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INTRODUCTION

1. Introduction

Molecular evolution

Molecular genetic variation, either seen as allelic variation or as nucleotide sequence
variation, allocates the fundamental characterization of genetic variation in a species. The
explanation of the patterns of genetic variation in natural populations has been a
considerable challenge for evolutionary biologists and geneticists. In particular, the
contribution of natural selection in shaping the genetic variation of natural populations has
been a matter of debate (Kreitman 1996; Nei 2005). As a result of the persisting need of
understanding the process of evolution at its molecular level, as well as the relative roles of

advantageous, neutral or deleterious mutations, many theories and models were developed,

> 29

expressing mainly the scientific views of the so called * selectionists’ ” and the “ neutralists
schools of thoughts. Among those theories, the most thriving one is the neutral theory of
molecular evolution. The above theory suggests that the genetic variation is primarily
influenced by mutation generating it and genetic drift eliminating it (Kimura 1983). This
hypothesis has been widely acting as a null model in molecular and evolutionary population
genetics (Kimura 1977; Fay e# al. 2002; Nei 2005).

Allozyme and protein polymorphisms have been in the past extensively applied, in studies
for selection, aiming to address the question of neutrality concerning the molecular
evolution, and the forces that maintain the large amounts of polymorphisms found in such
loci (Eanes 1999; Hedrick 2005). With the argument that allozymes are mainly involved in
the primary metabolic pathways, the electrophoretic investigation of their variation has been
by many authors considered as a potential tool for the detection of positive selection in
natural populations (Lewontin 1991; Wang ez a/ 1999; Ford 2002). The limitation of this
method in obtaining the full information that causes differences in the electrophoretic
mobility of the enzyme variants made the study of allozymes at the DNA sequence level
more attractive and compulsory (Kreitman and Comeron 1999; Ford 2002; Nei 2005; Wheat
et al. 2010).

DNA sequences contain the primary and most complete source of genetic information,
providing the highest level of genetic resolution. DNA sequencing and genotyping

methodologies based on it have introduced a new generation of research in genetics where
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both quantitative and population genetic approaches are being applied to better understand
the association between genotypic and phenotypic diversity, as well as the epigenetic effects
that have been proven by empirical data to contribute to the phenotypic variation and fitness
(Kalisz and Kramer 2008; Bonduriansky and Day 2009). The increasing interest in
understanding these relationships has led the scientific attention to the detection of genes or
regions of the genome, that are suspected to have been targeted by natural selection (Nielsen
2005; Stinchcombe and Hoekstra 2008). DNA sequence polymorphism data, together with
the simulations of the coalescent theory can be an essential tool for inferring signatures of
natural selection and identifying genes of adaptive significance (Rosenberg and Nordborg

2002; Nielsen 2005).

Loci-targets of selection

Patterns of genetic population structure have been suggested to be a useful tool in
identifying loci that are under selection (Lewontin and Krakauer 1973). That is because loci
involved in local adaptation should show higher levels of differentiation among populations
compared to those that evolve neutrally, and have their allelic frequencies mainly determined
by genetic drift alone. This idea in combination with improved statistical methodologies has
been for many studies the hypothesis for identifying loci upon which positive selection acts
(Akey et al. 2002; Scotti-Saintagne et al. 2004; Anderson et al 2005; Stinchcombe and
Hoekstra 2008; Derory ez al. 2010). However, it has to be mentioned, that the distribution of
estimates of the fixation index F, being a useful way of summarizing genetic variability
among populations is highly dependent on demographic history. Still, recent theoretical
results argue that the approach should be generally robust to demographic effects
(Beaumont and Nichols 1996; Beaumont 2005). An important application of this approach is
the genetic mapping of marker loci that exhibit significant differences in the distribution of
F, estimates (Beaumont 2005).

Several tests of selective neutrality have been developed based on similar approaches of
allelic distribution or levels of variability, either for one or for multiple loci (Nielsen 2001).
One of the most common tests for nucleotide data 1s Tajima’s D-test (Tajima 1989), based
on the number of pairwise differences and the number of segregating sites in a sample of
nucleotide sequences. Other similar tests, widely applied as tests for neutrality are D and F

tests of Fu and Li (Fu and Li 1993) based on differences between the number o singletons
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and the total number of mutations or the average number of nucleotide differences between
pairs of sequences respectively. Or else, the test of Fay and Wu (Fay and Wu 2000) based on
the average number of nucleotide differences between pairs of sequences, and the frequency
of the derived variants.

Moreover, variability within and between species at multiple loci can also be informative
concerning selectively neutral loci. A test widely applied using this kind information is the
HKA test (Hudson e al. 1987), based on the idea that the expected number of segregating
sites within species and the expected number of fixed differences among species are
proportional to the mutation rate and their ratio should be constant among loci, given
absence of selection.

Finally, another approach, that can give more direct information regarding the question of
selection acting on specific loci, is the comparison of patterns of substitution among
synonymous and non-synonymous sites. In this approach the advantage of analyzing
sequences of genomic DNA or genetic markers such as SNPs (single nucleotide
polymorphisms) derived from genomic sequences can be seen. In such markers, not only
each substitution can be characterized as coding or non-coding, but also more specifically it
can be determined as synonymous or non-synonymous (not causing or causing an amino-
acid substitution respectively). On this kind of comparisons, several tests of selective
neutrality have been developed. Among the most widely used is the McDonald-Kreitman
test (Mcdonald and Kreitman 1991), where the ratio of non-synonymous to synonymous
polymorphism between species is compared to the ratio of the number of non-synonymous
and synonymous fixed differences between species, or else, the dy/dg test and its detivatives
(Goldman and Yang 1994), that directly measures the rate of substitutions at silent sites to

the rate of substitutions at non silent sites.

Adaptation of forest trees

The significance of identifying and analyzing genes of adaptive potential, gains a very special
meaning when it comes to forest ecosystems, considering the rapidly changing
environmental conditions. Forest trees are long-lived organisms with long generation times,
which make their neutral molecular evolution slow (Savolainen e a/. 2007; Kuparinen ez al.
2010). Nevertheless, their relatively high levels of genetic diversity and gene flow foster their

ability to adapt to climatic or environmental changes (Petit and Hampe 2006; Aitken e /.
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2008), as the genetic variation is a requirement for any potential evolutionary adaptability
(Finkeldey and Matyas 2000).

Technical limitations, large genome sizes and long generation times make the use of methods
such as gene manipulation, insertion mutagenesis or positional cloning for the identification
of adaptive genes difficult or even impossible for forest trees. Over the past two decades, the
rapid evolution of new molecular genetic technologies has placed at the disposal of forest
geneticists some additional tools for the identification of adaptive variation; QTL analysis
tools, “candidate gene” approaches, whole genome scan approaches less frequently for tree
species, comparative, structural and functional genomics combined with population genetics
of genes controlling adaptive traits in trees, provide a new aspect of forest trees being a
model experimental system for studying the relationships between natural occurring
genotypic and phenotypic variation (Gonzalez-Martinez e al. 2006; Neale and Ingvarsson
2008; Gailing ez al. 2009; Hall ez al. 2010).

The complete genomic sequences of model plant species such as Arabidopsis thaliana or
Populus trichocarpa and large databases of ESTs (expressed sequence tags) of model forest tree
species such as Picea abies, Pinus taeda and Euncalyptus spp., as well as their constantly updated
annotation status have increased the amount of the available sequence information, thus
making the detection of the putatively important genes or regulatory regions easier to obtain
(Gailing ez a/. 2009). Only based on database information, recent studies on forest trees have
for example been based on analyzing variation in genes that are involved in wood formation
in pines (Pinus spp.) (Pot et al. 2005), on estimating nucleotide diversity at the pa/l locus (a
key enzyme of the secondary metabolism of higher plants) in Pinus sylvestris (Dvornyk et al.
2002), on assessing linkage mapping of osmotic stress induced ESTs of oaks (Porth ez al.
2005), on analyzing patterns of nucleotide polymorphism and linkage disequilibrium of genes
that are considered adaptive within and among natural populations of European aspen
(Populus tremula) (Ingvarsson 2005) or on investigating the nucleotide diversity compared to

the variation of bud burst in candidate genes of oak populations (Derory ez a/. 2010).
Isocitrate dehydrogenase

NADP" dependent isocitrate dehydrogenase
NADP" dependent isocitrate dehydrogenases (NADP-IDH, E.C. 1.1.1.42) belong to a

multi-isoenzymatic family. Its members are homodimeric enzymes. They can be located
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subcellularly in the cytosol (Fieuw ez /. 1995), plastids (Galvez ez al. 1994), mitochondria and
peroxisomes (Corpas ef al. 1999). The cytosolic activity was found to be predominant
compared to the total enzymatic activity in aerial plant parts (Chen ef a/. 1988; Hodges ef 4.
2003) and the only detectable location of activity in investigated gymnosperms (Palomo ez 4.
1998). The exact physiological role of the isozymes in plant metabolism is still obscure.

From a biochemical point of view, NADP" dependent isocitrate dehydrogenase participates
in the Krebs cycle. It has been suggested, that the cytosolic class of NADP' IDH enzymes in
plants could be responsible for the production of 2-oxoglutarate, necessary for glutamate
synthesis and for ammonia assimilation, crucial for the production of all essential amino
acids, but this hypothesis is still under discussion (Palomo e a/. 1998; Hodges e# al. 2003).
The amino acid sequence of NADP" dependent isocitrate dehydrogenase is highly conserved
not only across plant species (Chen ef a/. 1988; Pascual e a/. 2008b) but even across species
of distinct kingdoms (eukaryotes or prokaryotes) (Fieuw ef a/. 1995; Sadka ez /. 2000). In
general, the evolution of NADP" dependent isocitrate dehydrogenase isozymes seems to
have arisen by independent gene duplications in animals, fungi (Nekrutenko e /. 1998), and
higher plants (Hodges e a/. 2003), suggesting that they play different roles in different phylae
(Pascual ef a/. 2008b). Examples of the significance of the NADP" IDH genes in different
species are the differences in the kinetic performance of the enzyme across thermal
environments in cricket (Alonemobins socins), (Huestis et al. 2009), the up-regulation of
NADP" isocitrate dehydrogenase in poplar (Populus tremula x P. alba) after treatment with
PPT (phosphinothricin, a common herbicide used in agriculture) in a transgenic PPT-
resistance background (Pascual ef 2/ 2008a), the 2-fold enhancement of the expression of the
gene in ectomycorrhizal roots compared to nonmycorrhizal roots of Eucabptus globulus
(Boiffin e al. 1998) or in a recent study the association of a mutative NADP" IDH-1 gene
with gliomas tumor in humans (Dang e a/. 2009).

In terms of electrophoretic isozyme separation, known as zymogramms, the NADP"
isocitrate dehydrogenase system has been widely applied among other isozymes for forest
tree population genetic analyses. In some cases, it has been suggested that isocitrate
dehydrogenase has a potentially adaptive role. In Abies alba, isozyme polymorphism in the
IDH system has been argued to be a result of adaptation to high temperature regimes
(Bergmann and Gregorius 1993), whereas in the case of Fagus sylvatica a correlation of

specific alleles with the extend of beech scale insect (Cryprococcus fagisuga) infestation has been
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recorded (Ziehe 1996a; Ziehe 1996b). Specifically, in Quercus spp., IDH has been analyzed in
two encoding loci, IDH-A and IDH-B. The latter, has exhibited strong differentiation
patterns, between the species Q. rbur and Q. petraea (Finkeldey 2001; Gémory ef al. 2001;
Scotti-Saintagne ez al. 2004) or Q. robur against Q. frainetto and Q. pubescens (Curtu et al. 2007a).

NAD" dependent isocitrate dehydrogenase

NAD" dependent isocitrate dehydrogenase (NAD-IDH, E.C. 1.1.1.41) is also connected to
the Krebs cycle but as opposed to the NADP' dependent isozyme, it is strictly
mitochondrial (Behal and Oliver 1998; Lemaitre and Hodges 2006). The NAD" dependent
isocitrate dehydrogenase has not been widely investigated in plants, and thus, its best
characterization is that from yeast (Saccharomyces cerevisiae) (Keys and McAlisterhenn 1990).
Furthermore, in Arabidopsis thaliana the introns-exons organization and the deduced protein
sequences of the six putative NAD'-IDH encoding genes tevealed two different types of
NAD'IDH subunits: a catalytic and a regulatory type (Lemaitre and Hodges 2000).
Recently, in Zea mays ssp. mays, an amino acid substitution was identified, located in a
phylogenetically conserved region of a NAD™-IDH isoform, which was strongly correlated
to temperature-dependent enzymatic activity. Additionally, the authors argued that the LD
(linkage disequilibrium) state of the same non-synonymous SNP with another SNP located
on the promoter of the gene, suggests that the first SNP could be related to the IDH protein
expression efficiency (Zhang e al. 2010). Yet, the exact physiological role of the isoforms of
the NAD"-IDH genes are still not known.

The NAD" dependent IDH system has not been used for electrophoretic separation in
population genetic studies of oaks, due to its low enzyme signal intensities in zymogramms,

resulting in non-reliable scoring of the electrophoretic phenotypes.
Quercus spp. — model species for adaptation

Taxonomy and ecology

The ecological significance of the genus Quwercus has been widely recognized and
acknowledged. Therefore, its taxonomic classification has been the centre of interest for
several authors as well as an issue of controversy. One of the most accepted classifications of
the genus, based on morphological traits, attributes to it four sub-genera: Erythrobalanns

(most of the taxa distributed in northern and central America), Sclerophyllodeys, Cerris and

6
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Lepidobalanus including 11 species, among them Q. robur, Q. petraea, Q. pubescens and Q. frainetto
(Schwarz 1993). The above species, were as well treated as closely related, by being classified
in a separate section; section Robur, of the sub-genus Lepidobalanus in a slightly different
classification (Hedi 1981). An infrageneric and sectional classification, that claims to be
consistent with phylogenetic analyses, suggests only two sub-genera: Cyclobalanopsis, and
Quercus, attributing to the last one, three sections: Lobate, Protobalanus, and Quercus in a broad
sense (Nixon 1993). In the present work, the investigated species; Q. robur, Q. petraea, Q.
pubescens and Q. frainetto belong taxonomically to the section Quercus (Nixon 1993) also
referred to as “white oaks”.

With the latter classification agree also several phylogenetic analyses, based on molecular
tools, such as the sequence comparison of the ITS1 and ITS2 regions of the 5.85 RNA
encoding ribosomal DNA (Bellarosa ¢# /. 2005) or/and chloroplast DNA markers (Manos e#
al. 1999). Surprisingly, a phylogenetic analysis where the same molecular tools were applied,
revealed “unexpected” phylogenetic relationships between different Quercus taxa (Samuel ez
al. 1998). This was finally accounted for an overlooked incorporation in the analysis of the
sequences of a paralogue ITS locus (Mayol and Rossell6 2001).

The ecology of the different taxa of the genus, even of the most closely related “white” oaks
of the section Quercus (Nixon 1993) is distinct. In particular, Q. robur can cope better than Q.
petraea with hard winters and late frosts (Ellenberg 1988). However, the sufficient mineral
and water conditions have been proven more important for the growth of Q. rbur than that
of Q. petraea with the latter being even sensitive in non well drained to wet soils (Levy e/ 4/
1992; Aas 2006a; Aas 2006b). On the contrary, Q. pubescens has less demanding preferences.
It can be found in many different habitats in terms of climatic and edaphic characteristics
(Bussotti 2006). Still, it is mainly found in dry warm habitats, and reaches its optimum
photosynthesis at relatively high temperatures, thus can be characterized as thermophilous
and xerothermic (Ellenberg 1988). As for its edaphic preferences, it can tolerate different
types of soil, even the poor ones (Bussotti 2000). Q. frainetto is also a thermophilous species,
and prefers habitats with long warm summers and mild winters. It can withstand long dry
periods but it is sensitive to late frosts. In terms of soil preferences, it is less demanding
(Bartha 2006). Despite their differences, the above mentioned species share at young stages
the need for light (Ellenberg 1988). In terms of geographical distribution of the four species,

Q. robur and Q. petraea are the most widely distributed in Europe covering northern and
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central Europe, Q. pubescens has a more south distribution, whereas Q. frainetto is more limited
mainly to the Balkan Peninsula (Figure 1) (Jalas and Suominen 1976; Aas 2006a; Aas 20006b;
Bartha 2006; Bussotti 20006).

L

Q. robur ™

A

Q. petraea

Tht e SOy 7 O
' Q. frainetto _ N

Figure 1: Geographical distribution of Q. robur, Q. petraca, Q. pubescens and Q. frainetto (after
Aas 2006a, Aas 2006b, Bartha 2006, Bussotti 20006, respectively)

Genetic variation and differentiation

Oaks are monoecious species, predominantly outcrossing, wind pollinated, and considered
by some authors to own an incompatibility system (Ducousso e a/ 1993) though its
existence or effectiveness have been doubted by findings of selfing rates of about 2% or in
some cases even above 3% (Sork ez al 2002; Fernandez and Sork 2005; Chybicki and
Burczyk 2010; Jensen ez al. 2009). In general, oaks are considered to be among the most
diverse species of forest trees. High levels of diversity are most likely due to the maintenance
of large population sizes, long distance gene flow and interfertility (Ducousso ef al 1993;
Streiff ef al. 1999; Petit ez al. 2004). Hybridization in oaks is a well studied mechanism among
several taxa of the genus, and it might have played a role in their postglacial re-colonization
(Petit et al. 2004). It seems to occur predominantly among closely related species (Bacilieri ez

al. 1996; Petit et al. 2004; Curtu et al. 2009) and is strongly dependent on their relative
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abundance (Salvini ez 2/ 2009). However, oak species seem to remain distinct, even within
areas of sympatry (Craft and Ashley 2006; Curtu ez 2/ 2007a). The two more frequently
investigated European oaks; Q. robur and Q. pertraea are interfertile and co-exist in most
European forests despite their different ecological preferences and their succession
efficiency (Petit ¢ a/. 2004). In chloroplast DNA studies it has been shown that they share
the most frequent haplotypes (Petit ¢/ @/ 1997; Kremer and Goenaga 2002; Petit ef a/. 2002a;
Petit ez al. 2004). Furthermore, low correlation has been found between the cpDNA and the
nuclear variation between those two species (Kremer ¢f a/. 2002; Finkeldey and Matyas 2003).
In general, apart from a few exceptions (Finkeldey 2001; G6émory er al 2001; Scotti-
Saintagne ¢ a/. 2004; Muir and Schlotterer 2005; Neophytou ez a/. 2010) the two species are
weak differentiated. Concerning the differentiation of the other closely related species,
although they have been much less investigated, Q. frainetto seems to be genetically more
similar to Q. pubescens than to Q. robur or Q. petraea (Curtu et al. 20072), whereas Q. pubescens
exhibits low levels of genetic differentiation with Q. pefraea and high levels of genetic
admixture in mixed or pure stands of the two species (Salvini ez a/. 2009).

With their high levels of genetic variation and their wide distribution across Europe that
often becomes sympatric, despite their different climatic and edaphic optima, oak species
recently became model species to study the adaptation of trees in changing environments,
and to detect signatures of natural selection. The species differentiation, even in sympatry,
can be seen as population differentiation in different environmental circumstances, and can
be maintained by diversifying selection acting upon them in different directions (Le Corre
and Kremer 2003; Petit ef al. 2004).

The increasing availability of genomic information about the species has made the
construction of QTL maps of potentially adaptive traits feasible (Scotti-Saintagne ez a/. 2004,
Porth et al. 2005; Casasoli ez al. 2006; Parelle et al. 2007; Gailing 2008; Gailing e a/. 2008).
However, to date, very few studies reported the nucleotide diversity of genes in oaks, among
which only one dealed with European species (Quang ez a/. 2008; Quang ez al. 2009; Derory et
al. 2010). The levels of nucleotide variation reported in the above mentioned studies are
higher than that reported in Pinus or other conifers (Dvornyk ez al. 2002; Pot et al. 2005;
Gonzalez-Martinez ef al. 2006; Savolainen and Pyhajarvi 2007; Eveno e# a/. 2008) but lower

than those reported for another forest angiosperm, Populus tremula (Ingvarsson 2005).



INTRODUCTION

Aims of the study

The aims of the present study were:

to identify the sequence of NADP" and NAD" isocitrate dehydrogenases for Quercus

species

to examine the patterns of nucleotide diversity and differentiation within and among
the four sympatric, closely related Quercus species at these genes and to test the fit of

the diversity patterns to neutrality models

to develop SNP markers in coding and non coding regions throughout the identified

NADP" IDH gene

to estimate levels of genetic variation and differentiation of the sympatric oak species

using the developed SNP markers

to test for possible nonrandom associations between the alleles of the SNP markers

as well as between the variation of the SNPs and leaf morphological traits
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2. Materials and methods

Plant material

253 oak individuals (Q. rbur, Q. petraca, Q. pubescens, and Q. frainetto, all considered as sensu
latg) were investigated in the present study. The sampling was exhaustive as described in
Curtu et al. (2007a) at the Bejan forest located in central-western Romania where the four
species naturally co-exist.

Morphological assighment

The morphological assignment of the individual trees to each species group based on
morphological traits of leaf size and pubescence was conducted and described in detail by
Curtu ez al. (2007a).

Genomic DNA

DNA was extracted from buds, using the Qiagen Dneasy96 Plant Kit (Qiagen, Hilden,

Germany) and following the manufacturer’s protocol as described by Curtu ez 2/ (2007a).

Amplification of genomic DNA

To obtain the sequence of a cytosolic NADP" dependent IDH gene PCR reactions were
performed using DNA template of a Q. petraea sample with oligo-primers that were designed
in three overlapping parts on the basis of the public available sequences of Populus trichocarpa
(Tuskan e al. 2006) (Manuscript I). Based on the derived sequence, primers were re-designed
for specificity to Quercus spp. For sequencing purposes the PCR primers were designed to
amplify the gene in seven overlapping fragment as described in Manuscript 1. For the
identification of the NAD" dependent IDH gene the technique of “genome walking”
(Siebert ef al. 1995) was applied on a sample of Q. rbur. The method is described briefly
below and in detail in Manuscript I. The amplification of the partially obtained gene was
conducted in a single fragment.

For both genes primers were designed using the web based software Primer3 (Rozen and
Skaletsky 2000). The quality of the primers was checked in terms of melting temperatures,
self-dimerization and/or formation of hairpins with the software GeneRunnet® (1994,
Hastings Software, Inc.). PCR amplifications were carried out, by applying Qiagens’s
HotStarTaq® MasterMix. The amplification of the target DNA fragments, was checked on

1.5% agarose gel, and for further treatment, the PCR products were excised and purified
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from the gel. Detailed protocol regarding the PCR concentrations and conditions can be

found in Manuscript 1.

DNA cloning and sequencing

DNA sequences were obtained both with direct sequencing and after cloning for different
purposes. Direct sequencing was performed in order to verify the amplified target DNA.
After verification of the DNA amplification by BLAST search against public databases, the
PCR amplicons were cloned into the pPCR®2.1-TOPO® vector, using a TA-cloning kit from
Invitrogen (Catlsbad, CA). Clones were cultured overnight and the plasmid DNA was
extracted using the QuickLyse Miniprep Kit (Qiagen, Hilden, Germany) and sequenced in
both strands, using BigDye chemistry (Applied Biosystems, Foster City, CA) on an ABI
Prism® 3100 genetic analyzer (Applied Biosystems). Details on the methods and protocols

of cloning and sequencing are provided in Manuscript 1.

SNP genotyping

SNP genotyping was performed applying the “minisequencing” single nucleotide primer
extension method (Pastinen e a/. 1997) using an ABI Prism® SNaPshot™ Multiplex Kit
(Applied Biosystems Foster City, CA) and following the manufacturer’s protocol, with
modifications. The SNP primers were designed and checked for their properties with the
software Primer3 (Rozen and Skaletsky 2000) and GeneRunner® (1994, Hastings Software,
Inc.) respectively. The PCR fragments of the NADP" dependent IDH gene were pooled to
be used as template for the primer-extension reactions. The corresponding SNP primers
were pooled for multiplex primer-extensions generating maximal seven SNPs per reaction.
The SNP primers had 4-8bp difference in size which was controlled by an addition of a
poly(T), tail at their 3’ end. Detailed protocol and the sequences of the SNP primers are

provided in Manuscript II.

Genome walking

In order to obtain the sequence of NAD" dependent IDH gene, we applied the PCR based
method “primer walking” for identifying an unknown DNA sequence adjacent to a known
sequence, (Siebert e al 1995), using the Genome Walker™ Universal Kit (Clontech
Laboratories, Inc.). This technique requires that the starting template DNA is of high quality,

and therefore the DNA quality and quantity were tested against A-DNA. The tested genomic
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DNA was used as a template for the construction of adaptor-ligated “libraries”. Each
“library” was applied to a “suppression” PCR and followed by a “nested” PCR. For these
PCRs gene specific primers were used, specially designed to locate in consecutive positions
on the known sequence published in the INRA Quwercus EST database accessible via the
EVOLTREE organization. The gene specific primers were designed, using the web based
software Primer3 (Rozen and Skaletsky 2000), and their quality was checked in terms of
melting temperatures, self-dimerization and/or formation of hairpins with the software
GeneRunner® (1994, Hastings Software, Inc.). The detailed procedure is described in

Manuscript 1.

Data analysis

The genomic DNA sequences that were used for this study were visually verified and
manually edited to check for base-calling errors. Contigs were assembled using the computer
software CodonCode Aligner (CodonCode Corp., Dedham, MA), and Sequencher v4.8
(Gene Codes, Ann Arbor, MI). Multiple sequence alignments were performed using the
ClustalW algorithm (Thompson ez a/. 1994) and adjusted manually using BioEdit (Hall 1999).
The sequences were aligned against public databases using tBLASTx or BLASTx in case of
nucleotide or pBLAST in case of amino-acid query. Methods of sequence verifications and

alignments are described in Manuscript 1.

Sequence data

The sequences of both NADP' and NAD" isocitrate dehydrogenases were analysed for
descriptive statistics of nucleotide polymorphism z (Nei 1987) and diversity as well as
Tajima’s D (Tajima 1989) statistic for testing neutrality. Species’ differentiation was estimated
from haplotypic data as F, (Hudson e a/ 1992a) and G, (Nei 1973) supplemented by the
nucleotide based statistics 5, (the nearest-neighbor statistic) (Hudson 2000) and K *, a
weighted measure of the ratio of the average pairwise differences within populations to the
total average differences (Hudson e a/ 1992b). Calculations of nucleotide diversity and
differentiation were performed with the software DNAsp (Librado and Rozas 2009). The
analysis of molecular variance (AMOVA) (Excoffier ¢ a/ 1992) from haplotypic data was
conducted with the software Arlequin v3.5 (Excoffier and Lischer 2010). Detailed

description of the analysis of the sequence data is provided in Manuscript 1.
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SNP data

The SNP data set was analyzed in terms of gene diversity (H) and inbreeding coefficient F;
within species with the software FSTAT v2.9.3.2. (Goudet 1995). Species differentiation in
terms of pairwise F, between all pairs of species was analyzed with the software package
Arlequin v3.5 (Excoffier and Lischer 2010). Linkage disequilibrium between all pairs of
SNPs for each species separately was analyzed performing the likelihood-ratio test using an
Expectation-Maximization (EM) algorithm as implemented in the software package Arlequin
v3.5 (Excoffier and Lischer 2010). LD was also analyzed as the squared correlation between
all possible combinations of alleles () for the total data set, with the software TASSEL v2.1
(Bradbury e a/. 2007). Association analysis of all investigated SNPs with morphological traits
that best differentiated the species (Curtu e a/. 2007b) using F-Tests under a general linear
model (GLM) was conducted also using TASSEL v2.1 (Bradbury ez 4/ 2007) by
incorporating in the analysis data of genetic structure to avoid biased associations. The

analysis of the SNP genotyping data is described in detail in Manuscript II.
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3. General results and discussion

The present study is one of the first studies to describe nucleotide diversity in European oak
populations. It has been focused on the almost complete sequence of a NADP" dependent
isocitrate dehydrogenase and a partial sequence of an NAD' dependent isocitrate
dehydrogenase gene. The obtained sequences were confirmed with highly scored homologies
with the corresponding genes of different organisms using Basic Local Alignment Search
Tools (BLAST) against public nucleotide and protein databases.

The NADP" IDH gene was analyzed in only six ovetlapping amplicons (here referred to as
loci) distributed throughout the identified sequence of 3481bp (see Figure I-1). One locus
was excluded from the analysis because of its high variation, in order to avoid the
incorporation of paralogous loci in the data set. Within the obtained sequence 1195bp were
identified as putatively coding regions. Patterns of nucleotide diversity varied among the
different amplicons analyzed. For the pooled data (pooled sequences of all species) the levels
of nucleotide diversity were between 0.00457 and 0.01368 for locus 4 and locus 1,
respectively. In particular, all species exhibited high levels of nucleotide diversity, with Q.
frainetto showing the highest levels (7,=0.00901) among all species. This values are
comparable (though slightly higher) to the reported nucleotide variation of the Asian Q.
mongolica var. crispula (Quang et al. 2009), to that examined in the very first study that
characterized nucleotide variation levels within the genus Quercus, Q. crispula (Quang et al.
2008) and also to the ones reported for Q. petraca in investigations of candidate genes for
adaptive traits (Vornam ef al. 2007) such as the timing of bud burst (Derory ez a/ 2010).
Locus 4 shows the lowest levels of diversity over all species. This might be explained if the
active site of the enzyme is located within this locus, as it is suggested e.g. by the active site
of the highly homologous corresponding enzyme sequence of the psychrophilic bacterium,
Desulfotalea psychrophila (Fedoy et al. 2007). Similar levels of nucleotide diversity were found at
the NAD" IDH gene in general, with Q. rbur exhibiting the lowest and Q. fiainetto the
highest values of 7,. From the total variation found among the sequences, the highest
percentage was within species (98% and 96% for NADP" IDH and NAD" IDH gene,
respectively) after analysis of molecular variance (AMOVA). The genetic differentiation
among species was in general low for both genes, confirming previous results that reported

low levels of differentiation among closely related oak species in the majority of the markers
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applied, due to homogenizing gene flow (Bodénes ez a/ 1997). On the contrary, loci that
exhibit high levels of genetic differentiation among closely related oak species have been
claimed to be responsible for species divergence as a consequence of diversifying selection
acting upon them (Wu 2001; Petit ef 2/ 2004; Scotti-Saintagne e# al. 2004; Lexer and Widmer
2008). Locus 4 of the NADP" IDH gene, the locus with the lowest levels of genetic
diversity, was the only locus - considering the two genes - that revealed a significant
differentiation among species both with the nearest neighbor statistic significance test (S,
and K *, a weighted measure of the ratio of the average differences within populations to the
total average differences. The high levels of differentiation in this locus combined with the
low levels of genetic diversity and given the possibility that the active site of the gene might
be located in this locus, makes the question of selection acting on it even more ground.
However, the low sample size analysed should be taken into consideration before driving
any conclusion.

The Tajima’s D statistic calculated to test the fit of nucleotide polymorphisms observed at
both genes to the neutral mutation model was found non-significant both for each single
species and for the pooled sample set. However, NADP" IDH gene in almost all species and
loci showed negative measurements of Tajima’s D suggesting excess of low-frequency
polymorphisms. Q. frainetto exhibited the lowest D value for the total sequence (the sequence
made of all six loci). Interestingly, the patterns of Tajima’s D species-wide were not
consistent over the different loci, implying that they could not be interpreted by demography
(Moeller e al. 2007). In particular, at locus 4 of the NADP" IDH gene, Q. petraea and Q.
pubescens, exhibited very low D wvalues, close to the 95% significance threshold of the
computed coalescent simulations. This suggests a greater excess of low-frequency variants,
despite the exclusion of singletons (single mutations) for the accuracy of the analysis. This
result combined with the low gene diversity at this locus and the highly significant inter-
specific differentiation points out the putative adaptive significance of the gene. Moreover,
the ratio of non-synonymous to silent polymorphisms was found over all species in average
0.15 for NADP" IDH and 0.38 for NAD" IDH, suggesting stronger purifying selection
acting on the first gene, as it would be expected for most housekeeping proteins or enzyme
genes. The average estimation of the non-random associations between the pairwise
polymorphisms (ZnS) showed in general high levels but different trends for the two genes

among the different species. The analysis could not be conducted for each locus of the
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NADP" IDH gene separately, because of the insufficient number of pairwise comparisons
within each locus. Because of low sample size the estimation of LD at NAD" IDH gene for
Q. petraea was not possible for the same reason. The low sample size might also explain the
inconsistent patterns of the ZnS measurements for the two genes over the different species.
Similar estimates of ZnS in a fragmented forest of (. mongolica var. crispula were attributed to
the possible recent bottleneck of the population due to its isolation rather than genetic
admixture that also contributes to higher estimates of ZnS (Quang ez a/ 2009). For the
present study the second explanation would be more suitable given the sympatry of the four
species and their strong genetic admixture through hybridization (Curtu e# a/. 2009).

The SNP analysis of 13 SNPs distributed throughout the NADP" IDH gene revealed similar
patterns of gene diversity for all species. In particular, Q. frainetto was found slightly more
variable, confirming also the results of nucleotide diversity at both NADP" and NAD" IDH
gene, but not the results of isozyme markers applied on the same individuals, that on average
showed (), frainetto as being the less variable species among the four (Curtu ef a/. 2007a).
However, in that study, the finding of (. frainetto as the less variable was only based on the
mean gene diversity values, since single matker specific isozymes and/or nuclear SSR
markers showed Q. frainetto equally or in cases even higher variable than the other species.
When comparing the most widely distributed Q. mbur and Q. petraea in Europe, similar to
other studies of mixed or pure stands (G6mory ef a/. 2001; Mariette ef al. 2002; Finkeldey and
Matyas 2003) this study showed higher variability for the latter species. In total, the levels of
gene diversity were found higher at the non coding SNPs than those found at the coding
SNPs. Consistent with previous isozyme and nuclear SSR data (Gomory ef al 2001;
Finkeldey and Matyas 2003; Curtu ez a/. 2007a; Neophytou e a/. 2010), the estimation of the
inbreeding coefficient F, was found slightly negative or close to zero. An exception was the
case of Q. robur, where F, was found slightly above zero. The same pattern of I, was also
found for the same sample set after IDH-B isozyme analysis. In general, the slightly higher
average I, of Q. robur as compared to those observed in (. petraea is in accordance with
previous studies, yet in this study F, for Q. mbur did not significantly deviate from Hardy -
Weinberg expectations.

Among the four species, the levels of pairwise genetic differentiation were low but
significant for almost all pairs except for Q. frainetto and Q. petraea. Significant differentiation

was also found for the same individuals by the use of nuclear SSR and isozyme markers
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(Curtu et al. 20072). In almost all groups of SNP markers (coding, non-coding, synonymous)
the present results confirm previous findings that suggest Q. robur and Q. frainetto as being
the most differentiated among the four species (Schwarz 1993; Curtu ef /. 2007a). There was
an interesting exception observed in the group of non-synonymous SNPs, at which the
highest differentiation was found between Q. rbur and Q. petraea, followed by the pair of Q.
robur and Q. pubescens. The non-synonymous SNPs alone failed to differentiate significantly
between Q. frainetto and all other species. On the contrary, the synonymous SNPs revealed
the strongest differentiation levels not only for Q. frainetto but also for the other species. This
is an effect of the synonymous SNP 6 which was found to exhibit outlier behavior compared
to the null F, distributions simulated under a neutral model. The above method is widely
applied to detect loci under selection using data of genome scans (Beaumont and Nichols
1996; Excoffier ez al. 2009). Hence, it is very sensitive to the number of loci used for the
analysis, and shows less power in cases of low sample sizes (Eveno ez a/. 2008). Therefore
care should be taken with the interpretation of the results of the F, outlier analysis in the
present study using 13 SNP markers within one gene. As the resulted outlier SNP 6 is a
synonymous SNP, it is not likely that it is directly under the action of natural selection.
However, this SNP might be linked to an adaptive polymorphic site and covariate with it
through the hitchhiking effect of selective sweeps or strong linkage (Palme e a/. 2008; Eckert
et al. 2009).

All the possible SNP combinations were tested for pairwise non-random associations for the
total sample. The analysis suggested significant non-random associations in 39.7% of all
possible comparisons. This percentage is higher than that found in other studies (for
instance Ingvarsson e# al. 2008), possibly because of the location of all SNPs in one gene.
However, there was no particular clustering observed among the sites in significant LD
according to their physical proximity. Moreover, the levels of LD were low, as expected for a
predominantly outcrossing species (Neale and Savolainen 2004; Zhang and Zhang 2005;
Ingvarsson ez a/. 2008). In the LD analysis for each species separately, Q. robur revealed the
lowest number of sites in significant LD. On the contrary, Q. frainetto exhibits the largest
number of sites in significant LD reflecting a possible founder effect due to its marginal
location regarding its geographic distribution (Bartha 2006). The smaller number if sites in
significant LD for Q. mbur might be a result of the larger effective population size of the

species at that location. A larger effective population size was also the explanation that was
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given for the lower LD levels of northern populations of a Quercus species in Japan
compared to the southern ones that underwent a recent population bottleneck (Quang ez /.
2008). Yet, in the same study the explanation of natural selection acting on the population
that showed higher LD levels was not completely excluded, since slower decaying LD can
make hitchhiking and background selection more effective (Charlesworth ef al. 1993).

The association analysis of all 13 SNPs with traits of leaf morphology that successfully
distinguished the four oak species in an earlier study that investigated the same individuals
(Curtu et al. 20072), showed seven significant associations. For two of the four
morphological traits included in the analysis multiple associations were found. Two of the
SNPs (SNP 1 and SNP 2) were associated with sinus width, whereas three others (SNP 4,
SNP 5 and SNP7) were associated with lamina length. Among them, SNP 1, SNP 2 and
SNP 4 are non-synonymous SNPs. For all significant associations, the percentage of the
variation described by the corresponding SNPs was low (R* <4%). Low R” values have been
argued to give associations of low power (Ingvarsson e al 2008; Simko e al 2009).
However, in an association study of SNPs derived from candidate genes for wood property
traits in Pinus taeda, similar R’ percentages with those estimated in the present study were
proven to be still significant after false discovery rate (FDR) corrections (Gonzalez-Martinez
et al. 2007). In general, association studies are subject to factors that influence their
robustness such as population structure, sample size, number and type of markers analyzed,
accurate genotyping and phenotyping methods (Hall ez 2/ 2010). It has been also shown that
in such types of analyses greater power can be achieved by increasing the sample size of the
populations analyzed than by increasing the number of polymorphisms (markers) (Long and
Langley 1999). Moreover, association studies are well known to be strongly biased by
population structure (Zhao ez al. 2007). In the present study, although the total number of
samples analyzed was relatively large (253 individuals), this can not compensate the fact that
the four species were strongly differentiated also by the use of unlinked neutral markers
(Curtu ez al. 20072). However, the bias effect of the population structure in our sample was
minimized by taking into account genetic structure data when the association analysis was
conducted. Additionally, it is obvious that if diversifying selection maintains the
differentiation among the species as it has been suggested (see Introduction), its signatures

are difficult to distinguish from the pure demographic effects, and in that case by taking into
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account genetic structure data in association studies some biological associations might even

be lost.

Conclusions and perspectives

It has been shown that by examining the almost complete sequence of the NADP" IDH
gene different patterns of nucleotide diversity and of inter-specific differentiation can be
observed. Therefore the present study points out the significance of analyzing complete gene
sequences in the investigation of candidate genes, if a conclusion about the signatures of
selection acting upon them is to be drawn. Possible evidence for putatively adaptive
significance of the NADP® IDH gene has derived from the neutrality tests and the
significant inter-specific differentiation (at locus 4) observed by the sequence analysis of the
gene. Additionally, the SNP markers that were designed on the basis of the NADP" IDH
gene showed highly significant differentiation among the species and could be considered as
an outlier locus in that context. Seven significant associations have been as well suggested
between the analysed SNP markers and leaf morphological traits; although it is not likely that
the SNPs have a causal relationship with the traits, the possibility that they are linked to sites
that are selectively adaptive cannot be excluded.

In the present study the Quercus specific nucleotide sequences of an almost complete
NADP" IDH and a partial NAD" IDH gene were identified. In that sence, it could form the
basis for further analysis of these genes in oaks. Additionally, it is interesting to examine how
the SNPs designed here could differentiate oak populations that are low differentiated at
neutral markers. Moreover, the SNPs that showed significant associations with the leaf
morphological traits are proposed to be tested by QTL mapping applications based on
mapping populations and by Qwercus pedigrees that segregate for leaf morphological traits in

order to be confirmed.
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4. Summary

Genomic DNA contains the primary source of genetic information. Thus, its analysis
provides the highest level of genetic resolution. DNA sequencing and genotyping
methodologies based on it in particular genotyping of Single Nucleotide Polymorphisms
(SNPs) facilitated new research approaches in forest genetics. Both quantitative and
population genetic methods are being applied to better understand the association between
genotypic and phenotypic diversity, and to detect the signatures of natural selection upon
different parts of the genome in forest trees and their populations.

Oak populations have been widely used as model species to study adaptation of forest trees
in variable environments due to their wide geographical range and the large variation of
climatic and edaphic condition that they occupy. Four oak species that coexist in the Bejan
Oak Reserve (a species rich temperate oak forest in west-central Romania) were investigated
in the present study: Quercus robur, Q. petraea, Q. pubescens and Q. frainetto. The four species are
closely related, likely to hybridize and belong taxonomically to the section Quercus sensu stricto
(white oaks) according to the most recent classifications. According to the geographical
range of the species, the site of investigation is for the two more widely spread European
species (0. robur and Q. petraea) in the centre of their distribution, whereas for the two so
called “thermophilous and xerothermic” oak species (Q. pubescens and Q. frainetto), the Bejan
Oak Reserve is located at the east-northern margins of their distribution.

The nucleotide sequences of NADP" and NAD" dependent isocitrate dehydrogenases
(IDH) were investigated in the present study. IDH genes are key metabolic enzymes
participating in the Krebs cycle. Considerable evidence points towards an adaptive
significance of IDH genes in many different organisms. The nucleotide sequence of an
NADP" IDH locus was obtained on the basis of the published genome sequence of Populus
trichocarpa. In total, 3481bp organized in 15 exons and 14 introns were identified representing
the almost complete sequence of the gene. The sequence of the NAD" IDH locus was
partially obtained with the “genome walking” technique. A total of 2080bp were obtained
containing one complete exon and one complete intron. The obtained sequences for both
genes were PCR amplified from the genomic DNA of five individuals per species, cloned
and sequenced. The PCR amplification for the NADP" IDH gene was done in seven

overlapping fragments.
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The nucleotide diversity observed in this study was high, and similar to that found in the few
earlier studies dealing with nucleotide diversity in Quercus spp., despite the conservative
analysis of excluding the Single Sequence Repeat (SSR) motifs and the non-verified
singletons from further analyses. This kind of analysis was done in order to avoid
incorporation of false variation in the data. In contrast to the high within species nucleotide
diversity, the species were in total weakly differentiated at both genes with the exception of
significant differentiation among species at the fragment 4 of NADP" IDH gene. In order to
test the neutral model of the coalescent theory Tajima’s D statistic and the ratio between
non-synonymous and silent polymorphisms were tested. Tajima’s D was found for most loci
and species negative, indicating an excess of low frequency variants. However, there were
differences detected in the Tajima’s D species-wide among the different loci, suggesting that
the trends might not be subject to demographic effects but rather either an artifact of the
low sample size or might reflect the different action of selection upon different fragments
even within the same gene. The ratio between non-synonymous and silent polymorphisms
was for the NADP" IDH gene in most fragments low, suggesting purifying selection acting,
as expected for proteins and enzyme gene loci. Tajima’s D for the NAD" IDH gene was
found positive in three species but not significantly departing from neutral expectations.
From the NADP" IDH gene, 13 verified SNPs were chosen for further genotyping in a total
of 253 white oaks, assigned as “pure” species according to morphological traits and
molecular markers by a previous study. The SNPs were chosen to cover the whole gene and
to locate in non-coding (SNP 9, SNP 10, SNP 11, SNP 12, and SNP 13) and coding regions.
Non-synonymous (SNP 1, SNP 2, SNP 3 and SNP 4) and synonymous SNPs (SNP 5, SNP
6, SNP 7 and SNP 8) were investigated within the coding regions. SNP 3 and SNP 4 result
in a charge change through the amino acid replacement caused by the respective nucleotide
substitutions.

The levels of gene diversity within species were moderate and similar for all the species,
comparable to those exhibited in isozyme analyses. The non-synonymous SNPs showed in
general lower levels of gene diversity. Pairwise I, values at all SNP markers revealed low but
significant differentiation between almost all pairs of species, except Q. petraea and Q.
frainetto. Non-synonymous SNPs alone failed to differentiate Q. frainetto from all other
species. Coding SNPs differentiated the species better than non-coding SNPs. This result is

mainly caused by the high F, values of the synonymous SNP 6. In particular, SNP 6 was
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indicated as an outlier candidate locus for selection by an F,, outlier analysis, which compared
the observed F, values as a function to the expected heterozygosities, against those expected
under a neutral model.

The analysis for non-random association of alleles revealed no clear physical clustering of
SNP sites in linkage disequilibrium (LD). The separate analysis of each species showed a
lower number of sites in significant LD for Q. robur than for the other species, possibly
reflecting the history of the species in the specific geographical site, and the less efficient
recombination effect due to a larger effective population size of Q. robur. On the other hand,
Q. frainetto and Q. pubescens, showed larger number of SNPs in significant LD and spanning
larger physical distances, reflecting a possible founder effect due to the location at the
margins of their geographical distribution, or the genetic admixture among them. An
association analysis of all the SNPs with leaf morphological traits that differentiate the
species (measured by Curtu ef /. 2007b): sinus width, lamina length, basal shape of lamina
and petiole length showed seven statistically significant associations under a general linear
model. Three of the significant associations were found at non-synonymous SNPs. Statistical
association does not necessarily mean a biological or even causal association. Genetic
structure is the most serious bias in the association analyses. It is proposed that the SNPs
suggested by the associated analysis in this study should be further analyzed in populations

that are genetically not differentiated and structured.
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5. Zusammenfassung

Genomische DNS ist der primire Informationstriger des Erbgutes, und die Analyse von
DNS-Sequenzen erlaubt die unmittelbare Beobachtung genetischer Information. Methoden
der DNS-Sequenzierung und der Genotypisierung, im speziellen die Genotypisierung iiber
Single Nucleotide Polymorphism (SNP), hat neue Ansitze auf dem Gebiet der Forstgenetik
ermoglicht. Sowohl quantitative als auch populationsgenetische Methoden werden genutzt,
um das Verstindnis iiber das Zusammenspiel zwischen genotypischen und phinotypischen
Merkmalen zu verbessern und um genomische Signaturen der natiirlichen Selektion in
Geholzen und deren Populationen zu charakterisieren.

Aufgrund ihrer Bedeutung und weiten geographischen Verbreitung werden natirliche
Populationen von Eichen (Quercus spp.) oft als Model zur Studie der Adaption von Gehdlzen
an verschiedenste klimatische und edaphische Bedingungen genutzt. In der hier vorgelegten
Arbeit wurden vier Eichenarten betrachtet: Quercus robur, Q. petraea, Q. pubescens and Q.
frainetto. Diese Arten koexistieren in einem der artenreichesten Eichenwilder Europas, dem
Eichen-Reservat Bejan, gelegen im westlichen Zentral-Rumanien. Die vier Arten sind
genetisch eng miteinander verwandt, und kénnen Hybride bilden. Taxonomisch werden sie
der Sektion Quercus sensu stricto (Weisseichen’) zugeordnet. Beziiglich der geographischen
Verbreitung liegt das Bejan Oak Reservat im Zentrum der beiden in Europa dominierenden
Arten Q. robur und Q. petraea, wohingegen fiir die beiden zu den so genannten “thermophilen
und xerophilen” zugehérigen Eichenarten (. pubescens und Q. frainetto das Reservat am
nordéstlichen Rand ihrer natiirlichen Verbreitung liegt.

In der vorliegenden Arbeit wurde die genomische Sequenz der NADP" und der NAD"
abhingigen Isocitratdehydrogenase (IDH) untersucht. IDH Gene kodieren fiir zentrale
metabolische Enzyme des Krebs-Zyklus. Grundlegende Forschung an diesen Enzymen
deutet auf eine signifikante Rolle fiir adaptive Ereignisse in verschiedenen Organismen hin.
Die Nukleotidsequenz und die genomische Lokalisierung eines NADP" IDH Gens in Q.
robur wurde mittels der bekannten Sequenz aus Populus trichocarpa entschlisselt. Das
entschlisselte Gen umfasst 3481bp (Basenpaare) und beinhaltet 15 Exon- und 14
Intronbereiche. Des Weiteren wurde ein NAD™ IDH Gen per “genome walking” teilweise
sequenziert. Das sequenzierte Genfragment hat eine Linge von 2080bp und umfasst das

erste Exon und das erste Intron des Gens. Zur populationsgenetischen Analyse der vier
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Eichenarten wurden beide Gensequenzen per PCR aus genomischer DNS amplifiziert,
kloniert und sequenziert, wobei je Art finf individuelle Replikate analysiert wurden. Die
Gensequenz der NADP' abhingigen IDH wurde aus sieben sequenzierten PCR
Amplifikaten assembliert.

Die hohe Diversitat in der DNS Sequenz der hier analysierten IDH Gene zwischen den
untersuchten Fichenarten entsprach der hohen genetischen Diversitit in vorangegangenen
Studien, obwohl ein konservativ ausgwertet wurde; Single Sequence Repeat (SSR) Motive und
unbestatigte ,Singleton” SNPs wurden ausgeschlossen, um Artefakte, also ,falsche’ Variation,
weitestgehend zu vermeiden. Im Gegensatz zur hohen genetischen intraspezifischen
Diversitat zeigten die hier untersuchten Eichenarten geringe interspezifische Variabilitdt mit
Ausnahme des vierten Fragmentes (Locus 4) des NADP" abhingigen IDH Gens, welches
eine aullerordentlich hohe Differenzierung aufwies.

Das neutrale Modell der Koaleszenztheorie wurde anhand der Tajima D Statistik und mit der
Berechnung des Verhiltnisses zwischen synonymen und nicht-synonymen SNPs getestet.
Der Tajima D Test war fir den tberwiegenden Teil der SNP Positionen in allen Arten
negativ, was auf einen Uberschuss seltener Varianten deutet. Uber alle SNP Positionen
innerhalb der untersuchen Arten betrachtet zeigte der Tajima D Test allerdings
Unterschiede, was weniger auf demographische Effekte zuriickzufithren sein durfte als auf
unterschiedlich starke Selektionsprozesse, die an verschiedenen Genabschnitten des gleichen
Gens stattfanden. Das Verhiltnis zwischen synonymen und nicht-synonymen SNPs war
innerhalb des NADP" abhingigen IDH Gens klein, was auf eine gerichtete Selektion
hindeutet und fiir essentielle Enzyme typisch ist. Der Tajima D Test war positiv fiir drei der
hier untersuchten Fichenarten, allerdings nicht signifikant abweichend von der Annahme der
Neutralitit.

Fiir eine weitere Genotypisierung wurden 13 bestitigte SNP Positionen des NADP" IDH
Gens ausgewihlt und bei 253 Individuen untersucht, deren Artzugehorigkeit in einer
vorherigen Studie anhand von morphologischen und molekularen Merkmalen bestimmt
wurde. SNP Positionen wurden so ausgewihlt, dass das komplette Gen und innerhalb
dessen sowohl die nicht kodierenden SNPs (SNP 9, SNP 10, SNP 11, SNP 12 uns SNP 13)
als auch kodierende SNPs abgedeckt waren. Innerhalb der kodierenden Sequenz wurden
sowohl nicht-synonyme SNPs (SNP 1, SNP 2, SNP 3 and SNP 4) als auch synonyme SNPs
(SNP 5, SNP 6, SNP 7 and SNP 8) ausgewertet. In den Positionen SNP 3 und SNP 4 kam es
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aufgrund  der jeweiligen Nukleotidsubstitution und dem  daraus folgenden
Aminosdurenaustausch zu einer Ladungsverschiebung.

Die intraspezifische Diversitit was wie auch bei Isozym-Genorten moderat in allen hier
untersuchten Fichenarten, wobei nicht-synonyme SNPs eine geringere Diversitit aufwiesen.
Paarweise F, Tests mit allen SNP Markern ergaben eine geringe aber signifikante
Differenzierung zwischen allen Arten, auler bei den beiden Arten Q. petraea und Q. frainetto.
Nicht-synonyme SNP Marker allein konnten (. frainetto nicht signifikant von einer der
anderen Arten differenzieren. Des Weiteren differenzierten kodierende SNP Marker alle
Arten deutlich besser als nicht kodierende SNPs, was mit dem abweichend hohen F, Wert
fir die Position SNP 6 zu erkliren ist. Dieser SNP erwies sich sogar als statistisch
signifikanter ,Ausreiler’ bei der Betrachtung der Differenzierung zwischen den Arten relativ
zur als ,erwarteter Heterozygotie’ gemessener Variation bei Annahme des
Neutralititsmodells.

Eine Analyse auf nicht-zufillige Assoziationen von Allelen ergab keine eindeutigen
Gruppierungen der identifizierten SNP Positionen; Kopplungsungleichgewichte (Linkage
Disequilibrium, LLD) wurden sowohl zwischen nahe beieinanderliegenden als auch weiter
voneinander entfernten SNP Positionen beobachtet. Die getrennte Analyse jeder Art ergab
eine geringere Anzahl an Positionen innerhalb signifikanter LD fir die Art Q. robur, was
wahrscheinlich sowohl auf eine lange Geschichte dieser Art in der Region hinweist, als auch
auf ecine geringere Neigung zur Rekombination. Dies kann mit besonder grof3en
Populationen bei Q. robur zusammenhangen. Auf der anderen Seite zeigten Q. frainetto and Q.
pubescens eine hohere Anzahl von SNPs mit signifikantem LD auch bei Paaren mit groferer
physischer Distanz auf. Dies koénnte mit einem “Grindereffekt” am Rande ihrer
geographischen Ausbreitung oder mit der genetischen Vermischung untereinander
zusammenhingen. Eine Assoziationsanalyse aller SNPs mit blatt-morphologischen Daten
(Sinus-Weite, Lamina-Linge, Grundform der Lamina, Blattstiellinge), die die untersuchten
Eicharten differenzieren (Curtu e¢f al 2007b), ergaben sieben statistisch signifikante
Zusammenhinge unter Verwendung eines linearen Modells. Drei der signifikanten
Assoziationen wurden in nicht-synonymen SNPs identifiziert. Die Berechnung statistischer
Assoziationen ist nicht automatisch gleichbedeutend mit biologischen oder sogar kausalen
Assoziationen. Daher ist es ratsam, die in dieser Arbeit ausgewerteten SNP Assoziationen an

weiteren genetisch nicht strukturierten und differenzierten Populationen zu bestatigen.
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PATTERNS OF NUCLEOTIDE DIVERSITY

I. Patterns of nucleotide diversity and differentiation at NADP" and
NAD" isocitrate dehydrogenases in a four-species sympatric white oak

community

Introduction

Genomic DNA sequences provide the highest resolution of genetic information.
Nucleotide sequence data have become one of the most promising and preferred type of
data that can supply an insight into the evolutionary dynamics of populations and lead to
inferences, concerning the action of natural selection. Until recently most data of nuclear
DNA nucleotide variation of plants described annual or short-lived selfing plants (Kawabe
and Miyashita 1999; Small e# a/. 1999; Bundock and Henry 2004; Nordborg ez al. 2005). The
outcrossing long-lived tree species have been mainly represented by conifers (Dvornyk ez al.
2002; Garcia-Gil ez al. 2003; Semerikov and Lascoux 2003; Heuertz ez al. 2006; Pyhéjirvi e al.
2007; Palme ez al. 2008; Li et al. 2010). Fewer studies have been dedicated to investigate the
patterns of nucleotide diversity and differentiation in angiosperms (Jarvinen ez al. 2003;
Ingvarsson 2005; Garcia and Ingvarsson 2007; Hall e a/. 2007; Ingvarsson e al. 2008), among
which the largest number refer to poplars (Populus spp.) due to the fully sequenced genome
of Populus trichocarpa (Tuskan et al. 20006). Indeed, very few published reports of nucleotide
diversity in oaks are available, two of them describing an Asian oak species (Quercus mongolica
var. ¢rispula) (Quang et al. 2008; Quang ez al. 2009) and only one focusing on a European oak
species (Quercus petraea) (Derory et al. 2010). Still, no study until now has described the levels
of nucleotide diversity in the most commonly distributed European oak species Q. robur, as
well as Q. pubescens and Q. frainetto.

Quercus robur, Q. petraea, Q. pubescens and Q. frainetto (Fagaceae) are closely related
species and all belong taxonomically to the section Qwercus of the homonymous genus (also
referred to as white oaks) (Nixon 1993; Manos ez a/. 1999). The geographical distribution of
the first two species is wider over north-central Europe and in most cases overlapping,
whereas the distribution of the latter two species is limited to southern habitats for Q.
pubescens and mainly to the Balkan and the Italian peninsulas for Q. frainetto (Bartha 20006;
Bussotti 2006; Aas 2006a; Aas 2006b). Despite their overlapping distributions the four

species rarely coexist. since their ecological demands are different, exhibiting different
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climatic and edaphic optima (Ellenberg 1988). According to many authors this fact accounts
for the distinct evolution of the two most closely related and often sympatric European
Quercus species, Q. robur and Q. petraea, due to ongoing diversifying selection (Le Corre and
Kremer 2003; Scotti-Saintagne e a/. 2004) in spite of their general low species differentiation.

In this study we obtained the DNA sequences encoding for NADP" and NAD"
dependent isocitrate dehydrogenases (IDH) loci (E.C. 1.1.1.41 and 1.1.1.42 respectively).
Both genes are key enzymes of the metabolic pathway of the citrate cycle (Krebs cycle). IDH
genes have been considered by many authors studying different organisms as potentially
adaptive (Bergmann and Gregorius 1993; Boiffin e a/ 1998; Pascual e a/ 2008b; Huestis ez
al. 2009; Zhang et al. 2010). In the case of Quercus spp. IDH isozymes have been
characterized as “outlier” loci, revealing high differentiation among different oak species
(Finkeldey 2001; Gomory ef al. 2001; Scotti-Saintagne et al. 2004; Curtu et al. 2007) and
therefore being possibly under selection. For the two loci NADP" and NAD" dependent
isocitrate dehydrogenases) the sequences that were obtained were analyzed for their patterns
of nucleotide diversity, genetic differentiation, non-random association of allelic variants and
the detection of any possible signature of natural selection acting in a mixed community of
Q. robur, Q. petraca, Q. pubescens and Q. frainetto.

The four species co-existed and co-evolved in the same region, despite their different
ecological demands. The area of the study is located in central-eastern Europe, at the centre
of the geographical range of Q. robur and Q. petraea (Aas 2006a; Aas 2006b) and close to the
northern and north-eastern distribution limits of the thermophilous species Q. frainetto and

Q. pubescens, respectively (Bartha 2006; Bussotti 2000).
Materials and Methods

Plant material

Five samples per species were investigated for 20 white oaks (Q. robur, Q. petraea, Q.
pubescens, and Q. frainetto. all considered as sensu lato). These samples were selected randomly as
a sub-sample of 269 exhaustively sampled oak trees, with no a priori selection, as described in
Curtu ez al. (2007). The four species coexist naturally in an oak community in the Bejan
forest located in central-western Romania. Extraction of genomic DNA was conducted and

described in detail by Curtu e a/. (2007).
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Identification of the NADP* and NAD" IDH sequences

To obtain the sequence of a cytosolic NADP" dependent IDH gene PCR reactions
were performed as described below using DNA template of a (. petraea sample with oligo-
primers that were designed in three overlapping parts on the basis of the public available
sequences of  Populus  trichocarpa  (jgi | Poptrl_1|770098 | fgenesh4_pg.C_LG_X001588)
(Tuskan ez al. 20006) - given the lack of any public available annotated genome database of
Quercus spp. On the basis of the Q. pefraea sequence that was obtained (here referred to as
“reference sequence”), new primers were designed for specificity to Quercus spp. For
sequencing purposes the PCR primers were designed to amplify seven overlapping DNA
fragments with the overlap varying between 60-300bp.

For the identification of the NAD" dependent IDH gene the technique of “genome
walking” (Siebert ez al. 1995) was applied on a sample of Q. robur. The method is described in
detail in the corresponding paragraph. Based on the sequence obtained, PCR primers were

designed to amplify a single fragment of the gene for further analysis.

Amplification of genomic DNA

All primers used for the amplification of genomic DNA were designed on the web
based software Primer3 (Rozen and Skaletsky 2000; Petit ez a/. 2003). The quality of the
primers was determined in terms of melting points, self-dimerization and/or formation of
hairpins (secondary structures) with the software GeneRunner® (1994, Hastings Software,
Inc.). Primer sequences are given in Table I-1a and I-1b.

PCRs were carried out by applying Qiagens’s HotStarTaq® MasterMix (Qiagen,
Hilden, Germany) on a PTC-200 Peltier Thermal Cycler (MJResearch, Inc., Waltham,
Massachusetts) and under the following thermal cycling conditions: an initial denaturation
step at 95°C for 15 minutes, a set of 35 repeats of the next three steps: 95°C for 1 minute, T,
(annealing temperature of the corresponding primer pair) for 45 seconds and 72°C for 1
minute, and a final extension step at 72°C for 20 minutes. The T, for each primer pair used
is provided in Table I-1a and I-1b. The size, quality and quantity of the amplification
products were assessed by electrophoresis on a 1.5% agarose gel.

For sequencing, the PCR products were excised from the gel and purified using the

GENECLEAN® Kit (Qbiogene Inc., Carlsbad, CA), following the manufacturer’s
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instructions. The quality and quantity of the eluted DNA was assessed by electrophoresis on

a 1.5% agarose gel.

Table I-1a: Upper part: Populus trichocarpa specific primers and corresponding T, lower part:
Q. petraea specific ptimers and cotresponding T, for the amplification of a NADP" IDH gene
(F or f: foreword primers, R or r: reverse primers, a and b: alternatives)

Primer Oligo-sequence 5-3’ T, in °C
1F aat ccc atc gtt gaa atg ga
1Ra tce cat ttg gac tct tcc ac 52
1Rb cct atg cag att ggc ttg gt
2F acc aag cca atc tgc ata gg 48
2R Ccc ctt cac ttt tga gag ca
3Fa goo ott atg tat ggo cat gt
3Fb ttc aaa gga gct gga ggt gt 5
3Ra tgc cct taa get cct cag cta
3Rb gaa cac ggt aat goc gag taa
Q1f gatggtaattattaattcacaccgttc 559
Qlr cat tgg tgg cct cac gat tag tga g
Q2f tce ctt tgt goa gtt goa tat caa g 602
Q2r gtt gaa ctc ctt gac acg agc ttc
Q3f gtg tgc aac tat aac tcc agg tac 60
Q3r cat tat gtc cat tgg gta ctg cag
Q4f gtg atc agt aca ggg caa ctg 545
Q4r gcc tca att gga atg acc ca
Q5f aac ttt acg ggt gct gga got gta g 61
Q5r gca agc cca tac ata acc tcc ttc a
Qof gat gat atg gtt gct tat gcc atg 53
Qor ggt ttc acc acc ttt ctg atg gac
Q7f gac tat tga agc tga agc age cca tg 0@
Q7r taa gct cct cag cta cag cat caa tg

Table I-1b: Q. robur specific primers for the NAD" IDH gene and corresponding T, (F or f:
foreword primers, R or r: reverse primers)

Primer Oligo sequence 5'-3' T, in °C
IDHql1F cat ccCt aac Ctc acc cca ag 55
IDHqlR agc cca cct ttc aga cac ac
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DNA cloning and sequencing

Direct sequencing of PCR purified DNA fragments and sequencing of cloned PCR
fragments was applied for different purposes. For cloning, the PCR amplicons were ligated
into the pCR®2.1-TOPO® vector, using the TA-cloning kit (Invitrogen Carlsbad, CA).
Positive E. co/i TOP10 (Invitrogen Carlsbad, CA) clones were picked from kanamycin
(0.1mg/ml) selective LB agar plates, treated with X-gal in DMF (dimethyloformamide) and
cultured in LB medium overnight at 37°C. The plasmid DNA was extracted using the
QuickLyse Miniprep Kit (Qiagen, Hilden, Germany). The PCR fragment insertion was
determined by a digestion of the plasmid DNA with the EwRI restriction enzyme
(Fermentas GmbH, Leon-Rot, Germany) according to Sambrook e /. (1989) and incubated
at 37°C for 2-3 hours or overnight.

The sequencing reaction was performed for one, two or three clones of each PCR
amplicon in both directions using the BigDye chemistry using the BigDye chemistry
(Applied Biosystems, Foster City, CA) with the M13 forward and reverse primers in the case
of plasmid DNA, whereas the corresponding primer (forward or reverse) for each PCR
amplicon was used in the case of direct sequencing. The sequencing thermal cycling profile
was 1 minute at 96°C followed by a set of 35 cycles of 10 seconds at 96°C, 10 seconds at
45°C and 4 minutes at 55°C, performed on a Peglab primus 96 thermocycler (Peqlab
Biotechnologie GmbH, Erlangen, Germany). Sequencing reactions were purified by ethanol
precipitation (Sambrook ez al. 1989), and were loaded on an ABI Prism® 3100 genetic
analyzer (Applied Biosystems, Foster City, CA) in an HiDi™ Formamid (Applied
Biosystems, Foster City, CA) elution. When necessary, the sequencing reactions were
purified using the NucleoSEQ clean-up columns (Macherey-Nagel GmbH, Diren,
Germany). The capillary electrophoresis was conducted with 36cm long capillaries on a
POP6® polymer and buffer with EDTA (ethylenediamine tetra-acetic acid) (Applied
Biosystems, Foster City, CA) under the Rapidseq36_POPG6 Default Run Module (Applied
Biosystems, Foster City, CA): Run temperature 55°C, run voltage 15 kV, whereas the
injection time was set to 22 seconds, and the injection voltage to 1kV. Alternatively, an ABI
Prism® 3130xl genetic analyzer (Applied Biosystems, Foster City, CA) was used, with 36cm
long capillaries on a POP7® polymer and buffer with EDTA (Applied Biosystems, Foster
City, CA) under slightly modified conditions: oven temperature 60°C, run voltage 8.5kV,

injection time 18 seconds and injection voltage up to 1.2kV. The total run time was set to
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2780 seconds, whereas the run time was increased to 4000 seconds in cases of long runs up
to reads of 700bp. The sequencing data were base called, trimmed and displayed for further
analysis by the Sequencing Analysis Software v3.7 and v5.3.1 respectively (Applied
Biosystems, Foster City, CA).

Genome walking

To aim the sequence of a NAD" dependent IDH gene, we applied a PCR based
method named “primer walking” (Siebert ez @/ 1995) for obtaining an unknown DNA
sequence adjacent to a known sequence, by using the Genome Walker™ Universal Kit
(Clontech Laboratories, Inc.) following the manufacturer’s protocol. This technique requires
DNA of high quality and quantity. For that reason the DNA quality and quantity were tested
against A-DNA (Roche Holding GmbH, Germany). The genomic DNA of a Q. petraea
sample was used as template for the construction of adaptor-ligated “libraries” using the
adaptor primers provided by the kit, and the restriction enzymes: Dral, EcoRI, EcoRV, Pvull
and S#l provided by the Genome Walker™ Universal Kit or by Fermentas (GmbH, Leon-
Rot, Germany). Two different gene specific primers (GSP1 and GSP2) were specifically
designed as described above to locate in consecutive positions of the known sequence
published in the INRA Quercus EST database accessible via the EVOLTREE organisation
(www.evoltree.org). Each adaptor-ligated “library” was applied to “suppression” PCR on a
Perkin-Elmer GeneAmp® PCR System 2400 (Perkin Elmer Corp., Foster City, CA) using
the GSP1 gene specific primer and the reagents provided in the Genome Walker™
Universal Kit (Clontech Laboratories, Inc.) under the following thermal conditions: 7 cycles
of 94°C for 12 seconds and 72°C for 3 minutes, followed by 32 cycles of 94°C for 12
seconds and 67°C for 3 minutes, and a final step of 67°C for 7 minutes. The amplification
products were visualized on a 1.5% agarose gel. “Nested” PCR was performed on a Perkin-
Elmer GeneAmp® PCR System 2400 (Perkin Elmer Corp., Foster City, CA), using the
GSP2 gene specific primer on the amplification reaction of the first PCR (1:50 diluted), and
PCR reagents provided by the Genome Walker™ Universal Kit (Clontech Laboratories,
Inc.) under the thermal cycling profile: 5 cycles of 25 seconds at 94°C and 3 minutes at 72°C,
followed by 20 cycles of 25 seconds at 94°C and 3 minutes at 67°C. An additional step of 7
minutes at 67°C finalized the reaction. The “nested” PCR products were electrophoretically

separated on a 1.5% agarose gel. Fragments showing the strongest signal intensities were
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excised out of the gel and purified. The quality and quantity of the eluted DNA was assessed
by electrophoresis, and visual control of the ethidiumbromide stained gel. The correct gene
sequence was confirmed by BLASTn and tBLASTX homology analysis against the EMBL
standard plant database. A second round of “primer walking” was conducted based on the
downstream sequence obtained by the first genome walking. The gene specific primers for
the “suppression” and “nested” PCRs in the second round of primer walking were GSPdral
and GSPdra2 respectively. The sequences of all the gene specific primers used are given in

Table I-2.

Table I-2: Gene specific primers used for the “Genome walking” technique

Gene specific primer Oligo sequence 5'-3'
GSP1 gag ctg gat ttg tat gct teg ttg gtc
GSP2 cCt acg agg cac gaa aat ggg ata tgt g
GSPdral aat gca gta cca aca gtg tga tct tc
GSPdra2 cct ata gta agg gcg aat tct gca gat a

Sequence analysis

DNA sequences used in this study were manually verified and edited for base-calling
errors. Contigs were assembled using the computer software CodonCode Aligner
(CodonCode Corp., Dedham, MA), or Sequencher v4.8 (Gene Codes, Ann Arbor. MI).
Multiple sequence alignments were performed using the ClustalW algorithm (Thompson ez
al. 1994) and adjusted manually by using BioEdit (Hall 1999). The sequences were aligned
against public databases using BLASTx or tBLASTx (Altschul ¢z a/ 1997) in case of protein
or translated nucleotide search respectively (using a translated nucleotide query) or pBLAST
(Altschul ef al. 1997; Altschul ef al. 2005) in case of protein search (using a deduced protein
query).

For both gene loci the general description of nucleotide polymorphism 6=4N_p was
calculated as 0, (Watterson 1975), based on the number of segregating sites. The pairwise
nucleotide diversity 7 was also calculated as the average number of nucleotide differences per
site between two sequences (Nei 1987). Species’ differentiation was estimated from
haplotypic data as F, (Hudson ¢ a/ 1992a) and G, (Nei 1973) supplemented by the

nucleotide based statistics §,, (the nearest-neighbor statistic) (Hudson 2000) and K ¥, a
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weighted measure of the ratio of the average pairwise differences within populations to the
total average differences (Hudson e a/ 1992b). Calculations of nucleotide diversity and
differentiation were performed with the software DNAsp (Librado and Rozas 2009). The
analysis of molecular variance (AMOVA) (Excoffier ¢ a/ 1992) from haplotypic data was
conducted with the software Arlequin v3.5 (Excoffier and Lischer 2010).

The degree of linkage disequilibrium (LD) or non random association between
nucleotide variants at different polymorphic sites was estimated also with DNAsp (Librado
and Rozas 2009). For this analysis, alignhment gaps or polymorphic sites segregating for three
or four nucleotides were excluded. The LD analysis was performed for the parsimony —
informative sites (sites that segregate for only two nucleotides that are present at least twice).
Moreover, the squared correlation (r*) (Hill and Robertson 1968) of allele frequencies of all
pairs of parsimony informative sites was plotted against the average number of nucleotides
that separates them, in a scatter graph. The linear regression equation that best fits the data
was also calculated. Moreover, the average ZnS statistic (Kelly 1997) of * over all pairwise
comparisons was estimated. Additionally, the neutrality test of Tajima’s D (Tajima 1989) was
performed to examine the fit of nucleotide polymorphism data to the neutral equilibrium
model. The D test is based on the differences between the number of segregating sites and
the average number of nucleotide differences. Coalescent simulations for the significance of

Tajima’s D were performed with the software DNAsp (Librado and Rozas 2009).
Results

Identification of NADP" Isocitrate dehydrogenase

In order to confirm that the reference sequence we obtained was indeed a NADP”
IDH gene locus, different homology tests were applied. The full reference nucleotide
sequence was tested for homology by means of tBLASTx (Altschul e a/. 1997) against the
higher plant nucleotide collection database of NCBI
(http:/ /blast.ncbi.nlm.nih.gov/Blast.cgi) and resulted in hits of E-value = 0.0 with NADP"
specific isocitrate dehydrogenase of Ricinus communis, Passiflora edulis and Eucaliptus globulus.
Continuously, after defining the putative exon and intron positions by aligning the reference
sequence with NADP" IDH sequences of other plants, only the nucleotide transcript
sequence was used for a tBLASTx homology test against the same database. This analysis

resulted as well in hits of E-value = 0.0 with cytosolic NADP" IDH of different plants.
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Finally the transcript derived from the nucleotide sequence was tested for homology against
the non-redundant SwissProt protein database (Boeckmann e a/ 2003) with pBLAST
(Altschul ez al. 1997; Altschul ez a/. 2005). This homology test resulted in an E-value = 0.0
and query coverage of 100% with the isocitrate dehydrogenase protein (NADP" specific) of
Populus trichocarpa (accession number: XP_002305928.1). The ClustalW alignments of the
best hits of the BLASTX test are shown in Appendix 1a.

The reference sequence of the NADP" IDH locus that was obtained tepresents an
almost complete sequence of the gene. Coding and non coding regions were defined
according to the splicing GT-AG rule (Bon ez a/. 2003): 15 exons (the first and the last only
partially) and 14 introns were identified (Figure I-1). The total size of the sequence was
3481bp, whereas the total size of the coding region was found 1195bp. The organization in
exons and introns is illustrated in Figure I-1. The gene was PCR amplified from genomic
DNA of each sample in seven overlapping parts (here referred to as loci): Loci 1-7, as shown

in Figure I-1. The reference NADP' IDH sequence is provided in Appendix 2a.

1 5 3 4 5 6 7

Figure I-1: Exon-intron organization (ff exons — [[introns) and overlapping amplicons (Loci
1-7 given as boxes) of the NADP' isocitrate dehydrogenase gene sequence (3481bp)
identified in Q. robur

Five NADP" isocitrate dehydrogenase sequences per species were obtained for each
of the loci. Locus 5 revealed unusually high levels of variation among the five sequences per
species that were obtained and therefore was excluded from any further analysis to avoid
incorporation of paralogous sequences in our analyses. Singletons and microsatellite motifs
were also excluded from any further analysis to avoid incorporation of PCR or sequencing

€rrofrs.

Identification of NAD" isocitrate dehydrogenase

To confirm that the obtained sequence by the genome walking technique was indeed

an NAD" IDH sequence, different homology tests were conducted. Homology analysis with
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tBLASTX of the genomic nucleotide reference sequence against the higher plant nucleotide
collection database of NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) resulted in a match
with Populus trichocarpa NAD" isocitrate dehydrogenase mRNA, predicted protein (accession
number: XM_002310661.1) (E-value= 3e™). The obtained reference 2080bp sequence
represented only a partial gene sequence of the NAD" IDH gene. Within this fragment a
putative single intron (position 560-1949) was identified. The sequence used for further
analysis was limited to a total size of 346bp covering the largest part of the first exon of the
gene. The protein sequence derived from the transcript sequence of the NAD" IDH locus
that was further analyzed was tested for homology with pBLLAST against the non-redundant
SwissProt sequences database (Boeckmann ef 2/ 2003). This analysis resulted in a best match
of E-value=4¢™ with mitochondrial isocitrate dehydrogenase (NAD") regulatory subunit 1,
of Arabidopsis thaliana (accession number: Q8LFCO0.2). The ClustalW alignments of the best
hits occurred by a BLASTx test with the reference sequence are shown in Appendix 1b.

Five NAD" isocitrate dehydrogenase sequences per species were obtained in one

amplicon. The reference NAD" IDH sequence is provided in Appendix 2b.
Nucleotide diversity

NADP" isocitrate dehydrogenase

Descriptive statistics for nucleotide variation within each species but also in the
pooled sample set are shown in Table I-3a, both for each amplicon separately and for the
total sequence (unphased data). The 20 sequences per amplicon gave a total of 88
polymorphic sites; whereas when analyzed as a whole, a total of 83 polymorphic sites were
detected (five sites are located on overlapping regions of the amplicons and therefore are
analyses in both amplicons). The values of 6, and 7,, were in general similar. The total
nucleotide diversity (n,,,) in the pooled samples was estimated between 0.01295 and 0.00324
for loci 1 and 4 respectively and 0.00816 for the total sequence. The nucleotide diversity of
silent sites (synonymous and non-coding sites) was estimated between 0.00583 and 0.01368
for the same pair of amplicons. The ratio of non-synonymous and silent nucleotide diversity
was generally low and only in four cases larger than 0.5 (0. rbur at locus 1, Q. petraea at locus
2 and Q. frainetto at loci 1 and 2). Interestingly, the same ratio was notably lower when
calculated for the total sequence (combination of all loci in one sequence) in all four species

and in the pooled samples. The average haplotypic diversity over all loci and species was
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found 0.9 corresponding on average to 4.08 haplotypes per species per locus. In particular,
for most species and for the pooled sample set locus 4 revealed the lowest haplotypic
diversity whereas in Q. robur locus 7 revealed the lowest value among all loci and species.
Considering each species separately, Q. pubescens exhibited the lowest levels of nucleotide
diversity in the total sequence and in most loci with the exception of loci 1 and 4 from one
side and 7 from the other where Q. petraea and Q. robur had slightly lower values for m,,,

respectively.

NAD" isocitrate dehydrogenase

Descriptive statistics for nucleotide vatiation of the sequence of the NAD" locus are
provided in Table I-3b. The 20 sequences that were analyzed gave a total of eight
polymorphic sites resulting in 13 haplotypes. All measurements of nucleotide variation or
diversity (6, or z) showed the lowest values in Q. mbur and the highest in Q. frainetto. The
ratio of non-synonymous to silent nucleotide diversity was found generally low for the
pooled samples (0.26281). Interestingly, this ratio is close to 1 for Q. rebur and particularly
higher than the values of the other species, the lowest value occurring in Q. pubescens
(0.15678).

The total nucleotide diversity m,, that was observed in all the investigated species,
over all loci for both NADP" and NAD" IDH genes was 0.007503, whereas the silent
nucleotide diversity ny was 0.010047.
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Table I-3a: Summary statistics of nucleotide variation for the NADP" IDH gene, for each locus separately and for the total sequence per species
and in the pooled dataset (continued on the next page)

Sp ecies Locus n S E /] Hd S silent S Ssynonymons S non synonymons ‘91;' Tot T sifent ﬂg}‘nmg;‘mom T won Synonymons T won g'ﬂo@wmm/ Tsitent
1 373 14 14 5 1 330.9 8.9 39.1 0.01802 0.01769 0.01874  0.04507 0.01026 0.54749
2 738 12 12 5 1 610.5 37.5 124.5 0.0078  0.00732  0.00885 0.016 0 0
E 3 733 6 6 5 521 60 210 0.00393  0.00437  0.00614 0 0 0
g 4 637 2 3 3 0.8 434.33 56.33 198.67 0.00151  0.0022  0.00332 0 0 0
N 6 489 7 7 4 0.9 321 51 168 0.00687  0.00695  0.00872 0 0.00357 0
7 533 5 5 2 0.4 343.6 59.6 186.4 0.0045  0.00375  0.00465 0 0.00215 0.46237
total 3027 45 46 5 1 2192.83  240.83 827.17 0.00714 0.00764 0.00894  0.00415 0.00169 0.18904
1 3727 7 4 0.9 329.83 8.83 39.17 0.00903  0.00806  0.01019 0 0 0
2 739 29 31 5 1 610.83 37.83 127.17 0.01884  0.01827  0.0221  0.01586 0 0
§ 3 730 14 14 4 0.9 518 60 210 0.00921  0.00795  0.0112  0.01333 0 0
Fi 4 640 4 4 3 0.7 437.2 56.2 198.8 0.003 0.0025  0.00275 0.00714  0.00201 0.73091
Q) 6 490 7 7 4 0.9 321 51 168 0.00686  0.00653  0.00814 0 0.00352 0.43243
7 534 7 8 5 1 344.6 59.6 186.4 0.00629  0.00749  0.01045 0.01679 0.00215 0.20574
total 3035 57 59 5 1 2195.63  242.63 834.37 0.00901 0.00896 0.01175  0.00989 0.00168 0.14298
1 374 11 11 5 1 331.83 8.83 39.17 0.01412  0.01444 0.01627  0.04528 0 0
2 2 725 4 4 5 1 608.17 34.17 112.83 0.00265 0.00248  0.00296 0 0 0
S 3 733 2 2 3 0.8 521.07 60.07 209.93 0.00131  0.00136  0.00192  0.00999 0 0
§ 4 526 5 5 3 0.7 345.2 50.2 177.8 0.00456  0.0038  0.00464 0.008 0.00225 0.48491
> 6 489 5 5 4 0.9 319 51 168 0.00491  0.0045 0.0069 0 0 0
S 7 534 8 8 4 0.9 344.5 59.5 186.5 0.00719  0.00674  0.00929  0.01345 0.00214 0.23036
total 2907 32 32 5 2099.93  230.93 792.07 0.00528  0.00516  0.00695 0.01472 0.0005 0.07194
1 391 11 11 5 346.23 10.23 43.77 0.0135 0.01176 0.01213 0 0.00916 0.75515
R 2 646 21 21 4 0.9 538.83 32.83 105.17 0.0156 0.013 0.01559  0.01218 0 0
§ 3 69 11 13 5 1 498 56 196 0.00759  0.00776  0.01084 0 0 0
N 4 641 6 6 3 0.7 437.93 88.93 199.07 0.00449  0.00468 0.00548 0.01071 0.00302 0.55109
& 6 489 9 9 4 0.9 319 51 168 0.00883 0.00818 0.01129 0 0.00238 0.21081
7 516 8 8 4 0.9 326.5 59.5 186.5 0.00744  0.00698  0.0098  0.01345  0.00214 0.21837
total 3030 63 64 5 1 2189.67  242.67 837.33 0.00998 0.00901 0.01183 0.01154  0.00167 0.14117
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Speciey LOL‘%J‘ n S E b Hl{ SIZ‘/L‘WZ‘ S{}‘ﬂﬂff}mﬁﬂf Sﬂﬂﬂ Synonynons 6}}' ”fﬁf ﬂfj/eﬂf ﬂ.{}‘ﬂﬂff}mﬁﬂf 7[}70}7 Synonymons 7[}70}7 9‘}70}0’7}1014I/7Z.IZ./L‘”Z‘
1 370 17 17 17 0979  327.87 8.87 39.13 0.01295 0.01263  0.01368  0.02141  0.00486 0.35526
2 627 26 26 15 0958 5305 29.5 93.5 0.01169  0.00999  0.01181  0.01499 0 0
- 3 693 19 21 12 0911 49502 19598 56.02 0.00773  0.0057  0.00797  0.00695 0 0
= 4 522 6 7 6 0842 34117  177.83 50.17 0.00324  0.00457  0.00583  0.00789  0.00222 0.38079
I~ 0 485 11 11 8 0.9 317.67 50.67 165.33  0.00639  0.00666  0.00893 0 0.00239 0.26764
7 515 9 9 10 0905 325.55 59.55 186.45  0.00493  0.00544 0.00744 0.01255  0.00203 0.27285
total 2868 83 86 20 1 2066.93  230.93 792.07  0.00816 0.00845 0.01118 0.01174  0.00148 0.13238
Table I-3b: Summary statistics of nucleotide variation for the NAD" IDH gene
S peﬂ'ﬁ’\f S E b Hd S silent S Synonymons S non synonymons [911/ Ttot Tsifent TCsynonymons — Tnon synomymons TCnon g;womw/am/ Tsilent
O.robur 3 3 4 09 12557 7557 21843  0.00417 0.00464 0.00478 0.00794 0.00458 0.958159
O. petraea 6 6 5 1 12553 7553 21847  0.00835 0.00754 001434 0.01854  0.00366 0.25523
Q. pubescens 5 5 5 1 12543 75.43 218.57 0.00696 0.00812 0.01754 0.01591  0.00275 0.156784
Q. frainetto 7 7 4 09 125.63 75.63 218.37 0.00974 0.01101 0.02229 0.03174  0.00458 0.205473
Pooled 8 8 13 0947 125,54 75.54 218.46 0.00654 0.00807 0.01522 0.01923  0.00400 0.262812

n: length of Locus in bp

S: segregating sites

E: total number of mutations
H: number of haplotypes

H,: haplotype diversity

S s Number of silent sites, S, number of synonymous sites, .S, . onmous: DUMber of non-synonymous sites
0,: total nucleotide polymorphism (Watterson, 1975)

7, total nucleotide diversity, 7z, silent nucleotide diversity,

nucleotide diversity (Nei, 1987)

: synonymous nucleotide diversity, 7z,

7 synonymouns* . Nnon-synonymous

on - synonymons®
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Species differentiation

The genetic differentiation between populations as estimated with AMOVA was very
low for both genes: F, = 0.01958 (not significant) and F, = 0.03800 (not significant)
respectively, as shown in Table I-4a for NADP" IDH and Table I-4b for NAD" IDH, based
on haplotypic data

Table I-4a: Among and within species AMOVA analysis from haplotypic data of the total
NADP" IDH sequences

d. f. Sum of squares Variance components Percentage of variation

Among species 3 56.300 0.34083Va 1.96
Within species 16 273.000 17.06250Vb 98.04
Total 19 3.293.000 1.740.333

Table I-4b: Among and within species AMOV A analysis from haplotypic data of the NAD"
IDH sequences

d. f. Sum of squares Variance components Percentage of variation

Among species 3 4.850 0.05333Va 3.8
Within species 16 21.600 1.35000Vb 96.2
Total 19 26.450 140.333

Based on nucleotide sequence data information of both NADP" and NAD" IDH
genes, only locus 4 of the first gene exhibited significant difference among species applying
both the nearest neighbor statistic significance test (§,,) and K *, a weighted measure of the
ratio of the average differences within populations (here: species) to the total average
differences, after 10000 permutations (Table I-5). Additionally, the G, and F, measures
showed low differentiation among populations, with only locus 4 of NADP" IDH having
higher values: 0.13303 and 0.19571 respectively. Detailed statistic matrices of the estimation
of the pairwise genetic differentiation G, (Nei 1973) and F, (Hudson ez a/ 1992b) for each

locus separately are provided in Appendix 3.
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Table I-5: Genetic differentiation among all species for each locus of NADP" IDH and for
NAD" gene (significance test after 10000 permutations: *:0.01<P<0.05; **:0.001<P<0.01)

Pool
Locus
GJ‘Z FJ‘Z KJ‘Z* Sﬂﬂ

1 0.00383 -0.06214 -0.02878 0.175
an) 2 -0.01695 -0.03809 -0.00744 0.02476

Q 3 -0.01509 0.03104 0.01721 0.285

. 4 0.13303 0.19571 0.16016* 0.42143%*

91 6 0.00000 0.01235 0.00191 0.19167
Z 7 0.11111 0.11047 0.0912 0.32262
Total 0.00000 0.03017 0.00877 0.17500
NAD" IDH -0.00264 0.03800 0.01545 0.26662

Statistical tests for neutrality

To test the fit of nucleotide polymorphism to the neutral mutation model Tajima’s D
statistic was estimated for each species separately and for the pooled sample set, at each
locus. For the NADP" IDH gene, in almost all species and all loci, D got a negative value,
suggesting an excess of low frequency substitutions. Among all species, Q. frainetto exhibited
the strongest negative value of D in the total sequence. On the contrary, for NAD" IDH the
single species (with the exception of Q. pefraea) and the pooled dataset revealed a positive D.
However, even though close to them, no observation of Tajima’s D was found to be
exceeding the 95% confidence intervals of the computed simulations using the coalescent
algorithm. It is worth taking note of the different trend of the Tajima’s D at different loci
both at the species level and in the pooled sample, as well as the different trend of D

between the two genes. Tajima’s D values for all loci and species are given in Table I-6.

Table I-6: Tajima’s D values for the neutrality test with NADP" and NAD" IDH gene

sequences

NADP* IDH

Species NAD* IDH
1 2 3 4 6 7 Total

Q. robur  -0.13015 -0.45202 0.76369 -0.17475 0.08298 -1.12397 -0.36866 0.69900
Q. petraea  -0.74682 -0.69393 -0.99781 -1.09380 -0.33192 0.29358 -0.29908  -0.66823
Q. pubescens  0.16354  -0.41017  0.24314 -1.12397 -0.56199 -0.44037 -0.17549 1.12397
Q. frainetto -0.92693 -1.23407 -0.97762 0.28638 -0.52640 -0.44037 -0.84270 0.91278

Pool -0.09219 -0.56431 -1.27131 0.68509 0.11499  0.35676 -0.39536 0.79104

50



PATTERNS OF NUCLEOTIDE DIVERSITY

Additionally, the ratio of the non-synonymous to silent substitutions or else the ratio
of the non-synonymous to the silent nucleotide diversity has been as well considered as a

test against neutrality (s. Tables 1-3a, I-3b).

Linkage disequilibrium

Sequences of both genes were analyzed as haploid data for linkage disequilibrium
both for each species separately and for the pooled sample set, as the levels of differentiation
were found low. The low sample size at species level and the short length of each locus
separately resulted in many single loci in no or insufficient pairwise comparisons of the
informative sites. Therefore, further analyses were based on the pooled data for the total
NADP" IDH sequence and the NAD" sequence. Linkage disequilibrium (LD) was measured
as the squared allele-frequency correlation (r°) in 73 parsimony informative sites by 2628
pairwise comparisons for the NADP" IDH gene and in eight parsimony informative sites by
conducting 28 pairwise comparisons. In the first gene, among the total number of pairwise
comparisons, 274 sites were found significantly linked according to Fisher’s exact test
(Figure 1-2) but there was no evidence of sites in linkage disequilibrium after Bonferroni’s
procedure, whereas 467 sites were found to be significantly linked using the y* test from
which 75 sites were still found to be in linkage disequilibrium after Bonferroni’s procedure.
In the second gene, among the three significant pairwise comparisons (tested with the y
test) only one was still found significant after Bonferroni’s procedure. The detailed
information about the significantly linked sites after Bonferroni’s adjustments their physical
distance and the corresponding LD estimates D (Lewontin and Kojima 1960), D’ (Lewontin
1964) and R (Hill and Robertson 1968) are provided in Appendix 4a and b, sorted in a
descending order from the larger to the shorter nucleotide distances. In general, t* values are
low. The linear regression equations that could best describe the t* values for NADP" IDH
and NAD" IDH fragments plotted against the nucleotide distance were y=0.1755-0.0531x
and y=0.1250-0.2969x respectively (x measured in kb) (Figures I-2, I-3)
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Figure I-2: Scatterplot of the squared gametic frequency correlation (1) (vertical axis),
against the nucleotide distance of all pairs of the 73 parsimony informative sites (horizontal
axis) by 2628 pairwise comparisons for the NADP" IDH gene. In red are marked the

significant 1* values (y” test). The blue line represents the linear regression equation that best
fits the data: y=0.1755-0.0531x
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Figure I-3: Scatterplot of the squared gametic frequency correlation (1) (vertical axis),
against the nucleotide distance of all pairs of the 8 parsimony informative sites (horizontal
axis) by 28 pairwise comparisons for the NAD" IDH gene. In red are marked the significant

t* values (x” test). The blue line represents the linear regression equation that best fits the
data: y=0.1250-0.2969x
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The ZnS average of t* overall pairwise comparisons was found 0.4444, 0.3618,
0.3283 and 0.1937 for Q. robur, Q. petraea, Q. pubescens and Q. frainetto respectively for the total
sequence of NADP" IDH. For NAD" IDH the ZnS was estimated 0.4444 for Q. robur,
0.1667 for Q. pubescens and 0.3889 for Q. frainetto. In the case of Q. petraca, no pairwise

comparisons were possible.
Discussion

Nucleotide diversity and species differentiation

The present study is an additional contribution to increase the limited existing
information about nucleotide diversity in forest tree species, and one of the first studies of
this kind in European oak species. In particular, no previous study has reported levels of
nucleotide polymorphisms for the species: Q. robur, Q. pubescens and Q. frainetto.

The similarity between the values of 6, and z,, shows that the assumptions of the
infinite site model were not violated. The total nucleotide diversity that was observed in the
present study in all the investigated species, over all loci for both NADP" and NAD" IDH
genes was 0.007503. This value is comparable though slightly higher with the reported
nucleotide variation in the Asian Q. mongolica var. crispula (Quang et al. 2009), with that
examined in the very first study that characterized nucleotide variation levels within the
genus Quercus, Q. crispula (Quang et al. 2008) and also to the ones reported for Q. petraea in
investigations of candidate genes for adaptive traits (Vornam ef a/. 2007) such as the timing
of bud burst (Derory ef al. 2010), despite our conservative analysis by excluding all singletons
and microsatellite motifs from any further analysis. Comparing the present results to the
results obtained by studies of different broad-leaved tree genera, our study shows levels of
nucleotide variation higher than those found in the BpMADSZ2 gene in Betula pendula (n=
0.0039-0.0045) (Jarvinen ez al. 2003), but comparable to the findings of Ingvarsson (2005) for
Populus tremula analyzing an _Aleohol debydrogenase locus (ADH) (n= 0.0090). In the same study
four other genes (CI-1, G3PDH, GA20ox1 and TI-3) resulted in higher levels of nucleotide
diversity (n= 0.0184, 0.0176, 0.0113, 0.0216 respectively). However, the same author
analyzing 76 genes distributed throughout the genome derived form EST sequences of
Populus tremula (Ingvarsson 2007; Ingvarsson 2008) found much lower levels of diversity (n=
0.0042), an artifact attributed to the sequencing strategies. Likewise, our findings were higher

than those revealed in the analysis of the PLABITB gene locus of Populus tremula (Garcia and
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Ingvarsson 2007). In general, conifers exhibit lower nucleotide diversity than angiosperms as
investigated at different gene loci and different tree genera like Pinus, (Dvornyk ez al. 2002;
Neale and Savolainen 2004; Pot ez a/. 2005; Pyhijarvi ez al. 2007; Wachowiak ez al. 2009), Picea
(Heuertz ez al. 2000), or Pseudotsuga (Krutovsky and Neale 2005; Eckert ez a/. 2009). Among
all four species investigated, Q. pubescens seems to have the lowest and Q. frainetto the highest
levels of nucleotide diversity for NADP" IDH and Q. rbur and Q. frainetto the highest and
lowest nucleotide diversity for NAD" IDH respectively. These results are not in accordance
with the examination of the same individuals with 6 six neutral SSR markers (but with much
larger sample sizes) (Curtu e al. 2007), showing a potential different cause shaping variation
at neutral markers and in gene loci.

In terms of silent nucleotide polymorphisms our results (1,=0.01004) are similar to
those of Q. crispula (n;3=0.00901) (Quang et al. 2008; Quang ef al. 2009); but slightly lower
than those reported for the European species Q. petraea (1, =0.0112) (Derory et al. 2010).

However, the n, level that corresponds only to Q. petraea considering the total NADP" IDH

si
sequence is in accordance to that reported by Derory ez a/. (2010).

The generally high diversity observed in our sample confirms eatlier findings by use
of neutral molecular markers that suggest that Quercus spp. are highly variable (Kremer and
Petit 1993; Streiff ez al. 1999; Mariette ez al. 2002; Petit ez al. 2004). High levels of diversity are
most likely due to the maintenance of large population sizes, long distance gene flow and
interfertility (Ducousso ez al. 1993; Streiff et al. 1999; Petit et al. 2004). Yet, it should be kept
in mind that the overall results do not reflect the large among loci variation that we
observed, like it was mentioned also in other multi-locus sequence variation studies in
various broad-leaved or coniferous species (Ingvarsson 2005; Krutovsky and Neale 2005;
Gonzalez-Martinez ef al. 2006; Quang ez al. 2008; Quang et al. 2009; Derory et al. 2010). In
particular, among all NADP" IDH loci, locus 4 shows much lower levels of diversity over all
species. This might be justified if the active site of the enzyme is located within this locus, as
it is suggested e.g. by the active site of the high homologous corresponding enzyme
sequence of the psychrophilic bacterium, Desulfotalea psychrophila (Fedey et al. 2007). The high
inter-loci differences show the significance of analyzing the whole sequence of a gene if
conclusions are to be drawn about the total action of selection on it.

In contrast to the diversity within species which was found in general high, the

diversity among species was found low, in consistency to many other sequence-data based
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studies in oaks (Quang e# a/. 2008; Quang et al. 2009; Derory et al. 2010). However, it has
been proven applying different kind of molecular markers that despite the low species
differentiation, Quercus species remain distinct even within areas of sympatry (Craft and
Ashley 2006; Curtu e al. 2007). In this study, to the low levels of genetic differentiation there
was a notable exception; locus 4 of the NADP" IDH gene exhibited significant §,, and K,
estimates but also high F, value for locus 4 and 7 (0.19571 and 0.11047 respectively). These
values are surprisingly high considering that Quercus spp. are outbreeding and wind pollinated
tree species. The high levels of differentiation in this locus combined with the low levels of
genetic diversity and given the possibility that the active site of the gene might be located in
this locus, suggest that selection might act on it. The low sample size should be yet borne in

mind.

Neutrality tests

Among several statistical tests for neutrality, the ratio between non-synonymous and
silent polymorphisms and Tajima’s D, are considered to be the most appropriate ones, given
the fact that they are not solely based on singleton polymorphisms which were in this study
excluded for the accuracy of the analyses. The ratio of the non-synonymous nucleotide
diversity to the silent nucleotide diversity at the NAD" IDH gene was between 0.15678 for
Q. pubescens and 0.958159 for Q. robur as a result of the surprisingly low silent diversity in this
species in comparison to the others. On the contrary, for the total sequence of the NADP”
IDH gene the non-synonymous to silent diversity ratio in all populations was much lower,
between 0.07194 for Q. petraea and 0.18904 for Q. robur, suggesting strong purifying selection
acting on the codons of this gene as it would be expected for most housekeeping proteins or
enzyme genes.

Tajima’s D was negative in most of the loci of the NADP" IDH gene, suggesting an
excess of low frequency variants in the sequence. At the NAD" IDH gene, the values of D
were in general higher. For the total sequence of the NADP" IDH gene, Q. frainetto exhibited
the lowest values of D. Surprisingly, species-wide, the values of D varyied among the loci
(e.g in Q. pubescens -1.1239 at locus 4 of the NADP" IDH gene whereas 1.1239 for the NAD"
IDH gene), indicating that the trends might not be subject to demographic effects as implied
in natural populations of Populus tremula (Ingvarsson 2005) or Q. crispula (Quang et al. 2008;

Quang e al. 2009) but they might be an artifact of the low sample size analyzed and/or the
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short region analyzed for NAD" IDH gene, or rather they might reflect different action of
selection in different populations and loci. Indeed, at locus 4 of the NADP" IDH the
strongly negative Tajima’s D observed for Q. petraca and Q. pubescens combined with the low
gene diversity at this locus and the highly significant inter-specific differentiation points out
the putative adaptive significance of the gene. Of course, the non significant values for
Tajima’s D do not allow for any inference about the action of natural selection. But for that
reason the suppression of singletons together with the very close values of D to the

significance thresholds indicated by coalescent simulations should be taken into account.

Linkage disequilibrium

Gametic LD was calculated for the total sequence of NADP" IDH and the NAD"
IDH for the pooled data despite the fact that the combined multi-locus sequences for each
sample do not necessarily belong to the same allele (unphased data). For that reason, for the
combined sequences the analysis gives rather an estimation of non random association of the
different gametic variants. LD calculations at locus level for each species separately were not
possible due to the low sample size and short length of each locus (Figure I-1) that resulted
in no possible pairwise comparisons. The ZnS estimation showed much stronger non
random associations for Q. robur than that of Q. frainetto and Q. petraca for both genes. These
results are contradictory to the theoretical expectations due to the estimated higher effective
population size of Q. robur, since Q. pubescense and Q. frainetto are at the limits of their
geographic distribution. The low sample size might explain this result. Alternatively this
might be a result of the populations’ admixture (Wilson and Goldstein 2000; Pritchard and
Przeworski 2001; Varilo ef al. 2003; Laan ef al 2005) due to high levels of gene flow and
hybridization in mixed stands (Curtu ez /. 2009; Salvini ez al. 2009). The linked sites are in
their majority silent sites. But selection in linked loci has proved to have a major influence on
patterns of diversity, due to selective sweeps or background selection (Aguadé ef a/ 1989).
Although a great effort is being made leading to the full genome sequence of Quercus species,
still little is known about the distribution of the recombination rate throughout their genome

and the corresponding levels of LD.
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Outlook

The genomic resources for species of the Fagaceae family and specifically of oaks are
updated increasingly due to the new generation sequencing technologies and the enhanced
scientific interest towards this species as a model species to study adaptation of forest trees
(Gailing e# al. 2009). The detection of loci that exhibit high inter-specific differentiation
especially among sympatric species is also considered as a way to identify loci that are
potentially under natural selection, as selection is argued to play an important role in the
genetically distinct evolution of the closely related oak species (Petit ez 2/ 2004; Curtu ez al.
2007). In the case of the isocitrate dehydrogenase genes, the present study apart from the
obtained sequences provides some first insights in the direction of their analyses as candidate
adaptive genes. The differences in the patterns of intra- and inter specific nucleotide
diversity and differentiation drive to the conclusion that selection might be acting differently
even among different sites of the same gene. It is therefore suggested that for the candidate
gene approaches their complete (or almost complete) sequences should be analyzed and
possibly the gene regulatory regions should be as well investigated. Moreover, the extention
of the analyses to larger sample sizes and the application of a QTL mapping approach of
informative polymprophic sites within the isocitrate dehydrogenase genes could give more
direct answers to the association of the genes with any adaptive trait that differentiates
between the species, and will promote our understanding of their role in the evolution of the

species.
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II. Gene-associated SNP analysis at a NADP+ specific IDH

enzymegene in a four-species mixed oak forest

Introduction

Over the past two decades, new molecular techniques have had an important impact
on the different fields of ecology, genetics and evolution. The use of single nucleotide
polymorphisms (SNPs) as a marker tool for association studies but also to address common
questions in population genetics becomes increasingly popular, either as application for
genome scans (Akey ez al. 2002; Montesinos e al. 2009; Slate ez al. 2009), or in candidate gene
approaches targeting specific sequences, the latter being more applicable to the large
genomes of most forest trees (Scotti-Saintagne e# al 2004; Porth ez al. 2005; Gonzalez-
Martinez et al. 2007; Eveno ef al. 2008; Ingvarsson ef a/. 2008). SNPs are in their majority bi-
allelic markers, abundant and widespread in the coding and non-coding regions of the
genome. SNP markers are therefore the markers of choice for the identification of gene loci
that might be responsible for phenotypic trait variation, or involved in more complex
physiological functions and for studying the dynamics of these genes in natural populations
(Morin et al. 2004). Combined with other types of informative markers such as genomic
sequences (Gonzalez-Martinez ef al. 2006) or/and amplified fragment length polymorphisms
(AFLPs), isozymes or nuclear simple sequence repeats (SSRs) (Scotti-Saintagne ez al. 2004)
many authors have been dealing with exploring the null distributions of their F,
differentiation conditional on heterozygosity at the genome level and in specific candidate
genes of forest trees and aiming to identify outlier patterns, and loci potentially under the
action of selection (Akey ef al. 2002; Scotti-Saintagne ez a/. 2004; Krutovsky 2006; Eveno ez 4.
2008).

Qunercus species have turned out to be excellent model species to study adaptation of
forest trees to variable environments due to their wide geographical range and the large
variation of climatic and edaphic conditions that they occupy (Gailing e# a/. 2009). Regarding

Q. robur and Q. petraea and despite their ecological and morphological differences the two
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most widely distributed European oak species show in general very low differentiation both
at nuclear and at chloroplast DNA markers (Coart e al. 2002; Mariette e al. 2002; Petit ez al.
2002a; Petit ez al 2002b). However, a few “outlier loci” show higher inter-specific
differentiation and are potentially involved in the different local genetic adaptation that
maintains the species genetically distinct (Finkeldey 2001; Gomory ez al 2001; Scotti-
Saintagne ef a/. 2004; Muir and Schlotterer 2005; Curtu ez a/. 2007a; Neophytou ez al. 2010).
Concerning the differentiation of the other closely related species, although they have been
much less investigated, Q. frainetto seems to be genetically more similar to Q. pubescens than Q.
robur or Q. petraea (Curtu et al. 2007a), whereas Q. pubescens exhibits low genetic differentiation
with Q. petraea and high levels of genetic admixture with the latter species in mixed or pure
stands (Curtu ef a/. 2009; Salvini ez al. 2009). It has been suggested by many authors that
diversifying selection has been the source of speciation among closely related Qwercus species.
Hence, the species differentiation, even in sympatry, can be seen as population
differentiation under different environmental circumstances, and can be maintained by
selection acting upon genes in different directions either directly or through hitchhiking
effects (Le Corre and Kremer 2003; Petit e7 al. 2004; Scotti-Saintagne ¢f al. 2004; Alberto ez al.
2010)

Isocitrate dehydrogenases (IDH) have been reported in many different studies and
organisms as potentially adaptive genes. NADP" IDH is a key enzyme of the citrate cycle
which has been suggested to be involved in the essencial amino acid production (Palomo ez
al. 1998; Hodges et al. 2003). In terms of isozyme electrophoretic separation NADP" IDH
has been reported as an outlier locus significantly differentiating among Quercus species
(Finkeldey 2001; G6émory et al. 2001; Scotti-Saintagne e al. 2004; Curtu et al. 2007a).
Additionally, a correlation of specific alleles with the extend of beech scale insect (Cryptococcus
fagisuga) infestation has been found for Fagus sylvatica (Ziehe 1996a; Ziehe 1996b). Other
examples of the adaptive significance of the NADP" IDH genes in different species are the
differences in the kinetic performance of the enzyme across thermal environments in cricket
(Allonemobins ~ socins) (Huestis et al. 2009), the up-regulation of NADP' isocitrate
dehydrogenase in poplar (Populus tremula x P. alba) after treatment with PPT
(phosphinothricin, a common herbicide used in agriculture) in a transgenic PPT-resistance
background (Pascual ez a/ 2008), the 2-fold enhancement of the expression of the gene in

ectomycorrhizal roots compared to non-mycorrhizal roots of Eucalyptus globulus (Boiftin et al.
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1998), or in a recent study the association of a mutative NADP" IDH-1 gene with gliomas
tumor in humans (Dang e# a/. 2009).

In the present study the NADP" IDH sequence of Q. rbur, Q. petraea, Q. pubescens
and Q. frainetto was identified. Potential SNP positions in coding and non-coding regions of
the gene were detected and genotyped. Patterns of genetic variation and differentiation
among the four species were determined for the non-synonymous, synonymous and non-
coding SNPs. Linkage disequilibrium between the SNP loci was also estimated for each of
the four Quercus species separately. Association analysis of all SNPs genotyped was done,
aiming to identify possible co-variation between SNPs and morphological traits that
differentiate the species, despite their sympatric co-existence in a four-species oak reserve in

east-central Europe.

Materials and Methods

Plant material

253 oak individuals Q. robur, Q. petraea, Q. pubescens, and Q. frainetto were investigated
in this study (65, 65, 73 and 50 individuals, respectively). The sampling was exhaustive and
was conducted at the Bejan forest, a mixed oak reserve located in central-western Romania
by Curtu (Curtu ez al. 2007a). The four species co-exist in this location naturally. Extraction

of genomic DNA was done and described by Curtu ez 2/ (2007a).

Identification of the NADP* IDH sequences

To detect the informative SNPs for the analysis the sequence of a cytosolic NADP”
dependent IDH gene should be first obtained. PCR reaction was performed as described in
Manuscript I, using DNA template of a (. petraca sample, with oligo-primers that were
designed in three overlapping parts on the basis of the publicly available annotated
sequences of  Populus  trichocarpa (jgi| Poptrl_1|770098 | fgenesh4_pg.C_LG_X001588),
(Tuskan ez al. 2006) -given the lack of any public available annotated genome database of
Quercus spp. On the basis of the Q. pefraea sequence that was obtained, new primers were
designed, for specificity to Quercus spp. For sequencing purposes the PCR primers were
designed to amplify seven overlapping DNA fragments with the overlap varying between 60-

300bp (see Manuscript I).
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SNP identification and analysis

The sequences used in order to identify the possible SNP positions (obtained as
described in Manuscript I) were manually verified and edited for the case of base-calling
errors. Contigs were assembled using the computer software CodonCode Aligner
(CodonCode Corp., Dedham, MA), or Sequencher v4.8 (Gene Codes, Ann Arbor. MI).
Deriving from multiple alignments of the corresponding sequences using the Clustal W
algorithm (Thompson et al.,, 1994) as applied by the BioEdit software (Hall, 1999), the
potential SNP sites were identified and confirmed by SNP genotyping. The verified and clear
for scoring non-synonymous SNPs were chosen for further genotyping for the total sample
size (253 individuals). Similar number of synonymous SNPs and SNPs in the non-coding
regions has been verified by genotyping and selected for genotyping on the total sample size.

The SNP data set was analyzed in terms of gene diversity (H) and inbreeding

coefficient F, within species with the software FSTAT v2.9.3.2. (Goudet 1995). The

significance of the deviation of the observed F, values from that expected in Hardy-
Weinberg (HW) equilibrium was tested with 52000 randomizations. Species differentiation in
terms of pairwise F, between all pairs of species was analyzed with the software package
Atlequin v3.5 (Excoffier and Lischer 2010). The significance of the F, statistics was tested by
10000 permutations of the individuals over the populations (species in this study). An F,
outlier approach (FDIST approach, Beaumont and Nichols 1996) was also conducted. The
null F, distributions and the observed F, values for each SNP as a function of their
heterozygosity were plotted after performing 10000 coalescence simulations under a finite
island model with 100 demes (Beaumont and Nichols 1996; Excoffier e a/. 2009).

Linkage disequilibrium between all pairs of SNPs for each species separately was
analyzed performing the likelihood-ratio test whose empirical distribution was obtained by
16000 permutations (Slatkin and Excoffier 1996), as implemented in the software package
Arlequin v3.5 (Excoffier and Lischer 2010), using an Expectation-Maximization (EM)
algorithm to estimate haplotype frequencies in the case of genotypic data with unknown
gametic phase (Dempster ez al. 1977; Excoffier and Slatkin 1998). For the total dataset, LD
was analyzed as the squared correlation between all possible combinations of alleles () in
the case of two alleles being present. In the case of multiple alleles a weighted average of t°
was calculated according to the allele’s frequency (Farnir e o/ 2000). The corresponding p-

values were determined by a two-sided Fisher’s exact test. For the total sample set, the
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analysis and the plotting were conducted with the software TASSEL v2.1 (Bradbury ez 4/
2007).

The possible association of each investigated SNP with morphological traits that best
differentiated the species (Curtu e a/. 2007b) was analyzed using F-Tests after 100000
permutations under a general linear model (GLM) taking into account the genetic structure
of the samples, as the main factor of false positive associations (Marchini ez a/ 2004;
Hirschhorn and Daly 2005). Data of genetic structure for the total sample set used for the
analysis as covariates, were the structure data obtained by the use of six nuclear SSR markers
published in a previous work (Curtu ez @/ 2007b) when analyzing the same individuals. The
same authors, when analyzing the samples for their assignment to species based on
morphological measurements found that the petiole ratio (PR) and the basal shape of the
lamina (BS) where the quantitative characters that could best differentiate the species. PR is a
transformed character derived from the measured characters: length of the lamina and the
petiole length (LL and PL respectively) (Kremer ef a/. 2002). For the association analysis, we
examined the possible associations between all the SNP markers with four morphological
characteristics: LI, PL, SW (sinus width) and BS, as measured by Curtu e 2/ (2007b), using

the statistical model: y = marker + Q + e, (where the marker component represents the

SNP marker effect, O represents the genetic structure effects, and ¢ the phenotypic

observations) as implemented in TASSEL v2.1 (Bradbury ez a/. 2007).

SNP genotyping

SNP genotyping was performed applying the “minisequencing” single nucleotide
primer extension method (Pastinen ¢# a/. 1997) using an ABI Prism® SNaPshot™ Multiplex
Kit Protocol (Applied Biosystems Foster City, CA) and following the manufacturer’s
protocol, with modifications. The PCR fragments of the NADP" dependent IDH gene that
were obtained with the above mentioned procedure were pooled in order to be used as
template for the primer extension reactions. Eventual primer residues were cleaved with 5U
SAP (Shrimp Alkaline Phosphatase) enzyme and 1U Exonuclease I enzyme (USB, Europe
GmbH, Staufen, Germany), by incubation at 37°C for 1 hour, followed by 15 minutes at

75°C for the deactivation of the enzymes. All SNP primers used were designed using the

68



GENE-ASSOCIATED SNP ANALYSIS

web based software Primer3 (Rozen and Skaletsky 2000). The quality of the primers was
determined with the software GeneRunner® (1994, Hastings Software, Inc.). The sequences
of the SNP primers, their direction and the nucleotide substitution that they genotype, are

provided in Table II-1.

Table II-1: Sequence, direction and substitution of SNP primers, >: forward, <: reverse.
Non-synonymous: located in coding regions and cause an amino acid substitution,
synonymous: located in coding regions and cause no amino acid substitution, non-coding:
located in non-coding regions

primer ditection  substitution oligo sequence 5-3
1-325 > a/g t(19)cag gag atg aaa tga ctc ga
non- 4-268b > a/g t(26)gga ata tct gca gta ccc a
synonymous  4-490b < c/t t(32)gaa gcc tca geca aaa gca
7-325¢ > g/c t(40)aat tgg aag cag cct gtg tt
3-352s > a/g t(18)ttc atc cce cgt ctt gte cc
2-70 < a/g t(21)ctt gag cac ttt caa ttg taa c
Synonymous 7-97s > t/a t(35)aca aac agc ata gca tcc at
7-330s < c/g t(42)agt cat ctt tcc tga ttc cac
1-51nc > a/g t(16)gtt cat cat cta tta caa tca tgt ttt
2-419nc < g/c t(27)att gct aca ttg tac cta gaa agg
non-coding  3-696nc > a/g t(36)tcc atc aat gcc ttc ata ¢
6-171nc < g/t t(39)aga gca agc acc ttt cca tt
7-392nc > t/c t(43)tca tgg gee caa gta att tc

The SNP primers were pooled for multiplex primer-extension reactions
(“minisequencing”), generating maximal seven SNPs per reaction. For the multiplexing, the
SNP primers had four to eight bp difference in size, for separation of the different SNP
genotypes, which was accomplished by an addition of a poly (T), tail at their 5> end. The
primer extension reaction was performed using the SNaPshot Multiplex Ready Reaction Mix
chemistry ABI PRISM® SNaPshot™ Multiplex Kit Protocol (Applied Biosystems Foster
City, CA), on a PTC-200 Peltier Thermal Cycler (MJResearch, Inc., Waltham,
Massachusetts). The thermal cycling conditions were: 25 cycles of 96°C for 10 seconds, 50°C
for 5 seconds and 60°C for 30seconds. The SNP reaction was post-extension treated, by
adding 1U of SAP enzyme (USB, Europe GmbH, Staufen, Germany) and incubating for 1

hour at 37°C, and 15 minutes at 75°C to deactivate the enzyme.
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For their electrophoretic separation, the purified primer extended fragments, were
loaded in a HiDi™ Formamid (Applied Biosystems, Foster City, CA) elution, and run on a
ABI Prism® 3100x/ genetic analyzer (Applied Biosystems, Foster City, CA). The capillary
electrophoresis was petformed on a POP7® polymer and buffer with EDTA (Applied
Biosystems, Foster City, CA) with 36cm long capillaries. The corresponding run module
included oven temperature 60°C, run voltage 13.4kV, injection time 18 seconds and injection
voltage 1.2kV. For fragment sizing the size standard GeneScan™ 120 LIZ™ (Applied
Biosystems, Foster City, CA) was used. Data analysis was performed with GeneMapper®

Software v4.0 (Applied Biosystems, Foster City, CA).

Results

In order to identify the SNPs of interest, the genomic nucleotide sequence coding
for the cytosolic NADP" dependent IDH gene was obtained from five individuals per
species based on their morphological classification by Curtu e# a/. (2007a). From a total of 20
sequences, 3481bp in size, 224 potential SNP positions were identified, excluding the simple
sequence tepeat motifs and the insertions or/and deletions. 38 of the potentally
polymorphic sites were within the coding region of the gene. After testing one by one all the
potential SNPs of the non-synonymous sites, four non-synonymous SNPs were finally
chosen for further analyses, among others that either turned out to be false due to possible
amplification errors, or led to spurious scoring due to possible double amplifications or
primer mismatches. The same number of synonymous SNPs was chosen to be included in
the analysis together with five additional SNPs from the non-coding regions; all SNPs were
distributed throughout the total obtained sequence of the gene, covering almost the

complete gene sequence (Figure II-1).
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Figure II-1: Schematic representation of the NADP" IDH gene (red color: exons, black
color: introns) and the position of the SNPs analyzed ({ non-synonymous SNPs,
Isynonymous SNPs, Inon—coding SNPs)

The location of each SNP analyzed on the gene and the amino-acid replacement that

is being caused is given in Table II-2. Accordingly, among the four non-synonymous SNPs

that were analyzed two cause no charge change through their amino acid replacement (SNP

1 and SNP 2) whereas two other SNPs cause amino acid replacement with different charge

(SNP 3 and SNP 4).

Table II-2: Position of the SNPs and amino acid - charge replacement caused by the non-

synonymous SNPs

SNP

position on the gene

amino acid replacement

charge change

non-synonymous

306 - 2nd exon

1788 - 8th exon

2009 - 9th exon
3267 - 14th exon

isoleucine - valine
asparagine - serine
histidine - arginine
glycine - arginine

neutral-neutral
neutral-neutral
neutral-positive
neutral-positive

synonymous

1417 - 6th exon
489 - 3rd exon
3039 - 13th exon
3272 - 14th exon

non-coding

UGN
gl =N-1 (SRR e N I N O R

—_ =
[CSIN V)

67 - 1stintron
836 - 3rd intron
1739 - 7th intron

2693 - 11th intron
3334 - 14th intron
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Genetic variation within species

Opverall, estimates of gene diversity at the polymorphic SNPs varied in our sample
from 0.014 in Q. pubescens at SNP 2 to 0.507 in Q. petraea at SNP 12. SNP 2 was found
monomorphic for Q. robur and Q. frainetto but also for the other species showed low
diversity. The estimates for the non-coding SNPs were in general higher than those of the
SNPs in coding regions. In particular, the non-coding SNP 11 and SNP 12 showed the
highest levels of diversity over all species (Table 1I-3). On average, among similar values of
gene diversity over species (). robur exhibited the lowest whereas Q. frainetto displayed the
highest mean values. SNP 7, SNP 12 and SNP 13 revealed a third allele present only once in
each case (see detailed table of the genotypes in Appendix II-1).

Table II-3: Gene diversity H, and inbreeding coefficient I, per SNP and species

Q. robur Q. petraea Q. pubescens Q. frainetto
SNPs
H F, H F, H F H F
1 0,089 -0.041 02 0364 0231 -0024 0205 0.086
2 - - 0,09 0041 0,014 0000 - -
NOMTSYROLYINOUS = 5 161 0.111 04158  -0.086 028 0.007 0237 0.209
4 0045 -0016 0206 -0.123 0079 -0.036 0,114 0.300
5 0,089 -0.041 0,015 0000 0,055 -0.022 0,116 -0.055
Synonymous 6 0317 0063 0498 -0317 0395 -0.064 0,501 -0.588
70,089 -0.041 0,118 -0059 0,178 0.064 0,303 -0.079
8§ 0,015 0000 0076 -0.033 0,144 0120 0,185 -0.103
9 0303 -0014 0,134 0069 0348 0043 0262 -0.013
10 0478 0163 0397 0041 05 0029 0398 0.046
non-coding 11 0485 0387 0494 0067 0503 0033 0489 0.165
12 0501 -0.197 0507 -0306 0496 -0.464 048 -0.125
13 0131 -0.059 0389 -0.108 0343 -0.012 0394 0.068
Mean 0208 0.067 0252  -0.090 0274 -0.054 0283 -0.049

The inbreeding coefficient in most of the cases was found negative, or close to zero.
However, the non-coding SNPs for Q. mwbur and the non-synonymous SNPs for Q. frainetto
exhibited the most elevated F, values (0.387 at SNP 11 and 0.300 at SNP 4 respectively).
Opverall loci, a heterozygote deficit was displayed by a positive value in Q. robur, while in the
other species I, was negative, still in all cases not significantly different from the HW

expectations.
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Genetic differentiation among species

Pairwise I, values over all SNPs were found in general low but significant for all

pairs of species except that of Q. petraca and Q. frainetto. The analysis of the coding and non-

coding SNPs separately revealed higher differentiation within the first group of markers

among all pairs with the exception of Q. pubescens and Q. frainetto.

Table II-4: Pairwise F, values (lower diagonal) and their significance (*: p<0.05, **: p<0.01,
¥ p<0.001, n.s.: non significant - after 10000 permutations) for the groups of SNPs:
coding, non-coding, synonymous, non-synonymous and overall loci

Coding SNPs
Q. robur Q. petraea Q. pubescens Q. frainetto
O. robur i Sokok ok srofok
Q. petraea 0.067 - ook *
Q. pubescens 0.019 0.027 - ook
Q. frainetto 0.089 0.012 0.026 -
Non-coding SNPs
Q. robur Q. petraea Q. pubescens Q. frainetto
Q. robur - Hox * ok
. petraea 0.040 - oK n.s.
P
Q. pubescens 0.015 0.025 - ok
Q. frainetto 0.047 -0.003 0.027 -
Synonymous SNPs
Q. robur Q. petraea Q. pubescens Q. frainetto
O. robur i Sokok ok srokok
Q. petraea 0.096 - okok okok
Q. pubescens 0.017 0.039 - ook
Q. frainetto 0.122 0.018 0.046 -
Non-synonymous SNPs
Q. robur Q. petraea Q. pubescens Q. frainetto
Q. robur - * n.s.
Q. petraea 0.026 - n.s.
Q. pubescens 0.022 0.014 - n.s.
Q. frainetto 0.018 0.003 -0.008 -
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Overall
Q. robur Q. petraea Q. pubescens Q. frainetto
O. robur B ook * ook
. petraea 0.050 - ok n.s.
P
Q. pubescens 0.016 0.026 - ok
Q. frainetto 0.063 0.003 0.026 -

The pattern of almost all groups of markers (non-coding, coding and synonymous
SNPs) suggested that among all species Q. rbur and Q. frainetto were most highly
differentiated (F,=0.122 for synonymous SNPs). Only the non-synonymous SNPs resulted
in higher F, values between (. robur against Q. petraea firstly and Q. pubescens secondly.
Particularly, all pairs of species showed lower levels of differentiation with the non-
synonymous SNPs alone, apart from the species pair Q. robur - Q. pubescens that was better
differentiated with the non-synonymous SNPs. Additionally, Q. petraca and Q. frainetto were
found the least differentiated species regardless which SNPs were analyzed. Regarding the
non-synonymous SNPs alone, (. frainetto is not significantly differentiated from any other
species as opposed to the synonymous and the coding SNPs, as well as the overall SNP set.

The distribution of F, values across all loci as a function of heterozygosity between
populations by performing 10000 coalescence simulations under a finite island model with
100 demes (Beaumont and Nichols 1996; Excoffier e a/ 2009) has suggested a significant
departure from the neutral expectations at the 95% confidence level of the observed values
of SNP 06, implying that it is potentially an outlier locus, candidate for being under selection
(Figure II-2). Although the repetition of the simulations not always found the observed
values of SNP 6 above the 95% confidence interval line, it was in all cases found above the

90% envelope of values corresponding to neutral expectations.
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Figure II-2: Joint distribution of F, values as a function of heterozygosity - The 90%, 95%
and 99% envelopes of values corresponding to neutral expectations with the infinite allele
model (Beaumont and Nichols 1996) are illustrated with black, blue and red dashed lines
respectively. The blue dot corresponds to SNP 6.

Linkage disequilibrium and association analyses

Linkage disequilibrium (ILD) analysis showed varying patterns of LD across the
NADP" IDH gene over the different SNPs, but the overall effects of LD were relatively
low. For the total sample set, among 78 pairs of comparisons 31 SNP pairs showed evidence
for significant LD after 10000 permutations (39.7%). However, there was no clear physical
clustering of sites in LD as shown in Figure II-3. In particular, several sites of close physical

distance (a few nucleotides apart) showed levels of LD close to zero (e.g. SNP 4, SNP 8 and
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SNP 13) whereas other sites with physical distance larger than thousand nucleotides were

found to be significantly linked (e.g. SNP 1 and SNP 13).
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Figure II-3: LD plot of pairwise 1’ values between all pairs of SNPs (upper diagonal) and
corresponding p values of the correlations after 10000 permutations (lower diagonal)
according to the legend. The SNP markers are demonstrated with ascending physical
distance downward (vertical axis) and from the left to the right (horizontal axis). — Grey
color: not calculated.

The analysis of LD among the 13 different SNP sites for each species separately,
revealed some differences among the species. In particular Q. frainetto had the highest

numbers of significant (p<0.05) correlations (28 pairs), despite the fact that SNP 2 was
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monomorphic for this population (Table II-5). Q. mbur showed 15 pairs of significant
squared allelic correlations (). Q. petraea and Q. pubescens had 27 and 24 pairs of significant
LD, respectively. In Table II-5, the summary of SNPs that are in significant LD (p<0.05)
using the EM algorithm (Slatkin and Excoffier 1996) for estimating haplotype frequencies
for unphased data is given. Q. robur exhibited the smallest number of SNPs in LD (14) with
the other species having almost twice the number of SNPs linked significantly, beyond the

neutral expectations and spanning larger physical distances.

Table II-5: Pairs of SNPs in linkage disequilibrium (p<0.05) (Numbers refer to the
corresponding SNP)

SNP Q. robur Q. petraea Q. pubescens Q. frainetto
1 - 9,11,12,13 9 8,9,11
2 monomorphic 3,6,13 3,5,6 monomorphic
3 511,12 2,6,13 2,5,7,10 5,10, 11,12
4 6,13 6,10,11,13 13 6,13
5 3 - 2,3,6,11 3,10, 11
6 4,10,12,13  2,3,4,10,11,12,13 2,5,10,11,13 4,10, 11,12
7 - 8,9,10,11 3,8,9,10,11,12,13 8,9,10,11,12,13
8 - 7 7,13 1,7,13
9 10,11, 12 1,7 1,7 1,7,10, 11
10 6,9,11,12 4,6,7,11,12,13 3,6,7,11,12 3,5,6,7,9,11,12
11 3,9,10,12 1,4,6,7,10,12,13 5,6,7,10,12,13 1,3,5,6,7,9,10,12, 13
12 3,6,9,10, 11 1,0,10,11,13 7,10, 11 3,6,7,10,11,13
13 4,6 1,2,3,4,06,10,11,12 4,6,7,8,11 4,7,8,11,12
Total pairs 14 27 24 27

The possible association of each investigated SNP with morphological traits was
examined for the measured morphological traits that best differentiated the species in their
original form (without any transformation) (Curtu ez a/. 2007b) after 100000 permutations
under a general linear model (GLM) and taking into account the genetic structure of the
samples, as being the most serious systematic bias creating false positive associations. The
analysis showed for seven SNPs significant (p<<0.05) associations with one of the four traits.
However the R’ percentage of the total variation explained by each mutation (SNP) was in

general low (below 4%).

77



GENE-ASSOCIATED SNP ANALYSIS

Table II-6: Significant (p<<0.05) associations between SNPs and morphological traits ()
and the percentage of the phenotypic variation explained by the corresponding SNP (R?)

Marker effect
SNP Trait
F P R’ (%)

SNP 1 sinus width 3.2605 0.04 2.1
SNP 2 sinus width 5.4461 0.0204 1.79
SNP 4 lamina length 4.4435 0.0127 3.45
SNP 5 lamina length 7.3993 0.007 291
SNP 7 lamina length 3.0501 0.0293 3.6
SNP 8 basal shape of lamina 3.8505 0.0226 3.05
SNP 12 petiole length 3.1907 0.0243 3.58
Discussion

In the present study a gene-associated approach for SNP analysis of a NADP"
isocitrate dehydrogenase gene was followed. The total number of possible SNP positions -
not taking into account the simple sequence repeat motifs and the insertions or the
deletions- was much higher (224 sites in a total sequence of 3481 bp) than that reported
previously for Quercus spp. (Vornam ez al. 2007; Quang e al. 2008; Quang ez al. 2009; Derory
et al. 2010) but also for other plant genera (Ingvarsson 2005; Yamasaki ez a/. 2005; Zhu et al.
2007) but this might be due to possible PCR amplification or sequencing errors, or even due
to cases of unspecific amplifications, as not all SNPs were resequenced. The SNPs that were
finally analyzed and genotyped were tested for repetitive patterns of chromatographs and for
clear-undoubtful scoring. Among the four non-synonymous SNPs that were analyzed only
two revealed a change in the charge of the amino acid that they code for, leading potentially
to structure differences and thus being potentially adaptive.

The levels of gene diversity that were measured for the total number of SNPs were
in general similar to those revealed by isozyme investigations for the same sample set; SNP 2
exhibited low diversity in all species, but was specifically monomorphic for Q. robur and Q.
frainetto, as it was also found at 6-Pgdh-B3 and IDH-B5 isozyme alleles for the two species
respectively (Curtu ef a/. 20072). The measurements of H, for Q. robur in this study were
found slightly lower than that for the other species, with the highest value found for Q.

frainetto being in contrast with the isozyme investigation of Curtu ez a/. (2007a) that found in
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Q. frainetto the lowest H, value. This was attributed to the smaller sample size examined for
this species. Indeed, bi-allelic SNP markers might be less influenced by the smaller sample
size in terms of gene diversity than markers with larger number of alleles and higher
mutation rate such as nuclear SSRs. However, the finding by Curtu ez a/. (20072) of Q.
frainetto as the less variable was only based on the mean gene diversity values, since single
isozyme markers and/or nuclear SSR markers showed Q. frainetto equally or in cases even
higher variable than the other species. In comparisons of the most widely distributed Q. robur
and Q. petraea in Europe, similar to other studies of mixed or pure stands (GOmory ef al.
2001; Mariette ef al 2002; Finkeldey and Matyas 2003) this study also showed higher
variability for the latter species. In total, the levels of gene diversity were found higher at the
non-coding SNPs than those found at the coding SNPs. Consistent with previous isozyme
and nuclear SSR data (Gomory e al. 2001; Finkeldey and Matyas 2003; Curtu ef a/. 2007a;
Neophytou e# al. 2010), the estimation of the inbreeding coefficient F, was found slightly
negative or close to zero. An exception was the case of Q. rbur, where F, was found slightly
above zero. The same pattern of F, was also found for the same sample set after IDH-B
isozyme analysis. In general, the slightly higher average F, of Q. robur as compared to those
observed in Q. pefraea is in accordance with previous studies, yet in this study F; for Q. robur
did not significantly deviate from HW expectations.

The genetic differentiation among the four species was overall low but significant, in
almost all pairs of species, with the exception of Q. frainetto and Q. petraea. The significant
differentiation of the species was in consistence with the findings of a previous study based
on isozymes and nuclear SSR markers, applied on the same individuals as in the present
work (Curtu ez a/. 2007a). The non-synonymous SNPs alone failed to distinguish significantly
Q. frainetto and all other species. On the other hand, the synonymous SNPs revealed the
largest significance not only in differentiating between Q. frainetto from the other species, but
also between the other species pairs. This is an effect of the contribution of SNP 6 which
was found to have outlier behavior in terms of its I, distributions (Figure II-2) to the
pairwise I, of the group of coding SNPs. Pairwise I, analysis of the coding markers not
including SNP 6 revealed lower differentiation measurements than the non-coding group
(data not shown). In almost all groups of SNP markers the present results confirm previous
findings in that among the four species, Q. robur and Q. frainetto are the most differentiated

(Schwarz 1993; Curtu ef al. 2007a). There was a surprising exception of this rule within the
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group of non-synonymous SNPs (SNP 1, SNP 2, SNP 3 and SNP 4), at which the highest
differentiation was found between the pairs Q. robur - Q. petraca followed by Q. robur - Q.
pubescens; the F, values being low but still significant at the 95% level. With the same group
of markers Q. frainetto was found to be least differentiated from Q. robur, in accordance with a
phylogenetic study of Italian oaks based on sequence comparison of the ITS1 and ITS2
regions of the 5.8§ RNA encoding ribosomal DNA (Bellarosa ef a/. 2005) where a closer
relationship between Q. rbur and Q. frainetto was found as compared to Q. pubescens and Q.
Dpetraea.

The plotting of the distributions of F, as a function of heterozygosity resulted in
SNP 6 exceeding the simulated expectations under neutrality and thus being potentially
under selection. The method of the detection of F, outlier loci is yet designed for genome
scan data (Beaumont and Nichols 1996; Excoffier ef a/. 2009). Hence it is quite sensitive to
the number of loci that are included in the analysis and to low sample sizes (Eveno e/ al.
2008). In cases of low sample sizes or loci number and of populations that are significantly
differentiated also with neutral markers as in the present study the results of this analysis
should be interpreted with caution. Additionally, the 13 SNPs analyzed represent SNPs of
three different categories within one gene, but in any case do not represent the whole
genome. Moreover, the specific SNP marker that was found above the neutral threshold was
a SNP of the coding region of the gene, but silent. This rejects the hypothesis of its direct
adaptive significance and the action of selection upon it. But the hypothesis that this SNP
might be linked to an adaptive SNP and covariate with it through a selective sweep or/and
high levels of linkage disequilibrium cannot be rejected (Palme ez a/. 2008; Eckert ef al. 2009;
Alberto et al. 2010), if the high F, levels do not just reflect the high differentiation among
species of this stand observed also by neutral markers (Curtu e a/ 2007a). Another
explanation of course might be the incorporation of any systematic errors due to possible
unspecific or double amplifications or even cases of null alleles in the SNP genotyping, but
the likelihood of this kind of errors has been reduced during the design and testing of the
SNP primers before multiplexing them. Yet, although the SNP extension primers were
designed after sequencing and genotyped after repeated testing, errors might still have
remained undetectable. In general, null alleles in SNP genotyping are frequent but hardly
detectable. They can be caused by deletions spanning a polymorphic site (McCarroll e# al.

2000), secondary polymorphisms interfering with genotyping at the primary polymorphic
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target and even unexpected alleles at the primary polymorphic sites (such as triallelic sites)
(Cartlson et al. 2004). All of these are important potential sources of reproducible, but
inaccurate, genotypes. Similar challenges are posed by polymorphisms within segmental
duplications, where the number of copies of the surrounding sequence itself can be variable
(Sharp ez al. 2005). This type of error meets the case of SNP genotyping belonging to gene
families like isocitrate dehydrogenases or duplicated genes. Although null alleles could be a
potentially important sources of genotyping errors, these alleles are difficult to detect
because null allele heterozygotes are indistinguishable from the expected homozygotes
or/and paralogous homozygotes are difficult to tell from orthologous heterozygotes on
most genotyping platforms (Carlson e al. 2000).

The estimates for nonrandom linkage of different alleles among pairs of SNPs in the
total sample set, revealed evidence for significant LD in 39.7% of all possible comparisons.
This percentage is in general high. For instance, 12.8% of all possible comparisons showed
significant LD in an analysis within and surrounding the phyB2 gene in Populus tremula
(Ingvarsson ez al. 2008). The high percentage observed can be explained by the location of all
SNPs within the same gene, despite the relatively large size of the gene. However, the
significant associations were not necessarily found between the SNPs of closer proximity.
Still, as illustrated in Figure 11-2, the estimates of t° are low with very few comparisons
exceeding the levels of 0.2-0.3, as it would be expected for a predominantly outcrossing
species (Neale and Savolainen 2004; Motrell ef a/. 2005; Zhang and Zhang 2005; Ingvarsson
et al. 2008) In all such cases, the physical distance of the SNPs was larger than 0.5kb (s.
Figure II-3 and Table II-2). In the LD analysis of each species separately, the low number of
linked loci in the case of Q. robur might reflect the highest effectiveness of recombination,
due to a larger effective population’s size. Q. frainetto is possible to reflect a founder effect on
the higher number of significant associations spanning larger physical distances, since the
stand of this study is at the edge of its distribution (Bartha 20006). The same could be the case
for Q. pubescens since Romania is considered close to the north-eastern part of the species’
distribution (Bussotti 20006), but the genetic admixture with the other sympatric oak species
could explain better the high number of linked polymorphic sites in larger physical distances.
Indeed, higher hybridization and admixture between Q. pefraea and Q. pubescens was reported

by conducting paternity analyses by Curtu ef a/ (2009) in the same stand.
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The association study of all SNPs with the leaf morphological traits that more
successfully differentiated the species (except (. petraca and Q. pubescens that needed
pubescence information to be distinguished, for details refer to Curtu ez a/ 2007b) revealed
seven significant associations. In some cases multiple associations were found for one trait.
In particular, SNP 1 and SNP 2 were both significantly associated with the sinus width in the
sample. Both SNPs seem statistically to be independently associated with the trait, since they
are not linked with each other according to the LD analysis. The same holds true for the tree
SNP markers that showed significant association with lamina length but were not found in
significant LD (SNP 4, SNP 5 and SNP 7). Among the seven statistically associated loci,
SNP 1, SNP 2, and SNP4 are interestingly non-synonymous mutations. However, all
associations exhibited a low R’ percentage, indicating low robustness of the statistical
associations according to several authors (Ingvarsson ef a/. 2008; Simko ez al. 2009). On the
contrary, in an association study of SNPs derived from candidate genes for wood property
traits in Pinus taeda, similar R’ percentages were proven to be still significant after false
discovery rate (FDR) corrections (Gonzalez-Martinez et al. 2007).

In conclusion, the present study has shown that the designed and analyzed SNP
matkers of the NADP® IDH gene can differentiate the closely related oak species
significantly. SNP 6 was shown to behave as an outlier candidate for being under selection.
Among the SNPs there was evidence of several being in significant LD. The analysis of
linkage disequilibrium of the SNPs in each population separately suggested a possible
founder effect for the population of Q. frainetto and high levels of admixture among the
sympatric oak species. The obtained significant associations of seven SNPs with four
different traits of leaf morphology can lead to the proposal of their further examination by
QTL mapping applications and by Quercus pedigrees that segregate for leaf morphological

traits.
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7. Appendix

Appendix 1a

BLASTx hits with query the reference NADP" IDH (partial) transcript sequence and
Clustal W alignment of the corresponding proteins

>protein NADP-IDH from reference sequence

P1VEMDGDEMTR IFWKS IKDKL I FPFVELD IKYFDLGLTNREATNDNVT IESAQATLRYNVAIKCATITPD
EARVKEFNLKQMWKSPNGT IRNILNGTVFREP I ICKNIPRLVPGWTKP ICIGRHAFGDQYRATDIVIQESG
KLKLVFVPNGHNEKKEFEVFNFTGAGGVALSMYNTDES IHAFAEASMNTAYQKKWPLYLSTKNT ILKKYDG
RFKDIFQEVYETQWKSKFEAAG IWYEHRL I DDMVAYAMKSEGGYVWACKNYDGDVQSDFLAQGFGSLGMMT
SVLVCPDGKT IEAEAAHGAVTRHYRVHQKGGETSTNS IAS I FAWTRGLAHRAKLDSNARLLDFTEKLEAAC
VGTVESGKMTRDLALL IHGPKVTRSRYLNTEEF IDAVAEELKG

>0gi1]|224079726 | ref | XP_002305928 1] predicted protein [Populus
trichocarpal]*

MAYEK I KVANP IVEMDGDEMTR I FWQS IKDKL I FPFVELD IKYFDLGLPHRDATDDKVTVESAEAALKYN
VAIKCAT ITPDEARVKEFNLKQMWKSPNGT IRNILNGTVFREP 1 ICKNIPRLVPGWTKP 1CIGRHAFGDQ
YRATDAV IKGAGKLKLVFVPEGQDEKTELEVYNFTGAGGVALAMYNTDES IRAFAEASMNTAYQKKWPLY
LSTKNT ILKKYDGRFKD I FQEVYEANWKSKYEAAG IWYEHRL 1 DDMVAYALKSEGGYVWACKNYDGDVQS
DFLAQGFGSLGLMTSVLVCPDGKT IEAEAAHGTVTRHYRVHQKGGETSTNS IASIFAWSRGLAHRAKLDD
NARLLDFTEKLEAACIGAVESGKMTKDLALL IHGSKVSRDHYLNTEEF IDAVAEELKARLSIKA

>gi | 255575226 | ref | XP_002528517 1] NADP-specific isocitrate
dehydrogenase, putative [Ricinus communis]*

MAFEKIKVANP 1 VEMDGDEMTR I FWKS IKDKL I FPFLELD I KYFDLGLPHRDATDDKVTIESAEATLKYN
VAIKCAT I TPDEARVKEFNLKQMWKSPNGT IRNILNGTVFREP 1 ICKNVPRLVPGWTKP I CIGRHAFGDQ
YRATDAV IKGAGKLKLVFVPEGQDEKTELEVYNFTGAGGVALSMYNTDES IRAFADASMNTAYQKKWPLY
LSTKNTILKKYDGRFKD I FQEVYEASWKSKFEAAG IWYEHRL IDDMVAYALKSEGGYVWACKNYDGDVQS
DFLAQGFGSLGLMTSVLVCPDGKT IEAEAAHGTVTRHYRVHQKGGETSTNS IAS I FAWSRGLAHRAKLDD
NARLLDFTEKLEAACIGVVESGKMTKDLALL IHGSKVTRDQYLNTEEF IDAVAADLAERLSKA

>0i|213493066|dbj |BAG84436.1] NADP-dependent isocitrate dehydrogenase
[Passiflora edulis]*

MAFEK IKVANP I VEMDGDEMTRVFWKS I KDKL I FPFVELD IKYFDLGLPHRDATDDKVT IESAEATLKYN
VAIKCAT ITPDEARVEEFSLKQMWRSPNGT IRNILNGTVFREP ILCKNIPRLVPGWTKP ICIGRHAFGDQ
YRATDTVIKGAGKLKLVFVPEGQDEKTELEVFNFTGEGGVALSMYNTDES IRAFADASMNTAYQKKWPLY
LSTKNTILKKYDGRFKD I FQEVYEASWKSKFEAAG IWYEHRL IDDMVAYALKSEGGYVWACKNYDGDVQS
DFLAQGFGSLGLMTSVLVCPDGKT IEAEAAHGTVTRHYRVHQKGGETSTNS IASIFAWTRGLAHRAKLDD
NARLLDFTEKLEAACVGAVESGKMTKDLAL I IHGSKLSRDKYLNTEEFI1DAVADELKARLSIKA

*: accession numbers and annotations from the NCBI databank, online publicly available:
http://www.ncbi.nlm.nih.gov/

Alignment of NADP* dependent IDH

Populus trichocarpa MAYEKIKVANP IVEMDGDEMTR I FWQS IKDK--L IFPFVELD IKYFDLGLPHRDATDDKV 58
Ricinus communis MAFEK1KVANP IVEMDGDEMTR I FWKS IKDK--L IFPFLELD IKYFDLGLPHRDATDDKV 58
Passiflora edulis MAFEKTKVANP IVEMDGDEMTRVFWKS IKDK--L IFPFVELD IKYFDLGLPHRDATDDKYV 58
Quercus robur 0 —————————- PIVEMDGDEMTRIFWKSIKDKVLL IFPFVELDIKYFDLGLTNREATNDNV 50

- - ek - k- ke
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Populus trichocarpa
Ricinus communis
Passiflora edulis
Quercus robur

Populus trichocarpa
Ricinus communis
Passiflora edulis
Quercus robur

Populus trichocarpa
Ricinus communis
Passiflora edulis
Quercus robur

Populus trichocarpa
Ricinus communis
Passiflora edulis
Quercus robur

Populus trichocarpa
Ricinus communis
Passiflora edulis
Quercus robur

Populus trichocarpa
Ricinus communis
Passiflora edulis
Quercus robur

Appendix 1b

APPENDIX

TVESAEAALKYNVAIKCAT I TPDEARVKEFNLKQMWKSPNGT IRNILNGTVFREP I 1CKN
TIESAEATLKYNVAIKCAT ITPDEARVKEFNLKQMWKSPNGT IRNILNGTVFREP I 1CKN
TIESAEATLKYNVAIKCAT ITPDEARVEEFSLKQMWRSPNGT IRNILNGTVFREPILCKN
TIESAQATLRYNVAIKCATITPDEARVKEFNLKQMWKSPNGTIRNILNGTVFREPIICKN

* - *** * * ***

IPRLVPGWTKP ICIGRHAFGDQYRATDAV IKGAGKLKLVFVPEGQDEKTELEVYNFTGAG
VPRLVPGWTKP ICIGRHAFGDQYRATDAV IKGAGKLKLVFVPEGQDEKTELEVYNFTGAG
IPRLVPGWTKP ICIGRHAFGDQYRATDTV IKGAGKLKLVFVPEGQDEKTELEVFNFTGEG
IPRLVPGWTKPICIGRHAFGDQYRATDIVIQESGKLKLVFVPNGHNEKKEFEVFNFTGAG

Foko- - KFAAAKKKK -k - - kk K-kk -k ok

GVALAMYNTDES IRAFAEASMNTAYQKKWPLYLSTKNT I LKKYDGRFKD I FQEVYEANWK
GVALSMYNTDES IRAFADASMNTAYQKKWPLYLSTKNT I LKKYDGRFKD I FQEVYEASWK
GVALSMYNTDES IRAFADASMNTAYQKKWPLYLSTKNT I LKKYDGRFKD I FQEVYEASWK
GVALSMYNTDESIHAFAEASMNTAYQKKWPLYLSTKNTILKKYDGRFKDIFQEVYETQWK

= ekok -

SKYEAAG IWYEHRL I DDMVAYALKSEGGYVWACKNYDGDVQSDFLAQGFGSLGLMTSVLV
SKFEAAG IWYEHRL IDDMVAYALKSEGGYVWACKNYDGDVQSDFLAQGFGSLGLMTSVLYV
SKFEAAG IWYEHRL IDDMVAYALKSEGGYVWACKNYDGDVQSDFLAQGFGSLGLMTSVLV
SKFEAAG IWYEHRL I DDMVAYAMKSEGGYVWACKNYDGDVQSDFLSQGFGSLGMMTSVLV
Kk - - - -

CPDGKTIEAEAAHGTVTRHYRVHQKGGETSTNS IAS I FAWSRGLAHRAKLDDNARLLDFT
CPDGKT IEAEAAHGTVTRHYRVHQKGGETSTNS IAS | FAWSRGLAHRAKLDDNARLLDFT
CPDGKT IEAEAAHGTVTRHYRVHQKGGETSTNS IAS I FAWTRGLAHRAKLDDNARLLDFT
CPDGKT IEAEAAHGAVTRHYRVHQKGGETSTNS IAS IFAWTRGLAHRAKLDSNARLLDFT

EKLEAACIGAVESGKMTKDLALL IHGSKVSRDHYLNTEEF IDAVAEELKARLSIKA 414
EKLEAACIGVVESGKMTKDLALL IHGSKVTRDQYLNTEEF IDAVAADLAERLSKA- 413
EKLEAACVGAVESGKMTKDLAL I IHGSKLSRDKYLNTEEF IDAVADELKARLSIKA 414
EKLEAACVGTVESGKMTRDLALLIHGPKVTRSRYLNTEEFIDAVAEELKG —————— 400

*** * -k ************ -k

118
118
118
110

178
178
178
170

238
238
238
230

298
298
298
290

358
358
358
350

BLASTx hits with query the reference NAD" IDH (partial) transcript sequence and
Clustal W alignment of the corresponding proteins

>protein NAD-IDH from reference sequence
MARRHI IPLLNQLTSSTRLPLTRSVTYMPRPGDGAPRAVTL IPGDGVGPLVTNAVEQVMEAMHAPVFFEKY
DVHGDLSKVPQEV IES IKKNKVCLKGG

>gi | 224096682 | ref | XP_002310697.1]

trichocarpal]*

predicted protein

[Populus

MARRSIPVLKHLLTSSSTPTLRRSVTYMPRPGDGAPRPVTL IPGDGIGPLVTNAVEQVMEAMHAPVYFEK
YD IHGDMMRVPSEV I ES I KKNKVCLKGGLATPMGGGVSSLNVQLRKELDLYASLVNCFNLQGLPTRHENV
DIVVIRENTEGEYAGLEHEVVPGVVESLKVITKFCSERIAKYAFEYAYLNNRKKVTAVHKAN IMKLADGL
FLESCREVATKYPGIKYNEI IVDNCCMQLVSKPEQFDVMVTPNLYGNLVANTAAG IAGGTGVMPGGNVGA
DHAIFEQGASAGNVGNDKLLEQKTANPVALLLSSAMMLRHLQFPSFADRLETAVKRV ISESHYRTKDLGG

TSTTQEVVDAVIGALD

>gi | 255575724 | ref| XP_002528761.1]
[Ricinus communis]™*

isocitrate dehydrogenase,

putative

MARRSIP I LKKLLSSSNNESTCSRLVSRRSVTYMPRPGDGAPRGVTL I1PGDGIGPLVTGAVEQVMEAMHA
PVYFERYEVHGDMKKVPAEV IES IKKNKVCLKGGLATPMGGGVSSLNVQLRKELDLYASLVNCFNLPGLP
TRHENVDIVVIRENTEGEYSGLEHEVVPGVVESLKVITKFCSERIAKYAFEYAYLNNRKKVTAVHKANIM
KLADGLFLESCREVATKYPGIKYNE I 1VYDNCCMQLVSKPEQFDVMVTPNLYGNLVANTAAGIAGGTGVMP
GGNVGADHA I FEQGASAGNVGNEK I VEQKKANPVALLLSSAMMLRHLQFPSFADRLETAVERVISEGKYR
TKDLGGDSSTQEVVDAVIAALD
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>gi 21537157 | gb | AAM61498 . 1]

APPENDIX

NAD+ dependent isocitrate

subunit 1 [Arabidopsis thaliana]*
MSRRSLTLLKNLARNANGSG IQTRSVTYMPRPGDGAPRAVTLIPGDG IGPLVTNAVEQVMEAMHAP I FFE
KYDVHGEMSRVPPEVMES IRKNKVCLKGGLKTPVGGGVSSLNVQLRKELDLFASLVYNCFNLPGLPTRHEN
VDIVVIRENTEGEYAGLEHEVVPGVVESLKVITNFCSER IAKYAFEYAYLNNRKKVTAVHKAN IMKLADG
LFLESCREVAKKYPSITYNE I 1VYDNCCMQLVAKPEQFDVMVTPNLYGNLVANTAAG IAGGTGVMPGGNVG
ADHAVFEQGASAGNVGKDK 1 VLENKANPVALLLSSAMMLRHLQFPSFADRLETAVKKV IAEGKFRTKDLG

GTSTTQEVVDAVIAKLD

dehydrogenase

*: accession numbers and annotations from the NCBI databank, online publicly available:
http:/ /www.ncbi.nlm.nih.gov/

Alighment of NAD" dependent IDH

Ricinus communis
Arabidopsis thaliana
Populus trichocarpa
Quercus robur

Ricinus communis
Arabidopsis thaliana
Populus trichocarpa
Quercus robur

Ricinus communis
Arabidopsis thaliana
Populus trichocarpa
Quercus robur

Ricinus communis
Arabidopsis thaliana
Populus trichocarpa
Quercus robur

Ricinus communis
Arabidopsis thaliana
Populus trichocarpa
Quercus robur

Ricinus communis
Arabidopsis thaliana
Populus trichocarpa
Quercus robur

Ricinus communis
Arabidopsis thaliana
Populus trichocarpa
Quercus robur

Key for the alignments:

MARRS 1P ILKKLLSSSNNESTCSRLVSRRSVTYMPRPGDGAPRGVTL IPGDGIGPLVTGA
MSRRSLTLLKNLARNANGSG----- I1QTRSVTYMPRPGDGAPRAVTLIPGDGIGPLVTNA
MARRSIPVLKHLLTSSSTPT-——--- LRRSVTYMPRPGDGAPRPVTL IPGDGIGPLVTNA
MARRHIIPLLNQLTSSTRLP———--- LTRSVTYMPRPGDGAPRAVTL IPGDGVGPLVTNA

*-kk -

VEQVMEAMHAPVYFERYEVHGDMKKVPAEV I ES I KKNKVCLKGGLATPMGGGVSSLNVQL
VEQVMEAMHAP I FFEKYDVHGEMSRVPPEVMES IRKNKVCLKGGLKTPVGGGVSSLNVQL
VEQVMEAMHAPVYFEKYD IHGDMMRVPSEV I ES I KKNKVCLKGGLATPMGGGVSSLNVQL
VEQVMEAMHAPVFFEKYDVHGDLSKVPQEVIESIKKNKVCLKGG---———=—=——————-

AAAAAAAAAAKN = s hAk=k==akh= - =kk Kk =kAkk -kAAAAkAAkAAk

RKELDLYASLVNCFNLPGLPTRHENVDIVVIRENTEGEYSGLEHEVVPGVVESLKV I TKF
RKELDLFASLVNCFNLPGLPTRHENVDIVVIRENTEGEYAGLEHEVVPGVVESLKV ITNF
RKELDLYASLVNCFNLQGLPTRHENVDIVVIRENTEGEYAGLEHEVVPGVVESLKVITKF

CSERITAKYAFEYAYLNNRKKVTAVHKAN IMKLADGLFLESCREVATKYPGIKYNEI 1VDN
CSERITAKYAFEYAYLNNRKKVTAVHKAN IMKLADGLFLESCREVAKKYPSITYNEI 1VDN
CSERITAKYAFEYAYLNNRKKVTAVHKAN IMKLADGLFLESCREVATKYPGIKYNEI 1VDN

120
115
114
98

180
175
174

240
235
234

CCMQLVSKPEQFDVMVTPNLYGNLVANTAAG IAGGTGVMPGGNVGADHAIFEQGASAGNV 300
CCMQLVAKPEQFDVMVTPNLYGNLVANTAAG IAGGTGVMPGGNVGADHAVFEQGASAGNV 295
CCMQLVSKPEQFDVMVTPNLYGNLVANTAAG IAGGTGVMPGGNVGADHA IFEQGASAGNY 294

GNEK I VEQKKANPVALLLSSAMMLRHLQFPSFADRLETAVERV ISEGKYRTKDLGGDSST 360
GKDKI1VLENKANPVALLLSSAMMLRHLQFPSFADRLETAVKKVIAEGKFRTKDLGGTSTT 355
GNDKLLEQKTANPVALLLSSAMMLRHLQFPSFADRLETAVKRVISESHYRTKDLGGTSTT 354

QEVVDAVIAALD 372
QEVVDAVIAKLD 367
QEVVDAVIGALD 366

"*" means that the residues or nucleotides in that column are identical in all sequences in the

alignment

nn

nn

" means that conserved substitutions are observed
" means that semi-conserved substitutions are observed
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Appendix 2a

> Reference sequence of NADP' IDH gene
TCCCATCGTTGAAATGGATGGTAATTATTAATTCACACCGTTCATCATCTATTACAATCATGTTTTAATTA
TTACTACATATATAATCATTCAATTTTTACAAAAACCCAGAAACAAAAACATGTTGCAAATCATGTTCTAA
TTGTTCATGTGTGTTGGTTTGATATCAAAATGAACCATGAAAAGCACCACTACATGAATTATGATAACAGG
ACTACTTTGACTCATCGAGTATGTAATTTTCATCAGCTATTTTTTTATATTCAAAACATTGCTTTACTGAT
GCAGGAGATGAAATGACTCGAATCTTTTGGAAATCAATCAAAGACAAGGTCCTTTTACATTCGTAATTCAT
AATTCATCTCCTTTTTTTTTTTTTTTCTTGGGTATTGTGTAAATATTGTATTGATTCTCCACAGCTTATAT
TTCCCTTTGTGGAGTTGGATATCAAGTACTTTGATCTTGGTCTCACTAATCGTGAGGCCACCAATGATAAC
GTTACAATTGAAAGTGCTCAAGCCACTCTCAGGTATATATATGTCTTTATCTTTTTTCTCTCATAGTTCAT
ACCTTCTATTTTCTTAACATCATCATCATAATCATCATTTTTTTTTTTTTTTTAAGATTGATAAATTATAC
ACGCACCCAGTGAGATTTGAAACCATGATCTAACCCCACCGTTCGTTTCCAGAGGAGGAACTTAAGTTTTA
TTTGAGTTAGTGCTTAATTAACATTATCAATTATCATCATTTTCTGCAAAATATGCCTCATTGACATTTCA
ATTAGTGTTGGGTTTCCTTTTGAAGAATGCATTGCTATTTAGCATTGTCTCAAAGGAAGAGATTGTGATTG
CTTGTCTCTCTCTCTCTTTTTTTTTTTTITTTTTTTTGGTTCGAATAGCTTGCTTGTATAGTTGTTAGAACT
TAGAAGTGTTCTCAATTCCTGTGGAGGCTACTTACTCATATGTACTGTCTTTAACAAAATTTTGCTACCCT
TTAGTGCCATTTATTTTTGTTGTTTAATTCATCCTATAATTTGGCCTTTCTAGGTACAATGTAGCAATAAA
GTGTGCAACTATAACTCCAGGTACTCATTCCTAGCCTCAATTGGAATGACCCAAATTTAAAAGATGAAATT
TTGGCCCAGTAACTGGCTTATGTGTAAAATTGGTTTTGGTTTTTGATAGATGAAGCTCGTGTCAAGGAGTT
CAACTTGAAACAAATGTGGAAGAGTCCAAATGGGACAATTCGGAATATTTTAAATGGTCAATGAACTTCCC
TGATGGTTTTTTTTGTGTCCTTTTATTTGCTCCAAATTTTATTTTTATTAAATTAAGGGGGACATTTTGTT
TTCCATTTACCACAGGTACTGTTTTCAGAGAGCCTATTATCTGCAAAAACATCCCCCGTCTTGTCCCAGGT
TTGTAATTTTTTTCTTTTTCAGTGCCGGTTTCCTTTTCATTATGAAGCCAAGCACTAGGTTGACTTGGTTT
TCTCTTCAGGTTGGACAAAGCCAATATGCATTGGAAGGCATGCTTTTGGTGATCAGTACAGGGCAACTGAT
ATTGTTATACAAGAATCTGGAAAGCTTAAATTGGTATTTGGTAAAATCCTACTTTCAGTCATGAGCTTCTC
AATACTCTTTTTAGTTTCACTTTTTATGGAGACTTGTTAAAGTCTGCACAAAAGCTGAATTCAGCTCAGTT
TTTCTGTCCTATATTTCCATCAATGCCTTCATACGTAATAATAATCATCTTATCAAGGGGAATTGGAATAT
CTGCAGTACCCAATGGACATAATGAGAAGAAAGAGTTTGAGGTTTTCAACTTTACGGGTGCTGGAGGTGTA
GCCTTGTCCATGTACAACACTGATGAGGTTCAGATTTCCATAAATGCTTGTTCTTTTCCCTGCTTCCTTTA
ATACTTGCACCGACCCTGAAATTGACTTGCCAGAAGAGTTTTTTGATGTTGTTTTTATTTTTCATTTTTTT
GCCTTGATAACAGTCTATTCATGCTTTTGCTGAGGCTTCAATGAATACTGCTTACCAGAAAAAGTGGCCAC
TTTATCTTAGCACTAAAAATACCATTCTTAAGAAATATGATGGAAGGTATGCTGTTACTTGTTGGACTTTC
TTTTCTCTTCTCATTCTGCTCAATTTTTGTTGCAAACTAAATTATCAAAGCCCCTCTTGTACCTTTGTGTG
TGAAAGAGAAAGAGACAGAGAGAGAAATGGGGTGTTACTGTATGATTTTCTGTGATTTTTTTGGGGTCATT
TTTTGTCAATGTGACTTGATTATCTGTCTTATGCTCTTACTGATTATGTATTGTCATTTTATTATTACGTG
CTTTTCATGAAGATTCAAGGACATATTTCAGGAAGTTTATGAAACTCAATGGAAATCTAAGTTTGAAGCTG
CAGGGATATGGTGAGATATCAAACTATCATGCTAATTAGTTTGTACAGTTTGAGAAGCTTGTCATCAACTT
ACAGCTGAATTGGTAGGTATGAACACCGTCTCATAGATGATATGGTTGCTTATGCCATGAAAAGTGAAGGA
GGTTATGTATGGGCTTGCAAAAACTATGATGGGGATGTGCAGAGTGATTTCTTAGCCCAAGGTTTGCATCA
ATATGGAAATAATCTGTGATTGACATATCATTCTTTGTAACTTCTGCTACTTTCGTTGTAAGTAAATGGAA
AGGTGCTTGCTCTGTGGGTGTCCTAGCCAAGGTATTCAATTATTAATTTAGCTTATGATAAAAAAATTTAT
CATTGATACAGGATTTGGATCTCTTGGGATGATGACATCGGTGCTGGTATATCTTGCTGTTCTCCTTTTTG
TCTTCCCCAATTATTTTTGCATCTCATTTTGGTCCATTTTTCACTTCTAAACCTAATCATAAGAAGTTGGA
GTGGGATTGCAGGTGTGCCCAGATGGAAAGACTATTGAAGCTGAAGCAGCCCATGGGGCAGTGACCCGCCA
CTACCGGGTCCATCAGAAAGGTGGTGAAACCAGCACAAACAGCATAGCATCCATTTTTGCTTGGACTCGAG
GTCTTGCACACAGGTATCATATGTATTTATTCTTTTATATGGATGAATTCTTGTACAATTTTTGTTCTTGA
AAGTTAAAAATTTTAGGAATGGGATTCTTTTCTTATTAGATCATCAAATAAAAATTGAGTAAATCAATGTT
ATCAGGGCAAAGTTGGACAGCAATGCCAGACTTTTGGATTTTACTGAGAAATTGGAAGCAGCCTGTGTTGG
AACGGTGGAATCAGGAAAGATGACTAGGGATCTTGCACTTCTTATTCATGGGCCCAAGTAATTTCTGTTAA
AAGGATATTTCTGTAGAAAGTTCTGCTGTTGTGCTTAATTTTTTTGTATAATCAAAACTTTCATGTTTGGT
ATAGGGTTACTAGGTCTCGGTATCTAAATACCGAAGAGTTCATTGATGCTGTAGCTGAGGAGCTTAAGGGC
A
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> Reference sequence of NAD" IDH gene
CATCCTAACCTCACCCCAAGAGGCACGCACAAAACCCCAAAATAAACCCACATGGCTCGTCGACACATCAT
CCCTCTCCTCAACCACCTCACCTCCTCCACGCGCCTCCCTCTCACGCGCTCCGTCACCTACATGCCACGAC
CGGGCGACGGCGCCCCACGCGCCGTGACCTTGATCCCGGGTGACGGGGTGGGTCCACTGGTGACAAACGCG
GTCGAACAGGTGATGGAGGCCATGCACGCGCCGGTGTTCTTCGAGAAGTACGATGTACACGGGGACCTGAG
CAAGGTCCCGCAGGAGGTGATCGAGTCGATTAAGAAAAACAAAGTGTGTCTGAAAGGTGGGCTTAGGACAC
CGGTGGGTGGTGGAGTCAGCTCGCTCAATGTTCAGTTGAGGAAAGAGCTGGATTTGTATGCTTCGTTGGTC
AACTGTTTCAACCTTCCTGGGCTTCCTACGAGGCACGAAAATGGGATATTGTTGTGATTCGAGAGAATACT
GAGGGTGAGTACTCGGGTCTCGAGCATGAAGTTGTTCCTGGCGTTGTTGAAAGCCTCAAGGTACATTCTTT
TTGTTTTCATTTTCAACTTTTCAATTTCCAATTCTATGTTGTACAATCAAATTTTACTCTTTATGATTAGA
GCATTGTTTTCATGTGGACCCCATCATTGATGTTACTTTTTTTATTACACAACAATTAAAAAAATGCTACA
CTAGCAGTCTAGCACTAATCGATAATGTTGTAAAGAGTATCATCTTTATATAAAAATACAATGGGTTATTT
GTTGGAGTATCATTTGAATTTTGTTGTCATTAGTTAATTTAGCACTTTCTATGGAAAGAGATGGCTTTTAG
GGTCTAATCCGTTGAGCTCTAGCTCAAATTTTACCGAGGGCGAGGTTGTGGGATCAAAACCTGTTGGATGC
ACAAAACCTTGGGCTGCCTAGTTAAATTATAATATTCAATGATGTTGCTATATTGGAATGCAGTACCAACA
GTGTGATCTTCACTACCAACAATTAAATTTAATCGCGTGGCTTATTGATAATGTAACCACATGGGGAAATT
AAATGGGGAACCCAAGGTAGAACTACTAAGAAACTGTACCAAAGTTTTGCCCTTGATTAGAACCCCCTTAT
GGTTTTGGAATAATAAAAACAAATAGTTTGTATGTTTTTCATTCCAATTGATGAATTTTCCAACTTTACGT
AATTGTATATTGCTTTCCACACAACATTTTAACTTTAGGGTATGTTTGGAGTGGAGGAGGGAGATGGAGAA
AGAGTATAGGGGAAAGAGGTTAAAATATATAGAAATTTGTACATTCCATTCACCTTCCTTTCTCCTCCCTT
CTCCTCTCCCACTTTCTCCCTGCACCCAAACATAGAGTTATGTTAGGCCTTAAATGGGGTTTAAAATTTAA
AGTTTCTAAGCTTCATAGAAGATGTAGTACAATAATCATGTTCTTGGATTTGAAATCATAATGAGGTAGTG
AGTTTTGGCTCAAGTGCCACTTTCTTTTATCATAAGAATGAGTGGAGGGTGAGGTTGTTGGTTCAAACCAC
TGGATGCGTGTGAAACGTATGAGAAAAAAAAACGATAACAAAGCCTTAGTCCCCAAACTATGGGGTTGGCT
ATGGACTTTAACTAGACTAATTAGGGTTGATTACATGTATTCTTTCATGTTATATAATGTTATCCGCAATT
GTACTCCGTCACCTCCATAAAATTAGAAATAAAACCTTGTACCTTATTCAGAAGGTTAAATTTTGTATCTT
ATGCAACATGTGCATGTCACAAGGAAGAATTTGTCAATTGGAACAAACCGATTCATTTTAGCCCAAGGCAT
GGGGAGTTTTAGTGTTGGTTCCTAAAATTTCTAATTATCTATCTATCTATCTATAATGTATTATTATTATA
AAGGGATTGTTTACAATTTGGGATTTGTTAGGTGATAACAAAGTTCTGCTCAGAACGTATTGCAAAATATG
CCTTTGAGTATGCTTATCTGAACAACAGAAAAACGGTGACAGACCAGCCCGGGCCGTCGACCACGCGTGCC
CTATAGTGAGTCGTATTAC

Appendix 3

Pairwise differentiation measurements, G, (lower diagonal) and F, (upper diagonal) for each
locus of NADP" IDH and for NAD" IDH gene (continued on the next page)

Q. robur Q. petraea Q. pubescens Q. frainetto

#1 Q. robur * -0,01695 -0,07914 -0,10236
Q. petraca -0,01604 * 0 -0,04396
Q. pubescens 0 0,02564 * -0,00607

Q. frainetto 0 0,02564 -0,02041 *
O. robur Q. petraca Q. pubescens Q. frainetto
H# Q. robur * -0,07735 0,07738 -0,07383
Q. petraea -0,02041 * 0,09218 -0,14486

Q. pubescens 0,02041 0 * -0,02
Q. frainetto -0,01604 0,02564 -0,03825 *
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Q. robur Q. petraea O. pubescens Q. frainetto
#3 Q. robur * 0,03846 0,27083 -0,00467
Q. petraea 0,00524 * 0,04494 -0,14754
Q. pubescens 0,03226 -0,0303 * 0,10112
Q. frainetto -0,02041 -0,03825 -0,01124 *
Q. robur Q. petraea Q. pubescens Q. frainetto
4 Q. robur * 0,25 0,33594 0,3125
Q. petraea 0,07975 * 0,02174 0,04167
Q. pubescens 0,14286 0,09091 * 0,14384
Q. frainetto 0,1018 0,09091 0,0411 *
Q. robur Q. petraca Q. pubescens Q. frainetto
H#6 Q. robur * -0,03125 0,24731 -0,08824
Q. petraea 0,01099 * 0,02174 -0,08434
Q. pubescens 0,03226 -0,01124 * -0,01974
Q. frainetto -0,05882 0,03226 -0,01124 *
Q. robur Q. petraea Q. pubescens Q. frainetto
47 Q. robur * -0,05556 0,375 0,01639
Q. petraea 0,06667 * 0,22414 -0,01974
Q. pubescens 0,21212 0,00524 * 0,01235
Q. frainetto 0,21212 0,02564 -0,03448 *
Q. robur Q. petraea Q. pubescens Q. frainetto
Total NADP+ IDH Q. robur * 0,00446 0,16833 -0,0186
Q. petraea 0 * 0,10946 -0,06938
Q. pubescens 0 0 * 0,01303
Q. frainetto 0 0 0 *
Q. robur Q. petraea Q. pubescens Q. frainetto
NAD"* IDH Q. robur * -0,1413 0,01786 0,12338
Q. petraea -0,01604 * -0,05469 0,01235
Q. pubescens -0,03825 -0,02041 * 0,14948
Q. frainetto 0,03226 0,00524 0,02564 *
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Appendix 4a

APPENDIX

Significant LD for the parsimony informative sites of the pooled data set for the NADP*
IDH and the corresponding distances (significant comparisons with y” test with Bonferroni’s
adjustment) LD estimates: D (Lewontin and Kojima 1960), D’ (Lewontin 1964) and R (Hill
and Robertson 1968) (continued on the next page)

Site 1 Site 2 Distance D D' R Fisher chi-square
133 1901 1746 0.128 1.000 1.000 0.001*<  20.000*<B
133 1587 1432 0.128 1.000 1.000 0.001FF  20.000%FB
816 1847 1010 0.090 1.000 1.000 0.005%+  20.000***B
816 1828 991 0.090 1.000 1.000 0.005%F  20.000***B
880 1847 947 0.090 1.000 1.000 0.005%%  20.000***B
880 1828 928 0.090 1.000 1.000 0.005%F  20.000***B
1504 1950 426 0.188 1.000 1.000 0.000%%  20.000*+<B
572 950 377 0.090 1.000 1.000 0.005%F  20.000***B
1504 1870 346 0.188 1.000 1.000 0.000%x  20.000*+<B
617 950 332 0.090 1.000 1.000 0.005%F  20.000***B
625 950 324 0.090 1.000 1.000 0.005%+  20.000***B
572 887 314 0.090 1.000 1.000 0.005%F  20.000***B
1587 1901 314 0.128 1.000 1.000 0.007*+x  20.000%<B
664 950 285 0.090 1.000 1.000 0.005%F  20.000***B
617 887 269 0.090 1.000 1.000 0.005%+  20.000***B
625 887 261 0.090 1.000 1.000 0.005%F  20.000***B
572 824 252 0.090 1.000 1.000 0.005%+  20.000***B
725 950 224 0.090 1.000 1.000 0.005%F  20.000***B
726 950 223 0.090 1.000 1.000 0.005%+  20.000***B
664 887 222 0.090 1.000 1.000 0.005%F  20.000***B
732 950 217 0.090 1.000 1.000 0.005%%  20.000***B
733 950 216 0.090 1.000 1.000 0.005%F  20.000***B
617 824 207 0.090 1.000 1.000 0.005%%  20.000***B
625 824 199 0.090 1.000 1.000 0.005%F  20.000***B
572 733 161 0.090 1.000 1.000 0.005%+  20.000***B
725 887 161 0.090 1.000 1.000 0.005%F  20.000***B
572 732 160 0.090 1.000 1.000 0.005%+  20.000***B
664 824 160 0.090 1.000 1.000 0.005%F  20.000***B
726 887 160 0.090 1.000 1.000 0.005%+  20.000***B
572 726 154 0.090 1.000 1.000 0.005%F  20.000***B
732 887 154 0.090 1.000 1.000 0.005%%  20.000***B
572 725 153 0.090 1.000 1.000 0.005%F  20.000***B
733 887 153 0.090 1.000 1.000 0.005%+  20.000***B
824 950 125 0.090 1.000 1.000 0.005%F  20.000***B
617 733 116 0.090 1.000 1.000 0.005%%  20.000***B
617 732 115 0.090 1.000 1.000 0.005%F  20.000***B
617 726 109 0.090 1.000 1.000 0.005%+  20.000***B
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Site 1 Site 2 Distance D D' R Fisher chi-square
617 725 108 0.090 1.000 1.000 0.005%%  20.000***B
625 733 108 0.090 1.000 1.000 0.005%F  20.000***B
625 732 107 0.090 1.000 1.000 0.005%+  20.000***B
625 726 101 0.090 1.000 1.000 0.005%F  20.000***B
625 725 100 0.090 1.000 1.000 0.005%+  20.000***B
725 824 99 0.090 1.000 1.000 0.005%F  20.000***B
726 824 98 0.090 1.000 1.000 0.005%F  20.000***B
572 664 92 0.090 1.000 1.000 0.005%+  20.000***B
732 824 92 0.090 1.000 1.000 0.005%F  20.000***B
733 824 91 0.090 1.000 1.000 0.005%+  20.000***B

1870 1950 80 0.188 1.000 1.000 0.000%FF  20.000%¢B
664 733 69 0.090 1.000 1.000 0.005%+  20.000***B
664 732 68 0.090 1.000 1.000 0.005%F  20.000***B
816 880 63 0.090 1.000 1.000 0.005%%  20.000***B
887 950 63 0.090 1.000 1.000 0.005%F  20.000***B
664 726 62 0.090 1.000 1.000 0.005%+  20.000***B
824 887 62 0.090 1.000 1.000 0.005%F  20.000***B

2945 3007 62 0.160 1.000 1.000 0.000%%  20.000*<B
664 725 61 0.090 1.000 1.000 0.005%F  20.000***B
572 625 53 0.090 1.000 1.000 0.005%+  20.000***B
617 664 47 0.090 1.000 1.000 0.005%F  20.000***B
572 617 45 0.090 1.000 1.000 0.005%+  20.000***B
625 664 39 0.090 1.000 1.000 0.005%F  20.000***B

2294 2331 37 0.090 1.000 1.000 0.005%%  20.000***B

2482 2515 33 0.128 1.000 1.000 0.001FF  20.000%FB
135 161 26 0.128 1.000 1.000 0.001*<  20.000*<B

1044 1070 26 0.128 1.000 1.000 0.001FF  20.000%FB

1828 1847 19 0.090 1.000 1.000 0.005%+  20.000***B
617 625 8 0.090 1.000 1.000 0.005%F  20.000***B
725 733 8 0.090 1.000 1.000 0.005%+  20.000***B
773 781 8 0.160 1.000 1.000 0.000%FF  20.000%¢B

51 58 7 0.188 1.000 1.000 0.000%€  20.000*<B
725 732 7 0.090 1.000 1.000 0.005%F  20.000***B
726 733 7 0.090 1.000 1.000 0.005%%  20.000***B

1017 1024 7 0.090 1.000 1.000 0.005%F  20.000***B
726 732 6 0.090 1.000 1.000 0.005%%  20.000***B
725 726 1 0.090 1.000 1.000 0.005%F  20.000***B
732 733 1 0.090 1.000 1.000 0.005%%  20.000***B
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Appendix 4b

Significant LD for the parsimony informative sites of the pooled data set for the NAD"
IDH and the corresponding distances (significant comparisons with y test with Bonferroni’s
adjustment) LD estimates: D (Lewontin and Kojima 1960), D" (Lewontin 1964) and R (Hill
and Robertson 1968)

Site 1 Site 2 Distance D D' R Fisher chi-square

287 300 13 0.113 0.728 1.000 0.009**  10.588**B
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