Lind and Gailing 2013). Furthermore, significant differences in bud burst were
observed in a common garden of Q. ellipsoidalis and Q. rubra seedlings. Q.
ellipsoidalis seedling exhibited significantly later bud burst and leaf fall (a proxy for
bud set) than Q. rubra seedlings, suggesting an underlying genetic mechanism
(Gailing 2013). Also Q. ellipsoidalis seedlings were significantly smaller and
showed a lower survival rate than Q. rubra seedlings from neighboring populations
(Gailing 2013). Interspecific differences in growth and flowering time could possibly
be linked to the divergence between the two species at the putative COL gene since
similar genes in Populus and other plant species have been shown to be involved in
growth and development (Herrmann et al. 2010; Hsu et al. 2012). In natural
populations, Q. ellipsoidalis trees are smaller in habit than Q. rubra trees as well
(personal field observation). Given the xeric nature of the environment Q.
ellipsoidalis resides in, a slower growth strategy, including later flowering, may
confer a selective advantage by avoiding late frost damage and conserving energy. In
fact, frost pockets and slow forest canopy establishment are characteristic in level

xeric areas like the outwash plains Q. ellipsoidalis grows on (Motzkin et al. 2002).

Further assessment of flowering time in the natural populations of these two species
will be of value in assessing the importance of this trait in maintenance of species
identity in interfertile oak species. The genetic assignment analysis suggested
recurrent gene flow between species and higher rates of introgression in the CNF and
NNF populations than in the FC populations. Gene flow estimates via parentage
analysis could confirm recurrent gene flow between the species and its dependence

on environmental conditions providing additional support for adaptive species
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divergence with gene flow. Alternatively, post-zygotic selection on COL could be
inferred from reciprocal transplant experiments between parental environments of Q.
rubra, Q. ellipsoidalis and hybrid seedlings with different genotypes for COL
(138/138 bp, 138/141 bp, 141/141 bp). Since adult populations are nearly fixed on
the alternative alleles, 138 bp in Q. ellipsoidalis and 141 bp in Q. rubra, an increase
of species-specific alleles from seedling to adult generation and higher growth and
survival of Q. ellipsoidalis and Q. rubra seedlings with species-specific alleles in
parental environments would implicate post-zygotic selection on the Quercus COL
gene. Finally, expression studies of this gene through qPCR could be done to assess

differential expression patterns for both species throughout the photoperiod.
Conclusions

We employed outlier screens with three replicated population pairs and identified a
putative CONSTANS-like (COL) gene potentially involved in adaptive divergence
and reproductive isolation of Q. rubra and Q. ellipsoidalis. We show that oaks
provide a good model to identify potential genomic regions involved in ecological
speciation. In particular, the gene associated with the EST-SSR FIR013, COL could
be a “magic gene” involved in ecological speciation because of its potential
simultaneous involvement in reproductive isolation and local adaptation (Servedio et
al. 2011). Variation in putative “speciation genes” can be associated with traits
related to adaptive species differences (e.g., in drought tolerance and bud burst) in
QTL and association mapping approaches. Alternatively COL may not be subject to
divergent selection per se but could be linked to an ecologically significant gene (Via
2012). The availability of high density linkage maps or whole genome sequence
would allow for the identification of clusters of linked genes, which could help
elucidate the relative importance of linkage disequilibrium and single-locus effects.
Full-sib families in Q. rubra and high-density genetic linkage maps are currently
being constructed. Next generation sequencing technologies such as restriction-site

associated DNA (RAD) sequencing and integration of these and other markers in
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genetic linkage maps will also help to identify genome-wide patterns of adaptive

species divergence.
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Figure 7 Unrooted tree (UPGMA method) based on genetic distance (Fsr) at 20 markers; numbers at nodes
are percentages over 1000 bootstrap replicates using Populations 2.0
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Figure 9 Allele frequency distribution of each species in the a) FC/Baraga Plains populations, b) CNF
populations, ¢) NNF populations for EST-SSR FIR013 (CONSTANS-like 1)
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Supplement 8 HWE Exact Tests (Weir and Cockerham, 1984) by locus in each population.
Significant values in boldface type are based on a sequential Bonferroni correction (Rice 1989)
applied to the original significance level of o= 0.05

1P10
Population F p-value Standard Error
FC-A 0.0161 0.6187 0.0028
FC-B -0.0313  0.6771 0.0047
FC-C 0.0499  0.1525 0.0027
FC-E 0.0294  0.2871 0.0032
Mean 0.0160 - -
2P24
FC-A* 0.2800  0.0059 0.0002
FC-B* 0.1789  0.0047 0.0003
FC-C* 0.3139  0.0005 0.0001
FC-E* 0.2213  0.0108 0.0003
Mean 0.2485 - -
3A05
FC-A* 0.3736  0.0011 0.0001
FC-B* 0.2344  0.0332 0.0005
FC-C* 0.3241  0.0046 0.0002
FC-E* 0.5321 0 0
Mean 0.3661 - -
3D15
FC-A 0.1156  0.5603 0.0027
FC-B* 0.1814  0.0378 0.0010
FC-C -0.2204  0.5429 0.0009
FC-E 0.0838  0.1436 0.0011
Mean 0.0401 - -
FIR004
FC-A* 0.4236 0 0
FC-B* 0.3283 0 0
FC-C* 0.3243  0.0001 0.0001
FC-E* 0.2425  0.0067 0.0007
Mean 0.3297 - -
FIR013
FC-A -0.0174 1 0
FC-B 0.4834  0.0755 0.0001
FC-C 0.2837  0.1632 0.0005
FC-E -0.0852 1 0

Mean 0.1661 - -

*potential for null alleles
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S8 continued

FIR024
Population F p-value Standard Error
FC-A* 0.6348 0 0
FC-B* 0.3471  0.0117 0.0002
FC-C 0.0930  0.7203 0.0009
FC-E* 0.5058 0 0
Mean 0.3952 - -
FIR028
FC-A -0.0437  0.5709 0.0031
FC-B -0.0301  0.6854 0.0026
FC-C 0.0048  0.9855 0.0002
FC-E 0.1480  0.3043 0.0014
Mean 0.0198 - -
FIR030
FC-A* 0.2272  0.0340 0.0017
FC-B* 0.3386  0.0064 0.0004
FC-C -0.1337  0.8286 0.0011
FC-E -0.0218  0.5710 0.0014
Mean 0.1026 - -
FIR031
FC-A 0.0378  0.1155 0.0025
FC-B* 0.3752  0.0014 0.0002
FC-C* 0.2117  0.0054 0.0004
FC-E* 0.6087 0 0
Mean 0.3084 - -
FIR031
FC-A 0.0378  0.1155 0.0025
FC-B* 0.3752  0.0014 0.0002
FC-C* 0.2117  0.0054 0.0004
FC-E* 0.6087 0 0
Mean 0.3084 - -
FIR035
FC-A 0.2481  0.2069 0.0009
FC-B -0.1642  0.5677 0.0002
FC-C -0.0263 1 0
FC-E -0.0541 1 0
Mean 0.0009 - -
FIR039
FC-A 0.0792 0 0
FC-B* 0.1742  0.0001 0
FC-C* 0.2151  0.0174 0.0004
FC-E* 0.5774 0 0
Mean 0.2615 - -
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S8 continued

FIR043
Population F p-value Standard Error
FC-A 0.0091 0.4361 0.0028
FC-B 0.1271  0.5805 0.0030
FC-C* 0.226  0.0165 0.0004
FC-E* 0.3479 0 0
Mean 0.1775 - -
FIR048
FC-A -0.0035 0.3552 0.0059
FC-B 0.1450 0.1612 0.0056
FC-C -0.0701  0.6496 0.0019
FC-E -0.0241  0.4369 0.0029
Mean 0.0118 - -
FIR053
FC-A -0.0882  0.1597 0.0006
FC-B 0.0186  0.6302 0.0007
FC-C 0.2277  0.1878 0.0002
FC-E 0.0680  0.7496 0.0004
Mean 0.0565 - -
FIR089
FC-A -0.0147 0.4843 0.0016
FC-B 0.0872  0.5245 0.0019
FC-C* 0.2010  0.0894 0.0012
FC-E 0.0500 0.4554 0.0024
Mean 0.0809 - -
FIR104
FC-A 0.2383  0.2495 0.0007
FC-B -0.0894 1 0
FC-C -0.0328 1 0
FC-E 0.0703  0.9572 0.0004
Mean 0.0466 - -
GOT004
FC-A* 0.2166  0.0035 0.0002
FC-B 0.1144  0.0888 0.0010
FC-C 0.1616  0.0242 0.0004
FC-E* 0.7613 0 0
Mean 0.3135 - -
GOTO009
FC-A 0.0061  0.7836 0.0016
FC-B -0.0566  0.8433 0.0013
FC-C* 0.2014  0.0041 0.0002
FC-E 0.0781 0.2816 0.0015
Mean 0.0573 - -
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S8 continued

GOTO009
Population F p-value Standard Error
FC-A 0.0061 0.7836 0.0016
FC-B -0.0566  0.8433 0.0013
FC-C* 0.2014  0.0041 0.0002
FC-E 0.0781 0.2816 0.0015
Mean 0.0573 - -
GOT011
FC-A* 0.5764 0 0
FC-B* 0.6004 0 0
FC-C* 0.7358 0 0
FC-E* 0.6447 0 0
Mean 0.6393 - -
GOT021
FC-A -0.2741  0.1522 0.0002
FC-B -0.1485 1 0
FC-C -0.0065 1 0
FC-E 0.3810  0.0147 0.0001
Mean -0.01203 - -
GOTO037
FC-A* 0.3283 0 0
FC-B* 0.5348 0 0
FC-C* 0.5260 0 0
FC-E* 0.3166 0 0
Mean 0.4264 - -
GOT040
FC-A 0.0968  0.7466 0.0013
FC-B -0.0431  0.2163 0.0013
FC-C -0.0852 1 0
FC-E 0.2010  0.1338 0.0004
Mean 0.0424 - -
GOT047
FC-A* 0.3775 0 0
FC-B* 0.4029 0 0
FC-C 0.1904  0.0546 0.0010
FC-E* 0.2121 0.0010 0.0002
Mean 0.2957 - -
PIEO39
FC-A 0.0612  0.3528 0.0021
FC-B -0.1661  0.7787 0.0008
FC-C -0.0014  0.9204 0.0004
FC-E 0.1896  0.0477 0.0003
Mean 0.0208 - -
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S8 continued

PIE040
Population F p-value Standard Error
FC-A 0.0913  0.7052 0.0016
FC-B* 0.2530  0.0363 0.0009
FC-C -0.0135 0.6149 0.0013
FC-E* 0.2028  0.3900 0.0019
Mean 0.1334 - -
PIE099
FC-A* 0.4216 0 0
FC-B* 0.4513 0 0
FC-C -0.0066 0.6871 0.0025
FC-E* 0.1678  0.0343 0.0006
Mean 0.2585 - -
PIE101
FC-A -0.0030  0.2455 0.0026
FC-B 0.0230 0.1185 0.0013
FC-C -0.0221  0.1981 0.0018
FC-E -0.008  0.8622 0.0020
Mean -0.0025 - -
PIE125
FC-A -0.0468 0.6154 0.0013
FC-B -0.0448  0.6605 0.0006
FC-C 0.2196 0.0152 0.0003
FC-E 0.0728 0.1471 0.0013
Mean 0.0502 - -
PIE200
FC-A 0.2697  0.0007 0
FC-B 0.0441  0.0040 0.0001
FC-C 0.2000 0 0
FC-E -0.0581 1 0
Mean 0.1139 - -
PIE260
FC-A 0.0537 0.2844 0.0066
FC-B 0.0148  0.4554 0.0062
FC-C 0.0855  0.0027 0.0003
FC-E -0.0200  0.2248 0.0033
Mean 0.0335 - -
PORO003
FC-A 0.0370  0.3748 0.0026
FC-B 0.0714  0.1365 0.0028
FC-C -0.0392  0.7805 0.0019
FC-E 0.1386  0.0009 0.0001
Mean 0.0520 - -
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S8 continued

PORO016
Population F p-value Standard Error
FC-A -0.04 1 0
FC-B - - -
FC-C - - -
FC-E - - -
Mean - - -
QpZAG15
FC-A 0.1333  0.3569 0.0030
FC-B 0.0970 0.1814 0.0029
FC-C 0.0602  0.1177 0.0030
FC-E 0.0484  0.7223 0.0020
Mean 0.0847 - -
quru-GA-0C11
FC-A 0.0440  0.3297 0.0035
FC-B 0.0436  0.2660 0.0032
FC-C -0.0841 0.6385 0.0026
FC-E -0.0368  0.2883 0.0042
Mean -0.0083 - -
quru-GA-0E09
FC-A* 0.2000 0 0
FC-B* 0.2531 0.0001 0.0001
FC-C* 0.2831 0 0
FC-E 0.0934 0.02 0.0019
Mean 0.2074 - -
quru-GA-1F07
FC-A* 0.2069  0.0076 0.0009
FC-B* 0.1730  0.0746 0.0036
FC-C* 0.1941  0.0432 0.0015
FC-E* 0.4035 0 0
Mean 0.2444 - -
VIT023
FC-A 0.1152 0.659 0.0002
FC-B 0.0416 1 0
FC-C -0.0263 1 0
FC-E -0.2381 0.3124 0.0002
Mean -0.0269 - -
VITO057
FC-A 0.1172  0.1932 0.0005
FC-B 0.0972  0.0458 0.0004
FC-C -0.0591 0.5275 0.0014
FC-E 0.1376  0.1117 0.0007
Mean 0.0732 - -
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S8 continued

VITO081L1
Population F p-value Standard Error
FC-A -0.0130 1 0
FC-B -0.0400 1 0
FC-C -0.0400 1 0
FC-E 0.1522  0.3737 0.0003
Mean 0.0148 - -
VITO081L2
FC-A -0.0765  0.8705 0.0010
FC-B 0.1287  0.0251 0.0008
FC-C 0.0102  0.0577 0.0009
FC-E* 0.2257  0.0008 0.0001
Mean 0.0720 - -
VIT086
FC-A* 0.3011  0.0001 0
FC-B* 0.3316 0 0
FC-C* 0.8303 0 0
FC-E* 0.7639 0 0
Mean 0.5567 - -
VIT107
FC-A 0.1798  0.1878 0.0013
FC-B -0.0106  0.8246 0.0022
FC-C 0.0558  0.4805 0.0022
FC-E -0.063  0.5301 0.0012
Mean 0.0405 - -
WAG004
FC-A 0.0958  0.7754 0.0008
FC-B* 0.2434  0.2247 0.002
FC-C 0.1221  0.0065 0.0003
FC-E 0.1744 0.0112 0.0002
Mean 0.1589 - -
WAG018
FC-A -0.0986 1 0
FC-B 0.2712  0.1402 0.0002
FC-C -0.1500  0.6004 0.0006
FC-E 0.0905  0.7010 0.0004
Mean 0.0283 - -
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Supplement 9 HWE Exact Tests (Weir and Cockerham, 1984) by locus at each population.
Significant values in boldface type are based on a sequential Bonferroni correction (Rice 1989)

applied to the original significance level of o= 0.05

1P10
Population F p-value Standard Error
N-QR 0.0119  0.4599 0.0035
N-QE 0.0273  0.6129 0.0041
C-QR 0.0119 0.3384 0.0055
C-QE -0.0293  0.6748 0.0021
Mean 0.0170 - -
2P24
N-QR -0.046  0.4735 0.0027
N-QE 0.1294  0.0136 0.0007
C-QRrR -0.0893  0.0964 0.0019
C-QE -0.0245  0.8665 0.0019
Mean -0.0020 - -
3A05
N-QR 0.1172  0.1483 0.0017
N-QE* 0.524 0 0
C-QR 0.1421  0.2925 0.0024
C-QE* 0.685 0 0
Mean 0.2611 - -
3D15
N-QR -0.0969  0.8467 0.0025
N-QE 0.0072  0.0526 0.0008
C-QrR 0.0174  0.7978 0.0021
C-QE 0.0355  0.3601 0.0017
Mean -0.0241 - -
FIR004
N-QR* 0.1889  0.0048 0.0007
N-QE* 0.2117 0 0
C-QrR 0.0651  0.0683 0.0028
C-QE 0.0933  0.1486 0.0053
Mean 0.1552 - -
FIR013
N-QR -0.013 1 0
N-QE* 0.3978  0.0245 0.0002
C-QR* 0.7929 0 0
C-QE* 0.6739 0 0
Mean 0.3926 - -
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S9 continued

FIR028
Population F p-value Standard Error
N-QR 0.1078  0.0103 0.0004
N-QE 0.1123  0.0299 0.0017
C-QR 0.0269  0.061 0.0011
C-QE 0.0017  0.3623 0.0027
Mean 0.0823 - -
FIR039
N-QR* 0.22 0.0708 0.0005
N-QE* 0.2621  0.0054 0.0002
C-QR 0.0375  0.0008 0.0001
C-QE -0.0364 0.7517 0.0016
Mean 0.1732 - -
FIR048
N-QR 0.0865 0.1012 0.0037
N-QE* 0.139  0.0051 0.0006
C-QR 0.0874  0.2248 0.0037
C-QE 0.0426  0.6824 0.0032
Mean 0.1043 - -
FIR104
N-QR -0.0321  0.2051 0.0005
N-QE 0.1403  0.0039 0.0001
C-QR 0.0407  0.6805 0.002
C-QE -0.043  0.4036 0.0009
Mean 0.0496 - -
GOT004
N-QR* 0.2542  0.0383 0.0005
N-QE* 0.4161 0 0
C-QR 0.0146  0.3709 0.0026
C-QE* 0.5794 0 0
Mean 0.2283 - -
GOTO009
N-QR 0.116  0.1776 0.0017
N-QE 0.013 0.1907 0.0024
C-QR -0.0744  0.9208 0.0008
C-QE 0.1246  0.0226 0.0007
Mean 0.0182 - -
GOT021
N-QR -0.0833 1 0
N-QE* 0.7935  0.0005 0
C-QR -0.1304 1 0
C-QE - - -
Mean 0.1933 - -
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S9 continued

PIEO41
Population F p-value Standard Error
N-QR 0.1866  0.0209 0.0002
N-QE -0.0893  0.1861 0.0017
C-QrR -0.1599  0.5969 0.0018
C-QE -0.1487 0.7413 0.0016
Mean -0.0209 - -
PIE099
N-QR 0.1067  0.142 0.0022
N-QE 0.0031  0.1665 0.0029
C-QR* 0.448 0 0
C-QE 0.0152  0.2415 0.0036
Mean 0.1859 - -
PORO016
N-QR -0.0174 1 0
N-QE -0.027 1 0
C-QRr -0.013 1 0
C-QE -0.0174 1 0
Mean -0.0191 - -
QpZAG15
N-QR 0.0084  0.4053 0.0048
N-QE -0.0438  0.6054 0.0052
C-QrR 0.0688  0.5977 0.004
C-QE 0.0268  0.0979 0.0029
Mean 0.222 - -
quru-GA-0C11
N-QR 0.0626  0.5384 0.0032
N-QE 0.1169  0.0024 0.0003
C-QR 0.0134 0.3121 0.0026
C-QE* 0.1789  0.0231 0.0011
Mean 0.0111 - -
quru-GA-0E09
N-QR* 0.4511 0 0
N-QE -0.0011  0.3318 0.0092
C-QR* 0.2092 0 0
C-QE -0.0252  0.2673 0.0071
Mean 0.2197 - -
quru-GA-1F07
N-QR 0.0874  0.6361 0.0054
N-QE 0.0189  0.1633 0.0046
C-QrR 0.0599  0.5849 0.0051
C-QE -0.0106  0.307 0.0059
Mean 0.0554 - -
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Supplement 10 Summary of between species identified outliers under divergent selection (correction
for null alleles)

Pairwise Comparison LOSITAN LnRH

FC (QR vs. QE) FIR013 GOT040
Chequamegon National

Forest (QR vs. QE) NO GOT021
Nicolet National Forest
QR vs. QF) FIR013 FIR013
ALL (QR vs. QE) FIR013 NO

NO = no outliers detected

Supplement 11 Detailed outlier results summary for the Ford Center with 44 markers (correction for
null alleles)

Method LOSITAN LnRH
FC (OR vs. QE) FIRO13 FIR039
PIE200
FC-Avs. FC-B NO quru-GA-0C11
VITOSILI1
FIRO013 GOTO021
FC-Avs. FC-C GOT021 GOT040
FC-Avs. FC-E FIRO13 GOTO040
FC-Bvs. FC-C FIRO13 VITOS1L1
FC-Bvs. FC-E FIRO013 NO
PIE260
FC-C vs. FC-E NO POROLE

NO = no outliers detected
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Supplement 12 Detailed outlier results summary for the Ford Center and Chequamegon-Nicolet
National Forest with 20 markers (correction for null alleles)

Comparison LOSITAN LnRH
ALL (QR vs. QE) NO NO
C-QE vs. C-QR NO GOTO021
C-QE vs. N-QE NO GOTO021
C-QE vs. N-QR FIRO13 FIRO13
C-QR vs. N-QE GOTO021 FIRO13
C-QR vs. N-QR FIRO013 FIR013
N-QE vs. N-QR FIRO013 FIR013
FIRO13
FC-A vs. C-QE FIRO13 GOT021
FIRO13
FC-Avs. C-QR PIE040 FIRO13
FIRO13
FC-A vs. N-QE FIRO13 FIR104
FC-A vs. N-QR PIE040 GOTO021
FC-B vs. C-QE FIRO13 FIRO13
FIRO13 FIRO13
FC-Bvs. C-QR PIE040 FIR039
FIRO13
FC-B vs. N-QE FIRO13 FIR039
FC-B vs. N-QR FIR013 NO
FC-C vs. C-QE NO FIRO13
FIRO13
FC-Cvs. C-QR PIE040 GOTO021
FC-C vs. N-QE NO GOTO021
FC-C vs. N-QR FIR0O13 FIRO13
FC-E vs. C-QE quru-GA-0C11 FIRO013
FC-E vs. C-QR FIRO13 PIE040
FC-E vs. N-QE PIE040 PIE040
FC-E vs. N-QR FIROLS quru-GA-0E09

PORO16

NO = no outliers detected
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Supplement 13 Summary of between species identified outliers under divergent selection
(introgressive forms and hybrids excluded)

Pairwise Comparison LOSITAN LnRH
FIR039
FC (QR vs. QE) FIR013 GOTO40

Chequamegon National

Forest (QR vs. QE) FIROL3 NO
Nicolet National Forest
(QR vs. QE) FIRO13 FIR0O13
ALL (QR vs. QE) FIRO13 FIR013

NO = no outliers detected

Supplement 14 Detailed outlier results summary for the Ford Center with 44 markers (introgressive
forms and hybrids excluded)

Method LOSITAN LnRH
FIR039
FC (QR vs. QE) FIRO13 GOTO040
PIE260
FC-Avs. FC-B NO PORO16
VIT086
FIRO13 GOT021
FC-Avs. FC-C GOT021 GOT040
FC-Avs. FC-E FIR013 VITOSILI
FIR053
FC-Bvs. FC-C FIRO13 GOTOM
FC-Bvs. FC-E FIRO13 FIR039
FC-C vs. FC-E NO PIE200 VITOSILI

NO = no outliers detected
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Supplement 15 Detailed outlier results summary for the Ford Center and Chequamegon-Nicolet
National Forest with 20 markers (introgressive forms and hybrids excluded)

Comparison LOSITAN LnRH
ALL (QR vs. QE) FIR013 FIR013
C-QE vs. C-QR FIR013 NO
C-QE vs. N-QE NO quru-GA-0E09
C-QE vs. N-QR FIRO13 FIRO13
C-QR vs. N-QE FIRO13 2P24
C-QR vs. N-QR FIR039 FIR013
N-QE vs. N-QR FIRO013 FIRO13
FC-A vs. C-QE FIR0O13 FIR039
FC-Avs. C-QR PIE040 FIR039
FIR104
FC-A vs. N-QE FIRO013 GOT021
FC-A vs. N-QR NO GOTO021
FC-B vs. C-QE FIR0O13 FIR039
FC-B vs. C-QR PIE040 FIR039
FIR039
FC-B vs. N-QE FIRO013 GOTOA 1
FC-B vs. N-QR PIE040 FIR039
FC-C vs. C-QE NO NO
FC-C vs. C-QR FIRO13 NO
FC-C vs. N-QE PIE040 NO
FC-C vs. N-QR FIRO13 FIRO13
FC-E vs. C-QE NO PIE040
FC-E vs. C-QR FIR0O13 PIE040
FC-E vs. N-QE NO PIE040
FC-E vs. N-QR FIRO13 FIRO13

NO = no outliers detected
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Supplement 16 Overall genetic variation

44 Microsatellite marker set®

Population Gene diversity (He)° Average Number of Inbreeding
Alleles (N,) Coefficient (F)
FC-A 0.652 8 0.121
FC-B 0.659 9 0.125
FC-C 0.642 8 0.104
FC-E 0.628 8 0.168
Population mean 0.645 8 0.129
Q. rubra 0.660 10 0.135
Q. ellipsoidalis 0.642 9 0.155
Species mean 0.647 10 0.145
20 Microsatellite marker set®
Population Gene diversity (H) Average Number of Inbreeding
Alleles (N,) Coefficient (F)
FC-A 0.700 10 0.111
FC-B 0.695 10 0.126
FC-C 0.684 9 0.087
FC-E 0.660 9 0.193
N-QR 0.698 11 0.073
N-QE 0.732 12 0.145
C-QrR 0.713 11 0.066
C-QE 0.700 11 0.094
Population mean 0.698 10 0.112
Q. rubra 0.715 15 0.135
Q. ellipsoidalis 0.711 15 0.168
Species mean 0.713 15 0.152

* This refers to the total possible number of markers used to characterize the genetic variation of the population
® unbiased expected heterozygosity (Peakall and Smouse 2006)
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Supplement 17 Pairwise Fst between species including all eight populations at each of the 20
markers

Marker Pairwise Fsr between species®
1P10 0.019
2P24 0.067
3A05 0.113
3D15 0.067

FIR004 0.010

FIRO13 0.668

FIR028 0.058

FIR039 0.108

FIR048 0.049

FIR104 0.231

GOT004 0.038

GOT009 0.013

GOTO021 0.103

PIE040 0.007

PIE099 0.038

PORO16 0.000

QpZAG15 0.040
quru-GA-0C11 0.013
quru-GA-0E09 0.015
quru-GA-1F07 0.008

ALL 0.079

* significant values in boldface type are based on a sequential Bonferroni correction (Rice 1989) applied to the
original significance level of o= 0.05
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Supplement 18 Pairwise Fst between species including only the four Baraga Plains populations at
each of the 44 markers

Marker Pairwise Fsr between species®
1P10 0.0151
2P24 0.0809
3A05 0.1514
3D15 0.1116

FIR004 0.0159

FIRO13 0.8005

FIR024 0.0611

FIR028 0.0898

FIR030 0.0609

FIR035 0.0242

FIR039 0.1626

FIR043 0.0097

FIR048 0.0807

FIR053 0.0996

FIR089 -0.0006

FIR104 0.2729

GOT004 0.0669

GOT009 0.039

GOTO11 0.0237

GO0TO021 0.1615

GOT037 0.0623

GOT040 0.2267

GOT047 0.0566

PIE039 0.0592

PIE040 0.0179

PIE099 0.0277

PIE101 0.026

PIE125 0.0392

PIE200 0.039

PIE260 0.0354

PORO003 0.0046

PORO16 0.0117

QpZAG15 0.0668
quru-GA-0C11 0.0354
quru-GA-0E09 0.0392
quru-GA-1F07 0.0157

VIT023 -0.0018

VITO057 0.0107

VITOS81L1 0.0541

VITO81L2 0.1032

VIT086 0.0638

VIT107 0.0216

WAGO004 0.149

WAGO18 0.1216

ALL 0.0836

* significant values in boldface type are based on a sequential Bonferroni correction (Rice 1989) applied to the
original significance level of o= 0.05
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Supplement 23 Detailed outlier results summary for the Ford Center with 44 markers

Method LOSITAN LnRH
FIRO13
FC (QR vs. QE) POROLE FIR039 GOT040
PIE260
FC-Avs. FC-B NO PORO16 VIT086
FC-Avs. FC-C FIRO13 GOT021 GOT040
FC-Avs. FC-E FIRO13 VITOSIL1
FIR053
FC-Bvs. FC-C FIRO13 GOTOM
FC-Bvs. FC-E FIRO013 FIR039
FIR104
FC-C vs. FC-E FIR089 PIE200 VITO81L1
VITOS1L1

NO = no outliers detected
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Supplement 24 Detailed outlier results summary for the Ford Center and Chequamegon-Nicolet
National Forest with 20 markers

Comparison LOSITAN LnRH
ALL (QR vs. QE) FIR013 NO

C-QE vs. C-QR FIRO013 GOT021

GOTO021

C-QE vs. N-QE NO quru-GA-0E09

C-QE vs. N-QR FIRO13 FIRO13

C-QR vs. N-QE FIRO13 PORO16

C-QR vs. N-QR FIRO013 FIR013

N-QE vs. N-QR FIRO013 FIR013

FC-A vs. C-QE FIRO13 GOTO021

FIRO13

FC-Avs. C-QR PIE040 FIR039

FIRO13 FIR104

FC-Avs. N-QE FIR104 GOTO021

FC-A vs. N-QR PIE040 GOTO021

FIR039

FC-B vs. C-QE FIRO13 GOT021

FIRO13

FC-B vs. C-QR PIE040 FIR039

FC-B vs. N-QE FIRO13 FIR039

FC-B vs. N-QR PIE040 FIR039
FC-C vs. C-QE NO NO
FC-C vs. C-QR NO NO
FC-C vs. N-QE PIE040 NO

FC-C vs. N-QR FIRO013 FIRO13

FC-E vs. C-QE quru-GA-0C11 GOT021

FC-E vs. C-QR FIRO13 PIE040

PIE040

FC-E vs. N-QE PIE040 quru-GA-0E09

FC-E vs. N-QR FIRO13 NO

NO = no outliers detected

163



License agreement

This is a License Agreement between Jennifer F Lind-Riehl ("You") and Oxford
University Press ("Oxford University Press") provided by Copyright Clearance
Center ("CCC"). The license consists of your order details, the terms and conditions
provided by Oxford University Press, and the payment terms and conditions.
License number: 3357811157292

License date: Mar 28, 2014

Licensed content publisher: Oxford University Press

Licensed content publication: Annals of Botany

Licensed content author: Jennifer F. Lind-Riehl, Alexis R. Sullivan, Oliver Gailing
Licensed content date first published online: March 10, 2014

Type of use: Thesis/Dissertation

Title of your work: GENETIC VARIATION, LOCAL ADAPTATION AND
POPULATION STRUCTURE IN NORTH AMERICAN RED OAK SPECIES,
QUERCUS RUBRA L. AND Q. ELLIPSOIDALIS E. J. HILL

STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF
MATERIAL

FROM AN OXFORD UNIVERSITY PRESS JOURNAL

1. Use of the material is restricted to the type of use specified in your order details.
2. This permission covers the use of the material in the English language in the
following territory: world. If you have requested additional permission to translate
this material, the terms and conditions of this reuse will be set out in clause 12.

3. This permission is limited to the particular use authorized in (1) above and does
not allow you to sanction its use elsewhere in any other format other than specified
above, nor does it apply to quotations, images, artistic works etc that have been
reproduced from other sources which may be part of the material to be used.

4. No alteration, omission or addition is made to the material without our written
consent.

Permission must be re-cleared with Oxford University Press if/when you decide to
reprint.

5. The following credit line appears wherever the material is used: author, title,
journal, year, volume, issue number, pagination, by permission of Oxford University
Press or the sponsoring society if the journal is a society journal. Where a journal is
being published on behalf of a learned society, the details of that society must be
included in the credit line.

6. For the reproduction of a full article from an Oxford University Press journal for
whatever purpose, the corresponding author of the material concerned should be
informed of the proposed use. Contact details for the corresponding authors of all
Oxford University Press journal contact can be found alongside either the abstract or
full text of the article concerned, accessible from www.oxfordjournals.org Should

164



there be a problem clearing these rights, please contact
journals.permissions@oup.com

7. If the credit line or acknowledgement in our publication indicates that any of the
figures, images or photos was reproduced, drawn or modified from an earlier source
it will be necessary for you to clear this permission with the original publisher as
well. If this permission has not been obtained, please note that this material cannot
be included in your publication/photocopies.

8. While you may exercise the rights licensed immediately upon issuance of the
license at the end of the licensing process for the transaction, provided that you have
disclosed complete and accurate details of your proposed use, no license is finally
effective unless and until full payment is received from you (either by Oxford
University Press or by Copyright Clearance Center (CCC)) as provided in CCC's
Billing and Payment terms and conditions. If full payment is not received on a timely
basis, then any license preliminarily granted shall be deemed automatically revoked
and shall be void as if never granted. Further, in the event that you breach any of
these terms and conditions or any of CCC's Billing and Payment terms and
conditions, the license is automatically revoked and shall be void as if never granted.
Use of materials as described in a revoked license, as well as any use of the materials
beyond the scope of an unrevoked license, may constitute copyright infringement
and Oxford University Press reserves the right to take any and all action to protect its
copyright in the materials.

9. This license is personal to you and may not be sublicensed, assigned or transferred
by you to any other person without Oxford University Press’s written permission.
10. Oxford University Press reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of
this licensing transaction, (ii) these terms and conditions and (iii) CCC’s Billing and
Payment terms and conditions.

11. You hereby indemnify and agree to hold harmless Oxford University Press and
CCC, and their respective officers, directors, employs and agents, from and against
any and all claims arising out of your use of the licensed material other than as
specifically authorized pursuant to this license.

12. Other Terms and Conditions: v1.4

If you would like to pay for this license now, please remit this license along with
your payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise
you will be invoiced within 48 hours of the license date. Payment should be in the
form of a check or money order referencing your account number and this invoice
number: RLNK501263852.

Once you receive your invoice for this order, you may pay your invoice by credit
card.

Please follow instructions provided at that time.

Make Payment To:

Copyright Clearance Center

Dept 001

165



P.O. Box 843006

Boston, MA 02284-3006

For suggestions or comments regarding this order, contact RightsLink Customer
Support: customercare@copyright.com or +1-877-622-5543 (toll free in the US) or
+1-978-646-2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.

Rightslink Printable License:
https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...3

166



Fine-scale spatial genetic structure of two red oak species, Quercus
rubra and Q. ellipsoidalis’

Jennifer Lind-Riehlt and Oliver Gailing7{

" Michigan Technological University, 1400 Townsend Drive, 49931 Houghton, MI,

United States

tFor correspondence: ogailing@mtu.edu or (906) 487-1615

3 The material in this chapter was previously published material and has been reprinted with
kind permission from Springer Science and Business Media from Lind-Riehl JF and Gailing
O (2014) Fine-scale spatial genetic structure of two red oak species, Quercus rubra and Q.
ellipsoidalis. Plant Systematics and Evolution 10.1007/s00606-014-1173-y

167



Abstract

Peripheral populations located at their range edge may be at risk due to geographical
isolation, environmental changes, human disturbances or catastrophic events such as
wildfires. Fine-scale spatial genetic structure (SGS) investigations provide a way to
examine the spatial arrangement of genetic variation within populations. SGS can
result from restricted seed and pollen dispersal and might be affected by geographic
isolation and environmental changes and disturbances even in outcrossing wind-
pollinated species like oaks. Studying the SGS of peripheral populations provides
information that can be used to develop improved conservation and management
plans at the species’ range edge. We assessed the level of genetic variation and SGS
in twelve range edge populations in northern Wisconsin and the Upper Peninsula of
Michigan (USA): eight Quercus rubra and four Q. ellipsoidalis populations that
were subject to different management regimes and natural disturbances. In contrast
to Q. rubra populations, the drought tolerant Q. ellipsoidalis populations are isolated
from the species’ main distribution range. These populations are not actively
managed but are especially prone to recurring fire events. The four managed and
four old growth (“unmanaged”) Q. rubra populations displayed similar levels of
genetic variation. Likewise the Sp statistic showed similar SGS levels in managed
and unmanaged Q. rubra populations (Sp = 0.005) comparable to other Quercus
species (European Q. robur: Sp = 0.003). Q. ellipsoidalis populations showed similar
or more pronounced SGS than neighboring Q. rubra populations, extending up to 83
m in one population. A significant excess of homozygotes across markers in two of
the Q. ellipsoidalis populations suggests potential inbreeding. In summary, diverse
management activities combined with various natural disturbances are likely both
influencing SGS patterns. Outcrossing forest trees like oaks hold large amounts of
genetic diversity allowing adaptation to environmental changes over their long life
spans. Reductions of these genetic stores, through inbreeding for example, can

inhibit a species’ ability to adapt to changing environmental conditions.
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Introduction

Outcrossing forest tree populations are known to harbor high levels of genetic
diversity within populations, with relatively little genetic variation among them due
to their long life spans, large neighborhood sizes, and extensive gene dispersal (Petit
and Hampe 2006; Hamrick et al. 1979). The spatial arrangement of this genetic
diversity is expected to vary widely between different forest tree species given their
great variety in reproduction, mating, and dispersal systems (Epperson 1992). Fine-
scale spatial genetic structure (SGS) can result from, for example, limited seed or
pollen dispersal that leads to the clustering of genetically similar individuals
(McCauley 1997; Trapnell and Hamrick 2004). The incidence and strength of SGS is
influenced by dispersal efficiency, mating systems, population density and life
history (Vekemans and Hardy 2004). In turn, distribution of genetic variation in
populations reflects patterns of gene flow through pollen and seed dispersal, and
microenvironmental selection (Epperson 2000). However, relatively little is known
about the distribution of genetic variation at the population level for peripheral or
marginal populations (Jump and Pefiuelas 2006). Peripheral populations have been
shown to be sources of genetic variation (Jimenez et al. 1999; Lorenzo et al. 2009)
and the genetic diversity and distinctness in peripheral populations may be the result
of local selective pressures or limited gene flow from other populations (Gibson et
al. 2009). They may also be particularly vulnerable to climatic changes resulting in
increased competition and fire or drought events (Aitken et al. 2008), and/or
anthropogenic changes such as fragmentation (Muir et al. 2004; Gibson et al. 2009),
both of which may influence the spatial arrangement of genetic variation. Thus, it is
imperative to examine SGS in different species with varied life history traits as well
as peripheral populations of these species in order to provide the best information for
conservation and management activities of a particular species or population

(Epperson 1992).
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Studies of fine-scale spatial genetic structure (SGS) in oaks and other wind
pollinated forest tree species have yielded generally low SGS with a few exceptions.
Thus, many wind pollinated species with gravity or animal dispersed seeds showed
low, but significant genetic structure over short distances likely as the result of
restricted seed dispersal (Berg and Hamrick 1995; Stefenon et al. 2008; Streiff et al.
1998; Troupin et al. 2006). Spatial aggregation of adult trees and seedlings in Abies
alba Hill showed reduced SGS, suggesting that wind pollination counterbalanced the
effect of restricted seed dispersal (Sagnard et al. 2011). Strong SGS has been
observed in studies as the result of clonal reproduction or strong inbreeding in
geographic isolation (Berg and Hamrick 1994; Chybicki et al. 2011). For example,
strong kinship structure up to 50-100 m was found in highly isolated populations of
wind pollinated Taxus baccata L., whose seeds are dispersed by gravity or birds
(Chybicki et al. 2011).

Studies examining range edge populations are rare, but Pandey and Rajora (2012)
compared SGS between two peripheral and two core populations of Thuja
occidentalis and found relatively higher SGS in peripheral populations. Muir et al.
(2004) examined range edge fragmented populations of Q. petraea in Ireland using
both microsatellite and plastid markers and found similar levels of genetic variation
to mainland European populations likely maintained by high levels of outcrossing.
They caution that the effects of recent exploitation of the area may not yet be
reflected in the current population structure due to limited generations exposed to
genetic drift and currently high gene flow levels. In fact, Jump and Pefiuelas (2006)
have shown that chronic fragmentation of Fagus sylvatica populations for over more

than 600 years has had significant impacts on genetic diversity and structure.

Studies comparing different oak species have shown differences in extent of SGS
that often correspond to differences in life history characteristics such as efficiency
of seed dispersal or mating systems (Berg and Hamrick 1994; Cottrell et al. 2003;

Streiff et al. 1998). For instance, more pronounced SGS was detected in Quercus
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petraea than in Q. robur which was attributed to Q. robur’s potential for longer
range seed dispersal and the ability to grow over a wider range of site conditions
(Streiff et al. 1998). Additionally, management of stands may influence the spatial
arrangement of trees consequently affecting SGS by influencing mating patterns and
gene flow through modification of the spatial distribution of trees (Finkeldey and
Ziehe 2004). For example, harvesting and thinning projects could impact genetic
diversity of populations and their ability to adapt by selecting for certain desired
phenotypic traits (Finkeldey and Ziehe 2004). However, little is known about the
effects of management on SGS (Cottrell et al. 2003). Cottrell et al. (2003) found a
higher significant SGS in populations of Q. robur and Q. petraea that experienced
long-term coppicing and planting as compared to relatively unmanaged populations
which they attributed to the influence of artificial regeneration through planting of
seeds originating from only a few individuals. Managed (logging and other
silvicultural activities) and unmanaged populations of another Fagaceae tree species,
Fagus sylvatica L., exhibited similar levels of genetic diversity (Rajendra et al.
2014). However, managed F. sylvatica stands exhibited reduced SGS in comparison
to the unmanaged stands potentially as the result of selective removal of trees

breaking down family structures (Rajendra et al., 2014; Paffetti et al. 2012).

Here we focus on the two red oak species, Q. rubra and Q. ellipsoidalis in northern
Wisconsin and the Upper Peninsula of Michigan (USA). While Q. rubra is common
and has a wide distribution range, Q. ellipsoidalis has a much smaller distribution
range with only fragmented populations in the study areas. Both species can co-
occur, but generally are more likely to be near one another than sympatric as Q.
ellipsoidalis favors dry sandy soils and Q. rubra more mesic conditions (Abrams
1990). Given the dry conditions at these sites, Q. ellipsoidalis stands are prone to
fire, and stand replacing fires may occur as frequently as every 30 years (Dickmann
and Leefers 2003). While both species maintain distinct adaptations to drought, there
is potential for hybridization, and genetic assignment analyses were used to identify

Q. rubra and Q. ellipsoidalis samples (Lind and Gailing 2013). Quercus rubra is
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primarily an outcrossing species with potentially long distance pollen dispersal
(Ennos 1994; Moran and Clark 2012). Acorn dispersal by gravity is common and is
thought to play a role in limiting gene dispersal since acorns are heavy. Jones et al.
(2006) found that Q. rubra seedlings showed SGS at small scales (up to 25 m)
consistent with limited seed dispersal. However, animals are also important vectors
and birds such as blue jays are known to cache acorns and have been implicated in
postglacial dispersal of fagaceous trees in eastern North America (Johnson and
Thompson Webb 1989). Pollen dispersal has been shown to be farther reaching than
seed dispersal for Q. rubra as would be expected in an outcrossing and wind
pollinated tree species (Moran and Clark 2012). Little is known about gene dispersal
in Q. ellipsoidalis, but Q. ellipsoidalis shows similar life history characteristics to Q.
rubra and both species are hybridizing; seed dispersal is thought to be carried out by
similar animals such as squirrels and blue jays. Additionally, seed production seems
to be less frequent in Q. ellipsoidalis based on field observations in the Ford
Research Forest-Baraga Plains area (FRF-BP) since 2009. Little is known about the
SGS of Q. ellipsoidalis as it is not considered to be a valuable timber species.
Aldrich et al. (2005) described SGS in old growth Q. rubra populations in Indiana
and found significant spatial structure up to 70 m. The stand had maintained high
levels of genetic diversity despite the absence of smaller size classes in the core
habitat of the stand. This may be indicative of the early stages of a genetic bottleneck
likely created by extensive harvesting during European settlement of the area.
However, the decline in oak regeneration has become a concern. Many reasons have
been cited for this decline including fire suppression, elevated herbivory, and

competition with invasive plant species (Huebner 2003; Lorimer 1993).

Q. rubra is an important component of temperate forests in the Great Lakes region
and provides habitat and food for various wildlife (McShea et al. 2007).
Economically the species is valuable for many uses including wood production
(Aldrich and Cavender-Bares 2011). Considering the importance of Q. rubra, both

economically and ecologically, further understanding of how management practices
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affect genetic diversity of Q. rubra and the closely related interfertile Q. ellipsoidalis
would be beneficial to appropriately address issues such as low regeneration rates.
Furthermore, since these populations are at the range edge, it will be important to
understand current SGS and genetic variation patterns in order to assess the

vulnerability of these populations to climate change and anthropogenic impacts.

Our study aims to characterize fine-scale spatial genetic structure (SGS) in
unmanaged and managed peripheral populations of Q. rubra and to compare SGS in
both Q. rubra and Q. ellipsoidalis peripheral populations. We want to better
understand how differences in the historical management and disturbance regimes
affect the level of SGS. We also examine whether there are differences in SGS and
levels of inbreeding between the more widely distributed species Q. rubra and the

more isolated populations of Q. ellipsoidalis.

Materials and methods

Sample locations

A total of eight Q. rubra and four Q. ellipsoidalis populations were sampled from
five geographic regions from the northern distribution edge of both species. While
both species are at their northern distribution edge, Q. rubra remains far more
frequent than Q. ellipsoidalis. Quercus ellipsoidalis populations were geographically
isolated and separated from the main distribution range of the species (Lind-Riehl et
al. 2014). Eight populations (four Q. rubra and four Q. ellipsoidalis) were subjected
to different degrees of management, while four populations (Q. rubra only) were
mainly unmanaged pre-European settlement forests (Dickman and Leefers 2003)
(Figure 10, Table 9). All Q. rubra populations showed signs of natural regeneration.
The managed forests consist of two pairs of Q. rubra and Q. ellipsoidalis populations
in the Western Upper Peninsula of Michigan in the Ford Research Forest-Baraga
Plains area (FRF-BP) as well as two pairs of Q. rubra and Q. ellipsoidalis

populations from the Chequamegon-Nicolet National Forest in northern Wisconsin
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(Fig. 10, Table 9). Like many forests in the temperate regions of the United States
both of these areas were heavily logged for pine in the late 1800s and then again for
northern hardwoods between the 1920s and 1940s (Dickmann and Leefers 2003;
Saetre 1983). Catastrophic wild fires followed the logging of forests in Michigan and
Wisconsin. Pine barrens such as in the Baraga Plains and in the Chequamegon-
Nicolet National Forest were especially prone to fire and were maintained by fires
that could return at intervals of less than 30 years (Dickmann and Leefers 2003;
Saetre 1983). Red oaks colonized burnt cutover lands in both Michigan and

Wisconsin (Abrams 1992).

At the FRF-BP site, a stand replacing fire occurred sometime around 1910 that
burned through the Baraga Plains reaching almost to Alberta, which encompasses the
areas occupied by all four sampled stands (James Schmierer, personal
communication). Fire scars are still visible on some of the older surviving trees in the
FC-A stand (field observation). No major fires have occurred in the area since then.
In 1954, the Ford Motor Company donated 1700 acres of land including the current
Ford Research Forest. Since then, management for hardwoods, including Q. rubra,
has been based on a selection system silviculture. In the Baraga Plains jack pine has
been managed using even-aged methods and various regeneration techniques
including scarification or spot fires, with incidental management of Q. ellipsoidalis
populations (James Schmierer, personal communication). The Q. ellipsoidalis stands,
FC-C and FC-E, are both located in pine barrens known as the Baraga Plains with
jack pine surrounding them. The Q. rubra stand FC-A is in a mixed mesic deciduous
forest with major sugar maple and pine components, while FC-B is in a mixed

deciduous hardwood forest with maple and hemlock (field observation).

Starting in the late 1920s Wisconsin began acquiring land for the creation of national
forests. By 1933, the Chequamegon and Nicolet National Forests (CNF and NNF)
were officially named and now consist of more than 1.5 million acres of land across

northern Wisconsin. Prior to 1930, fire was common in northern Wisconsin with
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about 2500 fires burning half a million acres a year. Since that time fires have
decreased, replanting increased and more sustainable management practices have
been adopted (Saetre 1983). Jack pine that surrounded the Q. ellipsoidalis stand in
the NNF has been periodically clear cut (last cut in 1992). The area around the CNF
Q. ellipsoidalis stand, which is partially on private land, has also been periodically
clear cut (last cut in 1994) and is now mostly covered with jack pine. The two Q.
rubra stands, one in CNF and one in NNF, have been managed through thinning and
shelter wood cutting, most recently between 2000 and 2010, allowing for the
establishment of even-aged stands. Q. rubra is the dominant species in the NNF
stand and the CNF stand contains mostly Q. rubra with sugar maple and some aspen
and spruce (Deborah Veen (USFS) and Alexis Sullivan, personal communication). In
general, Q. rubra has been directly managed in both the FRF-BP, CNF, and NNF
populations, while the Q. ellipsoidalis populations in these areas experienced only

incidental management.

Additionally, four unmanaged Q. rubra populations were collected in the Western
Upper Peninsula of Michigan (Fig. 10, Table 9). Compared to those described above,
these populations have not been actively managed. Three of them are located in the
Huron Mountain Reserve (HMR), which was established as the privately owned
Huron Mountain Shooting and Fishing Club in 1889. It contains one of the few
remaining extensive tracts of intact hardwood-hemlock-pine forests in the Upper
Great Lakes (Dickmann and Leefers 2003). In the 1930s the Club approached Aldo
Leopold for advice on how to best manage their lands and his 1938 report focused on
preserving natural habitat for native wildlife and as large a sample as possible of
uncut timber. In the 1940s, the Club teamed up with the US Forest Service to
implement many of Leopold’s recommendations which have guided their
management strategies to this day (Flaspohler and Meine 2006). Only about 20% of
the Club’s perimeter lands were selectively logged for white pine in the late 1800s
and about 6% of the Club’s land consists of oak-pine communities (Davis 1996).

None of the sampled populations were located in the selectively logged lands. The
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fourth population is located in the Porcupine Mountains Wilderness State Park (PM).
The PM was formed in 1945 to protect large stands of old growth northern hardwood
forest that are the largest west of the Adirondacks, with 35000 acres of unlogged
forest. The forest is primarily composed of sugar maple, American basswood,
eastern hemlock and yellow birch and may have been lightly logged for white pine in
the late 1800s (Davis 1996). The area is open to the public for recreation as a state
park with trail management activity, but timber production is not a focus of the

management plan for this forest.
Sample collection

Leaf material was collected and GPS coordinates were recorded for each tree in all
sampled populations. Exhaustive sampling was undertaken in the HMR, FRF-BP
populations resulting in a large number of comparisons in small distance classes
(Suppl. 25). In the CNF, NNF, and PM populations the smaller distance classes were
less well represented (Fig. 10, Suppl. 25). While we will not be able to detect SGS at
a very small scale due to a lower representation in the small distance classes for the
latter populations, we can compare the presence and extent of SGS for populations
with similar sampling design. The leaf material was stored at -20°C until DNA
extraction. Total genomic DNA (~10-20ng) was extracted using the Qiagen
DNeasy96 Plant Kit (Qiagen, Valencia, CA) following the manufacturer’s

instructions.
Microsatellite genotyping

All populations were characterized at 15 microsatellite markers including eight
nuclear simple sequence repeats (nSSRs: 1P10, 2P24, 3A05, 3D15, QpZAG15, quru-
GA-0C11, quru-GA-0E09, quru-GA-1F07) and seven expressed sequence tag-SSRs
(EST-SSRs: FIR004, FIR048, GOT004, GOT009, GOT021, PIE040, PIE099)
described in an earlier study (Lind and Gailing 2013). According to Cavers et al.

(2005), 10 microsatellite loci are sufficient to characterize fine-scale SGS. Nuclear
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and EST-SSRs developed in Q. robur were adapted for use in Q. rubra and Q.
ellipsoidalis and tested for the presence of null alleles (Lind and Gailing 2013; Lind-
Riehl et al. 2014, Sullivan et al. 2013). PCR amplification and electrophoretic
separation were performed according to Lind and Gailing (2013), but the 10 pL. PCR

reaction was scaled to a 15 pL reaction.
Genetic variation analyses

GeneAlEx 6.5 (Peakall and Smouse 2006) was used to calculate most genetic
diversity parameters including average number of alleles per locus (N,), number of
rare alleles (Nrare, frequency < 5%), effective number of alleles (Ng = 1/(1-Hy)),
observed heterozygosity (Ho), expected heterozygosity (Hg), and the inbreeding
coefficient (Fs) for all populations as well as for both managed and unmanaged
populations and for each species. Fisher’s exact tests to determine significance of Fig
values were calculated in GenePop 4.2 (Raymond and Rousset 1995). FSTAT
(Goudet 1995) was used to calculate the measures of genetic diversity allelic
richness (Ag), observed heterozygosity (Hp), expected heterozygosity within groups
(Hg) and genetic differentiation (Fs) for all three groups (Q. ellipsoidalis and
managed and unmanaged Q. rubra). A rarefaction index as suggested by Petit et al.
(1998) was used to correct for unequal sample sizes before calculating Ar. Means
over all populations were estimated and 5000 permutations were used to test
differences between the means in FSTAT (Goudet 1995). This was also done to test
for differences of diversity estimates between species and for both managed and
unmanaged populations. MICROCHECKER (Van Oosterhout et al. 2004) was used
to check for null alleles in each population and markers showed generally low null

allele frequencies (see also Lind and Gailing 2013; Lind-Riehl et al. 2014).
Spatial genetic structure analyses

Fine-scale spatial genetic structure (SGS) was analyzed through spatial

autocorrelation analysis in SPAGeDi version 1.4 (Hardy and Vekemans 2002).
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Spatial autocorrelation analyzes the degree of dependency among observations,
genetic variation in this case, in a geographic space. Specifically, allelic information
is correlated between pairs of individuals in the same distance class. In order to
assess the extent of SGS, the relationship between genetic similarity and geographic
distance between individuals in each population was assessed through Moran’s I
statistics and regression analysis of kinship coefficients (Loiselle et al. 1995) on
geographical distances using a jackknife method to estimate standard errors. The
results provide insight as to whether genetic structure exists and at what scale (Sokal
and Oden 1978). To determine the significance of the coefficients averaged over all
loci, they were tested against the null hypothesis of no spatial genetic structure
through the creation of a null distribution of randomly permuting individuals among
distance classes 10000 times (95% confidence interval). Additionally, the Sp statistic
(Vekemans and Hardy 2004) was calculated to allow quantitative comparisons of the
extent of spatial genetic structure among species and/or populations. This statistic is
not affected by the sampling scheme as heavily as the kinship coefficient as it is
primarily dependent on the rate of decrease of pairwise kinship coefficients with the
logarithm of the distance between individuals. The Sp statistic is calculated based on
the regression slope of the kinship coefficient, such that Sp = —bs/(1 — F;), where
F; is the mean kinship coefficient over all loci between individuals belonging to the
first distance class and by is the regression slope of F;. Statistical significance of Fy
and b was determined under a 95% confidence interval of Fjj created by 10000

permutations of individuals among distance classes.

The size of the distance classes was determined by SPAGeDi to ensure an equal
number of comparisons within each distance class. Initial analyses using various
numbers of distance classes were run to determine the optimal number of distance
classes to ensure at least 50 comparisons per distance class for all populations and to
best capture fine-scale spatial genetic structure. The use of 15 distance classes was

determined to be optimal. Runs were performed for each population with only
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individuals with a diameter at breast height (DBH) of >10cm for Q. rubra samples
and >7cm for Q. ellipsoidalis which has a more shrubby growth (Suppl. 26-28).

The area was estimated by taking the area of a polygon created around the sampled
area in ArcMap (ESRI 2011) for each population to provide a clearer view of the
scale and sampling in each population and to calculate the effective census density
according to Stefenon et al. (2008). Effective census density was used to indirectly
estimate the gene dispersal rate using SPAGeDi assuming equilibrium of isolation by
distance in the fine-scale spatial genetic structure as described by Vekemans and

Hardy (2004).

Additionally, to determine the relative diversity of diameter classes, the Shannon
Wiener diversity index was determined for each population. The equation is often
used to calculate species diversity, but can also be applied to age or diameter
diversity within a single species (McPherson and Rowntree, 1989). Populations with
individuals evenly distributed among all diameter or age classes will show high
values, indicative of high diameter or age class diversity. To calculate the Shannon
Wiener diversity index (H), the equation below was used, where pj is the proportion

of the total sample represented by diameter class i:

H= = Ipi n(p)]

L

Results
Managed vs. unmanaged Q. rubra stands

No significant differences between managed and unmanaged stands were detected
for most genetic variation parameters (Table 10). However, managed stands had
slightly, but significantly more genetic diversity (Hg) within populations than
unmanaged stands (Suppl. 29). Level and extent of SGS was similar in most

managed (0-36 m) and unmanaged stands (0-28 m) with unmanaged stand PM-QR
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showing weak SGS up to 60 m (Fig. 111, Table 11 and Suppl. 25). No significant
SGS was found in the managed stands CNF-QR and NNF-QR in the first distance
class (Fig. 11e, h). Also the unmanaged stand, HMR-MI, with the highest census
density showed no significant SGS and low values for the Sp statistic (0.002) and
Moran’s 1 (0.011) (Table 11). The census densities of the other two unmanaged
stands from the same geographic region, HMR-IH and HMR-LP, are lower than in
HMR-MI but still much higher than in the managed Q. rubra stands (Table 11).
Overall there was no significant relationship between Moran’s I (R* = 0.0194) or Sp
(R* = 0.0053) and census density. Finally, Q. rubra Sp values were similar to other
Quercus species, such as the European Q. robur (Table 12). A linear regression of
Moran’s I and Sp against the Shannon Wiener diversity index (SWI) of diameter
classes revealed significant negative associations across all populations (R* = 0.47,
p<0.001; R? = 0.17, p< 0.05). However, our analysis did not include the managed
NNF-QR population due to missing diameter data. The inclusion of this even-aged
population with non-significant SGS and expected low SWI would have resulted in a

non-significant association between SGS and SWI.
Species differences

Genetic variation parameters for both species were similar, but managed Q. rubra
displayed significantly higher genetic diversity (Hg) within populations than Q.
ellipsoidalis and unmanaged Q. rubra (Table 9 and Suppl. 29). The unmanaged PM-
QR population showed the lowest genetic diversity of all populations. Additionally,
most of the Q. ellipsoidalis populations also displayed higher Fis values across most
markers than Q. rubra populations, particularly for FC-E and NNF-QE, indicating
potential inbreeding (Table 9 and Suppl. 30). The extent of SGS was similar for
species pairs of populations in the FRF-BP region (Fig. 11b, g, Table 11: Q.
ellipsoidalis: up to 26 m and Q. rubra: up to 36 m). In the Q. ellipsoidalis
populations SGS extended to 37 m and 83 m in the CNF and NNF regions,

respectively, while no significant SGS was observed in the Q. rubra populations in
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the first distance class (Fig. 11a, d, e, h). In population NNF-QR significant SGS was
found in only one distance class from 90 to 103 m (Fig. 11h). The Sp statistic
showed the most pronounced SGS for Q. ellipsoidalis populations FC-E and NNF-
QE (Fig. 11c¢, d), exceeding the values for neighboring Q. rubra (FC-A, FC-B, NNF-
QR, Fig. 11f-h) and Q. ellipsoidalis populations (FC-C, Fig. 11b) (Table 11). In
general, Q. ellipsoidalis populations also show higher kinship coefficients than Q.
rubra populations even though the extent of SGS is similar for both species (Table
11).

Finally, even though gene dispersal estimates did not reach convergence for most
populations tested, estimated distances were larger for the Q. rubra populations (FC-
B: 259 m, CNF-QR: 269 m) than for the Q. ellipsoidalis populations (FC-E: 32.6 m,
NNF-QE: 158 m). Similar differences in SGS were observed by others for the
interfertile sympatric oak species Q. petraea and Q. robur (Vekemans and Hardy
2004), where the Sp value was larger for Q. petraea which has a more limited seed

dispersal range than Q. robur (Table 12).
Discussion

We find that genetic diversity is slightly but significantly higher in managed than in
unmanaged Q. rubra stands. Although there are not very many studies comparing
managed to unmanaged stands, those that do have also generally shown low to no
differences in diversity between managed and unmanaged populations of outcrossing
temperate forest trees. Thus, investigations of the impact of management on fine-
scale spatial genetic structure (SGS) in two European oak species (Q. robur and Q.
petraea) found that only the heavily managed stand had slightly lower genetic
diversity than the unmanaged stand (Cottrell et al. 2003). Likewise, several studies in
another Fagaceae species, Fagus sylvatica, have shown no significant differences in
levels of genetic variation as the result of a range of management practices including
shelterwood, plantation, and semi-natural regeneration (Buiteveld et al. 2007,

Rajendra et al. 2014), but one study noted that some rare alleles were lost in
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fragmented populations (Paffetti et al. 2012). Fagus sylvatica shares many life
history traits with Quercus species such as wind pollination, outcrossing nature, and
abundant seed and pollen production. The similar levels of genetic variation within
both natural and managed populations may be explained by the life history traits of
these forest tree species. Hamrick et al. (1979) analyzed relationships between 12 life
history traits and various ecological variables and their impact on the levels of
genetic variation within populations of 113 different plant taxa. They found that
species with the highest genetic diversity tend to be those with large ranges, high
fecundities, an outcrossing mode of reproduction, wind pollination, long generation
times, and habitats representing later stages of succession. Quercus rubra, like many
other outcrossing temperate tree species, possesses most of these traits and may be
able to maintain high levels of genetic diversity despite natural and anthropogenic
interferences. This may also hold true for peripheral populations. Accordingly,
similarly high within population genetic diversity was evidenced in peripheral Q.
petraea populations as in the central distribution range of the species (Muir et al.
2004). Another study that examined the long-term impact of fragmentation on the
population genetic structure of 14 Q. macrocarpa populations found a lack of large
scale population genetic structure with most diversity existing within populations
suggesting that wind pollinated trees with large distribution ranges may be resilient
to human impacts like fragmentation as well (Craft and Ashley 2007). Most studies
examine the impact of fragmentation on genetic diversity of forest tree populations
that has occurred within the last 200 years. However, Jump and Pefiuelas (2006)
found significant effects of long-term (> 600 years) fragmentation on the genetic
diversity and population structure of Fagus sylvatica. Thus, chronic fragmentation

may reduce resilience in the long run and should not be ignored.

While there was no clear difference in SGS between managed and unmanaged Q.
rubra stands, non-significant SGS was found for the two populations that were
subject to even-aged management. Among Q. rubra populations, the FRF-BP stands

have been managed primarily using a selection system silviculture method (uneven-
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aged management), while the CNF and NNF populations were largely managed
through shelterwood cutting (even-aged management) where up to 1/3 to 1/2 of the
trees are left after harvest (Dickmann and Leefers 2003). Accordingly, the CNF
population shows clumps of similar sized trees near each other, while the FC-A and
FC-B populations show a more mixed spatial structure of different sized trees
(Suppl. 31-33). Additionally, FC-A and FC-B show a higher variation in diameter
classes as shown by a higher SWI value than the CNF population (Fig. 12, no data
on NNF). The even-aged management in the CNF and NNF populations mimics
large scale disturbances such as stand replacing fires, while the uneven-aged
management in the FRF-BP populations is similar to natural small scale
disturbances. The absence of significant SGS in the CNF and NNF populations (Fig.
11e, h) could be a result of management, but the lower representation in small
distance classes in the CNF and NNF populations may also have prevented the
detection of fine-scale SGS at smaller distances (see material and methods). Uneven-
aged management allows reproduction to occur in overlapping generations and may
promote family structures (Finkeldey & Ziehe 2004), which is displayed by the
presence of significant SGS up to 36 m in the FRF-BP populations. Similar to the
managed stands, the magnitude and extent of SGS in unmanaged stands was highly
variable ranging from no SGS in the population with the highest density (HMR-MI,
284 individuals/ha) to extended SGS in the stand with the lowest density (PM-QR).
The absence of SGS in HMR-MI might have been caused by overlapping seed
shadows. However, across all populations no clear association of SGS was found
with either census density or SWI. Since detailed records on management activities
and natural disturbances are missing, it is difficult to disentangle the effects of
management and natural disturbances on SGS. Long-term silvicultural trials
including managed and unmanaged populations might provide a resource to better
assess the effect of disturbance regimes on genetic variation and SGS. In the limited
number of studies comparing SGS in managed and unmanaged stands, management

has been found to both decrease (Paffetti et al. 2012; Rajendra et al. 2014) and
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increase SGS (Cottrell et al. 2003). Specifically, Cottrell et al. (2003) found a
managed stand to exhibit the highest level of SGS and attributed this to human
planting of acorns using seeds from a small number of mother trees. Additionally,
there was evidence for pronounced SGS in a clumping of trees within the managed
site that represented 50% of the total number of mature trees paired with young trees

(DBH < 30 cm) less than 50 m apart.

Studies that have compared SGS between species have generally found that life
history characteristics impact the extent and significance of SGS (Berg and Hamrick
1994; Cottrell et al. 2003; Streiff et al. 1998). For example, the more pronounced
SGS in Q. petraea as compared to Q. robur was attributed to Q. robur’s potential for
longer range seed dispersal and the ability to grow over a wider range of site
conditions (Streiff et al. 1998). In our study, differences in level and extent of SGS
of Q. rubra and Q. ellipsoidalis stands suggest that disturbance history (natural and
human impact) and species abundance strongly affect SGS. Thus, more pronounced
SGS was found in Q. ellipsoidalis stands as compared to neighboring Q. rubra
stands. Oaks show a synchronous reproduction system referred to as masting where
at variable intervals (usually every few years) a larger than usual seed crop is
produced. If natural regeneration is established in a mast year and that coincides with
recent management activity, the new seedling generation could be produced from a
limited number of trees and extended family structures might develop. The number
of reproducing trees seems to be lower and the intervals between mast years longer
in Q. ellipsoidalis than in Q. rubra populations. Thus, in Q. ellipsoidalis stands FC-C
and FC-E, fewer reproducing trees were present (multiple year field observations) as
compared to neighboring Q. rubra stands. While seed production was observed
every year since 2009 in Q. rubra, only a small group of Q. ellipsoidalis trees
produced seeds in a single year at the FRF-BP site. Lower numbers of reproducing
adults can also lead to inbreeding, which was observed in two of the Q. ellipsoidalis
populations. This may be characteristic for Q. ellipsoidalis which is often found in

pine barrens and deals with more harsh conditions such as drought. Fires are also
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more frequent in pine barren habitats and while the sampled stands have not had
extensive fires in the past 100 years, the Q. ellipsoidalis stands have been subject to
incidental clear cutting due to their proximity to P. bansksiana stands that are
managed through this method mimicking the historical fire regime of this type of
habitat. It is possible that geographic isolation of the fragmented Q. ellipsoidalis
populations has contributed to the development of more pronounced family
structures and potential inbreeding than in the more widely distributed Q. rubra at
the species’ range edge. These effects of frequent disturbances on SGS might be
limited in the main distribution range of Q. ellipsoidalis, warranting a comparison of

core and peripheral populations to test this hypothesis.

Overall our study suggests that management regimes, natural disturbance, life history
traits and geographic isolation can affect SGS and genetic variation of peripheral
populations. Isolated Q. ellipsoidalis populations showed low seed production,
significant SGS and potential evidence for inbreeding. However, it was not possible
to disentangle the effects of management and natural disturbances on genetic
variation and SGS. Furthermore, life history characteristics of the species in
combination with natural disturbance regimes and human mediated management
likely leads to variable impacts on a population’s SGS. In wind pollinated forest tree
species with generally large effective population sizes, the effects of management
and disturbance on SGS and inbreeding are likely to be most pronounced in
fragmented populations at the species’ distribution edge. SGS is also likely to affect
the mating patterns in tree populations increasing for example the likelihood of
mating between related individuals even in wind pollinated trees (Berg and Hamrick
1994; Chybicki et al. 2011). However, to study the long-term impact of SGS on
evolutionary and ecological processes requires long-term monitoring in trees that

need 40-50 years to mature.
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Table 10 Genetic variation at 15 microsatellites loci in 12 managed and unmanaged Quercus rubra
and Q. ellipsoidalis populations (the population abbreviations follow those in Table 9)

Population N Np N Nrare AR’ Ho Hg? Fis
Quercus rubra

Unmanaged

HMR-IH 76 13 6 5 12 0.698 0.778 0.080
HMR-LP 52 13 6 5 13 0.666 0.780 0.120
HMR-MI 60 12 6 6 12 0.685 0.776 0.092
PM-QR® 36 11 5 6 12 0.635 0.723 0.105
Mean 56 12 6 6 12 0.671 0.757 0.099
Managed

CNF-QR 40 13 7 6 13 0.748 0.797 0.033
FC-A 48 12 6 6 11 0.669 0.805 0.144
FC-B 48 12 6 6 12 0.652 0.787 0.150
NNF-QR 40 13 7 7 13 0.713 0.798 0.084
Mean 44 12 7 6 13 0.696 0.797 0.103
Quercus ellipsoidalis

CNF-QE 40 12 6 6 12 0.692 0.777 0.091
FC-C 50 11 6 6 11 0.690 0.767 0.083
FC-E 47 10 5 5 10 0.590 0.749 0.214
NNF-QE 39 14 7 6 14 0.711 0.801 0.139
Mean 4 12 6 6 13 0.671 0.773 0.132

* unbiased expected heterozygosity (Peakall and Smouse 2006)
® corrected for unequal sample sizes using the rarefaction index suggested by Petit et al. (1998)
¢ only analyzed at 14 markers

N = sample size

N4 = number of alleles averaged over all loci

Ng = number of effective alleles

Nrare = number of different alleles with a frequency of >5%
Ay = allelic richness

Ho = observed heterozygosity

Hg = expected heterozygosity

F|s = inbreeding coefficient
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Table 11 Estimation of the fine-scale genetic structure” at 15 microsatellite markers in managed and
unmanaged Q. rubra and Q. ellipsoidalis populations for sampled trees with a DBH > 10cm for Q.
rubra and a DBH > 7cm for Q. ellipsoidalis (the population abbreviations follow those in Table 9)

Population CD F1° be Sp  Moran’s I’ Extent of SGS SWI
Quercus rubra

Unmanaged

HMR-IH 75 0.026%**  -0.009 0.009  0.049%*** 0-28 m 0.29
HMR-LP 81 0.013* -0.002  0.002 0.026* 0-13m 1.17
HMR-MI 284 0.005 -0.002  0.002 0.011 ns 1.92
PM-QR® 4 0.016* -0.006  0.006 0.032* 0-60 m 1.80
Managed

CNF-QR 6 0.012 -0.006  0.006 0.025 ns 1.23
FC-A 16 0.016**  -0.007 0.007 0.030%* 0-28 m 1.81
FC-B 6 0.017**  -0.004 0.004 0.032%* 0-36 m 1.92
NNF-QR 11 -0.005 -0.004  0.004 -0.006 ns -
Quercus ellipsoidalis

CNF-QE 12 0.022*%*  -0.006 0.006 0.042%%* 0-37 m 0.94
FC-C 14 0.020** -0.005 0.005 0.039%%* 0-26 m 1.47
FC-E 194 0.023* -0.014 0.014 0.042* 0-10 mand 20-25m  0.86
NNF-QE 10 0.027**  -0.017 0.017 0.039%* 0-83 m 1.34

15 distance classes with a minimum of 50 pairs per distance class

®Jevel of significance after 10,000 permutations (p<0.05*, p<0.01%*, p<0.001%**)

¢ only analyzed at 14 markers

CD = census density (individuals per hectare)

F|s = inbreeding coefficient calculated in SPAGeDi

Na = number of alleles averaged over all loci

F; = multilocus kinship coefficient between individuals of the first distance class (Loiselle et al. 1995)
br = regression slope of F on natural log distance

Sp = quantification of the SGS

SWI = Shannon Weiner Index (using diameter class)

Table 12 Quantification of the fine-scale genetic structure (Sp values) for selected Fagaceae species

Species Sp Reference
Quercus rubra 0.005 -
Quercus ellipsoidalis 0.011 -
Quercus petraea 0.008 Vekemans & Hardy (2004)
Quercus robur 0.003 Vekemans & Hardy (2004)
Fagus sylvatica 0.011 Rajendra et al. (2014)
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Supplement 28 Frequency distribution of the diameter at breast height (DBH) for the sampled

populations of managed Q. rubra: (A) CNF-QR, (B) FC-A, and (C) FC-B (the population
abbreviations follow those in Table 9)

202



UOTIENULIJJIP O1)oudg = 1S g
JUSIO1JJQ00 Sulpaaiqul = Siy
K)1s03Az019307 paroadxs = I
K)15034Z012191] paAIdsqo = OH
SSAUYILL IRV = ¥V

s1oquinu papjoq Aq pajesrpur suoneinuLd (0§ 19 douRdYIUSIS |

SIIEW §] Y& pazA[eut AJuo

(8661) 'Te 19 1m2d £q parsad3ns xapur uonoejarer Yy Sursn sazis sjdures jenbaun 10J pa1oarIod |,

$€9°0 vT8°0 T€0°0 $S9°0 9060 - ,onfea-d

€€0°0 910 L9L0 $59°0 11 4 streptosdifla -0

00 LT1°0 TLLO vL9°0 11 4 q(pabeuewun)elgnt 'O

€200 LETO T6L°0 ¥89°0 1 4 q(pafeurw) eigns O

€08°0 69L°0 1200 989°0 1€9°0 - »Hnrea-d

€€0°0 SET°0 €LLO 899°0 Tl v sifepiosdi||e "0

72070 €10 86L°0 £69°0 ! 14 eigns ‘O
suone|ndod

._.wH_ w_H_ m_l_ OI mw_< 10 J5qUINN

UonELIEA O1)USS UBOW U0 $109ds pue SaNIAIOE JUSWoSEULR JO d0UN[JUT 67 JUaWa|ddng

203



Supplement 30 HWE Exact Tests (Weir and Cockerham, 1984) by locus in each population.
Significant values in boldface type are based on a sequential Bonferroni correction (Rice 1989)
applied to the original significance level of o= 0.05

1P10
Population F p-value Standard Error
CNF-QE -0.0293  0.6733 0.0021
FC-C 0.057 0.3137 0.0037
FC-E 0.0655 0.1718 0.0021
NNF-QE 0.0273 0.6154 0.0042
CNF-QR 0.0119 0.345 0.0054
FC-A 0.0383  0.6568 0.0024
FC-B -0.0521  0.6463 0.0044
NNF-QR 0.0119  0.4601 0.0038
HMR-IH 0.1068  0.2362 0.0056
HMR-LP 0.0721  0.5368 0.0055
HMR-MI 0.1726  0.0316 0.0016
PM-QR 0.0479  0.1828 0.0025
2P24
CNF-QE -0.0245  0.8689 0.0018
FC-C 0.2667  0.0018 0.0002
FC-E 0.2052  0.1784 0.0016
NNF-QE 0.1294  0.0148 0.0007
CNF-QR -0.0893  0.0948 0.002
FC-A 0.2532  0.0019 0.0001
FC-B 0.1684  0.0082 0.0004
NNF-QR -0.046  0.4739 0.0027
HMR-IH 0.1262  0.0591 0.001
HMR-LP 0.1782  0.0367 0.0009
HMR-MI 0.0492  0.5029 0.0024
PM-QR 0.0099  0.8607 0.0015
3A05
CNF-QE 0.685 0 0
FC-C 0.3132  0.0108 0.0003
FC-E 0.6485 0 0
NNF-QE  0.524 0 0
CNF-QR 0.1421  0.2901 0.0024
FC-A 0.3223 0.002 0.0002
FC-B 0.2427  0.0315 0.0005
NNF-QR 0.1172  0.1457 0.0017
HMR-IH 0.1442  0.2085 0.0025
HMR-LP 0.2287  0.0081 0.0003
HMR-MI  -0.0156  0.7506 0.0018
PM-QR 0.2037  0.0015 0.0001

*PM-QR only analyzed at 14 markers

204



S30 continued

3D15
Population F p-value Standard Error
CNF-QE 0.0355  0.3612 0.0018
FC-C -0.1315  0.2782 0.0013
FC-E 0.1678  0.1132 0.0019
NNF-QE  0.0072  0.0534 0.0008
CNF-QR  0.0174  0.794 0.0021
FC-A 0.1623  0.1106 0.0017
FC-B 0.1671  0.0241 0.001
NNF-QR  -0.0969  0.848 0.0026
HMR-IH  0.0649  0.4009 0.0043
HMR-LP  0.2214  0.0006 0.0001
HMR-MI  0.1316  0.5041 0.0027
PM-QR 0.1148  0.0122 0.0005
FIR004
CNF-QE 0.0933  0.1802 0.0061
FC-C 0.2234 0 0
FC-E 0.3413 0 0
NNF-QE  0.2117 0 0
CNF-QR  0.0651  0.0667 0.0029
FC-A 0.4115 0 0
FC-B 0.399 0 0
NNF-QR  0.1889  0.0053 0.0007
HMR-IH 0.2381 0 0
HMR-LP 0.156 0.02 0.0014
HMR-MI  0.2975 0 0
PM-QR 0.1543  0.0142 0.0009
FIR048
CNF-QE 0.0933  0.1802 0.0061
FC-C 0.2234 0 0
FC-E 0.3413 0 0
NNF-QE 0.2117 0 0
CNF-QR  0.0651  0.0667 0.0029
FC-A 0.4115 0 0
FC-B 0.399 0 0
NNF-QR  0.1889  0.0053 0.0007
HMR-IH  0.2381 0 0
HMR-LP 0.156 0.02 0.0014
HMR-MI 0.2975 0 0
PM-QR 0.1543  0.0142 0.0009
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S30 continued

GOT004
Population F p-value Standard Error
CNF-QE 0.5794 0 0
FC-C 0.2888 0 0
FC-E 0.7999 0 0
NNF-QE  0.4161 0 0
CNF-QR  0.0146  0.3676 0.0027
FC-A 0.2181  0.0027 0.0002
FC-B 0.2225  0.0072 0.0002
NNF-QR 0.2542  0.0381 0.0005
HMR-IH  -0.0438  0.6678 0.0033
HMR-LP  0.0781  0.0125 0.0007
HMR-MI  0.1163  0.0332 0.0012
PM-QR 0.3233 0 0
GOTO009
CNF-QE 0.1246  0.0245 0.0007
FC-C 0.0891  0.5319 0.0023
FC-E -0.0023  0.8331 0.0011
NNF-QE 0.013  0.1894 0.0024
CNF-QR  -0.0744 0.9228 0.0008
FC-A -0.0334  0.638 0.002
FC-B -0.0476  0.4586 0.0025
NNF-QR 0.116  0.1776 0.0018
HMR-IH -0.0663  0.9394 0.0013
HMR-LP 0.0402  0.1456 0.0018
HMR-MI  0.0575  0.5825 0.003
PM-QR 0.0127  0.7071 0.0037
GOT021
CNF-QE - - -
FC-C -0.0051 1 0
FC-E 0.3096  0.0657 0.0003
NNF-QE  0.7935  0.0005 0
CNF-QR  -0.1304 1 0
FC-A -0.2577  0.1193 0.0006
FC-B -0.0383 1 0
NNF-QR  -0.0833 1 0
HMR-IH  -0.1441 0.2804 0.0003
HMR-LP  -0.0851 1 0
HMR-MI  -0.2165 0.1852 0.0002
PM-QR -0.1088 1 0
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S30 continued

PIE040
Population F p-value Standard Error
CNF-QE  -0.1487 0.7425 0.0016
FC-C -0.0566  0.2576 0.0012
FC-E 0.1362  0.7608 0.0014
NNF-QE  -0.0893 0.1874 0.0016
CNF-QR  -0.1599  0.5963 0.0018
FC-A 0.137  0.1685 0.0028
FC-B 0.1693  0.1671 0.002
NNF-QR 0.1866  0.0213 0.0002
HMR-TH -0.016 0.901 0.0009
HMR-LP  0.0808  0.1259 0.0018
HMR-MI  0.0709  0.0961 0.0017
PM-QR 0.4072  0.0012 0.0001
PIE099
CNF-QE 0.0152  0.2394 0.0036
FC-C 0 0.2692 0.0025
FC-E 0.1106  0.1189 0.0011
NNF-QE  0.0031 0.1619 0.0028
CNF-QR 0.448 0 0
FC-A 0.4178 0 0
FC-B 0.3842 0 0
NNF-QR  0.1067  0.1477 0.0022
HMR-IH 0.3428 0 0
HMR-LP 0.3786 0 0
HMR-MI 0.3211 0 0
PM-QR 0.2868  0.0178 0.001
QpZAG15
CNF-QE 0.0268 0.1 0.003
FC-C 0.0005  0.0583 0.0025
FC-E 0.0229  0.4789 0.0032
NNF-QE -0.0438  0.6131 0.0051
CNF-QR  0.0688  0.6001 0.0039
FC-A 0.1341  0.3855 0.0025
FC-B 0.077  0.5208 0.0032
NNF-QR  0.0084  0.4084 0.0049
HMR-IH  -0.0173  0.8127 0.003
HMR-LP  0.1066  0.5929 0.0034
HMR-MI 0.0162  0.8167 0.0031
PM-QR* - - -
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S30 continued

quru-GA-0C11

Population F p-value Standard Error
CNF-QE 0.1789  0.0209 0.0011
FC-C -0.0861  0.3828 0.0036
FC-E 0.1147  0.0033 0.0002
NNF-QE  0.1169  0.0031 0.0005
CNF-QR  0.0134  0.3034 0.0026
FC-A 0.0542  0.0685 0.0021
FC-B 0.0329  0.2865 0.0034
NNF-QR 0.0626  0.5419 0.0033
HMR-IH  0.0392  0.2662 0.0025
HMR-LP  0.0011  0.8259 0.0029
HMR-MI  0.1558  0.0054 0.0003
PM-QR -0.0514  0.9569 0.0008
quru-GA-0EQ9
CNF-QE -0.0252  0.2771 0.0076
FC-C 0.2512 0 0
FC-E 0.0983  0.3233 0.0065
NNF-QE  -0.0011 03164 0.009
CNF-QR  0.2092 0 0
FC-A 0.2231 0 0
FC-B 0.3341 0 0
NNF-QR 04511 0 0
HMR-IH 0.2641 0 0
HMR-LP 0.4 0 0
HMR-MI 0.2315 0 0
PM-QR 0.2746  0.0012 0.0003
quru-GA-1F07
CNF-QE  -0.0106 0.3181 0.0057
FC-C 0.1954  0.0056 0.0006
FC-E 0.3189 0 0
NNF-QE 0.0189  0.1522 0.0044
CNF-QR  0.0599 0.5818 0.0052
FC-A 0.2088  0.0005 0.0002
FC-B 0.2225  0.0019 0.0005
NNF-QR  0.0874  0.6477 0.0054
HMR-IH  0.2103 0 0
HMR-LP  0.1567  0.0446 0.003
HMR-MI 0.121 0.0383 0.0023
PM-QR 0.0818  0.5103 0.0073
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Supplement 31 Spatial and size distribution of managed Q. rubra population CNF-QR (the
population abbreviations follow those in Table 9). The size of the symbols is related to diameter at
breast height (DBH) of studied individuals
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Supplement 32 Spatial and size distribution of managed Q. rubra population FC-A (the population
abbreviations follow those in Table 9). The size of the symbols is related to diameter at breast height
(DBH) of studied individuals
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Supplement 33 Spatial and size distribution of managed Q. rubra population FC-B (the population
abbreviations follow those in Table 9). The size of the symbols is related to diameter at breast height
(DBH) of studied individuals
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Special Note: In addition to Supplements 31-33 discussed in the text, Supplements
34-42 are also included to provide access to a detailed look at the spatial and size

class distribution of all individuals in each population.

>z

I aaassssss—|cters
200

0 50 100

Supplement 34 Spatial distribution of managed Q. rubra population NNF-QR (the population
abbreviations follow those in Table 9). The size of the symbols is related to diameter at breast height

(DBH) of studied individuals (size data unavailable)
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Supplement 35 Spatial and size distribution of Q. ellipsoidalis population CNF-QE (the population
abbreviations follow those in Table 9). The size of the symbols is related to diameter at breast height
(DBH) of studied individuals
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Supplement 36 Spatial and size distribution of Q. ellipsoidalis population FC-C (the population
abbreviations follow those in Table 9). The size of the symbols is related to diameter at breast height
(DBH) of studied individuals
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Supplement 37 Spatial and size distribution of Q. ellipsoidalis population FC-E (the population
abbreviations follow those in Table 9). The size of the symbols is related to diameter at breast height
(DBH) of studied individuals
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Supplement 38 Spatial and size distribution of Q. ellipsoidalis population NNF-QE (the population
abbreviations follow those in Table 9). The size of the symbols is related to diameter at breast height
(DBH) of studied individuals
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Supplement 39 Spatial and size distribution of unmanaged Q. rubra population HMR-IH (the
population abbreviations follow those in Table 9). The size of the symbols is related to diameter at
breast height (DBH) of studied individuals

217




-

. DBH

© 0109
11-20.9
21-30.9
31-40.9
41-50.9
51-60.9
61-70.9
71-80.9
81-90.9
91-100.9
101-110.9

e \leters

Supplement 40 Spatial and size distribution of unmanaged Q. rubra population HMR-LP (the
population abbreviations follow those in Table 9). The size of the symbols is related to diameter at
breast height (DBH) of studied individuals
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Supplement 41 Spatial and size distribution of unmanaged Q. rubra population HMR-MI (the
population abbreviations follow those in Table 9). The size of the symbols is related to diameter at
breast height (DBH) of studied individuals
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Supplement 42 Spatial and size distribution of unmanaged Q. rubra population PM-QR (the
population abbreviations follow those in Table 9). The size of the symbols is related to diameter at
breast height (DBH) of studied individuals

220



License Agreement

This is a License Agreement between Jennifer F Lind-Riehl ("You") and Springer
("Springer") provided by Copyright Clearance Center ("CCC"). The license consists
of your order details, the terms and conditions provided by Springer, and the
payment terms and conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

License Number 3521980990321

License date Dec 04, 2014

Licensed content publisher Springer

Licensed content publication Plant Systematics and Evolution

Licensed content title Fine-scale spatial genetic structure of two red oak species,
Quercus rubra and Quercus ellipsoidalis

Licensed content author Jennifer Lind-Riehl

Licensed content date Jan 1, 2014

Type of Use Thesis/Dissertation

Portion Full text

Number of copies 1

Author of this Springer article Yes and you are the sole author of the new work
Order reference number None

Title of your thesis /dissertation GENETIC VARIATION, LOCAL ADAPTATION
AND POPULATION STRUCTURE IN NORTH AMERICAN RED OAK
SPECIES, QUERCUS RUBRA L. AND Q. ELLIPSOIDALIS E. J. HILL
Expected completion date Jan 2015

Estimated size (pages) 220

Total 0.00 USD

Terms and Conditions

Introduction

The publisher for this copyrighted material is Springer Science + Business Media.

By clicking "accept" in connection with completing this licensing transaction, you
agree that the following terms and conditions apply to this transaction (along with

the Billing and Payment terms and conditions established by Copyright Clearance

Center, Inc. ("CCC"), at the time that you opened your Rightslink account and that
are available at any time at http://myaccount.copyright.com).

Limited License
With reference to your request to reprint in your thesis material on which Springer
Science Rightslink and Business Media control the copyright, permission is granted,

221



free of charge, for the use indicated in your enquiry. Licenses are for one-time use
only with a maximum distribution equal to the number that you identified in the
licensing process. This License includes use in an electronic form, provided its
password protected or on the university’s intranet or repository, including UMI
(according to the definition at the Sherpa website: http://www.sherpa.ac.uk/romeo/).
For any other electronic use, please contact Springer at
(permissions.dordrecht@springer.com or permissions.heidelberg@springer.com).
The material can only be used for the purpose of defending your thesis limited to
university-use only. If the thesis is going to be published, permission needs to be re-
obtained (selecting "book/textbook" as the type of use). Although Springer holds
copyright to the material and is entitled to negotiate on rights, this license is only
valid, subject to a courtesy information to the author (address is given with the
article/chapter) and provided it concerns original material which does not carry
references to other sources (if material in question appears with credit to another
source, authorization from that source is required as well). Permission free of charge
on this occasion does not prejudice any rights we might have to charge for
reproduction of our copyrighted material in the future.

Altering/Modifying Material: Not Permitted

You may not alter or modify the material in any manner. Abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written
authorization of the author(s) and/or Springer Science + Business Media. (Please
contact Springer at (permissions.dordrecht@springer.com or
permissions.heidelberg@springer.com)

Reservation of Rights

Springer Science + Business Media reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of
this licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and
Payment terms and conditions.

Copyright Notice: Disclaimer

You must include the following copyright and permission notice in connection with
any reproduction of the licensed material: "Springer and the original publisher
/journal title, volume, year of publication, page, chapter/article title, name(s) of
author(s), figure number(s), original copyright notice) is given to the publication in
which the material was originally published, by adding; with kind permission from
Springer Science and Business Media"

Warranties: None

Example 1: Springer Science + Business Media makes no representations or
warranties with respect to the licensed material. Rightslink Printable License
https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

222



2 0f412/4/2014 11:26 AM

Example 2: Springer Science + Business Media makes no representations or
warranties with respect to the licensed material and adopts on its own behalf the
limitations and disclaimers established by CCC on its behalf in its Billing and
Payment terms and conditions for this licensing transaction.

Indemnity

You hereby indemnify and agree to hold harmless Springer Science + Business
Media and CCC, and their respective officers, directors, employees and agents, from
and against any and all claims arising out of your use of the licensed material other
than as specifically authorized pursuant to this license.

No Transfer of License

This license is personal to you and may not be sublicensed, assigned, or transferred
by you to any other person without Springer Science + Business Media's written
permission.

No Amendment Except in Writing

This license may not be amended except in a writing signed by both parties (or, in
the case of Springer Science + Business Media, by CCC on Springer Science +
Business Media's behalf).

Objection to Contrary Terms

Springer Science + Business Media hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by
you, which terms are inconsistent with these terms and conditions or CCC's Billing
and Payment terms and conditions. These terms and conditions, together with CCC's
Billing and Payment terms and conditions (which are incorporated herein), comprise
the entire agreement between you and Springer Science + Business Media (and
CCC) concerning this licensing transaction. In the event of any conflict between your
obligations established by these terms and conditions and those established by CCC's
Billing and Payment terms and conditions, these terms and conditions shall control.

Jurisdiction

All disputes that may arise in connection with this present License, or the breach
thereof, shall be settled exclusively by arbitration, to be held in The Netherlands, in
accordance with Dutch law, and to be conducted under the Rules of the 'Netherlands
Arbitrage Instituut' (Netherlands Institute of Arbitration).OR:

All disputes that may arise in connection with this present License, or the breach
thereof, shall be settled exclusively by arbitration, to be held in the Federal Republic
of Germany, in accordance with German law.

223



Other terms and conditions: v1.3 Questions? customercare(@copyright.com or +1-
855-239-3415 (toll free in the US) or +1-978-646-2777. Gratis licenses (referencing
$0 in the Total field) are free. Please retain this printable license for your reference.
No payment

224



	GENETIC VARIATION, LOCAL ADAPTATION AND POPULATION STRUCTURE IN NORTH AMERICAN RED OAK SPECIES, QUERCUS RUBRA L. AND Q. ELLIPSOIDALIS E. J. HILL
	Recommended Citation

	JFLRDissF3.pdf

