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Introduction

Introduction

Wood is an endlessly renewable material which uses solar energy for its biosynthesis. It is one
of our most important natural resources, and has been exploited for hundreds years as fuel,
building material, and source of paper. In the next 20 years, the world’s population is
projected to increase by more than 30%, followed by an equivalent increase of wood
consumption (FAO 2009). In the meantime, we expect a decline in harvesting from natural
forests, which is greatly encouraged by environmental policies. This will likely contribute to
the emergence of planted forests as the major source of wood supply. The FAO recently
modeled the global wood production from planted forests by 2030 (FAO 2006). The outlook
was calculated based on predicted changes in planted forest area as well as opportunities for
increased productivity from more efficient management practices and genetic improvement.
All models indicated an increase of planted forests, with the highest increase for pine forests
(FAO 2006).

Pine species play an especially important role in modern plantation forestry worldwide and
form a large part of both the annual wood harvest and the immature plantation forests that will
provide wood in the future (BURDON 2002; FAO 2006). Indeed, the large number of pine
species allows choice for widely varying environments, some species presenting high yields
even under unfavorable conditions. Pines are also well suited for reforestation and
monocultures, and their wood is easily processed and utilized for a wide variety of end uses
such as lumber, pulp and paper or particleboard (PLOMION et al. 2007).

Maritime pine (Pinus pinaster Ait.) is a Mediterranean species which naturally occurs in
southwestern Europe and northwestern Africa, across a fragmented surface of about 4
millions hectares (Figure 1). It is the main tree species used for reforestation in southwestern
Europe, and it has been introduced in several countries out of its natural range, namely Chile,
South Africa (where it is now considered as an invasive species), Greece, Western Australia
(~50,000 ha, and more than 150,000 ha of planed plantations, T. Butcher, personal
communication) and Turkey (~57,000 ha, N. Bilir, personal communication). It is the most
common softwood in France in terms of both surface area (~1.4 million hectares) and
production, with ~8 million cubic meters of timber each year (ALAZARD et al. 2005).
Aquitaine is the largest maritime pine producing region in France: the Landes forest, which
covers about one million hectares, is among the largest and more productive planted conifer
forest of Europe (ALAZARD et al. 2005). Maritime pine was first planted in this region at the

end of the 18™ century, to stabilize the coastal dunes and drain the marshes, and was mainly
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Introduction

used for resin production. Since then, the Landes forest area has increased by more than 4
times. When the resin market collapsed in the fifties due to the emergence of oil by-products,

Aquitaine foresters chose to reorient their objectives toward timber and pulp production.
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Figure 1: Distribution map of maritime pine (from ALiA and MARTIN 2003)

In the sixties, the genetic value of the reproductive material used in plantations was
recognized as an important issue for sustainable productivity and quality. Trials comparing
different provenances revealed the growth superiority of the Landes provenance and its good
adaptation to Aquitaine sandy podzol moorlands ranging from very dry (the dunes along the
coast), dry (with Caluna vulgaris and Erica cinerea), semi-humid (with Pteridium aquilinum)
and humid (with Molinia caerulea) lands. The local resources of the Aquitaine forest thus
provided the best genetic basis to build up a breeding population. Two different breeding
programs started with the aim to improve both growth and stem straightness, at INRA" and
AFOCEL'. The two institutions joined forces in 1995, in the context of the GIS PMF* which
also included the CPFA" and the ONF . Today, 100% of plantations are made with improved

seedlings from the second generation of seed orchards, and the genetic gain of improved

" Institut National de la Recherche Agronomique / National Institute for Agricultural Research
" Association Forét-Cellulose / Association for Forests and Cellulose. AFOCEL has been replaced by the FCBA
in June 2007 (http://www.fcba.fr).

* Groupement d’Intérét Scientifique Pin Maritime du Futur / Maritime Pine Group for the Future.
¥ Centre de Productivité et d’Action Forestiére Aquitaine / Centre for Forest Action and Productivity for
Aquitaine

™ Office National des Foréts / National Forestry Office
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varieties is about 30% for both volume and straightness (ALAZARD et al. 2005). The 3"
generation of seed orchards was planted in 2002 and should start producing improved seeds
within the next two years, with expected genetic gains of 40-45% for growth and stem
straightness compared to the original sampled material (Annie Raffin, personal
communication). The recurrent selection scheme proved successful in improving these two
traits, but the introduction of wood quality selection criteria is now an important need for the
timber wood market and pulp/paper industries. Several recent observations corroborate this
demand: first the gain in productivity has been followed by a reduction in the harvest age (e.g.
from 60 to 40 years), which has led to a greater proportion of harvested juvenile wood
causing a fall of overall intrinsic wood quality (PoT et al. 2002; BOUFFIER et al. 2009).
Secondly, preliminary investigations have reported negative correlations between productivity
and quality (PoT et al. 2002).

New breeding objectives are difficult to define, mainly because the relationships between
selected traits and end uses are not straightforward. PoOT et al. (2004) defined wood quality as
a multi-feature concept that can be studied at different levels, either chemical (e.g.
composition and content of lignins, cellulose and hemicellulose contents), anatomical (e.g.
fibre morphology), physical (e.g. modulus of elasticity) or technological (e.g. wood density,
pulp yield). Traditional quantitative genetic studies have shown that wood quality traits are
variable and heritable and can therefore be selected and provide significant genetic gains
(ZOBEL and VAN BUITENEN 1989; NYAKUENGAMA et al. 1999; Por et al. 2002; RAYMOND
2002; DA SiLvA PEREZ et al. 2007). The inclusion of wood properties in most breeding
programs is however still limited by the time and cost required to screen numerous wood
quality traits in a large number of individuals, and the necessity to wait until trees are nearly
mature to assess wood properties. Optimisation of genetic gains per unit of time could be
achieved using indirect and early selection criteria for target traits measured at adult stage. In
this context, molecular markers open the possibility for early selection as it is becoming
cheaper and feasible to perform selection prior to trait expression (LANDE and THOMPSON
1990; RIBAUT and HOISINGTON 1998; MOREAU et al. 2000; BLANC et al. 2008).

From the molecular point of view, variability of wood quality related traits can be defined as
the result of variation either at the DNA, transcriptome, proteome or metabolome levels,
which can all affect the differentiation of cambial cells also subject to environmental and
developmental factors (PAIVA 2006). Indeed, numerous candidate genes for wood properties
have been highlighted by substantial studies of maritime pine proteome (GION et al. 2005),

metabolome (PAIVA 2006) and transcriptome (LE PROVOST et al. 2003; PAIva et al. 2008a;
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PAIVA et al. 2008D) in the past few years. These genes need however to be validated, either by
reverse genetic approaches (transgenesis), or by association mapping studies giving further
evidence of their involvement in trait variation. This was the goal of the ANR" funded project
(GenoQB, Genomics of wood formation and molecular tools for breeding wood quality in
maritime pine, GNP05013C) which took place from 2006 to 2009 as a tight partnership
between INRA and FCBA (formerly AFOCEL). I was recruited by FCBA as a CIFRE" PhD
student in January 2006, and took responsibility for the GenoQB workpackage 2. The main
objectives were twofold: i/ study the landscape of nucleotide diversity in previously identified
candidate genes for wood formation, and ii/ relate naturally occurring nucleotide
polymorphisms with the variability of wood quality related traits measured in experimental
designs of the maritime pine breeding program. The strategy developed to achieve these goals
is summarized in Figure 2 and discussed below. The samples and markers used in the

different chapters are described in Figure 3.

In Chapter | — “Disentangling diversity patterns due to demography or natural selection in
Pinus pinaster transcription factors involved in wood formation” (submitted to Genetics) —, I
describe the nucleotide diversity patterns of nine transcription factors putatively involved in
wood formation. The rationale behind a focus on transcription factors was that, if substantial
sequencing has been done on candidate genes of known molecular and physiological
mechanisms (e.g. genes of the lignification or cellulose pathways) (POT et al. 2005; EVENO et
al. 2008), little is still known about transcription factors diversity in conifers. Nevertheless,
many of these genes have been identified as strong candidates for wood formation mainly
from expressional studies (reviewed in DEMURA and FUKUDA 2007). In this chapter, I use
coalescent simulations to detect possible departures of transcription factors’ nucleotide
patterns from neutral molecular evolution, which can be due to either natural selection effects
on genes playing an important adaptive role, or past demographic changes in the population
considered. The demographic history of Aquitaine maritime pine population is discussed in
the light of the results obtained, and a coalescent demographic model is proposed for

neutrality testing in this population.

* Agence Nationale de la Recherche / National Research Agency

" Convention Industrielle de Formation par la Recherche
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Chapters Il and 111 are technical prerequisites to the association mapping study described in
Chapter IV. In Chapter Il — “Developing a SNP genotyping array for Pinus pinaster:
comparison between in vitro and in silico detected SNPs” —, the Aquitaine breeding
population is genotyped for 384 SNPs” selected either from resequenced candidate genes for
wood formation (including the transcription factors examined in Chapter I) and drought stress
tolerance, or from contigs of assembled Expressed Sequence Tags (ESTs). Genotyping
success rates of both categories are compared, and the interest of in silico resources is
discussed. The genotyping error rate is also estimated based on Mendelian inconsistencies in a
pedigree, and recommendations are made for the use of high-throughput genotyping methods
in large and complex genomes of non-model species. In Chapter 111 -“Genetic parameters of
growth and wood chemical-properties in Pinus pinaster”- phenotypic variation in the
Aquitaine breeding population for growth and wood chemical properties is assessed in a
progeny and a clonal trial. Among the traits studied, near infrared spectrometry combined
with a non-destructive wood sampling method is also used to rapidly assess lignin content in
hundreds of trees. Heritabilities and genetic correlations between traits are estimated, and Best

Linear Unbiased Predictors (BLUPs) are calculated for each tree as inputs for Chapter IV.

Finally in Chapter IV —“Association mapping for growth and wood chemical-properties in
the Pinus pinaster Aquitaine population”-, an association study is performed using both the
molecular markers developed in Chapter I and II, and the phenotypes and BLUPs obtained in
Chapter III. First we search for a putative hidden stratification in the breeding population,
since population structure is an important bias producing false-positive associations. Then a
one-stage and a two-stage approaches accounting for familial relatedness are used to test for
significant genotype-phenotype associations. The power of experiments is discussed, and a

strategy for upcoming association studies in maritime pine breeding population is proposed.

* Single Nucleotide Polymorphisms



CHAPTER |

Disentangling diversity patterns due to demography or natural selection in Pinus pinaster transcription
factors involved in wood formation.
— Sequencing of functional and expressional candidate genes for wood formation in the Aquitaine natural population
— Patterns of nucleotide diversity and linkage disequilibrium

— Inferences on demographic history and natural selection events

]

CHAPTER lI
Developing a SNP genotyping array for Pinus

CHAPTER Il

Genetic parameters of growth and wood chemical
pinaster: comparison between in vitro and in silico

detected SNPs

properties in Pinus pinaster

— Phenotyping the Aquitaine breeding population

— Detecting and validating SNPs from an EST database — Estimating heritabilities, correlations and Best Linear

— Genotyping the Aquitaine breeding population for candidate
and random SNPs

Unbiased Predictors

|

CHAPTER IV

Association mapping for growth and wood chemical properties in the

Pinus pinaster Aquitaine breeding population

Figure 2: Strategy of the GenoQB project workpackage 2.



CHAPTER III: Phenotyping
261 GO and 189 G1 trees evaluated for

growth and chemical properties

CHAPTER IV: Association mapping
CHAPTER II: Genotyping » Breeding values and genotypic  ...__]
456 samples:
» 212 GO trees--
* 210 G1 trees__.

» « 29 trees from the natural population

information for 160 GO and 162 G1 trees

CHAPTER I: Diversity (111 in vitro SNPs and 81 in silico SNPs)

Aquitaine natural population

.-
1
1
1
1
I
1
|

4
1
1
1

(42 gametes)--.____

192 polymorphic
SNPs validated

9 transcription factors
(90 in vitro SNPs)

* 5 individuals from mapping pedigrees

B e et

; 384 SNPSs - __. .
47 SNPs suitable to the . 184 in vitro SNPs and 200 in silico SNPs

GoldenGate technology

Candidate gene sequences from other projects EST database

Figure 3: Samples and markers used in the different chapters of the thesis manuscript.
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Introduction

Unraveling the role of gene regulation on phenotypic adaptation and evolutionary
diversification has triggered much research and debates in the scientific community since the
mid 70s, when KING and WILSON (1975) showed that the level of protein divergence between
humans and chimpanzees was too small to account for their phenotypic differences. They
suggested that minor changes in gene regulation could lead to major phenotypic changes. The
increasing knowledge on genomes’ organization has since confirmed the importance of both
regulatory regions and proteins on variation in gene expression, thus reinforcing the belief
that these changes can generate most phenotypic evolution in contrast to variation at structural
genes (GALANT and CARROLL 2002; CARROLL 2008; WAGNER and LYNCH 2008). Regulatory
proteins are coded by transcription factors (TFs) that usually stimulate or inhibit gene
expression when binding to their targets, ie short, non-coding DNA regulatory regions also
called cis-regulatory elements. In the genome, the potentially very large number of trans-
acting TFs and cis-regulatory elements combinations finely tune the level, location and
chronology of gene activity (WRAY et al. 2003). Increasing experimental evidence is showing
that this complex network can significantly affect among and within species adaptive
phenotypic variation (OLsON and VARKI 2003; WRAY et al. 2003; GOMPEL et al. 2005;
DOEBLEY et al. 2006; JEONG et al. 2008). Post-transcriptional regulation of gene expression
involving microRNAs or small interfering RNAs is also a recognized mechanism in
eukaryotes (JONES-RHOADES et al. 2006; FILIPOWICZ et al. 2008), but the extent to which its
variation affects phenotypic changes is still unclear (CHEN and RAJEWsSKY 2006), although
sequence variants have been recently detected in Arabidopsis (EHRENREICH and
PURUGGANAN 2008).

Most TFs can be grouped into families according to their DNA binding domains, which are
highly conserved over large evolutionary distances (RIECHMANN et al. 2000; WRAY et al.
2003). These families vary considerably in size among organisms, with expansion rates higher
in plants than in animals, and also higher compared to other gene families in plants (SEOCIGHE
and GEHRING 2004; SHIU et al. 2005). As gene duplication can lead to functional innovations,
one of the hypotheses proposed for explaining the parallel expansion of orthologous TFs in
Arabidopsis and rice, or TF duplications in Lotus japonicus, is an adaptive response to
selection pressures caused by environmental stresses that higher plants commonly experience
(SHIU et al. 2005; YOSHIDA et al. 2008, respectively). In the last decade, the debate has

evolved from discerning the relative contributions of coding (TFs) and non-coding (cis-
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elements) regulatory mutations to phenotypic evolution (HOEKSTRA and CovyNE 2007), to
asking more specific questions about the mechanisms involved (WRAY 2007; WAGNER and
LYNCH 2008). The “cis-regulatory evolution” theory puts forward that the main driving force
behind adaptation would be caused by changes within cis-regulatory regions rather than
within TFs. The conservation of functions in TFs across organisms would be due to the action
of strong purifying selection because of the large number of downstream target genes with
which they can interact, and thus possible deleterious pleiotropic effects in case of mutations.
In contrast, cis-regulatory regions would be preserved from consequences of such negative
effects due to their modular architecture (PURUGGANAN 2000; STERN 2000; CARROLL 2005).
The gain and loss of TF binding sites by mutational changes would then have a higher chance
of being adaptive and trigger phenotypic evolution (WAGNER and LYNCH 2008). The main
alternative to the “cis-regulatory evolution” theory is that not only cis-elements but also TFs
can directly contribute to adaptation, with the less conserved TFs domains being as likely to
promote morphological evolution than cis-elements (HOEKSTRA and COYNE 2007; WAGNER
and LYNCH 2008). In a recent genome scan for high diversity regions in Arabidopsis, CORK &
PURUGGANAN (2005) found that TFs could harbor significant within-species variation as a
consequence of balancing selection. Selection has also been inferred on plants® TFs, for
example at the CAULIFLOWER gene in Brassica oleracea, Where TF variation was
associated with the differences in inflorescence structure observed among subspecies
(PURUGGANAN et al. 2000), or at the teosinte glume architecture gene, which has triggered a
major morphological change during maize domestication (WANG et al. 2005).

In the past few years, TFs from different families have been shown to affect wood formation,
through their role in lignin metabolism (RoGERs and CAMPBELL 2004; GROOVER and
RoBIscHON 2006; BOMAL et al. 2008), cell differentiation (OHASHI-ITO et al. 2005) or cell
fate (ROGERS and CAMPBELL 2004; PAUX et al. 2005; GROOVER and ROBISCHON 2006).
Wood formation is a fundamental process in terrestrial plants evolutionary history. It has been
associated to a number of advantageous features such as tallness and life-long increase in
storage capacity and fecundity (PETIT and HAMPE 2006). Wood plays a key role in sap
conduction, mechanical support or biotic and abiotic stress resistance (VANCE et al. 1980;
PLOMION et al. 2001). In this work, we focused on nine maritime pine (Pinus pinaster Ait.)
TFs putatively involved in wood formation. Our objectives were first to assess nucleotide
diversity patterns in those TFs, and second to test whether these patterns can be explained by
neutral models (integrating demographic history or not), or if they show any signature of

selection.
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P. pinaster, like other mid-latitude conifers in Europe, is likely to have experienced several
population size changes with successive expansions and contractions due to large temperature
oscillations during the Quaternary period (BENITO GARZON et al. 2007; PETIT et al. 2008).
These changes probably affected its current diversity patterns at neutral markers (GONzALEz-
MARTINEZ et al. 2004; Bucci et al. 2007), but also at adaptive traits (DANJON 1994; CORREIA
et al. 2008) and at their underlying candidate genes (EVENO et al. 2008). Demographic events
affect all the genes in a genome, while natural selection will affect only particular loci or
genomic regions. Revealing imprints of selection at the molecular level without genome-wide
information is thus a difficult task. Moreover, demographic events such as a moderate
bottleneck can affect gene genealogies in a way that is very similar to that of a selective
sweep due to positive selection (DEPAULIS et al. 2003) or to balancing selection at this locus
(TAJIMA 1989a). Patterns of nucleotide differentiation in P. pinaster populations have been
recently associated with the potential action of both directional and balancing selection in
candidate loci for wood formation and drought stress (POT et al. 2005; EVENO et al. 2008).
However, detailed analyses of site frequency spectrum accounting for possible effects of both
selective and demographic effects have not been performed so far in this species. The Fy-
based outlier methods (from BEAUMONT and NicHOLS 1996; BEAUMONT and BALDING 2004)
that were used in EVENO et al. (2008), although recognized as being robust to variations in
demographic histories, still do not explicitly model past demographic events. In two other
European conifer species, HEUERTZ et al. (2006) and PYHAJARVI et al. (2007) modeled
different bottleneck scenarii accounting for the species demographic histories, and showed
that ancient bottlenecks followed by expansion could explain the patterns observed at 22 loci
in Picea abies and 16 loci in Pinus sylvestris. P. pinaster has a more southern and scattered
geographical distribution, which may have led to a smaller effective population size. To meet
our second objective, we thus simulated a large range of demographic models likely to
encompass maritime pine natural features and history, since they could possibly explain
departures from neutral expectations in the targeted genes. Different levels of recombination
were also considered, and the different scenarii were used as null hypotheses against which to
test for potential selection events. We show that the best demographic models for the studied
population is a bottleneck that might have occurred during the last ice age (~120,000 to
15,000 years ago), and discuss if this finding is consistent with knowledge on past climatic

fluctuations and on P. pinaster recolonization history.
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Materials and Methods

Population sampling and DNA extraction

Seeds were collected from six P. pinaster natural populations distributed along the Atlantic
coast of France: namely Petrock, Mimizan, Hourtin, Le Verdon, Olonne-sur-Mer and St-Jean
de Monts (see Supplementary Table 1). Megagametophytes (endosperm), the haploid
maternal tissues surrounding the embryo in conifer seeds, were harvested from germinated
seedlings. We used 42 gametes (seven per population, each from a different individual) of P.
pinaster for nucleotide diversity analyses, and one genotype (two gametes) of Pinus taeda as
a reference species to determine ancestral allelic states. Genomic DNA was extracted from
megagametophytes using the method described by PLOMION e al. (1995), and from the
needles of P. taeda using Invisorb® Spin Plant Mini Kit (Invitek, Berlin, Germany).

Candidate gene selection and sequencing

Nine transcription factors were chosen for their known or putative implication in conifer
wood formation, with emphasis on the R2R3-MYB gene family (Table 1): PtMYBI1 and
PtMYBS8 from loblolly pine are potential regulators of phenylpropanoid metabolism
(PATZLAFF et al. 2003b; BOMAL et al. 2008), and PtMYB4 is involved in the control of
monolignol biosynthesis (PATZLAFF et al. 2003a; NEWMAN et al. 2004; BEDON et al. 2007);
PtMYB14 has been shown to be associated with the activation of defense mechanisms such as
isoprenoid and terpene biosynthesis, but also proved to play a role in the vascular system
organization (BEDON 2007); PgMYB?2 is preferentially expressed in secondary xylem and in
compression wood-forming tissues in spruce stems (BEDON et al. 2007); PpMYBS5 is
preferentially expressed in late wood compared to early wood, and PpSCLI from the
SCARECROW-LIKE family has been hypothesized to be implicated in the radial organization
of vascular tissue in P. pinaster (PAIVA 2006). Finally, spruce PgHDZip31 from the
homeodomain leucine-zipper family and PgLIM2 from the LIM-domain family are
expressional candidates for wood formation (J. MacKay, personal communication).

Since the contig available in the P. pinaster EST dabatase for SCL/ did not represent the
whole transcript, we resequenced the clone of one of its 3’-end ESTs (cDNA clone PP102H03
from P. pinaster differentiating xylem library), and increased its sequence length by 1034
base pairs (bp). The primers for SCLI were designed from this sequence. All the other
primers were designed either from tentative contigs obtained from the Pinus gene index
database (http://compbio.dfci.harvard.edu/tgi/plant.ntml), or directly from full length gene
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sequences using Primer3 (RozeN and SKALETSKY 2000). The 39 primer pairs are described in
Supplementary Table 2.

For PCR reactions, we used 10 ng of genomic DNA, 0.8 U of Tag DNA polymerase (New
England Biolabs®, Inc., Ipswich, MA, USA), 1.5 mM of MgCl, and 0.2 uM of each primer in
a total volume of 20 pyL. Then, we performed a touchdown 64-55° program (DON et al. 1991)
in a GeneAmp® PCR System 9700 (Applied Biosystems, Foster City, CA, USA). The size of
each PCR product was determined on a 1% agarose gel using GeneRuler™ 1kb DNA Ladder
(Fermentas, Burlington, Ontario, Canada) as a control. All amplification products were
purified on MultiScreen® PCRyg Filter Plates (Millipore™, Billerica, MA, USA) before being
guantified on a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, LLC,
Wilmington, DEL, USA). Sequencing reactions were realized with 20 ng of PCR product in a
total volume of 10 pl using the BigDye v1.1 terminator cycle sequencing kit (Applied
Biosystems). Sequencing reaction products were purified by an ethanol/EDTA/sodium acetate
precipitation before loading onto an ABI 3730 automatic sequencer (Applied Biosystems).

For each fragment, sequencing was first performed on a discovery panel of eight to ten
gametes randomly chosen from the six sampled populations. This allowed a 0.25 frequency
polymorphism to be detected with a probability of at least 90%. The sequencing of the
complete panel was not performed when there was no more than one polymorphism per

kilobase.

Sequence processing and polymorphic sites detection

Base calling was performed from the raw chromatograms using the KB algorithm of the
Sequencing Analysis software v.5.2 (Applied Biosystems). Sequence alignment and
nucleotide polymorphism detection (single nucleotide polymorphisms (SNPs), insertion-
deletions (INDELs)) were carried out using CodonCode Aligner v.2.0.4 (Codon Code
Corporation, Dedham, MA, USA). Nucleotides with phred scores below 20 were considered
as missing data. Since all studied TFs belong to multigenic families, we carefully checked that
chromatograms did not present any double peaks, which would have been due to paralog
amplification. The use of haploid tissue allowed the direct determination of haplotypes (i.e.
multilocus combinations of polymorphisms) without cloning PCR products.

Diversity, molecular differentiation and recombination rate estimates

Two estimates of nucleotide diversity were computed: Watterson's 6 (WATTERSON 1975),

based on the number of segregating sites, and 6z (Nel 1987), based on the average number of
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pairwise differences. Under the Wright-Fisher standard neutral model (WRIGHT 1931), 6y and
Or estimate the population mutation parameter 0=4N,u, where N, is the effective population
size and x is the mutation rate per gene per generation. Both nucleotide diversity estimates,
and also the haplotype diversity (H, according to NEI 1987), were computed with the software
DnaSP 4.2 (RozAs et al. 2003), considering both SNPs and INDELs (INDELs were only
present in non-coding regions, and were not excluded from the mutations considered in the
analyses).

We estimated differentiation among the six sampled populations using analyses of molecular
variance (AMOVA, EXCOFFIER et al. 1992) for each gene on the pairwise difference matrix
between haplotypes (p-distance), and for each SNP. We also estimated F,, parameters
between all pairs of populations at the haplotype level, and tested the hypothesis of random
distribution of the individuals in pairs by performing exact tests of population differentiation
for each gene (RAYMOND and ROUSSET 1995). AMOVA, F, estimates and exact tests were
performed using Arlequin v. 3.01 (EXCOFFIER et al. 2005).

Recombination allows linked sites to have different coalescent histories, and therefore should
be estimated and accounted for when performing neutrality tests using coalescent simulations
(STumMmpPF and MCVEAN 2003; ZENG et al. 2007a). DnaSP v. 4.2 was used to estimate the
minimum number of recombination events (R,) using the four-gamete test (HubsoN and
KapLAN 1985). The population recombination parameter (0=4N.r, where N, is the effective
population size and r is the per gene per generation recombination rate) was also estimated
with LDhat v. 2.1 (http://www.stats.ox.ac.uk/~mcvean/LDhat/index.html) using a composite-
likelihood estimator (HubsoN 2001), and assuming a constant recombination rate along
genes. 0y was used as input for coalescent likelihood estimations in LDhat. Approximate 95%
confidence intervals defined by the 2.5% and 97.5% upper and lower bounds for p were set

using values observed for + 2 on each side of the maximum likelihood value (HubsoN 2001).

Extent of linkage disequilibrium

The linkage disequilibrium (LD) between pairs of informative polymorphic sites (minimum
allelic frequency > 5% for 40 gametes) within and between genes was computed as the
squared allele frequency correlation »* (HILL and ROBERTSON 1968) using the Tassel software
(BRADBURY et al. 2007). This statistic takes into account both recombination and mutation
histories and is less sensitive to sample size than other common LD statistics (FLINT-GARCIA
et al. 2003). Statistical significance of 7* was computed with a one-tailed Fisher's exact test,
applying Bonferroni corrections for multiple testing for each gene. The overall LD decay with
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distance between informative sites was estimated by non-linear regression of »? within each
gene, fitting our data to estimate an “experimental” recombination rate C (C=4Nc, where N is
the effective population size, and ¢ is the recombination fraction between sites) with the non
linear regression function (nls) in the R software v. 2.6.2 (R Development Core Team 2008).
We used the HiLL and WEIR (1988) expectation of »? for a low level of mutation, adjusted for

a sample of size n:

G

Neutrality tests under the standard neutral model

To assess any potential departure of the observed nucleotide diversity patterns from
expectations under the standard neutral model (SNM), we first tested observed 6z and H,
values against those expected under neutrality. We then performed four categories of tests: 1)
site-frequency-spectrum-based tests applying Tajima’s D statistic (TAJIMA 1989b), which
represents a standardized difference between 6z and 6y and Fay and Wu's H statistic (FAY
and Wu 2000), which allows to detect an excess or a lack of high-frequency-derived variants,
2) haplotype-based tests, computing the Fu’s Fs statistic (Fu 1997), which reflects the
expected number of haplotypes given the observed nucleotide diversity, then the Ewens-
Watterson (EW) test, which considers the haplotype homozygosity conditional on the number
of haplotypes (WATTERSON 1978), and finally the haplotype number K-test (DEPAULIS and
VEUILLE 1998) which compares the expected and observed haplotype numbers conditional on
the number of segregating sites, 3) LD tests based on associations between sites, performing
the Kelly ZnS test (KELLY 1997) which averages the squared correlations between alleles at
different sites across all pairwise comparisons, 4) the recently described DH, DHEW and
HEW compound tests combining site-frequency and/or haplotype-frequency tests, which have
been shown in particular cases to be relatively less sensitive than their component tests
(Tajima’s D, Fay & Wu’s H and Ewens-Watterson EW) to recombination, background
selection and demography (ZENG et al. 2007b).

Tajima’s D, Fu’s Fs, Fay & Wu’s H, Depaulis & Veuille K-test and Kelly’s ZnS statistics
were computed in DNAsp v. 4.2. Their significance was tested by comparing their observed
value to distributions obtained from 10,000 coalescent simulations using the DNAsp software
coalescent tool. Coalescent simulations were conducted successively given 6z and given the
number of segregating sites S, and with recombination rates spanning the previously

estimated confidence intervals for p. EW and compound tests were performed thanks to Dr.
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Kai Zeng’s program (personal communication), which uses @y as input for coalescent
simulations under the assumption of no recombination. P. taeda sequences (Table 1) were
used as outgroups for deriving the allelic ancestral states required for Fay & Wu’s H and
associated compound tests (DH, DHEW and HEW).

Simulations of demographic scenarii

We simulated a range of simple bottleneck models with the micoalsim v1.42 software
(RAMOS-ONSINS and MITCHELL-OLDS 2007), which consisted in (thinking forward) an
instantaneous decrease of population size from N, (ancestral population size) to N, (present
population size) at a time 7, (in units of 4N, generations until present). We did not simulate
any expansion after the population contraction (as explained below), so the time at which the
bottleneck occurred (7,) coincides with its duration. Only two parameters are then necessary
to define a bottleneck, its intensity N,/N, and its timing 7,. These bottlenecks seemed more
suitable to the demographic history of maritime pine than classical bottlenecks where the
contraction is followed by a population expansion, since in Europe, the last expansion of tree
species from their Mediterranean refugia took place after the last glacial maximum, 25,000 to
17,000 years ago (PETIT et al. 2003). This means that the number of generations (340 to 1250
taking a generation time of 20-50 years) is probably too short on the evolutionary scale for the
expansion to leave traces on diversity patterns for average mutation rates previously estimated
for conifer species (0.70-1.31 x 10 per site and per year for silent mutation rate estimates in
Pinus nuclear genomes, see ANN et al. 2007). In the case of the maize domestication
bottleneck, TENAILLON et al. (2004) showed in their simulations that the size of the
population after the final expansion had little effect on the outcome of simulations because of
the small number of generations since the domestication event (about 7,000 generations for an
effective population size ranging between 500,000 and 5,000,000). In maritime pine, both N,
and the number of generations since the expansion are probably lower. Moreover, preliminary
simulation work showed that for the observed levels of diversity on the studied genes,
positive values of Tajima’s D and Fu’s Fs, and negative values of Fay & Wu’s H (see results
section), a population contraction is a more conservative hypothesis than a contraction
followed by an expansion (see Supplementary Methods 1).

The severity of a bottleneck is approximately proportional to the product of its intensity and
duration, which corresponds to the time that would lead to the same amount of coalescent
events if the size of the population was not reduced (providing that no or few mutations

occurred during the bottleneck period) (FAY and Wu 1999; GALTIER et al. 2000; DEPAULIS et
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al. 2003). FAY and Wu (1999) showed that bottlenecks of different intensities and durations
but of similar severity could lead to very similar Tajima’s D values. We therefore determined
a grid of intensities and timings covering a large range of severities: N,/N, varying from 1 (the
SNM) to 100, and the time at which the bottleneck occurred (7,) varying between 10 and 5,
which amounted to 80 different scenarii tested. The range for 7, values was optimized after a
first round of simulations (see Supplementary Methods 2).

For each model, 10,000 replicates of data samples for six loci (HDZ31, LIM2, MYBI, MYB2,
MYBI14, and SCLI) were simulated using their respective observed numbers of sites, sample
sizes and estimated recombination rates. An inherent problem to current estimates,
recombination rates in particular, is that they might not be representative of those occurring
before and during the scenarii departing from the SNM. To account for a possible larger
variation in effective recombination rate (p) during scenarii of population size changes and
their potential effects on computed test statistics, we simulated for each gene and each
bottleneck model a range of p values (per nucleotide) that was successively sampled from the
following uniform distributions with their respective lower and upper bounds: U(0,0.0015),
U(0.0015,0.0038), U(0.0038,0.0077) and U(0.0077,0.015). These were considered as
different levels of recombination tested, from very low, low, medium to high, respectively.
Simulations were conducted conditional on 6, which was adjusted for each gene so that the
mean Oz of output simulated data was similar to that observed. Indeed, @ is used to place a
number of mutations on the coalescent tree according to a Poisson distribution. Thus,
simulating a bottleneck results in a backward increase of & nearly proportional to the increase
of the effective population size (N,) if the demographic event is not too old (< 4N, generations
in the mean). To obtain a simulated 0 (6s;,) close to that observed for our data (6,s), two
rounds of simulations were performed for each model. The first round was conducted
conditional on 6,5, and the mean & of simulated data was used to compute a correction factor
Corr = Oups | 5. The second round was conducted conditional on 6., = Corr X Oy, We
checked that for this second run, the 6y, value obtained was not significantly different from
O.ps- FOr each bottleneck scenario we monitored three summary statistics, Tajima’s D, Fu’s Fis
and Fay & Wu’s H. Their P-values were given by mlcoalsim outputs by comparing the

observed values to the distributions obtained from 10,000 replicates.
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Results

Nucleotide diversity

A total of 15,244 bp were sequenced in P. pinaster, covering ~9,000 bp of coding regions at
nine candidate loci (Table 2) and representing between 74% to 100% of their respective full-
length coding sequences. Alignments with the P. taeda reference sequences gave amino-acid
identities ranging from 96% to 99.4% (Table 1), suggesting that they corresponded to
orthologous pairs among P. taeda and P. pinaster. Three out of the nine genes studied showed
no or very low polymorphism in the discovery panel of about 10 megagametophytes, and
were not sequenced further (MYB4 and MYBS with one SNP, and MYB5 monomorphic across
a >1300 bp region). Good quality sequence data could not be obtained with MYB14 for 14 out
of the 42 megagametophytes because of non-specific PCR amplification, probably due to
coamplification of other family members. Diversity results for this gene could thus be biased
and will be taken with caution.

In total, we identified 90 segregating sites (including 12 singletons), which corresponded to
one polymorphic site every 169 bp on average. Among these, seven were short INDELSs
located in non-coding regions while 83 were bi-allelic SNPs; 41 were located in coding
regions (comprising 16 non-synonymous mutations), and 49 in non-coding regions. The
number of polymorphisms observed per gene varied from 0 to 27, with mean nucleotide
diversity (0m,1) ranging from O (for MYB5) to 0.00777 (for MYB14), with an average of
0.002 (Table 2). Average 6z, (silent) was around five times higher than 6r,
(nonsynonymous) (respective ranges [0; 0.01073] and [0; 0.00392]). The averaged estimates
of 0y and Oz were very close whether for all polymorphic sites or for both silent and non-
synonymous sites (Table 2). The number of haplotypes per locus was low, varying from one
(MYBS5) to eight (MYB2), with an average of 3.9. The mean haplotype diversity H, was 0.49,
ranging from 0 to 0.82 (Table 2).

Population differentiation

To assess the subdivision in the studied population, AMOVA were performed on the six most
polymorphic genes (MYBI, MYB2, MYB14, HDZ31, LIM2 and SCLI). At the haplotype level,
none indicated a significant subdivision between the six sampled subpopulations at a 5% type
| error level. On a per SNP basis, only five out of 88 sites showed significant differentiation
between populations in four genes (MYB2, MYB14, HDZ31 and SCLI), half of them being
low-frequency variants (data not shown).
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Table 1. Candidate genes list with corresponding GenBank Accessions.

. GenBank ;

Gene rgfg?;nngfe reference te-rr1|t(33tl§/e P. pinaster | P. taeda sequences’® cds cds A;r(l;:go
name? sequence b (GenBank Accession) coverage® Identity® . .~ ;

sequence accession contig similarity
MYB1 P. taeda AY356372 TC84357 EU482890 / EU482902 100% 98.8% 99.1%
MYB2 P. taeda DQ399060 TC105208 EU482893 / EU482900 87% 98.2% 97.4%
MYB4 P. taeda AY356371 TC95526 EU482894 / none 90% 97.8% 97.9%
MYB5 P. pinaster BX250447 TCB84446 EU482896 / none 90% - -
MYB8 P. taeda DQ399057 TC106834 EU482895 / none 76% 98.3% 97.8%
MYB14 P. taeda DQ399056 TC81452 EU482897 / EU482901 86% 95.6% 96%
HDZ31 P. taeda DQ657210 TC101825 EU482891 / EU482899 74% 98.9% 99.4%
LIM2 P. taeda BF777520 TC99625 EU482892 / EU482903 94%°7 98.9%7 98.9%°
SCL1 P. pinaster BX254698 TC99461 EU482898 / none unknown” - -

# Gene nomenclature followed BEDON et al. 2007. HDZ31 stands for class Il HDZip 31, SCL1 stands for SCARECROW-LIKE 1,

b http://compbio.dfci.harvard.edu/tgi/plant.html, Pine assembly release 7.0 (July 23, 2008);
¢ Sequences obtained within this study;

d Coding sequence coverage; "cds" stands for "coding sequence”;

¢ Pairwise nucleic acid coding sequences identity calculated between the P. taeda reference sequence and the P. pinaster orthologous sequence;

f Pairwise amino acid sequences similarity calculated between the P. faeda reference sequence and the P. pinaster orthologous sequence;

9 For LIM2, the full P.taeda cds was not available compared to other genes. The cds coverage, identity and amino acid similarity were based on the TIGR

tentative contig expected cds;

" The complete cds for this gene is not known.



Table 2. Nucleotide diversity and recombination rates estimates in nine P. pinaster transcription factors.

Nucleotide diversity

Total Non synonymous sites Silent sites Haplotype diversity = Recombination rates
Gene Sample Length (bp) s’ c d b c d b c d e f h
name size® (coding + non coding)  (singl.) om Bw S om Ow S om Ow K Hd P’ cl
MYB1 40 1304 (941+363) 8 3.19 1.48 2 1.45 0.67 6 5.65 2.62 2 0.51 0 [0;0.2]
MYB2 38 1819 (1051+768) 13 1.46 1.7 1 0.18 0.29 12 2.52 2.87 8 0.82 0 [0;1.17]
MYB4 10 1315 (803+512) 1(1) 0.15 0.27 0 0 0 1 0.29 0.51 2 0.2 -
MYB5 8 1383 (689+694) 0 0 0 0 0 0 0 0 0 1 0 - -
MYBS8 10 1345 (1212+133) 1 0.26 0.26 0 0 0 1 0.87 0.87 2 0.36 - -
MYB14 28 847 (481+366) 27 (6) 7.77 8.36 7 3.92 4.91 20 10.73 10.74 5 0.69 0.52 [0.2;1.4]
HDZ31 39 3255 (1773+1482) 20(3) 2.45 1.45 2 0.11 0.36 18 4.06 2.21 6 0.62 0 [0;0.12]
LIM2 39 2130 (374+1756) 9(1) 1.59 1.01 0 0 0 9 1.85 1.17 4 0.69 1.54 [0.2;3.72]
SCL1 40 1846 (1846+0) 11 (1) 1.15 1.4 4 0.57 0.66 7 3.18 3.98 5 0.49 0 [0; 0.36]

TOTAL 15244 (9170+6074) 90 (12) 16 74
AVERAGE 2.00 1.77 0.69 0.77 3.24 2.77 3.89 0.49

& Total number of haploid sequences analysed;

® Number of segregating sites (number of singletons);
°Nucleotide diversity 6 (NEI 1987) per site (x 10°°);

¢ Nucleotide diversity 6,y (WATTERSON 1975) per site (x 107);
® Number of haplotypes;

"Haplotype diversity (NEI 1987);

9 Per gene population recombination rate estimate;

h Population recombination rate confidence interval,
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Using pairwise exact tests of population differentiation (RAYMOND and ROUSSET 1995), we
only observed significant differentiation for MYB2 between Petrock and St-Jean de Monts
populations (P-value < 2%), which are located at both extremes of the sampled area.
Therefore a low level of population structure, although undetected for five other genes, may
exist. For the following analyses, an homogeneous subset of four populations (Petrock,
Mimizan, Hourtin and Olonne-sur-Mer) was then created based on a dendrogram using

Ward’s clustering method (WARD 1963) on populations pairwise Fy, (see EVENO et al. 2008).

Recombination and LD

The minimum number of recombination events (R,,) for the six polymorphic genes was null.
The population recombination rate estimates p were either null or very low (Table 2). This is
consistent with the high levels of LD detected between informative sites for these genes: 235
among the 525 pairwise LD exact tests were significant after Bonferroni correction. In
addition, four out of six TFs showed significant Kelly’s ZnS values (MYB1, HDZ31, LIM?2
and SCLI). The lowest average »? was observed for the MYB2 gene (r°=0.24), and the highest
for MYB1 where all sites were in complete LD (»>=1) (Figure 1); the mean r? estimated across
all loci was 0.58. Within gene LD was not decaying significantly with distance except for
MYB2, with r? values dropping from 0.47 to 0.17 within 1000 bp. These analyses reveal
strong haplotype structures for all genes studied except MYB2. We did not detect any
significant LD between genes (Supplementary Figure 1).
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MyB1* HDZ31* LIM2* MYB14 MYB2  SCLT1*

Genes
Figure 1. Pairwise linkage disequilibrium values (r?) between informative sites within six transcription
factors. For each gene, the area of each bubble is proportional to the percentage of site pairs showing
the r? value indicated by the center of the bubble. * Genes showing a significant Kelly's ZnS statistic
under the SNM (P-value < 5%).
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Neutrality testing

Eight different statistical tests and three compound tests were performed on the six most
polymorphic TFs to detect departures from the SNM. For all tests, significance levels
accounting for recombination did not depend on the range of recombination rates tested in p
confidence interval. In the same way, coalescent simulations performed with 6z and S as
conditional parameters gave similar results. Neutrality tests for the MYB2 gene were
computed successively on the total data set and on the homogeneous subset, and gave very
similar outputs (Table 3). The only significant test for this gene was Fay & Wu’s H, with a
negative value suggesting an excess of high-frequency derived variants. SCL1 departed from
the SNM only for Kelly’s ZnS statistics, which indicated higher than expected pairwise
correlations between polymorphic sites (P-value < 5%). MYB14 was the most polymorphic of
the nine TFs with an average of one mutation every 31 bp (67 = 0.0077), but within the
range of neutral expectations, as for the D, EW, ZnS and the compound statistics (Table 3).
MYB14 haplotype diversity (H;) and number of haplotypes were significantly lower than
expected (H, P-value < 5%, K-test P-value < 1%, Fu’s Fs P-value < 1% Table 3), and a
significant excess of high-frequency derived variants (Fay & Wu’s H < 0 with a P-value <
5%) was detected for this gene. This pattern would need however to be confirmed to exclude
any bias due to incomplete sequencing of all gametes.

The MYBI, HDZ31 and LIM?2 loci showed a common pattern of: i/ higher than expected
(according to S) Oz values, ii/ highly significant positive values for Tajima’s D, implying an
excess of intermediate-frequency variants, iii/ lower than expected haplotype numbers K,
consistently with a highly significant positive value for Fu’s Fs, and iv/ LD patterns
incompatible with the neutral expectations according to Kelly’s ZnS statistics (Table 3).
Ewens-Watterson’s test was only significant for AMYB1 among all TFs tested. DH and DHEW
compound tests were significant for MYBI and HDZ31, whereas the HEW compound test was
never significant. Overall, MYB1, HDZ31 and LIM?2 showed the strongest departures from the
SNM, with MYBI in particular presenting only 2 haplotypes in similar frequencies (45% and
55%), and thus high significance levels for most tests. In summary, the patterns observed
didn’t fit well the SNM, and even if significant statistics differed among genes, the common
pattern is that of an excess of intermediate frequency variants, or a lack of haplotypes and/or
high levels of LD.
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Table 3. Neutrality tests in six polymorphic P. pinaster transcription factors.

Genename o 5o gy D° He Hd" EW® Fs' K9 Zns" ort o HEW o PHEW

size P-value P-value P-value
MYB1 40 8 3.9 331 47  051*0 05040 11.86*") 20 el g gg99e*  0.9388™  0.9988**
HDZ31 39 20 245%%) 227+®)  ga40™ 062~ 040™ 88" =0 059"  09791*  0.1744™  0.9653*
LIM2 39 9 159 171 _049™ 069"  0.33"° 549+  g»0 039%™  08922"™ 08405 0.8574™
MYB14 28 27 777 -019® 836 0690 0.34™ 7.08*" 50 0.36"™  0.2555"™  0.3919™ 0.2681™
MYB2 38 13 1.46™ 045" 502*0 082™ 020"  0.11™ 8" 0.24"™  0.1740™ 0.6077™  0.4974"™
MYB2 (subset)’ 25 10  1.15"™  -069™ -598*7 072™ 031" = 0.24™ 6" 0.46™  0.1096™  0.2338™  0.1593"™
SCL1 40 11 1.45™  -054™ 147"  049™  055™ 1.99™ 5" 051*  0.1765™  0.1412™  0.1290™

& Total number of haploid sequences analyzed;

'S, 6 and Hd as in Table 1:

¢ Tajima's D (TAJIMA 1989);

YFay & Wu's H (FAY & Wu 2000);

° Ewens-Watterson statistics (WATTERSON 1978);

"Fu's Fs (Fu 1997);

9 Number of haplotypes (K-test, DEPAULIS & VEUILLE 1998);

" Kelly's ZnS (KELLY 1997);

' P-values for DH, HEW and DHEW compound tests (ZENG 2007);

IFor this gene, statistics computed for a subset of four populations, see Materials and Methods;

Significance of the tests under the SNM: ns P-value > 5%, * P-value < 5%, ** P-value < 1%, *** P-value < 0.1%.

(-) and (+): the observed statistic is lower or higher, respectively, than expected under the SNM



Chapter I: Diversity patterns in Pinus pinaster requlatory genes

Assessment of alternative demographic models

After preliminary trials that helped to decide on the best parameters’ range (Supplementary
Methods 1 and 2), we simulated 80 different bottleneck scenarii for the six TFs, combined
with five different recombination rates (the genes’ estimates plus four different levels, from
very low to high), which allowed a total of 2,400 scenarii to be explored. Coalescent
simulations involve many stochastic processes, which lead to slight variations among
outcomes of a particular scenario even after 10,000 iterations: for example under the SNM
(grid squares corresponding to intensity of N,/N, = 1 for an absence of bottleneck in Figures 2
and 3), the significance level of Fu’s Fs fluctuates between 1% and 5% depending on the runs
(see Figure 2, A and C). For a range of T, values comprised between 0.01 and 0.1 to 0.3
(depending on the genes), as expected, the significance levels of Tajima’s D, Fu’s Fs and Fay
& Wu’s H decrease as the bottleneck intensity increase. This trend is less clear or not
observed for scenarii with higher T, values (7, above 2) for which a major part of the
coalescent events already took place during the bottlenecks and thus increasing the intensity
does not affect its detection (Figures 2 and 3, see also Supplementary Methods 2 for the range
of duration and intensity which allow the highest departures from statistics expected neutral
values).

When using either the genes’ own estimates or very low recombination rates, a small number
of scenarii could explain the patterns observed at the six loci: at a 5% threshold, Tajima’s D,
Fu’s Fs and Fay & Wu’s H were not significant for bottlenecks of intensity (V./N.) above 10
and of length (7,) between 0.15 and 2 (Figures 2 and 3). At a 10% threshold, only bottlenecks
of intensity above 30 and of length between 0.3 and 1 could explain the statistics observed
values. This result is mainly due to MYBI Tajima’s D which was not significant only for this
narrow range of timings and intensities (Figure 3 A). For the other genes, the three statistics
could be explained by bottlenecks of intensity above 4 and timing between 0.04 and 2 in most
cases (Figure 2 and 3, and Supplementary Figure 2). As observed in the SNM case, the
patterns differed among genes for the statistics tested: for example, Tajima’s D was never
significant across models for MYB2, MYB14 and SCLI, while it was significant for HDZ31,
LIM?2 and MYBI for a range of scenarii (Figure 2, Supplementary Figure 2).

When examining the scenarii with increased recombination rates, significance levels
decreased for many statistics, across genes and models. For medium or high recombination
levels, no bottleneck scenario could explain the diversity patterns observed at all genes: MYB1
Tajima’s D was significant in all models tested for medium recombination rates, and so did
MYBI and HDZ31 Fu’s Fs for high recombination rates (Figure 3 B and Supplementary
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Figure 3). It should be noticed that a large number of tests became significant for some of the
bottleneck models even at low recombination rates (which corresponded to a slight increase
compared to observed values), for example Fu’s F’s test for SCLI (Figure 3C) or Fay & Wu'’s
H for MYB2 (Supplemental Figure 6). Complete outputs of the 2,400 simulations across

different genes are given in Supplementary Figures 2-8.

Discussion

This work reports nucleotide diversity patterns for nine TFs putatively involved in wood
formation in a large unstructured P. pinaster population of the French Atlantic coast. Three of
these genes presented very low levels of nucleotide diversity, which may be a sign of strong
purifying selection. The others were more polymorphic, although their nucleotide diversity
was generally lower than that observed for genes encoding structural proteins in the same
species. Strong departures from the standard neutral model (SNM) were observed for three
polymorphic TFs (HDZ31, LIM2 and MYBI), based on several statistics, with common
patterns of excess of intermediate frequency variants, lack of haplotypes and/or high levels of
LD. Such patterns usually result either from a bottleneck affecting the whole genome, from
balancing selection affecting specific loci, or from both. We modeled a large range of
bottleneck scenarii likely to encompass P. pinaster natural features and history, in order to
explore their impact on the significance of test statistics. For the very low recombination rates
estimated under the SNM, we showed that a small number of these scenarii could explain the
diversity patterns observed for all studied genes. However, no bottleneck was sufficient to
explain the Tajima’s D value observed for one of the genes (MYB1) when allowing for even a
medium level of recombination rate, suggesting that this gene could have been affected by
balancing selection. Below, we first argue in favor of the action of purifying selection in TFs.
We then look at the relevance of the bottleneck scenarii that best fit our data given the current
knowledge of past climatic events and P. pinaster history and demography, and compare our

findings to results from other conifer species in Europe.
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Figure 2. Effects of demography on the significance levels of neutrality tests statistics.

Each grid represents the significance levels of a neutrality test (Tajima's D, Fu's Fs or Fay & Wu's H)
under different bottleneck models for A) HDZ31 B) LIM2 and C) MYB14. From lighter to darker square
shading: P-value > 0.1; 0.05 < P-value < 0.1; 0.01 < P-value < 0.05; 0.001 < P-value < 0.01; P-value <
0.001. Recombination rate estimated for each gene were used in the coalescent simulations. Intensity
is the Na/Ne ratio, Na being the ancestral population size and Ne being the present population size.
Timing is expressed in units of 4.Ne generations until present.
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Figure 3. Effects of demography and recombination on the significance levels of neutrality tests

statistics.

Each grid represents the significance levels of A) Tajima's D for MYB1, B) Fu's Fs for MYB1 or C) Fu's
Fs for SCL1 under different bottleneck models, and for different recombination rates. The coalescent
simulations have been conducted successively with: p estimated for each gene, a low level of
recombination with p sampled in the uniform distribution U(0.0015,0.0038), and a high level of
recombination with p sampled in the uniform distribution U(0.0077,0.015). Intensity, timing and square

shading are as in Figure 2.
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Low levels of nucleotide diversity in transcription factors

Apart from the three genes with no or very low observed diversity (MYB4, MYB5 and MYBS),
the average O, across the six more polymorphic genes (HDZ31, LIM2, MYB1, MYB2, MYB14
and SCLI) was around 0.006, which is lower although of the same order of magnitude than
the mean silent diversity estimate of 0.0075 across a set 25 candidate genes in the same
population (compiling data on drought stress resistance genes in the same material after
EVENO et al. 2008, and our own unpublished data on other genes involved in wood formation,
Supplementary Figure 9). Excluding MYB14 for which diversity could be over-estimated due
to incomplete data, the highest diversity value was around 0.0057, with an average of 0.0034
(for the five polymorphic genes left), which corresponds to the lower range of values found to
date in P. pinaster (see Supplementary Figure 9). The very low diversity observed in MYB<,
MYBS5 and MYBS could be due to a strong effect of purifying selection, which commonly acts
against deleterious mutations in regions of functional importance (KIMURA and OHTA 1974).
Given that TFs could interact with the promoters of tens to hundreds of genes (WRAY et al.
2003), a low diversity at TFs would therefore be caused by the negative impact of their
pleiotropic action, consistently with the cis-regulatory evolution theory (CARROLL 2005).
Additional insights into the functional importance of genes belonging to MYB and HDZip 111
gene families come from their ubiquity in all plant lineages and the observation that their
basic features in conifers is similar to that observed in angiosperms, suggesting that their
expansion predated the gymnosperm — angiosperm split about 300 million years ago (PRIGGE
and CLARK 2006; BEDON et al. 2007). The action of strong purifying selection has also been
proposed as an important process in the evolution of duplicated genes or multigenic families,
following a brief period of relaxed selection (LyNCH and CONERY 2000; VAN DE PEER et al.
2001; LyncH and CoNErRY 2003). These processes were for example inferred from a
phylogeny of Knox-I TFs across four different conifer species (GUILLET-CLAUDE et al. 2004).
Most analyses of plant TFs so far have focused on building phylogenies and searching for
homologies among family members across species, but very few have investigated their intra-
specific nucleotide diversity. In one study in Arabidopsis thaliana, distinct patterns of
polymorphisms across gene families were identified (CLARK et al. 2007): families involved in
transcriptional regulation such as MYB and basic helix-loop-helix TFs showed less changes
with major effects (premature stop codons, alteration of methionine residues initiation, non-
functional splicing sites, deletions or other strong sequences shifts) than other gene families,
consistently with the constant action of purifying selection. However, purifying selection may

act with more or less strength, as illustrated by the range of values for the ratio of
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nonsynonymous and synonymous substitution rates, Ka/Ks, across the more polymorphic
genes in P. pinaster. The mean Ka/Ks value is around 0.25 (ranging from 0.17 to 0.59, except
for LIM?2 having a Ka of 0, using P. taeda as the reference species). This is higher than mean
values for both control (0.18) and candidate (0.08) loci in P. abies (HEUERTZ et al. 2006), and
than the median value of 0.16 for a set of 77 fragments in P. tremula (INGVARSSON 2008).
This range of values also corresponds to the high Ka/Ks ratio class of genes defined by PALME
et al. (2008) in P. sylvestris, which could have been more affected by positive selection than
those with lower Ka/Ks ratios. Thus, apart from the obvious action of purifying selection on
the least polymorphic genes, the relatively high Ka/Ks ratios for the other genes would

suggest the potential impact of other processes on their diversity patterns.

Power of neutrality tests

We have shown that the six more polymorphic genes also presented significant departures
from neutrality and demographic equilibrium. With no a priori knowledge on these forces,
different types of neutrality tests were chosen (either based on frequency spectrum or LD and
haplotype structure), since they are not sensitive to the same processes, and can thus
complement each other (FU 1997; RAMOS-ONSINS and RozAs 2002; DEPAULIS et al. 2003,;
RAMIREZ-SORIANO et al. 2008). For example, Fu’s Fs and Kelly ZnS are among the most
powerful statistics to detect population expansions, but they are strongly affected by
recombination, which should be carefully examined when making inferences. Expansion
signals associated to negative Tajima’s D are in contrast more robust to recombination rate
variation (RAMIREZ-SORIANO et al. 2008).

The strong departures from the SNM observed were detected principally using simple
statistics like Tajima’s D, Fu’s Fs and Kelly’s Zns, while the compound statistics in our case
were not as powerful. First, this could be due to the difference they show in terms of
robustness to various processes when considering either ends of their distributions. Indeed,
compound statistics have been shown to be relatively robust against the presence of
recombination, background selection and demography when trying to detect positive selection
(i.e. for the left tails of Tajima’s D and Fay and Wu’s H null distributions, and for the right
tail of Ewens-Watterson’s EW distribution) (ZENG et al. 2007b). However, they may be more
sensitive to those processes when trying to detect balancing selection. For example, the EW
statistic is minimal when all haplotypes are equally represented in a sample (WATTERSON
1978). Since recombination is likely to create new haplotypes at low frequencies and thus
increase the statistic value, its lower tail will be sensitive to recombination, whereas the upper

tail has been shown to be less affected (ZENG er al. 2007a). Second, depending on the pattern
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tested (in our case, a general deficit of haplotypes but an excess for those with intermediate
frequencies), compound tests power can also vary between both tails of their distribution,
which in turn depend on the tails of their component tests. This is the case for MYB1, which
showed an extreme but only moderately significant value for the EW statistic (0.505, whereas
the statistic can vary between 0.5 and 0.95 in the case of two haplotypes observed in a sample
of 40 sequences). WATTERSON (1978) already noticed that the EW test could lack power in
such cases. In our sample, the Fay and Wu’s H test was also not significant for the genes
showing the highest departures from the SNM according to other statistics, which probably
reduced the power of the compound tests. Actually, Fay and Wu’s H can only detect
incomplete hitchhiking, i.e. when recombination allowed few variants to escape the
hitchhiking effect (FAY and Wu 2000). Our candidates may be either very close to selected
variants (since in case of complete hitchhiking, Fay and Wu’s H is not powerful) or not

submitted to selection.

Impact of demographic history on diversity patterns in the Atlantic maritime pine

population

We saw that for low recombination rates, the best fitting bottlenecks (i.e. those that could
explain the patterns observed on the polymorphic genes for different statistics at a P-value <
5%) were those reducing the population size by at least 90% (intensity N,/N, > 10), and with a
T, value (indicating both the start and duration of the bottleneck in our case) between 0.15
and 2, the mode of the range being at 0.6, in units of 4N, generations. Excluding MYB1, the
lower bound for 7, drops to 0.04 for scenarii with intensities above 4 (Figures 2 and 3). If we
allow for more variation in recombination rates while still excluding very high recombination
rates, the range of scenarii that remains compatible with most genes (except MYBI) is the
same (0.15 < Ta <2 in 4Ne generations).

In order to convert those results into absolute time, we can either deduce Ne from substitution
rate estimates in order to try and date the bottlenecks assuming a range of generation times, or
we can propose a dating based on past climatic changes and P. pinaster demographic history,
and see to what plausible range of Ne it corresponds. The consistency of deduced N, values
can be discussed in both cases. Conifer species are generally expected to show large N, values
because of their highly outcrossing mating system, extensive gene flow and wide geographic
distributions (NEALE and SAVOLAINEN 2004; BoulLLE and BOUSQUET 2005; SAVOLAINEN and
PYHAJARVI 2007). N, is usually calculated from 6=4N,u estimates, having first estimated the
mutation rate x4 by the rate of synonymous substitution, which should be equal under the

SNM, and which can be expressed as Ks/2T, Ks being the divergence rate between two
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species, and 7 their divergence time (GRAUR and L1 2000). For the Aquitaine population, with
a mean Ks (with P. taeda) of 0.051 (compiling the same data than above on 25 genes), and the
more recent estimate of divergence time between the pine sub-genera of P. taeda and P.
pinaster of 15 millions years (Figure 2 in ANN et al. 2007), we get a substitution rate of
around 1.7 x 107 per site and per year. This estimate is close to the range of estimates given by
ANN et al. (2007) across Pinus species (0.70-1.31x10®). Then taking the mean 7, given
above of 0.0075 per site, and a generation time ranging from 20 to 50 years, we obtain an
approximate range of values for N, of 22,000-55,000 individuals. The derived N, estimates
are in the low range of that published for conifers (Supplementary Table 3), as could be
expected in only one population of a species with a fairly scattered distribution. Using such
estimates, the onset of the bottleneck should be dated back to around 2.6 million years ago
(MYA), for a period between 0.7 MYA and as old as 9 MYA. However, fairly large
amplitude temperature shifts (~10°C) have occurred recurrently since the late and middle
Pleistocene era (~0.7 — 0.4 MYA), and more recently in the last glacial-interglacial transition
in Europe (PETIT ef al. 1999; PETIT et al. 2008). Also, the population size of conifer species
did fluctuate during the Wurm glaciation (~120,000 to 15,000 years ago), according to
phylogeographic studies, palynological records, or climate modelling (CHEDDADI et al. 2006;
BENITO GARZON et al. 2007). Given those historical data, the deduced range for the bottleneck
age (9-0.7 MYA) does not seem realistic, as it is not possible that the population studied
would have kept a constant size since its onset. The problem may come from the approximate
calculation we used for N, due to successive errors (large confidence intervals for € and Ks
when too few loci are available, fossil calibrations impacting on divergence time, generation
time), but also to assumptions of neutrality and demographic equilibrium after the divergence
of both species, which are clearly unrealistic. A large variance has thus to be considered
around this N, estimate, which could be largely over-estimated, thus giving a range of far too
ancient bottlenecks which are not compatible with the assumption of constant N, after they
occurred.

Several elements agree with a smaller N, in the studied population. Phylogeographic studies
employing both organellar and nuclear DNA markers (VENDRAMIN et al. 1998; DERORY et al.
2002; BURBAN and PETIT 2003; Buccl et al. 2007) indicated that P. pinaster is subdivided
into at least three gene pools reflecting its survival in different refugia. The Aquitaine
population is part of the “Atlantic gene pool”, originating from the largest center of re-
expansion after the last glaciation period, from south-eastern and central Spain. According to

GONZALEZ-MARTINEZ et al. (2002), a low adaptive differentiation between central and
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northern Spain indicated a rapid spread of the species along this post-glacial migration
pathway. This suggests a picture of a population which established quite rapidly, with likely
founder effects, although very strong ones would have been avoided in such a tree species
with long generations, recurrent gene flow (AUSTERLITZ et al. 2000), and repeated
introductions. A lower N, also seems consistent with bioclimatic modeling in Spain (BENITO
GARZON et al. 2007), the original gene pool from which the Aquitaine population expanded,
which suggests for P. pinaster a reduction in population size during the last glacial maximum
larger than 90% (corresponding to an intensity above 10). This is coherent with the possible
range of best fitting scenarii (Figures 2 and 3). Given the patterns observed (maintenance of
haplotypes), we can see that not all genealogies have coalesced at the start of the bottleneck,
which can be qualified as intermediate, in contrast with strong ones where only one lineage
survives (DEPAULIS et al. 2003). FAY and Wu (1999) also defined bottlenecks of severity
comprised between 0.25 and 4 as intermediate bottlenecks. The lower severity estimate we
observe (using the product S of intensity and duration) in the best fitting scenarii is at least 9
(Supplementary Figure 10), with values increasing very fast for older or more intense
bottlenecks. Even if the effect of mutation for older events is not accounted for in S, these
very high values (> 30 for most bottlenecks) are difficult to interpret. Previous studies
modeling bottlenecks in species known to have been submitted to strong decrease in N, (>
90%) report severities within the range of 4-10 (see TENAILLON et al. 2004 for maize; VOIGHT
et al. 2005 for humans; AspI et al. 2006 for wolfes). All this suggests that, among the scenarii
that best fit our data (see Supplementary Figure 10), the ones with the lowest severities are
already strong bottlenecks, and might be more realistic than older or more intense ones.

A more credible period for a strong bottleneck, i.e. since the start of the last glacial period,
~120,000 years ago, would then correspond to 2,400-6,000 maritime pine generations, when
taking a larger range for generation time of 20-50 years around our assumed mean of 35
years. If the length of this bottleneck has to be lower than 6,000 generations, it means that N,
for the Aquitaine population would have to be smaller than 10,000 individuals (for 7,=0.15)
with a lower bound of 750 individuals (for 7, =2). Assuming a N, value of a few thousands is
however plausible for one single population of a species in which the differentiation among
populations at neutral markers can be quite large (up to 30%, EVENO et al. 2008). For these
reasons, and given the arguments developed above, it seems reasonable to conclude in the
occurrence of a bottleneck after the start of the last glacial period, rather than a much older

one.
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When comparing our results and interpretation with previous studies exploring past
demographic scenarii in European tree species (HEUERTZ et al. 2006; PYHAJARVI et al. 2007,
INGVARSSON 2008), we noted a few striking differences. First, the scenarii that fit their data
best include an expansion time that is 2 to 16 times longer than the actual duration of the size
reduction, which was quite short in their simulations (fixed at 0.0015, 0.006 and 0.015 x 4Ne
in HEUERTZ et al. 2006, PYHARJARVI et al. 2007 and INGVARSSON 2008, respectively). The
observed patterns in those three studies are in fact more characteristic of expansion signals
following population size reductions, with negative mean Tajima’s D (-0.88 to -0.16,
depending on the region and species, and averaged across many loci). In contrast, we only
modelled a population contraction without expansion, since the Holocene expansion seemed
too recent to be detected using nuclear SNPs (based on maritime pine history, its observed
nucleotide diversity and on preliminary simulations, Supplementary Methods 1). Besides,
those long expansion times (starting at the end of population contraction) dated back to
periods going from ~388 thousands years ago (INGVARSSON 2008) to 2 MYA (PYHAJARVI et
al. 2007). This would imply a constant N, (or quasi constant, given the long exponential
growth and low rate used, see HEURTZ et al. 2006) for a very large number of generations,
given their N, estimates (see Supplementary Table 3), which does not seem consistent with the
assumed climate fluctuations since the middle Pleistocene.

Finally, if a bottleneck that took place ~120,000 years ago best accounts for observed genetic
patterns, we need to reconcile our results with signals of population growth detected across
the whole geographical range of maritime pine (Buccl et al. 2007). Using a method adapted
by NAVASCUES et al. (2006) for microsatellite data, Buccl et al. (2007) found uni-modal
mismatch distributions for most maritime pine populations (including the Atlantic one), which
are characteristic of past expansion (ROGERS and HARPENDING 1992). Assuming a higher
bound for a silent substitution rate for P. pinaster of around 10 for 1 kb (see above), and
noting that the mutation rate employed by Buccl et al. (2007) by binary recoding the data of
five cpSSRs is around 5x10™ (PROVAN et al. 1999) for a similar sequence length, we can
observe that the latter is at least 5000 times higher than that used in our simulations.
Therefore, the evolutionary scales of both studies are very different but not incompatible.
Imprints of expansions in the last 300 generations (since ~10,000 years ago, after the end of
the last glacial age) can thus probably be detected with a much higher mutation rate than that

characterizing the genes we studied.
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Detection of selection signals in transcription factors?

We have seen earlier that purifying selection could be acting on TFs, and that the strong
departures from neutrality observed in polymorphic genes could be explained by a credible
range of bottleneck scenarii. The very low recombination rates based on observed estimates
that were used in the simulations may be under-estimated, as both demography and selection
can affect them considerably (STumpr and McVEAN 2003). Low recombination rates also
represent a conservative assumption for many neutrality tests (RAMIREZ-SORIANO et al.
2008). When allowing for higher recombination rate values in the different scenarii, observed
patterns at MYBI could no longer be explained by demographic models. The action of
balancing selection might therefore be inferred at this locus in addition to that of purifying
selection. Indeed, MYBI harbors eight mutations but only two haplotypes in similar
frequencies, constituting a strong case of balancing selection. Recent functional genomic
studies suggest that this gene is a strong candidate for wood formation in conifers: it is most
abundantly expressed in P. taeda differentiating xylem (PATZLAFF et al. 2003b), and its over-
expression in P. glauca causes a reduced root growth, an enhanced lignin deposition, and the
up-regulation of many genes encoding phenylpropanoid enzymes involved in lignin monomer
synthesis (BOMAL et al. 2008). The genes involved in lignification pathways and wood
formation are likely to be important for adaptation, based on evidence of ecotype differences
for biotic and abiotic stress responses (NAGY et al. 2000; YANG et al. 2005). The maintenance
of alleles at intermediate frequencies at this locus could therefore result from the
heterogeneity of environmental conditions across years, as previously hypothesized for three
genes involved in drought stress resistance in the same species (EVENO et al. 2008). Selection
does not appear necessary to explain the patterns observed for HDZ31 and LIM?2, since much
higher recombination rates are required for them to show significant tests across all scenarii.

In two previous studies looking at sequence diversity patterns in P. pinaster (POT et al. 2005;
EVENO et al. 2008), the strongest evidence for possible selection came from analyses based on
F; scans along genes. In the PoT et al. (2005) study, a strong differentiation between two
geographic regions was observed for one gene involved in the cellulose pathway, which could
be due to diversifying selection among those regions. Using Fy-based outlier methods, EVENO
et al. (2008) detected both positive (higher F, than expected under neutrality), and negative
(lower F;) outlier genes for five out of 11 drought stress candidate genes, suggesting that
some of them could not be explained by demography alone. It would be interesting to see
whether these two positive outliers show signals of directional selection. These would be

opposite, and thus not consistent with those induced by bottleneck scenarii.
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Conclusion and perspectives

We have shown that strong departures from the standard neutral model in several
transcription factors could be explained by bottleneck scenarii in one largely sampled
population of P. pinaster. One exception is the MYBI gene, which is thus a good candidate
for further functional and association studies. A larger number of loci would be useful to
better estimate demographic parameters, for example with methods based on approximate
Bayesian computation (BEAUMONT et al. 2002), using informative statistics summarizing the
data. This is likely to become possible in the near future by combining climate models, fossil
records, and the growing genomic resources in this species. It would also be interesting to
compare intensity and timing parameters of the best scenarii among different populations, and
to integrate explicitly the bottleneck scenarii in a larger setting of structured populations
representative of the P. pinaster geographic distribution. This could help in detecting outliers
in genome or multilocus scans, as further evidence for the potential role of particular
candidates might come from data in populations contrasted for the targeted adaptive traits.
Differentiation among genes submitted to selection might also be more easily detectable,
since directional selection signals could have been lost within populations but persist among
populations. In natural accessions of A4. thaliana, ZHEN and UNGERER (2008) found that
purifying selection on TFs involved in freezing tolerance could be relaxed in southern
environments compared to northern ones, with higher levels of non-synonymous nucleotide
polymorphisms associated to adaptive phenotypic variation.

Given good candidate genes, association mapping should then be performed to see whether
significant associations can be detected at specific alleles or combinations of alleles with
wood formation related traits. Identifying the specific target(s) of selection would require to
further examine the levels and patterns of nucleotide variation at the surrounding loci (CORK
and PURUGGANAN 2005), since we found surprisingly high levels of LD for all the TFs except
MYB2. This result differs from those obtained in previously published studies in conifer
species, which showed a rapid decay of LD (NEALE and SAVOLAINEN 2004; HEUERTZ et al.
2006). This difference might be due to the choice of this specific set of genes, or to the use of
one larger within-population sample which may have resulted in more accurate LD estimates
in comparison with the mixture of gametes from larger geographic areas used in past studies.
However, no LD was detected here between TFs and there was no differentiation among sub-
populations, considering either haplotypes or SNPs. This agrees with previous findings on the
lack of stratification in this environmentally homogenous and flat area, both at the molecular
(MARIETTE et al. 2001; DERORY et al. 2002; RIBEIRO et al. 2002; EVENO et al. 2008) and
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phenotypic (DANJON 1994; DANJON 1995) levels of variation. This suggests the potential
efficiency of future candidate gene mapping association studies in this population, as in other

conifer species.
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Supplementary Methods 1. Effects of a population expansion after bottlenecks of
different intensities and durations on Tajima’s D, Fu’s Fs and Fay & Wu's H.

Population
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A Time since expansion (Th)
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Supplementary Methods 2. Effects of the bottleneck length (Ta) and intensity (Na/Ne) on

Tajima’s D, Fu’'s Fs and Fay & Wu's H.
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We tested the effects of the bottleneck duration Ta
(in 4.Ne generations) and intensity (Na/Ne) on
Tajima’s D, Fu's Fs and Fay & Wu's H.

Each point of the curves represents the mean of a
statistic (Tajima’'s D, Fu's Fs or Fay & Wu’'s H)
over 10,000 simulated samples of 35 sequences
of length 1 kb. The recombination rate was
sampled in a uniform distribution U(0,0.002). 6rr
was adjusted as explained in the materials and
methods section to be equal at 3 in the simulated
samples.
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of bottleneck durations for which the statistics
reacted to the population size changes.
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Supplementary Table 1. Geographic coordinates of the sampled populations.

Population Latitude Longitude
Petrock 44.05 -1.32
Mimizan 44.13 -1.3
Le Verdon 45.57 -1.22
Hourtin 45.17 -1.13
Olonne-sur-Mer 46.57 -1.83
St-Jean de Monts 46.77 -2.02
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Supplementary Table 2. Gene names, primer pairs and sequence characteristics.

Start

Gene Genbank Primer sequence Fragment Length osition on End position
. Primer ID , q , length  sequenced P on the Sequencing®
name Accession 5 3 the
(bp) (bp) sequence
sequence
MYB1 EU482890 F7_Mybl TCGACGATTCTGAAGAGCTTATACT 1517 1426 1 1426 F/R
R3 Mybl CTCCTCCTCCATATGTACTTGGTTA
Aoy Wiz 1z 1 um  FR
MYB2 EU482893 F _Myb2 ATAATCT AGTTCTTGTT
3_My CTGCCCCAGTTCTTGTTCG 932 801 1162 1962 F/R
R3 Myb2 GACGATGGTGAAGATGATGAGAATC
bt ClOCMICCMTICOMNS o a1 o
MyB4 EU482894 FZ_M yb4 GATCATACACCTGCATTCCATTCT
My 1342 1174 523 1696 F/R
R3 Myb4 CGTAGAAGTTGGTGTTGTACTGTTG
F2_Myb_rel CTCCCTGCTGTGAAAAAGCTCATACA
MYBS EU482896 R1 Myb rel TCATTATTTACACGGGCATGTGAC 1511 1383 1 1383 F/R
L CNOMMCCICeoMCTeST s wm 1w Fn
MYBS EU482895 Fz—Myb
" Myb8 GCTACAAACAGAAACTCAGGAAGG 1817 249 597 1345 R
R3 Myb8 CGTGTTGTTTTCTTTCAGTCTGCG
MYB14 EU482897 F1_Mybl4 CTGCTGTGAGAAGGCTCATACTAA 1037 971 1 971 F/R
R2 Mybl4 CATCCCTGTGAGACACCAAAGTC
HDZz31 EU482891 F7 HDZ AGTCTGTGGTAACTAGTGGTCAG 1173 1040 1 1040 F/R
R9 HDZ ACTACATTGCAGCTTCTAGCCATC
F12 HDZzZ GTGATAACTGAACAATGACACATGC 1206 665 855 1519 =
R10 HDZ GATCCTGGAACACTATAAGGACTTGA
F8_HDZ AAGCCACAGGTGAAGTAGTTTTTG 1159 1030 1439 2468 F/R
R3 HDZ GAATAACCCTGAACCCAGAAGGA
F16_HDZ CCTTACTCAGGAGGAAGCTGTC 755 651 2977 2927 F/R
R12 HDZ GTAGCTCTGACAAATCCAACGG
F9_HDz AATGCTTCTAATGGGCTAACAACTC 1793 754 2612 3365 R

R4 HDZ

ACTTTTGCGACCATTTTCATCCAGA




F6_HDZ TGCATTCCAGTTTACTTATGAGAGC

R4_HDZ ACTTTTGCGACCATTTTCATCCAGA 637 235 2918 3452 F
R Lw2  COMOATGASATCGGCTAGMTC M8 1 1 tm FIR
LiMz EU482892 F3 _LI M2 AACTATTCGTCATTTGAGGGAGTTC
- 1231 1132 1277 2408 F/R
R1_LIM2 ATCACTTGTCGTCTGTGTCTGAGTT
F7_SCL TAGAGATCTTTCAGGAAGCAATGTC 695 625 1 625 R
R1_SCL CCAACAGTGCTGTTTCTATTTCCT
SCL1 EU482898 F8_SCL GTGGAAGTCCTTTGTCTTCACAG 655 579 594 1172 E
R2_SCL AATATGTCCTCCTGAGAAATGCAAC
F4_SCL CTATGCCTATGGGGATCATACAC 1255 1072 806 1877 F/R
R8 SCL TTAACATGTGCACTCAGCGGGTA

?F and R stand for forward and reverse sequencing, respectively.

Supplementary Table 3. Published values for estimated effective population size in different conifer tree species and in Populus tremula

. Estimated mutation rate G_eneration 0 sitent quber of Number of .

Species Reference . time used . lociusedto gametesused Ne estimate
per site and per year (years) (per site) estimate & to estimate 0

Pinus taeda (whole range) Brown et al. 2004 1.17x10™° 25 0.00658 19 32 560,000
Pinus taeda (whole range) Ann et al. 2006 7x10™° 25 0.00658 19 32 94,000
Pinus sylvestris (North population) Pyhajarvi et al. 2007 6.05x10™"° 20 0.0056* 16 40 46,281*
Picea abies (whole range) Bouille et al. 2005 2.23x10™° - 3.42x10™° 50 0.0066 3 20 96,491-148,649
Picea glauca (whole range) Bouille et al. 2005 2.23x10™° - 3.42x10™° 50 0.0073 3 20 106,725-164,414
Picea mariana (whole range) Bouille et al. 2005 2.23x10™% - 3.42x10™° 50 0.0081 3 20 118,421-182,432
Populus tremula (Sweden,France and Austria) Ingvarsson 2008 2.5x10° 15 0.0177 77 24-38 118,000
Pinus pinaster (Aquitaine) This study 1.7x10” 20-50 0.0075 25 24 22,000-55,000

*To obtain this estimate of Ne, we used a nucleotide silent diversity of 0.0056 as estimated by the authors for the North population.
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Supplementary Figure 1.

Linkage disequilibrium between polymorphic SNPs (MAF > 5%) of six TFs,
considering gametes from all populations together. Square correlations between
allelic frequencies (r?) are represented above the diagonal, and probabilities for exact
tests of independence are indicated below the diagonal.
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levels of

recombination on the neutrality tests statistics significance for six transcription
factors. Intensity, timing and square shading are as in Figure 2.
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Supplementary Figure 3. Effects of bottlenecks with varying levels of recombination
on the neutrality tests statistics significance for HDZ31. Intensity, timing and square
shading are as in Figure 2. Fay and Wu’s H was never significant and is not provided.
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Supplementary Figure 4. Effects of bottlenecks with varying levels of recombination on
the neutrality tests statistics significance for MYB2. Intensity, timing and square shading
are as in Figure 2. Tajima’s D was never significant and is not provided.
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Supplementary Figure 5. Effects of bottlenecks with varying levels of recombination on
the neutrality tests statistics significance for MYB1. Intensity, timing and square shading
are as in Figure 2. Fay and Wu’'s H was never significant and is not provided.
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Supplementary Figure 6. Effects of bottlenecks with varying levels of recombination on
the neutrality tests statistics significance for LIMZ2. Intensity, timing and square shading
are as in Figure 2. Fay and Wu’'s H was never significant and is not provided.
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Supplementary Figure 7. Effects of bottlenecks with varying levels of recombination on
the neutrality tests statistics significance for MYB14. Intensity, timing and square
shading are as in Figure 2. Tajima’s D was never significant and is not provided.

S Fu's Fs < Fay & Wu's H
- -
1] 1]
g g -
0 o]
E 2 30 E 2 30
o w o w .
o 15 o 15
o % 13 o g 12‘
37 2 37 2]
1 1
E\ Z‘ rrrrrrrirrd
g i Al R g S cwno-an
C!Ddo oo P oT.oo
Timing Timing
Fay & Wu's H
c c
2 100 2 100
1] 1]
S 60 S 6o
8 = 30 a = 30
E 2 15 £ 2 15
Q o 10 Q o 10
Qo = 0 =
o £ ¢ o E 4
2 2
2 :
- — rrrrrrririd
= O e W00 W
S8 Ce s oo
oo (=]
Timing
1 L}
< Fu's Fs < Fay & Wu's H
'g 100 'g 100
ol 60 a 60
£ 2 E 2 30
8 2 15 8 2 15
@ @ 10 ® © 10
=t ‘E‘ - =
£ 4 £ 4
£ = o £ = i
2 1 3 1
8 8 LI I O B R R
= Egg‘—u‘_ﬂqw_x—mm = Egg‘—_u‘_)«;cq‘—wu‘:
ccs°c°° ccc°c°°
Timing Timing
Fay & Wu's H
c c
2 100 2 100
1] 1]
S . 60 g _ o0
o = 30 o = 30
E 2 15 E 2 15
o
S & 1 S 8 1
o C 4 o C 4
—_ —_— —_ —_—
e 2 = 2
2 1 2 1
T T I I O O I R
= O S W00 W
S8C g oo
oo (=]
Timing

- 58 -



Chapter I: Diversity patterns in Pinus pinaster requlatory genes

Supplementary Figure 8. Effects of bottlenecks with varying levels of recombination on the
neutrality tests statistics significance for SCL1. Intensity, timing and square shading are as
in Figure 2. Tajima’s D and Fay & Wu’s H were never significant and are not provided.
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Supplementary Figure 9. Distribution of silent diversity estimates on 25 candidate
genes for the Aquitaine population of P. pinaster, including drought stress resistance
genes (EVENO et al. 2008) and wood formation candidate genes (PAL-1, CesA02,
, CesA05, GRP1, C4H2, THE1, BOTERO, CHS, COBRA, 4CL1, CAD,

CesA04

LACCASE4, SUSY2, AGP1, KORRIGAN).

100
|

SCLY

=—— HDIN
= MYE1

MY EBS
LIn2

= MYVB2
= MYE14

density

| | I | |
0.000 0.005 0.010 0.015 0.020

Theta Pi silent

Supplementary Figure 10. Severities of the different bottleneck scenarii.
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Introduction

In the last few years, the development of high-throughput methods for the detection and
genotyping of single nucleotide polymorphisms (SNPs) has led to a revolution in their use as
molecular markers (HENRY 2008). Their abundance in animal and plant genomes, the
reduction in cost and the increased throughput of SNP assays have made these markers
attractive for high-resolution genetic mapping, fine mapping of QTLs, linkage-disequilibrium
based association mapping, genetic diversity analyses, genotype identification, marker-
assisted selection and characterization of genetic resources (GUPTA et al. 2001; RAFALSKI
2002a; RAFALSKI 2002b; HENIKOFF and COMAI 2003; GIiBBS and SINGLETON 2006; SLATE et
al. 2009).

In non-model species, large scale SNP genotyping involves two main steps: first the discovery
of polymorphisms, and second the genotyping of a set of specimens. SNP identification can
proceed either from in vitro or in silico approaches. In vitro methods, such as the re-
sequencing of targeted amplicons, are generally more appropriate when sequence data is
limited or when one is interested in polymorphisms in specific genotypes or candidate genes.
This approach is generally costly and time consuming, but has been proved successful to
detect SNPs in many organisms (reviewed by EDWARDS et al. 2007). In contrast, in silico
discovery is the most obvious method for de novo SNP identification. This approach offers a
low cost source of abundant SNPs, providing that sufficient redundancy is present in the pre-
existing sequence databases and that the sequences have been generated from DNA or cDNA
extracted from a diverse set of individuals (PICOULT-NEWBERG et al. 1999; RAFALSKI 2002a;
GANAL et al. 2009). Such SNPs have been validated by large scale genotyping for a number
of plant species including Arabidopsis (ScHMID et al. 2003), maize (BATLEY et al. 2003),
grapevine (PINDO et al. 2008), melon (DELEU et al. 2009), tomato (LABATE and BALDO
2005), spruce (PAVY et al. 2006) or pine (LE DANTEC et al. 2004).

There is no one ideal method for SNP genotyping and the selection of an appropriate
technique largely depends on many factors including cost, accuracy, multiplexing capacity
and throughput, equipment and difficulty of assay development (SOBRINO et al. 2005;
SYVANEN 2005). A range of high-throughput methods are currently developed for model
species such as humans, but their use in non-model species with large genome size, high level
of ploidy or redundancy is often a challenge (CHAGNE et al. 2007). Recently, PAvY et al.
(2008) and ECKERT et al. (2009) achieved the multiplexed genotyping of hundreds of SNPs in

conifers, a group of plants that is characterized by a large genome size (MURRAY 1998). They
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used the Illumina bead array platform combined with GoldenGate assay (OLIPHANT et al.
2002; FAN et al. 2003). This genotyping platform was also successfully used for genomes
containing a high number of paralogous genes such as barley (ROSTOKS et al. 2006), soybean
(HYTEN et al. 2008) or tetraploid and hexaploid wheat (AKHUNOV et al. 2009).

Maritime pine (Pinus pinaster Ait.) genome is extremely large (up to 23.8 Gb/C, which is 150
times larger than that of Arabidopsis thaliana) (MURRAY 1998). Despite the economical and
ecological importance of this species in south-western Europe, where it covers over 4M ha, it
will be many years before its full genome sequence is available. However, about 30,000 P.
pinaster expressed sequence tags (ESTs) were produced in the past decade, followed by the
re-sequencing of more than 40 wood-quality and drought-stress related candidate genes. We
report here the valorization of these resources to the first highly multiplexed SNP genotyping
array in P. pinaster. Our objectives were three-fold: i/ validate a number of SNPs for future
linkage mapping and candidate-gene-based association studies, and ii/ compare the
conversion rate of SNPs derived from in vitro versus in silico datasets, as to our knowledge
no other study in conifers has attempted to genotype a large number of in silico SNPs without
preliminary re-sequencing, and iii/ estimate the genotyping error rate of the GoldenGate
technology for a conifer genome, which has not been reported so far. The SNPs validated in
this study have been made available through the dbSNP
(http://www.ncbi.nlm.nih.gov/projects/SNP/index.html) and GnpSNP
(http://urgi.versailles.inra.fr/GnpSNP/snp/welcome) databases.

Methods

Plant material

Plant material consisted of 456 individuals, including: 212 unrelated trees resulting from mass
selection in the natural forest of South West of France in the Aquitaine region (first-
generation breeding population, referred as the “G0” population), 210 offspring resulting
from open-pollinated or controlled crosses among the GO trees (second-generation breeding
population, referred as “G1”), 29 trees randomly sampled in the same geographical area as the
GO trees, and 5 trees involved in two- and three-generation outbreed pedigrees, used for
linkage and QTL mapping. DNA was extracted from needles using Invisorb® Spin Plant Mini
Kit (Invitek, Berlin, Germany), and quantified on a Nanodrop ND-1000 spectrophotometer
(NanoDrop Technologies, LLC, Wilmington, DEL, USA).
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SNP discovery

For SNP discovery two sets of sequences were considered. The first dataset comprised
maritime pine sequences for 41 different genes involved in plant cell wall formation
(candidate genes for wood quality) or drought stress resistance (Supplemental Table 1). For
each fragment, an average of 50 megagametophytes (haploid tissue surrounding the embryo)
from different populations were sequenced. The chromatograms were visually checked
(nucleotides with phred scores below 30 were considered as missing data) and the SNPs were
considered as true. Indeed, the use of megagametophytes lowered the risk of confusing

polymorphism at a unique locus with differences between paralogous loci, as amplification of

two or even more members of a gene family would have been easily detected by the
visualization of double peaks in the chromatograms. This first set of SNPs will be referred as
in vitro SNPs. The second sequence dataset consisted in a collection of 3,995 non-singleton
contigs of the maritime pine unigene (G. Le Provost, unpublished,
http://cbi.labri.fr/outils/SAM2/COMPLETE/ version pinaster 14 02 2007). We used the
Polybayes software (MARTH et al. 1999) to detect SNPs with a high probability with the
parameters described for maritime pine in LE DANTEC et al. (2004). This second set of SNPs

will be referred as in silico SNPs.

SNP selection for array construction

We developed a Perl script, snp2illumina, for automatically extracting SNPs from multifasta
sequence files and output them as a SequenceList file compatible with the Illumina Assay
Design Tool software (ADT;
http://www.illumina.com/downloads/Illumina_Assay Design Tool.pdf). This file contains
the SNP names and surrounding sequences with polymorphic loci indicated by IUPAC codes
for degenerated bases. The Perl script snp2illumina can work in batch mode and is available
upon request from the corresponding author.

The functionality score provided by ADT is similar to a predicted probability of genotyping
success, taking into account the sequence conformation around the SNP, the lack of repetitive
elements in the surrounding sequence, and in the case of model species the sequence
redundancy against the available sequence database (SHEN et al. 2005). In the case of
maritime pine, no sequence database was available to test for sequence redundancy. All the
SNPs presenting a functionality score below 0.4, which is considered as a lower limit for

genotyping success by the manufacturer, were discarded.
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Two contrasted strategies “depth vs. breath of SNP coverage” were adopted to select
informative SNPs. In respect to in vitro SNPs, our objective was to include as many
polymorphisms as possible for each gene fragment, therefore depth of coverage was
preferred. For in silico SNPs, our goal was to include a low number of markers per unigene in
a large number of unigenes, thus giving more emphasis to breath of coverage. The main
technical constraint for selecting in vitro SNPs was that the selected polymorphisms should
not be less than 60 nucleotides away from each other. When several SNPs stood within this
limit it was decided to filter out lowest frequency variants and polymorphisms showing high
level of linkage disequilibrium with other selected SNPs of the same fragment. Rare variants
(minor allele frequency < 5%) were discarded. To select in silico SNPs we used the log-file of
the snp2illumina script that records for each SNP the number of ESTs considered for the
detection, the minor allele frequency and the PolyBayes score. To minimize the number of
false positives we included in the assay only SNPs with a PolyBayes score above 99%, with
either a minor allele appearing at least twice within four to ten ESTs, or a minor allele
frequency above 20% when more than ten ESTs were available. Indeed, it is highly unlikely
that sequencing errors of two independently sequenced ESTs occur at the same base location.
We also excluded SNPs that were surrounded by other polymorphisms in the immediate 60
bases to avoid technical problems due to neighboring polymorphisms. In both cases,
chromatograms were visually checked to ensure the quality of the flanking sequences, and we
used BLASTn analysis (ALTSCHUL et al. 1990) to ensure that in vitro and in silico SNPs

belonged to different genes.

SNP genotyping array
The Illumina GoldenGate technology (Illumina Inc., San Diego, CA, USA) was used to carry

out the genotyping reactions in accordance with the manufacturer's protocol (LIN et al. 2009).
To assess the reproducibility of the genotyping assay, 19 DNA samples were duplicated
across the different plates. Negative controls were also added to each 96-well plate. Highly
multiplexed extension reactions were conducted using 250ng of template DNA per sample.
The clustering was realized with the BeadStudio software (Illumina Inc.), and a quality score
for each genotype was generated. A GenCall score cutoff of 0.25 was used to determine valid
genotypes at each SNP and the SNPs retained had to get a minimum GenTrain score of 0.25,
which represents a stringent criterion used in human genetic studies (www.illumina.com /
FAN et al. 2003). GenCall and GenTrain scores measure the reliability of SNP detection based

on the distribution of genotypic classes (AA, AB and BB). Clusters were visually inspected to
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ensure high quality data (Figure 1). When we observed cluster compression (i.e. when the
homozygous clusters normalized theta values were not in the [0, 0.1] or [0.9, 1] ranges, as
illustrated in Figure 1 B, C and D), we considered that the genotyping failed, as this is likely
due to genome redundancy (HYTEN et al. 2008). Indeed, the compression of the BB
homozygous cluster towards the AA cluster could result from a paralog gene matching the A
allele, increasing the signal for the A dye for both BB and AB genotypes. We also considered
as genotyping failures monomorphic SNPs for which clusters could be divided in two or more

subgroups like in Figure 1E.

Measuring the error rate using pedigree data

We used the breeding population pedigree information (relationships between first and second
generation) to detect possible Mendelian Inconsistencies (Mls) between parents and offspring
using the PedCheck software (O’CONNELL and WEEKS 1998). Then, we used the method
described in SAUNDERS et al. (2007) to estimate the genotyping error rate IT from MIs. Not all
genotyping errors (GEs) are detectable as MlIs, but there is a linear relationship between the
GE and the MI counts has shown by HAO et al. (2004). The expected number of MIs at a
marker (I1.Pyy) in a family in which one or both parents and m children have been genotyped
can be derived from the marker allele frequency p, m and IT as follows (SAUNDERS et al.

2007): if only one parent has been genotyped

TP, :Hp(p—l)[2—(l—%(p—l)jm—(1—%pjm+%mJ (1)

and if both parents have been genotyped

TP, = (m+2)II —21‘[{ p2+(1- p)%(%)ml p(1-p)+ 4{(%}m —(%}m}pz(l - p)l}
~mIip(i_p)3p>+4p(i_p)+3(1- pP}

These relationships can be easily generalized to large non-inbred pedigrees and many SNPs,
by summation of I1.Py; over all families and averaging Il over all SNPs. This procedure
allows to estimate a per SNP and a global genotyping error rate (SAUNDERS et al. 2007). We
performed this analysis on 17 unrelated families from the breeding population, using for each
marker the allele frequency (p) estimated on the Aquitaine GO genotyping dataset (212

samples).
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Figure 1: Examples of clustering observed for the P. pinaster SNP array.
Each dot represents the mean intensity derived from a population of beads
for a single sample. The normalized R (y axis) is the normalized sum of
intensities of the two dyes, and the normalized theta (x axis) is ((2/J'I)Tan’1
(Cy5/Cy3)), where normalized theta value nearest 0 is a homozygous for
allele A and a theta value nearest 1 is homozygous for allele B (FAN et al.
2003). A/ classical pattern with three clusters for a SNP considered as
successful and polymorphic. B and C/ “cluster compression” when both
homozygous clusters are closer to each other than expected. In panel B, the
clustering algorithm is able to distinguish the three clusters and gives a
GenTrain score of 0.58, however this kind of pattern was considered as a
genotyping failure in our analysis (one of the homozygous cluster normalized
theta value does not fall in the [0, 0.1] or [0.9, 1] ranges). In panel C the
clustering algorithm was not able to distinguish the three clusters because of
low separation scores, and the SNP was automatically considered as a
genotyping failure because of its low GenTrain score. SNPs in panels D and
E were also interpreted as genotyping failures either because of abnormal

theta values (D) or because of the presence of subgroups in a cluster (E).
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Results

SNP detection and construction of the SNP array

A total of 448 in vitro-SNPs were detected in the dataset of re-sequenced fragments. Overall
155, 81 and 28 SNPs were discarded because of low functionality scores, neighboring
polymorphisms, or because they corresponded to rare variants, respectively. The 184 remaining
SNPs included in the assay represented 40 different fragments (Supplemental Table 2).

Similarly, 9,364 in silico-SNPs were detected in the unigene set, and we selected 200 of them
satisfying our very stringent criteria, i.e. PolyBayes and functionality scores, polymorphism
proximity, minimum number of ESTs for the detection, minor allele frequency and visual
validation of the chromatograms. They represented 146 different unigene elements. Figure 2

shows the number of ESTs considered for the detection of the 200 in silico-SNPs.

i
=

Mumber of SMFs
20 30
|
|

10

| | | | | |
0 3] 10 15 20 25

Mumber of ESTs

Figure 2: Number of ESTs considered for the detection of 200 in silico-SNPs.

Reproducibility and overall success rate of the SNP assay

No discordance was detected between the 19 replicated samples, i.e. the same genotype was

observed over the replicates, yielding a reproducibility rate of 100%. For nine polymorphic
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SNPs we observed cluster compression (as in Figure 1B), and for nine monomorphic SNPs we
found either unexpected normalized theta values, or subgroups in a homozygous cluster (as in
Figure 1D and 1E, respectively). In those cases we considered that the genotyping failed despite
acceptable GenTrain scores.

To measure the global success of the genotyping assay we first estimated the success-rate,
which corresponds to the number of SNPs that are successfully genotyped (considering both
monomorphic and polymorphic SNPs) divided by the total number of SNPs in the assay, and
second the conversion rate, which is the number of polymorphic SNPs divided by the total
number of SNPs in the assay, as defined in FAN et al. (2003). Among the 384 SNPs analyzed,
257 were successfully genotyped (Table 1), leading to a global success-rate of 66.9%. The
minimum GenTrain score observed for these SNPs was 0.53. A total of 60 SNPs were found to

be monomorphic in the tested samples, yielding to a conversion rate of 51% (Table 1).

Table 1: Success rate of SNP markers.

Category Number of SNPs (in vitro / in silico) Percentage of SNPs (in vitro / in silico)
Failed SNPs (GenTrain score < 0.25) 127 (50 /77) 33% (27% 1 38.5%)
Successful SNPs but monomorph 60 (22 / 38) 16% (12% / 19%)
Successful SNPs and polymorph 197 (112 / 85) 51% (61% / 42.5%)

Total 384 (184 / 200) 100% (100% / 100%)

The mean call rate across successful SNPs, which is 1 minus the rate of missing data, exceeded
98% for four of the five plates analyzed, but dropped to 77.5% for the fifth plate where we
noticed evaporation problems during the genotyping reactions. We found significant
differences depending on the origin of the markers: in vitro-SNPs generally showed
significantly higher genotyping-success and conversion rates compared to in silico-SNPs
(+11.5% and +18.5% with P-values of 0.0115 and 3.10™, respectively, estimated using 10,000
permutations among in vitro-SNP and in silico-SNP classes).

The distribution of allelic frequencies for in vitro- and in silico-SNPs is shown in Figure 3.
Among successfully genotyped SNPs, monomorphic loci were twice more abundant for in
silico-SNPs compared to in vitro-SNPs (30.9% versus 16.4%, respectively). Most of the 22
monomorphic in Vitro-SNPs corresponded to either SNPs that were monomorphic in the
Aquitaine sequences (10 SNPs), rare variants (3 SNPs with a minor allele frequency below 5%
in the Aquitaine sequencing dataset), or were detected on alignments that did not include any
sequences from South West of France (3 SNPs). Among the polymorphic SNPs, 35.7% of in
vitro and 29.4% of in silico SNPs were rare variants (MAF < 10%) (Figure 3).
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Figure 3: Allele frequency spectrum for 257 successfully genotyped in vitro- and in silico-SNPs.

SNP success rate according to a priori SNP functionality score

Prior to the construction of the SNP bead array, a functionality score was calculated for each
candidate SNP using the Illumina Assay Design Tool. The higher the score, the more likely the
SNP will to be successfully genotyped. We could not genotype any of the five SNPs with
functionality scores below 0.5, and only 13 of the 27 SNPs with functionality scores between
0.5 and 0.6 (Figure 4). SNPs with a predicted functionality score above 0.6 had a much higher
success rate than those below 0.6 (P-value = 0.0014 estimated using 10,000 permutations
among the two classes of functionality score), as found in PAvY et al. (2008) for white and
black spruce. This also agrees with Illumina’s recommendations of using only SNPs with a

functionality score above 0.6 to ensure a high success rate for the assay.

Comparison of allele frequency estimated by sequencing and genotyping

Among the 112 polymorphic in vitro-SNPs of the assay, 101 were discovered in alignments
containing 10 sequences or more from the Aquitaine population and were used to assess the
reliability of allele frequency estimates based on sequencing data. The correlation between
marker allele frequencies determined by sequencing and genotyping was ~0.83 (considering
only the 212 unrelated samples from the Aquitaine GO breeding population) (Figure 5),
showing that allelic frequencies estimated by genotyping were generally in the range of those
estimated by sequencing. However, the confidence interval around frequency estimates was

generally large for samples of the size of our sequencing panel (< 50 megagametophytes).
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Figure 5: Correlation between allele frequencies estimated by sequencing and genotyping for 101 in
vitro-SNPs. Dashed lines correspond to the 95% bootstrap confidence intervals for allele frequencies
estimated on 20 (light blue lines) or 50 (dark blue lines) samples.
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Measuring genotyping error rate with pedigree data

For 84 and 81 offsprings of the G1 population, either one or both parental GO trees were
genotyped in the assay. This dataset consisted in 36,991 genotyping datapoints corresponding
to 222 samples (165 G1 and 57 GO trees) genotyped for 188 polymorphic SNPs, after excluding
4,745 missing data. We found a total of 181 Mendelian Inconsistencies (Mls). Most of these
errors (75%) appeared in only nine parents-offspring pairs for which the MI rate ranged from
4% to 17%, suggesting laboratory errors (either traceability errors during the controlled
pollination, plant material sampling and handling, wet lab experiment, or DNA contamination)
rather than genotyping errors. In six cases we assumed that the MIs originated from the
offspring genotypes as the parents were involved in other crosses where no MI was found. For
the other cases we could not tell apart parents and offspring Mls. Setting aside these possible
human errors, 46 Mls were detected for 35,521 genotyping datapoints. To estimate II, the
genotyping error rate, we used a subset of 17 unrelated families corresponding to 75 G1 trees
and their 26 GO parents genotyped for 188 polymorphic SNPs (18,261 genotyping datapoints
after removing 727 missing data). The observed MI count for this subset was 28, yielding a
global mean genotyping error rate I1 of 0.54%. At the SNP level, a total of 181 SNPs showed
no MIs and thus a null per SNP genotyping error rate. Among the seven remaining markers,
three showed error rates ranging from 2.9% to 3.3%, and four (two in vitro-SNPs and two in
silico-SNPs) showed particularly elevated error rates (I1 between 16% and 70%). In these cases
(distribution of error rates skewed owing to a few SNPs with very high error rates), the estimate
of the mean error rate tends to be biased upwards (SAUNDERS et al. 2007). When removing

these four SNPs, the observed MI count dropped to 3, leading to a mean error rate IT of 0.06%.
Discussion

Data summary

A 384-SNPs GoldenGate genotyping array for Pinus pinaster was built from i/ 448 SNPs
originally detected in a set of 41 re-sequenced candidate genes (in vitro-SNPs) and ii/ 9,364
SNPs screened from ESTs (in silico-SNPs). Two different SNP selection strategies were
followed, “depth vs. breath of SNP coverage”. For in vitro-SNPs we aimed at validating as
many polymorphisms as technically possible for each fragment (depth), whereas for in silico-
SNPs we aimed to validate few SNPs per unigene in a large number of unigenes (breath). A
total of 184 in vitro-SNPs were chosen on the basis of functionality scores, presence of
neighboring polymorphisms, minor allele frequencies and linkage disequilibrium. Moreover,
200 in silico-SNPs were selected based on three parameters that proved critical for high
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validation rate of EST derived SNPs (WANG et al. 2008): the number of ESTs used for SNP
detection, the SNP minor allele frequency and the quality of SNP flanking sequences. The
global success rate of the assay was 66.9% (considering monomorphic and polymorphic SNPs),
and a conversion rate of 51% was achieved (considering only polymorphic SNPs). In vitro-
SNPs showed significantly higher genotyping-success (+11.5%, P-value 0.0115) and
conversion (+18.5%, P-value 3.10%) rates than in silico-SNPs. The functionality score
estimated for each SNP, which in our case could not account for sequence redundancy in the
genome, showed a significant relationship with success of genotyping. The reproducibility of
the assay was very good (100%, based on 19 replicated genotypes), and the genotyping error
rate very low (0.54%, dropping down to 0.06% when removing four SNPs showing elevated

error rates).

Conversion rates of in vitro- and in silico-SNPs for Pinus pinaster

Data obtained from the GoldenGate assay reported in this paper suggest that the bead array
technology is suitable for the complex and large genome of P. pinaster: 66.9% of the SNPs
were translated into easily interpreted genotypic clusters. This success rate is similar to that
observed for Pinus taeda (66.9%, ECKERT et al. 2009), but lower than that observed for Picea
glauca or Picea mariana (78.5% and 81.1% respectively when considering polymorphic and
monomorphic SNPs, PAVY et al. 2008). So far, two main causes have been invoked in the
literature for explaining genotyping failures in GoldenGate assays for non-model species. First,
the partial knowledge of large and redundant genomes can be a limiting factor to design an
efficient SNP genotyping assay. Indeed, flanking sequences cannot be fully validated for locus
specificity and the possible presence of repetitive elements (FAN et al. 2003; SHEN et al. 2005;
PAvy et al. 2008). Secondly, the sample size used for SNP discovery in species presenting high
levels of nucleotide diversity may be too small, possibly leading to the presence of undetected
SNPs within priming sites when larger sample of trees are genotyped (ECKERT et al. 2009). In
the case of Pinus pinaster, both hypotheses can be examined: we reached a 79.6% success rate
when considering only 103 in vitro-SNPs that were detected on more than 30 individuals from
the Aquitaine population, which is similar to that observed in Picea species (78.5% and 81.1%
in P. glauca and P. mariana, respectively, PAVY et al. 2008). The rate dropped to 55.8% for the
43 in vitro-SNPs detected on 10 to 30 samples. We checked that this was not due to differences
in allelic frequency distribution or classes for SNPs detected using sample sizes (data not
shown). This significant difference (P-value = 0.003 obtained by 10,000 permutations between
the two classes) suggests that the sample size of the SNP discovery panel has a large impact on

the conversion rate. However, the high conversion rate achieved using SNPs from well
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characterized DNA regions (79.6%) still does not reach that reported for human (> 91% in FAN
et al. 2003; MONTPETIT et al. 2006; GARCIA-CLOSAS et al. 2007; CUNNINGHAM et al. 2008). As
discussed in PAVY et al. (2008), the megagenome of conifers may hinder the development of
specific probes for the assay. The nine cases of cluster compression detected in our assay
support this hypothesis. The shift of a homozygous cluster toward the other one has previously
been observed for a SNP in a gene presenting a nearly identical paralog in soybean, and is
likely the sign of the targeted-sequence redundancy (HYTEN et al. 2008).

We found a significant difference between in vitro-SNP and in silico-SNP conversion rates
(61% and 42.5%, respectively, P-value = 3.10™). According to WANG et al. (2008), genotyping
failures in ESTs-derived SNPs may come either from sequencing errors that lead to the
identification of false-positive SNPs (pseudo-SNPs), from low quality of the SNP flanking
sequences, or from the presence of an exon-intron junction near the site of interest. In our
study, the selection of false-positive SNPs should have been prevented by the use of trace data
for SNP detection (MARTH et al. 1999), and a set of stringent criteria including MAF and contig
size. Indeed, WANG et al. (2008) achieved a 70.9% conversion rate for catfish in silico-SNPs
detected on at least four sequences and with a minor allele present twice, against a rate of
33.3% for SNPs detected on four or fewer sequences with minor allele present only once. In our
case, chromatograms have also been checked to ensure high-quality of flanking sequences for
primer design, but the presence of undetected polymorphisms in these regions is likely as most
SNPs were detected on only ten ESTs or less (Figure 2). We could not confirm whether or not
in silico-SNPs were located at exon-intron borders, as we lack a fully sequenced conifer
genome to compare with. The presence of introns has been identified as a major cause for in
silico-SNP genotyping failures (WANG et al. 2008), and may explain the conversion rate
difference between in vitro- (revealed from genomic DNA sequences) and in silico- (discovered
from mRNA sequences) SNPs.

Surprisingly, 6 in vitro-SNPs were found monomorphic on the genotyped trees, while they
were detected as polymorphic loci with intermediate frequency estimates in the re-sequenced
haploid panel from the Aquitaine population. Given that we are confident that they were not
sequencing artifacts, this observation could be explained by either the lack of amplification of
one allele due to polymorphism in the priming site, the presence of gametophytic selection
against deleterious mutations (as sequences were obtained from haploid megagametophytes
while genotyping was performed on diploid DNA), or the general complexity of the pine
genome as previously discussed. In the latter case, the distinction between genotyping reaction

failures and monomorphic SNPs is not obvious. In this study we decided to discard nine
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monomorphic SNPs with acceptable GenTrain scores but showing either subgroups in the
homozygous cluster, or normalized theta values departing from the classical 0/1 values for an
homozygous locus. These patterns might be particular forms of cluster compression (shift of the
BB cluster toward the AA cluster as illustrated in Figure 1D, or putative shift of the AA and
AB clusters toward the BB cluster, Figure 1E). The main quality metrics for SNP assays
(GenCall and GenTrain scores) measure the capacity to group samples into genotypic clusters,
but to our knowledge no study have established yet the ability of genotype calling algorithms to
tell apart failed reactions from monomorphic markers, or to detect cluster compression. Even if
geneticists are generally not interested in failed or monomorphic markers, as they do not carry
any information, detecting cluster compression would be very useful for non-model species.
Markers presenting such patterns should not be used in highly heterozygous populations such
as mapping pedigrees, as the heterozygous cluster is often indistinguishable from one or both

homozygous ones (HYTEN et al. 2008).

Genotyping error rate

All large genotype datasets have errors that can be either due to sample mishandling, failures of
analysis algorithms, or simply biochemical anomalies. Inclusion of incorrect data in genetic
analysis can lead to an inflation in genetic map distances (HACKETT and BROADFOOT 2003), an
increase in type I error and / or a decrease in statistical power in association studies (ABECASIS
et al. 2001; GORDON et al. 2002), or to biased estimates of linkage disequilibrium (AKEY et al.
2001) and other allele-frequency related parameters (POMPANON et al. 2005). Errors in a dataset
can be detected either by comparing genotypic information obtained from different
technologies or by using Mendelian Inconsistencies (Mls) in family-based samples. In this
study, we identified nine samples that concentrated 75% of all the observed MIs, which was
interpreted as human errors. Sample mishandling has already been identified as a main issue
during the genotyping process (BONIN et al. 2004; POMPANON et al. 2005), and could be
reduced by the use of traceability systems such as Laboratory Information Management
Systems (LIMs), quality insurance standards, and reduced human manipulation, according to
the automation possibilities.

Using pedigree information of unrelated families, we also estimated a per SNP genotyping
error-rate (SAUNDERS et al. 2007), which provides complementary information and helps to
identify error-prone loci that can be removed from the study to increase its reliability. For
example, the mean error rate per locus dropped from 0.54% to 0.06% when removing the four
(out of 188) polymorphic loci that had the highest error rate. These genotyping error-rates are in

the range of those recently reported for tetraploid and hexaploid wheat (0% and 1%,
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respectively, AKHUNOV et al. 2009). Unfortunately, genotyping error-rates have seldom been
reported for GoldenGate assays in non-model species. While this technique already proved
accurate for human, the species for which it was developed (FAN et al. 2003), its reliability in
the complex genomes of plants should be estimated before extensive use. If moderate error
rates can be tolerated in cases such as QTL studies involving frequent alleles (ABECASIS et al.
2001), or identical by descent-based analyses when considering a large number of markers
(SAUNDERS et al. 2007), conversely low error rates can be dramatic in association-mapping
studies (KANG et al. 2004). Once the genotyping error-rate has been estimated, statistical tools
that account for it have been developed for linkage analysis (GORING and TERWILLIGER 2000),
family or population-based association mapping (GORDON et al. 2001; SOBEL et al. 2002; RICE
and HOLMANS 2003).

Conclusion and perspectives

In this project, we demonstrated that ESTs provide a resource for SNP identification in non-
model species, which do not require any additional bench work and little bio-informatics
analysis. However, the time and cost benefits of in silico-SNPs are counterbalanced by a lower
conversion rate than in vitro-SNPs. This drawback is acceptable for population-based
experiments (in our study, a 42.5% conversion rate was achieved for in silico-SNPs, compared
to 61% for in vitro-SNPs), but could be dramatic in experiments involving samples from
narrow genetic backgrounds. For example, ECKERT et al. (2009) only reached an 18.2%
conversion rate in a P. taeda mapping pedigree, using in vitro-SNPs from a database that did
not include any sequences of the parental lines of the mapping population. In addition, we
showed that both the visual inspection of genotyping clusters and the estimation of a per SNP
error rate should help identify markers that are not suitable to the GoldenGate technology in
species characterized by a large and complex genome.

Recently, a larger-scale SNP-array was designed for maritime pine, comprising 1,536 SNPs
(826 in vitro SNPs, including 560 SNPs detected from re-sequenced amplicons provided by
David Neale, UC Davis, CA, USA, http://dendrome.ucdavis.edu/crsp/, and 710 in silico SNPs
selected with the same criteria as in this study). This second generation SNP-array will be used
to establish a species consensus map based on the analysis of seven pedigrees, and for
association mapping for a series of traits (biomass production, wood and end-use properties,
drought stress resistance) measured on clonal and progeny tests on the first and second breeding
populations. In parallel, a 454 pyrosequencing strategy of pooled cDNA samples (BARBAZUK et

al. 2007) is being performed to enrich the SNP catalog based on high coverage sequence reads.
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Supplementary Table 1: List of the 41 candidate genes used for the in vitro-SNPs
detection and associated projects.

Project Gene Description

BRG 2002 AGP-like (AGP1) Arabinogalactan-like

ANR GenoQB BOTERO Katanin p60

BRG 2002 / Treesnips / Digenfor / Evoltree JERA 2  C4H-2 Trans-cinnamate-4-hydroxylase 2
BRG 2002 / Evoltree JERA 2 CAD Cinnamyl-alcohol-dehydrogenase
BRG 2002 / Treesnips / Digenfor / Evoltree JERA 2 CCoAOMT Caffeoyl-CoA 3-O-methyltransferase
GEMINI CesA3 Cellulose Synthase

GEMINI CesA4 Cellulose Synthase

GEMINI CesA7 Cellulose Synthase

ANR GenoQB CHS Chalcone Synthase

ANR GenoQB Cobral GPl-anchored protein

ANR GenoQB Cobra2 GPl-anchored protein

ANR GenoQB Cobra3 GPIl-anchored protein

Treesnips / Digenfor Dhnl Dehydrin

Treesnips / Digenfor Dhn2 Dehydrin

Treesnips / Digenfor ERD3 Early Response to Drought 3
Treesnips / Digenfor Glucan Glucan-endo-1,3-beta-glucosidase precursor
Treesnips / Digenfor GRP3 Putative Arabinogalactan / Glycin-Rich Protein
ANR GenoQB HDz31 Homeodomain Leucin Zipper transcription factor
ANR GenoQB Korrigan Endo-1,4-beta-glucanase

BRG 2002 LAC-2 Laccase 2

BRG 2002 LAC-4 Laccase 4

ANR GenoQB LIM2 LIM domain protein

Treesnips / Digenfor LP3-1 Water-stress-inducible protein
Treesnips / Digenfor LP3-2 Water-stress-inducible protein

ANR GenoQB Myb1 R2R3-Myb transcription factor

ANR GenoQB Myb14 R2R3-Myb transcription factor

ANR GenoQB Myb2 R2R3-Myb transcription factor

ANR GenoQB Myb4 R2R3-Myb transcription factor

ANR GenoQB Myb8 R2R3-Myb transcription factor

BRG 2002 PAL1-P24 Phenylalanine ammonia-lyase
Digenfor / Evoltree JERA 2 PAL1-P31 Phenylalanine ammonia-lyase
Digenfor PFK Phosphofructokinase

Digenfor PHY-N Phytochrome N

GEMINI Ppl Glycin rich protein homolog
Treesnips / Digenfor PP2C Protein phosphatase 2C

GEMINI Pp4 ACC oxidase

Treesnips / Digenfor / Evoltree JERA 2 PR-AGP4 Putative Arabinogalactan / Proline Rich Protein
Treesnips / Digenfor RD21 Cysteine protease

ANR GenoQB SCL1 Scarecrow-like transcription factor
Digenfor SPS Sucrose Phosphate Synthase

ANR GenoQB THE1 Protein kinase

Projects acronyms:
ANR GenoQB  GNP05013C supported by the ANR Genoplante

BRG 2002 Bureau des Ressources Génétiques (French National Genetic Resources Institution)
Digenfor Tri027 Trilateral project France (Genoplante) / Germany (GABI) / Spain (MCyT)
Evoltree Jera2 Evoltree European funded Network of Excellence

GEMINI QLRT-1999-00942 supported by the European Union

Treesnips QLRT-2001-01973 supported by the European Union
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Supplementary Table 2: List of the 184 in vitro-SNPs and their frequencies in the
total sequencing dataset (including Aquitaine), in the Aquitaine sequencing dataset,
and in the genotyped samples.

Total dataset used for in vitro -

SNP detection (including Aquitaine dataset used for in
Aquitaine sequences) vitro- SNP detection

. . MAF? in the 456

Gene  SNP Name F“”ggg::"ty :leun:ﬁ;:; MAF® 22332?:::: MAF® genotyped
samples

AGP1 AGP1.26 0.645 26 46% 13 38% 38%
BOTERO BOTERO.202 0.97 33 24% 33 24% 23%
BOTERO BOTERO.77 0.906 28 25% 28 25% 23%
C4H2 C4H2.158 0.511 35 8% 9 0% Failed"
C4H2 C4H2.1782 0.793 10 42% 0 na’ 5%
C4H2 C4H2.1860 0.737 10 42% 0 na’ 6%
C4H2 C4H2.315 0.633 50 29% 23 17% Failed"
C4H2 C4H2.399 0.904 50 24% 23 13% Failed®
C4H2 C4H2.507 0.553 50 20% 23 4% Failed®
C4H2 C4H2.570 0.665 50 17% 23 0% Monomorphic®
C4H2 C4H2.684 0.42 50 42% 23 9% Failed®
CAD CAD.1046 0.816 60 46% 32 31% 36%
CAD CAD.1114 0.948 60 15% 32 3% 5%
CAD CAD.118 0.862 60 27% 0 na’ Failed®
CAD CAD.1244 0.932 60 46% 32 34% Failed®
CAD CAD.1440 0.993 60 10% 18 0% Failed®
CAD CAD.259 0.895 60 7% 32 44% 40%
CAD CAD.455 0.748 60 36% 32 3% 6%
CAD CAD.660 0.909 60 43% 32 31% 36%
CCoAomt CCoAomt1.1249 0.88 80 2% 55 0% Monomorphic®
CCoAomt CCoAomt1.1426 0.931 80 22% 55 2% 3%
CCoAomt CCoAomt1.159 0.908 50 10% 23 0% Monomorphic®
CCoAomt CCoAomt1.2223 0.844 20 50% 0 na’ 28%
CCoAomt CCoAomt1.2415 0.62 20 40% 0 na 23%
CCoAomt CCoAomt1.244 0.654 50 10% 24 42% 33%
CCoAomt CCoAomt1.2972 0.96 20 50% 0 na’ 18%
CCoAomt CCoAomt1.404 0.904 50 20% 25 8% 14%
CCoAomt CCoAomt1.66 0.615 30 10% 23 39% 39%
CCoAomt CCoAomt1.806 0.501 60 3% 35 0% Monomorphic®
CCoAomt CCoAomt1.873 0.944 60 23% 33 24% 16%
CCoAomt CCoAomt1.980 0.916 60 5% 35 0% Monomorphic®
CesA3 CesA3.190 0.53 47 21% 18 28% 28%
CesA3 CesA3.54 0.646 40 5% 15 13% 9%
CesA4 CesA4.319 0.921 28 4% 7 0% Failed®
CesA7  CesA7.493 0.651 na’ na’ na* na’ 2%
CHS CHS.252 0.991 37 3% 37 3% Monomorphic®
CHS CHS.651 0.733 46 39% 46 39% Monomorphic®
CHS CHS.99 0.902 32 31% 32 31% 41%
COBRA1 COBRA1.1054 0.925 39 5% 39 5% 2%
COBRA1 COBRA1.184 0.989 40 13% 40 13% 11%
COBRA1 COBRA1.413 0.973 40 28% 40 28% 17%
COBRA1 COBRA1.477 0.844 40 30% 40 30% 16%
COBRA1 COBRA1.595 0.883 37 16% 37 16% 5%
COBRA1 COBRA1.749 0.614 35 23% 35 23% 11%
COBRA2 COBRA2.35 0.995 31 16% 31 16% 11%
COBRA2 COBRAZ2.399 0.861 32 16% 32 16% 11%
COBRA2 COBRA2.501 0.73 32 31% 32 31% 33%
COBRA2 COBRAZ2.603 0.831 32 16% 32 16% 11%
COBRA3 COBRA3.142 0.993 37 27% 37 27% Failed®
COBRA3 COBRA3.202 0.674 37 27% 37 27% Failed"
COBRA3 COBRA3.309 0.937 37 11% 37 11% 11%
COBRA3 COBRA3.423 0.894 39 10% 39 10% 10%
COBRA3 COBRA3.505 0.995 39 10% 39 10% 1%
COBRA3 COBRA3.583 0.79 39 26% 39 26% 17%
COBRA3 COBRA3.644 0.81 39 13% 39 13% 8%
Dhn1 Dhn1.187 0.727 135 36% 50 25% 44%
Dhn1 Dhn1.304 0.49 135 35% 50 25% Failed®
Dhn1 Dhn1.413 0.675 135 2% 50 0% 1%
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Dhn1 Dhn1.612 0.729 135 40% 49 43% 33%
Dhn1 Dhn1.689 0.718 135 41% 43 25% Failed”
Dhn2 Dhn2.191 0.435 56 43% 11 45% Failed®
Dhn2 Dhn2.264 0.981 56 43% 11 45% 21%
Dhn2 Dhn2.321 0.981 56 43% 11 45% 20%
Dhn2 Dhn2.410 0.704 56 13% 11 27% Failed®
Dhn2 Dhn2.479 0.704 56 13% 11 27% Failed”
ERD3 ERD3.170 0.907 110 11% 11 18% Monomorphic®
ERD3 ERD3.42 0.974 110 16% 11 0% Failed®
Glucan Glucan.172 0.916 133 37% 35 11% Failed”
Glucan Glucan.900 0.848 133 2% 29 0% Monomorphic®
GRP3 GRP3.162 0.542 70 23% 38 3% 2%
GRP3 GRP3.304 0.903 70 35% 42 24% Failed®
GRP3 GRP3.402 0.946 65 8% 43 0% Monomorphic®
HDZ31 HDZ31.1324 0.971 40 3% 40 3% 1%
HDZ31 HDZ31.136 0.937 40 40% 40 40% 47%
HDZ31 HDZ31.1471 0.934 40 40% 40 40% 47%
HDZ31 HDZ31.1632 0.933 40 3% 40 3% 0.1%
HDZ31 HDZ31.2138 0.941 40 3% 40 3% 1%
HDZ31 HDZ31.2268 0.831 40 40% 40 40% 47%
HDZ31 HDZ31.2776 0.973 40 5% 40 5% Monomorphic®
HDZ31 HDZ31.287 0.851 40 40% 40 40% 48%
HDZ31 HDZ31.3140 0.631 40 40% 40 40% 47%
HDZ31 HDZ31.3292 0.801 39 38% 39 38% 48%
HDZ31 HDZ31.409 0.755 40 40% 40 40% 47%
Korrigan  Korrigan.1205 0.95 36 25% 36 25% 28%
Korrigan  Korrigan.1272 0.871 36 47% 36 47% 46%
Korrigan  Korrigan.1395 0.937 39 23% 39 23% 27%
Korrigan  Korrigan.1499 0.935 50 18% 50 18% 26%
Korrigan  Korrigan.1687 0.954 53 0% 53 0% 0.4%
Korrigan  Korrigan.1801 0.919 49 8% 49 8% 14%
Korrigan  Korrigan.2019 0.72 51 4% 51 4% 0.1%
Korrigan  Korrigan.2103 0.663 50 46% 50 46% 46%
Korrigan  Korrigan.2387 0.689 40 48% 40 48% Failed®
Korrigan  Korrigan.255 0.946 24 8% 24 8% 0.2%
Korrigan  Korrigan.2646 0.565 39 18% 39 18% 28%
Korrigan  Korrigan.2722 0.891 39 49% 39 49% 47%
Korrigan  Korrigan.2892 0.409 35 46% 35 46% Failed®
Korrigan  Korrigan.418 0.768 39 49% 39 49% 46%
Korrigan  Korrigan.546 0.934 39 18% 39 18% 26%
Korrigan  Korrigan.635 0.973 39 21% 39 21% 28%
Korrigan  Korrigan.758 0.853 38 3% 38 3% 0.2%
Korrigan  Korrigan.83 0.921 7 29% 7 29% 28%
Korrigan  Korrigan.987 0.968 37 19% 37 19% 26%
LAC2 LAC2.635 0.622 15 7% 6 17% Monomorphic®
LAC2 LAC2.816 0.89 15 7% 6 0% Monomorphic®
LAC4 LAC4.189 0.813 68 10% 33 12% Monomorphic®
LAC4 LAC4.496 0.971 68 12% 33 18% Failed®
LIM2 LIM2.1100 0.806 39 36% 39 36% 33%
LIM2 LIM2.1616 0.618 39 23% 39 23% Failed”
LIM2 LIM2.2005 0.887 39 23% 39 23% 32%
LIM2 LIM2.2372 0.998 27 22% 27 22% 31%
LIM2 LIM2.933 0.441 39 26% 39 26% Failed®
LP3-1 LP3.1.176 0.958 111 61% 11 27% Failed®
LP3-1 LP3.1.250 0.842 111 71% 11 45% Failed”
LP3-1 LP3.1.324 0.937 111 70% 11 45% 46%
LP3-3 LP3.3.298 0.845 105 11% 11 0% 2%
LP3-3 LP3.3.43 0.764 105 16% 11 9% Failed®
Myb1 Myb1.1189 0.685 40 45% 40 45% 22%
Myb1 Myb1.294 0.96 40 45% 40 45% 22%
Myb1 Myb1.710 0.946 40 45% 40 45% 21%
Myb1 Myb1.906 0.949 40 45% 40 45% 21%
Myb14 Myb14.136 0.957 29 24% 29 24% Failed®
Myb14 Myb14.258 0.996 29 3% 29 3% 2%
Myb14 Myb14.373 0.992 29 3% 29 3% Failed®
Myb14 Myb14.449 0.727 29 10% 29 10% 26%
Myb14 Myb14.587 0.675 29 24% 29 24% Failed®
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Myb14
Myb14
Myb2
Myb2
Myb2
Myb2
Myb2
Myb2
Myb2
Myb2
Myb2
Myb2
Myb4
Myb8
PAL1-P24
PAL1-P24
PAL1-P24
PAL1-P31
PAL1-P31
PAL1-P31
PAL1-P31
PAL1-P31
PAL1-P31
PAL1-P31
PAL1-P31
PAL1-P31
PAL1-P31
PFK

PFK

PFK
PHY-N
PHY-N
Pp1

Pp1

Pp4
PR-AGP4
PR-AGP4
PR-AGP4
PR-AGP4
PR-AGP4
PR-AGP4
PR-AGP4
PR-AGP4
RD21
RD21
RD21
SCL1
SCL1
SCL1
SCL1
SCL1
SCL1
SCL1
SCL1
SPS

SPS
THE1
THE1
THE1

Myb14.74
Myb14.822
Myb2.111
Myb2.1136
Myb2.1553
Myb2.1811
Myb2.194
Myb2.337
Myb2.526
Myb2.784
Myb2.844
Myb2.942
Myb4.119
Myb8.786
PAL1.P24.220
PAL1.P24.403
PAL1.P24.535
PAL1.P31.1118
PAL1.P31.1508
PAL1.P31.1691
PAL1.P31.1919
PAL1.P31.2090
PAL1.P31.2264
PAL1.P31.256
PAL1.P31.36
PAL1.P31.371
PAL1.P31.704
PFK.203
PFK.267
PFK.39
PHY.N.25
PHY.N.258
Pp1.104
Pp1.312
Pp4.233
PR.AGP4.1021
PR.AGP4.1165
PR.AGP4.1303
PR.AGP4.132
PR.AGP4.1376
PR.AGP4.34
PR.AGP4.802
PR.AGP4.913
RD21.123
RD21.566
RD21.630
SCL1.1434
SCL1.1749
SCL1.228
SCL1.318
SCL1.431
SCL1.570
SCL1.663
SCL1.823
SPS.258
SPS.407
THE1.271
THE1.390
THE1.74

0.818
0.583
0.914
0.691
0.912
0.942
0.977
0.702
0.953
0.924
0.972
0.827
0.971
0.805
0.504
0.992
0.755
0.599
0.898
0.982
0.992
0.773
0.931
0.674
0.65
0.939
0.892
0.602
0.707
0.874
0.976
0.935
0.704
0.621
0.991
0.844
0.568
0.743
0.757
0.953
0.618
0.951
0.772
0.893
0.891
0.598
0.984
0.957
0.966
0.86
0.895
0.886
0.972
0.989
0.628
0.722
0.859
0.914
0.684

* Minor Allele Frequency

® SNP that failed to be genotyped
¢ Monomorphic SNP

4 Data not available

183
150
175
175
150
117
175
188
103
103
103
40
40
Y|
41
41
Y|
41
41
38
38
33
33
32

10%
10%
13%
5%
5%
5%
18%
8%
8%
8%
28%
8%
10%
20%
0%
49%
18%
1%
39%
44%
32%
26%
14%
29%
25%
29%
16%
10%
2%
6%
27%
27%
5%
39%
9%
2%
28%
11%
8%
40%
4%
19%
5%
26%
15%
39%
13%
3%
7%
12%
7%
12%
12%
12%
34%
8%
42%
42%
50%
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29
29
40
40
39
39
40
40
40
40
39
40
10
10
39
39
39
12
12
12
12
12

o O o o

na

na
10
10
12
13
10
55
59
60
63
62
59
63
59
11
11
11
40
40
41
41
41
41
41
41
na’
nad
33
33
32

10%
10%
13%
5%
5%
5%
18%
8%
8%
8%
28%
8%
10%
20%
0%
41%
21%
8%
50%
34%
34%
34%
na
na’
na
na
na
na
na
na
20%
20%
0%
31%
20%
4%
12%
7%
0%
18%
2%
17%
2%
0%
36%
9%
13%
3%
7%
12%
7%
12%
12%
12%
na
na
42%
42%
50%

a a a a a a

27%
Failed®
22%

5%

4%

5%

13%

8%

8%
Failed®
24%
Failed®
2%

17%
Failed®
Failed®
Failed®
15%
35%
Failed”
Failed®
Failed®
Failed”
0.4%
Monomorphic®
Monomorphic®
1%

4%
Monomorphic®
4%

7%
Monomorphic®
Failed”
15%
Failed®
3%

7%
Failed®
Monomorphic®
11%
Failed®
11%
Monomorphic®
Monomorphic®
19%
Failed”
Monomorphic®
7%
0.3%

4%

7%
Failed®
5%
Failed”
Failed®
Failed®
Failed”
50%
36%
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Introduction

Lignin and cellulose are major constituents of wood, and the most abundant biopolymers on
Earth. Lignin content largely determines the calorific value of wood as a fuel, but lignin is
undesirable in the conversion of wood into pulp, as it causes discoloration and reduces paper
brightness upon thermal or light exposure (CHIANG et al. 1988). Its removal is a major step in
the papermaking process for the so-called “chemical pulps”, but its extraction consumes large
quantities of chemicals. Conversely, cellulose content is favorably correlated with pulp yield
(WALLIS et al. 1996; KuBe and RAYMOND 2002). Breeders are thus seeking ways to increase
the cellulose to lignin content ratio. Previous studies in various forest tree species showed
that lignin and cellulose contents have low to moderate heritabilities, and are strongly
negatively correlated at both phenotypic and genetic levels (BAILLERES et al. 2002; PoT et al.
2002; SYKES et al. 2006; DA SiLVA PeREZ et al. 2007), highlighting the possibility to obtain
significant genetic gains for the cellulose to lignin content ratio by classical breeding
methods. However, chemical-related traits have generally been evaluated in narrow genetic
backgrounds such as diallel and factorial mating designs involving a low number of
genotypes. Moreover, little is known about their correlations with mandatory selection
criteria such as growth and straightness, or with other possible targets for wood end use
properties such as wood density, modulus of elasticity or fiber related traits (PoT et al. 2002;
but see DA SILVA PEREZ et al. 2007).

In the last decade, wood phenotyping has been enhanced by the development of indirect tools
such as the Pilodyn penetrometer and the Resistograph for measuring wood density (WANG
et al. 1999; BOUFFIER et al. 2008), or Near Infrared Spectroscopy (NIRS) for predicting
wood chemical and physical properties of a large number of samples by fast optical
measurements (reviewed by TsucHIKAWA 2007). NIRS have been widely used in industrial
fields such as food, agriculture, pharmaceutical or chemical. However, its application in the
wood and paper science is recent (most of the results have been published in the 90ies) and
provides an efficient alternative to costly and time-consuming wet chemistry methods. On the
other hand, due to the complexity of NIR spectra, all measurements are calibration-
dependent, which prevent generic application (DA SiLVA PEREZ et al. 2008).

In this paper, we first investigate the performance of NIRS combined to a non-destructive
sampling method to assess wood chemical properties in maritime pine (Pinus pinaster Ait.),
the first conifer species used for reforestation in the southwestern Europe. We then estimate
genetic parameters of growth, stem-form and wood chemical-related traits using a progeny-
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trial and clonally replicated progenies derived from control crosses, with the aim to assess the
relative importance of additive, dominance and epistatic effects for these traits in a material
representing a large genetic background. Finally, we estimate the phenotypic and genetic
correlations between these traits and discuss the potential impact of breeding on wood

chemical properties.
Material and Methods

Plant material

Two experimental trials, Hermitage (trial number 2-44-17) and Vaquey (trial number 33802),
located in the Aaquitaine region (southwestern France) were examined in this study.
Hermitage is a 31-year-old progeny trial of plus-trees phenotypically selected for overall
good growth and form in the Aquitaine forest. This material is commonly referred as the first
generation breeding population (G0). A total of 261 GO mother trees were crossed with a
pollen mix collected from 28 unrelated GO trees, resulting in 8,667 individuals distributed in
families of 12 to 36 half-sibs. This trial was installed on a humid sandy moor site, using
randomized complete block design with 3, 6 or 9 tree row-plots per family. Vaquey is a 13-
year-old clonal trial of 189 trees from the second generation breeding population (G1) which
were individually selected within full-sib progenies of 77 GO trees, based on their genetic
value for growth and stem straightness. These 189 G1 clones belonged to 78 full-sib families
(some GO parents were used in several crosses) and were replicated three to five times,
leading to a total number of 892 trees. This trial was established on a humic podzol moor site
using randomized single-tree plots. No field-blocks were a priori defined. These two trials
will be referred as the Half-Sib Trial for Hermitage (HST) and the Clonal Trial for Vaquey
(CT).

Data measurement

All the trees from the two trials were measured for growth related traits, i.e. for the HST total
height (H) and girth at breast height (Gir) at 8 years, and for the CT total height (H) at 8
years and diameter at breast height (Diam) at 13 years. Trees from the HST were also
evaluated for stem deviation from verticality (Str) at 8 years (this data is given in cm, and
increases with the deviation of the tree from verticality).

Chemical characterization of the samples was conducted separately for the two tests by Near
Infrared Spectroscopy (NIRS). For the HST, the sampling was carried out at 31 years on 993
trees representing 105 different half-sib families, with 7 to 12 trees per family. We collected
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shavings by drilling a 2 cm large and 5 cm deep hole into the tree at breast height. The
shavings were dried for 24 hours at 60°C, ground in a SM-100 three-knife mill (Retsch,
Haan, Germany) and sieved. Near infrared spectra acquisition was then carried out on the 40-
60 mesh sawdust fraction using a MPA spectrometer with integration sphere (Bruker Optics,
Ettlingen, Germany). NIRS-partial least square (NIRS-PLSR) calibrations were build using a
subset of 98 samples measured for i/ extractives content (Ext) using an automatic SoxTec
extractor (Foss, Hillrod, Denmark) and an acetone-water extraction sequence (DA SILVA
PEREZ et al. 2005), ii/ lignin content (Lign) based on the Klason method (SCHWANNINGER
and HINTERSTOISSER 2002), and iii/ cellulose (Cell) and hemicellulose (Hemi) contents by
HPLC analysis of monosugars (Mann for mannose, Gal for galactose and Xyl for xylose
content) after acidic hydrolysis (PuLs et al. 1995). PLSR was performed according to
WORKMAN et al. (1996) and MARTENS and NAES (1989) using the OPUS Quant software
(Bruker Optics).

The sampling and NIRS-PLSR evaluation in the CT for Klason lignin (Lign), cellulose
(Cell), hemicellulose (Hemi), mannose (Mann), galactose (Gal), and xylose (Xyl) contents at
13 years was carried out on extractive-free sawdust obtained from whole disks as described
in DA SILVA PEREZ et al. (2005).

For both trials, the quality of NIRS-PLSR models was assessed using the rank (number of
PLS eigen-vectors used for the regression) and cross-validation results, i.e. coefficient of

determination (R?), and root mean square of error of prediction (RMSCEV).

Statistical models for genetic parameter estimation

The individual model was used to partition the phenotypic value of each tree in its genetic
and environmental components.

The following model was used for the HST:

y=Xb+Za+Z,v+e (1)

where y is a vector of observations on a trait, b is a vector of fixed block effects, a is a vector
of random genetic effects of individual genotypes, v is a vector of random plot effect (block x
half-sib family interactions), e is the vector of residuals, X, Z; and Z, are the incidence
matrices linking observations to the effects. The random effects in model (1) were assumed

to follow a normal distribution with means and variances defined by:

a 01[Ac2 0 0
vi~N[lol| 0 167 0 || (2
e off 0 0 157

e
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where 0 is a null matrix; A is the genetic relationship matrix (computed from a pedigree that

takes into account all the relationships among individual genotypes) ; I is the identity matrix,

2

Oa

is the additive genetic variance, o the plot variance, and o? is the residual variance.
As the variances are assumed to be independent, the phenotypic variance o is defined as:

ob =0 +0l +0; (3)

For the CT, two different models named “full model” and “simplified model”” were used. The
full model is as follows:

y=Za+Z,f+Z,c+e 4)
where a and e are defined as above, f is a vector of random full-sib family effects, c is a
vector of random effect of clones within full-sib families, Z;, Z, and Z3 are the incidence
matrices linking the observations in y to the effects in a, f, and c, respectively. The random
effects in the model defined in (4) were assumed to follow normal distributions with means

and variances defined by:

a 0 Aaj 0 0 0
f 0 2
N | 0 lo? 02 0 )
c of| 0 0 lgz 0
e 0 0 0 0 lo?

where 0, I, o2 and o are defined as above (observations on different ramets of a clone
were treated as repeated measurements on a single genotype, therefore A is the matrix of

relationships among individual genotypes as mentioned before); o? is the non-additive

variance between full-sib families, and &2, is the non-additive variance among clones within

full-sib families. This full model was used after excluding from the dataset the families with
only one genotype, as they do not allow the estimation of dominance effects (COSTA E SILVA

et al. 2004). Thus the full model was fitted for 36 families representing 143 clones and 705

phenotypes. The phenotypic variancec?, the total genetic variances?, the dominance
genetic variance o and the epistatic genetic variance o7 were defined as follows:
ot =0l +ol+ol+o! (6)
ci=0l+ol+ol=0+0cl+o!(7)

ol =4xc? (8)
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ol =0’ -3x0} 9)

For (8) and (9) we assumed a large, random mating parental population with diploid

inheritance and near linkage equilibrium at gene loci affecting the observed traits

(ComsTock et al. 1958; FOSTER and SHAwW 1988). As &2 and o contain portions of

epistasis with successively decreasing contributions of interactions involving larger groups of
loci, the unbiased estimation of additive and dominance variances assumes that lower-order
interloci interactions only represent a small portion of the total epistasis (MULLIN and PARK
1992; Wu 1996; CoSTA E SILVA et al. 2004). Similarly, interactions involving groups of more

than two or three loci are assumed in (9), since o’ contains only a fraction of the total

epistasis with a major contribution of high-order interactions. In addition, non-genetic effects
introduced by cloning (“C effects”) were assumed to be negligible or absent (FOSTER and
SHAW 1988; COSTAE SILVA et al. 2004).

The simplified model consisted in dropping the family and clonal effects from the full model
(4) described above, so that we could use the total dataset to estimate the variance
components (78 families, 189 genotypes and 892 phenotypes). In this model, the family
structure is ignored although the kinship is accounted for. Dominance and epistatic genetic

effects cannot be estimated anymore, therefore only the total genetic variancec?; was

estimated as described in (7).

The estimates of the fixed and random effects were obtained by solving Henderson’s mixed
model equations (HENDERSON 1975) using the average information REML algorithm
(GILMOUR et al. 1995) implemented in the ASReml v2.0 software (GILMOUR et al. 2006).
Wald tests as implemented in ASReml (GiLMOUR et al. 2006) and Likelihood Ratio Tests
(LRT) were used to assess the statistical significance of the fixed and random effects,
respectively.

Analyses were performed for each trait separately. Phenotypic, genetic and additive
coefficients of variation (CVp, CV and CV,) as well as broad and narrow-sense heritabilities

(h2ps and h2,s) were defined as follows:

CV, :# CV, :%X) cV, = O_aéx)
2 2
hzbs - 0-2 hzns - ZZ
P

where X is the mean of the studied trait for the trial considered.
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The estimates of the phenotypic (rp), genetic (rg) and additive (ra) correlations between traits
were obtained using bivariate extensions of the models previously described, for each pair of

traits and each trial. They were evaluated as follows:

- conluy) - Coufuy) - con )

P V O_gx % O-'gy ’ v O-éx X O_éy " A" O-azx X O-azy
whereCov,(x,y), Covg(x,y) and Cov,(x,y) are the phenotypic, genetic and additive

genetic covariances between traits x and y, respectively. For the CT, the simplified model
was used to estimate a total genetic correlations (rg), including additive, dominance and
epistatic effects. The standard errors for variances, heritabilities and correlation coefficients
were calculated with ASReml using a standard Taylor series expansion (SORENSEN and
GIANOLA 2002; GILMOUR et al. 2006).

Results

Near infrared spectroscopy calibrations

The performances of NIRS-PLSR calibrations for the prediction of chemical composition of
maritime pine wood were assessed by cross-validations and are shown in Table 1. Extractive,
lignin, cellulose, mannose and galactose contents could be predicted by NIRS with a quite
good accuracy in one or both trials, with low RMSECV and determination coefficients (R?)
ranging from 0.7 to 0.96. The calibrations built for the CT generally performed better than
those built for the HST, displaying higher R? and lower rank and RMSECV. Calibrations
showing a cross-validation R? below 0.7 (i.e. cellulose and mannose contents for the HST,
and hemicellulose and xylose contents of both trials) were not used for genetic parameters

estimations because of the low accuracy of their predictions.
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Table 1: Cross-validation performances of the NIRS-PLSR calibrations for the prediction of wood
chemical composition. Data for the CT taken from DA SiLvA PEREZ et al. (2005). Abbreviations as
described in the Material and Methods section.

. . Range (%) Cross validation
Trait Trial Min Max Rank Rz RMSECV (%)
Ext Hermitage 3.3 10.3 4 0.70 0.76
Lign Hermitage 217 30.6 4 0.91 0.40

Vaquey 25.8 32.7 3 0.96 0.40
Cell Hermitage 36.8 47.4 3 0.53 1.51
Vaquey 39.9 51.1 2 0.92 0.80
Hemi Hermitage 20.1 28.2 8 0.34 1.22
Vaquey 23.3 28.4 5 0.53 0.73
Mann Hermitage 8.6 13.8 7 0.60 0.62
Vaquey 14.5 20 1 0.87 0.55
Gal Hermitage 1.4 6.1 10 0.82 0.49
Vaquey 2 10.9 7 0.94 0.72
Xyl Hermitage 3.7 8.2 8 0.30 0.86
Vaquey 9.1 13.9 5 0.63 0.50

Genetic parameters

Estimates of variance components and genetic parameters obtained from the analysis of the
two trials are presented in Table 2. Growth and stem straightness, the main selection criteria
of the maritime pine breeding program, showed moderate to high coefficients of phenotypic
variation (CVp=15-25% for growth and 54% for straightness), in agreement with previous
results (CosTA and DUREL 1996; PoT et al. 2002). With the exception of Ext and Gal, CVp
for chemical-related traits were low (< 7%), consistently with most of the results reported in
the literature (SILVA et al. 1998; NYAKUENGAMA et al. 1999; PoT et al. 2002; HANNRUP et al.
2004). The fixed block effect and random plot effect in the HST were highly significant for

all traits except for Lign, for which only the plot effect was significant. For both trials, o?
and o2 were highly significant with very low P-values (< 0.1%).

In the CT, clonal progenies of controlled crosses were used to estimate non-additive genetic

variances. For H, o was accurately estimated and much lower thano?, suggesting a low
contribution of dominance effects on this trait. For Diam, both o2, and o2_ were accurately
estimated and again non-significant and much lower than o2, , also indicating strong additive
control. For the other traits, o; and &2 were non-significant, with values similar to or

greater thano?, and standard errors of the same magnitude as the estimates. In these cases,

our data-set did not allow obtaining accurate estimates of non-additive variances, thus the

simplified model was preferable to estimate heritabilities and correlations.
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Broad-sense heritabilities in the CT were low to moderate, ranging from 0.17-0.23 for
chemical-related traits to 0.24-0.38 for growth. Narrow-sense heritabilities estimated in the
HST ranged from 0.15 to 0.55, and were generally higher than broad-sense heritabilities
estimated on the CT for the same traits using the full and simplified models (except Gir

which was twice lower).

Genetic correlations

Phenotypic and genetic correlations between traits are shown in Table 3 for the HST and
Table 4 for the CT. In the HST, H and Gir were strongly correlated at the phenotypic and
genetic levels (rp = 0.82, ra = 0.86), as expected, but weakly correlated to stem straightness at
the genetic level (ra = 0.15 and 0.24, respectively). In both trials, chemical-related traits were
significantly correlated, showing in most cases higher values for genetic than phenotypic
correlations. The highest correlation observed was between Lign and Cell in the CT (rg = -
0.98 with a standard error of 0.01). We did not observe any significant genetic correlation
between growth and chemical-related traits, although the phenotypic correlations were
generally significant in the HST.
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Table 2: Variance components and genetic parameters estimated for Hermitage (HST) and Vaquey (CT) trials. Standard errors are indicated in brackets. The
significance of random effects is indicated after each variance estimator: " not significant at the 5% threshold; * significant at the 5% threshold; ** significant

at the 1% threshold; *** significant at the 0.1% threshold.

Variance components

Genetic parameters

Traits Trials o2, o2, o% o%, o%g o2, h?,s h?.s CVp CV¢ CV,
H Hermitage 2640 (172)*** 2426*** (541) - - - 3344 - 0.29 (0.06) 15.80% - 8.50%
- H Vagquey (full model) - 35.09*** (15.44) 5.41E-4™ (1.2E-4) 3.88™ (9.86) 38.97** (8.24) 160.18  0.20 (0.03) 0.18 (0.07) 21.36% 9.45% 8.97%
T H Vaquey (simplified model) - - - - 52.58** (7.94) 162.4 0.24 (0.03) - 22.50% 11.13% -
(% Gir  Hermitage 6.6 (0.63)***  7.79**(1.89) - - - 36.05 - 0.15 (0.04) 25.20% - 9.90%
Diam Vaquey (full model) - 435.2** (85.6) 2.86E-6" (1.7E-7) 2.63E-6" (1.57E-7) 435.2*** (85.6) 925.1 0.32 (0.05) 0.32 (0.05) 18.10% 10.24% 10.24%
Diam Vaquey (simplified model) - - - - 569.7*** (90.5) 913 0.38 (0.04) - 19.19% 11.89% -
Form Str Hermitage 0.72 (0.19)*** 7.03***(0.96) - - - 16.49 - 0.29 (0.04) 54% - 29.10%
Ext  Hermitage 0.33 (0.07)*** 0.58*** (0.21) - - - 0.72 - 0.35(0.12) 19% - 11.30%
Lign  Hermitage ns 0.16*** (0.06) - - - 0.5 - 0.25(0.09) 3% - 1.51%
Lign  Vaquey (full model) - 0.05*** (0.15)  0.08™ (0.07) 0.08"™ (0.08) 0.21** (0.05) 0.8 0.21 (0.04) 0.05(0.15) 3.33% 1.52% 0.75%
- s Lign  Vaquey (simplified model) - - - - 0.25*** (0.05) 0.84 0.23 (0.04) - 3.45% 1.65% -
8 = Cell Vaquey (full model) - 0.18**(0.34)  0.17"™ (0.16) 0.05™ (0.19) 0.39*** (0.11) 1.84 0.17 (0.04) 0.08 (0.15) 3.45% 1.44% 0.97%
£ g cCell Vaquey (simpliied model) - - - - 0.42***(0.10) 1.92 0.18 (0.04) - 3.53% 1.50% -
G § Mann Vaquey (full model) - 0.09*** (0.11)  0.05™ (0.05) 0.04™ (0.06) 0.17** (0.04) 0.66 0.21(0.04) 0.10(0.13) 6.93% 3.14% 2.24%
© Mann Vagquey (simplified model) - - - - 0.15** (0.04) 0.68 0.19 (0.04) - 6.95% 3.00% -
Gal  Hermitage 0.15*** (0.05) 0.64*** (0.18) - - - 0.37 - 0.55 (0.14) 33.09% - 24.60%
Gal  Vaguey (full model) - 0.02*** (0.23)  0.18* (0.13) 0.10* (0.13) 0.31*** (0.08) 1.27 0.20 (0.04) 0.01 (0.15) 30.63% 13.55% 3.59%
Gal Vaquey (simplified model) - - - - 0.28*** (0.07) 1.35 0.17 (0.04) - 31.04% 12.90% -

- 1 not available

ns: the effect was not significant and not considered in the model.



Table 3: Phenotypic and genetic correlations in the HST (rr below and r, above the diagonal, respectively). Standard errors are indicated in brackets below
each coefficient. The significance of correlation coefficients is indicated after each estimator: "™ not significant at the 5% threshold; * significant at the 5%
threshold; ** significant at the 1% threshold; *** significant at the 0.1% threshold.

H Gir Str Ext Lign Gal
0.86*** 0.15™ -0.46" -0.16™ 0.12™
H - (0.04) (0.12) (0.26) (0.25) (0.23)
0.82%* 0.24* -0.10™ -0.26™ 0.18™
Gir (0.004) - (0.12) (0.28) (0.26) (0.25)
0.27%** 0.36%** -0.01™ 0.23" 0.20™
Str (0.02) (0.01) - (0.21) (0.19) (0.17)
0.09* 0.14%** 0.10%** -0.57* -0.96%**
Ext (0.04) (0.03) (0.03) - (0.20) (0.13)
-0.26*** -0.26%** -0.02" -0.32%** 0.85%**
Lign (0.03) (0.03) (0.03) (0.03) - (0.12)
-0.19%* -0.19%** 0.04" 0.03"™ 0.57**
Gal (0.04) (0.03) (0.04) (0.03) (0.02) -

Table 4: Phenotypic and genetic correlations in the CT (rp below and rg above the diagonal, respectively). Standard errors are indicated in brackets below
each coefficient. The significance of correlation coefficients is indicated after each estimator: "™ not significant at a 5% threshold; * significant at a 5%
threshold; ** significant at a 1% threshold; *** significant at a 0.1% threshold.

Diam Lign Cell Mann Gal
_ -0.007™ -0.12" 0.09™ 0.18™
Diam - (0.13) (0.14) (0.14) (0.14)
_ -0.04"™ -0.98*** -0.87*** 0.64***
Lign (0.04) - (0.01) (0.05) (0.08)
-0.02" -0.94%** 0.89%** -0.79%+*
Cell (0.04) (0.004) - (0.06) (0.06)
0.05™ -0.66*** 0.49%** -0.75%***
Mann (0.04) (0.02) (0.03) - (0.09)
0.05™ 0.82*** -0.86*** -0.61***

Gal (0.04) (0.01) (0.01) (0.03) -
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Discussion

General considerations

Genetic parameters of growth, stem-form and wood chemical-properties as well as genetic
correlations between these traits were estimated in two Pinus pinaster trials located in the
SouthWest of France, a half-sib trial (HST) and a clonal trial (CT). Near Infrared
Spectrometry (NIRS) calibrations were built to rapidly assess wood-chemical properties,
either at 31-year old from raw sawdust obtained from drill shavings for the HST, or at 13-
year old from extractive-free sawdust obtained from whole-disk samples in the CT. Lignin
content was predicted by NIRS with a quite good precision in both trials. While NIRS-PLSR
models for cellulose and most of monosugars contents were successfully obtained in the CT,
no calibration could be achieved using the samples of the HST. We used the individual model
to subdivide the phenotypic value of each tree in its genetic additive, genetic non-additive
and environmental components. Additive variances were significantly different from zero,
leading to low to moderate heritabilities (0.15-0.55). For growth traits non-additive variances
were accurately estimated and much lower than the additive component, suggesting low
dominance and / or epistatic effects. For most wood quality traits, non-additive genetic
variances were not significant and their standard errors were of the same magnitude as
variance estimates, which suggest that our dataset was not large enough to accurately
estimate non-additive effects. Narrow-sense heritabilities in the HST were generally higher
than broad-sense heritabilities in the CT for the same traits. In both trials, chemical-related
traits were significantly genetically correlated, but not correlated to growth at the genotypic

level.

Rapid wood-quality assessment techniques

A prerequisite of a tree-breeding program focusing on wood quality resides in the ability to
measure whole-tree properties, which often implies the destructive sampling of disks to
provide a bulk sample that represents the whole tree. Destructive sampling is extremely time-
consuming and owing to practical constraints, the number of trees that can be sampled is
limited. An alternative to destructive sampling is to take an increment core or, as done in this
study for the HST, to collect shavings from drilling a hole in the stem of a standing tree and
assume that the results are indicative of the whole-tree properties. However, this assumption
can lead to erroneous results: indeed, we know that wood chemical composition shows

significant radial variations, with mature wood containing more cellulose and less lignin than
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juvenile wood (ZoBEL and SPRAGUE 1998). The proportions of mature wood and juvenile
wood in the powder obtained from increment cores or drill shavings are different from the
true proportions of a stem section, and thus do not represent the whole tree. To illustrate this
sampling bias, Aucusto and BERT (2005) showed that using increment cores for
determining nutrient contents generally leads to significant underestimations in sapwood and
overestimations in heartwood. Since the error associated to the drilling sampling method
increases with the drilling-depth, restricting the sampling to the last rings should reduce this
bias, but with the drawback of measuring only mature wood properties. According to micro-
density profiles of the HST (data from BoOUFFIER et al. 2008), 5 cm deep drillings
corresponded to 9 (for fast growing-trees) to 24 (for slow-growing trees) growth rings
(Figure 1). Assuming a transition between juvenile and mature wood in maritime pine to
occur around the 10" to the 12" growth ring (ZoBEL et al. 1972; DUMAIL et al. 1998), ~75%
of the samples should mainly contain mature wood.
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Figure 1: Distribution of the number of rings sampled for a 5 cm depth drilling, estimated from X-ray
profiles of 221 trees sampled at 29 years old on the HST (from data provided by Laurent Bouffier).
Ring-widths are larger for fast-growing trees than for slow-growing trees. A 5 cm depth drilling
corresponds to 9 rings for the larger tree (on the left of the x-axis), versus 24 rings for the smaller one

(on the right of the x-axis).
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Even if we roughly avoided the sampling bias due to radial ontogenic effects, the number of
rings sampled greatly varied depending on the trees, thus a bias due to different annual
climatic conditions is not to be excluded. To our knowledge, the only published study using
drill shavings to estimate conifer-wood chemical properties concluded that this sampling
method gave errors that were too large for practical purpose (JONES et al. 2008). These
authors used young trees (13-year old loblolly pines), drilled holes from the pith to the
cambium, and obtained poor NIRS-PLSR calibrations. Our sampling method was quite
different and gave rather good calibrations, especially for lignin content. Further
investigations are nevertheless required to assess the representativeness of our samples.

NIRS analysis relies on developing a calibration that relates the NIR spectra of a large
number of samples to their known chemical or physical properties. Once the calibration has
been set, NIR spectra can be used to predict these properties with the advantages of minimal
sample preparation, rapid acquisition times, non-contact and non-destructive spectral
acquisition (So et al. 2004). In the present study, two different types of samples were used
for NIR spectra acquisition: raw sawdust for the HST samples, and extractive-free sawdust
for the CT samples. They led to different calibration performances, the latter giving higher
NIRS-PLSR prediction accuracy for all the analyzed traits. Such result has previously been
reported for eucalyptus, with the improvement of calibration models for lignin content and
sugar monomer composition after elimination of wood extractives (BAILLERES et al. 2002;
DA SiLvA PeEREz et al. 2008). To explain such difference these authors hypothesized that
polyphenolic compounds of wood extracts alter the lignin absorption bands located in the
same spectral zones. Despite this result, NIRS calibration for lignin content based on non-
extracted powder was of high quality in the present study, as it provided good predictions
(RMSECYV of 0.4%). However, this was not the case for cellulose and most of monosugars
calibrations, which showed very low performances on raw sawdust. Extractives are a
complex group of cell wall chemicals mainly consisting of fats, fatty acids, fatty alcohols,
phenols, terpenes, steroids, resin acids, waxes and many other minor organic compounds
(RoweLL 2005). Their interaction with cellulose and monosugars absorption bands is likely,
although to our knowledge it has never been explicitly reported. The differences between
calibrations based on raw or extractive-free sawdust could also be due to other factors such as
the sampling age. Indeed, the CT was sampled at 13-year old while the HST was sampled at
31-year old. Sampling method (disks versus drill shavings) may also be involved, but this
seems unlikely as poor sugars calibrations have already been reported for young loblolly pine

raw-sawdust ground from disks, while lignin calibration performed well (JONES et al. 2008),
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or for young maritime pine raw sawdust ground from whole stems (data not shown).
Actually, these technical issues for assessing cellulose content can be easily avoided
providing that lignin content is accurately predicted, because lignin and cellulose contents are
strongly negatively correlated at both phenotypic and genetic levels, as found in the CT (rp=-
0.94 and rs=-0.98, with standard errors of 0.004 and 0.01, respectively). This cellulose-lignin
balance has been largely studied in conifers (CHANTRE et al. 2002; PoT et al. 2002; SEWELL
et al. 2002; Pot et al. 2006; DA SiLvA PERez et al. 2007), and confirmed by transgenic
studies in various plant species where a cross-talk between both pathway has been suggested
(Hu et al. 1999; BAUCHER et al. 2003; PARK et al. 2004).

Genetic effects and heritabilities

Genetic variance among individuals is usually partitioned into additive and non-additive
components, the latter being a generic term including allelic interactions within gene
(dominance) and interactions between genes at two or more loci (epistasis) (FALCONER et al.
1996). Selection response for traits mainly controlled by non-additive effects is not
predictable from parental performance and non-cumulative over generations. Although they
have been intensively studied in the last decades, contradictory results have been published
for growth and stem form, showing either low (FOSTER and SHAW 1988; KUSNANDAR et al.
1998; Isik et al. 2003; BALTUNIS et al. 2007; DA SiLvVA PeErez et al. 2007) or moderate
(CoTTERILL et al. 1987; PoT et al. 2002; HANNRUP et al. 2004) non-additive control. This
heterogeneity could be due to the low sample sizes in the diallel and factorial designs
employed. While these mating schemes are useful for the partitioning of the genetic variance
into its sub-components, they generally involve a low number of parents (the number of
parents ranged from 6 to 38 in the above mentioned studies). However, large samples are
generally needed to accurately estimate non-additive genetic variances (FOSTER and SHAW
1988; COSTAE SILVA et al. 2004). Recently, COSTA E SILVA et al. (2004) provided an elegant
model to estimate dominance and epistatic effects using clonally replicated progenies of
eucalyptus: with 153 full-sib families originating from 79 parents, they showed that
dominance and epistatic effects accounted for 0 to 4% and 0.4% of the phenotypic variance
in stem diameter, and for 0% and 5% of the phenotypic variance for pilodyn penetration (an
indirect measure of wood density), respectively. In the present study, using the same model
but a lower number of parents and families (47 and 36, respectively), we showed that non-
additive effects for H as well as dominance effects for Diam were accurately estimated and

not significantly different from 0. However, our experimental design did not allow to
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accurately estimate non-additive variances for chemical-related traits, which again shows that
large data sets are required to reduce the standard errors of these components.

Interestingly, for the same traits narrow-sense heritabilities (h2,s) estimated on the HST were
generally higher than broad-sense heritabilities (h%) estimated on the CT, whereas the
opposite was expected, or at least equality between both estimates if non-additive effects and
genotype-by-environment interactions were low. A first hypothesis is that the error variance
in the CT is larger than in the HST, as it includes a part of environmental variance due to the
absence of blocks in the trial, thus h?,; may be under-estimated. For example, when the block
effect was omitted from model (1) in the HST, h2,s was under-estimated by ~ 10% for form
and chemical-related traits and not significantly different from O for growth, because error
and plot variances were greatly inflated. This illustrates the importance of controlling for
environmental effects in large forestry trials, and also shows that growth traits are more
sensitive to micro-environmental conditions than chemical-related traits. A spatial analysis of
the CT would certainly improve heritability estimates. A second hypothesis is that ontogenic
effects could also be partly responsible for heritability variations between both trials, as
chemical-related traits were measured at different ages: 13- versus 31-year old for the CT and
the HST, respectively. This bias could even be amplified by our sampling method in the
HST, as previously discussed. CosTA and DUREL (1996) and DANJON (1994) showed that
heritability of growth-related traits increased with age in maritime pine, and wood density
also seems to follow this trend (BOUFFIER et al. 2008; GASPAR et al. 2008). However, to our
knowledge time trend analysis of chemical-related traits heritability has not yet been
reported. Further analyses will be necessary to confirm or reject this hypothesis. A third
hypothesis is that half-sib families in the HST included full-sib pairs of genotypes that were
not accounted for in our pedigree matrix, leading to an over-estimation of h2,. Recently,
JoAO GASPAR et al. (2009) showed using molecular markers that the coancestry coefficient
of maritime pine open-pollinated families was 0.130, instead of the 0.125 value usually
assumed for half-sib families. This under-estimation of offspring relationships did not
dramatically change heritability values in the studied trial, but simulations showed that the
presence of around 10% of full-sibs in half-sib families is enough to produce heritability
overestimation by ~10% (JOAO GASPAR et al. 2009). In our case, the progenies of the HST
were not obtained by open pollination but by a controlled cross involving a pollen mix
collected from 28 trees (i.e. a “polycross” trial), thus the family coancestry coefficient could
be higher than that of open-pollinated families, resulting in significant bias in heritabilities.

Only the genotyping of the half-sib families and their parents with highly polymorphic
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markers such as microsatellites, as in JOAO GASPAR et al. (2009), would allow quantifying

this bias and obtaining more accurate variance estimates.

Perspectives for breeding applications

We found low to moderate heritabilities for all the studied traits, and the phenotypic variation
observed for growth and stem form were generally higher than that observed for chemical-
related traits, suggesting that higher genetic gains can be expected for growth and
straightness than for chemical properties, in agreement with previous findings (PoT et al.
2002; DA SiLVA PeREZ et al. 2007). However, given the volume of wood processed each year
by the pulp industry and its predicted increase, even slight modifications of chemical-related
trait performances would be of commercial value. Indeed, an increase in cellulose to lignin
ratio would be advantageous in decreasing energy and chemical consumptions (RYDHOLM
1965) as well as increasing pulp yield. A recent economic study on loblolly pine showed that
a 4% decline in lignin content could yield a 4% increase in mill profits, but the advantages of
further decline were mitigated substantially by the loss of mill biopower generation and the
consequent need to purchase more power from the open market (PETER et al. 2007).
Following PoT et al. (2002) and DA SILVA PERez et al. (2007), a ~1% decrease in lignin
content could be achieved in one maritime pine breeding generation with a 5% selection rate.
This breeding program is in its third generation of selection, therefore significant genetic gain
can be expected by classical breeding. However, genetic gains are inevitably slow because of
the long generation time and the fact that many traits can only be scored at rotation age.
Further analyses of chemical-related traits are thus needed to assess the extent of age-age
correlations and genotype-by-environment interactions, to estimate their trade-offs with other
wood quality-related traits or the relative importance of additive and non-additive effects in
their genetic control. In this context, the sampling method and NIRS technique used in the
present study may offer some advantages when compared with conventional destructive
sampling and wet chemistry methods. This rapid assessment technique gives estimates with
reasonable precision for the lignin content, hence contributing to a reduction in measurement

Costs.
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Introduction

Research for dissecting molecular basis of quantitative variation have historically focused on
quantitative trait locus (QTL) mapping, which allows detecting associations between
phenotypic variability and genomic regions identified by molecular markers. QTL studies
depend on the development of suitable segregating populations (e.g. F,, backcrosses or near-
isogenic lines), which can be a serious limitation for species showing high levels of
inbreeding depression and long generation times such as forest trees. Moreover, QTLs effects
often depend on the narrow genetic background in which they have been detected, which also
severely limits their application in breeding. Association mapping (or linkage disequilibrium
mapping) is a more recent approach which can be applied at the population-level. Taking
advantage of the great number of recombination events that have accumulated across past
generations, its resolution is much higher than in QTL studies since only markers in strong
linkage disequilibrium (LD) with a causative allele will be declared significant. This allows
for a mapping scale finer than 1 ¢cM (XIONG and GUO 1997), and in some cases for the
detection of causative polymorphisms (INGVARSSON et al. 2008; FOURNIER-LEVEL et al. 2009;
THUMMA et al. 2009).

The efficiency of association studies largely depends on LD patterns and extent in the
population considered, but also on the ability to distinguish LD due to physical linkage from
LD due to other evolutionary forces (FLINT-GARCIA et al. 2003; ABECASIS et al. 2005; GUPTA
et al. 2005). For example, population structure is seen as the most serious systematic bias
producing false-positive associations (MARCHINI et al. 2004; HIRSCHHORN and DALY 2005).
A large effort has thus been made to develop methods for detecting hidden population
stratification (PRITCHARD et al. 2000a; FALUSH et al. 2003; Wu et al. 2006, HuBisz et al.
2009) and for dealing with any structure in association models (PRITCHARD et al. 2000b;
PRICE et al. 2006; ZHAO et al. 2007). The principle is that only associations caused by
physical linkage should remain after removing genetic correlations due to subpopulations
effects. Similarly, models accounting for familial relatedness have been developed (YU et al.
2006; MALOSETTI et al. 2007; STiCH and MELCHINGER 2009), which allow association
mapping to be carried out on breeding populations showing variable inbreeding levels,
another cause of spurious associations (VOIGHT and PRITCHARD 2005).

Most coniferous species are considered as good models for association mapping due to their
generally high levels of genetic diversity and pollen flow and large population sizes (NEALE

and SAVOLAINEN 2004). These life history and mating characteristics a priori lead to rapid
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LD decay between genes or polymorphisms, low inbreeding and low population structure,
which is a favourable situation to avoid false positive associations. In this chapter we report
the results of the first association mapping study in maritime pine (Pinus pinaster Ait.). This
conifer species is of economical importance for timber and pulp production in southwestern
Europe (Por et al. 2005), where it occurs naturally with a fragmented distribution
(GONZALEZ-MARTINEZ et al. 2002; BURBAN and PETIT 2003; Buccr et al. 2007) probably
leading to smaller effective population sizes than usually recognized for other conifers (see
Chapter I). First, SNP data were used to test for putative stratification in the Aquitaine
breeding population. Then, two different association mapping approaches using pedigree
records to account for inbreeding were used to detect significant associations between SNPs

and growth, stem straightness and wood chemical properties.
Materials and Methods

Plant material

Two different populations were examined in this study: i/ 160 plus-trees belonging to the first
generation breeding population (G0), resulting from mass selection for overall good growth
and form in the forest of South West of France (Aquitaine region), and ii/ 162 trees from the
second generation breeding population (G1) resulting from biparental crosses between 77 GO
trees, and individually selected based on their genetic value for growth and stem straightness.
GO0 and G1 trees were evaluated in the Hermitage progeny trial and the Vaquey clonal trial,
respectively, as described in Chapter III. Briefly, the 160 GO trees were crossed with a pollen
mix collected from 28 unrelated GO trees, resulting in 5,080 progenies distributed in families
of 12 to 36 half-sibs. They were installed in a randomized complete block design with 3, 6 or
9 tree plots per family. The 162 G1 trees were cloned and 3 to 5 replicates per clone (768

trees in total) were installed in randomized single-tree plots with no defined field-blocks.

Phenotypic data

GO progenies in the Hermitage trial were measured for total height (H), girth at breast height
(Gir) and deviation from verticality (Str) at 8 years. G1 clones in the Vaquey trial were
measured for total height (H) at 8 years and diameter at breast height (Diam) at 13 years.
Wood samples were collected from both trials and indirect chemical characterization was
obtained by near infrared spectroscopy (see Chapter III). In the Hermitage trial, 958 GO

progenies (7 to 12 half-sibs by family in 101 families) were measured for extractives (Ext)
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and lignin (Lign) content at 31 years old. In the Vaquey trial, all the G1 replicates were
measured for lignin (Lign), cellulose (Cell), mannose (Mann) and galactose (Gal) content at

13 years old.

Genotypic data
DNA was extracted from needles of the 160 GO and 162 Gl trees using Invisorb® Spin Plant

Mini Kit (Invitek, Berlin, Germany). Genotyping was conducted with the Illumina
GoldenGate technology (Illumina Inc., San Diego, CA, USA) using 184 in vitro-SNPs
discovered in 40 candidate genes involved in plant cell wall formation or drought stress
resistance, and 200 in silico-SNPs detected in 146 contigs from the maritime pine EST
database, as described in Chapter II. Among these 384 SNPs, 192 (111 in vitro SNPs in 32
candidate genes and 81 in silico SNPs in 69 contigs) and 186 (106 in vitro SNPs in 31
candidate genes and 80 in silico SNPs in 69 contigs) were polymorphic in the GO and G1

trees, respectively.

Population structure

Genetic structure was assessed using the Structure software v2.2 (PRITCHARD et al. 2000a;
FALUSH et al. 2003; FALUSH et al. 2007) on SNP genotypic data, first for the 160 GO trees,
and second for 28 unrelated G1 trees. This method assumes that populations are at Hardy-
Weinberg equilibrium and that markers come from unlinked or weakly linked loci (FALUSH et
al. 2003). Prior to the structure analysis, we thus discarded the SNPs significantly departing
from Hardy-Weinberg equilibrium, detected using the GenePop software (RAYMOND and
ROUSSET 1995). In our dataset, several SNPs within the same fragments were at distance
closer than 1000 base-pairs, and therefore could be in strong linkage disequilibrium. We
determined a subset of informative or weakly linked SNPs using the H-clust method
described in RINALDO et al. (2005) and implemented in an R (R_DEVELOPMENT CORE_TEAM
2009) function available at http://www.wpic.pitt.edu/ WPICCompGen/hclust/hclust.htm. This
method is based on the squared correlation matrix of genotypic data and allows selection of
either unlinked or weakly linked SNPs without prior estimation of the haplotype structure.
The cut-off value, which is one minus the maximum level of squared pairwise correlation (I?)
allowed between SNPs, was set to 0.5, leaving a certain amount of association among SNPs
which is accounted for in the Structure software method. For both panels (160 GO and 28
unrelated G1 trees) we performed 10 independent runs of Structure for numbers of groups (K-

parameter) varying from 1 to 10, with the correlated allele frequencies model, and with burn-
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in and run-length periods of 10° iterations. The best number of groups K was then determined
using both the mean likelihood L(K) over 10 runs for each K, and the AK criterion of EVANNO
et al. (2005).

Statistical models

To decrease computation time, association tests were performed on another subset of non-
redundant SNPs defined as above with a cut-off value of 0.2 (meaning that the maximum
level of r? allowed between SNPs was 0.8), successively applied to the 160 GO trees and the
28 unrelated G1 trees. Two different methods were used to test for genotype-phenotype
associations: a two-stage association analysis for the GO samples, and a one-stage association

analysis for the G1 samples.

Two-stage analysis on the GO samples

Best Linear Unbiased Predictors (BLUPs) were obtained for the 160 GO trees using their half-
sib progenies installed in the Hermitage trial, by analysing each trait separately with model (1)
described in Chapter III. These BLUPs were then used in a second step to test their possible
association with each SNP marker using the following ANOV A model:

B, =u+s, +¢ (1)
where B; is the BLUP of the ith entry, S;j the effect of the genotypic class at the SNP locus
considered, and €; the residual. Two different models were tested, with S; representing either
three genotypic classes (2 homozygous and one heterozygous) in the codominant model, or an
allelic dose effect in the additive model (using a numerical variable taking the values 0, 1 and
2 for the absence, the presence in one copy and the presence in two copies for one of the two
alleles, respectively). We assumed that the 160 GO were unrelated and came from an
unstructured population, as shown by the Structure analysis (see Results section). This model
was solved using the SNPassoc package (GONZALEZ et al. 2007) implemented in R. In this
package, the statistical significance of a given SNP is obtained by a likelihood ratio test that
compares model (1) with a null model which only includes the intercept. When significant
associations were observed, the genetic variance associated to the SNP effect was estimated in
the codominant model as:

,  MS,-MS,
Cap = —

where MS; is the mean square associated with the SNP effect, MS is the residual mean

2

square, and k=(N-1)/2, where N is the number of genotypes, taking into account the random
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sampling of genotypes in each genotypic class that follows a binomial distribution depending
on allelic frequencies (GARNIER-GERE 1992; CHARCOSSET and GALLAIS 1996). Then, the

broad-sense heritability of the SNP was estimated as:

2
(o3

2 snp
Ny =——— (3).
O-snp + O,

In the additive model, the SNP effect is only additive (FALCONER et al. 1996), thus the

coefficient of determination (R?) is also the fraction of additive variance associated to the SNP

in the model, i.e. the narrow-sense heritability of the SNP (h?).

One-stage analysis on the G1 samples

For the G1 samples, the analyses of phenotypic variation and association were performed in
one step using the following model:

y=Xs+2Zg+e 4)
where Yy is a vector of observations on a trait, S is a vector of fixed SNP effects, g is a vector of
random genetic effects of individual genotypes, € is the vector of residuals, X and Z are the
incidence matrices linking observations to the effects. We assumed that the G1 individuals
came from an unstructured population (see Results section). The random effects in model (3)

were assumed to follow normal distributions with means and variances defined by:

HE(HiegPaIC

where 0 is a null matrix; A is the genetic relationship matrix (computed from a pedigree that

takes into account all the relationships among individual genotypes) ; | is the identity matrix,

05 is the genetic variance, and o, is the residual variance. We considered both codominant

and additive allelic models, as previously described in the two-stage approach. The estimates
of the fixed and random effects were obtained by solving Henderson’s mixed model equations
(HENDERSON 1975) using the average information REML algorithm (GILMOUR et al. 1995)
implemented in the ASReml v2.0 software (GILMOUR et al. 2006). The Wald test as

implemented in ASReml was used to assess the statistical significance of SNP effects.

Multiple-testing corrections

To account for multiple testing, we first computed g-values (STOREY 2002; STOREY and
TIBSHIRANI 2003; DABNEY et al. 2009), which measure the significance of an association in

terms of the false discovery rate rather than in terms of false positive rate. This method
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however assumes that statistical tests are independent, which is not the case if SNPs are in
linkage disequilibrium (LD). In our study, the arbitrary choice of informative SNPs with r? <
0.8 still meant that some markers could be in moderate to high LD. Therefore, we also
implemented a permutation test using R software with the boot (CANTY and RIPLEY 2009),
SNPassoc (GONZALEZ et al. 2007) and asreml (GILMOUR et al. 2006) packages: BLUPs or
phenotypic values were permuted among individuals while keeping their genotypes fixed, and
models (1) and (4) were used to test for false-positive associations. The minimum P-value (P-
valuenin) obtained in each of 1,000 permutations was then used to estimate the P-valuepi,
empirical distribution. Finally, a P’-value was computed as P(P-value < P-valuey;,). This
permutation procedure retains the LD structure and thus allows an estimation of the false-
positive rate for non-independent observations (HIRSCHHORN and DALY 2005). However, it is
computationally demanding, particularly when model (4) is used since solving mixed-model
equations has to be repeated one thousand times, which took ~4 hours by trait on a 2.53GHz

Intel Core 2 Duo processor.
Results

Population structure

Among the 192 SNPs that were polymorphic in the GO samples and the 169 SNPs that were
polymorphic in the non-inbred G1 samples, 109 and 98 informative SNPs which did not
depart significantly from Hardy-Weinberg equilibrium were retained for the structure
analysis, respectively. The cut-off value of 0.5 in the H-clust method allowed the selection of
the most informative SNP in each fragment. We observed a typical pattern of unstructured
population (PRITCHARD et al. 2007): plateaus in the estimate of log-likelihood of the data
were not observed since the highest likelihood was for K=1 (Figure 1), the proportion of
samples assigned to each subpopulation was roughly symmetric, and all individuals were
admixed (Figure 2). The EVANNO criterion AK (EVANNO et al. 2005) was not pertinent as it
can only be computed for K > 2, and thus does not allow comparing the results of K=1 (no
stratification) with the other cases. Moreover, AK did not show a clear peak for a specific K

value (Figures 1B & D).

Selection of markers for association tests

Using the H-clust method, we selected two subsets of 141 and 121 informative SNPs
(pairwise ? < 0.8) for the GO and G1 samples, respectively (Figure 3). In these subsets ~60%
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of the pairwise correlations were below 0.5, indicating a low to moderate level of LD. The
allele frequency spectrum for each of the two samples is shown in Figure 4. Minimum allele
frequencies (MAFs) were strongly correlated in the GO and G1 samples (r=0.93), and the 20
SNPs that were polymorphic in the GO and not in the G1 samples corresponded to rare

variants (frequency < 10%, as shown in Figure 4).

50
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Figure 4: Allele frequency spectrum for the 141 and 121 informative SNPs in the GO and G1 samples,
respectively.
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Figure 1: Results of the STRUCTURE analysis on the 160 GO samples (A and B) and on the 28
unrelated G1 samples (C and D). A and C/ Mean likelihood L(K) and its standard error over 10 runs of
the STRUCTURE software for each number of subpopulations K. B and D/ EVANNO criterion AK
(EVANNO et al. 2005) for each K value.
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Figure 2: Population structure in the GO (A) and G1 (B) non-inbred samples, as shown by the
STRUCTURE clustering algorithm. Respectively 109 and 98 SNP informative markers non-departing
from Hardy-Weinberg equilibrium were used for the GO and G1 samples. Each individual is
represented by a vertical line which is partitioned into K colour-scale segments (K=2 to K=7) that
represent the individual’s estimated membership fraction in K clusters.
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Chapter IV: Association mapping in Pinus pinaster

Statistical tests

In the GO samples only, the SNP CT 3782.445 was significantly associated with H and Gir
with low P-values (< 2.10™), g-values (< 0.01) and P’-values (< 0.04) in both the codominant
and additive models (Figures 5 and 6). The “T” allele was associated to a decrease in Gir
(Figure 7) and H (data not shown). The association with Gir was slightly stronger than with H
(for example, using the additive model the P’-value was 0.001 for Gir and 0.01 for H), but
consistent with the strong correlation between these two traits (genetic and phenotypic
correlation coefficients > 0.8, see Chapter III). Broad-sense and narrow-sense heritabilities of
CT _3782.445 with Gir were similar (~11% and ~10%, respectively), indicating an effect with
an additive mode of action. This in silico-SNP showed a MAF of 28.3% and no significant
departure from Hardy-Weinberg equilibrium in the sample. It was randomly chosen in the
maritime pine EST database among SNPs presenting high chances of genotyping success, but
the selection was not based on its contig annotation (see Chapter II). It was the only SNP of
the contig CT 3782 included in our study, and is likely synonymous according to open
reading frame predictions. The other 140 SNPs were not significantly associated with any trait
using both the codominant and additive models: the lower g-value and P’-value observed
were above 0.5, indicating that associations based on P-values at a 5% threshold were likely
due to type-I errors.

The results of association tests in the G1 samples are shown in Figures 8 and 9 for the
codominant and additive models, respectively. We first observed that g-values for Diam, Cell,
Gal and Lign in the codominant model did not give good estimates of the False Discovery
Rate, since many SNPs showing high and thus non-significant P-values also showed very low
and highly significant g-values (Figure 8). This was probably due to the P-value distribution
among SNPs for these traits, which did not reach a plateau and thus did not allow for a good
estimation of the proportion of null P-values (as illustrated for Diam in Figure 10) (STOREY
and TIBSHIRANI 2003). In this particular case, the P’-value was a much better correction for
multiple testing. The SNP HDZ31.2268 was significantly associated with Cell in the additive
model (P-value = 2.3.10™* and P’-value = 0.02), but not in the codominant model where the
P’-value was much higher (0.11). This marker is a synonymous SNP located in the HDZ31
transcription factor, a candidate gene for wood formation (see Chapter I). Its MAF in the G1
samples was 36.8%, and its genotypic frequencies did not significantly depart from Hardy-
Weinberg equilibrium. HDZ31.2268 was in complete linkage disequilibrium with 6 other

synonymous SNPs of HDZ31 that were not included in the association analysis (Figure 3B).
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Figure 10: Distribution of P-values for the codominant (A) and additive (B) models for Diam in the G1
sample. A) There is no plateau in the distribution, thus the proportion of null P-values cannot be
estimated by the empirical method (STOREY and TIBSHIRANI 2003) and the ad hoc estimation produces
very low g-values (see Figure 8). B) There is a plateau in the distribution that allows estimating the
proportion of null P-values, which is close to 0.5.
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Chapter IV: Association mapping in Pinus pinaster

The other 120 informative SNPs were not significantly associated with any trait using both

the codominant and additive models at a 5% threshold for P’-values.
Discussion

Population structure and familial relatedness

Linkage disequilibrium (LD) in association mapping populations can be the consequence of
physical linkage, population structure, relatedness, genetic drift or selection (FLINT-GARCIA et
al. 2003). Therefore, the success of an association mapping experiment largely depends on the
ability to separate LD due to linkage from LD due to other causes (CARDON and BELL 2001;
STICH and MELCHINGER 2009). In the present study, no population structure was found in the
maritime pine Aquitaine GO and G1 samples using ~100 SNP markers. This result suggests
that the mass selection performed in the Aquitaine forest, which is generally considered as an
unstructured population both at the phenotypic (DANJON 1994) and molecular (MARIETTE et
al. 2001; DERORY et al. 2002; RIBEIRO et al. 2002; EVENO et al. 2008) levels, did not induce
any artificial stratification in the breeding population for this group of SNPs. Further studies
are however necessary to confirm this result, as our markers only covered a very small part of
the pine genome, and finer substructure could exist at the phenotypic level.

Familial relatedness was accounted for in our association models, either in the first step of the
two-stage analysis when estimating BLUPs for the GO trees (see Chapter III), or directly in
model (4) for the one-stage analysis of the G1 samples. The coancestry coefficient between
individuals with unknown relationship was set to zero, thus assuming that the GO trees were
unrelated. Indeed, many arguments are in favour of low inbreeding in the Aquitaine
population: maritime pine shows a high outcrossing rate and an extensive pollen flow
(GONZALEZ-MARTINEZ et al. 2003; DE-LucaAs et al. 2008; JOAO GASPAR et al. 2009), and
probably a strong selection against inbreds, as reported for various pine species (reviewed in
LEDIG 1998). Furthermore, the effective size of the Aquitaine population that we inferred
from the molecular analysis on candidate genes (around a few thousands individuals, see
Chapter 1) still seems large enough to expect low inbreeding levels among the GO trees.
Recent studies proposed the use of marker-based kinship estimates to account for familial
relatedness in association mapping experiments, which proved useful when pedigree records
were incomplete or inaccurate (YU et al. 2006; SticH et al. 2008; STiCH and MELCHINGER
2009). We did not use these approaches, as ~100 informative biallelic markers is probably too
low to obtain accurate estimates of kinship coefficients. Moreover, we are confident, given

the arguments listed above, that a very low level of inbreeding among the GO trees can be
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assumed. These methods will however be tested in forthcoming association studies involving

more SNPs or SSRs, to ensure that the GO trees can be considered as unrelated.

One-stage versus two-stage association mapping approaches

To date, the two-stage association-mapping approach is the most commonly used in plants
(SticH et al. 2008). It first implies the analysis of phenotypic data and the calculation of
BLUPs or entry means for each individual of the population, followed by a second step where
these estimates are used for the association analysis. However, this two-stage procedure does
not account for heterogeneity in experimental errors among the adjusted entry means. This
problem can be overcome by applying a one-stage association approach in which the
phenotypic and association analyses are performed together (STICH et al. 2008). It requires the
availability of both phenotypes and genotypes, as for the 162 Gl clones. However, this
approach could not be applied to the GO samples for which only mother-trees were genotyped
and half-sib progenies phenotyped. In YU et al. (2006), the heterogencity of experimental
errors among entry means in the two-stage approach was partially accounted for by specifying

a structure for the residual variance such aso?, = RV, where R is a square matrix in which

the off-diagonal elements are 0 and the diagonal elements are reciprocal of the number of
phenotypic observations underlying each entry mean, and Vr is the residual variance. STICH et
al. (2008) improved this method by replacing the diagonal elements of the R matrix by the
square of the standard errors of the adjusted entry means, which led to lower type-I error
rates. These “experimental wise error” corrections are not implemented in the software
packages commonly used for association-mapping such as Tassel (BRADBURY et al. 2007) or
SNPassoc (GONZALEZ et al. 2007). In the present study, we did not use any correction for the
heterogeneity of experimental errors. The number of observations for each GO sample was
however either large (12 to 36 half-sibs for growth-related traits and stem straightness) or
balanced (7 to 12 half-sibs for chemical-related traits, with 93% of the samples represented by
8 to 11 half-sibs), resulting in low coefficients of variation for BLUP standard errors (< 2.7%
for all the traits except for Str for which it was higher, ~7.5%). Thus the correction would
probably not have changed the results much, considering the high homogeneity of BLUP
standard errors. Although it would certainly increase the computation time, it would
nevertheless be interesting to program the correction method based on standard errors for
upcoming association mapping studies, since unbalanced designs are frequent in forestry. For
the G1 samples, the number of replicates by clone was low (3 to 5) and BLUP standard errors

were more variable (coefficients of variation ranging from 6% to 12.5% for the different traits
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considered), thus the one-stage approach was likely to be more appropriate since it accounts

directly for heterogeneity in experimental errors.

Power, allele frequency and sample size

Power is the probability of detecting an effect when a statistic exceeds a pre-determined
threshold. In the case of association-mapping, power largely depends on the sample size,
allele frequency, marker heritability and level of linkage disequilibrium between the marker
considered and the causative mutation (BALL 2005; WANG et al. 2005). Previous studies of
statistical power for association using coalescence simulations showed that ~500 individuals
typed for ~20 SNPs spaced throughout a candidate gene region are necessary for detecting a
causative polymorphism of small effect (~5%), and that greater power is achieved more by
increasing the sample size than by increasing the number of polymorphisms (LONG and
LANGLEY 1999). In the present study we used two different samples of 160 unrelated and 162
related individuals, respectively, which is far less than the sample size recommended by LONG
and LANGLEY (1999), but was nonetheless enough to detect two associations that remained
significant after correction for multiple testing. Significant associations have similarly been
reported for small samples, in Eucalyptus for wood microfibril angle (N=290 in THUMMA et
al. 2005) and in Populus for timing of bud set (N=120 in INGVARSSON et al. 2008). In our
case, the minor allele frequencies (MAFs) for the two SNPs significantly associated to either
growth or cellulose content were rather high (28.3% and 36.8%, respectively), which is not
surprising. Indeed, variants that contribute to complex traits are likely to have only modest
phenotypic effects, and rare variants with modest effects are difficult to detect by any method
because they explain only a very small fraction of the phenotypic variance in the population
(HIRSCHHORN and DALY 2005). For example, the power to detect a significant association at a
10~ alpha threshold for a SNP with a 5% heritability and with a sample size of 1,000 is near
zero for MAFs below 25%, but rapidly increases for larger MAFs (assuming Hardy-Weinberg
equilibrium for genotypic frequencies, see Figure 11A). With a sample size six times smaller
(160 individuals, as in the present study), the power is null whatever the MAF for such small
SNP effects (Figure 11B). Even at a low 107 alpha threshold, the power in our study was very
low (around 107 for the SNP CT 3782.445 for example, see Figure 12), which probably
explains the lack of repeatability (i.e. the significant association detected in the GO sample
was not significant in the G1 sample, and vice versa) (LONG and LANGLEY 1999; BALL 2005).
The most obvious limitations of association mapping studies are the high genotyping and

phenotyping costs, which hamper the use of large sample sizes crucial to detect more robust
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and repeatable associations. To minimize the amount of genotyping required in association
studies without sacrificing power, HIRSCHHORN and DALY (2005) proposed a multistage
strategy: first a large number of SNPs is genotyped in a small sample, allowing for the
detection of a subset of SNPs with putative associations at a high nominal P-value threshold.
In the following stages, these SNPs are re-tested in similar or larger samples to distinguish the
more likely to be true positive associations from the many false positive results. This strategy
was successfully used to detect variants associated with autism in humans in a design
involving ~500,000 SNPs and over one thousand families in the first step (WEISS and ARKING
2009). In our study, only ~10 SNPs showed significant associations at a very liberal 1% alpha
threshold, and re-testing them in samples of a similar size is pointless as our design lack
repeatability. Since the cost of field trials and phenotyping is certainly more important than
that of genotyping for forest trees, we rather propose to extend the sample size by including
more GO and Gl trees, ideally taking advantage of the many field trials available through the
breeding program. This approach however requires that either control families or clones or
related individuals are installed in each trial to allow estimating environmental effects in a
combined analysis of different experiments. Finally, if the genotyping capacities are limited, a
SNP selection can be done based on the MAFs, as this criterion is directly linked to the power

of detection (Figures 11 and 12).

Significant associations: which genes, which traits?

The significant genotype-phenotype association with growth involved one SNP located in
contig CT 3782. This consensus group of ESTs theoretically corresponds to a gene, identified
by a tBLASTx search (ALTSCHUL et al. 1997) against non-redundant GenBank database as a
putative fasciclin-like arabinogalactan protein (FLA) for its high score and E-value (300 and
4e-126, respectively) with Arabidopsis thaliana FLA17 protein (accession number
NM 120722). FLAs are a subclass of arabinogalactan proteins (AGPs) that have, in addition
to predicted AGP-like glycosylated regions, putative cell adhesion domains known as
fasciclin domains (JOHNSON et al. 2003). AGPs have been found in all organs and tissues of
higher plants, they are components of the plasma membrane, the extracellular matrix and the
cell wall (Liu et al. 2008). They are involved in many cellular processes such as cell
proliferation, cell expansion and differentiation, cell-cell recognition or programmed cell
death (ZHANG et al. 2003). If the specific functions of AGPs remain uncertain, their
involvement in wood formation has been hypothesized through numerous expressional

studies, for example in poplar (LAFARGUETTE et al. 2004), loblolly pine (NO and LOOPSTRA
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2000; ZHANG et al. 2000; WHETTEN et al. 2001), radiata pine (LI et al. 2009) or maritime pine
(GION et al. 2005; PAIva et al. 2008). Immunolocalization studies also showed that AGPs are
expressed during pattern formation in vascular tissues, giving stronger evidence for their role
in xylem development (CASERO et al. 1998; ZHANG et al. 2003). Given the arguments above,
the association of CT 3782 with growth is plausible. In upcoming studies, new markers could
be developed around CT 3782.445 to assess the extent of LD in this region.

Another significant association was detected between SNP HDZ31.2268 and cellulose
content. HDZ31 encodes a class III homeodomain-leucine zipper (HD-ZIPIII) transcription
factor, a class of genes unique to plants (SESSA et al. 1993; PRIGGE and CLARK 2006)
involved in tissue patterning and polarity (reviewed in DEMURA and FUKUDA 2007). Indeed,
gain-of-function mutations in A. thaliana HD-ZIPIII genes resulted in adaxialized lateral
organs and amphivasal (xylem surrounding phloem) vascular bundles (MCCONNELL et al.
2001; EMERY et al. 2003; JUAREZ et al. 2004; ZHONG and YE 2004). In addition, the functions
of HD-ZIPIII genes in wood formation have been demonstrated by reverse genetic approaches
in other plant species: in Zinnia elegans, four HD-ZIPIII genes have been found differentially
expressed in vascular tissues (procambium, immature xylem and/or xylem parenchyma cells)
(OHASHI-ITO and FUKUDA 2003), and mutant approaches suggested that these genes regulate
xylem cell differentiation (OHASHI-ITO et al. 2005). In Populus, expressional studies showed
that the PtaHB1 gene is closely associated with secondary growth and inversely correlated
with the level of microRNA miR166 (Ko et al. 2006). The function of HDZ31 in P. pinaster
remains unknown, but its role in wood formation and thus its association with wood cellulose
content are plausible. In the Aquitaine natural population, it showed a low level of nucleotide
diversity, and neutrality statistics suggested that its diversity pattern could result from either a
bottleneck or balancing selection (see Chapter I). It also showed a significantly high level of
LD across more than 3.2 kilobase pairs, which was also detected in the GO and G1 samples
(Figure 3) and is quite unusual in conifer species (BROWN et al. 2004; GONZALEZ-MARTINEZ
et al. 2006; HEUERTZ et al. 2006; PYHAJARVI et al. 2007; SAVOLAINEN and PYHAJARVI 2007).
This high level of LD prevents the precise detection of mutations putatively associated with
wood chemical properties in HDZ31. It would be interesting first to obtain more sequence
data in the vicinity of HDZ31 to explore any potential drop in LD, and second to check if a

similar LD pattern or association is found in other maritime pine populations.
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Figure 11: Power of single-marker based association tests as a function of SNP minor allele
frequency and heritability, for a 10™ alpha threshold and a sample size of 1000 (A) or 160 (B)
individuals. Power was calculated using the IdDesign package (BALL 2004), assuming that the SNP
considered was the causative mutation (implemented in the IdDesign package by setting the linkage
disequilibrium D value to its maximum), and that the genotypic frequencies followed Hardy-Weinberg
equilibrium.
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Figure 12: Power of association tests for the GO sample as a function of SNP heritability at a 10
alpha threshold. Each curve represents one of the 141 SNPs of the study, with its particular genotypic
frequencies. Colours correspond to SNP minor allele frequencies in the GO sample. Power was
calculated using the IdDesign package (BALL 2004), assuming that the SNPs considered were the
causative mutations (as for Figure 11). The power of the association test for the SNP CT_3782.445,
which is significantly associated with growth-traits with 11% heritability, is represented by a cross and
is near zero.
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Conclusion and perspectives

We have shown that association mapping is a valuable tool to detect genotype-phenotype
associations in the maritime pine breeding population, and highlighted two genes significantly
associated with growth and wood cellulose content, respectively. However, our power was
low and increasing the sample size is required to detect repeatable associations. Correcting for
heterogeneity of experimental errors, discarding low-MAF SNPs to reduce the genotyping
cost and enriching the CT 3782 and HDZ31 regions with new markers have also been
suggested for upcoming association studies. We showed that correcting for multiple testing
through P’-values was in some cases more appropriate than using the positive FDR method,
at the cost of longer computation time. These multiple testing corrections are absolutely
necessary, as the probability that a SNP with a given P-value is truly associated with the
phenotype depends not only on how unlikely that P-value is under the null hypothesis Hy, but
also on how unlikely it is under the alternative hypothesis H;. In this frame, Bayesian
methods would provide an interesting alternative, as they do not depend on the number of
tests performed (STEPHENS and BALDING 2009) and give a well-defined measure of strength

of evidence, independent of the experimental design or sample size used (BALL 2005).
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The GenoQB project was driven by our desire to understand the genetic basis of wood
formation, a unique feature of trees, and by our ambition to exploit this knowledge to
accelerate and improve tree breeding for wood properties using the natural variation at the
gene level within species. In this frame, the objectives of this thesis were two-fold: i/ study
the landscape of nucleotide diversity in previously identified candidate genes for wood
formation, and ii/ test the relationships between naturally occurring nucleotide
polymorphisms with the variability of wood quality related traits measured in experimental

designs of the maritime pine breeding program.

Principal results obtained in this thesis

In Chapter I, we pursued our first objective by assessing nucleotide diversity patterns for
nine transcription factors (TFs) putatively involved in wood formation in the large
unstructured Pinus pinaster population of the French Atlantic coast. Three of these genes
presented a very low nucleotide diversity, which might be a sign of strong purifying selection,
whereas the other six showed a higher diversity, although lower than that observed for more
than 20 structural genes in the same species. Given that TFs could interact with the promoters
of tens to hundreds of genes (WRAY et al. 2003), a low diversity at TFs could be caused by
the negative impact of their pleiotropic action, consistently with the cis-regulatory evolution
theory (CARROLL 2005). Strong departures from the standard neutral model were observed for
three TFs (MYB1, LIM2 and HDZ31), with common patterns of excess of intermediate
frequency variants, deficit in number of haplotypes, and high levels of linkage disequilibrium
between sites within each gene. In order to distinguish between selection and demographic
effects, we modeled a large range of bottleneck scenarii and explored their impact on the
significance of various test statistics. Only a few of these scenarii could explain the patterns
observed for all TFs. Using knowledge of past climatic events and P. pinaster recolonization
history, we proposed that the population studied has undergone a size contraction that could
have occurred during the last glacial period, and that its current effective population size
could be of a few thousands individuals. This interpretation contrasts with that usually
proposed for European conifer species, i.e. a very old bottleneck (more than 2 million years
old) and the assumption of very large effective population sizes of several hundred thousands
individuals. Our models also suggested possible balancing selection effects for the MYB1
gene, which is a potential regulator of the phenylpropanoid metabolism in the lignin pathway.

This gene is likely to be important for adaptation, and maintenance of alleles at intermediate
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frequencies could result from a selective advantage for heterozygote genotypes at the locus,
but also from the variation of selection pressures in space or time, as found in various case
studies showing the maintenance of polymorphisms (HEDRICK 2006). Looking at the Fis
coefficient from genotyping data at 4 SNPs within this gene, they all showed heterozygote
excess (consistently with their quasi-complete LD), which would be in favor of the hypothesis
of heterozygous-stage advantage.

In Chapters Il and Ill, significant technical improvements were developed for high to
medium throughput genotyping and phenotyping in maritime pine. First we showed that the
GoldenGate genotyping technology is suitable for the complex and large genome of maritime
pine, providing that the clusters of genotypic data points obtained are carefully examined to
avoid the “cluster compression” phenomenon, and that genotyping error rates are estimated
for each SNP. We also demonstrated that ESTs provide a cheap resource for SNP
identification in non-model species for the purpose of large scale genotyping in population-
based experiments. Secondly, we developed a non-destructive sampling method and near
infrared spectroscopy calibrations to rapidly assess wood chemical properties on 30-year-old
maritime pine trees. Although this method has to be further investigated (i.e. the samples used
may not reflect the whole-tree properties), the gain in sampling and processing time was
significant and lignin content was precisely measured. We found low heritabilities (0.17-0.23)
for chemical properties and low to moderate heritabilities (0.15-0.55) for growth. The total
genotypic variance that could be estimated in the clonal trial for growth was mainly due to an
additive variance component. Moreover, growth and chemical related traits were not
genetically correlated. If mass selection for growth proved efficient in the last two breeding
cycles (+30% in volume and straightness), our results suggest that chemical properties can
also be improved to a lesser extent. This would be profitable for the paper industry, as
economic studies showed that a small decrease in lignin content could lead to substantial
increases in mill profits (PETER et al. 2007).

Finally in Chapter 1V, using an association mapping approach accounting for familial
relatedness in the Aquitaine breeding population, we detected two mutations that were
significantly associated, one with variation in growth and the other with variation in cellulose
content. Additional studies that would examine the extent of linkage disequilibrium around
these two polymorphisms seem however necessary to assess the involvement of the two genes
identified, i.e. a fasciclin-like arabinogalactan protein and a HD-ZIPIII transcription factor, in
trait variations. Looking further across the chromosome would confirm that other genes that

could be in LD with the mutations detected are not causing the associations. If confirmed,
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transformation studies can also be envisaged. Considering the quite low power of this
experiment (see below), and in the absence of replicates in other trial sites, larger sample sizes
seem necessary for upcoming association-mapping studies. We therefore propose to take
advantage of the many field trials available from the maritime pine breeding program, and of

rapid wood properties assessment techniques such as those described in Chapter 111.

The candidate-gene approach in conifers

We previously saw (Chapter 1V) that association mapping is a priori well suited for conifer
species, since their high levels of genetic diversity and pollen flow as well as large population
sizes are likely to lead to rapid LD decay between genes or polymorphisms, low inbreeding
and low population structure. We have seen however that this general picture is certainly too
simple: our results on TFs in Chapter | and other results on drought stress candidate genes in
the Aquitaine population (EvVENO 2008) both showed that some genes in P. pinaster can show
very strong LD between SNPs with no decay. A more exhaustive characterization of the LD
patterns would be needed across the genome of conifer species, but genome-wide association
studies are not yet possible, because of the lack of a full genome sequence and the enormous
marker density required to tag their large genome (NEALE and SAVOLAINEN 2004). Candidate
gene approaches have therefore been favored in all previous conifer studies, whether in
nucleotide diversity analyses (PoT et al. 2005; Eveno et al. 2008; GRIVET et al. 2009;
WACHOWIAK et al. 2009), or more recently in association studies (THUMMA et al. 2005;
GONZALEZ-MARTINEZ et al. 2007; GONzZALEZ-MARTINEZ et al. 2008; INGVARSSON et al.
2008; THUMMA et al. 2009). In the present study, candidate genes were chosen based on
different criteria including i/ known or suspected role(s) in relevant biochemical pathways, ii/
orthology to genes in other plant species that presented a role in traits of interest, and iii/
transcript or proteome profiling experiment identifying them as having expressional patterns
that were correlated with variation in targeted traits. Among the 70 successfully genotyped
and non-redundant in vitro-SNPs located in more than 30 carefully chosen candidate genes,
associations were tested with all traits and only one SNP (HDZ31.2268) showed a significant
association with cellulose content. As discussed in Chapter 1V, this is likely due to the lack
of power of our experiment, but this could also result from a choice of candidate genes or
SNPs that was not appropriate. A larger number of SNPs will be included in upcoming
association studies in maritime pine (see the conclusion of Chapter Il). The new 1536-plex
Illumina array benefited from the pilot 384 array designed in Chapter 11, in the sense that we

included both already validated SNPs and new SNPs replacing those that failed in order to

- 140 -



General discussion and perspectives

recover haplotype information in the same genes. However the criteria of choice in a limited
number of candidate genes were similar and the technical constraints of the Illumina
technology were the same (inability to genotype neighboring SNPs). We may thus encounter
similar drawbacks in terms of number of associations detected. This calls for a thorough
examination of the strategy pursued to find relevant markers for large scale genotyping

studies.

The first point to consider seems to be the targeted genes: are we targeting the relevant ones?
Is it just a matter of the number of genes used? In this context, MORGANTE and SALAMINI
(2003) and PARAN and ZAMIR (2003) highlighted the interest of regulatory mutations which
affect both the level and pattern of gene expression, and could thus be involved with stronger
effects in trait variation.

Despite their generally low level of nucleotide diversity (see Chapter I), TFs and their
underlying mutations have been associated with a diverse set of diseases in humans
(DARNELL 2002; LorPEZ-BIGAS et al. 2006; DixoN et al. 2007), with anthocyanin variation in
grape (FOURNIER-LEVEL et al. 2009), with inflorescence structure in Brassica (PURUGGANAN
et al. 2000), with plant architecture in maize (WANG et al. 2005a) or with carbon isotope
discrimination in pine (GONzZALEZ-MARTINEZ et al. 2008). Moreover, misregulation of TFs
themselves also has important consequences on complex traits (VAQUERIZAS et al. 2009). TFs
thus would appear as good candidates for association mapping studies. However, we have
seen in Chapter IV that only one mutation from a HD-ZIP TF has been significantly
associated to cellulose content. Although this lack of results may be due to many other
reasons (see below), we should not ignore cis-regulatory mutations, which are in close
proximity to the gene being regulated, and might directly affect the transcription initiation,
transcription rate or transcript stability in an allele-specific manner (TAo0 et al. 2006). Indeed,
cis-regulation generally accounts for more genetic variation than trans-regulation in humans
(MORLEY et al. 2004; DixoN et al. 2007), mice (SCHADT et al. 2003), Drosophila (HUGHES et
al. 2006) or Arabidopsis (KEURENTIJES et al. 2007; WEST et al. 2007). This is consistent with
the cis-regulatory evolution theory (summarized in the introduction of Chapter 1), which
stresses out the importance of cis-mutations for micro-evolution within species. In contrast,
mutations in TFs, which are pleiotropic, are more likely to be deleterious than mutations in
less interconnected genes (FRASER et al. 2002; Yu et al. 2004; WiTTkorp 2005), and are thus
more strongly counter-selected. In eucalypt, genes involved in the lignin biosynthetic pathway

have been shown to be predominantly regulated through cis-acting effects (KIRST et al. 2004;
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KIRST et al. 2005). A cis-regulatory SNP significantly associated to cellulose content was also
recently identified (THUMMA et al. 2009), illustrating the involvement of cis-regulatory
mutations in wood formation. Unfortunately, P. pinaster current EST databases contain few
intron and promoter sequences, and de novo sequencing will be necessary to exploit the
variability in these genomic regions. SNPs in exons might however also be of similar or
greater interest, as shown by VEYRIERAS et al. (2008) in humans, where they are twice more
likely to be expressional quantitative trait nucleotides (eQTNs) than SNPs in introns.
Provided that the distribution of eQTNs is similar in plants, EST databases should already
contain a large part of workable cis-regulatory mutations, but both coding and non-coding

regions should be considered in the search for complex traits associated mutations.

Power of association studies

Over the last decade, a general pattern seems to have emerged from the few association
mapping studies in tree species involving complex traits. This pattern can be summarized as
one where a very few number of SNPs emerged with significant associations, even from
strong putative candidate genes based on neutrality testing and expressional patterns, and
moreover with a very small proportion of variation explained (THUMMA et al. 2005;
GONZALEZ-MARTINEZ et al. 2007; GONzZALEZ-MARTINEZ et al. 2008; INGVARSSON et al.
2008). One may argue as above that candidate gene approaches are necessarily limited due to
an imperfect knowledge of complex biochemical pathways, and thus that genome-wide
association studies would be more successful. The same pattern has however been observed in
model species, where highly heritable traits like human height (80-90% heritable, reviewed in
VISSCHER 2008) or maize flowering time (70% to over 80% heritable, BUCKLER et al. 2009)
have been shown to be associated with many variants of very small effects. Additionally, the
estimated effect of all the associated variants taken together barely reached 5% of the trait
variation. These observations have been referred to recently as the “missing heritability” issue
(MAHER 2008; BUCKLER et al. 2009). Although referring initially to high heritability traits for
which a large proportion of variation remained to be explained, the same issue is now raised
when searching for the genetic determinism of lower heritability traits (MANoOLIO et al. 2009;
MYLEs et al. 2009). We examine below different factors likely to have an impact on the
power of detection of phenotype-genotype associations. We won’t discuss here the problem
of genetic relatedness previously tackled in Chapter IV (see however the recent review of

MYLES et al. 2009 on methods allowing to correct for it).
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Importance of sample size

In Chapter 1V, we estimated the power of our association mapping experiment and showed
that larger sample sizes are essential to detect either small-effects variants, rare variants with
large effects, or any of them across experiments. For example, GUDBJARTSSON et al. (2008)
validated 3 SNPs that had been previously associated with human height (MAMADA et al.
2007; WEEDON et al. 2007; SANNA et al. 2008) by examining more than 30,000 people.
However each of these studies highlighted about 40 previously unknown variants associated
to height which did not overlap, probably because of their small effects (reviewed in
VISSCHER 2008). The problem is also that many of these functional variants show a low
frequency, and since the power to detect an association is a function of allele frequency, low
sample sizes are not sufficient to detect those variants (Luo 1998; BALL 2005; WANG et al.
2005b). Even if the low-frequency variants are present in the sample, their signal is difficult
to detect (see Chapter 1V Figures 11 and 12, MYLES et al. 2009 Figure 2 reproduced below).
For example, based on Figure 11A we can see that a sample size of 1,000 individuals is
necessary to achieve a 50% power for a SNP with 10% heritability and a MAF of 0.25.
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Figure 2. Important factors affecting the power of population mapping studies.

(A) The power of an association test is a function of the allele frequency and the effect size.

(B) The allele frequency spectrum from 3641 SNPs genotyped in 25 diverse maize inbred lines (www.panzea.org) demonstrates that most alleles in a
population are rare. Therefore, if the frequency spectrum of functional alleles is similar to the frequency spectrum of random SNPs, most functional
alleles will remain undetected through population mapping because of low power.

For (A), phenotype data were simulated for 1000 haploid samples as a normal distribution with mean = 0 and sD = 1 for one allele and mean 0 + effect
size and sD = 1 for the other allele. Effect size is therefore defined as the difference between the mean phenotypic values of the two alleles. Power is
defined as the proportion of association tests (Pearson correlation) significant at P < 0.05 out of 5000 simulated data sets.

Figure 2 from MYLES et al. (2009)

The recent findings in humans and other model species also show that complex traits can be
ruled by thousands of variants with tiny effects rather than by dozens of variants with
moderate effects. According to VISSCHER (2008), upcoming association studies in humans
will include roughly one hundred-thousand individuals, allowing for the detection of more
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small-effects variants. Such huge sample sizes are unthinkable in forestry at the moment,
mainly because of the high cost required to measure so many trees. The development of rapid
and cost-effective phenotyping techniques as described in Chapter 111 should nevertheless
help reaching larger sample sizes at similar costs. Large collaborative projects including many
experimental trials would also have to be favored to combine data and analyses and reach a

much larger scale.

Power of association studies and heritability

The statistical power to detect nucleotide variants affecting phenotypes also depends on the
magnitude of traits heritability (V1SSCHER et al. 2008). A large heritability estimate implies a
strong correlation between phenotype and genotype, so one could think that loci with an
effect on the trait should be more easily detected. However, the heritability value in itself does
not provide information on the genetic architecture of the trait. For example, a trait with low
heritability can depend on a limited number of loci, some with strong effects (BRENDEL et al.
2008), and a trait with high heritability can have hundreds of contributing loci with small
effects (see examples cited above in humans and maize, and see SCOTTI-SAINTAGNE et al.
2004 in Quercus). So far, there does not seem to be any general trend characterizing the
genetic architecture of complex traits, with large differences among species and traits for the
number QTLs, the number of underlying genes and variants probably involved and the
magnitude of their effects, as reviewed in animals (FLINT and MACKAY 2009), but this is
likely to be the same across plant species (see the two contrasted examples cited above in
Quercus). Low to moderate heritabilities have been found in trees for growth and wood
quality related traits (see Chapter Il and bibliography therein), indicating an important
contribution of environmental variation to the phenotypic variance of the traits. This can be
related to the observation that, despite the relative simplicity of xylem structure, wood is a
highly variable material (ZoBeL and VAN BUNTENEN 1989) that retains environmental and
developmental signatures at both morphological and molecular levels (PLomiON et al. 2001,
MARTINEZ-MEIER et al. 2008). For example, even within a single tree, five main types of
wood characterized by contrasting chemical, physical and anatomical properties can be
identified: i/ earlywood and latewood are formed at the beginning and end of each growing
season, respectively, and depend on climatic seasonal variations in temperate regions (PAIVA
et al. 2008b), ii/ juvenile wood and mature wood are formed at the beginning and end of the
tree life, respectively (PAIVA et al. 2008a), and iii/ reaction wood is mainly formed in

response to gravitational forces sensed in non-vertically growing stems (PAuX et al. 2005). In
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Chapter 111, we discussed the impact of our wood sampling strategy on heritability values:
since a range of different growing seasons were sampled for each tree (9 to 24), heritability
estimates could be affected by radial ontogenic or annual environmental effects. For industrial
applications, much research has focused on measuring whole-tree properties (SCHIMLECK et
al. 2006; JoNEs et al. 2008), but without considering the elevated intra-individual variability
of trees. Focusing on less complex phenotypic variation could perhaps lead to higher trait
heritabilities (RIPETTI et al. 2008), and thus to more powerful association studies. Developing
ecophysiological models to better characterize the phenotypic response of each genotype to
environmental variation also appears promising for dissecting complex traits architecture
(REYMOND et al. 2003). For example, measuring separately the properties of juvenile or
mature wood, or at a finer scale the part of a ring associated to earlywood and latewood in a
particular growing season, could be of interest if they were showing higher heritability
estimates. The drawback is that the relationships between these new “fine-scale” traits and

wood end-use properties might not be clear and would also have to be examined.

Context-dependent mutations due to environmental variation

Focusing on less complex phenotypic variation may lead to increased trait heritabilities,
although this may not be sufficient to increase power for detecting associations. Focusing on
simpler traits could however bring valuable insights into the detection of context-dependent
mutations. Indeed, in a specific environment or genetic background, only a part of all the
components of genetic architecture is variable and has an impact on the phenotype, and
therefore constitutes the visible variation. Other allelic effects are undetectable, either because
they are not measurable at the phenotypic level or because they are only detectable under
specific genetic or environmental conditions (LE Rouzic and CARLBORG 2008). The part of
genetic diversity that has the potential to affect phenotypic variation, but that is not expressed
under the current genotypic or environmental conditions, is generally referred to as cryptic or
context-dependent variation. Expressional studies showed that the variability between trees
collected in different years was much higher than that found between trees sampled in the
same year, reflecting a strong environmental effect on gene expression during xylogenesis
(PAIVA et al. 2008a). We can thus expect that the effects of different quantitative trait
nucleotides (QTNSs) will differ in their magnitude or direction depending on the growing
season. In that case, association studies will likely not highlight the same QTNs depending on
the tree-ring observed due to genotype-by-season interactions. This could for example explain

why the associations detected in Chapter 1V, if they are real, are not repeatable, in addition
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to low sample sizes. Although genetic values of individual trees can be technically easily
estimated across different environments by progeny or clonal trials, experimental designs
devoted to the study of genotype-by-environment interactions are more difficult to install and
manage than one-location trials, and are not so common in forest tree species. However,
previous results have shown that for traits such as growth and some stem properties,
population-by-environment interactions represent a large part of the total phenotypic variance,
and that it can be predicted by environmental covariates describing either the experimental
sites or the populations original sampling sites (ALIA et al. 1997; GARNIER-GERE and ADES
2001). This suggests that variants showing effects specific to particular locations are likely to
exist and associations should be compared across these. The seasonal variation in wood rings,
as biomarkers of environmental changes (MARTINEZ-MEIER et al. 2008), could also be used to

estimate associations at a much finer level.

Context-dependent mutations due to interactions among genes

Context-dependent effects can be due to different environments, but also to sex in dioecious
species, or to different genetic backgrounds due to the interaction among alleles at different
loci, a phenomenon called epistasis (CARLBORG and HALEY 2004; MACKAY et al. 2009).
Even though most biologists would agree that genetic interactions are common in the
expression of complex traits, the importance of this phenomenon is not clear. Besides,
association methods do not often explicitly test for epistatic effects (CARLBORG and HALEY
2004) as they require larger sample sizes that commonly available, and more complex models
than the single-locus ones generally used. Epistasis was first defined by Fisher as the
statistical deviation from the additive combination of single allelic effects at 2 or more loci
(FISHER 1918). It is important to distinguish this simple definition from the more general
physiological definition given above, the latter having an impact on the detection of the
effects of particular mutations with different sets of genotypes. Indeed, a different sample of
genotypes would represent a different genetic background (i.e. different alleles at other
unknown loci that would not be accounted for), which could lead to the absence of
repeatability of a detected association from one sample to another. In Chapter I1l, using
clonally replicated progenies, we found that growth phenotypic variance was essentially due
to an additive component. However, the apparent lack of dominance or epistatic variance in
the total genotypic variance does not mean that physiological epistasis did not contribute to
this additive variance component (CHEVERUD and ROUTMAN 1995). In case of relatedness

between individuals, the additive-by-additive component of epistasis could also contribute to
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additive variance (GALLAIS 1990). Our results have thus to be taken with caution when the
potential impact of epistasis is concerned. HiLL et al. (2008) also showed that most genetic
variance appears to be additive, either because there is indeed little dominant or epistatic gene
action, or because genetic variance becomes additive at extreme gene frequencies (which are
common in a wide range of species, see for example the “U shape” spectrum of allelic
frequencies expected under the standard neutral model, or the Figure 2B from MYLES et al.
2009 reproduced above). When modeled explicitly, statistical or physiological epistasis has
however be shown to greatly vary among experiments, species and traits (CARLBORG and
HALEY 2004). A recent simulation study focusing on gene regulatory networks has shown that
applying complex genetic models to a reasonable number of individuals (N=2000) can
potentially enhanced our understanding of different types of epistatic connections in gene
networks (GJuvsLAND et al. 2007). The presence of epistasis can greatly obscure the
detection of genotype-phenotype associations: interacting QTLs explaining a large part of the
phenotypic variation have been identified for body size in ~750 F2 chickens (CARLBORG et al.
2006) or for obesity in mice (STYLIANOU et al. 2006), whereas underlying QTLs were barely
or not significant when tested individually. Significant QTL or QTN interactions have also
been suggested in shoot-branch architecture (EHRENREICH et al. 2007) or metabolome (ROWE
et al. 2008) in Arabidopsis, in tomato-fruit quality (CAUsSE et al. 2007) or in drug-response in
humans (LIN et al. 2007). In Chapter IV, we used single-marker based tests to detect
genotype-phenotype associations, so epistasis was not explicitly modeled, and significant two
or more loci interactions involved in phenotypic variation could have been missed. A range of
methods have been proposed to test for interaction between loci in association mapping
experiments (reviewed in MusaANI et al. 2007; CorDELL 2009), but often require extensive
computation time and, above all, large sample sizes.

Within genes, we could however look at the problem of interaction among SNPs by testing
for haplotype-based effects. Combining the information of several bi-allelic markers (more or
less linked) can indeed emulate a new multi-allelic marker that is more informative (Lu et al.
2003; BUNTJER et al. 2005). For example, in Arabidopsis, significant associations with
flowering time were found with haplotypes that could not have been found using single
markers (HAGENBLAD et al. 2004). More evolutionary inferences could also be made at the
haplotype level in maritime pine, with an increased proportion of significant tests showing
departures from neutrality in haplotype- versus single-SNP levels in a set of drought stress
tolerance genes (EVENO et al. 2008). In our study (Chapters Il and 1V), those genes were

included in the genotyping array, but their haplotype information was not recovered due to
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technical constraints, probably because some belonged to multigene families. We however
used haplotype-based tests in our association mapping experiments (data not shown) for the
few genes for which two or more SNPs that were not in complete LD were available. These
tests did not allow to detect significant associations, possibly because of low sample sizes (the
power was lower than that of single-marker based approaches), but also because we did not
have an exhaustive representation of all possible haplotypes in the material studied, so we
may have missed the relevant ones. The overall low recovery rate of the SNPs tested with the
Illumina array could here be a limiting factor. Employing a genotyping technology that would
allow to obtain a more exhaustive haplotype representation of genes is likely to increase the

power of association mapping studies.

What is not accounted for vet...

In Chapter IV, two association models were used, testing for either a codominant or an
additive effect at each marker. Other models were also tested that considered dominant,
recessive and over-dominant modes of action for the SNP effects. The results were the same
than with the additive model. However, given the general lack of power of our experiments
and since dominant QTNs have already been detected (FOURNIER-LEVEL et al. 2009;
THUMMA et al. 2009), it appears important to test for such effects.

In this discussion, we successively examined the possible effects of choosing specific SNPs
and candidate genes, sample size, trait heritability, genotype-by-environment interactions,
epistasis and dominance on association mapping experiments. Other factors have not been
considered that could potentially be of importance for the expression of complex traits: the
effects of Copy Number Variations (CNVs) and epigenetic changes, which, although
undetected since they don’t alter SNP sequences, can play an important role in phenotypic
variation. Recent studies in humans found strong associations between CNVs and
schizophrenia (STEFANSSON et al. 2008), autoimmune diseases (reviewed in SCHASCHL et al.
2009) or autism (GLESSNER et al. 2009), bridging the gap between the small portion of
heritability explained by QTNs and the high heritability of these diseases. However, there is
no information available at the moment about the existence and putative role of CNVs in
plants (GAUT and Ross-IBARRA 2008). Epigenetics refers to changes in phenotype or gene
expression caused by mechanisms other than changes in the DNA sequence. These
mechanisms generally involve either transcriptional silencing, for example by chromatin
remodeling (MEYER 2001) or DNA methylation (LAIRD 2003; KALISZ and PURUGGANAN

2004), or post-transcriptional silencing with different RNA degradation pathways (MEYER
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2005). Epigenetic processes are essential for development and differentiation, but also arise in
mature individuals, either by random changes or under the influence of environment
(JAENISCH and BIRD 2003). Studies have shown the importance of epigenetic mechanisms on
plant response to environmental stresses (reviewed in LUKENS and ZHAN 2007; see
GOURCILLEAU et al. in press for an example on poplar). They are rarely accounted for when
studying phenotype variation since classical genotyping methods are not designed to detect
them. However, they belong to the cryptic variation that could play an important role in
adaptive traits variation, and should be taken into account in future experiments. This is
especially relevant for perennial tree species which are likely to be submitted to stronger

selection pressures in the context of predicted global changes.

Conclusion

Association mapping is an integrative research field that benefits from i / the knowledge on
the evolutionary history of populations, essential for understanding the interplay between
forces that shape diversity, LD patterns and population structure, ii/ the predictive power of
quantitative genetics, which allow to estimate phenotypic values accounting for familial
relatedness and micro- or macro-environmental variation in appropriate designs, iii / the maze
of genomic data, which is an important resource for choosing expressional and functional
candidate genes potentially involved in the surveyed traits, and iv / the recent developments in
molecular techniques, which enhance large-scale genotyping and sequencing. Association
mapping potentially gives a much finer resolution than pedigrees used for QTL mapping. It is
a method of choice for tree species, since it frees breeders from developing segregating
populations in species showing high levels of inbreeding depression and long generation
times. However, the theoretical finer resolution due to population recombination history
comes at the cost of a larger number of markers and much larger sample sizes needed for
detecting associations with enough statistical power. Since the number of markers is not a
limiting factor nowadays, it is thus crucial to concentrate on experimental designs, so that the
potential of molecular tools can be fully exploited. Progress could first be made on phenotype
assessment. Compared to humans, trees have the striking advantage of allowing to control and
assess genotype-by-environment variation through progeny or clonal trials installed in
multiple sites. Moreover, wood tissue in itself is a very good biomarker of fine scale
environmental changes, thus could be used for developing new target traits representing
reaction norms that would integrate the response to those changes (REYMOND et al. 2003).

Second, it seems important to invest in statistical methodology for better modeling this
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phenotypic variation, in particular for understanding interactions between genes and
regulatory networks that have been linked to additivity, dominance and epistasis (OMHOLT et
al. 2000). Finally, we should carefully conceive appropriate designs with reasonably large
sample sizes for both testing those models and reveal the cryptic variation underlying missing

heritability.
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Résume

Au cours des quarante derniéres années, I’optimisation des méthodes sylvicoles et
I’introduction de variétés améliorées ont permis d’accroitre considérablement la productivité
du pin maritime. Pour permettre a la filiere bois de disposer d’une matiére premiere de qualité
sur ce matériel ameélioré, un programme de recherches multidisciplinaire a été développé afin
d’étudier le déterminisme génétique de la qualité du bois. Neuf facteurs de transcription
potentiellement impliqués dans la xylogenése et I’adaptation des arbres a leur milieu, ont tout
d’abord été séquences dans la population Aquitaine, et leurs patrons de diversité nucléotidique
ont été étudiés. Ces patrons ont été comparés a I’attendu de modeéles neutres d’évolution et
s’en écartent par un niveau élevé de déséquilibre de liaison et I’exces de mutations en
fréquences intermédiaires détectés pour trois de ces génes (HDZ31, LIM2 et MYBL1). Ces
résultats suggeérent des changements de taille de population affectant I’ensemble du génome,
et I’action de sélection balancée sur I’un d’entre eux (MYBL1). Les géniteurs de la population
d’amélioration Aquitaine ont ensuite été génotypés pour 384 marqueurs moléculaires et
évalués pour la croissance et les propriétés chimiques du bois. Ces données moléculaires et
phénotypiques ont permis de mettre en évidence des associations significatives entre la
variation pour le diamétre du tronc ou la teneur en cellulose du bois et deux marqueurs situés
respectivement dans un facteur de transcription HD-Zip (HDZ31) et dans un géne encodant
une fascicline. La cohérence des résultats de génétique évolutive et de génétique d’association
ouvre ainsi des perspectives encourageantes pour la compréhension de I’architecture
génétique de la formation du bois chez cette espéce. Cependant, le faible nombre
d’associations significatives pose de nombreux problémes théoriques et méthodologiques qui
sont discutés en vue d’améliorations pour de nouveaux designs expérimentaux.

Mots-clefs : Pin maritime, qualité du bois, diversité nucléotidique, bottleneck, sélection
naturelle, génes candidats, facteurs de transcription, génétique d’association

Abstract

During the last four decades, the optimization of silvicultural and tree breeding methods has
contributed to improve growth and wood homogeneity of maritime pine. In order to provide
the different actors of the forestry wood-chain with high quality raw material, the genetic
determinism and chemical components of wood quality are being studied in the frame of a
multidisciplinary research program. First, nine transcription factors putatively involved in
wood formation have been sequenced in the Aquitaine population, and their nucleotide
diversity pattern studied. Since these genes potentially play important roles in the adaptation
of trees to their environment, their patterns have been compared to those expected under
neutral evolution. Strong departures from neutrality were observed, with high levels of
linkage disequilibrium and an excess of intermediate frequency variants for three of them
(HDZ31, LIM2 and MYB1), which could be linked to population size changes that affected
the whole genome, and to balancing selection effects at one of them (MYB1). Secondly, the
genitors of the Aquitaine breeding population were genotyped for 384 markers and evaluated
for growth and wood chemical properties. Significant associations were detected for two
markers, one in a HD-Zip transcription factor (HDZ31) with growth, and the other in a gene
coding for a fasciclin protein with cellulose content. The consistency of evolutionary and
molecular genetics opens encouraging perspectives for understanding the genetic architecture
of wood formation in this species. However, the low number of associations detected raises
several theoretical and methodological issues which are discussed for the perspective of
improving future experimental designs.

Keywords: Maritime pine, wood quality, nucleotide diversity, bottleneck, natural selection,
candidate genes, transcription factors, association mapping
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