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Résumé

La culture de saules (Salix sp.) est une pratique courante en Europe et en Amérique du Nord
pour produire de la biomasse végétale. Cependant, le développement d’outils moléculaires
est tres récent. De plus, la phylogénie des saules est incomplete. Il y a un manque
d’information pour les programmes de sélection d'especes indigenes et pour la
compréhension de |'évolution du genre. Le genre Salix inclut 500 espéces réparties
principalement dans les régions tempérées et boréo-arctique de I'hémisphere nord. Nous
avons obtenu I'ensemble des especes retrouvées naturellement en Amérique (121 indigenes
et introduites). Dans un premier temps, nous avons développé de nouveaux outils
moléculaires et méthodes : extraction d’ADN, marqueurs microsatellites et genes nucléaires.
Puis, nous avons séquencé deux génes chloroplastiques (matK et rbcl) et la région ITS. Les
analyses phylogénétiques ont été réalisées selon trois approches : parcimonie, maximum de
vraisemblance et Bayésienne. L'arbre d’espéces obtenu a un fort support et divise le genre
Salix en deux sous-genres, Salix et Vetrix. Seize especes ont une position ambigué. La
diversité génétique du sous-genre Vetrix est plus faible. Une phylogénie moléculaire
compléte a été établie pour les especes américaines. D’autres analyses et marqueurs sont
nécessaires pour déterminer les relations phylogénétiques entre certaines especes. Nous

affirmons que le genre Salix est divisé en deux clades.
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Abstract

Fast growing willows (Salix sp.) are increasingly used in Europe and North America for
biomass production and other environmental applications. However, the development of
molecular tools is recent. The phylogeny of willows is incomplete, which slows down the
selection of suitable native species and the development of improvement programs. The
genus Salix includes approximately 500 species worldwide, and these are mainly located in
temperate and cold regions of the Northern Hemisphere. We gathered leaf material from all
121 willows of North America (species native and introduced). We developed three
molecular tools-methods: DNA extraction, SSR markers, and nuclear genes. We sequenced
two chloroplast genes matK and rbcl and the ITS region. Phylogenetic analyses were carried
out using parsimony, maximum likelihood and Bayesian approaches. The species tree
provides strong support for a division of the genus into two subgenera, Salix and Vetrix.
Sixteen species have ambiguous positions. A complete molecular phylogeny of American
willows has been established. It needs to be confirmed and further resolved using other

molecular data. Nonetheless, the genus clearly has two clades.
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Avant-propos

Le développement des bioénergies est croissant dans le monde entier (Committee on
Biobased Industrial Products, 2000). Des préoccupations a I’égard de I'approvisionnement et
de la demande en énergie ont amené de nombreux pays a rechercher la sécurité énergétique
et encouragé I'’émergence d’un intérét envers les énergies alternatives (Peart et al., 1993). La
production de biomasse est I'une des énergies vertes les plus prometteuses. La matiere
organique issue des algues, animaux, champignons et plantes est utilisée directement
comme source d’énergie par combustion (Demirbas, 2001; Gallagher et al., 2003). Plus
récemment, de nouvelles applications sont apparues pour transformer la matiére organique
en biogaz ou en biocarburant (Ledin et Alriksson, 1992; Mitchell, 1994; Karp et al., 2011) ou
plusieurs arbres se sont révélés intéressants (ex. peuplier, saule et pin).

Les saules (Salix L., Salicaceae) intéressent de plus en plus les pays de I’hémisphére nord
(Kuzovkina et al., 2008; Karp et al., 2011). Certaines espéces arbustives de ce genre ont une
croissance rapide et une production de biomasse intéressantes pour les producteurs et
utilisateurs (Stott, 1984; Karp et al., 2001; Volk et al., 2006). Depuis 30 ans, des programmes
de sélection et d’amélioration ont été entrepris en Suéede, au Royaume-Uni, et plus
récemment aux Etats-Unis et au Canada (Kuzovkina et al., 2008; Karp et al., 2011). L’objectif
est d’accroitre la croissance, la biomasse, et la résistance aux ravageurs et aux maladies des
especes ou hybrides sélectionnés (Kuzovkina et al., 2008; Karp et al., 2011). Depuis peu, des
outils moléculaires sont utilisés pour accélérer le processus de sélection (Karp et al., 2011).
Ce projet de recherche a pour objectif de mettre en avant plusieurs types d’outils

moléculaires chez le saule et d’accroitre les connaissances phylogénétiques du genre.
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1. Introduction

Les outils moléculaires chez le saule se développent de plus en plus. lls sont principalement
mis en place dans une perspective d’utilisation dans les programmes de sélection.
Egalement, les outils moléculaires ont une place importante pour appuyer des hypothéses de
recherche. La classification des saules par les taxonomistes est sans cesse en changement.
Plusieurs études moléculaires ont été publiées pour évaluer ces classifications. La synthese
des classifications basées sur les caracteres morphologiques et des premieres études de
phylogénie moléculaire a permis d’élaborer notre hypothese de recherche sur la

classification des saules américains.

1.1 Outils moléculaires développés chez le saule

Les cultivars commercialisés aujourd’hui sont issus de programmes de sélection traditionnels
ou la méthodologie employée est analogue a celle utilisée pour le peuplier (Dickmann, 2001).
Depuis peu, le groupe de recherche de Rothamsted Research (Royaume-Uni,

http://www.rothamsted.ac.uk/) a innové en incorporant des outils moléculaires aux

programmes de sélection. Un brevet s’intitulant «Method for improving biomass yield» fut
d'ailleurs déposé en 2010. Ce brevet utilise principalement les données des cartes génétiques
et des QTLs développés sur Salix viminalis (Tsarouhas et al., 2002, 2003, 2004; Rénnberg-
Wastljung et al., 2005, 2006; Weih et al., 2006; Berlin et al. 2010, 2011; Brereton et al., 2010;
Hanley et al., 2011; Karp et al., 2011; Samils et al., 2011).

D’autres travaux moléculaires ont été effectués avec pour objectifs de fournir de nouvelles

informations en vue de la sélection et d'accroitre les connaissances théoriques sur le genre.



Par exemple, Barker et al. (2003) ont caractérisé 46 microsatellites chez neuf espeéces.
D’autre part, le séquengage du génome complet du Salix purpurea est en réalisation par
Lawrence Smart (Université Cornell).

Les travaux de L. Zsuffa (Université de Toronto) et de A. Mosseler (Agriculture Canada) ont
mis en évidence le potentiel de plusieurs especes nord-américaines pour la production de
biomasse (com. pers.). Cet intérét est récent, comme l'est le développement d’outils

moléculaires associés a ces especes.

1.2 Structure taxonomique de la famille des Salicaceae et du genre Salix

1.2.1 Famille des Salicaceae

La famille des Salicaceae est composée de 55 genres, incluant les saules (Salix L.) et les
peupliers (Populus L.) (The Angiosperm Phylogeny Group, 2009). Les espéces appartenant
aux genres Chosenia Nakai (Nakai, 1920) et Toisusu Kimura (Kimura, 1928) connurent
différentes affiliations. Les premiers auteurs les considéraient comme des genres de la
famille des Salicaceae. Cependant, certaines études morphologiques les écarterent de cette
famille, car de nombreuses différences furent observées dans la structure des grains de
pollen (Kuprianova, 1965; Rouleau, 1970). Depuis 2009, cependant, les especes de Chosenia
et de Toisusu sont reconnues comme des Salicaceae et considérées comme des membres du

genre Salix (The Angiosperm Phylogeny Group, 2009).

1.2.2 Genre Salix
Les saules sont un genre diversifié d’environ 500 espeéces, les estimations variant de 300 a

550 (Skvortsov, 1968; Fang, 1999; Argus, 1997, 2010). Les saules sont répartis dans tout



I’hémisphere nord. La classification des saules est controversée depuis leur description par
Linné en 1753. Argus (1997) a résumé I'histoire des classifications des espéces du genre Salix.
Ces dernieres sont basées sur différents caracteéres morphologiques, variant selon I'auteur
(ex. Mulhenberg, 1806; Fries, 1825; Moss, 1914; Raup, 1959). Ce n’est que récemment qu’un
certain consensus est survenu entre plusieurs auteurs concernant I'organisation de Salix en
sous-genres et sections (Skvortsov, 1968; Dorn, 1976; Argus, 1997).

En 1968, Skvortov fut le premier a publier une révision des saules indigenes de I'ex-Union
Soviétique et de I'Europe. Il classa les espéces en trois sous-genres (Chamaetia, Salix et
Vetrix) incluant 15 sections (Skvortov, 1968). Cependant, il indiqua que la séparation des
sous-genres Chamaetia et Vetrix n’était pas claire. Dorn (1976) publia la premiére révision
des saules nord-américains, dans laquelle il utilisa deux des sous-genres décrits par Skvortov
(Salix et Vetrix). Il ajouta de nouvelles sections (ex. Floridanae) pour classer les 89 especes
identifiées dans la flore. En Chine, les saules furent décrits et organisés en 37 sections (Wang
et Fang, 1984; Fang, 1999), mais ces deux études n’identifierent pas de sous-genres. Les
travaux de Argus permirent de mieux caractériser les especes de Salix trouvées en Amérique
du Nord. Il publia de nombreuses descriptions a des échelles locales (Argus, 1964, 1965,
1869, 1973, 1983, 1986a, 1986b, 1991, 1993, 1995; Argus et Steele, 1979; Argus et Mclannet,
1992). De plus, il s’intéressa a I'hybridation interspécifique (Argus, 1974) et au niveau de
ploidie (Suda and Argus, 1968) de plusieurs especes nord-américaines. Ses différents travaux
et des efforts de synthese des données permirent d’établir une classification des 103 especes
nord-américaines (Argus, 1997, 2010). Il établit une liste de 197 caracteres morphologiques

en se basant sur plus de vingt ans d’observations personnelles et de travaux antérieurs



(Crovello, 1968; Skvortsov, 1968). Il obtint une classification en cinq sous-genres en utilisant
la méthode de regroupement ISS FLEX (Dallwitz, non publié; Van den Borre and Watson,
1994; Argus, 1997). La classification de Argus est la plus récente et la plus compléte. Les
especes nord-américaines se classent en cing sous-genres: Chamaetia (8 sections),
Longifoliae (1 section), Protitea (2 sections), Salix (8 sections) et Vetrix (15 sections). En 2007,
Argus décrivit la répartition géographique des especes de saules natives et introduites en
Amérique du Nord et au nord du Mexique. Argus (com. pers.) travaille actuellement a une
classification mondiale des especes du genre Salix en se basant principalement sur les
descriptions de Skvortsov (1968, 1999), Argus (1997, 2010), Fang et al. (1999), et Ohashi
(2000). Cette classification organiserait le genre Salix en 7 sous-genres et 54 sections. Des

différences s’observent entre les classifications des saules nord-américains de Dorn et Argus.

1.3 Etudes phylogénétiques au sein de Salix

Cing études moléculaires ont été effectuées chez les saules entre 1999 et 2011 (Leskinen et
Alstrom-Rapaport, 1999; Azuma et al., 2000; Chen et al., 2010; Hardig et al., 2010;
Abdollahzadeh et al., 2011).

1) L'étude de Leskinen et Alstrom-Rapaport (1999) s’est intéressée a la région ITS de 13
espéces du genre Salix, quatre especes de Populus, et Chosenia bracteosa. L’objectif principal
était d’observer la monophylie au sein du genre Salix et de voir la position taxonomique du
Chosenia. Trois points majeurs ont été soulevés : A) La variabilité de la région ITS est
relativement faible en comparaison aux autres Angiospermes (Baldwin et al., 1995; Wen et

Zimmer, 1996); les auteurs ont suggéré que le genre Salix a connu une divergence récente ou



une évolution lente. B) L’analyse phylogénétique place le C. bracteosa parmi les Salix; ils ont
conclu qu'il devrait étre considéré comme un saule. C) Les genres Populus et Salix sont des
groupes freres.

2) L"étude d’Azuma et al. (2000) a porté sur les relations phylogénétiques de 19 espéces du
genre Salix en se basant sur le gene chloroplastique rbcl. Chosenia arbutifolia et Toisusu
urbaniana ont été inclus dans I’échantillonnage. Les auteurs ont confirmé la monophylie des
genres Salix, Chosenia et Toisusu avec une valeur de support de 100%. Les auteurs ont
comparé leur topologie avec les classifications morphologiques, mais aucune ne supporte les
relations obtenues dans I'analyse moléculaire.

3) L’étude de Hardig et al. (2010) a utilisé le géne chloroplastique matK et la région ITS. Cette
étude a incorporé 25 especes du genre Salix en plus de Chosenia arbutifolia et Populus
deltoides. Cette étude a illustré la présence de variabilité intra-spécifique sur les deux
régions. Les auteurs ont attribué ce phénoméne a des événements d’hybridation inter-
spécifique et d’introgression.

4) Chen et al. (2010) ont généré une phylogénie moléculaire en utilisant trois marqueurs
chloroplastiques: le gene rbcL, et les régions inter-géniques atpB-rbcl et trnD-T. Les auteurs
ont utilisé 31 saules, principalement asiatiques, ainsi que Chosenia arbutifolia. De plus, ils ont
intégré les données de Azuma et al. (2000). Les auteurs ont apporté de nouvelles réponses et
des confirmations : A) le genre Salix forme un groupe monophylétique, incluant Chosenia et
Toisusu. B) L'arbre phylogénétique distingue deux clades majeurs; le premier clade integre

les especes du sous-genre Salix (sauf les sections Triandrae et Urbanianae), le second toutes



les especes des sous-genres Chamaetia et Vetrix, plus Chosenia, Toisusu et les sections
Triandrae et Urbanianae du sous-genre Salix.

5) Abdollahzadeh et al. (2011) se sont intéressés a la région ITS pour réaliser une étude de
phylogénie moléculaire de 26 espéces iraniennes. lls ont intégré les séquences de Leskinen et
Alstrom-Rapaport (1999) et de Hardig et al. (2010). Le support de I'arbre présenté n’est pas
optimal. Selon les auteurs, les especes polyploides de la flore iranienne provoquent des
incongruences dans leurs données. Les auteurs concluent que le genre Salix est
monophylétique et que le sous-genre Salix est probablement mal structuré ou
polyphylétique.

Les arbres phylogénétiques basés sur les genes chloroplastiques donnent une structure en
deux clades majeurs, mais la résolution a l'intérieur des clades est faible (Azuma et al., 2000;
Chen et al., 2010; Hardig et al., 2010). Pour la région ITS, une grande polytomie est observée
(Leskinen and Alstrom-Rapaport, 1999; Hardig et al., 2010; Abdollahzadeh et al., 2011). Ces
études moléculaires sont préliminaires, car I'échantillonnage est incomplet. Cependant, des
divergences semblent étre présentes entre les données moléculaires et les classifications
récentes basées sur les caracteres morphologiques (Skvortsov, 1968 ; Dorn, 1976; Argus,
1997, 2010). Ces interrogations nous ont permis d’élaborer une hypothése de recherche pour

notre étude, dans laquelle toutes les espéces américaines sont incluses.

1.4 Objectifs et hypothése de recherche
Notre principale hypothese de recherche est la suivante : la classification selon les données

moléculaires des especes américaines sera corrélée a la classification en cing sous-genres de



Argus (1997, 2010): cinqg clades seront présents et les espéces appartenant a chaque sous-
genre formeront un groupe monophylétique. Le premier objectif est de développer de
nouveaux outils moléculaires chez le saule. Le second objectif est d’obtenir une phylogénie

moléculaire des saules nord-américains.

Ce projet de recherche se divise en deux parties. La premiére présentera les outils
moléculaires qui ont été mis au point pour caractériser les saules nord-américains. Trois
outils moléculaires sont présentés : 1) Le protocole de I’extraction d’ADN génomique a haut
débit (Annexe 1). 2) Douze marqueurs microsatellites ont été caractérisés sur cinq espéces
nord-américaines possédant un potentiel en production de biomasse (Chapitre 1). 3) La
méthodologie pour développer de nouveaux marqueurs nucléaires en simple copie est
présentée dans I’Annexe 2. La deuxieme partie du projet a permis de caractériser les affinités
phylogénétiques entre tous les saules trouvés en Amérique (Chapitre 2). Trois marqueurs
moléculaires ont été utilisés sur 213 spécimens (121 espéces) et ils ont permis d’apporter de

nouveaux éléments pour supporter une nouvelle structure au sein du genre Salix.



2. Chapitre 1 : Microsatellite markers of willow species and characterization of
eleven polymorphic microsatellites for Salix eriocephala (Salicaceae), a potential
native species for biomass production in Canada
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Abstract: Biomass produced from dedicated plantations constitutes a source of renewable
energy and is expected to play an important role in several countries in the coming decades.
The cultivation of woody crops such as willows therefore raises several environmental
issues. In North America, several native willows are potentially interesting for biomass
producers. Willow trees are diverse but few species used for environmental applications
have been the object of molecular genetic studies. Based on the sequenced poplar genome,
24 microsatellite markers were assayed on five native North American willow species: Salix
amygdaloides, S. discolor, S. eriocephala, S. interior and S. nigra. Polymorphic microsatellite
markers were used to characterize the allele variation on the shrub Salix eriocephala, a
North American species with economic potential. Eleven markers amplified and confirmed
the potential of this species. Analysis of samples from six populations in eastern Canada
showed that all markers were variable and polymorphic in at least one population. The
number of alleles per locus ranged from 1 to 9 (mean 2.95) and showed that these
microsatellite markers can be used to assess genetic diversity of North American willow

species.
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2.1 Introduction

Genus Salix L. (Salicaceae) includes about 500 species worldwide, concentrated in temperate
and cold regions of the Northern Hemisphere. Although it presents greater diversity in areas
such as China (around 275 species; Fang, 1999), more than 100 species are found in North
America (Argus, 2010). Willow species are cultivated worldwide for the production of
biomass and for environmental applications (Karp et al., 2011) using short-rotation intensive
culture (SRIC). Some willow species and cultivars have been favored due to their high
biomass yield (Labrecque and Teodorescu, 2005; Volk et al., 2011). In North America, most of
the cultivars used for biomass production are of exotic origin. The use of native species could
represent several advantages to stimulate the deployment of bioenergy plantations. In
addition to their higher level of social acceptability, it is believed that native species will be
better adapted to the pedoclimatic conditions characterizing North American regions. They
are also characterized by a higher genetic diversity within their geographical distribution than
introduced cultivars and they could be exploited for diverse applications (Lin et al., 2009).
The North American willow species, Salix amygdaloides, S. discolor, S. eriocephala, S. interior,
and S. nigra, have morphological traits that suggest high biomass potential. These shrubs can
grow rapidly to 6—-8 meters and are widespread in eastern North America (Argus, 2010).
Among these, Salix eriocephala is of particular interest because of its extensive North-South
distribution and adaptation to a range of climatic conditions. Knowledge of the genetic
diversity of populations is a prerequisite to breeding programs aimed at improving biomass
production. At a broader scale, given that half the current range of this species was once

covered by Quaternary glaciers, genetic information may provide clues to the species



population structure following recolonization of glaciated areas (e.g. Godbout et al., 2003).
Barker et al. (2003) developed 46 microsatellite markers in Salix, of which 17 were
polymorphic (2—22 alleles per locus). Two studies derived microsatellite markers for Salix
from the related Populus trichocarpa (Salicaceae) genome (Tuskan et al., 2006) to evaluate
genetic diversity: Puschenreiter et al. (2010) successfully amplified 73% of the Populus SSRs
assayed in S. caprea (only 10% were polymorphic), each of which was functional on a variable
number of species among the four species assayed; Lin et al. (2009) used eight microsatellite
markers, from both Populus and the Barker study (PMGC2709, PMGC2889, Karp_SB24,
Karp_SB199, Karp_SB493, Karp_W293, Karp_W504 and Karp_W784) to compare the genetic
diversity of S. eriocephala to that of S. purpurea (introduced willow) at a regional level.

Here, we assayed 24 microsatellite markers on five willow species and characterized 11
polymorphic microsatellite markers for S. eriocephala in widely distributed populations in
eastern Canada. Our objectives were: (1) to determine whether these markers were present
in the North American Salix species studied, and (2) to evaluate polymorphisms within the

species S. eriocephala.

2.2 Results and Discussion

In total, twelve microsatellites were amplified with Salix species of this study and five
markers were shared in these willows (Table 1). In addition, WPMS_7 amplified in S.
amygdaloides, S. discolor, S. interior and S. nigra; ORPM_207 and PMGC_2658 in S.

amygdaloides, S. eriocephala and S. nigra; PMGC_2315 in S. amygdaloides, S. eriocephala
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and S. interior; and WPMS_18 in S. discolor and S. eriocephala. Two markers (ORPM_21 and

ORPM_349) were present only in S. eriocephala.

Table 1. Characteristics of 24 microsatellite markers used for five willow species, of which 11 successfully
amplified for Salix eriocephala. Information on each primer pair includes locus name, expected size (bp) in
poplar, forward and reverse sequences, repeat motif, successful amplification with populations of S.
amygdaloides (Sa), S.discolor (Sd), S.eriocephala (Se), S. interior (Si) and S. nigra (Sn), and number of cycles (Ca).

Successful amplification with
Locus® siEz);pFl;:)e?n Primers sequences (5' - 3') Repe.at bopulations of Number of
poplar motif Sa sd Se Si Sn cycles G,

GCPM_1011 221 F: ATGAAATAATCGTTTGGTGC (AT)11 + + + + + 27
R: CACCCGAGTTTATCTCACTC

GCPM_1037 123 F: ATGAAATTCGCAAAGTCAGT (TA)11 + + + + + 33
R: AAAAGAGGAAATTACGGTCC

GCPM_1043 154 F: TTTCCATGTAGTATTACTCCTTTCT (AT)21 - - - - - 33
R: ATGCGTACCTTAGTGGAAGA

ORPM_16 238 F: GCAGAAACCACTGCTAGATGC (CTT)1s - - - - - 33
R: GCTTTGAGGAGGTGTGAGGA

ORPM_21 230 F: GGCTGCAGCACCAGAATAAT (AG), - - + - - 25
R: TGCATCCAAAATTTTCCTCTTT

ORPM_23 197 F: ATTCCATTTGGCAATCAAGG (AT)6(AG)s - - - - - 33
R: CCCTGAAAGTCACGTCTTCG

ORPM_29 206 F: TGGTGATCCAGTTTTGGTGA (AC)11 - - - - - 33
R: GTCCTTGCAAGCCATGAA

ORPM_127 200 F: TCAATGAGGGGTGCCATAAT (TG)s - - - - - 33
R: CTTTCCACTTTTGGCCCTTT

ORPM_203 209 F: CCACCAGGCATGAGATATGA (TA)J(A/T - - - - - 33
R: TCAAACCGAAAGGTCAACAA rich region)

ORPM_206 196 F: CCGTGGCCATTGACTCTTTA (GCT), - - - - - 33
R: GAACCCATTTGGTGCAAGAT

ORPM_207 199 F: TGCATATTTCACGTGCCTTT (TC)s + - + - + 25
R: CAAAGTGAGGAAGCGTCAGA

ORPM_349 202 F: GAGCATGAAGCATGAGCAGA (AC)16 - - + - - 33
R: TTTTCAGAACCAGGGGAAAA

PMGC_223 170 F: CGATGAGGTTGAAGAAGTCG (CTT)n + + + + + 25
R: ATATATGTACCGGCACGCCAC

PMGC_2015 160 F: TTTTGGCATTCAAAGACTTGGC (GA), - - - - - 33
R: AGTTGATTCCATGTCGTGTCC
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PMGC_2315 143

-

: CTGTGGTATTTGTGCAATGTG (GA), + - + + - 33

R: CAACAGAGCAAACTTGAGTCG

PMGC_2392 192 F: AAGAGAGATAGCATCACCAAG (GA), - - - - - 33
R: TATGTCGAGGAAATCCTTAGC

PMGC_2531 140 F: TAAGAGAATTGGGAGAGCAAC (GA), - - - - - 33
R: TTTTATCTTTTCCAGTTGTCTAC

PMGC_2610 114 F: AACACGCAAGAACATACATAAG (GA), - - - - - 33
R: GATTAACATGTTTCGCTACGC

PMGC_2647 129 F: CTCGTTAATTAGAGTCGAATTAG (GA), - - - - - 33
R: TTGTTATCCACTGCCAGTGC

PMGC_2658 251 F: GCCCTTGAATACCATGAGCG (GA), + - + - + 33
R: ACCTTCAGTAGATCAGGTTAGTG

WPMS_7 230 F: ACTAAGGAGAATTGTTGACTAC (GT)2a + + - + + 33
R: TATCTGGTTTCCTCTTATGTG

WPMS_15 193 F: CAACAAACCATCAATGAAGAAGAC (CCT), + + + + + 25
R: AGAGGGTGTTGGGGGTGACTA

WPMS_16 145 F: CTCGTACTATTTCCGATGATGACC (GTC), + + + + + 25
R: AGATTATTAGGTGGGCCAAGGACT

WPMS_18 245 F: CTTCACATAGGACATAGCAGCATC (GTG)13 - + + - + 33

R: CACCAGAGTCATCACCAGTTATTG

? from The International Populus Genome Consortium
n=
unknown

F = forward primer, R = reverse primer

+ = amplification, - = no amplification

For Salix eriocephala, population genetic statistics are summarized in Tables 2 and 3, which
shows the number of alleles (A), observed (Ho) and expected (He) heterozygosities, p-values
for the Hardy-Weinberg Expected test, and details of each population. Eleven of the 24
markers were successfully amplified in the six populations of S. eriocephala (Table 1) and
they were single markers. The values of A varied between 1 and 9 (mean 2.95) (Table 2). All
11 markers were polymorphic in at least one population (Table 2). The means of Ho and He

ranged from 0.52 to 0.68 and from 0.43 to 0.56, with mean values of 0.59 and 0.48,
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respectively (Table 3). These results reveal a new set of polymorphic microsatellite markers
in which the genetic diversity within the S. eriocephala populations is expressed clearly.

Tuskan et al. (2006), using the complete genome of Populus trichocarpa, characterized
microsatellites markers and predicted that 30-50% of these might transfer to the related
Salix. Puschenreiter et al. (2010) successfully amplified 73% of microsatellite markers
assayed, 10% of which were polymorphic. Out of 28 Populus loci assayed, Lin et al. (2009)
used four loci in their willow study that proved polymorphic (no data were available on the
percentage that amplified in willow but were monomorphic). Our amplification success of
Populus microsatellites was 50% (polymorphic in at least one species), which falls within the
range predicted by Tuskan et al. (2006); the difference in the percentage of polymorphic
amplified loci in the Puschenreiter et al. (2010) study and ours may stem from the fact that
the former used fewer individuals per species to characterize their loci. In Salix eriocephala,
Lin et al. (2009) obtained a higher number of alleles (8—13 vs. 1-9) for Populus-derived loci,
but their population size was much larger than that of populations in our study, which may
account for some of the difference. Furthermore, some of our populations were at the
extreme northern edge of the species range of S. eriocephala and may have lost genetic
diversity while migrating northward after glaciations (Godbout et al., 2010). In all these
studies, a majority of markers amplified and were polymorphic for many species, with a

number being variably useful depending on the species.
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2.3 Experimental Section

Six populations of S. eriocephala were selected to reflect the wide distribution of this species
(Table 1 and Figure 1). These populations were collected at Matagami, QC (BEL, 10 trees);
Blainville, QC (BAL, 8 trees); Montmagny, QC (MON, 7 trees); Radisson, QC (RAD, 12 trees);
Shepody Creek, NB (SHE, 8 trees) and Val d’Or, QC (VDO, 13 trees). Two are part of a
provenance trial maintained at the Montreal Botanical Garden, and four were collected in
the wild in 2010-2011. For S. amygdaloides, S. discolor, S. interior and S. nigra, we used three
populations each from Eastern Canada (Table 1 and Figure 1). The samples of S.
amygdaloides were collected at Cobden lake, ON (4 trees); Hanlon Marsh, ON (4 trees); and
Richmond Fen, ON (4 trees). The samples of S. discolor were collected at Levis, QC (10 trees);
Montmagny, QC (8 trees); and Norton, NB (10 trees). The samples of S. interior were
collected at Lafarge Pit, ON (5 trees); Limerick Forest, ON (5 trees); and Long Sault, ON (5
trees). The samples of S. nigra were collected at Gagetown, NB (4 trees); Pembroke, ON (4
trees); and Westmeath, ON (6 trees).

Genomic DNA was extracted from 25 mg of leaf material using a modified CTAB method
(Doyle and Doyle, 1987). Leaf tissue was ground for 60 s in a TissuelLyser Il (QIAGEN)
equipped with a 3 mm tungsten ball. 400 pL of 2x CTAB (2% (w/v)
hexaldecyltrimethylammonium bromide), 8 puL of mercaptoethanol and 1% (w/v)
polyvinylpyrrolidone were added to the powder; the mixture was vortexed and incubated at
65 °C for 90 min. An equal volume of isoamyl alcohol:chloroform (1:24) was then added.
Following centrifugation at 5788 g for 30 min at 4 °C, the aqueous phase was collected and

the DNA was precipitated by the addition of 1,5 volumes of isopropanol; it was conserved at
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-20 °C overnight. Then, after centrifugation at 5788 g for 30 min at 4 °C, the pellet was

washed with 500 pL of 70% ethanol and centrifuged at 5788 g for 10 min at 4 °C. The DNA

pellet was suspended in 100 pL TE (10 mN Tris-HCl pH 8.5, 1 mM EDTA) and stored at -20 °C

until analysis.

Table 2. Results of initial primer screening in six populations of Salix eriocephala. Two populations (MON and
SHE) are part of a provenance trial maintained at the Montreal Botanical Garden (45°33'41" N, 73°34'7" W) and
four were collected in nature (BEL, BLA, RAD and VDO). The localization of each population is 49°45.456' N,
77°36.921' W (BEL); 45°41.160' N, 73°51.908' W (BLA); 46°94' N, 70°60' W (MON); 53°41.441' N, 78°06.596' W
(RAD); 45°71' N, 64°77"' W (SHE) and 48°01.770' N, 77°45.937' W (VDO). Data on markers alleles. The range of
allele sizes includes 23 bp of M13 sequence.

Range of allele

Locus ) BLA MON RAD SHE VDO Average
sizes (bp)
GCPM_1011 207-229 3 4 1 4 1 4 2.83
GCPM_1037 93-188 3 3 5 3 5 5 4.00
ORPM_21 201-229 1 2 3 4 1 2 2.17
ORPM_207 186-221 4 1 1 7 1 4 3.00
ORPM_349 127-133 2 2 2 1 2 2 1.83
PMGC_223 181-219 3 2 2 2 2 5 2.67
PMGC_2315 142-182 3 2 3 2 1 3 2.33
PMGC_2658 205-242 9 6 5 8 4 6 6.33
WPMS_15 161-229 4 2 2 5 1 2 2.67
WPMS_16 137-185 2 3 3 3 3 5 3.17
WPMS_18 245-248 1 1 2 1 2 2 1.50

Table 3. Genetic diversity statistics. N = number of individuals sampled in the population.

Population N A Ho He p-HWE
BEL 10 3.18 0.60 0.44 0.51
BLA 2.45 0.68 0.46 0.15
MON 7 2.82 0.64 0.49 0.40
RAD 12 3.64 0.57 0.43 0.38
SHE 8 2.09 0.54 0.47 0.46
VDO 13 3.55 0.52 0.56 0.15

A = number of alleles; He = expected heterozygosity; Ho = observed heterozygosity; and p-HWE:

p-values for the Hardy-Weinberg Expected test.



Figure 1. The localization of populations used in this study from Eastern Canada. Triangle for Salix
amygdaloides, square for S. discolor, circle for S. eriocephala, lozenge for S. interior and star for S. nigra.
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The International Populus Genome Consortium identified 4,200 Populus SSRs (Van der Schoot
et al.,, 2000; Smulders et al.,, 2001; Tuskan et al., 2004). A selection of 24 microsatellite
markers (Table 1) was initially assayed to visualize the amplifications. The protocol developed
by Schuelke (2000) was used to amplify the microsatellite regions. This method fluoresces
the PCR products at 700 nm or 800 nm for detection by laser. In this protocol, three primers
are necessary: a specific forward primer with a M13 tail at its 5' end, a specific reverse

primer, and the fluorescent-labeled M13 primer (5'-AGGGTTTTCCCAGTCACGACGTT-3'). PCRs
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were carried out in a 10 pL solution containing 0.5 pL of genomic DNA (approximately 50 ng),
0.75x of PCR buffer (BIO BASIC), 0.10 uM of forward primer, 0.25 uM of reverse primer, 0.15
UM of fluorescent-labeled M13 primer (Integrated DNA Technologies), 0.25 mM of dNTPs,
2.25 mM of MgCl,, 1 U Taq DNA polymerase (GenScript). An Eppendorf Mastercycler® pro
Thermal Cyclers (Eppendorf) was used under the following cycling parameters: initial
denaturation at 94 °C for 3 min followed by 25-33 cycles (Table 1) of 30 s at 94 °C; 30 s at 52
°C, 45 s at 72 °C and followed by a final extension at 72 °C for 5 min was used. The successful
amplification was visualized on agarose gel (1%); the results are summarized in Table 1. For S.
eriocephala, amplification products were separated on a 6.5% KBPlus Gel Matrix and
visualized using a 4,300 DNA Analyzer from LI-COR. The SagaGT v3.2 software was used to
calculate band sizes. For each locus, we calculated standard population genetic statistics (Ho,

He and p-HWE) using GENEPOP v.4.2 (Raymond and Rousset, 2005; Rousset, 2008).

2.4 Conclusions

In conclusion, we have added 11 new polymorphic microsatellite markers for S. eriocephala.
If the loci used by Lin et al. (2009) are added, a total of 19 loci have been identified and have
shown to be polymorphic in this species. The twelve markers characterized in this study are
available for further genetic analyses with S. eriocephala, S. amygdaloides, S. discolor, S.
interior and S. nigra. Studies of Salix microsatellites increased the molecular tools available

for the investigation of willow species and the knowledge of this genus.
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3. Chapitre 2 : Phylogenetic relationships of american willows (Salix L., Salicaceae)

Aurélien Lauron-Moreau, Frédéric E. Pitre, Luc Brouillet and Michel Labrecque

Abstract

Premise of the study: Salix L. is the largest genus in the family Salicaceae (450 species).

Several classifications have been published, but taxonomic subdivision has been under
continuous revision. Our goal is to establish the phylogenetic structure of the genus using
molecular data on all American willows, using three DNA markers.

Methods: Material was obtained for the 121 native and introduced willow species of
America. Sequences were obtained from the ITS (ribosomal nuclear DNA) and two
chloroplastic regions, matkK and rbcL. Phylogenetic analyses (parsimony, ML, MrBayes,
BEAST) were performed on the data and the BEAST species tree is presented. Species
distributions were mapped onto the tree.

Key results: The species tree provides strong support for a division the genus into two
subgenera, Salix and Vetrix. Subgenus Salix comprises temperate species from the Americas
and Asia. Subgenus Vetrix is composed of boreo-arctic species of the Northern Hemisphere.
Sixteen species have ambiguous positions; genetic diversity is lower in subg. Vetrix.
Conclusion: A complete molecular phylogeny of American willows was established, although
it needs to be confirmed and further resolved using other molecular data. Nonetheless, the

genus clearly has two clades.

Key words: America; BEAST; ITS; matK; Molecular phylogeny; rbcL; Salicaceae; Salix
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3.1 Introduction

Salix L. is the largest genus of family Salicaceae with about 450 species (Newsholme, 1992;
Fang et al., 1999; Argus, 1997, 2010). The genus is distributed across the temperate and
arctic regions of the Northern Hemisphere, entering tropical regions along montane ranges;
willows also have been introduced worldwide. Over half the willow species, 275, are found in
China (Fang et al., 1999), 107 in the former Soviet Union (Skvortsov, 1999), 65 in Europe
(Argus, 1997), and 103 in North America (Argus, 2010). In Canada, 30% of the woody species
are willows (Labrecque, com. pers.). Willows are mostly shrubs that play an important role in
riparian habitats, wetlands and in shrub tundra and have contributed socially and
economically to human societies (Sneader, 2000; Kuzovkina et al., 2008; Karp et al., 2011).
During the last century, interest in environmental applications has grown, notably for
biomass production (Stott, 1984; Lindegaard and Barker, 1997; Volk et al., 2006; Karp et al.,
2011; Guidi et al., 2013).

Chase et al. (2002) characterized the relationships among the genera of an extended family
Salicaceae, and Alford et al. (2009) studied more closely the relationships of Salix and
Populus. Salix and Populus form a monophyletic group. In Chase et al. (2002), /toa and
Poliothyrsis are successive sister to Salix and Populus. In Alford et al. (2009), the genera
Idesia, Bennettiodendron and Olmediella are sister to Populus and Salix, with [toa,
Poliothyrsis, Carrierea and Macrohasseltia sister to this clade.

Several classifications of Salix have been published and the subdivision of the genus has been
under continuous revision. Argus (1997) reviewed the history of Salix classifications and

showed that the genus has been divided into 35 genera since its description by Linnaeus,
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each author using different morphologic characters to justify these divisions. For instance,
some Asian treatments recognized the genera Chosenia Nakai (1920) (Salix arbutifolia) and
Toisusu Kimura (1928) (Salix cardiophylla). Argus (1997) showed that subgenus Chosenia
(including both species above) is sister to subgenus Salix (Fig. 1) and the Angiosperm
Phylogeny Group (2009) included Chosenia and Toisusu within Salix. Several subgeneric
classifications of Salix have been proposed. Most recently, Skvortsov (1968) divided the
species of the former Soviet Union and Asia into three subgenera, Salix, Chamaetia and
Vetrix. Dorn (1976) divided the American species into two subgenera, Salix and Vetrix. Argus
(1997, 2010) suggested five subgenera for American willows (Longifoliae, Protitea, Salix,
Chamaetia and Vetrix); Figure 1 illustrates the relationships between these subgenera.

Five molecular phylogenies have addressed the relationships between willow species
(Leskinen and Alstrom-Rapaport, 1999; Azuma et al., 2000; Chen et al., 2010; Hardig et al.,
2010; Abdollahzedeh et al., 2011). Table 1 summarizes the number of species and the
molecular markers used in these studies. They confirmed the monophyly of Salix,
membership of Chosenia (S. arbutifolia) and Toisusu (S. cardiophylla) to Salix and the
presence of two major clades within the genus. These studies all included a small number of
willow species relative to the total number of species in the genus.

The chloroplastic genes matK and rbcL, and the nuclear ribosomal ITS region have been used
extensively in molecular phylogenetic studies (e.g., Hilu et al., 2003; Davis and Anderson,
2010; Vijaykumar et al., 2010). Their widespread use and ease of amplification has led to

their selection as the main DNA regions in the barcoding program (Chase et al., 2007;
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Ausubel, 2009; Yao et al., 2010), to be used for the identification of plants (e.g., Kuzmina et
al., 2012).

Our objectives are to determine the phylogenetic relationship among all American Salix
species (107 species), using ITS, matK and rbcL, in order to evaluate willow classifications and
distribution patterns. We show that Salix is subdivided into two major clades, the first

composed of temperate and the second of boreo-arctic species.

3.2 Materials and Methods

3.2.1 Plant material

This study includes all Salix species from America (107 species) plus introduced species in
North America (14 species: 7 from Europe, 5 from Eurasia, and 2 from Asia) (Argus, 2010).
The specimens were obtained from G. Argus' personal collection, Marie Victorin Herbarium
(MT), the living collection of the Montreal Botanical Garden, the Canadian Museum of Nature
(CAN), the Herbarium of the University of Texas (TEX), the University of Arizona Herbarium
(ARIZ) and the Herbarium of the Missouri Botanical Garden (MO). Chosenia arbutifolia (=
Salix arbutifolia) was sampled in the living collection of the Montreal Botanical Garden. A
total of 211 specimens (121 species) of Salix were used in this study, with 1 to 3 specimens
per species. The identity of a majority of specimens has been confirmed by G. Argus. We
verified other specimens using Argus (2010). We downloaded sequences from GenBank for
Toisusu cardiophylla (= Salix cardiophylla) and two outgroup genera, Idesia and Populus

(Chase et al., 2002; Alford et al., 2009; The Angiosperm Phylogeny Group, 2009).
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3.2.2 DNA extraction, amplification and sequencing

Genomic DNA was extracted from herbarium specimens or fresh leaves dried in silica gel. The
CTAB method (Doyle and Doyle, 1987) was used, as modified in Lauron-Moreau et al. (2013).
Three molecular regions were used in this study: ITS, matK (partial) and rbcL (partial). They
were amplified using the specific primers detailed in Table 2. PCRs were carried out in a 20 uL
solution containing 1 pL of genomic DNA (approximately 50-70 ng), 0.75X of PCR buffer (BIO
BASIC, Markham, ON, Canada), 0.25 uM of each primer, 0.25 mM of dNTPs, 2.25 mM of
MgCl,, 1 U Tag DNA polymerase (BIO BASIC). PCRs were performed using an Eppendorf
Mastercycler® pro Thermal Cyclers (Eppendorf Canada, Mississauga, ON, Canada) under the
following cycling parameters: initial denaturation at 94°C for 3 min followed by 33-35 cycles
(C,) of 30 s at 94°C, 30 s at 52°C, 45-70 s at 72°C; followed by a final extension at 72°C for 5
min. The sequencing of PCR products were realized by the group McGill University and
Génome Québec Innovation Centre. Over half the sequences of matK and rbcL were obtained
with the help of the Barcode of Life Data Systems (BOLD) following standard protocols at the

Canadian Centre for DNA barcoding (CCDB) for plants, as described in Kuzmina et al. (2012).

3.2.3 Sequence alignment

Sequences were assembled in contigs using Geneious Pro version 4.8.5 created by
Biomatters (http://www.geneious.com). Alignments were done in SeaView version 4.2.6
(Gouy et al., 2010) using Muscle (Edgar, 2004), followed by manual correction. Parsimony,
maximum likelihood (ML), and Bayesian (BA) analyses were performed to determine the

phylogenetic relationships on four datasets: ITS, matK, rbcL, and the concatenated matK-rbcL
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sequences. The program jModelTest2 (Guindon and Gascuel, 2003; Darriba et al., 2012) was
used to select the best model of sequence evolution for ML and BA analyses. Data matrices
from this study were deposited on TreeBase (website: http://treebase.org) under accession

number study ID14313.

3.2.4 Phylogenetic analyses: gene trees

Parsimony analyses were performed using PAUP version 4.0b10 (Swofford et al., 2003). We
selected the optimal trees using a heuristic search using these parameters: 100 random
additions of sequences followed by tree bisection and reconnection (TBR) branchswapping,
retaining at most 100 trees at each replicate. Branch support was estimated using 10,000
bootstrap replicates with the same heuristic settings.

Maximum likelihood analyses were performed using PhyML 3.0 (Guindon et al., 2010). ML
heuristic searches and bootstrap analysis (10,000 replicates) were conducted to obtain the
best trees under the parameters of evolution model selected. The adequate evolution
models were GTR+G+I for ITS, GTR+G for matK and matk-rbcL, and K80+I for rbcL.

Bayesian analyses were performed using MrBayes version 3.1.2 (Ronquist and Huelsenbeck,
2003) and BEAUti/BEAST v1.7.5 (Drummond et al., 2012). In MrBayes, two independent runs
were performed, each consisting of four parallel Markov chain Monte Carlo (MCMC) of 100
million generations (the average standard deviation of split frequencies being lower than
0.01). Trees were sampled every 10,000 generations. The evolution models used were
identical with those in the ML analyses. Tree parameters reached stationarity after a burn-in

period of 250,000 generations. Optimal trees were then sampled every 1,000 generations to
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obtain the final consensus tree and associated posterior probabilities. For the BEAST analysis,
each molecular region was analyzed separately and the gene tree was estimated
concurrently. Two independent runs of 100 millions generations were performed, each with
a sampling at every 10,000 generations. We used the same evolution models as above, with
four gamma categories, a coalescent tree prior and a strict clock model for each partition.
After analysis, the software Tracer (Rambaut and Drummond, 2007) was used to evaluate the
convergence after the first 20% of generations had been discounted as burn-in. The software
TreeAnnotator v1.7.5 (available in BEAST package) was used to estimate the maximum-clade-

credibility using the Bayesian posterior probabilities.

3.2.5 Phylogenetic analyses: species tree

Species tree was obtained using BEAUti/*BEAST (Drummond et al., 2012). The parameters
used were identical with those in the BEAST analyses and we added the species tree
ancestral reconstruction option (developed by Heled and Drummond, 2010). The chloroplast
data are concatenated in this analysis. On the *BEAST species tree, we illustrated the main
native area of each species following Argus (2007; for North America), using seven zones:
four in North America (western temperate, western boreo-arctic, eastern temperate, eastern
boreo-arctic) and three representing Europe, Asia and Mexico (including Central and South

America).
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3.3 Results

3.3.1 Success rate of the amplifications and DNA sequences

We extracted genomic DNA from 212 specimens and did PCR amplifications on ITS, matK and
rbcL on these. We obtained 210 sequences for ITS (including 2 partial sequences) and 212
sequences for matK and rbcL (all sequences are available in GenBank). For the ITS region,
amplification of two specimens of S. atrocinerea was not a successful, and it was partial for S.
jaliscana and S. prolixa. New DNA extractions and a modification to the PCR protocol did not
give better results. Fifteen sequences were downloaded from GenBank and aligned with our
data. We did not find intra-species variation within our data. The alignment of /TS, matK and
rbcL resulted in 608, 874 and 553 aligned nucleotides, respectively (Table 2). Including the
GenBank data, we had 215 sequences for ITS, and 217 sequences for matK and rbclL. The ITS
region had a higher proportion of polymorphic sites (21%) when compared with matK (12%)

and rbcl (8%) (Table 2).

3.3.2 Polymorphisms

We observed many polymorphic sites in the /TS region. Sixteen species (S. arbusculoides, S.
arctica, S. arctophila, S. barclayi, S. cana, S. columbiana, S. discolor, S. exigua, S. famelica, S.
floridana, S. humboldtiana, S. jejuna, S. monticola, S. raupii, S. richardsonii, S. rotundifolia)
had polymorphisms at 17 nucleotide sites (1-5 polymorphic sites per species). We also found
polymorphisms in the chloroplastic genes. Salix aeruginosa and S. jaliscana are polymorphic
at four (34, 367-368, 398) and two sites (80, 514), respectively, in matK. Six species had
polymorphic sites on rbcL: S. jaliscana (396-397); S. pedicellaris, S. pseudomyrsinites (285);

and S. argyrocarpa, S. cascadensis, S. orestera (286).
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3.3.3 Phylogenetic analyses: gene trees

We compared the resolution and branch support of four analytical approaches (PhylML,
MrBayes, BEAST and PAUP) on all datasets. The topologies were similar and we are
presenting the results from BEAST because its support values were greater (Figs. 2-3).
Nonetheless, on the trees shown, Bayesian posterior probabilities and ML bootstrap values
are provided.

The phylogenetic trees obtained for matK and rbcL were identical except for the position of
Salix petrophila, and we are presenting the consensus tree of these two chloroplastic genes
(Fig. 2). Two major clades are apparent on the cp DNA tree. Clade Al includes 32 Salix species
and clade A2, 88. The two clades are well supported. The relationship within each clade is not
well resolved, however, and branches with a posterior probability lower than 0.7 were
collapsed. Clade Al comprises the majority of species from subgenera Longifolia, Protitea
and Salix. Clade A2 includes most species of the subgenera Chamaetia and Vetrix. Salix
arbutifolia and S. cardiophylla belong to clade A2.

In the ITS tree, four different clades are supported (Fig 3). Clade B1 comprises most species
of subgenus Protitea, clade B2 most species of subgenus Salix, clade B3 most species of
subgenus Longifoliae, and clade B4 most species of subgenera Chamaetia and Vetrix. Overall,
the species of clades B1, B2 and B3 (Fig. 3) are present in clade Al of the cp trees (Fig 2),
while B4, S. arbutifolia and S. cardiophylla are in clade A2. Fourteen taxa have incongruent

positions on the two trees, however.
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3.3.4 Phylogenetic analyses: species tree

Figure 4 presents the species tree of the three markers and using BEAUti/*BEAST. We
concatenated the chloroplast data (matK and rbclL). The tree exhibits two major clades, C1
and C2. Five subclades are shown in clade C1 and in clade C2. Subclades C9 or C10 have low

support. The distribution of species is presented on the tree.

3.4 Discussion

3.4.1 Sequence polymorphism

As Leskinen and Alstrém-Rapaport (1999), we observed intra-individual polymorphic
nucleotide sites in the ITS region. Ribosomal sequences are present in thousands of copies in
the nuclear genome (Rogers and Bendich 1987). Usually, sequences within individuals are
uniformized due to concerted evolution (Alvarez and Wendel, 2003; Bailey et al., 2003).
However, in cases of recent hybridization or homoploid speciation, sequence
homogenization is often not achieved in the short period of time involved (Alvarez and
Wendel, 2003; Bailey et al., 2003). For instance, Leskinen and Alstrém-Rapaport (1999)
hypothesized that S. schwerinii could result from homoploid speciation after hybridization
between S. viminalis and a second, unidentified species. In our study, S. exigua, a diploid
species, shows polymorphic sites. It could be due either to introgression from recent
hybridization or the species could be the result of homoploid speciation. Other species,
however, are polyploid and polymorphism may merely result from a lack of homogenization,
particularly in allopolyploid taxa. Conversely, Salix alba, a tetraploid, is without polymorphic
sites in the ITS region. Data are currently insufficient to explain the presence of polymorphic

sites in the /TS of American Salix.
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Polymorphic nucleotide sites in plastid sequences may seem surprising but are not new. Few
studies have reported this (McCauley et al., 1996; Olivier et al., 2010). One hypothesis to
explain such polymorphism would be the inclusion of cp DNA fragments in nuclear DNA (Guo
et al., 2000; Olivier et al., 2010). A second hypothesis would be an error occurring during
plastidic division (Renzaglia et al., 1994). Our data are insufficient to determine what
mechanism is acting. It would require, among others, detailed population and genomic

studies of the species concerned.

3.4.2 Phylogenetic relationships between American willows species

Chloroplastic trees

The chloroplastic tree (Fig. 2), using Populus and Idesia as outgroups, confirms the
monophyly of genus Salix and the inclusion of S. arbutifolia (Chosenia) and S. cardiophylla
(Toisusu) within the genus, as was shown by Chen et al. (2010). This tree also shows the
separation of American Salix species into two major clades, as was also found by Azuma et al.
(2000) and Chen et al. (2010) on Asian species (see Table 1). As in our study, one clade
(equivalent to our clade A2) included species of subgenera Chamaetia and Vetrix (our A2
clade), and the other (our clade A1) subgenus Salix (no representative of subg. Longifolia and
Protitea were included). Twenty species were shared between our study and that of Chen et
al. (2010), 18 of which are found in the same clade in both analyses (shown by black stars in
Fig. 2). Two taxa, S. discolor and S. maccaliana, were found in different clades, however. This
could be explained by the fact that the two species are polyploid, 4x and 10x, respectively

(Argus 2010); it could also be the result of intra-specific variability or chloroplast capture
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following hybridization, or of an error of identification or manipulation. Despite differences
possibly caused by the taxonomy used (see below), Hardig et al. (2010), working on American
species (Table 1), also retrieved two similar clades. Resolution within clades is low and poorly
supported, resulting in polytomies. Low rates of evolution of the plastid genome in willow
species could explain this. The positions of S. petrophila (clade Al) and S. lasiandra (clade A2)
are surprising, both being early divergent in each clade; this cannot be readily explained with
current data.

ITS tree

The ITS region shows more variation than the cp DNA markers, but resolution of the tree was
not greatly improved. ITS trees in Leskinen and Alstrom-Rapaport (1999), Hardig et al. (2010)
and Abdollahzedeh et al. (2011), built respectively using parsimony, maximum likelihood and
MrBayes, were similar to our analyses (not shown) carried out with the same approaches: a
large polytomy is retrieved, with a single small clade comprised of species belonging to subg.
Salix, Longifolia and Protitea. Our BEAST tree (Fig. 3), however, provided greater resolution,
identifying four clades: species of subgenus Protitea in clade B1, subgenus Salix in B2, and
subgenus Longifoliae in B3, with subgenera Chamaetia and Vetrix species intermixed in the
large clade B4. All North American species used by Hardig et al. (2010) were also included in
our study (shown by black stars in Fig. 3). Differences were observed in the placement of a
few species. For instance, Hardig et al. included specimens of S. eriocephala and S. lucida
from Idaho, species that Argus (2010) do not report for this area; this may result from the
taxonomy used, since varieties sometimes attributed to S. eriocephala in western North

America, for instance, are considered distinct species by Argus.
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Incongruence between the chloroplastic and ITS trees

Overall, clades A2 (cp) and B4 (/TS) include species of subg. Chamaetia and Vetrix, while the
species of clade Al (cp) coincide with those in clades B1, B2 and B3 (/TS) (Figs. 2-3). The
global structure of the trees is similar. There is significant incongruence however, for 14 taxa.
Ten species of clade Al in the cp tree (Fig. 2) were found in clade B4 on the ITS tree (Fig. 3).
Conversely, four species of clade A2 (cp) were retrieved in clade B4. These taxa are
highlighted in our trees. Five hypotheses could explain these incongruences. Firstly, plastid or
ribosome capture following hybridization could have occurred. For instance, S. pellita (clade
B4) can form natural hybrids in nature with S. alaxensis (clade B1) (Argus, 2010). Secondly,
part of the chloroplast genome of one parent could have migrated to the nucleus in
allopolyploid taxa, a rare but not impossible phenomenon (Timmis et al., 2004). Thirdly,
horizontal gene transfer from another species is possible (Stegemann et al., 2012). Fourth,
chloroplast fusion may occur, though it is rarely documented (Birky, 2001). And finally, field
or laboratory errors could have happened, which seems improbable given the number of
taxa involved.

Species tree

The species tree (Fig. 4) results from the simultaneous *BEAST analysis of the cpDNA and ITS
datasets. More resolution is apparent on this tree. The topology confirms the presence of
two major clades (C1 and C2), such as described above. Within clade C1, species are mostly
grouped according to the subgenera where they are assigned by Argus (2010), i.e., subg.
Longifoliae (subclade C5), Protitea (subclade C3), and Salix (subclade C7, also retrieved in

Chen et al., 2010), which are well supported. A few species (discussed below) appear in novel
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positions with respect to Argus (2010). Subgenera Chamaetia and Vetrix (clade C2) form one
group, which corresponds to the observations of Chen et al. (2010). There is no clear pattern
of subgeneric segregation in clade C2. All subclades within C2 have low support and cannot
be substantiated. Skvortsov (1968), discussing Russian material, also indicated that the
distinction between these subgenera was difficult, while Dorn (1976) only recognized subg.
Vetrix. The branching order and groupings observed in this analysis are similar to those
obtained in a morphology-based, numerical analysis of Salix by Argus (1997), if one excepts
the position of subg. Chosenia, which groups in C2 in our analysis and the equivalent of C1 in
that of Argus.

Fourteen species had different positions in the /TS and cp DNA analyses. They are indicated
by a ! in figures 2-4. Seven species, Salix cascadensis, S. discolor, S. eriocephala, S. humilis, S.
microphylla, S. petiolaris and S. sericea, form a subclade (C4) within clade C1 in the analysis.
Yet, the morphology of these species is heterogeneous (Argus, 2010) and no morphologic
character appears to support such a group. Also in clade C1, S. jaliscana and S. nigra are
grouped, both of which belong to subg. Protitea (Argus 2010), which would make subg.
Protitea paraphyletic to subg. Longifoliae and the artificial subclade C4. All these species
were in clade Al in the cp tree and in clade B2 in the ITS tree. The grouping of species in
subclade C4 suggests a random grouping of species with similar behaviors. Subclade C4
appears artificial. Salix petrophila (subg. Chamaetia) appears to be an early diverging branch
of clade C1. This species occupied different positions in the matK and rbcL trees (not shown).
Similarly, clade C6, comprised of S. cana, S. lasiandra, and S. pellita, form an early diverging

group sister to clade C2. Salix setcheliana is an early diverging branch within clade C2. All
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these species were in clade A2 in the cp tree and in clade B1 in the /TS tree. In all instances, it
appears as if the position in the species tree is determined primarily by the cp DNA.

Subgenus attribution of three species

The species tree (Fig. 4) shows that three species Salix floridana (subg. Protitea), S.
maccalliana and S. triandra (both subg. Salix), probably are assigned to the wrong subgenus.
Our data suggest that S. floridana belongs to subgenus Salix, where it would be sister to the
other species. Chen et al. (2010) also found a similar position for S. floridana. The
composition of subg. Protitea (S. amygdaloides, S. bonplandiana, S. caroliniana, S. gooddingii,
S. humboltiana) has been discussed repeatedly (Schneider, 1919; Rehder, 1949; Ball, 1961),
without consensus. Dorn (1976) proposed the exclusion of S. floridana from this subgenus,
placing it instead in either subg. Salix or Vetrix. He hypothesized that the morphological
similarities (bud scales distinct, flowers with 3 to 7 stamens) of this species to subgenus
Protitea was the result of hybridization (Dorn, 1976). Argus (1986a, 2010) classified species of
subgenus Protitea together because they share many morphological traits. The branching of
the species tree (Fig. 4) suggests that the morphological similarities underlined by Dorn could
be symplesiomorphic and not the result of hybridization. Chmelar (1978) proposed that ovule
number could be taxonomically significant. Salix floridana and S. babylonica have 2 ovules
per carpel, S. alba 3 to 6, and S. amygdaloides, S. caroliniana and S. nigra 6 to 9 (Argus,
1986a). Low ovule number could be a feature of sect. Salix.

Our data suggest that S. maccalliana and S. triandra belong in a large subgenus Vetrix (see
below). Salix maccalliana is decaploid or dodecaploid (Argus, 2010), which indicates a

complex origin. Its morphology is similar to that of S. lucida (subg. Salix) (Argus, 2010). The
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staminate flowers with abaxial nectaries and tawny, persistent bracts, and the villous ovaries,
however, suggest relationship with S. glauca (subg. Chamaetia). Dorn (1976) placed this
species in subgenus Vetrix. Chen et al. (2010) included S. maccalliana in subgenus Salix. The
provenance of their sample appears geographically suspect, however. In the case of S.
triandra, both our study and those of Leskinen and Alstrom-Rapaport (1999) and Chen et al.
(2010) that it belongs with subg. Vetrix. The latter fully discussed this issue and indicated that
S. triandra could be considered to belong to a distinct subgenus. In our tree (Fig. 4), however,
S. triandra falls fully within subg. Vetrix.

Placement of Salix ballii and Salix irrorata

Salix ballii and S. irrorata are assigned to subgenus Vetrix by Argus (2010). Our data,
however, show that S. ballii is related with subg. Protitea, and S. irrorata with subg. Salix.
Two distinct specimens were sequenced for each species with the same result. One
hypothesis would be the capture of plastid or ribosomal DNA after hybridization. A
laboratory error cannot be excluded. At this time, data are insufficient to explain these

placements.

3.4.3 Biogeography of Salix

Formal biogeographic analyses (DEC, Ree and Smith, 2008, or DIVA, Nylander et al., 2008)
could not be carried out with our tree due notably to the lack of resolution in clade C2 (Fig.
4). Doing a calibrated datation was not feasible at this time due to a lack of verified Salix
fossil material that could be accurately placed on the tree topology. Nonetheless, the

patterns observed on figure 4 allow the formulation of biogeographic hypotheses.
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Overall, most species of clade C1 are found in temperate regions of both North America
(western and eastern) and Eurasia, while and those of clade C2 include mostly species from
boreo-arctic regions or montane areas southward. Globally, distribution patterns in Salix
reflect well the biogeographic regions delimited by Takhtajan (1986) within the Holarctic
kingdom, Boreal subkingdom: C1 taxa are predominantly in the Eastern Asiatic, North
American Atlantic and Rocky Mountain regions (= subg. Salix, see below), and C2 taxa in the

Circumboreal region (= subg. Vetrix, see below).

3.4.4 Classification of Salix

Skvortsov (1968) divided the species of the former Soviet Union and Asia into three
subgenera, Dorn (1976) the American species into two subgenera, and Argus (1997, 2010)
American taxa into five subgenera (Longifoliae, Protitea, Salix, Chamaetia and Vetrix). Our
molecular phylogenetic study and that of Chen et al. (2010) show a primary subdivision of
Salix into two clades (Fig. 4), the latter pointing out that the number of subgenera proposed
for Salix was too high. The studies by Leskinen and Alstrém-Rapaport (1999), Azuma et al.
(2000), Hardig et al. (2010), and Abdollahzedeh et al. (2011) also suggest such a division. We
are proposing to divide Salix into two subgenera, Salix and Vetrix. Three sections may be
recognized within subgenus Salix: Salix, Protitea, and Longifoliae, the latter American only.
Within subgenus Vetrix, lack of resolution prevents the definition of sections at this time.
Salix arbutifolia (Chosenia) and S. cardiophylla (Toisusu) are definitely members of subg.

Vetrix, possibly as an early branch including other willows, a group that may deserve
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sectional recognition. Another unresolved issue is the definitive position of the 16
problematic species discussed above, notably the clade within subg. Salix.

The three molecular regions used in our study are the markers selected for the barcoding of
plants. The degree of variation of these molecular markers in Salix, however, is insufficient to
provide species identification in subg. Vetrix, and as other studies have shown
(Hollingsworth, 2011; Percy and Graham, 2011), other regions will need to be developed for
full barcoding of willows.

We present the first complete phylogeny of willows for the Americas, based on three
molecular markers from chloroplastic and nuclear ribosomal DNA. We are confirming the
subdivision of genus Salix species into two clades that correspond to two subgenera
proposed earlier on the basis of morphologic and molecular studies. Nonetheless,
relationships among species remain tentative due to a lack of resolution within subg. Vetrix
and to the unusual relationships exhibited by a 16 problematic species. Further phylogenetic
analyses using low-copy nuclear genes should help address this lack of resolution and
membership issues, and help in obtaining a tree that could be the object of formal
biogeographic analyses. The challenge presented in this genus by hybridization and
polyploidy may be resolved by phylogeographic analyses of species complex, such as was
done by Tsai and Carstens (2013). Our phylogenetic analysis provides a framework to
interpret data from other fields of study, such as eco-physiology and the development of

willows for economic usages, such as biomass production.
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Figure 1 Subg. Protitea (10 sp.)

Subg. Salix (9 sp.)

Subg. Chosenia

Subg. Longifoliae (8 sp.)

Subg. Chamaetia (27 sp.)

Subg. Vetrix (67 sp.)

Figure 1. Relationships between the five subgenera of Salix in North America based on
morphological characters (Argus, 1997). The number of species per subgenus is indicated. The
Asian subgenus Chosenia was added to show its position.
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Figure 2
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Figure 2. BEAST gene tree of matK and rbcL. Branch support is Bayesian posterior probabilities
and ML bootstrap values; subgenera are identified using colors; /desia and Populus are

outgroups.
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Figure 3. BEAST gene tree of /TS. Branch support is Bayesian posterior probabilities and ML
bootstrap values; subgenera are identified using colors; Idesia and Populus are outgroups.
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Figure 4
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Figure 4. *BEAST species tree generated with ITS, matK and rbcL. Branch support is Bayesian
posterior probabilities and ML bootstrap values; subgenera are identified using colors; native
areas (Argus 2007) are indicated by colored circles; Idesia and Populus are outgroups.
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4. Conclusion et perspectives
Ce projet de recherche a été mené a terme et les résultats majeurs s’inscrivent dans deux
publications (Chapitre 1 et Chapitre 2). Nous revenons ici brievement sur les conclusions qui

se dégagent de ces deux études.

4.1 Outils moléculaires développés durant le projet

La méthode d’extraction d’ADN génomique a été optimisée au début de ce projet de
recherche. Ngantcha (2010) a souligné que I’extraction d’ADN chez le saule est une étape
critigue en raison du fort taux de polysaccharides dans les parties foliaires. Nous avons
adapté la meéthode CTAB avec un broyage mécanique et en incorporant du [3-
mercaptoethanol et PVP lors de I'extraction (Annexe 1). Les avantages de ce protocole sont
sa reproductibilité, son faible colt et le grand nombre d’échantillons traités par manipulation
(jusqu’a 192). Cette technique a été utilisée dans les expériences décrites aux chapitres 1 et 2
(Lauron-Moreau et al., 2013; Lauron-Moreau et al., en préparation) avec des échantillons
provenant de spécimen d’herbier ou de feuilles fraiches séchées dans du gel de silice.

Douze nouveaux marqueurs microsatellites sur cinq especes du genre Salix (S. amygdaloides,
S. discolor, S. eriocephala, S. interior et S. nigra) ont été caractérisés dans ce projet. Les
espéces ont été sélectionnées pour leur potentiel en production de biomasse au Canada
(Mosseler, com. pers.). Les résultats de cette étude permettront aux futurs projets de
bénéficier d’éléments techniques pour réaliser des études en génétique des populations sur
ces cing espéces. Egalement, ces marqueurs pourront étre utilisés indirectement dans les

programmes de sélection. Les marqueurs microsatellites permettent d’obtenir des cartes
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génétiques fines (ex. Berlin et al., 2010) sur lesquelles des QTLs peuvent étre positionnés (ex.
Ronnberg-Wastljung et al., 2008). Au Rothamsted Research, de nouvelles lignées élites de
saule ont été sélectionnées par la présence de QTL d’intérét (Karp et al., 2011). La sélection
d’especes canadiennes est une voie intéressante, car des especes avec une forte production
de biomasse sont identifiées et de nombreux outils moléculaires ont fait leur preuve dans les
programmes de sélection européens.

Les résultats du chapitre 2 ont également permis de déterminer les relations
phylogénétiques entre les saules américains en utilisant trois marqueurs moléculaires (/TS,
matK et rbcL). Cependant, les affinités génétiques entre les espéces du sous-genre Vetrix
doivent étre approfondies. L'ajout de marqueurs chloroplastiques n’est pas a prioriser, car
I'’étude de Chen et al. (2010) n’a pas obtenu plus de résolution en utilisant deux autres
régions intergéniques (atpB-rbcL et trnD-T). Les génes nucléaires en simple copie
représentent une alternative intéressante. L’étude de Duarte et al. (2010) a mis en évidence
une dizaine de génes nucléaires possédant un potentiel en phylogénie. Cing de ces régions
ont fait I'objet d’une étude préliminaire pour évaluer leur potentiel chez le saule. La
démarche méthodologique est présentée en Annexe 2. Les travaux sont au stade de
développement, mais les premiers résultats sont encourageants. Le polymorphisme est
supérieur a celui de I''TS ou des deux génes chloroplastiques (matK et rbcL). De plus, des
especes pourraient étre distinguées par des SNPs spécifiques (Annexe 2). La caractérisation
de ces cing nouveaux genes nucléaires offre des perspectives pour augmenter la résolution

de la phylogénie des saules.
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4.2 Phylogénie moléculaire du genre Salix

Les résultats mis en évidence au chapitre 2 nous ont permis de répondre a I'hypothése du
projet. Nous avions proposé que la classification des espéces américaines, selon les données
moléculaires, se divisaient en cinq clades. Ces clades correspondraient aux cing sous-genres
(Chamaetia, Longifoliae, Protitea, Salix et Vetrix) décrits par Argus (1997, 2010).

Au chapitre 2, nous avons montré la présence de deux clades principaux. Le premier se divise
en trois sous-clades. La structure interne du second clade n’est pas suffisamment supportée
pour différencier avec certitude des sous-clades. Par conséquent, la classification d’Argus
(1997, 2010) est imprécise dans sa hiérarchisation en cing sous-genres. Cependant, le
regroupement des espéeces prédit par Argus est respecté au sein du premier clade.

Nous proposons une réorganisation pour le genre Salix en deux sous-genres, Salix et Vetrix.
Celle-ci est basée sur les especes américaines, mais nous pouvons généraliser a 'ensemble
du genre car les résultats des précédentes études tendent a soutenir une telle structure
(Azuma et al., 2000; Leskinen et Alstrom-Rapaport, 1999; Chen et al., 2010; Hardig et al.,
2010; Abdollahzadeh et al., 2011). Dans le sous-genre Salix, nous avons identifié trois
sections (Longifolia, Protitea et Salix). Globalement, la répartition des espéces dans ces trois
sections respecte la classification de Argus (1997, 2010). Le sous-genre Vetrix comprend la
majorité des especes assignées a Chamaetia et Vetrix (Argus, 1997, 2010). Ce sous-genre ne
montre pas de structure avec nos données moléculaires et des analyses supplémentaires
seront nécessaires pour y identifier des sections. La classification proposée dans nos travaux

se rapproche de celles proposées par Skvortsov (1968) et Dorn (1976).
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A l'aide des répartitions des espéces fournies par Argus (2007), nous avons proposé des
hypothéses expliquant les événements biogéographiques au sein des deux sous-genres, Salix
et Vetrix. Cependant, une datation avec des fossiles est nécessaire pour vérifier ces
hypothéses. De plus, des efforts dans le développement de nouveaux marqueurs devraient

se poursuivre afin d'améliorer la résolution des relations entre especes du sous-genre Vetrix.

4.3 Perspectives

Ce projet de recherche a permis de développer de nouveaux outils moléculaires chez les
saules, en particulier autour des espéeces nord-américaines. De plus, une phylogénie
moléculaire globale a été développée et cette étude présente un fort atout pour comprendre
et élaborer de nouvelles hypothéses au sein du genre Salix et de la famille des Salicaceae. A
long terme, les éléments du projet pourront étre utilisés pour continuer a accroitre les
connaissances au sein de genre Salix et a caractériser les cultivars commercialisés. De plus,
les données génétiques publiées par ce projet sont des éléments supplémentaires pour
évaluer la corrélation entre les liens génétiques et d’autres parametres (ex. données
écologiques ou morphologiques). Par exemple, I'’étude de Bell et al. (en soumission) a utilisé
les données de la région ITS sur onze cultivars pour déterminer si les flores microbienne et

fongique du sol vont s’associer avec certains groupes de saule.
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Annexes

Annexe 1. Extraction ADN par la méthode CTAB

Avant propos :

-Ce protocole utilise une plague de 96 microtubes de Qiagen (numéro de catalogue 19560).
Les étapes sont transférables aux autres formats (ex. tube individuel de 1.5 mL).

-Vérifier la présence des solutions et du matériel. Allumer le bain marie au préalable.

Etape préalable:

Lyophilisation des échantillons (non nécessaire si les échantillons sont secs (ex. gel de silice)
1) Prélever le matériel végétal frais, de préférence la partie foliaire.

2) Disposer dans les puits (quantité a ajuster).

3) Recouvrir la plaque avec du papier aluminium.

4) Percer des trous dans le papier d’aluminium (un trou par puits).

5) Lancer le lyophilisateur pendant 12 heures.

Jour 1, Etape 1:

Broyage du matériel végétal

6) Disposer une bille de tungstene de 3 mm par puit contenant I’échantillon (Qiagen, numéro
de catalogue 69997).

7) Mettre les capuchons (Qiagen, numéro de catalogue 19566).

8) Positionner les adaptateurs du Tissuelyser Il et placer I'ensemble dans la machine.
Remarque : a) Sélectionner les adaptateurs au bon format. b) Equilibrer la machine.

9) Lancer le broyage durant 30 s a une fréquence de 30 Hz. Remarque : un bon broyage laisse
apparaitre un halo vert sur le capuchon, si nécessaire cette étape peut-étre réalisée a
nouveau.

Jour 1, Etape 2 :

Extraction (les volumes indiqués correspondent a 1 échantillon)

10) Préparer le mélange suivant: 400 u L de CTAB (2X) + 0.004 g de polyvinylpyrrolidone
(PVP).

11) Placer le mélange a 65°C pendant 10min pour dissoudre le PVP.

12) Ajouter 0,8 u L de beta-mercaptoethanol dans le mélange.

13) Transférer 400 u L du mélange dans chaque puits contenant le broyat.

14) Placer les tubes (contenant le broyat et le mélange) a 65°C pendant 1h30. Homogénéiser
régulierement (15-20 min). Remarque : les capuchons peuvent sauter; il faut mettre une
plague au dessus pour soutenir les capuchons.

15) Ajouter 400 u L de chloroform:isoamylalcool (24:1) dans chaque puits.

16) Centrifuger 30 min a 4°C a 5788 g.



17) Transférer la phase supérieure (environ 300 u L) dans un nouveau tube de méme format.
18) Ajouter 200 1 Ld’ isopropanol 100%.
19) Laisser précipiter I’ADN toute la nuit a -20°C.

Jour 2, Etape 2 (suite):
Extraction (les volumes indiqués correspondent a 1 échantillon)

20) Centrifuger 30 min a 4°C a 5788 g.

21) Vider le surnageant (culot visible).

22) Ajouter 500 u L d’éthanol 70%.

23) Centrifuger 10 min a 4°C a 5788 g.

24) Vider le surnageant.

25) Sécher le culot d’ADN sous la hotte ou avec un speed-vac.

26) Suspendre le culot dans 100 x L du tampon TE (ou eau stérile) (volume modifiable).
27) Conserver les échantillons a -20°C.
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Annexe 2. Méthodologie pour caractériser de nouveaux marqueurs nucléaires en simple
copie. A) Description théorique des étapes a réaliser en partant du génome du peuplier et
des données de Duarte et al. (2010). B) Comparaison du polymorphisme entre Salix discolor
et S. eriocephala sur cing nouveaux genes nucléaires et sur ITS, matK et rbclL.

Annexe 2.A
-Séquencage complet de Populus trichocarpa L’étude de Duarte et al. (2010) a identifié des
(Tuskan et al. 2006). genes nucléaires en simple copie suspectés
-Plateforme Phytozome permet d’accéder d’avoir une forte valeur a différents niveaux
aux données. taxonomiques.

rBLAST des genes identifiés par Duarte et al. (2010) sur le génome du peuplier. La )
conservation en simple copie du gene est souhaitée. Sélectionner quelques génes

et caractériser des amorces pour amplifier la région cible. )

\ 4

(’ . oy, 7 . ’ . . )
Evaluer I'efficacité des amorces sur le peuplier (témoin +) et plusieurs saules.

\Vériﬁer I’'amplification PCR sur gel d’agarose pour valider la spécificité des amorces. |

v ,
s (" e )
Succes Aucune amplification Succes pour le témoin
de 100%. ou succes que pour le et un succeés partiel
témoin.
| ) pour les saules.
S {
Améliorer |e protocole KAméIiorer le \
PCR et/ou définir de protocole PCR et/ou
| nouvelles amorces définir de nouvelles
amorces en utilisant

Validation des \L Ie’s données :sus Stu
amorces et du S?Q_Uencsgel e ceI e
protocole PCR. leon chezle sau ej

v

Séquengage des produits PCR. Principalement, trois techniques sont offertes.

Migration SSCP Clonage Séquengage
+ séquencage + séquencage direct
\ 4

Analyser les données et définir le potentiel
des nouveaux marqueurs mis en évidence.
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Annexe 2.B

Cing spécimens de Cing spécimens de
Salix discolor Salix eriocephala

matkK Aucune variabilité en les spécimens de
Salix discolor et S. eriocephala

rbcl Aucune variabilité en les spécimens de
Salix discolor et S. eriocephala

ITS Aucune variabilité intra-espéece

1 SNP différenciant Salix discolor de S. eriocephala

( Genes nucléaires Faible variabilité intra-espece A
en simple copie 7 SNPs différenciant Salix discolor de S. eriocephala
sur le géne 2 et 10 SNPs sur le géne 4 (génes 1, 3 et

\ 5 ont été amplifiés mais non séquencés). )y

Détail des cing genes nucléaires. Le numéro POPTR fait \

référence au génome du peuplier
POPTR_0001516120 |Géne 1 Forward |GGAGTTTGTTGCGGTTGATT
Reverse |ATTGATGCCAGATTCCCTTG
POPTR_0011502930 |Géne 2 Forward |GTATTGGCTCTGGGGGATCT
Reverse |CCATGGCATAGTCCTAACTTGA
POPTR 0014515330 |Géne 3 Forward |[TCCTGAGGTTGATGCTGTTG
Reverse |GGGTCATCCATGTTGTGAATC
POPTR_0016s07110 |Géne 4 Forward |GGAAAGATGATCGCCAAGAA
Reverse |GCAGGAATAGCTCCATCGTG
Gene s Forward |TGACAATGGAGGATCTGTCG
Reverse |CGATGGGCTATCAGCAAAAT

@R_0018503160
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