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Résumé : Melampsora larici-populina est un champignon biotrophe qui infecte le peuplier et 
cause la maladie de la rouille foliaire, entraînant d’importants dégâts dans les peupleraies. Un 
des objectifs de l’UMR Interactions Arbres/Microorganismes est de caractériser les 
déterminants moléculaires de ce pathosystème. Au cours de cette thèse, des approches post-
génomiques ont permis de mener à bien quatre projets de recherche. Premièrement, l’analyse 
du transcriptome des temps précoces de l’interaction peuplier/M. larici-populina a révélé un 
transporteur de sulfate de peuplier fortement induit par l’infection (chapitre II). 
Deuxièmement, l’analyse phylogénomique de la famille des thaumatin-like proteins (TLP) a 
entre autres mis en évidence certains clades spécifiquement associés aux réponses aux stress 
chez le peuplier (chapitre III). Troisièmement, le gène codant la petite protéine sécrétée Risp 
de fonction inconnue est fortement induit lors des réponses de défense du peuplier et n’a pas 
d’homologue chez les autres plantes. La protéine recombinante est intrinsèquement 
désordonnée et présente une double activité de protéine antifongique envers M. larici-
populina et d’éliciteur endogène des réponses de défense chez le peuplier (chapitre IV et V). 
La combinaison de ces deux propriétés n’a jamais été rapportée chez une protéine de plante. 
Enfin, les gènes MlpP4.1 et MlpH1.1 de M. larici-populina codent des petites protéines 
sécrétées riches en cystéines et de fonction inconnue, considérées comme des effecteurs 
candidats (chapitre VI). L’expression de MlpP4.1 et MlpH1.1 est très fortement induite lors 
de l’infection des feuilles de peupliers et des activités de virulence ont été observées chez 
Arabidopsis thaliana. Les analyses biochimique et structurale des protéines recombinantes 
sont en cours et ont déjà permis de démontrer la forte stabilité de MlpP4.1, probablement liée 
à la présence de plusieurs ponts disulfures. A l’aide des protéines recombinantes, plusieurs 
partenaires protéiques ont été identifiés chez les plantes permettant d’établir des hypothèses 
quant à leur rôle.  

Mots clefs : arbre, basidiomycète, peptide de défense, protéine PR, effecteur 

 

Abstract : Melampsora larici-populina is a biotrophic fungus that infects poplar and causes 
the foliar rust disease, leading to severe damages in plantations. A major aim of the Tree-
Microbe Interactions department is to characterize molecular determinants of the 
pathosystem. During this thesis, four research projects were achieved through post-genomic 
approaches. First, transcriptome analysis of the early interaction between poplar and 
M. larici-populina revealed a fungal-induced host sulfate transporter (chapter II). Secondly, 
the phylogenomic analysis of the thaumatin-like protein (TLP) family uncovered some clades 
specifically associated with stress responses in poplar (chapter III). Thirdly, the gene 
encoding the small secreted protein of unknown function Risp is strongly induced during 
poplar defense reponses and has no homolog in other plants. The recombinant protein is 
intrinsically disordered and presents a dual activity as an antifungal protein against M. larici-
populina and as an endogenous elicitor of defense responses in poplar (chapter IV and V). 
The combination of both properties in a single protein has never been reported in plants. 
Finally, M. larici-populina MlpP4.1 and MlpH1.1 genes encode cysteine-rich small-secreted 
proteins of unknown fonction, considered as candidate effectors (chapter VI). MlpP4.1 and 
MlpH1.1 expression is strongly induced during poplar leaf colonization, and virulence 
activities were observed in Arabidopsis thaliana. Biochemical and structural analyses of 
recombinant proteins are ongoing and already revealed the strong stability of MlpP4.1, likely 
due to the presence of several disulfide bridges. Several plant partners of the recombinant 
proteins were identified and have allowed for setting hypotheses about their role.  

Keywords : tree, basidiomycete, host defense peptide, PR protein, effector 
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&H%! ! +<+,)6('!K'78(@)B!@)+(+,K*')!
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! ! K++/'(5+!
$(18@)!"`!! J)+!'K,51/@()+!BQ)==)',)8@+!B)+!6('@//@1K*(+6)+!K++/'(5+!K8W!;0K*,)+!
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H@,('0)!*o!R!! A),@)!0+*#->9!AJ/&!XG:9!R3"R!gY.K;(,@)!22h!
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Figure 1. Les maladies causées par les champignons, oomycètes et bactéries phytopathogènes 
(A-G) Maladies causées par des champignons basidiomycètes. (A) Maladie du charbon causée par Ustilago maydis sur un épi de 
maïs. (B) Formation de spores (triangle blanc) et de structures mimant des feuilles (flèche blanche) dans un épi de maïs infecté 
par Sporisorium reilianum. (e) Pustules de la rouille brune du blé formées par Puccinia striiformis f. sp. tritici. (D) 
Gymnosporangium cornutum sur le sorbier des oiseleurs. (E) Atelocauda digita sur les feuilles de koa. (F) Urédies traduisant 
l'infection du lin par l'agent de la rouille du lin Melampsora lini. (G) Pseudo-fleurs induites par Puccinia monoica chez l'Arabis. (H
M) Maladies causées par des champignons ascomycètes. (H) Blé infecté par Mycosphaerella graminicola. (1) Maladie de la 
pyriculariose du riz causée par Magnaporthe oryzae. (J) Pourritures grises causées par Botrytis cinerea sur des framboises. (K) 
Orge infecté par Blumeria graminis f. sp. hordei. (L) Blé infecté par Fusarium graminearum. (M) Symptôme sur une feuille infectée 
par Colletotrichum higginsianum. (N-Q) Maladies causées par des oomycètes. (N) Phytophthora infestans sur une feuille de 
pomme de terre. (0) Hyaloperonospora arabidopsidis sur Arabidopsis thaliana. (P) Vue aérienne d'une zone boisée avec des 
arbres morts suite à une infection par Phytophthora ramorum. (Q) Dépérissement des aulnes dû à Phytophthora alni. L'insert 
présente un chancre sur une tronc d'aulne. (R-U) Maladies causées par des bactéries. (R) Galle engendrée sur une branche de 
cerisier par Agrobacterium tumefaciens. (S) Symptômes foliaires chez Arabidopsis thaliana dus à une infection par Pseudomonas 
syringae pv. tomato. Les bactéries sont visibles en fond par microscopie électronique à balayage (T) Fleurs de pommiers infectées 
par Erwinia amylovora. (U) Plant de tomate infecté par Ralstonia solanacearum. 
Adapté de Dean et al., MPp, 2012/ Mansfield et al., MPp, 2012/ Schirawski et al., Science, 2010/ Grant et Jones, Science, 2009/ 
Ellis et al., Annual Reviews in Phytopathology, 2007 / Bolier et He, Science, 2009 / Coates et Beynon, Annual Reviews in 
Phytopathology, 2010/ www.apsnet.org 
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Figure 2. Les types d'interactions possibles entre les microorganismes parasites et les plantes 
Le gris désigne l'absence de colonisation ou une colonisation limitée des tissus de l'hôte par le parasite, tandis que le rouge 
désigne un succès de colonisation des tissus de l'hôte. 
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Figure 3. Les événements majeurs en phytopathologie depuis le milieu du XIXème siècle 
Adapté de 5taskawicz, 'Effectors in plant-microbe interactions~ 2012 / Herman, cours de phytopathologie 
'The Plant Cell~ 2012 
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Figure 4. Modèle en zigzag des interactions moléculaires plantes-parasites 
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Phase 1: les PAMP (pathogen-associated molecular patterns) élicitent des réponses de défense modérées (PTI; PAMP-triggered 
immunity). Phase 2: de par leur fonction de virulence, les effecteurs répriment le PTI et entraînent la susceptibilité de l'hôte (ETS; 
effector-triggered susceptibility). Phase 3 : un effecteur (ou facteur d'avirulence Avr) est reconnu par un composant (dit facteur de 
résistance ou protéine de résistance R) du système immunitaire (relation dite R - Avr), ce qui déclenche d'importantes réponses 
de défense (ETI; effector-triggered immunity) qui culminent avec une réponse hypersensible (HR) et la résistance complète de la 
plante. Phase 4 : au cours de l'évolution, un phénomène appelé 'course aux armements' favorise l'apparition de souches ayant 
perdu un facteur d'avirulence chez le parasite, ce qui permet de restaurer l'ETS chez la plante. Ce même phénomène favorise 
l'émergence de plantes possédant des gènes de résistance capables de reconnaître un nouvel effecteur et de restaurer l'ETI. 
Jones et Dangl, Nature, 2006 
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Figure 5. Modèles des interactions moléculaires plantes-parasites 
(A) Les PAMP sont reconnus par les récepteurs membranaires (PRR; pattern-recognition receptors), qui s'hétéro-dimérisent avec 
BAKl (brassinosteroids insensitive l-associated kinase) pour déclencher le PTI. Les bactéries sécrètent des effecteurs dans la 
cellule hôte par leur pilus tandis que champignons et oomycètes biotrophes différencient des haustoria pour sécréter leurs 
effecteurs. Les effecteurs suppriment le PTI, mais certains sont reconnus par des récepteurs cytoplasmiques tels que les protéines 
NB-LRR (nucleotide binding leucine-rich repeat), qui déclenchent alors l'ETI. (B) En plus des PAMP, les PRR peuvent détecter des 
DAMP (damage-associate molecular patterns) qui sont des éliciteurs endogènes. Cette reconnaissance est signalée sous la forme 
d'un signal de danger qui aboutit à un syndrome de défense. La reconnaissance d'effecteurs de parasites ayant co-évolués avec 
l'hôte accentue le syndrome de défense. 
Dodds et Rathjen, Nature Reviews in Genetics, 2010/ Bolier et Felix, Annual Reviews in Plant Biology, 2009 
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Tableau 1. PAMP et DAMP qui élicitent des réponses de défense chez les plantes 
Elicitor origin Nature 
Bacteria protein 

Oomycete 

Fungi 

Plant 

peptidoglycan 

lipopolysaccharides 
protein 

oligosaccharide 
glycopeptide 
polysaccharide 

protein 

oligosaccharide 
protein 

Elicitor (PAMPjMAMPjDAMP) 
flagellin (flg22) 

elongation factor (EF-Tu; elf18) 
ax21 
cold shock protien (CSP) 
DNA processing protein DprA 
CitG MdcB 

Receptor (species) 
FLS2 (ara bidopsis) 
NbFLS2 (tobacco) 
LeFLS2 (tomato) 
OsFLS2 (rice) 
EFR (arabidopsis) 
Xa21 (rice) 

ATP-dependent RNA helicase RhlB -
conserved hypothetical protein 
peptidoglycan LYM1 (arabidopsis) 

LYM3 (arabidopsis) 
CERK1 (arabidopsis) 

li popolysaccha rides 
elicitin (INF1) 
transglutaminase (pep13) 
heptaglucoside 
glycopeptide 
chitin 

xylanase 

oligogalacturonide 
systemin 
plant elicitor peptides (pep) 

hypsys 
inceptin 
subpep 
GmPep914 

NbLRK1 (tobacco) 

CERK1 (arabidopsis, rice) 
CEBiP (rice) 
LeEIX1 (tomato) 
LeEIX2 (tomato) 
WAK1 (arabidopsis) 

PEPR1 (arabidopsis) 
PEPR2 (arabidopsis) 

Receptor type 
LRR RLK 
LRR RLK 
LRR RLK 
LRR RLK 
LRR RLK 
LRR RLK 

LysM RLP 
LysM RLP 
LysM RLK 

Lectin-like RLK 
100 kDa protein 
glucanase 

LysM RLK 
LysM RLP 
LRR RLP 
LRR RLP 
wall-associated kinase 
160 kDa protein 
LRR RLK 
LRR RLK 

Adapté de Chinchilla et Bolier, Effectors in Plant-Microbe Interactions, 2012/ McCann et al., PNAS, 2012/ Yamaguchi et al., Plant 
Physiology, 2011/ Yamaguchi et Huffaker, Current Opinion in Plant Biology, 2011/ Monaghan et Zipfel, Current Opinion in Plant 
Biology, 2012/ Brunner et Nurnberger, PNAS, 2012. 
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(1) Peptides trom precursor proteins without an N-terminal secretion signal 

Precursor protein 1 

Systemins _ 1 
S/proSys (200 aa) 

Pep 
AtproPep1 (92 aa) 

1 Peptide sequence 

AVOSKPPSKRDPPKMOTD 

S/Sys (18 aa) 

ATKVKAKORGKEKVSSGRPGOHN 

AIPep1 (23 aa) 

(II) Peptides trom precursor proteins with an N-terminal secretion signal 

Il 

HypSys 
NtpreproHypSys (165 aa) 

RGANLPOOSOASSOOSKE 

NtHypSysl (18 aa) 

NRKPLSOOSOKPADGORP 

NtHypSysli (18 aa) 

ml) Cryptic peptides derived trom proteins with separate primary tunctions 

Inceptin 

SubPep 

• 
Chloroplastic ATP synthase 

y-subunit (370 aa) 

1 1 • 
Putative subtilase (789 aa) 

(Glyma 18948580) 

Figure 6. Les éliciteurs peptidiques endogènes chez les plantes 

* * ICDINGVCVDA 

Inceptin (11 aa) 

NTPPRRAKSRPH 

GmSubPep (12 aa) 

Des membres représentatifs de chacune des cinq familles d'éliciteurs peptidiques endogènes connus de plantes sont représentés, 
ainsi que leurs précurseurs, leur composition en acides aminés et les espèces chez lesquels ils ont été identifiés. Les 0 rouges 
indiquent les hydroxyprolines et les astérisques indiquent les cystéines impliquées dans des ponts disulfure. Les peptides clivés à 
partir du précurseur sont indiqués en bleu, les peptides de sécrétion apoplastique en orange et le peptide de localisation 
chloroplastique en vert. 
Yamaguchi et Huffaker., Current Opinion in Plant Bi%gy, 2011 
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INVASION 

~ AMPLIFICATION 

BAK1 

• • • • 

Signal Activation of 
cytosolic Ca2

+ elevation 
apoplastic ROS generation 
apoplast alkalinization 
MAP kinase cascade 
transcription factors 

Induced Responses: 
proPeps 

Peps 

defense related phytohormones -
defense proteins 
secondary metabolites 

• RESISTANCE 

Response 
Propagation 

., 

... 
• 

• , , , 

Figure 7. Modèle d'amplification des réponses de défense par les éliciteurs peptidiques endogènes 
La perception de MAMP par les PRR du système immunitaire entraîne une signalisation et la mise en place de réponses de 
défense. Les éliciteurs peptidiques endogènes tels que les PEP (plant elicitor peptides) sont un des composant de ces mécanismes 
de défense, qui vont être libérés dans l'espace extracellulaire pour amplifier le signal de défense en étant reconnu par les PEPR 
(PEP receptors) de manière autocrine (au sein de la même cellule) ainsi que par les cellules avoisinantes. 
Yamaguchi et Huffaker., Current Opinion in Plant Bi%gy, 2011 
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bacterial PRRs fungal PRRs oomycete PRRs DAMP receptors 

Ilagellin EF-Tu ax21 
(1Ig22) (eI118) (axys22) peptidoglycan xylanase Ave1 chitin heptaglucan 

~ ~ ~ / ~ 
, 1\ ~? /\,. ~ ,. 

FLS2 EFR XA21 LYM1 LYM3 CERK1 Eix1Eix2 Ve1 CERK1 GBP 
CEBiP • ? ? 

ILRR AtPeps OGs 

/\,. ~ 
PEPR1 PEPR2 WAK1 * LysM 

IEG 1 

, kinase 

Figure 8. Les couples PRR/ligands 
Les RLK (receptor-like kinases) ou RLP (receptor-like proteins) possèdent des domaines extracellulaires de type LRR ou LysM 
(lysine motif) et reconnaissent des PAMP bactériens (flagelline [flg22], facteur d'élongation [EF-Tu], peptide sulfaté ax21, 
peptidoglycanes), fongiques (xylanase, protéine avel, chitine) ou d'oomycètes (heptaglucanes). Ils peuvent également reconnaître 
des DAMP de la plante tels que les PEP d'arabidopsis (AtPeps) ou encore des fragments d'acide oligogalacturonique des parois 
végétales. 
Monaghan et Zipfel, Current Opinion in Plant Biology, 2012 
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Figure 9. Spécificité des MAMP, DAMP et systèmes de reconnaissance végétaux 

D Effectors 

• DAMPs 

• MAMPs 

Les MAMP sont généralement universellement présents au sein d'un large groupe taxonomique de microbes, tandis que leur 
reconnaissance par les plantes est plus hétérogène. De la même manière, la perception des DAMP peut être universelle comme 
pour l'OGA (oligogalacturonic acid) ou hautement spécifique comme pour la systémine. Les effecteurs présentent également ce 
schéma de répartition présence/reconnaissance hautement spécifique. 
Bolier et Felix, Annual Reviews in Plant Biology, 2009 
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Figure 10. Activation des PRR et réseau de signalisation du PTI 
Modèle actuel de la voie de signalisation de FLS2 chez arabidopsis_ En absence de ligand, FLS2 et d'autres récepteurs sont dans un 
état dit 'off'. Suite à la détection d'un ligand, FLS2, BAKl et d'autres protéines membranaires forment un complexe au niveau de la 
membrane plasmique, dont les domaines cytoplasmiques subissent de multiples événements de trans-phosphorylation_ Cela 
active le réseau de signalisation du PTI, notamment l'entrée de calcium dans la cellule, la génération de ROS, l'activation de 
différentes kinases et cascades de phosphorylation cytoplasmiques menant à l'induction de l'expression des gènes de défense_ 
Segonzac et Zipfel, Current Opinion in Microbiology, 2011 

~ 
GSNO 

GSHIGSSG 

~ 
? • ? • 

Figure 11. Modèles d'activation de l'expression des gènes de défense par NPR1 
Les changements redox modifient l'activité du co-activateur NPRl (non-expressor of PRl), le faisant passer d'un état inactif 
oligomérique à un état actif monomérique via une S-nitrosylation des cystéines, qui facilite leur réduction par des thiorédoxines_ 
L'interaction des monomères de NPRl avec les facteurs de transcription de type TGA active l'expression des gènes encodant des 
protéines PR_ Certains TGA (en vert) doivent être dans un état réduit pour être actif et interagir avec NPR1, la S-nitrosylation de 
leurs cystéines semble favoriser leur liaison à l'ADN_ 
Moore et al" The Plant Cell, 2011 
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Tableau 2. Les protéines PR 

Family Type member Typical size (kDa) Properties Proposed microbial target 

PR-1 Tobacco PR-1a 15 Antifungal Unknown 
PR-2 Tobacco PR-2 30 ~-1,3-Glucanase ~-1,3-Glucan 

PR-3 Tobacco P, Q 25-30 Chitinase (class l,II, IV,V,VI,VI) Chitin 
PR-4 Tobacco 'R' 15-20 Chitinase class l,II Chitin 
PR-5 Tobacco S 25 Thaumatin-like Membrane 
PR-6 Tomato Inhibitor 1 8 Proteinase-inhibitor 
PR-7 Tomato P69 75 Endoproteinase 
PR-8 Cucumber chitinase 28 Chitinase class III Chitin 
PR-9 Tobacco 'lignin-forming peroxidase' 35 Peroxidase 
PR-10 Parsley'PR1' 17 'Ribonuclease-like' 
PR-11 Tobacco 'class V' chitinase 40 Chitinase class 1 Chitin 
PR-12 Radish Rs-AFP3 5 Defensin Membrane 
PR-13 Arabidopsis THI2.1 5 Thionin Membrane 
PR-14 Barley LTP4 9 Lipid-transfer protein Membrane 
PR-15 Barley OxOa (germin) 20 Oxalate oxidase 
PR-16 Barley OxOLP 20 'Oxalate oxidase-like' 
PR-17 Tobacco PRp27 27 Unknown - a 

Les protéines PR (pathogenesis-related) sont induites dans les tissus infectés des plantes et participent aux réponses de défense, 
Elles ont été regroupées en 17 classes, de PR-1 à PR-17, 
"Aucune activité antimicrobienne in vitro n'a été rapportée 
Sels et a/.,P/ant Phyis%gy and Biochemistry, 2008 

Encadré 1. Les thaumatin-like proteins (TLP) dans les produits de consommation courante 

La thaumatine est une protéine qui fut découverte dans le fruit du Katemfe (Thaumatococcus 
daniellii) en 1972 par des chercheurs d'Unilever®. En plus de son activité antifongique, elle 
présente un très fort pouvoir sucrant et une forte capacité à modifier les goûts en masquant 
l'amertume. Ces propriétés sont utilisées dans l'industrie agroalimentaire et pharmaceutique, où 
la thaumatine est commercialisée sous le nom de Talin®. Le Talin est notamment incorporé dans 
la nourriture (desserts, chewing-gum, bonbons), les boissons (sodas, boissons alcoolisées), les 
médicaments (sirops pour la toux, analgésiques, antibiotiques) ou encore les produits d'hygiène 
comme le dentifrice. D'autre part, les TLP sont parmi les protéines les plus abondantes dans les 
fruits (pommes, bananes, pêches, cerises, raisin, ... ). Elles se retrouvent de fait dans notre 
alimentation et participent vraisemblablement au goût sucré des fruits que l'on consomme. Leur 
abondance dans le raisin en font les protéines les plus abondantes dans le vin et entraînent 
parfois des dépôts indésirables dits brumeux dans les bouteilles. Enfin, comme d'autres 
protéines PR, les TLP sont des agents allergènes majeurs des fruits et sont à ce titre des modèles 
d'étude des déterminants protéiques allergènes. 
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Figure 12. Méthodes de démonstration de l'activité antimicrobienne des protéines et peptides 
(A) Activité antifongique d'une PR-S (thaumatin-like protein), purifiée à partir de graines de Cynanchum Komarovii, envers le 
champignon Valsa mali. A: tampon phosphate, B: protéines totales de graines dénaturées à la chaleur, C: 10 Ilg de PR-S purifiée. 
(B) Activité antifongique d'une ~-1,3-glucanase de tabac qui inhibe la germination de spores de Fusarium graminearum in vitro 
(en bas) comparé à une condition contrôle correspondant à de la BSA (bovine serum albumin; en haut). (e) Mutant d'Arabidopsis 
thaliana sur-exprimant ectopiquement la protéine antimicrobienne AMP1 de Capsicum annuum, et présentant une résistance 
accrue à l'oomycète Hyaloperonospora arabidopsidis (en bas, indiqué par les flèches rouges) comparé à la plante sauvage (en 
haut). 
Adapté de Wang et al., PLoS ONE, 2011/ Anand et al., MPMI, 2004/ Lee et al., Plant Physiology, 2008 
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Figure 13. Les peptides cationiques antimicrobiens CAMP et leur évolution 
Les charges positives des CAMP (cationic antimicrobial peptides) leur permettent d'interagir avec les membranes microbiennes 
chargées négativement. Les microbes utilisent des enzymes de dégradation pour lutter contre les CAMP. Au cours de l'évolution, 
la charge globale positive des CAMP a augmenté ce qui a pour effet de renforcer l'interaction avec les membranes, de même les 
ponts disulfure se sont accumulés, ce qui permet une meilleure résistance aux dégradations. 
Figure adaptée de Peschel et Shal, Nature Reviews in Microbiology, 2006 
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Figure 14. Interaction des peptides antimicrobiens avec leurs cibles 
(a) Les AMP (antimicrobial peptide, en rouge), qui peuvent être non-structurés, interagissent avec l'enveloppe extérieure (CW/CE 
pour Cell Wall/Cell Envelope) de la cellule microbienne (In, en bleu) par des interactions électrostatiques. (b) Ils peuvent ensuite 
migrer au sein du CW et interagir avec les membranes, (c) où leurs propriétés biophysiques leurs permettent de s'insérer dans 
celles-ci. Durant ces étapes, les AMP peuvent adopter des structures en hélices alpha. Une fois insérés dans les membranes, ils 
peuvent (d) transloquer dans la cellule hôte ou (e) perturber l'architecture membranaire menant à la perméabilisation des 
cellules. (f) Les AMP internalisés peuvent perturber des processus liés à la réplication de l'ADN, la transcription des ARN ou 
encore l'activité de certaines enzymes, menant à la mort de la cellule. (g) Certains AMP perturbent l'architecture ou la synthèse 
des parois en interagissant avec des composants de celles-ci. En retour, les microorganismes ont des récepteurs (h) capables de 
détecter et de signaler la présence d'AMP, ce qui entraîne une modification de l'expression des gènes et des réponses de défense 
aux AMP (i) et qui interviennent au niveau du cytosol, de la membrane, des parois cellulaires et de l'environnement de la cellule. 
Marcos et al., Annual Reviews in Phytopathology, 2008 
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Figure 15. Les phytoalexines et leur sécrétion 

filaments 

(A) Formule chimique de deux métabolites secondaires d'arabidopsis (un glucosinolate et la camalexine). (B) Visualisation des 
mécanismes de pré-invasion focalisés au niveau des sites d'infection par des appressoria (ap) de spores (sp) de 81umeria graminis 
(en rouge) à l'aide de lignées d'arabidopsis exprimant des fusions GFP VAMP722 (a), PEN3 (b) ou PEN2 (c) en vert. (e) 

Représentation schématique des mécanismes pré-invasifs lors de la résistance non-hôte d'arabidopsis à 81umeria graminis. Suite 

à la reconnaissance de PAMP, la cellule met en place la production et la sécrétion focalisée de métabolites secondaires 
notamment grâce à PEN 1 (une syntaxine impliquée dans l'exocytose des vésicules), PEN2 (une myrosinase associée aux 

peroxysomes et impliquée dans la biosynthèse des glucosinolates) et PEN3 (un transporteur de type ABC qui permet la sécrétion 
transmembranaire des métabolites secondaires). 
Adapté de Lipka et al., Current Opinion in plant Science, 2008/ 8ednarek et Osbourn, Science 2009 
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Les peptides de type HDP (host defense peptide) combinent les capacités de tuer directement certains microbes à la manière des 
AMP et de stimuler les réponses immunitaires. 
Hancock et Sahl., Nature biotechnology, 2006 
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Figure 17. La fermeture des stomates comme mécanisme de défense face aux bactéries 
(A) Dans l'heure qui suit la perception de PAMP, la plupart des stomates se ferment. Certains restent cependant ouverts, ce qui 
permet aux bactéries de pénétrer dans la feuille. (B) Après trois heures, les bactéries Pseudomonas syringae pv. tomato DC3000 
présentes dans les tissus sécrètent un effecteur, la coronatine (COR), qui stimule la réouverture des stomates et l'entrée 
subséquente d'autres bactéries. 
Meletto et al., Annual Reviews in Plant Biology, 2008 
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Figure 18. Réponse systémique acquise, mémoire transgénérationnelle et signaux associés 
L'infection localisée de parasites induit l'accumulation de signaux mobiles comme l'acide azélaique, les salicylates de méthyle et le 
glycérol-3-phosphate, ainsi que la lipid-transfer protein DIR1 (defective induced resistance 1) et la protéine AZl1 (azelaic acid 
induced 1). Les signaux mobiles vont être transportés de manière systémique par le système vasculaire dans les tissus non
infectés de la plante. Notamment, l'acide salicylique stimule l'expression de protéines PR et induit des modifications 
épigénétiques de l'ADN qui permettront de transmettre une mémoire immunitaire aux générations suivantes. 
Spoel et Dong, Nature Reviews in Immunology, 2012 
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Encadré 2. Grand bal des effecteurs: qui inviter? 

Un effecteur est souvent présenté comme une protéine sécrétée par un agent pathogène à 
l'intérieur de la cellule hôte et qui interfère avec les mécanismes du système immunitaire, ou 
parfois comme une molécule microbienne qui altère la structure et les fonctions cellulaires de 
son hôte. Ces définitions sont, sur certains aspects, trop restrictives. Par exemple, les effecteurs 
TAL (transcription-activator like) favorisent la virulence d'un parasite sans perturber les 
mécanismes immunitaires, tandis que le bouleversement du phénotype qu'impose le 
champignon Puccinia monoica à son hôte et notamment l'induction d'organes (des pseudo
fleurs) est difficilement compatible avec une simple répression des mécanismes de défense. 
D'autre part, beaucoup d'effecteurs de champignons et d'oomycètes fonctionnent dans l'espace 
extracellulaire, tandis que la coronatine bactérienne, dont le rôle dans la virulence a été établi, 
est de nature non-protéique. Enfin, des microorganismes symbiotiques utilisent également des 
effecteurs, de même que les nématodes et les insectes utilisent des effecteurs. De fait, en 
suivant des définitions trop restrictives, on exclut certains effecteurs ce qui impose une vision 
trop simpliste de leur nature. 
En outre, certaines protéines sécrétées des champignons C1adosporium fulvum ou 
Magnaporthe oryzae par exemple, bien qu'ayant un rôle clef dans la virulence et étant 
présentées comme des effecteurs par certains auteurs, ne remplissent pas tous les critères 
pour être des effecteurs dans la mesure où ces protéines séquestrent des composés fongiques 
et ne perturbent pas directement la structure/fonction des tissus de l'hôte. Cet exemple illustre 
combien les définitions abstraites, bien qu'utiles et nécessaires, sont limitées pour décrire de 
manière parfaitement appropriée des molécules impliquées dans les interactions plantes
microorganismes. 
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Interactors: Proteins 
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Figure 19. Les catégories d'effecteurs des microorganismes associés aux plantes 
La couleur des boîtes indique si la fonction première de l'effecteur est d'induire le PTI (vert), de promouvoir la croissance des 
agents pathogènes biotrophes (bleu) ou nécrotophes (rouge). Le gris indique (sauf mention) la nature protéique des effecteurs et 
de leurs cibles, tandis que le jaune indique les autres classes comme les peptidoglycanes, les polysaccharides ou encore les 
peptides non-ribosomaux. CWDE : cell wall degrading enzyme, AE : apoplastic effector, CE : cytoplasmic effector, HST : host
selective toxin. 
Schneider et Col/mer, Annua/ Reviews in Plant Bi%gy, 2010 
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Figure 20. Fonctions ciblées par les effecteurs de Pseudomonas syringae 

Cell wall defenses • 

Les effecteurs de type III (T3E, type three effectors, en rouge) sont sécrétés par le système de sécrétion de type III (T355, type 3 
secretion system) des bactéries à l'intérieur de la cellule hôte où ils ciblent des protéines (en noir) impliquées dans des fonctions 
telles que la reconnaissance des éliciteurs par les PRR, les cascades de phosphorylation MAPK, le complexe membranaire 
impliquant RIN4, les voies de sécrétion des vésicules ou encore le métabolisme des petits ARN, qui sont impliqués dans les 
mécanismes de défense. Ces fonctions sont ciblées dans le cytoplasme, les chloroplastes, les mitochondries, ou encore le noyau. 
Block et A /fan 0, Current Opinion in Microbiology, 2011 

Tableau 3. Effecteurs bactériens avec fonctions et cibles connues 
effector Species Activity Target(s) 
Pseudomonas 
AvrB P. syringae pv. glycinea race 0 Promotes phosphorylation RIN4/RIPK/RAR1/ /MPK4 
AvrRpml P. syringae pv. glycinea race 0 Promotes phosphorylation RIN4 
Hopll P. syringae pv. maculicula ES4326 J-domain protein Hsp70 
AvrPphB P. syringae pv. phaseolicola race 3 Cysteine protease PBS1/BIK1/PBU 
HopZla P. syringae pv. syringae A2 Acetyltransferase GmHID1/Tubulin 
HopAll P. syringae pv. tomato 0288-9 Phosphothreonine Iyase MPK3/MPK4/MPK6/EOSl 
AvrPtoB P. syringae pv. tomato OC3000 E3 ubiquitin ligase Fen/Pto/FLS2/BAK1/CERK1/RIN4 
HopF2 P. syringae pv. tomato OC3000 Mono-AOP-ribosyltransferase RIN4/MKK5 
HopNl P. syringae pv. tomato OC3000 Cysteine protease PsbQ 
HopUl P. syringae pv. tomato OC3000 Mono-AOP-ribosyltransferase GRP7/GRP8 
AvrPto P. syringae pv. tomato JU065 Kinase inhibitor Pto/FLS2/EFR/BAK1/RIN4 
AvrRpt2 P. syringae pv. tomato Tl Cysteine protease RIN4 
Xanthomonas 
XopO X. campestris pv. campestris Bl00 SUMO protease AtMYB30 
AvrAC X. campestris pv. campestris 8004 UMP transferase RIPK/BIKl 
AvrBs3 X. campestris pv. vesicatoria race 1 TAL Upa20[Nodulin]/Bs3 
PthXol X. oryzae pv. oryzicola TAL Os8N3[sweet transporter] 
AvrXa7 X. oryzae pv. oryzicola TAL Osl1N3[sweet transporter] 
Ralstonia 
PopP2 R. solanacearum GMIlOOO Acetyltransferase RRS 1-R/RO 19 

Adapté de Deslandes et Rivas, Trends in Plant Science, 2012/ Bach et Bonas, Annual Reviews in Phytopathology, 2010 
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Figure 21. Les effecteurs TAL, la régulation du transport de sucre et la virulence des bactéries 
(a) L'effecteur TAL PthXol de la souche PX099A de Xanthomonas oryzae pv. oryzae (Xoo) induit l'expression du transporteur de 
sucre Os8N3, menant à une forte virulence des bactéries. (b-c) L'effecteur muté (b) ou la mutation du promoteur d'Os8N3 (c) 
entraîne l'absence d'induction du gène et un phénotype de virulence diminué. (d) La perte de fonction de PthXol peut être 
compensée par la présence de l'effecteur TAL AvrXa7 qui induit l'expression d'un autre transporteur de sucre, OsllN3, ce qui 
restaure la virulence des bactéries. 
Chen et al., Nature, 2010 
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Figure 22. Les effecteurs de Phytophthora infestons: motifs de translocation conservés et expression 
(A) Membres représentatifs des familles d'effecteurs apoplastiques, riches en cystéines (EPI1) et cytoplasmiques, aux domaines 
RXLR (Avr3a et avrlb-l) et LXLFLAK (CRN2 et 8) conservés. (B) Cycle hémibiotrophe de P. infestans et profils d'expression des 
transcrits de différentes classes d'effecteurs candidats associés aux différents stades infectieux. S : sporange, Z : zoospore; 2, 3, 4 
et 5 réfèrent au nombre de jours après inoculation sur feuilles de pomme de terre. 
Adapté de Kamoun, Current Opinion in Plant Biology, 2007/ Van Damme et al., 'Effectors in plant-microbes interactions~ 2012 



! "#$%&'()!*!

! S,!

)K%(&1.)!>#)P!0)!'$N$><!%(4N$N0)1)2'!)2!(.75&8$2'!0=$>>5150$'&42!7)!;_9!$5!2&3)$5!7)8!

8&')8!7=&2L)>'&42!@A42/!!"#$%D<!-B,,CD!"#)P!T'#$*$9+4.1(+4+(<!0)8!)LL)>')5(8!h$;KE,j<!:c;,!

45!:c;,\! >42LI()2'! ./$0)1)2'! 52)! 8)28&N&0&'.! $>>(5)! $5K! $/)2'8! %$'#4/I2)8! >#)P! 0)8!

%0$2')8!4g!&08!842'!)K%(&1.8<!%$(!7)8!1.>$2&81)8!?5&!()8')2'!)2>4()!&2>42258!@94#2!!"#

$%D<! -BBj! O! "$&00$57! !"# $%D<! -B,-CD! "42>)(2$2'! 0)8! )LL)>')5(8! $%4%0$8'&?5)8<! ?5)0?5)8!

7&P$&2)8!7)!/I2)8!>47$2'!7)8!)2PJ1)8!7)!7./($7$'&42<!7)8!%(4'.$8)8!)'!7)8!&2#&N&')5(8!

7)! %(4'.$8)8! 42'! .'.! &7)2'&L&.8! $5! 8)&2! 7)8! /.241)8! 7=441J>I')8! @o$2! A$11)! !"# $%D<!

-B,-NCD! G$(! )K)1%0)<! WG*",! )'! WG*"-Q! 7)! &'#+,>!("$,(# 842'! 7)8! %(4'.&2)8! (&>#)8! )2!

>J8'.&2)8!?5&!&2#&N)2'!0)8!>J8'.&2)!%(4'.$8)8!;>(\!)'!",e<!>)!7)(2&)(!.'$2'!52!(./50$')5(!

%48&'&L!7)8!(.%428)8!7)!7.L)28)!>#)P!0$!'41$')!@U50LL!!"#$%D<!-BBa!O!]$8#$2&!!"#$%D<!-B,BCD!

A)! 1$2&I()! &2'.()88$2')<! ",e! )8'! >&N0.)! F! 0$! L4&8! %$(! 52! )LL)>')5(! >J'4%0$81&?5)!

@:3(N0N-C! 7$28! 0$! >)0050)! #6')! )'! %$(! 7)8! )LL)>')5(8! $%4%0$8'&?5)8! 7$28! 0=)8%$>)!

)K'($>)0050$&()D! ")0$! (.3I0)! ?5)! %45(! %(414534&(! 0)5(! 3&(50)2>)<! 0)8! 441J>I')8! 42'!

7.3)04%%.! $5! >45(8! 7)! 0)5(! .3405'&42! %058&)5(8! )LL)>')5(8! %453$2'! &2')(L.()(! $3)>! 52!

1Y1)! >41%48$2'! 7)8! 7.L)28)8! 3./.'$0)8! $5! 2&3)$5! 7)! 7&LL.()2'8! >41%$('&1)2'8!

@Q4PV5('!!"#$%D<!-B,-CD!!

!"B"#$+,#+--+./+01,#4+,#.<3678C=5=,#

M# %;+,("$*#4!(#../)=6"!(D# %$#4+(1.,+9+%+":#4!#1%5(+!5*(#-:,./!(#4!# =2$/1+-,.,(#$#1!*/+(#

4;:"$9%+*#4!(#=$"$%.-5!(#4;!>>!="!5*(#=$,4+4$"(D#9+!,#85!# %;$9(!,=!#4!#/."+>(#=.,(!*E:(#$+"#

*!,45# %$# "U=2!#1%5(# =./1%!G!'#S,#1$*"+=5%+!*D# %;:"54!#4!# %;!G1*!((+.,#4!# =!(# *:1!*".+*!(# +,#

1%$,"$#$#1!*/+(#4!# *:E:%!*#4!(# E$-5!(#4;!G1*!((+.,#4;!>>!="!5*(# =$,4+4$"(# !,# >.,="+.,#45#

("$4!#4;+,>!="+.,'#V5!%85!(# >$="!5*(#4!#E+*5%!,=!# =)".1%$(/+85!(#!"#$1.1%$("+85!(#.,"# :":#

4:=*+"(#B#=!#C.5*'##

#"G"8"%9,+%4'(,4/)34,+%-@,..,0/,:4+%06*-3-6/+%.)*D3H:,+%I%7,+%(,/3/,+%(4)/'3*,+%
+'04'/',+%
E)8! /.241)8! 7=52)! 3&2/'$&2)! 7=)8%I>)8! 7)! >#$1%&/2428! %$'#4/I2)8! 7)! %0$2')8!

@1$T4(&'$&()1)2'!7)8!$8>41J>I')8C!42'!.'.!8.?5)2>.8!)'!$2$0J8.8!>)8!7)(2&I()8!$22.)8!

@Z&/5()!-\!O!;$LL$)0)!)'!]$1452!-B,-CD!*0!>423&)2'!7=$T45')(!F!>)'')!0&8')!0$==$*+$#9+=.%.*!

)'! ?59!*# /!%$,.(1.*5/! ?5&<! N&)2! ?5)! 8J1N&4')8! 15'5$0&8')8<! ()8')2'! 2.$214&28! 7)8!

1&>(44(/$2&81)8! $5!147)! 7)! 3&)! N&4'(4%#)! @H$('&2! !"# $%D<! -BBb<! -B,B! O! ])1)2! !"# $%D<!

-B,-CD!:5!'4'$0<!0)8!/.241)8!7)!8)%'!N$8&7&41J>I')8<!'458!N&4'(4%#)8<!42'!.'.!8.?5)2>.8!

F!>)!T45(D!E)8!$/)2'8!75!>#$(N42!75!1$p8<!W'#/$)4+(#)'!X1.*+(.*+5/#*!+%+$,5/D!0=$/)2'!75!

>#$(N42!7)!0=4(/)!W("+%$-.#2.*4!+#$&28&!?5)!0'#9+=.%.*#842'!7)8!N&4'(4%#)8!242X!



! "#$%&'()!*!

! S-!

Genome Genome 
Natural host(s) size (Mb) comparisons 

Prote in
coding 
genes 

Repetitive 
DNA 
content 

,----- Phytophthora ramorum 

f-------- Phytophthora sojae 

f----- Phytophthora phaseoli race F18 

f------ Phytophthora mirabilis PIC99114 

f-------- Phytophthora ipomoeaeP IC79916 

Oak, woody sh ru bs 65 . ) Expan,ion of 

Soybean 95 . effectorfamilies 

14,451 

16,988 

19.6ZZ 

19,634 

20,545 

18,155 

14,543 

15,291 

13,032 

15,824 

28 

39 

Lima bean ZZO ND 

ND 

ND 

Four O'clock 280 
+ RXLR effectors 

t ~';<;,R';r~~~~!l~,way" Phytophthora infestans(3) 
Oomycetes t Hyaloperonospora arabidopsidisEmoy2 
~tt~C'RRN~eff!,;e;;;ct~or~'f~'~" e--±1IEfffl,e",ct",or"'.C<:C~WI,[D'hE, Pythium ul tim um DAOM BR 144 

F roteol ,i,. cadherins Albugo laibachii (2) 

t SMB tCHXC effectocs Alb d'd A 2VRR 
pathways ugo can 1 Q C 

Morn ing g lory 

Potato, tomato 

Arabidopsis 

Mult iple 

Arabidopsis 

C ruc ife rs 

~t=CW~DE~,--- Ustilago maydis 521 Ma ize 
Basidio-.~r---l!~.'::'::~ __ Sporisorium reilianumSRZ2 Ma ize 
mycetes 

t SMB Puccinia striiformisf. sp. t rit ici race 130 Wheat 

pathways Puccinia graminis f. sp. tri tici CRL 75- 36-700 Wheat 

Fungi 

t~'.fr;porte", '------ Melampsora larici-populina98AG31 

lWJ----t-C-W-D-h-- Venturia inaequalis 

1 -----t::::== Mycosphaerella graminicola(12) 
r Septoria passerinii P63 

Pyrenophora teres f. teres 0-1 

'----1------- Leptosphaeria maculansv23 .1.3 
.~. +SSPs in AT-rich re ions S tagonospora nodorum SN15 

Asco- ,------ Sclerotinia sclerotiorum 1980 U F-70 
mycetes L't~SM .... B<>=e",nec" __ Botrytis cinerea (2) 

t CWDE 
transporters . . ______ ~ ,------ Golovinomyces orontii 

~~Bp:;~~:;s, L..jl'rf}------ Erysiphe pisÎ 

L!t--,-YX",C",e",ff",ec",to",cs,--_ Blumeria graminisf. sp. hordei DH14 

r'-"======"'-- Magnaporthe oryzae(2) 

tg!{Q!~-[==== Verticillium albo-atrum VaMs.l02 
1 Verticillium dahliae Vd Ls.17 

,-------- Fusarium oxysporum f. sp. lycopersici 4287 

::1 11ii!t-=====~ Nectria haematococca mpVI77-13-4 

~ Ob li gate biotrop h 

~ Biotroph 

,----- Fusarium verticillioides7600 

L-____ Fusarium graminearum(2) 

~ He mi biot roph t Reduct ion o r loss of gene fam ilies 

fj Necrotrop h t Ge ne ga in o r gene-fa mily expansion 

Popla r 

Apple 

Wheat 

Ba rley 

Ba rley 

C ruc ifers 

Wheat 

Mult iple 

Mult iple 

Arabidopsis 

Pea 

Grasses 

Rice. g rasses 

Mult iple 

Mult iple 

Mult iple 

Mult iple 

Cerea ls 

Wheat, ba rley 

Non- repet it ive 

230 

240 

100 

43 • 
37 • ~ 6 Mb heterozygous 

V 96P/A 
45 • 

21 . ) 43 divergence 
19 . clusters 

68 • 3 Microsynteny 
89 . Weak synteny 

101 . ;a6!1~:slSgene 
38 • 

32-40 • ~ ~~~s~~onSSPs 
40 • ..J High recomb. ) 
42 . areas 

45 • Mesosynteny 

37 • 

38 . ) TEs disrupt synteny 
39 . in S. sdemtiorum 

160 . 

151 . 

120 . 

40 . :J ~~~1~3~~~~eg~~~r: 
30 . ) 
35 . 4 LS regions 

60 • 

54 . :)t Chr. fusions TE -rich 
42 3jjDcg LS chr. Chr. transfer 

36 . :J :~':~~~~is~ands 

Repet it ive 

6,786 

6,648 

ZZ,815 

17,773 

16,339 

ND 

9,521-10,933 

ND 

11,799 

12,469 

10,762 

14,5ZZ 

16,448 

ND 

ND 

5,854 

11,109 

10,ZZl 

10,533 

17,735 

15,707 

14,179 

13,332 

ND 

74 

43 

ZZ 

17 

39 

34 

18 

45 

45 

18 

ND 

ND 

ND 

~ 64 

t 52 

ND 

ND 

28 

5 

8 

44 

Figure 23. Les génomes séquencés de champignons et d'oomycètes parasites des plantes 
Les relations phylogénétiques, le mode de vie ainsi que les familles de gènes ayant subis d'importantes variations au cours de 
l'évolution sont présentés pour la trentaine d'agents pathogènes filamenteux des plantes dont le génome a été séquencé, analysé 
et publié. L'hôte naturel, la taille du génome, le nombre de gènes codants des protéines et la proportion d'éléments répétés au 
sein des génomes sont également précisés. 
Raffae/e et Kamoun, Nature Reviews in Microbi%gy, 2012 
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* Figure 24. Les répertoires 
d'effecteurs candidats établis 
chez les champignons 
Les barres indiquent le nombre 
d'effecteurs candidats identifiés au 
sein du génome, ou bien le nombre 
total de protéines sécrétées si marqué 
d'un astérisque. Le point 
d' interrogation indique que 
l'information n'est pas disponible. 
Schmidt et Panstruga, Current Opinion 
in Plant Bi%gy, 2011 
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Tableau 4. Les effecteurs de champignons 

effectora effector CysC Spd positive localization function/homology required R gene (protein type) 
size b selection in plante for virulence 

Magnaporthe oryzae (rice) 
Ace1 4035 43 no polyketide synthase Pi33 
Avr-Pita 176 8 yes yes cytoplasm Metalloprotease-like no Pi-ta (NB-LRR) 
Avr-Pita2 8 yes yes apoplast Metalloprotease-like no Pi-ta (NB-LRR) 
Avr-Pita3 8 yes yes cytoplasm Metalloprotease-like no 
Pwl1 124 2 yes apoplast 
Pwl2 126 1 yes apoplast 
Pwl3 116 0 yes apoplast 
Pwl4 117 0 yes apoplast 
Avr1-C039 yes Pi-C039 
AvrPiz-t 108 - yes suppress cell death Piz-t (NB-LRR) 
Avr-Pia 85 2 yes cytoplasm Pia (NB-LRR) 
Avr-Pii 70 3 yes cytoplasm Pii (NB-LRR) 
Avr-Pik/km/kp 113 3 yes cytoplasm Pi-k/pi-Km/Pi-kp (NB-LRR) 
MC69 54 2 yes apoplast yes 
SIp1 135 6 yes apoplast bind chitin yes 
C/adosporium fu/vum (tomato) 
Avr2 58 8 yes yes apoplast Protease inhibitor yes Cf-2 (LRR-RLP) 
Avr4 86 8 yes yes apoplast Chitin-binding yes Cf-4 (LRR-RLP) 
Avr4E 101 6 yes yes apoplast Hcr9-4E (LRR-RLP) 
Avr9 28 6 yes yes apoplast Carboxypeptidase inhibitor Cf-9 (LRR-RLP) 
Ecp1 65 8 yes No apoplast Tumor-necrosis factor receptor yes Cf-Ecp1 
Ecp2 143 4 yes No apoplast yes Cf-Ecp2 
Ecp4 101 6 yes No apoplast Cf-Ecp4 
Ecp5 98 6 yes No apoplast Cf-Ecp5 
Ecp6 199 8 yes No apoplast LysM-domains; chitin-binding yes 
Ecp7 100 6 - apoplast 
Fusarium oxysporum f. sp. /yeopersici (tomato) 
Avr3 (Six1) 189 8 yes Xylem yes 1-3 
Six2 172 8 yes Xylem no 
Six3 144 2 yes Xylem yes 1-2 (NB-LRR) 
Avr1 (Six4) 184 6 yes Xylem suppress ET1 (yes) 1 or 1-1 
Me/ampsora lini (flax) 
AvrL567 127 yes yes cytoplasm no L5, L6 and L7 (NB-LRR) 
AvrM 314 yes yes cytoplasm M (NB-LRR) 
AvrP123 94 11 yes yes cytoplasm Kazal Ser protease inhibitor P, Pl, P2 and/or P3 (NB-LRR) 
AvrP4 67 6 yes yes cytoplasm Cystine knotted peptide P4 (NB-LRR) 
Ustilago maydis (maize) 
cmu1 265 - yes cytoplasm chorismate mutase yes 
pitl 435 -
pit2 118 - yes 
Pep1 178 4 yes apoplast peroxidase inhibitor yes 
Leptospheria macu/ans (oilseed rape) 
AvrLm1 183 1 yes yes cytoplasm Rlm1 
AvrLm6 124 6 yes apoplast Rlm6 
AvrLm4-7 122 8 yes yes apoplast Rlm4 and/or Rlm7 
Rhynchosporium secalis (barley) 
Nip1 60 10 yes yes apoplast induces necrosis no Rrs-1 
Nip2 6 yes yes apoplast induces necrosis no 
Nip3 8 yes yes apoplast induces necrosis no 
B/umeria graminis f. sp. hordei (barley) 
Av ra 10 286 4 - cytoplasm Mla10 (NB-LRR) 
Avrk1 177 3 - cytoplasm Mlk1 (NB-LRR) 
Colletotriehum orbieu/are (cucumber) 
N1S1 142 Oyes apoplast no 
DN3 74 Oyes apoplast suppress cell death 
Puccinia graminis f. sp. tritiei (barley) 
RGD-binding protein 820 7 no apoplast induce HR Rpg1 (RLK) 
VPS9 744 4 no apoplast induce HR Rpg1 (RLK) 
Laecaria bic%r (tree roots) 
MiSSP7 68 Oyes no cytoplasm yes 
G/omus intraradices (plant roots) 
SP7 248 Oyes cytoplasm limit immune responses yes 

aLes protéines discutées dans l'encadré 2 ainsi que celles codant des métabolites secondaires sont indiquées 
btaille de l'effecteur mature 
cnombre de cystéines 
dprédiction d'un signal peptide de sécrétion 
ecertaines localisations proviennent d'évidences indirectes 
Adapté de Stergiopoulos et De Wit, Annual Reviews in Plant Science, 2009 / Khang et Valent, Current Opinion in Plant Biology, 
2010/ Djamei et al., Nature, 2011 / Doehlemann et al., PLoS Pathogens, 2009 / Doehlemann et al., Molecular microbiology, 
2011/ Hemetsberger et al., PLoS Pathogens, 2012/ Yoshino et al., 2012/ Mentlak et al., The Plant Cell, 2012/ Saitoh et al., PLoS 
Pathogens, 2012. 
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Figure 25. Mode de fonctionnement de Cmul d'Ustilago maydis 
La chorismate mutase Cmul est sécrétée dans le cytoplasme d'une cellule de maïs (vert pâle) infectée par Ustilago maydis (en 
jaune orangé), puis diffuse dans les cellules voisines. Cette enzyme favorise la virulence du champignon en aiguillant le 
chorismate vers la voie des phénylpropanoïdes au détriment de la voie de biosynthèse de l'acide salicylique (SA). Les flèches 
indiquent le mouvement de Cmul ou des transitions métaboliques, la flèche en pointillé indique un mouvement physique ou un 
rétro-contrôle du préphanate ou de ses dérivés sur certains processus du chloroplaste (en vert foncé). ZmCmul et ZmCmu2 
indiquent les chorismate mutases de la plante. 
Djamei et al., Nature, 2011 

Figure 26. Les structures de sécrétion des effecteurs des champignons biotrophes 
Principales structures d'infection des champignons parasites biotrophes des plantes. Cladosporium fulvum (Cf.) envahit 
l'apoplaste, Magnaporthe oryzae (M.o.) différencie des hyphes invasives (IH) et une interface biotrophe appelée BIC (biotrophic 
interfacial complex, en jaune) dans la cellule hôte, Melampsora lini (M.!.) et 81umeria graminis (B.g.) invaginent des haustoria (H) 
simples ou ramifiés dans la cellule hôte. Les formes colorées symbolisent les effecteurs (E) sécrétés dans l'apoplaste, dans le 
cytoplasme ou dans la matrice extra-haustoriale (EH MX) par les différents parasites. FPM: membrane plasmique fongique, FCW: 
paroi cellulaire fongique, A: appressorium, N (en rouge): cou de l'haustorium, EHM: membrane extrahaustoriale, PCW: Paroi 
cellulaire végétale, PPM: membrane plasmique végétale, EIHM: membrane de l'hyphe invasif 
Koeck et al., Cellular microbiology, 2011 
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Figure 27. Détection d'effecteurs transloqués depuis un champignon dans une cellule infectée 
(A-e) Immunolocalisation, par microscopie électronique à transmission, d'effecteurs transloqués à l'intérieur de cellules végétales 
infectées. (A) Cmul d'Ustilago maydis infectant le maïs. ppm: membrane plasmique végétale, pc: cytoplasme végétal, fcw: paroi 
cellulaire fongique, pcw: paroi cellulaire végétale. (B) AvrM de Melampsora lini infectant le lin. Hm: haustorium, Cy: cytoplasme, 
v: vacuole, hcw: paroi de l'haustorium, ehm: matrice extrahautoriale. (e) RTPl (flèche blanche) d'Uromyces striatus infectant une 
fèverole. H: haustorium. (D) Immunolocalisation, par microscopie à fluorescence, de MiSSP7 de Laecaria bieolor colonisant des 
racines de peuplier. hn: réseau de Hartig, e: root epidermal, n: plant nucleus, fm: manteau fongique. (E) Localisation par 
microscopie à fluorescence de SP7 de Glomus intraradices fusionné à la mRFP (en rouge) et sécrété par Magnaporthe oryzae (en 
vert) dans des cellules d'épiderme d'oignon. (F) Localisation, par microscopie à fluorescence, de la construction 
PWL2:hHl:mCherry (en rouge) sécrétée par Magnaporthe oryzae (en vert) dans des cellules de riz. Le signal rouge marque le BIC 
et le noyau. 
Figure adaptée de (A)-Djamei et al., Nature, 2011/ (B)-Rafiqi et al., The Plant Cell, 2010/ (C)-Kemen et al., MPMI, 2005/ (D)-Plett 
et al., Current Biology, 2011/ (E)-Kloppholz et al., Current Biology, 2011/ (F)-Khang et al., The Plant Cel/, 2010 
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Figure 29. Modèles d'interactions R - Avr 

LS, L6, L7: AvrL567 
M: AvrM 

Pi-ta: Avr-Pita 
1-2: Six3 

• 

Figure 28. Les différentes 
protéines de résistance aux 

champignons chez les plantes 
(a) Les LRR RLP tels que les Cf, Ve, HcrVf 
et LeEix confèrent une résistance aux 
champignons pathogènes Cladosporium 
fulvum, Verticillium sp., Venturia 
inaequalis et Trichoderma sp. au travers 
de la reconnaissance des effecteurs (en 
rouge) de ces parasites. (b) Certains TIR
NB-LRR du lin reconnaissent les 

effecteurs de Melampsora lini tandis que 
certains LZ/CC-NB-LRR du riz ou de la 
tomate reconnaissent respectivement 
des effecteurs de Magnaporthe oryzae et 
Fusarium oxysporum f. sp. Iycopersici. 
Stergiopoulos et de Wit., Annual Reviews 
in Phytopathology, 2009 
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(A) Les quatre modèles de reconnaissance des facteurs d'avirulence (en vert) par des protéines de résistance (de type NB-LRR ici; 

LRR, bleu; NB, orange; ATP/ADP, jaune; TIR/CC, violet) sont représentés. La cible de virulence ou le leurre est en rouge. (B) 
L'effecteur AvrBs3 (étoile rouge) de Xanthomonas cible un promoteur (rectangle bleu) présent en amont du gène Upa20 pour 
activer son expression et favoriser la virulence. Un promoteur situé en amont du gène de résistance Bs3 leurre AvrBs3 pour 
induire l'expression de la flavine monooxygénase Bs3 qui promeut la mort cellulaire et la résistance aux bactéries. Les tirets fins 
indiquent la membrane plasmique et les tirets épais la membrane nucléaire. 
Dodds et Rathjen, Nature Reviews in Genetics, 2010/ Saijo et Schulze-Lefert, Cell Host & Microbe, 2008 
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Encadré 3. Apports des structures 3D pour la compréhension des effecteurs d'eucaryotes 

La résolution de la structure tridimensionnelle (3D) de protéines effectrices permet 
généralement d'identifier les acides aminés impliqués dans l'interaction de l'effecteur avec 
d'autres molécules. Par exemple, les acides aminés formant une surface chargée positivement 
sont nécessaires à avr1b de P. sojae pour interagir avec des phospholipides (A; Yaeno et aL, 
2011). De même, des acides aminés exposés et polymorphes d'AvrLS67 de M. Iini sont 
déterminants pour l'interaction avec les récepteurs immunitaires NB-LRR LS et L6 du lin (B; Wang 
et aL, 2007). Les informations 3D peuvent aussi être connectées à la localisation de l'effecteur. En 
effet, la résolution de la structure 3D d'ATR13 de H. arabidopsidis a révélé un domaine 
désordonné impliqué dans la localisation nucléaire de la protéine (C; Leonelli et aL, 2011). L'état 
d'oligomérisation d'un effecteur peut également être caractérisé via la structure 3D, comme c'est 
le cas par exemple pour PexRD2 de P. infestans (D; Boutemy et aL, 2011). Enfin, la comparaison 
récente de plusieurs structure 3D a permis de déceler la présence d'un noyau structural conservé 
servant de base structurale à la diversification de nombreux effecteurs d'oomycètes (E; Win et aL, 
2012). 

A B 

Amino acid position Protein interaction 

50 56 90 96 L5 L6 
AvrL567·A K S R + + 

Il. Il. Il. Il. Il. Il. AvrL567-A 150T T K S R 
M~lI) M ~ li) AvrL567-A K56D 1 0 S R + + 

pmol ii:ii:ii: ii:ii:ii: 
AvrL567-A 8901 K 1 R + + 

200 • AvrL567-A R96L 1 K S L + + 
100 • AvrL567·D T N L + 

50 • AvrL567-D T501 N L + + 
25 AvrL567-D N56D T 0 L + 

12.5 AvrL567-D 1908 T N S L + 
6.25 AvrL567-D L96R T N 1 R + + 

WT RFLR RFLR K79E K79E,K83E AvrL567-D L968 T N S 

IAAAA IQFLR 

C 
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Immature NB-LRR 

. ... . (' .' ~) .. ". 

NB-LRR maturation 

HSP90/RAR1/PP5 

SGT1 

SCF/COP9 

NB-LRR degradation 

Nucleo-cytoplasmic trafficking 

HR in cytoplasm 

Figure 30. Modèle d'activation des NB-LRR 

Effector-mediated activation 

CNL dimer 

"OFF" state 

Intermediate state 

TNL dimer \ CNL dimer 

"ON" state 

Les NB-LRR de type TNL ou CNL sont dans des états inactifs (off) en absence d'effecteurs. Les chaperons HSP90, RARl et PPS sont 
impliquées dans le repliement correct des protéines, tandis que la dégradation de celles qui sont mal repliées dépend d'un 
système dépendant du protéasome. Ces protéines inactives lient de l'ADP au niveau de leur domaine NB-ARC. Suite à la 
reconnaissance directe ou indirecte d'un effecteur, les NB-LRR adoptent un état actif (on) dans lequel ils lient de l'ATP. TNL et CNL 
forment des dimères via leurs domaines TIR et CC, respectivement. Certains NB-LRR font l'objet d'un trafic nucléo-cytoplasmique. 
La lyse de l'ATP renvoie les NB-LRR dans des états inactifs dans lesquels ils sont liés à de l'ADP. 
Takken et Goverse, Current Opinion in Plant Biology, 2012 
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Les réponses de défense des plantes (output intensity) sont qualitativement les mêmes lors des interactions compatibles et 
incompatibles, mais quantitativement plus importantes lors de l'incompatibilité. Elles sont fonction de l'intensité du signal 
d'entrée (input intensity) qui fait suite à la détection des parasites. 
Eulgem, Trends in Plant Science, 2004 
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Figure 32. PTI et ETI empreintent des voies de signalisation similaires 
Le PTI et l'ETI empruntent les mêmes voies de signalisation mais les sollicitent d'une manière différente, ce qui mène à une 
défense modérée dans le cas du PTI et soutenue dans le cas de l'ETI. 
Tsuda et Katagiri, Current Opinion in Plant Science, 2010 
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Figure 33. Les signatures de pression de sélection positive chez les effecteurs RXLR 
Les barres rouges indiquent que les résidus évoluent sous pression de sélection positive (ou diversifiante). Typiquement, les 
effecteurs de P. infestans présentent de nombreux résidus avec ces signatures en C-terminal. 
Raffaele et Kamoun, Nature Reviews in Microbiology, 2012 
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Figure 34. l'évolution de facteurs de virulence supprimant l'ETI chez les champignons 
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(A) De gauche à droite: les PAMP de Fusarium déclenchent le PTI chez la tomate. l'effecteur Avr2 inhibe le PTI. La protéine de 
résistance 1-2 reconnaît Avr2 et déclenche l'ET!. l'effecteur Avr1 inhibe l'ETI déclenché par 1-2. La protéine de résistance 1-1 
reconnaît Avr1 et déclenche l'ET!. (B) l'évolution de nouveaux facteurs de virulence et de nouvelles protéines de résistance peut 
être modélisée sous la forme d'une course aux armements. Dans ce modèle, un parasite aquièrt un effecteur qui lui confère un 
avantage sélectif, entraînant la dispersion de l'allèle dans les populations (trait plein). En réponse, un allèle permettant aux 
plantes de mieux résister aux parasites porteurs de cet effecteur se disperse à son tour dans les population d'hôtes (trait en 
pointillés). 
Takken et Rep, MPp, 2010/ Terauchi et Yoshida, New Phytologist, 2010 
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Figure 35. Evolution du mode de vie biotrophe chez les agents pathogènes filamenteux des plantes 
5traménopiles (en orange) et Opisthocontes (en bleu) ont divergé très tôt durant l'évolution. Ils ont donné respectivement les 
oomycètes et les champignons, au sein desquels certaines espèces présentent un mode de vie parasitique biotrophe telles que 
les agents des rouilles blanches (white rust) et des mildious duveteux (downy mildews) chez les oomycètes et agents des mildious 
poudreux (powdery mildews) et maladies de rouilles (rusts) chez les champignons. Différents évènements évolutifs majeurs sont 
notés par des lettres (de a à g) et replacés sur une échelle de temps à gauche débutant avec le dernier ancêtre commun des 
eucaryotes LECA (Iast eukaryotic common ancestor). 
Kemen et Jones, Trends in Plant Science, 2012 

(Hemi)Biotrophic 
plant pathogens 
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Figure 36. Modèle d'évolution 
des microorganismes eucaryotes 
vers la biotrophie et la 
nécrotrophie 
Représentation schématique de l'espace 
d'adaptation des microorganismes 
eucaryotes. Les saprotrophes ont 
développé la capacité de vivre sur la 
biomasse organique morte. l'évolution 
des modes de vie biotrophe obligatoire 
et nécrotrophe constituent des 
spécialisations ultimes, dont les 
intermédiaires sont l'hémibiotrophie et 
la biotrophie non-obligatoire. Dans la 
figure, Melamposra laricini-populina 
refère en réalité à Melampsora larici
populina. Phytophthora infestans et 
Leptosphaeria maculans sont davantage 
considérés comme des hémi-biotrophes 
par certains auteurs. 
Spanu, Annual Reviews in Plant Biology, 
2012 
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Figure 37. Diversité des répertoires d'effecteurs de type III chez Pseudomonas syringae 
Le repertoire d'effecteurs de type III identifié au sein des génomes de Pseudomonas syringae séquencés est symbolisé en face de 
l'arbre phylogénétique des P. syringae. Les noms des souches sont indiqués à droite. Les chiffres dans les cercles (en rouge) 
indiquent les différents phylogroupes. 
O'Brien et a/., Annua/ Reviews in Plant Bi%gy, 2011 
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Figure 38. Zones riches en gènes 
codant des effecteurs au sein des 

génomes de parasites eucaryotes 
a. Les clusters de gènes de virulence chez les 
basidiomycètes Sporisorium reilianum et 
Ustilago maydis sont encodés au sein de 
zones hypervariables des génomes, riches 
en éléments transposables. b. Les régions 
peu denses en gènes chez Phytophthora 
spp. sont riches en éléments transposables 
et hébergent des effecteurs (par exemple ici 
la région avec le gène codant le facteur 
d'avirulence PiAvr4 de Phytophthora 
infestans, très restreinte et sans PiAvr4 chez 
P. sojae et P. ramorum). c. Régions riches en 
AT (isochores) et en éléments transposables 
chez Leptosphaeria maculans qui hébergent 
des facteurs d'avirulence. d. Le gène codant 
le facteur d'avirulence Avr-Pita de 
Magnaporthe oryzae est situé dans les 
régions sub-télomériques riches en 
éléments transposables. e. Les 
chromosomes porteurs de gènes de 
virulence sont présents chez l'espèce 
pathogène Fusarium oxysporum mais 
absents chez l'espèce non-pathogène F. 
verticillioides. 
Raffaele et Kamoun, Nature Reviews in 
Microbiology, 2012 
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Figure 39. Résistance non-hôte et persistance macro-évolutive des parasites 

1 Present 

(A) Modèle de la contribution relative de l'ETI et du PTI à la résistance non-hôte. Plus la distance évolutive entre l'espèce hôte et 
l'espèce non-hôte est grande, plus la contribution de l'ETI à la résistance non-hôte diminue et celle du PTI augmente. (B) A 
l'échelle de la macro-évolution, des espèces de plantes s'éteignent, mais les parasites adaptés persistent s'ils sont capables de 
changer d'hôtes fréquemment. 
Schulze-Lefert et Panstruga, Trends in Plant Science, 2011/ Raffaele et Kamoun, Nature Reviews in Microbiology, 2012 
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family genus section 

Populus 

Populus 

Salicaceae 

Tacahamaca 

Salix 

Aigeiros ~ 
Leucoides ~ 
Turanga ~ 
Abaso 

Figure 40. Classification du genre Populus 

species 

P. adenopoda 

P. a/ba 

P. gamblei 

P. grandidentata 

P. guzmanentlensis 

P. monticola 

P. sieboldii 

P. simaroa 

P. tremu/a 

P. tremu/oides 

P. angustifolia 

P. balsamifera 

P. ciliata 

P. laurifolia 

P. simonii 

P. suavolens 

P. szechuanica 

P. trichocarpa 

P. yunnanensis 

P. fremontii 

P. de/toides 

P. nigra 

P. lasiocarpa 

P. glauca 

P. heterophyla 

P. euphratica 

P. ilicifolia 

P. pruinosa 

P. mexicana 

hybrid 

P. canescens 
(INRA 717-1-B4) 

P. tremu/a tremu/oides 
(T-89) 

P. /nteramericana 
(Beaupré) 

P. euramericanajcanadensis 
(Robusta) 

La famille des Salicacées comporte les genre Salix et Populus. Le genre Populus est divisé en 6 sections et 29 espèces. Les 
quelques hybrides les plus utilisés en recherche et en populiculture sont représentés. 
Adapté de Rigal, thèse de doctorat de l'Université de Lorraine, 2010 
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Figure 41. La populiculture et la maladie de la rouille foliaire du peuplier 
Peupliers plantés dans une peupleraie non-infectée (A) et dans une peupleraie infectée (B) par la maladie de la rouille foliaire. (e) 

Peupleraie ayant subie des épidémies répétées de rouille et dont les arbres ont dépéri. (D) Plant de peuplier infecté par la rouille 
en pépinière à Nancy. (E) Urédies de Melampsora larici-populina (symptômes) formées sur une feuille de peuplier (cultivar 
Beaupré) après infection contrôlée réalisée au laboratoire. 
Adapté de Hacquard, thèse de doctorat de l'Université de Lorraine, 2010/ photos P. Frey, J. Pinon, B. Petre. 
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Figure 42. Modèle décrivant les réponses de défense du peuplier à Melampsora larici-populina et les 
principales étapes d'infection des tissus foliaires 
Représentation des interactions incompatible et compatible entre le cultivar Beaupré de peuplier et M. larici-populina. Dans les 
deux types d'interaction, en moins de 6 heures post-inoculation (hpi) une spore germe à la surface d'une feuille et émet un tube 
germinatif qui va pénétrer dans la feuille via un stomate suite à la formation d'un appressorium. Avant 24 heures, des hyphes 
d'infection et des haustoria sont différenciés in planta. Lors de l'interaction incompatible, la progression du champignon dans les 
tissus est stoppée vers 48 hpi, vraisemblablement via une reconnaissance de type R-Avr suivie d'une signalisation et à la mise en 
place de réponses de défense impliquant entre autres des protéines PR, des GST (glutathion-S transférases) et la protéine Risp 
(rust-induced secreted protein) et une réponse hypersensible hyperlocalisée. Lors d'une interaction compatible, le champignon 
entame une croissance biotrophe continue qui aboutira, 7 jours après inoculation, à un très fort envahissement des tissus 
foliaires et à la sporulation. Dans cette situation, des mécanismes menant à une résistance partielle peuvent être mis en place. 
Duplessis et al., Critical Reviews in Plant Science, 2009 
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Figure 43. Les Pucciniales sur leurs hôtes 
(A) Melampsora larici-populinafpeuplier. (B) M. larici-populinafmélèze. (e) Melampsora salicinafsaule. (D) Melampsora 
pinitorquafpin. (E) Melampsora ricinusfricin. (F) Melampsora rostrupiifmercuriale. (G) Gymnosporangium clavariiformef 
aubépine. (H) Gymnosporangium juniperi-virginianaefcèdre. (1) Coleosporium tussilanigisfpin. (J) Gymnosporangium sabinaef 
poirier. (K) Puccinia graminisfblé. (L) Cumminsiella mirabilissimafmahonia. (M) Pileolaria terebinthifpistachier térébinthe. (N) 
Puccinia urticatafortie. (0) Hemileia vastatrix/caféier. (P) Phragmidium tuberculatumfrosier. (Q) Cronartium ribicolafpin. (R) 
Phakopsora pachyrhizifsoja. (5) Pucciniosira pallidulafherbe à poux. (T) Ravelenia spp.facacia. (U) Triphragmium ulmariaefreine 
des près. 
B. Petre / P. Frey / www.pilzfotopage.de / www.asturnatura.com / www.wildaboutbritain.co.uk / www.treesforlife.org / 
www.discovermagazine.com / www.wikipedia.com / www.sciencephoto.com / www.fungiworld.com / www.mvcologia.net / 
www.apsnet.org / www.photofungi.com / www.titopatologial .blogspot.fr / www.acacia-world.net / 
www.champignon.moselle·free.fr. 
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Figure 44. Les maladies des rouilles dans les cultures 
(A) Parcelles de blé avec des plants susceptibles à différents agents des rouilles au milieu de parcelles avec des plants de blé 
résistants. (B) Lignes de plants de soja résistants (à gauche) et sensibles (à droite) à Phakopsora pachyrizhi, agent de la rouille 
asiatique du soja. (e) Champs d'avoine résistant (à gauche) et sensible (à droite) à Puccinia coronata. 
www.aces.nmsu.eduleaf f www.apsnet.orq f www.fao.orq 
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FIGURE 1: Life cycle of Melampsora larici-populina. (a) Biological macrocyclic heteroecious cycle of M. larici-populina. (b) Vegetative cycle 
occurring on poplar leaves and used as a model for molecular investigations of the poplar-poplar rust interaction. 
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poplar leaves and differentiate another sporulation structure 
called the uredinium, which corresponds to an orange 
pustule formed on the abaxial epidermis of mature leaves, 
the typical symptom of the disease on poplar trees. Large 
amounts of urediniospores (n+n, asexual phase) are released 
from uredinia and dispersed over very large distances [3, 
4]. Several vegetative infection cycles can be completed on 
poplar leaves during spring and summer. In autumn, black 
telia pustules containing teliospores (n+n) are produced in 
senescent poplar leaves. 

Since damages observed in poplar plantations occur 
during the asexual development of the rust fungus (detailed 
in Figure l(b)), this specific phase has received attention 
from several research groups focusing on different aspects 
of the poplar-poplar rust interaction (for review, see [1,5]). 
The major developmental transitions of the fungus (i.e., 
differentiated infection cell types) have been described by 
microscopy during colonisation of poplar leaves in con
trolled experimental conditions [6-9]. First, urediniospores 
(n+n) germinate on the abaxial surface of poplar leaves 
and produce germ tubes that penetrate through stomata 
within the first 6 hours postinoculation (hpi). After 12 hpi, 
substomatal vesicles are formed in the spongy mesophyll, 
from which infection hyphae extend into the mesophyll 
and differentiate the first haustorial structures as soon as 
17 hpi [6]. In the case of a compatible interaction, biotrophic 
growth goes on and the fungal biomass strongly increases 
between 48 and 96 hpi (i.e., >30-fold) [7, 10], forming a 
dense network of infection hyphae and haustoria in the 
mesophyll nearby primary infection sites [7]. Around seven 
days after inoculation (168 hpi), fungal pressure generates a 
breach in the abaxial epidermis and leads to the formation 
of uredinia releasing newly formed urediniospores at the 
surface of the leaves [7, 9]. In the case of an incompatible 
interaction, fungal growth is arrested early during the 
colonisation process, concomitant with strong plant defense 
reactions [6, 7, 10]. Cytological observations revealed a 
highly localized hypersensitive response (HR), with collapsed 
infected plant cells and accumulation of monolignols around 
infection sites after 48 hpi in the incompatible interaction 
[6, 7]. At later time points in the compatible interaction, 
anthocyanidins, lignin, pectin, and hydrogen peroxide accu
mulate around infection sites and likely participate in late 
defense responses and partial resistance in poplar [5,8, Il]. 

In spite of the efforts initiated to describe this pathosys
tem, the obligate biotrophic status of Melampsora spp., 
the lack of efficient systems for genetic transformation of 
hybrid poplars susceptible to the rust fungus, and the long 
generation time of poplar all together represent a serious 
bottleneck for molecular investigations. Fortunately, recent 
advances in tree and fungal genomics have helped in defining 
new strategies to facilitate the study of this tree-rust fungus 
model pathosystem. Indeed, the genome sequence of the 
black cottonwood Populus trichocarpa "Nisqually-1" was the 
first tree genome sequenced by the Joint Genome Institute 
OGI, Department of Energy, USA) [12]. As part of a 
community-sequencing project aiming to decipher lifestyles 
of poplar microbiome, the genome of M. larici-populina 
(strain 98AG31) has been sequenced by the JGI along with 

3 

those of symbiotic fungi inter acting with poplar roots [l3, 
14]. The genome sequence of the poplar rust fungus has been 
recen tly released [15]. 

The availability ofboth the host and the parasite genome 
sequences offers unparalleled opportunities to study gene 
families involved in plant defense and pathogen virulence 
within an integrated pathosystem [5, 16, 17]. Comparative 
genomic studies with other plants and biotrophic fungi or 
oomycetes also help to decipher the evolutionary trends 
underlying plant-pathogen interactions in perennial plant 
species [18]. The access to these reference genomes is 
also a great opportunity to perform transcriptome analyses 
through the use of whole-genome custom exon oligoarrays 
or high-throughput sequencing technologies (RNA-Seq). 

2. Learning from the Genomes of Poplar 
and M. larid-populina 

With the complete genome sequences of P. trichocarpa and 
M. larici-populina, performing in silico gene family analyses 
is a critical step to decipher expression, evolution, and 
biological functions of genes and proteins participating or 
regulating a wide variety of mechanisms related to plant 
immunity or fungal pathogenesis. 

Genome-wide analyses of poplar gene families previously 
reported to be related to pathogen response in plants have 
been summarized in Table l, taking as a basis a previous 
report by Yang and collaborators in 2009 [16]. Globally, 
researches were mostly devoted to the study of functions such 
as secondary metabolism associated with plant cell wall and 
wood formation, hormone biosynthesis, transcription fac
tors, signalling pathways, and redox homeostasis (Table 1). 
Considering the flow of data available, here we essentially 
focus on analyses performed from the standpoint of the 
poplar-poplar rust pathosystem. Kohler and collaborators 
[19] reported in 2008 the genome-wide analysis of poplar 
genes co ding for nucleotide-binding leucine-rich repeat 
(NB-LRR) proteins, representing a large class of plant 
resistance genes (R genes) responsible for pathogen effector 
recognition and leading to complete resistance through 
effector-triggered immunity in many pathosystems [20,21]. 
Approximately 400 NB-LRR genes were identified in the 
genome of P. trichocarpa, which is twice larger than NB
LRR genes reported in Arabidopsis thaliana (402 versus 178, 
resp.). The presence of about 500 NB-LRR genes in the 
rice genome does not support a specific increase of this 
gene family in perennial species [5]; however, the content 
in NB-LRR gene classes (TIR-NB-LRR and non-TIR-NB
LRR) differs between monocot and dicot genomes [19]. 
Interestingly, many of the poplar NB-LRR genes (more 
than 70 according to [22]) are gathered into a supercluster 
localized on the chromosome 19, in the neighbourhood 
of many transposable elements (retrotransposons). Since 
retroelements are known to impact gene family increase 
and diversification, it is tempting to hypothesize that this 
supercluster is likely a nursery for new poplar R genes 
[23]. Recently, the fine mapping of two rust resistance loci 
associated with complete resistance and partial resistance to 
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TABLE 1: Summary of genome-wide studies conducted on disease-related gene families in poplar. 

Gene family analyzed References Implication in plant defense reactions References 

NB-LRR (nucleotide-binding 
Kohler et al. [19] 

Gene-for-gene resistance mechanisms, 
Jones and Dangl [20] 

leucin-rich repeat) host-specific resistance (R proteins) 

BED-NB-LRR Kohler et al. [19] BED domain is a zinc-finger 
Markljung et al. [64] 

(BED family of poplar NB-LRR) Germain and Séguin [24] DNA-binding domain 

TLPs or PR5 (thaumatin-like 
Petre et al. [27] 

Antimicrobial and glycan-degrading 
Liu et al. [65] 

proteins) activities 

Phenylpropanoid metabolism Tsai et al. [66] Phytoalexin synthesis and cell wall 
Bednarek and Osbourn [68] 

(secondary metabolism) Hamberger et al. [67] reinforcement upon pathogen attack 

CAD 
Barakat et al. [69] 

Lignin biosynthesis, cell wall 
Tronchet et al. [70] 

(cinnamyl alcohol dehydrogenase) reinforcement upon pathogen attack 

YUCCA (auxin biosynthesis) Ye et al. [n] 
Auxin can promote virulence during 

Grant and Jones [72] 
biotrophic infection 

ARF and Aux/IAA 
Auxin can promote virulence during 

(auxin -response transcription Kalluri et al. [73] Grant and Jones [72] 
factor) 

biotrophic infection 

AP2/ERP (Ethylene-response 
Zhuang et al. [74] Regulation of disease resistance pathways Gutterson and Reuber [75] 

transcription factors) 

R2R3MYB 
Wilkins et al. [76] 

Regulation of secondary metabolism (in 
Mellway et al. [77] 

(transcription factors) Response to pathogen attack) 

LysM kinase 
Zhang et al. [78] Chitin signaling and fungal resistance Wan et al. [79] 

(signal transduction) 

PLD 
Liu et al. [80] 

Secondary messenger release upon 
Wang [81] 

(phospholipase D) pathogen attack 

Protease 
Garcia-Lorenzo et al. [82] 

(Pathogen) protein degradation, 
Solomon et al. [83] 

(protein degradation) regulation of plant cell death 

F-box 
Yang et al. [84] 

Pathogen effector targets for ho st 
Block et al. [85] 

(selective degradation of proteins) manipulation 

Kunitz-trypsin inhibitors 
Major and Constabel [86] 

Inhibition of pathogen protease and 
Li et al. [87] 

(protease inhibition) pathogen-triggered cell death 

RBP 
Peal et al. [88] 

Pathogen effector targets for ho st 
Fu et al. [89] 

(RNA binding proteins) manipulation 

GST 
Lan et al. [90] 

Xenobiotic detoxification and redox 
Dixon et al. [9l] 

(glutathione transferase) homeostasis 

Grx 
Couturier et al. [92] 

Redox metabolism and homeostasis 
Rouhier et al. [93] 

(glutaredoxin) controlling oxidative burst 

M. larici-populina was achieved on the peritelomeric end of 
the chromosome 19 in the NB-LRR genes supercluster, which 
strongly suggests that rust-related R genes belong to the NB
LRR class [22]. In addition to the coiled-coil (CC) and toll
interleukine receptor (TIR) NB-LRR classes, a third class of 
NB-LRR genes containing a BED finger domain (called BED
NB-LRR, henceforth called BNL) has also been reported 
in the poplar genome [19, 24]. The discovery of the BED 
domain was first published in 2000 and was termed BED 
finger, after two Drosophila proteins named BEAF and DREF 
containing this domain [25]. The BED motif corresponds 
to a ubiquitous zinc-finger DNA-binding domain, raising 
the possible involvement of such BNL proteins in interac
tion with DNA and eventually regulation of transcription, 
although no evidence for such mechanism has been provided 
yet [24]. Upon recognition of a pathogen, plant R proteins 
trigger defence response reactions, marked by the strong 
induction of pathogenesis-related proteins (PR proteins) 
at the transcript and protein levels [26]. Interestingly, in 

addition to the large number of R genes, the poplar genome 
also con tains an expanded gene family encoding thaumatin
like proteins (TLPs), corresponding to the PR-5 proteins. 
This gene family illustra tes an overrepresentation of defense
related genes in poplar compared with annual species with 
42 genes identified in P. trichocarpa versus 22 in the A. 
thaliana genome sequence [12, 27]. A study conducted 
on a total of 600 TLPs retrieved from 100 species in 
international databases revealed a cluster of phylogenetically 
related TLPs, enriched in poplar and tree sequences, that 
might represent a specific innovation in perennial species. 
Beyond the dramatic expansion of these defense-related 
genes in the poplar genome, diversification and subsequent 
sub- or neo-functionalisation likely occurred in poplar TLPs 
as exemplified by diversifying selection observed in this 
cluster [27, 28]. So far, other PR gene families have not 
been explored at the genome-wide scale in poplar, and it 
would be interesting to determine whether other expansions 
of specific gene family related to plant immunity occurred in 
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Melampsora larici-populina 
genome sequence 

16,399 genes 

Genome-wide analysis 

of sm ail secreted proteins 
(SSPs) 

(1,184 annotated genes) 

Poplar rust genomic features 

• Expanded lineage-specific gene families 
• Expanded repertoire of SSPs and expanded sets of 

oligopeptide and amino acid transporters 

• Reduced set of CAZymes 

SSPs prediction 

• Predicted signal peptide for secretion 
• Absence of transmembrane do mains 
• Protein size filter (300 amino acids, arbitrary cutoff) 

SSPs annotation SSP evolution 

5 

• Homology with rust effectors • Clusters of paralogous 
genes (CPGs) • Multigene families analysis 

Identification of 

candidate effectors 

• Bias in amino acid composition • Selection test (dN/ds) 

SSPs expression 

• SSP transcripts specifically induced in planta 

• Expression profiling ofSSP transcripts during host infection 

In vitro approaches In planta approaches 

• Recombinant proteins • Immunolocalization 

• 3D structure resolution • Gain-of-virulence assays 

• Identification of partners • Transient expression in poplar 
• Host-cell translocation assays 

FIGURE 2: Roadmap for effectors identification in Melampsora larici-populina. 

trees, representing possible innovations in these long-living 
species. 

The genomic hallmarks reflecting the biotrophic lifestyle 
of the rust fungus M. larici-populina were recently uncovered 
[15]. Among the 16,399 genes reported in the poplar rust 
genome, a strikingly large number of expanding lineage
specific gene families were identified (909 lineage-specific 
gene families among 5,304 in total, corresponding to 5,798 
genes). Several expanded gene families were also observed 
in the only other Pucciniales genome sequenced so far 
(the wheat stem rust Puccinia graminis f. sp. tritici [15]), 
including oligopeptide and amino acid transporters. Among 
the expanded gene families unique to the poplar rust, 54 
(462 genes in total) encode small secreted pro teins (SSPs) 
that represent putative effectors. In addition, other striking 
features of the poplar rust genome include a reduced set 
of carbohydrate active enzymes and impaired nitrogen and 
sulfur assimilation pathways [15]. The genomes of other 
plant biotrophic pathogens revealed striking similarities 
with rust fungi genomic hallmarks [29, 30]. A particular 
attention was given to the genes encoding SSPs in M. larici
populina (Figure 2). Indeed, many effector proteins secreted 

by biotrophic oomycete and fungal plant pathogens are 
SSPs of unknown function and their virulence or avirulence 
activities could determine the outcome of the interaction 
with the host [20,21,31,32]. Consistent with the "arms race" 
concept between the plant immune system and pathogen 
effectors, SSPs could display accelerated evolution rate 
(i.e., positive/diversifying selection) likely to evade plant R 
protein-mediated recognition [33,34]. In M. larici-populina, 
the detailed annotation of predicted SSP genes, followed 
by expression and adaptive evolution investigations, helped 
the identification of candidate rust effectors likely involved 
in the molecular cross-talk between the rust fungus and 
poplar [17, 35] (Figure 2). A total of 1,184 SSP genes have 
been identified and represent 7.2% of the total number 
of genes in the M. larici-populina genome [15] (Figure 2). 
These genes are organized in 169 gene families (the largest 
contains III gene members) dispersed in the genome, and 
their number supports the current view of fungal effectors 
as a redundant and diversified reservoir, contrasting with 
restricted effectors repertoire of biotrophic bacteria [36]. 
Interestingly, although sorne SSPs display similarities with 
effectors previously characterized in related rust species 
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such as Melampsora lini (flax rust) and Uromyces fabae 
(bean rust), the majority of SSPs reported in M. Larici
populina (69%) are specific to this rust fungus [15, 17]. 
Similar observations were made after the analysis of the 
genome of the obligate biotrophic fungus Blumeria graminis, 
supporting the importance of clade- and lineage-specific 
effectors in fungi [29]. A striking feature of M. larici-populina 
SSPs is the high content of cysteine residues (63% contain 
more than 4 cysteines). Although the function of these 
residues in candidate SSP effectors is not known at the 
moment, it may be hypothesized that they could have a 
structural role through disulfide bond formation, known to 
stabilize proteins and enhance resistance to host proteases 
[37,38]. Sorne of these cysteines reside in a short string of 
residues conserved between gene members of several SSP 
families ([Y/F/W]xC). Such a motif was also reported in 
candidate effectors of the barley powdery mildew B. graminis 
and in the wheat rust fungi P. graminis f. sp. tritici and 
Puccinia triticina, preferentially in the N-terminal region of 
the proteins [29,39]. Godfrey et al. [39] proposed a possible 
involvement of the motif in the translocation of effectors 
in host plant cells, similar to the conserved N-terminal 
RxLR motif of oomycete effectors [40-42]. However, the 
[Y/F/W]xC motif is also detected in the C-terminal region 
of sorne M. larici-populina SSPs and is highly represented 
in larger nonsecreted proteins of diverse functions [15]; 
thus, the exact role of this motif remains to be determined. 
Sorne of the SSPs belonging to gene families were grouped 
in clusters of paralogous genes (CPGs) of at least three 
and up to 39 members with high levels of similarities [17] 
(Hacquard et al., unpublished data). Interestingly, the C
terminal region of SSPs of sorne CPGs show significant 
evidence of positive selection, which is strongly suggestive 
of a diversification of these effector-like gene families upon 
interaction with the host, likely to evade recognition. Such 
a diversification is a hallmark of biotroph effectors with 
avirulence functions [43-47]. Interestingly, sorne members 
of these positively selected CPGs harbour relatively well
conserved N-terminal secretion peptide as well as K/R
and DIE-rich regions (Hacquard et al., unpublished data), 
reminiscent of the host-cell translocation motifs reported 
in sorne fungal and oomycete effectors [40-42]. These SSPs 
represent potential avirulence factor for which biochemical 
characterisation is ongoing (Figure 2). Beyond the extensive 
description of the repertoire of putative effectors in the 
poplar rust fungus genome, such evidence of selection 
in paralogs argues for the use of large-scale sequencing 
of candidate effector genes across genus and species (i.e., 
isolates with distinct pathotypes) to complete the molecular 
landscape of effector diversity. 

3. Poplar-Poplar Rust Transeriptomics: 
Insights into Plant Defense Reactions and 
Stage-Specifie Fungal Expression Patterns 

While genomic analyses reveal the genetic potential of organ
isms, transcriptomics allow deciphering the regulatory net
works controlling the expression of such genetic programs in 
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space and in time. In complex biotrophic systems involving 
two species, fine-tune genetic reprogramming occurs in both 
the host and the parasite to determine the outcome of the 
interaction [20, 48]. Indeed, plant host-specific resistance 
mechanisms rely on expression of inducible defense genes, 
whereas the biotrophic pathogen lifestyle is based on the 
temporal and local expression of virulence effectors in infec
tion structures (i.e., spores, germ-tubes, invasive hyphae, 
haustoria) . 

Transcriptome studies conducted on poplar-poplar rust 
interactions revealed the early induction of defense responses 
during the incompatible interaction, referred to as complete 
or host-specific resistance, whereas a late induction of 
defense responses was observed in the case of compatible 
interactions and partial resistance [7, 8,11,49,50] (Figure 3). 
These studies indicate that defense reactions are governed 
by common molecular bases in both perennial and annual 
species. Indeed, defense responses in poplar include the 
typical set of inducible defense genes such as PR proteins, 
GSTs (glutathione S-transferases), and redox homeostasis 
enzymes, as well as genes of the phenylpropanoid pathways 
[5]. Among the genes induced during host-specific resis
tance, only a few show no homology with known proteins 
and might represent innovations in perennial species [7,27]. 
Besides, differences in poplar defense reactions set during 
complete and partial resistances are mainly quantitative and 
timely regulated [5]. Transcriptome analyses in the model 
plant A. thaliana already demonstrated the quantitative 
nature of differences between compatible and incompatible 
interactions [51]. Thus, poplar and Arabidopsis (and by 
extension perennial and annual species) seem to share a con
served set of genes to actively react upon biotroph pathogen 
attacks. This statement is widely applicable regarding global 
transcriptome analyses; however, sorne specificities have 
been described. Indeed, phylogenetically related groups of 
TLPs are preferentially induced in infected poplar leaves 
during partial or complete resistance to the rust fungus 
[27]. As specified above, a cluster of eleven TLP genes, so 
far unique to perennial species, is induced during partial 
resistance of poplar to rust fungi (i.e., at late infection stages 
of compatible interactions with Melampsora spp.) [27]. This 
regulation pattern contrasts with another clade of poplar 
TLPs conserved in all plants and that is mostly induced early 
during incompatible poplar-poplar rust interaction [27]. 

Transcriptome analyses of poplar leaves infected by either 
virulent or avirulent strains of M. larici-populina at early 
stages of infection (i.e., earlier than 48 hpi) are ongoing to 
dissect genetic reprogramming in poplar upon infection by 
the rust fungus (Petre et al., unpublished data). Preliminary 
results indicate repression of expression of genes co ding for 
defense-related proteins and secondary metabolism enzymes 
at 48 compared to 18 and 24 hpi in the compatible inter
action. From the "Zig-Zag" model standpoint [20], this 
could reflect the effector-triggered susceptibility (ETS) that 
promotes fungal virulence by inhibiting the plant PAMP
triggered immunity (PTI). No more than 10 genes were 
induced at this stage of the compatible interaction, including 
a dramatically induced sulphate transporter gene (Figure 3). 
Such an observation is puzzling sin ce sulphate assimilation 
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FIGURE 3: Major transcriptome regulations in a compatible PapuluslMelampsara interaction. Triangles represent genetic programs set up 
by Papulus (top) or M. larici-papulina (bottom), and red circles indicate associated biological functions. PT!: PAMP-triggered immunity; 
ETS: effector-triggered susceptibility; PR: pathogenesis-related; GSTs: glutathione S-transferases; hpi: hours postinoculation, CAZymes: 
carbohydrate-active enzymes, SSPs: small secreted pro teins. 

pathway seems to be impaired in rust fungi [15]. This 
opens interesting perspective to address the role of sulphate 
transport, assimilation, and metabolism in rust fungi during 
compatible poplar-poplar rust interactions and how it could 
impact host metabolism. 

M. larici-populina genetic programs triggered during 
poplar leaf infection (from urediniospore germination to 
uredinia formation on poplar leaves; see Figure 1 (b)) have 
been recently investigated with whole-genome custom exon 
oligoarrays [9, 15, 52]. Interestingly, the set of induced 
fungal genes greatly differs during host colonisation with 
preferential transcript expression at early time points (24-
48 hpi, haustoria formation), intermediate time points (48-
96 hpi, biotrophic growth), and later stages (96-168 hpi, 
biotrophic growth, uredinia formation and sporulation) 
(Figure 3). Strikingly, several classes of SSP genes are suc
cessively expressed all along the infection, from germina
tion to uredinia formation, suggesting that distinct sets of 
effectors are expressed to set up, promote, and main tain 
fungal biotrophy [52]. SSP expression during urediniospore 
germination or at early stages of infection (i.e., 24-48 hpi) 
supports an early manipulation of the plant defense system 
by the fungus in order to promote virulence (Figure 3). 
In contrast, transcripts encoding proteases and transporters 
were preferentially induced at 96 hpi wh en the fungus has 
already formed many haustoria in host cells, supporting 
the uptake of host resources and nutrients by the fungal 
structures as previously reported for the bean rust fun
gus U. fabae (see [53] for a complete review). At later 
stages of infection, the induction of transcripts encoding 

various lipases and carbohydrate active enzymes (CAZymes) 
was observed concomitantly with uredinia formation (96-
168 hpi) reflecting a potential switch in lipid metabolism 
during the sporulation process [52] (Figure 3). Quite inter
estingly, four genes encoding SSPs belonging to the same 
gene family (M. lini HESP-417 homologs) were expressed at 
different infection stages, and their expression profiles were 
confirmed by RT-qPCR [52]. This result suggests that waves 
of expression of SSP genes could likely contribute to the 
turnover/renewal of SSPs at the interface with the host or 
inside host cells during the biotrophic interaction. 

In transcriptomic studies ofbiotrophic interactions, iso
lation of transcripts from infected tissues does not give access 
to specific patterns of gene expression in distinct pathogenic 
structures. The purification of haustoria from rust-infected 
bean leaves has paved the way for the molecular analysis of 
these fungal cell types that play a key role in the establishment 
of obligate biotrophy. Such an approach has allowed the 
sequencing ofhaustoria-specific cDNA and the identification 
of genes expressed in these infection structures [53-56]. This 
approach was successfully used to identify several candidate 
effectors in haustorially expressed secreted proteins (HESPs) 
of the model rust fungus M. lini [57], including several 
avirulence genes. However, specific in planta gene expression 
in other cell types (i.e., infection hyphae, sporogenous 
hyphae) was not assessed so far in rust fungi. Isolation 
of biotrophic infection hyphae from Colletotrichum higgin
sianum was successfully applied to Arabidopsis infected leaves 
for transcriptome analysis [58], and rust infection hyphae 
and derived infection structures were obtained artificially for 
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the bean rust fungus U. fabae (see [53] for details). The use 
of laser capture microdissection (LCM) was a major break
through to dissect the genetic programs related to biotrophy 
and sporulation at a late stage of rust infection (168 hpi), 
whereas various fungal structures are formed in planta [9]. 
LCM allowed the successful isolation of infected mesophyll 
tissues containing infection hyphae and haustoria, as well as 
uredinia containing sporogenous hyphae and newly formed 
urediniospores for downstream expression analysis using 
M. larici-populina whole-genome custom exon oligoarrays 
[9]. Strikingly, among the most highly induced transcripts 
detected in fungal biotrophic structures in the LCM-isolated 
palisade mesophyll (> 100-fold induction compared to LCM
isolated uredinia), almost all encode SSPs. This unexpected 
high number of candidate effectors expressed at this late 
stage of rust infection might be essential for the maintenance 
of biotrophy during uredinia formation and sporulation. 
Preventing structures like haustoria from host detection 
in photosynthetically active mesophyll might be crucial to 
preserve the capability of the rust fungus to extract nutrients 
from the plant toward sporulating structures. Indeed, in 
nature, sporulation structures are maintained in infected 
leaves and can pro duce thousands of urediniospores over 
several weeks. Transcripts induced in LCM-isolated uredinia 
are more diverse and include several cell-cycle- and cell
rescue-related transcripts [9]. The induction of cell cycle 
transcripts is supportive of the intense cell division activity 
observed in the microdissected sporulation area, while cell
rescue- and defense-related transcripts might reflect an active 
defense from the rust fungus in response to the late activation 
of poplar reactions such as oxidative burst or expression 
of defense genes reported in compatible poplar-poplar 
rust interactions [5, 8] (Figure 3). Interestingly, transcripts 
accumulated in the sporulation are a were predominantly 
detected in resting urediniospores and at 168 hpi in the time
course expression study [52]. In contrast, genes induced in 
the microdissected-infected mesophyll and encoding SSPs 
were predominantly expressed at 96 hpi during the time
course infection, at a stage that only consists in haustoria 
and infection hyphae [52]. Such observations support a 
transcriptional switch between different fungal cell types in 
infected plant tissues at the stage of uredinia formation and 
sporulation. 

The combination of tools like transcriptomics and LCM 
clearly demonstrates that a deeper and comprehensive view 
of rust fungi genetics can be gained from the study of in 
planta infection structures. Future directions will concern 
the identification of the fungal determinants that control the 
switch leading to uredinia formation in the host and the 
molecular bases controlling biotrophy. 

4. Toward Candidate Effector Characterisation: 
The Need for Functional Approaches 

Combination of genome and transcriptome analyses led to 
the definition of a very large repertoire of candidate M. 
larici-populina effectors [15, 17]. Ongoing studies based on 
high-throughput genome and transcriptome sequencing of 
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additional poplar rust isolates with defined pathotypes will 
complete and precise the list of candidate effectors. Thus, 
the step defined as "effector discovery" by Alfano [59] is 
rather advanced and almost complete, with an exhaustive 
inventory of putative effectors for this rust fungal pathogen. 
The next step will consist in the characterisation of effector 
virulence/avirulence functions (Figure 2). These functional 
investigations will be based on the heterologous expression 
of candidate effector co ding sequences in Escherichia coli 
or other production systems for subsequent purification of 
recombinant proteins. Protein expression patterns, subcellu
lar localisation, biochemical features analyses, and resolution 
of tridimensional structures as well as protein-protein inter
action assays will help to address major questions concerning 
the role(s) of the highly diverse and redundant set of 
SSP genes in virulence and biotrophy. Are sorne effectors 
translocated into host cells? How do cytoplasmic effectors 
enter host cells? Where do they localize and is this localisation 
dynamic upon infection? What are the targets or interactors 
of fungal effectors in host cells and how do they interact? 
In order to have an accurate vision of effector functions, 
putative effector targets should be analyzed in a similar way 
[59]. Beyond in vitro analyses, in vivo experiments are also 
required to validate the effector actions on the host. Many 
efforts are currently underway to establish assays for genetic 
transformation in poplar and/or in Melampsora to study 
in vivo the function of genes involved in the poplar-poplar 
rust interaction. Characterisation of virulence function of 
M. larici-populina effectors using a bacterial-based protein 
injection system in Arabidopsis is currently in development 
(H. Germain and A. Séguin, personal communication). In 
this system, bacterial growth inside plant leaves is used as a 
reporter of effector-triggered plant defense inhibition [60]. 
In addition, transient expression assays of effector proteins in 
poplar leaves could lead to the characterisation of avirulence 
functions reported by localized hypersensitive response. 
Molecular analyses of the flax-flax rust pathosystem repre
sent the most advanced rust pathosystem in the field [57, 
61-63] and is inspiring to set strategies toward functional 
characterisation of poplar rust effectors and avirulence genes. 
The large range of hybrid poplars harbouring up to eight 
complete resistances constitutes a robust basis for such future 
screening experiments. 
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Figure 45. Les approches génomiques sur le peuplier et son microbiome au sein de l'UMR IAM 
L'Unité Mixte de Recherche Interactions Arbres-Microorganismes s'est investie dans le séquençage du 

génome du peuplier et du microbiome fongique biotrophe associé. Ces projets ont réalisé des avancées 
majeures dans l'analyse des génomes (P. trichocarpa, 2006, : Fr génome d'arbre, L. bic%r, 2008, Fr 

génome de champignon symbiotique, M. /arici-popu/ina, 2011, 1er génome d'une rouille fongique). Les 
analyses de plusieurs familles multigéniques impliquées dans les réponses de défense chez le peuplier ou 
dans le mode de croissance biotrophe des champignons ont été réalisées. SSP: small-secreted proteins; POl: 
protein-disulfide isomerase; MiSSP: Mycorrhiza induced-small secreted protein. 
photos P. Frey, B. Petre, D. Va ire Iles 
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Figure 46. Les approches transcriptomiques sur le pathosystème peuplier/Melampsora spp. 
En sept à 10 jours, les Melamposra spp. effectuent leurs cycles végétatifs sur feuille de peuplier. Après 24 

heures post-inoculation {hpi}, une urédospore a germé à la surface d'une feuille, pénétré dans la feuille via 
les stomates et ramifié des hyphes d'infection qui différencient des haustoria au sein des cellules de l'hôte. 

A partir de 48 hpi, la colonisation du champignon s'accélère et au delà de 96 hpi un programme de 
sporulation s'enclenche. A partir de sept jours (168 hpi) des urédies déchirent l'épiderme des feuilles et 
libèrent de nouvelles spores. Entre 24 et 168 hpi, la quantité d'ITS (internai transcribed spacer) fongique est 

multipliée par 1000 dans les feuilles. Les analyses du transcriptome du peuplier (en vert) ou du champignon 
(en rouge) aux différents moments de l'interaction sont présentées. Ces approches ont majoritairement 

utilisé les techniques basées sur l'hybridation sur des puces à ADN et ont été menées à partir de transcrits 
isolés sur tissus entiers, microdisséqués ou purifiés. La ligne en pointillés indique que le transcriptome de 
M. larici-populina a été suivi à 24 hpi mais la forte dilution des transcrits fongiques parmi les transcrits 

végétaux a rendu cette approche peu sensible. 
Adapté de Hacquard, thèse de doctorat Université de Lorraine, 2010/ Hacquard et al., PMPp, 2010 
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Figure 47. Objectifs et avancement des projets de recherche menés durant la thèse 
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Les cadres couvrent les périodes sur lesquelles les projets de recherche ont été menés, la bande noire 
verticale indique la date de publication. L'estimation du temps effectif alloué au projet est indiquée en mois. 
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Abstract 

Biotroph pathogens establish intimate interactions with their hosts that are conditioned by the successful secretion of 
effectors in infected tissues and subsequent manipulation of host physiology. The identification of early-expressed 
pathogen effectors and early-modulated host functions is currently a major goal to understand the molecular basis of 
biotrophy. Here, we report the 454-pyrosequencing transcriptome analysis of early stages of poplar leaf colonization by the 
rust fungus Melampsora larici-populina. Among the 841,301 reads considered for analysis, 616,879 and 649 were successfully 
mapped to Populus trichocarpa and M. larici-populina genome sequences, respectively. From a methodological aspect, 
these results indicate that this single approach is not appropriate to saturate poplar transcriptome and to follow transcript 
accumulation of the pathogen. We identified 19 pathogen transcripts encoding early-expressed small-secreted proteins 
representing candidate effectors of interest for forthcoming studies. Poplar RNA-Seq data were validated by oligoarrays and 
quantitatively analysed, which revealed a highly stable transcriptome with a single transcript encoding a sulfate transporter 
(herein named PtSultr3;5, POPTR_0006s16150) showing a dramatic increase upon colonization by either virulent or avirulent 
M. larici-populina strains. Perspectives connecting host sulfate transport and biotrophic lifestyle are discussed. 
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Introduction 

Parasitic microbes continuously challenge plan ts but constitutive 
and indu cible host immunity is generally sufIicient to confer 
broad-spectrum resistance to non-adapted pathogens [1]. A 
successful infection requires that microbes secrete effectors into 
infected tissues to repress and manipulate host defense and 
physiology, resulting in the promotion of biotrophic growth and 
the proper setting of compatible interaction [2]. In turn, plants 
possess several hundreds of resistance (R) proteins that, upon 
direct or indirect recognition of pathogen effec tors, trigger strong 
defense responses and lead to incompatibility [3]. The issue of an 
interaction as compatible or incompatible is determined within 
hours following the formation of the first structures of infec tion 
and subsequent effec tor secretion, even after the very first physical 
contacts [4]. At these early stages, the ability of pathogen effec tors 
to rapiclly and efIiciently manipulate host functions and simulta
neously escape R protein recognition is though to be the key of 
compatibility [5]. Identification of both effectors and pathogen-
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modulated host-functions is currently a major goal to unravel 
molecular basis of plant-microbe interactions [6]. To date, most 
fungal effectors identified are lineage-specific small-secreted 
proteins (SSP) of unknown function and hundreds of su ch SSP 
coding-genes (i.e. candidate effectors) have been identified in 
fungal genomes [7- 11]. Host functions targeted by bacterial 
effectors are mostly restricted to the plant immune system 
signaling network, vesicle trafIicking, protein degradation systems 
and transcription of specific transporters [12]. Only a handful of 
eukaryote effector targe ts are currently known but the larger 
effector candidate repertoires compared with those of prokaryotes 
suggests specialized host manipulations likely linked to nu trient 
acquisition stra tegies, infection structures (e .g. haustoria) formation 
and host reprogramming [13- 15]. 

Genome sequences of Populus tlichocmpa and Melampsom la/ici
populina are available, making the poplar-poplar rust interaction an 
emerging mode! for post-genomic studies of tree immunity and 
fungal biotrophy [1 6- 17]. Several genome-wide analyses uncov
ered the huge expansion and diversification of defense- or 
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virulence-related gene families in poplar and the poplar rust 
fungus, respectively (for a recent review, see [18] ). Several 
transcriptomic studies identified defense response genes in poplar 
upon infection by Melampsom spp . between 2 and 10 days after 
inoculation during compatible or incompatible interactions (for a 
review, see [19]). M. larici-populina transcriptome analyses were also 
conducted during a compatible time-course infection as weil as in 
specific infection structures captured by laser microdissection at 
late sporulating stages [11,20- 21]. A major output of these studies 
is the timely coordinated and structure-specific expression of 
hundreds of genes encoding SSPs ail along the infection process, 
suggesting an early and sustained host manipulation [18]. 
Contrasting with the ilow of data gained on both the host and 
the pathogen transcriptomes at late stages of infection, our 
knowledge of the first two days of infection remains limited, 
whereas they encompass a crucial step in setting the outcome of 
the interaction. 

Next-generation sequencing technologies have been an impor
tant breakthrough for sensitive, quantitative, annotation-indepen
dent and high-throughput transcriptome analyses referred to as 
RNA-Seq [22- 24]. Recent works reported the use of RNA-Seq 
(Illumina or 454-pyrosequencing) to get insights into the 
transcriptomes of plant-microbe associations [25- 27]. Using 
original or phylogenetically related reference genomes, the authors 
were able to discriminate microbial and host transcripts. In the 
poplar-poplar rust pathosystem, the availability of both well
annotated genome sequences would greatly facilitate this kind of 
approach. 

In the present study, we used 454-pyrosequencing to analyse the 
transcriptome of compatible and incompatible poplar-poplar rust 
interactions within the first two days of infection. Methodological 
aspects such as discrimination of reads origin (poplar vs . poplar 
rust) and poplar RNA-Seq data validation by oligoarrays were 
considered. This work identified five early-expressed candidate 
effectors from M. larici-populina as weil as an early-induced sulfate 
transporter from poplar (PtSultr3;5). These data complete our 
knowledge of the poplar-poplar rust interaction and will help 
prioritizing functional studies in this pathosystem. 

Results and Discussion 

454-pyrosequencing Transcriptome of Poplar Leaves 
Infected by M. larici-populina 

A time-course infection of poplar leaf disks inoculated with 
either the virulent strain 98AG31 (compatible interaction) or the 
avirulent strain 93ID6 (incompatible interaction) of M. larici
populina has been established and tissues were harvested at 18, 21 
and 24 hours post-inoculation (hpi) for the incompatible interac
tion (lls-I21 -124) and 18, 24 and 48 hpi for the compatible 
interaction (C IS-C 2ÇC4S) (see Fig. SI for a summary of ail 
experiments and analyses presented in this study) . M. larici-populina 
haustoria are formed in both compatible and incompatible 
interactions as soon as 17 hpi [28] , and the first poplar defense 
responses are observed only in incompatible interactions at 48 hpi 
[29]. Studies conducted on the ilax rust and the bean rust model 
systems showed that haustoria are key structures for rust fungi to 
secrete effectors into their host [30- 33] . Thus, our experiment was 
designed to identify early-expressed putative rust effectors (i.e. after 
haustoria formation, between 18 and 24 hpi) as weil as early
regulated poplar genes not previously reported. A later time-point 
in the compatible interaction (C4S) was included to define the 
dynamic of SSP expression and to detect modulation in the host 
transcriptome. For each time-point, cDNA were sequenced by 
454-pyrosequencing (GS-FLX titanium), generating a total of 
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84 1,30 1 high-quality nucleotide reads (~304 Mb) with an average 
length of 356 bp (Table l, Fig. S2). For the six conditions, we 
independently assembled reads into contigs. As presented in 
Table l , a total of 713,505 reads were assembled into 90,398 
contigs. The average contig size is 659 pb whereas the average 
number of read per contigs is around 8 (Fig. S2). Homology 
searches against both P. trichocarpa and M. larici-populina genome 
sequences attributed more than 97% of the assembled reads 
(694,138) to poplar (693,489) or the poplar rust (649) genes 
(Table 1). This approach will hereafter be referred to as 'contig
blast method'. We used a second method for read processing, 
which consisted in the mapping of ail the reads onto the reference 
genomes and current available annotations after reassembly using 
the Program to Assemble Spliced Alignments (PASA; [34]) (herein 
called 'read-mapping method'). This method identified 616,879 
and 359 reads corresponding to P. Llichocarpa and M. larici-populina 
genes, respectively, which is comparable to the numbers gained by 
the contig-blast method (Table 1). Moreover, expression levels of 
poplar transcripts (i.e. number of reads per transcripts) estimated 
by both approaches correlated weil, indicating that the se methods 
provide similar outputs (Fig. S3). The data processed through the 
read-mapping method were more stringent and thus retained for 
the quantitative analysis of poplar transcript levels, whereas the 
contig-blast method was retained for the analysis of M. larici
populina transcripts. 

M. larici-populina Early-expressed Transcripts and 
Candidate Effectors 

A total of 649 reads were aligned to 36 1 M. larici-populina genes 
by the contig-blast method, whereas 359 reads were mapped to 
280 M. larici-populina genes by the read-mapping method (Table 1). 
In total, 97 % of the genes identified by the read-mapping method 
were also retrieved by the contig-blast method. The lower number 
of genes identified by the read-mapping method are due to 
intrinsic differences in assembly parameters. The C4S condition 
itself accounted for almost half of the reads whatever method used, 
which is in accordance with the fungal growth previously reported 
at this stage of the infection [29,35]. The low number of reads does 
not allow proper quantitative comparison of [ungal transcripts 
abundance belween time-points. Thus, we focused our attention 
on the 40 genes cumulating a total of three reads or more with any 
of the two methods (Table 2). Among those , a total of 21 genes 
encode secreted proteins, of which 19 correspond to small secreted 
proteins of less than 300 amino acids, previously reported as 
putative candidate effectors of the poplar rust fungus [II]. Despite 
a very low level of fungal transcripts detected in infected leaf 
samples, the high number of transcripts encoding putative effectors 
is striking and in accordance with the levels reported in purified 
haustoria of other fungal biotroph [32,36] or in M. larici-populina 
biotrophy-related structures microdissected from infected poplar 
tissues [20]. Noteworthy, MijJ-124067 has been reported among 
the most highly expressed fungal transcript at 24 hpi during the 
compatible poplar-poplar rust interaction [21]. The most 
expressed transcript (MijJ-94736 , 92 reads) encodes a SSP of 158 
amino acids with no functional annotation and only a few 
homologs in databases (Table 2). Strinkingly, expression of the 
transcript is mostly eXplained by the Il s time-point that cumula tes 
86 reads. MijJ-947 36 belongs to a small cluster of genes within 
40 kb on the scaffold 72 ofwhich 4 genes (MijJ-94735 , Mlp-94736 , 
Mlp-94 7 40 and MijJ-94 7 41 ) were expressed in the dataset. The 
second most expressed transcript (MijJ-95625, 36 reads) encodes a 
SSP of 89 amino acids that possesses a short inositol phosphatase 
domain (conserved domain cdOI640). Recent studies have 
reported that entry of oomycete and [ungal effectors into plant 
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Table 1. Summary of 454-pyrosequencing transcriptome data fram poplar leaves infected by M. larici-populina. 

l,. 12 , 12 • c,. C2 • C •• Total 

Total reads 113,884 155,204 99,033 142,092 146,231 184,856 841,301 

Contig-blast method 

Assembled reads 96,078 136,186 81,330 118,783 122,352 158,776 713,505 

Contig s 12,938 16,611 12,434 14,391 14,999 19,025 90,398 

Poplar reads 93,107 132,086 78,396 116,052 119,217 154,631 693,489 

M./arici-populina reads 129 43 57 36 37 347 649 

Expressed M. larici-populina transcripts 31 26 26 27 33 265 361 

Read-mapping method 

Poplar reads' 82,865 115,272 71,596 105,341 105,933 135,872 616,879 

Expressed poplar transcripts (> 1 read) 12,518 14,090 12,698 14,050 14,374 15,868 21,311 (6,755) ' 

M. larici-populina reads 17 13 10 12 26 281 359 

Expressed M. /arici-popu/ina reads 15 13 9 12 24 226 280 

Highly expressed (HE) poplar transcripts (2: 1 0 2,064 2,086 2,256 2,058 2,039 2,030 978 (1,909)b 

reads) 

' Number of poplar transcripts expressed in ail conditions. 
bNumber of poplar transcripts w ith an average number of 10 reads (i.e. a total of 60 reads in the 6 conditions). 
' Normalised number of reads per conditions used for quantitative analysis is 102,813 (Table Sl). 

doi:1 0.1371 /journal.pone.0044408.t001 

cells is mediated by binding to phosphatidylinositol phosphates 
(PIP) present on the extracellular face of the host plasmalemma 
[37- 39]. The early expression of a secreted inositol phosphatase by 
the poplar rust fungus is puzzling and it is tempting to specula te a 
role related to the PIP-binding of eITectors. Several genes showing 
homology to ribosomal proteins and elongation factors were also 
identified (Table 2), which is in accordance with the profile of 
haustoria expressed transcrip ts of the obligate biotrophic fungus 
Golovinomyces orontii [36]. Noticeable diITerences in reads numbers 
could be observed between the two read assignment methods, 
particularly for the genes cumulating the largest numbers of reads 
with the contig-blast method (Table 2). We manually validated the 
alignment of these contigs ante the M. unici-populina genome and 
their absence with the second method is due to differences in 
alignment parameters. 

Expression of M. lO1ici-populina transcripts during poplar leaf 
colonization (compatible interaction) and urediniospore germina
tion was previously assessed by the mean of Genome oligoarrays 
[21]. Among the se t of 40 fungal genes, 30 were represented on the 
oligoarray, of which 27 are expressed in the situations tested and 
particularly, 24 are expressed at 24 and 48 hpi, which provides a 
nice support for the transcripts detected by the 454-pyrosequenc
ing approach. O verall, the low number of fungal transcripts 
detected in our study reflects the limited quantity of fungal 
structures in early-infected leaves [29,35]. In comparison, 
Fernandez and collaborators [27] identified almost one fungal 
for two host transcrip ts in the coITee-coITee rust fungus interaction, 
however this study targeted a late stage of infec tion when the 
fungus has completely invaded host tissues. Although providing 
valuable insights into early-expressed fungal transcripts, our 
analysis remains scale-limited and argues for the use of other 
NGS technologies such as lllumina for a deeper sampling of the 
pathogen transcriptome. 

454-pyrosequencing does not Saturate the Poplar 
Transcriptome 

A total of 616,8 79 reads were mapped ante 21,3 11 poplar 
transcripts (i.e . predicted protein coding genes in poplar genome), 
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considered as expressed when a t least one read was mapped 
(Table 1). Among these 21 ,3 11 transcripts only 6,755 were 
expressed in ail conditions. The average and median of total reads 
number per expressed transcrip t are 28.95 and 8 respec tively, 
ranging from 1 to 6,51 3 (Fig. S4A). Saturation curves indica te that 
52 ± 5 new expressed transcripts are detec ted for each 1000 
supplemen tal reads after 100,000 (Fig. S4B). This demonstrates 
that the poplar transcrip tome is not saturated and consequently 
unsuitable for whole-genome quantitative expression analysis. As 
specified recently by Malone and Oliver [40] , an impor tant 
concern in RNA-Seq experiments is the depth of sequencing 
required to efficiently sample the transcriptome. By using lllumina 
sequencing, Graveley and collaborators [41] reported that even 50 
millions of mapped reads were not enough to fully saturate the fly
head transcriptome. Despite huge progresses in sequencing, it 
seems that full sa turation of transcrip tomes still cannot be 
considered as an easy purpose . 

In order to isolate a subset of transcript with a sufficien t 
coverage to enable quantitative analysis of expression, we 
dramatically reduced our set from 21 ,3 11 to 1,909 highly 
expressed (HE) transcripts, with a minimal arbitrary cut-oIT of 
60 total reads per HE transcrip t (Table l, Fig. S4). 

Poplar RNA-Seq Expression Levels are Validated by 
Oligoarrays and RT-qPCR 

In order to validate poplar RNA-Seq data, we performed 
whole-genome poplar oligoarrays and compared expression values 
gained by both methods. The DNA-chip approach detected the 
expression of 34,964 transcripts (76 % of the coding genome) of 
which 31,644 were expressed in all conditions (Fig. la). Compared 
with the 21 ,3 11 expressed transcrip ts revealed by RNA-Seq, 
oligoarrays clearly demonstrate that the RNA-Seq approach was 
not deep enough to cover the en tire poplar transcriptome. 
Oligoarrays confirmed the expression of 20,105 of the 21 ,3 11 
transcrip ts detected as expressed by RNA-Seq (Fig. la). Among 
the 1,206 unconfirmed transcripts, 440 were detected below the 
oligoarrays background threshold whereas 766 were not spotted 
on the chip. Otherwise, 1,794 of the 1,909 HE transcripts were 
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Table 2. List of selected M. larici-populina (Mlpl genes expressed at early stages of poplar leaf infection and cumulating three 
reads for ail time-points assessed in the study with any of the read assignment method. 

Mlp reads no. with reads no. with 
Protein- contig-blast read-mapping 
IDa method method Annotation notesb SSP< Expression notesd 

13047 predicted secreted protein of 336 amino NA 
acids, no conserved domain 

33161 elongation factor elF1b, predicted as yes NA 
secreted 

33293 11 0 NADH:ubiquinone oxydoreductase Expressed in planta at 24, 48, 96 and 168 hpi and in resting/ 
germinating urediniospores; peaks of expression at 96 and 
168 hpi and in urediniospores 

36702 pyruvate dehydrogenase 5trongly expressed in planta at 48, 96 and 168 hpi and in 
resting/germinating urediniospores and expressed at 
24 hpi; peak of expression in resting urediniospores 

42122 ribosomal protein 52 Expressed in planta at 24, 48, 96 and 168 hpi and in resting 
urediniospores; peaks of expression at 48 and 96 hpi and in 
resting urediniospores 

42605 aspartate/ other aminotransferase Expressed in planta at 48, 96 and 168 hpi and in resting / 
germinating urediniospores; peaks of expression in resting 
urediniospores 

53922 405 ribosomal protein 265 Expressed in planta at 24, 48,96 and 168 hpi and in resting/ 
germinating urediniospores; peak of expression at 96 hpi 

70937 4 0 predicted small secreted protein of 286 yes Expressed in planta at 168 hpi and in resting/ germinating 
amino acids with con served rare urediniospores; peak of expression in urediniospores 
lipoprotein A domain 

71305 0 uncharacterized conserved protein 5trongly expressed in resting/germinating urediniospores 
and expressed in planta at 96 and 168 hpi; peak of 
expression in germinating urediniospores 

71396 4 0 predicted small secreted protein of 134 yes Expressed in planta at 48, 96 and 168 hpi and in resting / 
amino acids, no conserved domain germinating urediniospores; peaks of expression in 

germinating urediniospores 

74948 0 elongation factor elF2 5trongly expressed in planta at 24, 48, 96 and 168 hpi and in 
resting/germinating urediniospores; peak of expression in 
resting urediniospores 

84328 6 predicted small secreted protein of 147 yes Expressed in planta at 24, 48, 96 and 168 hpi and in 
amino acids, no conserved domain germinating urediniospores; peak of expression at 96 hpi 

85484 4 4 predicted small secreted protein of 256 yes 5trongly expressed only in planta at 24, 48, 96 and 168 hpi; 
amino acids, no conserved domain peaks of expression at 48 and 96 hpi 

87680 0 predicted secreted protein of 536 amino NA 
acids with conserved ubiquitin domain 

88357 predicted small secreted protein of 163 yes 5trongly expressed in planta at 24, 48 and 96 hpi and 
amino acids, no conserved domain expressed at 168 hpi; peaks of expression at 48 and 96 hpi 

88509 4 0 hypothetical protein of 1455 ami no acids, 5trongly expressed in resting/ germinating urediniospores 
w ith conserved signaling SWIFT domain and expressed in planta at 24, 48, 96 and 168 hpi; peak of 

expression in germinating urediniospores 

90053 12 0 hypothetical protein of 161 amino acids ND 
with zinc-finger domain 

91962 4 4 elongation factor elF5A 5trongly expressed in planta at 24, 48, 96 and 168 hpi and in 
resting/germinating urediniospores; peak of expression at 
168 hpi and in urediniospores 

92704 0 hypothetical protein of 195 amino acids, 5trongly expressed in planta at 24, 48, 96 and 168 hpi and in 
no conserved domain resting/germinating urediniospores; peaks of expression at 

24 and 48 hpi 

92712 0 hypothetical protein of 131 amino acids, 5trongly expressed in planta at 24, 48 and 96 hpi and in 
no conserved domain resting/germinating urediniospores and expressed at 

168 hpi; peak of expression at 24 hpi 

93158 4 4 60S ribosomal protein L1 Oa 5trongly expressed in planta at 96 hpi and in resting 
urediniospores and expressed at 24, 48 and 168 hpi; peak of 
expression in urediniospores 

93408 predicted small secreted protein of 147 yes 5trongly expressed in planta at 24, 48 and 96 hpi and also 
amino acids, no conserved domain expressed at 168 hpi and in resting/germinating 

urediniospores; peaks of expression at 24 and 48 hpi 
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Figure 1. Ln-transformed expression levels of poplar transcripts. (A) Venn-diagram of expressed poplar transcripts measured by whole
genome oligoarray and RNA-Seq. Numbers in brackets correspond to the percentage of the coding genome; numbers in parentheses correspond to 
the highly expressed (HE) transcripts and numbers in parentheses and in bold correspond to HE transcripts validated by oligoarrays (i.e. VHE 
transcripts). (8) RNA-Seq and oligoarrays average expression levels correlation. The black rectangle indicates the area containing the 1,794 VHE 
transcripts discussed in the text. 
doi:10.1371/journal.pone.0044408.g001 

supported by RNA-Seq, revealing a unidirectional and non
negligeable technical biase between these approaches discussed in 
Text SI (Fig. S6). 

Transcriptome of Poplar Leaves: Overall Stability at Early 
Stages of Infection 

In order to identify early-regulated transcripts in the poplar 
transcriptome, expression levels were compared pair-by-pair 
between the 6 different conditions tested (Fig. 2). Among the 
VHE transcripts, 1,793 showed overall stable RNA-Seq expression 
levels, with average relative standard deviation percentage 
(%RSD, see methods) values of 35, ranging from 2 to 101 (Fig. 
S7a). The only highly variable transcript with a %RSD of 186 is a 

PLOS ONE 1 www.plosone.org 6 

predicted sulfate transporter homologous to Ambidopsis thaliana 
Sultr3;5 (AtSultr3;5) [42] and hybrid poplar Populus tremula x 
Populus alba Sultr3;5 (ptaSultr3;5) [43] and thus was herein named 
p. trichocarpa Sultr3;5 (PtSultr3;5). The overall stability of VHE 
transcript expression levels was confirmed by oligoarra ys, which 
present %RSD values from 1 to 62 (Fig. S7b). Moreover, 
expression levels of the 34,964 oligoarray-expressed transcripts 
were equally stable, with only 18 transcripts with %RSD above 
100, which ail correspond to low and barely expressed genes 
(Fig. 2, Table SI ). Functional classification of the 1,794 VHE 
transcripts as weil as detailed analysis of the stress responsive 
phenylpropanoid pathway further confirmed the absence of 
defense responses (Text S2, Fig. S8 and S9). H ence, except 
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primary sulfate assimilation were nevertheless identified , although 
a transketolase domain of the beta-subunit of the sulfide reductase 
is missing [17]. Interestingly, 2 out of 3 M. larici-populina sulfate 
transporter transcripts are expressed during poplar leaf infection 
and in urediniospores, however sulfate metabolism transcripts are 
barely detected [21]. 

It is tempting to speculate that M. larici-populina could perform 
a targeted-manipulation of poplar physiology by inducing 
PtSultr3;5 to derivate sulfate via a host-encoded mechanism. 
Such a manipulation of host transporter expression by 
pathogens has been described in interactions between Xantho
monas spp . and rice or pepper, where host genes encoding sugar 
transporters are specifically and necessarily induced by tran
scnptIon activator-like cr AL) bacterial effectors to settle 
compatibility [55- 57]. Interestingly, fungal pathogens also 
induce sugar exporters during plant infection [57] and although 
effectors have been brought up, the molecular mechanism 
underpining this phenomenon remains to be determined [58]. 
To our knowledge, no TAL effectors have been reported 
outside of the bacterial genus Xanthomonas and Ralstonia. 
Interestingly, a recent report by Plett and colleagues [14] has 
shown that a small-secreted effector protein from the symbiotic 
fungus L. bicolor targets the host nucleus to settle compatibility 
through poplar roots transcriptome modulation. Moreover, in 
plant-oomycete interactions, the massive delivery of effector 
pro teins into the host nucleus has been observed [15,59]. 
Altogether, these studies raise interesting perspectives on the 
ability of biotrophic eukaryote plant symbionts to perform 
targeted modulations of host genetic programs. 

Conclusions 
In this study, we performed a transcriptome analysis of early 

stages of poplar leaf infection by the rust fungus M. larici-populina 
both during compatible and incompatible interactions. We 
covered critical steps of the fungus biotrophic growth in the host, 
when the first haustorial structures are formed ahead of typical 
host defense responses. Complementary large-scale expression 
approaches were used including 454 pyrosequencing and 
oligoarrays to assess the accuracy of the expression data. At the se 
early stages, only a few fungal transcripts were detected in planta 
indicating that 454-pyrosequencing could not support investiga
tion of fungal function. Nevertheless, early-expressed candidate 
effectors corresponding to probable rust pathogenicity determi
nants were detected and will be targeted in future investigations. 
We report the absence of induction of lypical defense response 
genes in infected poplar leaves before 48 hpi, which is contrasted 
by a highly induced poplar sulfate transporter. This last 
observation, in the light of our knowledge of biotrophy, is puzzling 
and establishes a new correlative link belween biotrophic growth 
and host sulfate. PtSultr3;5 is also early induced in poplar roots 
upon indirect interaction with a symbiotic fungus (i.e. pre
symbiotic contact) and could represent a conserved mechanism 
targeted by symbiotic and pathogenic biotrophs to settle compat
ibility with poplar. Further functional investigations are now 
needed to understand the role of PtSultr3;5 and more generally to 
underpin how plant sulfate transport could play a role in plant
microbe interactions. 

Materials and Methods 

Biological Material, Infection Procedures and lime-course 
Infection 

Melampsora larici-populina isolates 98AG 31 (pathotype 3-4-7) and 
93ID6 (pathotype 3-4), respectively virulent and avirulent on the 
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hybrid P. trichocarpa x P. deltoides poplar cultivar 'Beaupré', were 
used in this study. Urediniospores multiplication and poplar leaf 
inoculation procedures were carried out as previously described 
[29] except that inoculations were performed on 5 cm2 leaf disks as 
reported in other studies [60- 62]. For time-course infection 
analyses, leaf disks were harvested at 0, 12, 15, 18, 21 , 24 and 
48 hpi in compatible (C) and incompatible (I) interactions as weil 
as in mock-inoculated (water agar) condition (T ). The 6 following 
conditions were used for 454-pyrosequencing and oligoarrays: Il S, 
121 , 124, C IS, C 24, C48 (Fig. SI ). AlI of these conditions were used 
for RT-qPCR analyses. No biological duplication was performed. 

RNA Extraction and cDNA Preparation 
Total RNA extraction and quantityl quality control were 

performed as previously described [29]. For 454-pyrosequencing 
and oligoarray experiments, tagged double-strands (ds) cDNA 
were synthesized with the SMAR Ter PCR cDNA Synthesis Kit 
(Clontech, Saint-Germain-en-Laye, France), following manufac
turer instructions, with 0.5 /lg of starting total RNA and 19 
cycles of PCR amplification in 25 IlL. PCR products were 
purified with the Quiaquick PCR Purification Kit (Qiagen, 
Couteboeuf, France), quantified with a nanodrop 1000 spectro
photometer (Labtech, Palaiseau, France) and their quality was 
assessed by electrophoretic RNA proflling with an Experion 
analyzer using the Experion RNA Standard-Sens analysis kit 
(Bio-Rad, Marnes-la-Coquette, France). For RT-qPCR experi
ments, cDNA were synthesized using the iScript cDNA 
Synthesis Kit (Bio-Rad,) with 1 /lg of total RNA and following 
manufacturer instructions. 

454-pyrosequencing and Oligoarrays 
Sequences were generated from 5 /lg of full-Iength cDNA 

using the 454-GS-FLEX Titanium pyrosequencing technology 
on a Roche 454 Titanium sequencer (single read strategy) at the 
CEA-Genoscope (Centre National de Séquençage, Evry, France; 
http://www.genoscope.cns.frlspip) following standard proce
dures recommended by Roche. Two half-plates were used: 
one for the I lS, 12 b 124 conditions mixed 1/3-1/3-1/3 together 
with specific tags; and another one for the C 18, C24, C48 

conditions mixed 1/3-1/3-1/3 together with specific tags. Raw 
454-sequences are available upon request. The interest and use 
of 454-sequences for complementary annotation of poplar and 
poplar rust genomes are discussed in T ext S3. Whole-genome 
poplar oligoarrays were generated and hybridized at the 
NimbleGen facilities (NimbleGen systems, Reykjavik, l celand) 
following standard protocols [29,51]. Microarray probe intensi
ties were quantile normalized across chips, using the Arraystar 
software (DNAStar, Inc., Madison, Wi, USA). The background 
level was fixed at 150 (average 3-fold random probe intensities 
across oligoarray hybridizations) . The complete oligoarray 
expression datasets are available at the NCBI GEO website as 
series number GSE34802. 

Rl-qPCR 
Specific primers were designed for targeted 'Beaupré ' tran

scripts and RT-qPCR were carried out as previously detailed on 
technical duplicates [20]. Sequences gained by RNA-Seq were 
used for primer design in order to avoid polymorphism bias during 
alleles amplifications of the 'Beaupré' hybrid cultivar. Transcript 
expression was normalized to the poplar ubiquitin reference 
transcript [29] and calculated using the following equation: 
Relative Expression = [(target gene primer efIiciency) - Ct] 1 
[(reference gene primer efIiciency) - Ct], where Ct is the number 
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Text S3 Interest and use of 454-sequences for cOIllple
Illentary annotation of poplar and poplar rust genoIlles. 
(DOC) 
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such as membrane permeabilization [11], p-glucan bind
ing and degradation [5], inhibition of enzymes such as 
xylanases [12], a-amylase, or trypsin [13], as weil as an 
apoptosis-inducing mechanism reported in yeast [14] . 
Other functional properties have been reported for 
TLPs, including antifreeze activity [15], protection from 
abiotic stress [16] and binding to proteins such as actin, 
viral CMV -1 protein, yeast glycoproteins and G-Protein 
Coupled Receptor (GPCR) or to hormones such as cyto
kinins [7] . 

Most typical TLPs described to date have a molecular 
weight ranging from 20 to 26 kDa, and generally possess 
16 conserved cysteine residues that form eight disulfide 
bonds [17] . Recently, small TLPs (sTLPs) have been 
identified in monocots and conifers. These are charac
terized by a smaller molecular weight (around 17 kDa) 
and only 10 conserved cysteine residues that form five 
disulfide bonds [18-20] . Seven TLP structures have been 
solved so far, revealing a strongly conserved 3D organi
sation with a characteristic acidic cleft domain that 
comprises the five highly conserved amino acids 
REDDD that are dispersed in the primary sequence [21] . 
Despite good conservation of these amino acids in sTLP 
primary sequences, they do not organize into an acidic 
cleft at the 3D level [22]. Unusual TLP and protein 
kinase fusion proteins referred to as PR5-kinase or TLP
kinase (TLP-K) have also been reported in a few plant 
species [23,7] . 

The analysis of the Populus trichocarpa 'Nisqually-1' 
genome revealed a substantial over-representation of 
genes encoding disease resistance pro teins compared 
with annual species such as Arabidopsis thaliana, and 
this increase is not solely attributable to the genome 
expansion in Populus [24] . In particular, 55 putative 
TLP genes were initially identified in P. trichocarpa ver
sus 24 for A. thaliana [24] . Populus spp. are economic
ally important and hybrid poplars in particular are used 
extensively worldwide for wood production. Breeding 
programs particularly target resistance to Melampsora 
spp. fungi, which are responsible for leaf rust, a major 
disease of poplars that severely impacts tree growth and 
wood production [25]. With the availability of both 
P. trichocarpa and M. larici-populina genome sequences, 
the biotrophic poplar-rust interaction is emerging as a 
model pathosystem in forest biology [26] . Several tran
scriptome-based studies revealed transcriptional repro
gramming in poplar leaves infected by Melampsora spp., 
including the up-regulation of many PR proteins [26] . In 
particular, transcript profiling of poplar leaves du ring an 
incompatible interaction (Le. host-specific resistance) 
with M. larici-populina established a set of host-defense 
marker genes, including several TLPs [27]. 

The present study describes the annotation of 42 TLP 
gene models in the P. trichocarpa 'Nisqually-1' genome 
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version 2.0. In addition, comparison of expression stu
dies conducted on poplar subjected to biotic (Le. Mel
ampsora spp. infection) and abiotic stresses identified 
stress-responsive clades. The comparison of 598 com
plete eukaryote TLP amino acid sequences, of which 
410 come from the 18 plant genome sequences cur
rently available, allowed us to establish a link between 
function and phylogeny by systematically mapping func
tional data mined from the literature to the phylogenetic 
tree. In si/ico structural analysis confirmed that, with the 
exception of sTLPs, the acidic cleft domain is strongly 
conserved among eukaryote TLPs. 

Results 
Annotation, phylogeny, genomic distribution and gene 
expression of poplar TLPs 
In contrast to Tuskan and collaborators [24], we identi
fied a total of 59 putative TLP genes in the P. tricho
carpa 'Nisqually-1 ' genome version 1.1. In version 2.0 of 
the genome, now integrated in the Phytozome portal 
[28,29], 17 of these TLP gene models are not validated. 
These 17 invalidated models include 11 predicted aile les 
that were previously considered to be independent 
genes and six probable pseudogenes that are interrupted 
by stop codons (Additional file 1) . The remaining 42 
TLP genes that are validated in version 2.0 of the gen
ome comprise 38 typical TLPs and four genes with 
strong homology to TLP-K from A. thaliana, including 
fusion to a putative protein kinase (Pfam: PF00069) 
([23], Additional file 2). 

A phylogenetic tree constructed with the validated 
poplar TLPs reveals four well-defined clades, numbered 
here from 1 to 4. Among these clades, the REDDD resi
dues are highly conserved with only small variations for 
five TLPs (Figure 1) . The size of the proteins varies 
from 225 to 319 amino acids (-24 to 34 kDa) for the 38 
typical TLPs and is approximately 650 amino acids 
(-73 kDa) for the four TLP-Ks. The predicted isoelectric 
points vary from 4.15 to 9.07 and correspond weil with 
the TLP phylogeny (Figure 1). Analysis of the protein 
domain organisation showed that the thaumatin do main 
(Pfam: PF00314) covers almost 95% of the entire mature 
TLPs, except 10 TLPs in clades 3 and 4 that have 
approximately 40 addition al amino acids in their 
C-terminal region. The four TLP-Ks are grouped in a 
specific branch of clade 3, suggesting that they are 
monophyletic in poplar. The gene structure of poplar 
TLPs is weil conserved within clades 1-3, with genes 
belonging to clade 1 formed by a single exon, TLPs 
from clade 2 by two exons and TLPs of clade 3 by three 
exons (Figure 1); clade 4 is an exception with genes 
composed of one, two or three exons. 

The version 2.0 of the P. trichocarpa genome incorpo
rates a greatly improved physical map compared with 
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Figure 1 Thaumatin-like proteins (TLPs) trom poplar (A), Neighbour-joining tree of Populus trichocarpa TLPs. Branch lengths are proportional 
to phylogenetic distances. (B), Protein characteristics and natural selection of poplar TLPs. MW: mass weight in kDa; Ip predicted iso-electric 
point; ns neutral selection [39]. (C), Regulation of poplar TLPs during stress. Transcriptome analyses of 3 different studies on poplar leaves 
infected by Melampsora spp. are summarized [27,30,31] Changes considered to be significant by the respective authors are in bold. 148: 
incompatible interaction at 48 hour post-inoculation (hpi); C48 compatible interaction at 48 hpi; Mmd compatible interaction at 6 dpi; Mlp 
compatible interaction at 6 dpi; Mxt Mmd+Mlp; 1 d,3d, 7d, 9d compatible interaction respectively at 1, 3, 7 and 9 dpi Summarized data for 
expression during stress conditions were mined from the PopGenlE data base [58] (non-underlined letters) or from the literature (underlined 
leners) 'up' up-regulated gene or increased protein accumulation; 'down': down-regulated gene; ns no significant regulation; a lener alone 
indicates that the corresponding protein has been reported but no regulation information is available; a to d: ozone, UV, drought and co Id stress 
respectively; e: wind exposed leaves; f: wounding; g: Populus/Melampsora compatible interaction; h: sap extract; i sap extra ct after wounding; 
j wood regeneration; k: copper stress. Corresponding references [60,65-71] (0), Protein domain organisation and CDS structure. Light grey box 
thaumatin domain; dark grey box protein kinase domain; black box: exon. '-' in (A), (B) and (C) indicates missing information. aAccession number 
of the best Arabidopsis thaliana homo log. 

version 1.1. This helped localise 41 of the 42 annotated 
TLP genes on 13 of the 19 chromosomes (Le. scaffolds 1 
to 19 on the Phytozome portal [29]) (Figure 2) . Scaffold 
1 contains 16 TLP genes, including ail 11 TLP genes 
from clade 2 which are located within a 350 kb segment 
that encodes TLPs exclusively. We named this region the 
TLP cluster. Transposable elements (TE) coyer 52% of 
this 350 kb region, with a particular over-representation 
of long terminal repeat (L TR) Gypsy elements that coyer 
37% of the cluster (Figure 2 and Additional file 3). 

Results compiled from three different previously pub
lished transcriptome analyses of poplar leaves infected 
by Melampsora spp. fungi [27,30,31] indicate that, of 
the 42 TLP genes, 14 are significantly up-regulated and 
two are significantly down-regulated (Figure 1). Among 
the 14 up-regulated TLP transcripts, 12 belong to clades 
1 and 2 and 11 of these are located on scaffold 1 (Figure 
1 and 2) . Interestingly, five TLP genes are up-regulated 
during an incompatible poplar/rust interaction, of which 

three are grouped in clade 1. Under abiotic stress condi
tions, five poplar TLP transcripts showed differential 
accumulation. In addition, six TLPs were identified by 
different proteomic studies, of which four were shown 
to accumulate during biotic or abiotic stress (Figure 1). 
More specifically, the PopTLP 1 gene (P. trichocarpa 
geneID Poptr_0001s09570) from clade 1 is associated 
with several biotic and abiotic stresses and we confirmed 
with a detailed time-course analysis by RT -qPCR that 
PopTLP 1 expression increases in poplar leaves chal
lenged by M. larici-populina (Additional file 4) . 

TLPs in green plant genome sequences 
We performed an exhaustive genomic analysis of plant 
TLPs by collecting TLP gene models from 18 sequenced 
plants available at the Phytozome portal [29] . Models 
encoding proteins with an incomplete thaumatin 
domain were ignored (Table 1). A single but incomplete 
TLP gene was identified in the unicellular green algae 
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Figure 2 Representation of genomic loci of TLP genes in the genome of Popu/us trichocarpa 'Nisqually-1 '. (A), Position of TLP genes on 
scaffold 1. Transposable element coverage of the TLP cluster is presented below scaffold 1 (dark grey LTR-retrotransposon; light grey: DNA 
transposon) . (B), position of TLP genes on scaffolds 2 to 21 . Black lines: scaffolds; triangles: TLP genes; triangles in rectangles: TLP-kinase genes. 
Grey and white triangles respectively correspond ta regulated and non-regulated genes in rust-infected poplar leaves as shown in Figure 1. 

Chlamydomonas reinhardtii, which represents the evo
lutionary starting point of viridiplantae, and thus makes 
the origin of complete TLPs in the green lineage unclear 
(Table 1). Three complete TLP genes were identified in 
the moss Physeomitrella patens and 12 were found in 
the vascular plant Selaginella moellendorffii, indicating 
that an important gene expansion occurred in the tran
sition from bryophytes to tracheophytes. Among the 15 
angiosperm genomes, the TLP gene number varies from 
16 in the barrel clover Medieago truneatula to 42 in the 
black cottonwood P. triehoearpa, whereas A. thaliana 
has 22 TLP genes. An average of 26 TLP genes are pre
sent in angiosperms, with similar numbers of TLPs in 
dicots or monocots (Table 1) . sTLP-encoding genes 
were identified exclusively in monocots (from 2 in Zea 
mays to 9 in Sorghum bieolor), whereas TLP-Ks have 
been identified in both monocots and dicots, although 
dicot TLP-Ks were restricted to the A. thaliana and 
P. triehoearpa genomes. T 0 identify the genes that are 
most similar to TLP-Ks in the remaining dicots, we per
formed homology se arches with the kinase do main of 

TLP-Ks and retrieved only lectin-kinase genes, confirm
ing the absence of TLP-/(s in these dicot genomes (data 
not shown). In S. bieolor, a small- TLP-kinase (here 
termed sTLP-K) composed of aN-terminai sTLP 
domain and aC-terminai protein kinase domain, sepa
rated by a predicted transmembrane (TM) domain, was 
identified (Addition al file 5). The origin of this arrange
ment is puzzling and has apparently evolved indepen
dently of TLP-Ks. To our knowledge, this is the first 
report of such a domain organisation. 

Eukaryote TLPs: linking phylogeny with protein structure 

and function 

To achieve an accurate and complete phylogeny of 
eukaryote TLPs, we retrieved an additional 188 
sequences with a complete thaumatin domain from 
the NCBI protein database [32] and combined them 
with the 410 plant sequences that we identified earlier 
(Additional file 6). These include several sequences from 
fungi (basidiomycetes and ascomycetes) and invertebrate 
animais (nematods and arthropods), as weil as other 
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Table 1 TLP gene content in sequenced plant species 

organism code common phylum 
organism na me 

class 
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order TlP blast complete TlP small-TlP/ 
resulta domaine TlP-Kd 

Chlamydomonas Chire Green algae Chlorophyte Chlorophyceae Volvocales 0 0/0 
reinhardtii 

Physcomitrella Phypa Moss Bryophyte Bryopsides Funariales 5 0/0 
patens 

Selaginella Selmo Lycophyte Tracheophyte Sellaginellopsides Selaginellales 18 12 0/0 
moelledorffii 

Oryza sativa Orysa Rice Angiosperm Monocotyledon Cyperales 37 26 4/1 

Brachypodium Bradi Purple false brome Angiosperm Monocotyledon Poales 32 24 3/2 
dis tachyon 

Sorghum bicolor Sorbi Sorghum Angiosperm Monocotyledon Poales 45 36 9/1W) 

Zea mays Zeama Maize Angiosperm Monocotyledon Poales 38 29 2/2 

Mimulus guttatus Mimgu Common mon key- Angiosperm Dicotyledon Lamiales 33 23 0/0 
flower 

Vitis vinifera Vitvi Grapevine Angiosperm Dicotyledon Rosales 27 18 0/0 

Carica papaya Carpa Papaya tree Angiosperm Dicotyledon Brassicales 18 16 0/0 

Arabidopsis thaliana Arath Thale cress Angiosperm Dicotyledon Brassicales 30 22 0/3 

Cucumis sativus Cucsa Cucumber Angiosperm Dicotyledon Cucurbitales 29 28 0/0 

Glycine max Glyma Soya Angiosperm Dicotyledon Fabales 58 38 0/0 

Medicago Medtr Barrel clover Angiosperm Dicotyledon Fabales 21 16 0/0 
truncatula 

Prunus persica Prupe Peach tree Angiosperm Dicotyledon Rosales 37 28 0/0 

Manihot esculenta Manes Manioc Angiosperm Dicotyledon Malpighiales 34 27 0/0 

Ricin communis Ricco Castor oil plant Angiosperm Dicotyledon Malpighiales 24 22 0/0 

Populus trichocarpa Poptr Poplar Angiosperm Dicotyledon Malpighiales 59b 42 0/4 

' Number of putative TLP genes identified by amino acid homology searches of plant genome sequences on the Phytozome portal [29]. 

bNumber of putative TLP genes identified from version 1.1 of the Papu/us trichocarpa 'Nisqually-1' genome on the JGI website [55]. 

' TLP sequences with a complete thaumatin domain. 

dProportion of sTLP and TLP-K with a complete thaumatin domain. 

' small-TLP/kinase domain fusion (sTLP-K). 

plants from mainly the asterid and conifer divisions. We 
report for the first time the identifieation of sTLP genes 
in basidiomycetes, precisely in the pucciniales M. larici
populina and Puccinia graminis f.sp. tritici. Fungal 
sTLPs appear to be monophyletie, suggesting that sTLPs 
evolved independently in pucciniales, monocots and 
conifers or that sTLPs were lost during evolution from 
other phyla such as dieots and animais (Additional file 
7) . Ove rail, a total of 598 sequences were retrieved from 
100 different species (12 animais, 12 fungi and 76 green 
plants) and were used for comparative genomie analyses. 
The phylogeny of these eukaryote TLPs reveals three 
major monophyletie groups (Figure 3). TLP subgroup 1 
consists of 211 sequences and includes highly specifie 
clades, such as a fungal clade containing TLPs from 
both ascomycetes and basidiomycetes, as weil as plant 
clades that are specifie to conifers, monocots, monocot 
sTLPs, monocot TLP-Ks, dieots or asterids. TLP sub
group II is composed of 341 sequences and includes an 
animal-specifie clade with distinct sub-clades for nema
todes and arthropods. Because of their over-representa
tion, a large clade of plant sequences constitutes the 
vast majority of TLP subgroup II, with several subclades 

composed of relatively balanced numbers of monocot 
and dieot sequences (Figure 3). TLP subgroup II notably 
includes a clade enriehed in rosid and tree TLPs that in 
partieular contains the poplar TLP cluster. Dieot TLP
Ks also belong to TLP subgroup Il. TLP subgroup III 
contains only 46 sequences from 20 different plant spe
cies, with a large number of sequences from the vascular 
plant S. moellendorffii (Figure 3). 
An alignment with 18 representative TLP sequences 
from the major sub-clades shows the diversity of eukar
yote TLPs (Figure 4). The thaumatin domain of ascomy
cetes is almost 30% longer than that of typical TLPs 
(-280 versus -215 ami no acids), mainly due to three 
insertions in less-conserved regions of the domain. By 
contrast, sTLPs are almost 30% smaller than typical 
TLPs (-150 versus -215 amino acids) due to a large 
deletion. The 16 cysteine residues (10 for sTLPs) are 
extremely weil conserved, except for 1-2 residues in 
ascomycete and basidiomycete sTLPs and in some ani
mai sequences (Figure 4). The REDDD motif or its 
equivalent (Le. amino acids with similar biochemical 
properties) is fully conserved in 13 of the 18 representa
tive sequences. Similarly, the amino acids forming the 
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-_ 'ancestral' plants (chlo ra-, bryo- and tracheo-phytes) 

-- invertebrate animais 

-- ascomycetes, fungi 
-- basidiomycetes, f ungi 

~ Small-TLPs 

~ TlP-Kinases 

~ Small-TLP-Kinase 

Figure 3 Neighbour-joining tree of 598 thaumatin domains of TLP sequences from 100 eukaryote species. Branch lengths are 
proportional to phylogenetic distances. For clarity, protein names are not indicated but can be retrieved from individual phylogenetic trees of 
subgroups l, Il and III respectively in Figure 5, Additional files 9 and 10. Red stars indicate sequences used for the alignment presented in 
Figure 4. Annotations of subgroups and clades are discussed in the text 

bottom of the addic cleft and those at each extremity of 
the thaumatin domain are generally weil conserved. 

Information about the biological and/or biochemical 
properties were compiled for 26 TLPs with a complete 
amino add sequence from an exhaustive survey of the lit
erature (Additional file 8). These data were added sys
tematically to the phylogenetic sub-trees of TLP 
subgroups 1 (Figure 5) and II (Additional file 9) . Among 
the se 26 TLPs, 21 have antifungal activity and ni ne have 
endo-p -1,3-glucanase activity. Surprisingly, antifungal 
TLPs are widespread among eukaryotes, as 13 are present 
in TLP subgroup 1 and 8 are in TLP subgroup Il. 
A similar widespread assortment across TLP subgroups 1 
and II was obtained for TLPs that exhibit endo-p -1,3-glu
canase or antifreeze activities. Compared with the large 
amount of information available concerning asterid TLPs 
(many functions have been described for two TLPs of 
subgroup 1: tobacco osmotin, Nicta-1709500, and maize 

zeamatin, Zeama-grmzm2g394771), there is almost no 
functional characterization of conifer and fungal TLPs or 
sTLPs. One exception is TLX1, a sTLP from wheat 
(Triae-ll0836639), which is the only sTLP characterized 
to date and the only TLP shown to have xylanase inhibi
tor activity (Additional files 7 and 8) . Among poplar 
TLPs, only the four TLPs from the poplar clade 1 (Figure 
1) belong to the eukaryote TLP subgroup 1 (Figure 5) . 
Proteins from TLP subgroup II have been poorly charac
terized, except for the rosid-spedfic and tree-enriched 
clade, which contains several pro teins with described 
antifungal or endo-p -1,3-glucanase activities (Additional 
file 9) . Thirty-one poplar TLPs are distributed in TLP 
subgroup II, including the 11 TLPs that form the poplar 
TLP cluster and which are as sem bled in the tree
enriched clade. To our knowledge, none of the proteins 
from subgroup III have been characterized at the func
tionallevel so far (Additional file 10). 
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Figure 4 Alignment of thaumatin domains of selected eukaryote TLPs. Amino acid sequence comparison was carried out with ClustalW on 
MEGA 4 software with the parameters described by [6]. The alignment was then adjusted manually wh en necessary. aComplete protein 
reference: Glyma-Glyma 11 9 14970.1 . 

To estimate how TLP structural diversity influences 
biological and biochemical functions, a 3D structure 
alignment (3D-SA) was performed with the phylogeneti
cally most distinct TLP structures available among the 
seven solved to date: the tobacco PR-5d (Nieta-1709500; 
PDB: 1AUN) from TLP subgroup I and the cherry Pru 
Av 2 (Pruav-1729981; PDB: 2AHN) from TLP subgroup 
II (Figure 6). In general, the 3D structures of these TLPs 
superimpose weil, especially the region forming the 
acidic cleft. Indeed, this region, as weil as two hydro
phobie or aromatie residues (generally Phe or Tyr), are 
important for the antifungal or Iytie activities of TLPs 
(Figure 6, [21]). However, although weil conserved, 
some residues of the REDDD and FF motifs adopt 

slightly different positions in these two TLPs. For exam
pie in the Pru Av 2 structure, the side chain of the 
aspartate at position 289 (D289) is oriented outside the 
acidic cleft and the phenylalanine residue F 11 9 is 
replaced by a small non-aromatie residue (Gly) that is 
positioned differently. It is not clear whether these small 
differences have a signifieant impact on the substrate 
selectivity or protein function. Primary sequence align
ment mapping on 3D structures (AM-3D) of PR-5d and 
Pru Av 2 with sequences from subgroups I and II, 
respectively, confirmed that the acidie cleft is the most 
conserved region among eukaryote TLPs (Figure 6). By 
contrast, although the REDDD amino acids are con
served in most sTLPs, AM-3D of sever al sTLP 
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Figure 5 Neighbour-joining tree of the 211 thaumatin domains of TlP subgroup 1. Functionally characterized TLPs and corresponding 
functions are indicated. Poplar sequence names are in red . The 5 letter code before each protein ID corresponds to the 3 first letters of the 
genus name followed by the 2 first letters of the species name. The red arrow indicates PR-5d used for 3D structure alignment and black arrows 
indicate sequences used for alignment mapping on 3D Structure (see Figure 6). The red star indicates the Small-TLP-Kinase from Sorghum bicolor 
(Sb03g025670). The two columns successively indicate proteins with demonstrated antifungal activity and other functions. a: protection against 
abiotic stress; b antifreeze activity; c: membrane permeabilization activity; d: xylanase inhibitor; e a -amylase/trypsin inhibition; f: apoptosis
inducing in yeast; 9 GPCR binding; h: CMV1-a binding; i: glycoprotein binding; j: endo-p-U-glucanase activity; k solved 3D structures. References 
corresponding to these data are summarized in Additional file 8. 8ranch lengths are proportional to phylogenetic distances. 
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Figure 6 3D structure alignment (3D-SA) and alignment mapping on 3D structure (AM-3D) of eukaryote TLPs. Amino acids of the 
REDDD and FF motifs are represented with side-chains in balls and sticks. Color code of side-chains, red negatively charged; blue: positively 
charged; yellow: hydrophobie. White dashed-lines indicate acidic cleft limits. (A), 3D-SA of tobacco PR-5d and cherry Pru av 2. Protein backbone 
color code, red: identical amino acids; blue: different ami no acids; grey unaligned residues, green glycine/phenylalanine residues discussed in 
the tex! Disulfide bonds are in orange. (B), AM-3D of 9 subgroup 1 TLPs using the PR-5d structure as template. The four-color code of the 
protein backbone (from red to blue) corresponds to a decrease in amino acid conservation. (C), AM-3D of 15 subgroup Il TLPs using the Pru Av 
2 structure as template. Color code and annotations are as in B. Amino acids under diversifying selection [39] are indicated by white asterisks. 
(D, E and F), Highlights of ~ -sheets forming the acidic cleft in A, Band C respectively. Color code is similar to that in A, Band C ln D, the 
residues forming the REDDD and FF motifs are numbered as in Figure 4. White arrows indicate motif differences discussed in the tex! (G), AM-
3D of the 9 small-TLPs indicated in Additional file 7 using the TLX1 structure as template Color code is similar to that in B. A white da shed 
ellipse marks the missing acidic cleft. 
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sequences with the recently solved structure of wheat 
TLX1 (PDB: 1KWN) revealed neither an acidic cleft 
nor any particular conserved region which could 
be linked to the reported xylanase inhibitor function 
(Figuer 6, [12]). 

Alignment of the 14 TLP-Ks identified from six differ
ent plant species (two dicots and four monocots), 
including the four poplar TLP-Ks, revealed that the 
thaumatin domain of TLP-Ks is similar to that of typical 
TLPs, possessing both the conserved residues involved 
in the acidic cleft and the cysteine residues (Figure 7) . 
The protein kinase domain of TLP-Ks is extremely weil 
conserved, even among monocots and dicots, and con
tains two fully conserved residues D740 and D758 known 
to be part of the catalytic motif [33] . A predicted TM 
domain is present between the thaumatin and the 
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protein kinase domains in ail TLP-K sequences (Figure 
7, Additional file 5), except Bradi-2g01200, which might 
be due to an erroneous interdomain annotation in the 
Brachypodium dis tachyon genome. 

Discussion 
The recent release of the P. trichocarpa genome, the 
first tree genome available, paved the way for high
throughput genomic and computational analyses of 
multigene families, and has defined Populus as a model 
organism in forest biology [34]. Considering that leaf 
rust fungi are responsible for considerable damage in 
poplar plantations, the Populus/Melampsora interaction 
has emerged as a model pathosystem in forest pathol
ogy [26] . In order to decipher the molecular basis of 
poplar resistance against this biotrophic fungus, in-
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Figure 7 Amino acid sequence comparison of plant TLP-kinases (TLP-Ks) (A), Neighbour-joining tree of the 14 TLP-Ks identified in plants 
Branch lengths are proportional to phylogenetic distances. Black star: sTLP-K from Brachypodium dis tachyon; grey star: TLP-K from Arabidopsis 
thaliana described in [51]. (B), ClustalW amine acid alignment using the parameters described by [6] and manually adjusted. Thaumatin and 
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grey. Shaded boxes indicate highly conserved sequences. The arrow indicates the end of the predicted signal peptide. Vertical bars indicate 
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depth and exhaustive studies of defense-related func
tions require a reliable annotation of gene families 
before we can understand their structural and func
tional diversity. We have therefore performed a gen
ome-wide analysis of the TLP multigene family, which 
comprises many stress-inducible proteins in P. tricho
carpa. Extension of the phylogenetic analysis to 
include TLPs from other eukaryotes extends our 
knowledge about the evolution of TLPs. 

TLPs in plant genomes: an evolutionary diversification 
The history of TLP multigene families retraced from 18 
plant genome sequences shows a strong evolutionary 
diversification from the green alga C. reinhardtii to the 
black cottonwood tree P. trichocarpa (Table 1). In the 
co-evolution of host-microbe interactions, plants and 
fungi acquire new weapons that promote their resistance 
or virulence, respectively [35] . As a consequence of this 
arms race, the size of some multigene families involved 
in resistance (such as NB-LRRs) has greatly increased in 
poplar and other higher plants [36] . It is accepted that 
this increase, sometimes specific to certain organisms, 
represents an important means for generating functional 
diversity via sub- or neo-functionalization of paralogs 
[37] . Analysis of natural selection is increasingly used in 
plant pathology to estimate how evolutionary forces 
impact genes and corresponding proteins, from the sc ale 
of amino acid sites to gene families [38] . Poplar TLP 
genes have recently been investigated for natural selec
tion. The four TLP-Ks and 10 of the 11 TLPs that 
belong to clade 2 (Le . the poplar TLP cluster) were 
shown to be driven by diversifying (positive) selection 
(Figure l, [39]) . More precisely, several exposed amino 
acids of TLPs are under diversifying selection, whereas 
amino acids forming the acidic cleft are under purifying 
(negative) selection and thus well-conserved (Figure 6) . 
Conservation of the acidic cleft could be necessary to 
main tain antifungal activity, whereas diversification of 
exposed amino acids could avoid recognition by patho
gen enzyme-inhibitors or proteases [40] . 

Is the antifungal activity of TLPs a universal property? 
Historically, TLPs have been described as biotic and 
abiotic stress-responsive proteins and were called TLPs/ 
PR5 or osmotin/osmotin-like proteins (OLPs), depend
ing on the stress condition (Le. biotic or abiotic stress, 
respectively) in which these proteins or their closest 
homologs were first described. As already suggested by 
Shatters and collaborators [6], phylogenetic analyses do 
not support this separate nomenclature that generates 
semantic confusion in the literature [41] . Our broad 
sequence analysis of eukaryote TLPs confirms that there 
is no clear difference among TLPs and OLPs, since dif
ferent TLP functions are not separated by distinct 
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phylogenetic clades. In fact, the major biochemical prop
erties of TLPs such as antifungal or endo-p -1,3-gluca
nase activity are widespread among eukaryotes (Figure 5 
and Additional file 9). At the structural level, most TLPs 
are predicted to share a conserved acidic cleft, which is 
usually associated with an antifungal property, suggest
ing that this property is universal among eukaryote 
TLPs (Figure 6). Although more subtle conformational 
differences might explain the large variety of properties 
described so far for TLPs, the phylogenetic and func
tional data do not justify adoption of a distinct nomen
clature between biotic- and abiotic-responsive TLPs. An 
exception to this statement might be considered for 
TLPs with different domain organisations such as sTLPs 
or TLP-Ks. Indeed, sTLPs are assumed to act as xyla
nase inhibitors and no antifungal activity has yet been 
reported [12] . This functional divergence is consistent 
with the important structural differences observed and 
in particular with the absence of a well-defined acidic 
cleft (Figure 6) . 

Poplar TLPs: stress-responsive proteins, but not only 
The release of the P. trichocarpa genome version 2.0 
and its integration into the Phytozome portal enabled a 
drastic improvement of TLP gene annotation and the 
validation of more than 70% of the 59 TLP gene models 
from the Populus genome version 1.1 [Additional file l, 
[24]) . The expression analysis of TLPs during biotic and 
abiotic stresses supports the idea that TLPs, like other 
PR proteins, belong to a general plant stress response 
pathway rather than being specific to distinct stresses, as 
often hypothesized [1] . This is exemplified by PopTLP1, 
whose expression is induced by diverse environmental 
constraints such as high ozone, UV-B, drought, copper 
and infection by rust fungi (Figure 1 and Additional file 
4) . In addition, PopTLP 1 is the close st homo log of 
A. thaliana Atosm34 (At4g11650), which also accumu
lates du ring both biotic and abiotic stress conditions 
[8,42] . The RT -qPCR expression profile of PopTLP 1 in 
rust-infected poplar leaves confirmed transient tran
script accumulation during host-specific resistance 
(Additional file 4) . This profile is in accordance with 
results obtained by similar approaches for several PR 
proteins in this pathosystem [27] and confirms the 
involvement of TLPs in poplar defense. 

However, the fact that only 19 of the 42 poplar TLPs 
are transcriptionally regulated in the stress conditions 
investigated suggests that their role in poplar might not 
be restricted to stress response but that they could have 
other roles, such as during development. Indeed, some 
TLPs have been reported to accumulate du ring plant 
developmental stages or conditions such as in ovular 
secretions or during leaf aging [43,44] . In addition, TLPs 
have been extensively described as ripening-associated 
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proteins that accumulate strongly in fruit during 
maturation [45,46]. It has been shown recently in hybrid 
poplars that two TLPs belonging to the tree-specific and 
stress-responsive TLP cluster (Figure 1 and 2) are pre
sent in the phloem of healthy non-stressed plants [47] . 
Taken together, these results suggest that the expansion 
of this multigene family in poplar could also be related 
to tree-specific developmental stages. 

The poplar TLP cluster contains tree-specific and stress
responsive proteins 
The poplar TLP cluster is an assembly of 11 successive 
genes on scaffold 1 and is considerably enriched in TE 
for a gene-containing genomic region. Indeed, TE 
account for 52% of the TLP cluster region compared 
with an average coverage of 42% in the who le genome 
[24] . Moreover, LTR TE from the Gypsy class are speci
fically over-represented, covering 37% of the TLP cluster 
compared with 5% in the whole P. trichocarpa genome 
sequence (Figure 2, [24]) . This class of TE might be a 
source of genome plasticity in plants [48]. The very 
well-conserved exon-intron structure of the genes in the 
TLP cluster supports a mechanism of tandem duplica
tion from a unique ancestral gene (Figure 1). Taken 
together, the se results strongly suggest that this cluster 
likely resulted from recent tandem duplications driven 
by TE activity. Futhermore, the TLP cluster appears to 
be highly responsive to fungal infection in poplar and 
belongs to a rosid-specific and tree-enriched clade in 
our complete phylogeny of eukaryote TLPs (Figure l, 
Figure 3 and Additional file 9) . TLPs from cherry, chest
nut, apple and peach trees that exhibit antifungal and/or 
endo-p-1,3-glucanase activities (Additional file 8 [49,50]) 
also belong to this clade. Thus, the TLP cluster appears 
to be a tree-specific and rust-responsive group of TLPs 
that are of outstanding interest for further analyses 
focusing on tree and TLP specificities in defense against 
pathogens. More precisely, two TLPs recently identified 
at the protein level in the phloem of hybrid poplar con
stitute excellent candidates for future investigations 
([47], Figure 1). 

TLP-Ks: defense proteins recruited for signaling? 
TLP-Ks result from the fusion between two genes cod
ing for a TLP and a protein kinase . They have been 
hypothesized to act as receptor-like kinases (RLKs), 
where the extracellular TLP could sense pathogens and 
the cytoplasmic kinase could relay downstream signaling 
[23]. This assumption was strengthened by the demon
st ration that plants overexpressing an A . thaliana 
TLP-K showed a delay in the appearance of disease 
symptoms [51]. The ability of plants to recruit defense 
proteins to form a RLK involved in pathogen sensing 
has already been suggested for PR1 and PR3 [1]. The 
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strong homology of the kinase do main between TLP-K 
and some lectin-kinases reinforces the speculation about 
the potential role of TLP-K in the induction of the 
defense system, since a rice lectin-kinase has been 
shown to confer resistance to the rice blast [52]. In the 
P. trichocarpa genome, three TLP-Ks are organized in 
tandem on scaffold 4 and are interspersed by other pro
tein kinase-encoding genes. This genomic region is 
referred to as the 'TLP-K cluster' (Figure 2) . Genetic 
and physical mapping of Melampsora rust resistance 
genes in natural populations of P. trichocarpa identified 
a locus encoding two TLP-/( genes on chromosome 4, 
which possibly corresponds to the TLP-K cluster in 
scaffold 4 of the P. trichocarpa genome sequence [53] . 
Hence, although evidence is still needed to clarify the 
exact role of these TLP-Ks in poplar, this opens inter
esting perspectives concerning new RLK types related to 
poplar defense against Melampsora spp. rust pathogens. 

Conclusion 
TLPs are eukaryote proteins that constitute small and 
monophyletic families in invertebrate animais and fungi 
whereas they are more diverse and are organized in 
large multigene families in plants. Regardless of their 
origin, it appears that many typical TLPs possess an 
antifungal activity, which is probably linked to a con
served acidic cleft in their 3D structure. In plants, TLPs 
have undergone a drastic evolutionary diversification 
including the evolution of tree-enriched clades and of 
TLPs fused to protein kinase domains . The poplar 
genome encodes 42 validated TLP gene models, includ
ing four TLP-kinases. Some poplar TLP transcripts 
accumulate specifically under abiotic or biotic stress 
conditions, which can be strongly correlated with their 
phylogeny. In the poplar genome, a tree-specific and 
stress-responsive cluster of tandemly-duplicated TLP 
genes should be of interest for understanding the unique 
attributes of defense against pathogen attacks that have 
evolved in trees. 

Methods 
Identification and annotation of TLP genes in 
P. trichocarpa 
TLP genes were identified in the P. trichocarpa 'Nisqu
ally-l ' genome using thaumatin and osmotin keywords 
and amino acid sequence homology se arches. Manual 
gene annotation was performed by finding missing start/ 
stop codons, by defining correct exon/intron borders, by 
analyzing perfectly matching ESTs and by taking into 
account the amino acid conservation of the thaumatin 
domain (Pfam: PF00314) and in particular the position 
of conserved cysteines. Alignments with closest homo
logs in the Phytozome portal were used to reconstruct 
gene structure and corresponding amino acid sequences. 
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Allelic versions detected by the Phytozome annotation 
(two adjacent genes in the genome assembly v1.1 that 
correspond to a single locus in the v2.0 assembly) or 
incomplete genes were discarded and not considered for 
further analysis. Transposable element analysis was car
ried out with the CENS OR software available on the 
Giri database [54]. 

Search for TLP in public genomic databases and 
sequence analyses 
The 18 plant genome sequences available on the Phyto
zome portal [29] (June 2010) were mined using 
sequence homology searches. Only TLP gene models 
encoding a complete TLP do main were reserved for 
sequence comparison. The NCBI protein database [32] 
was mined using sequence homology and keyword 
se arches (Le. thaumatin and osmotin) . TLP sequences 
from non-sequenced plants, fungi and animais were 
individually examined and amino add sequences with a 
complete thaumatin family domain were retained for 
further analyses. Sequences from M. larici-populina and 
P. graminis f.sp . tritici were retrieved from the Joint 
Genome Institue OGI, [55]) and the Broad Institute [56] 
websites, respectively. 

Sequence alignment and construction of 
phylogenetic tree 
For ail amino add sequence comparisons, the thaumatin 
do main covering almost 95% of the mature TLP protein 
was considered. Limits of the TLP domain were defined 
as N-x-C-x(3)-V/I-W and Y-x-I/V-x-F-C-x in the 
N- and C-terminal ends, respectively. Amino acid 
sequence alignments were performed using ClustalW as 
described by [6], DIALIGN (http://dialign-tx.gobics.del) 
as weil as MAFFT (http://mafft.cbrc.jp/alignment/server/ 
) methods. In ail cases, the raw output alignments 
required deep manual re-adjustment to proceed further 
with phylogenetic reconstruction. Raw alignments were 
thus imported into the Molecular Evolutionary Genetics 
Analysis (MEGA) package 4.1 [57] and manually 
adjusted. Phylogenetic analyses were conducted using 
the Neighbour-J oining method with the pairwise dele
tion option for handling alignment gaps and the Poisson 
correction model for distance computation. Bootstrap 
tests were conducted using 1,000 replicates . Branch 
lengths are proportional to phylogenetic distances. 

Expression of poplar TLPs 
Transcriptional data for Populus/ Melampsora interac
tion were extracted from published studies with signifi
cant fold-changes as described by the respective authors 
(Figure l, [27,30,31]) . Other information pertaining to 
the poplar transcriptome during stress-related situations 
were extracted from the PopGenIE portal [58,59] and 
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from the literature. Proteomic data for Populus/Mel
ampsora interaction were retrieved from the PROTICdb 
database [60,61] and from the literature for other stress
related situations. 

3D structure analyses 
3D-SA and MA-3D were carried out with Cn3D software 
[62]. Sequences were manually aligned using the inte
grated sequence viewer in editor mode and reference 
structures were retrieved from NCBI structure database 
[32] . For MA-3D, sequence conservation has been esti
mated with a four level color code from red to blue, 
reporting a respectively strong to weak amino add variety. 

RT-qPCR analyses 
Isolates 98AG31 (virulent, pathotype 3-4-7) and 93ID6 
(avirulent, pathotype 3-4) of M . larici-populina were used 
in this study. Rust urediniospore multiplication and plant 
inoculation procedures were performed as previously 
described [27], using the same inoculum doses (100,000 
urediniospores/ml), leaf plastochron indexes for detached 
P. trichocarpa X Populus deltoides 'Beaupré' leaves and 
identical culture conditions. For time-course infection ana
lyses, leaves were harvested at the following time-points: 0, 
12, 15, 18, 21, 24, 36, 48, 72, 96, 120 and 168 hpL RNA 
extraction, quality control and cD NA synthesis were per
formed as previously described in [27] . In order to assess 
transcript levels by RT -qPCR, specific primers for the 
PopTLPl gene (Poptr_0001s09570 in P. trichocarpa gen
ome; 5' CCAGACTTGGTATCTTAATG; 3' GTTAC
CAAACTGATTT AACG) were designed and quantitative 
PCR was carried out as previously described [63], with 
technical and biological duplicates. Transcript expression 
was normalized to a reference ubiquitin transcript 
(Poptr_00l5s0l600 in P. trichocarpa genome; 5' GCAGG
GAAACAGTGAGGAAGG;3'TGGACTCACGAGGA
CAG) using ratio calculation as described in [64] . 

Additional material 

Additional file 1: Annotation of TLP genes in the Populus 
trichocarpa 'Nisqually-l' genome sequence. aTLP gene models 
retrieved in the Popu/us rrichocarpa 'Nisqually-l' genome version 1.1 from 
the JGI website [55]. b TLP gene models retrieved in the P rrichocarpa 
'Nisqually-1' genome version 2.0 from the Phytozome portal [29] 

Additional file 2: List of amino acid sequences deduced from the 42 
P. trichocarpa TLP gene models. Stop codons are represented by 
asterisks. 

Additional file 3: Transposable element (TE) features of the TLP 
cluster. 'Percentage of the 350 kb total length of the TLP cluster 
covered by TE. 

Additional file 4: PopTLPl RTqPCR expression profile. Total RNA was 
isolated from mock-inoculated or inoculated leaves of Popu/us 
rrichocarpa X Popu/us de/roides 'Beaupré' with either compatible (white 
diamonds, strain 98AG31) or incompatible (black diamonds, strain 931D6) 
strains of Me/ampsora /arici-popu/ina between 12 and 168 hours post-
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inoculation (hpi). RT-qPCR results are presented as expression ratios. 
Populus ubiquitin transcripts were as a reference gene for normalization. 
n = 2 (except for 1168, n = 1), error bar: standard deviation. 

Additional file 5: Small-TLP-kinase domains and features. The signal 
peptide and the transmembrane domain of the small-TLP-kinase of 
Sorghum bicolor (Sb03g025670) are predicted by the Phobius program 
[72] 

Additional file 6: Protein accession numbers and phylogenetic 
classification of corresponding species used in this study. aOrganism 
code used in the study, corresponding to the 3 first letters of the genus 
name followed by the 2 first letters of the species name (ex.: Arabidopsis 
thaliana = Arath), except for Nepenthes species pluralis (Nep.sPPland 
Melampsora larici-populina (MeLla .po) . bNumber of TLP sequences used in 
this study. cAccession numbers are preceded by the organism code. 
Sequences retrieved From the NCBI protein database [32] are in black, 
those retrieved From the Phytozome portal [29] are in red . The 3 
sequences of M larici-populina were retrieved From the JGI genome 
website [55] and are labelled with JGI protein 105. 

Additional file 7: Neighbour-joining tree of eukaryote small-TLPs. 
Branch lengths are proportional to phylogenetic distances. Branch color 
and protein ID codes correspond to those in Figures 3 and 5, 
respectively. Supplemental sequences From the Puccinia graminis f.sp. 
tritici genome sequence were retrieved From the Broad Institute website 
[56] (gene 105 PGTG_00965.2; PGTG_00963.2; PGTG_19613.2; 
PGTG_19646.2). Black star small-TLP-Kinase From Sorghum bicolor; grey 
star: TLX 1 From Triticum aestivum; black arrows: sequences used for the 
structural analysis in Figure 6. 

Additional file 8: List of functionally characterized TLPs described in 
this study. In some cases, several studies participated to the 
characterization of a given TLP function. For clarity, only one reference is 
given per function and per protein (most relevant, otherwise first 
published). aGPCRs: G-Protein-Coupled Receptors. bNumbers refer to the 
complete reference in the text 

Additional file 9: Neighbour-joining tree of the 341 thaumatin 
domains of TLP Subgroup II. Functionally characterized TLPs and 
corresponding functions are indicated. Poplar sequence names are in 
red. The five-Ietter code before proteins 105 indicate genus and species. 
Red arrows indicate protein structures used for 3D structure alignment 
while black arrows indicate sequences used for alignment mapping on 
3D structure in Figure 6. Antifungal column includes both in vitro- and 
transgenic-based antifungal demonstrations. In the other column, a: 
transgenic abiotic stress protection; b: antifreeze activity; c: membrane 
permeabilization activity; d: xylanase inhibitor; e: a -amylase/trypsin 
inhibition; f apoptosis-inducing in yeast; 9 GPCR binding; h: CMVI-a 
binding; i glycoprotein binding; j: endo-~ -1 ,3-glucanase activity; k: 3D 
structure solved. References corresponding to these data are summarized 
in Additional file 8. Branch lengths are proportional to phylogenetic 
distances. 

Additional file 10: Neighbour-joining tree of uncharacterized 
eukaryote TLPs from TLP subgroup III. Branch lengths are 
proportional to phylogenetic distances. Branch color and protein 105 
codes correspond to those in Figures 3 and 5, respectively. Poplar 
sequence names are in red. 

Abbreviations 
TLP: thaumatin-like protein; PR: pathogenesis-related; GPCR: G protein
coupled receptor; sTLP: small-TLP; TM: transmembrane domain; TLP-K: TLP
kinase; CDS: coding DNA sequence; sTLP-K: small-TLP-kinase; TE: transposable 
element; 3D-SA: 3D structure alignment; AM-3D: alignment mapping on 3D 
structure; OLP: osmotin-like protein; JGI : joint genome institute; RLK; 
receptor-like kinase; EST: expressed sequence tag; hpi: hour-post inoculation; 
NB-LRR: nucleotide binding-Ieucine rich repeat; LTR: long terminal repeat 
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Figure 2 
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Figure 3 
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Figure 51 
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Figure S2 
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Figure S3 

100 
CI-9 tlDCVKLVFU1L YTFLCQLALSS---SLPHLCPEDQALSLLQFKNtlFTINPNASDYCYDIRTYVDIQSYPRTLSIINKSTSCCSIIDGVHCDETT 
Poptr_OS80s00200.1 tlGCLLRFTQSVSLILFLLHFNPTVSSSLSSNFSSSAQLCARDQSIHLLQFKESFLIDPSAS---------FEYCENPKTESIIKEGTDCCLIIDGVTCDIKS 
Popt r_0009s11S00.1 tlGCLLRFTQSVSLILFLLHFNPTVSSSLSSNFSSSTQLCARDQSIHLLQFKESFFIDPSAS---------FEDCENPKTESIlIEGTDCCLIIDGVTCDIKS 

( ) «(------------------..,.------
A - signal peptide B - cystein rich 200 

GQVIALDLRCSQLQGKFHSNSSLFQLSNLKRLDLSFNNFTGSLISPKFGEFSNLTHLDLSHSSFTGLIPSEICHLSKLHVLRICDQYGLSLVPYN FELLL 
GQVIGLDLACStlLYGTLHSNSTLFSLHHLQKLDLSYNDFNLSHISSQFGHFSSLTHLNLNYSDFTGLVPSQISHLSKLVSLDLSYNNKLALEPIPFNKLV 
GQVIGLDLACStlLYGALHSNSTLFSLHHLQKLDLSYNDFNLSHISSQFGHFSSLTHLNLNYSDFTGLVPSQISHLSKLVSLDLSYNNKLALEPIPFNKLV 
------~)«(-------------------------------------------------------------

300 
KNLTQLRELNLESVNISSTIPS---NFSSHLTTLQLSGTELHGILPERVFHLSNLQSLHLSVNPQLTVRFPTTKIINSSAS-------------------
QNLTKLRELHLSEVD tlSLVVPSSLtlNLSSPLSSLQLVDCGFQGKLPSNVPGLSNLQLLDLSENIDLTGSFPPFNVSNALSYLDLStlTGISIHLEHDPVNN 
QNLTKLRELHLSEVD tlStlVVPSFLtlNLSSPLSSLQLVRCGLQGKLPSNAPGLSNLQLLDLSENIDLTGSFPPFNVSNALSYLDLStlTGISIHL-------

400 
---------------------------------------------------LtlTLYVDSVNIADRIPKSFSHLT--------------------------
LKSVKQLYLRQCNFTGSNLPRLGNLTQLTVLDISYNNLSGHIPFSIGKLKHLQTLNLGFNNFTGPVPSDFEQLTELDSLDLSGNSYLTLDSSSLNKLVQN 
-------------------PRLGNLTQLTVLDISYNNLTGHIPFSIGKLKHLQTLNLGFNNFTSLVPSDFEQLSELVSLDLSGNSYLTLDSSSLNKLVQN 

500 
---------------------------SLHELYtlGRCNLSGPIPKPLIINLTNIVFLHLGDN----------HLEGPISHFTIFE---------------
RTKLRKLLLRIIVNtlSLVVPNSLKNLSSSLSILSFGNCGLRGEFPANIFLLPNLEFLNLGGNVGLTGSFPSSNVSSSLEDLALFDTKISISIDNDFINNLK 
LTKLRELRLRIIVNtlSLVVPTSLKNLSSSLSILSFGNCGLRGKFPANIFLLPNLEFLNLGGNVGLTGSFPSSNVSSSLEELALFDTKISISIENDFINNLK 

Cl- LRR 600 
-------------------------------------------------KLKRLSLVNNNFDGGL- EFLSFNTQLERLDLSSNSLTGPIPSNISGLQNLE 
SLKNLYLSNCNISKRSNLALLGNLTQLTALDLSFNNLSGRIPSSLANLVNLNIILDLSSNNFKGQIPDFLGSLTQLQRLFLSDNQLLGPISPQISSLSNLI 
SLKNLVLRNCNISRRSNLALLGNLTQLIELDLSFNNLSGRIPSSLANLVNLNIILDLSSNNFKGQIPDFLGSLTQLQRLFLSDNQLLGPISPQISSLPYLT 

700 
CLYLSSNHLNGSIPSIIIFSLPSLVELDLSNNTFSGKIQEFKSKTLSAVTLKQNKLKGRIPNSLLNQKNLQLLLLSHNN-ISGHISSAICNLKTLILLDLG 
ALtlLSDNLFTGTIPSFLFSRPSLQYLDLRSNLFTGNLSEFQYNSLILLDLSNNHLHGPIPSSVFNQENLtlVLKLASNNKFTGEISSSACKLTALQVLDLS 
SLtlLSDNLFTGTIPSFLFSHPSLQYLDLHGNLFTGNLSEFH----------NNHLHGPIPSSVFNQENLtlVLKLASNNKFTGEISSSACKLTALQVLDLS 

800 
SNNLEGTIPQCVVERNEYLSHLDLSKNRLSGTINTTFSVGNILRVISLHGNKLTGKVPRStlINCKYLTLLDLGNNtlLNDTFPNIILGYLFQLKILSLRSNK 
NNSLSGFIPQCLGNFSSSLSVLHLGtlNDLQGTILSRFLVGNNLRYLNLNGNELEGEIPPStlINCTQLEVLDLGFNKIKGKFPYFLDTLQELQVLVLKSNE 
NNSLSGFIPQCLGNFSDSLSVLHLGtlNDLQGTILSRFLVGNNLRYLNLNGNELEGEIPPStlINCTQLEVLDLGFNKIKGKFPYFLDTLQELQVLVLKS~E 

900 
LHGPIKSSGNTNLFtlGLQILDLSSNGFSGNLPERILGNLQTtlKEIDESTGFPEYISDPYDIYYNYLTTISTKGQDYDSVRILDSNtlIINLSKNRFEGHIP 
LHGFVKGPTTNYAFSKLRIFDISSNNFSGPLPTGYFNGLEAtlKTLDQDtlIYtlKV----RNISYDYSVKLTIIKGLEIEFAKIRSTLASIDLSHNSFIGEIP 
LHGFVKGPTTNYAFSKLRIFDISSNNFSGPLPTGYFNGLEAtlKTLDQDtlIYtlKV----RNISYDYSVKLTIIKGLEIEFVKIRSTLAFIDLSHNSFIGEIP 
( 

C2 - linker 1000 
SIIGDLVGLRTLNLSHNVLEGHIPASFQNLSVLESLDLSSNKISGEIPQQLASLTFLEVLNLSHNHLVGCIPKGKQFDSFGNTSYQGNDGLRGFPLSKLC 
ESIGKLKALKQLNFSHNSLTGYIQPSLGNLANLESLDLSSNLLTGRIPtlQLADLTFLSVLNLSHNQLEGPIPKGKQFNTFNKGSFEGNSGLCGFQISKEC 
ESIGKLNALQQLNFSHNSLTGYIQPSLGNLANLESLDLSSNLLTGRIPtlQLADLTFLSVLNLSHNQLEGPIPKGKQFNTFNKGSFEGNSGLCGFQISKEC 
~( ) ( ) 

C3 - LRR D - linker 1085 
G-GEDQVTTPAELDQEEEEE-DSPtlISIIQGVLVGYGCGLVIGLSVIYItlIISTQYPAIIFSRtlDLKLEHIITTKtlKKHKKRY 
NRGETQQPPPSNSEEGDDSSLFGDGFGIIKAVVtlGYGCGFVLGATV--FSFFPSFFNGFPAtltlGVD-NVKKEStlYA 
NSGETQQPPPSNSEEGDDSSLFGDGFGIIKAVVtlGYGCGFVLGATVGYIVFRTRKPAIIFVRtlVEVQIINLKTKGRKKKAHRNGARRN 
( E - acid rich ) ( F - TM ) ( G - cytoplasmic tail ) 
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The obligate biotrophic rust fungus Me/ampsora larici-popu
Lina is the most devastating and widespread pathogen of 
poplars. Studies over recent years have identified various 
small secreted proteins (SSP) from plant biotrophic filamen
tous pathogens and have highlighted their role as effectors in 
host-pathogen interactions. The recent analysis of the M. 
/arici-populina genome sequence has revealed the presence 
of 1,184 SSP-encoding genes in this rust fungus. In the pre
sent study, the expression and evolutionary dynamics of 
these SSP were investigated to pinpoint the arsenal of puta
tive effectors that could be involved in the interaction be
tween the rust fungus and poplar. Similarity with effectors 
previously described in Me/ampsora spp., richness in cys
teines, and organization in large families were extensively 
detailed and discussed. Positive selection analyses conducted 
over c1usters of paralogous genes revealed fast-evolving can
didate effectors. Transcript profiling of selected M. larici
populina SSP showed a timely coordinated expression 
during leaf infection, and the accumulation of four candi
date effectors in distinct rust infection structures was dem
onstrated by immunolocalization. This integrated and muIti
faceted approach helps to prioritize candidate effector genes 
for functional studies. 

Worldwide, Melampsora spp. (Basidiomycota, Pucciniales) 
are the most devastating pathogens of poplars (Steenackers et al. 
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1996), and Melampsora larici-populina is a major threat in 
European poplar plantations (Pinon and Frey 2005). Like many 
other rust fungi, M. larici-populina has a complex life cycle 
which includes five different spore types and requires two 
phylogenetically distinct ho st plants; here, Populus and Larix 
spp. It is also an emerging model organism in fore st pathology 
because this is one of the first rust fungi to have its genome 
sequenced, and one of the rare pathosystems for which both host 
and pathogen genomes are available (Duplessis et al. 2009; Feau 
et al. 2007; Hacquard et al. 2011a). Moreover, M. larici
populina is also a close relative of Melampsora lini, the causal 
agent of flax rust, which is often considered to be the model rust 
species. After genetic studies demonstrating that single pairs of 
allelic genes determine the avirulence or virulence phenotype on 
host lines with particular resistance genes (i.e., the "gene-for
gene" hypothesis) (FIor 1955), avirulence factors were identified 
in M. lini and their direct interaction with flax resistance (R) 
proteins was demonstrated (Ravensdale et al. 2011). 

In order to manipulate host defenses and enable parasitic 
colonization, many prokaryotic and eukaryotic biotrophic plant 
pathogens have evolved highly advanced strategies to deliver 
suites of effector proteins into ho st cells during infection (Dodds 
and Rathjen 2010). In turn, their hosts have evolved diverse 
families of R proteins, which confer resistance via effector-trig
gered immunity (ETI) after recognition of specific effector pro
teins, dubbed avirulence (Avr) proteins (Dodds et al. 2009; 
Jones and Dangl 2006). Unlike the extensively characterized 
bacterial type III secretion system (Zhou and Chai 2008), little is 
known about the cellular machineries responsible for transloca
tion of filamentous pathogen effectors into host cells. However, 
recent studies demonstrated that sorne small regions within the 
N-terminal part of oomycete and fungal effectors are required 
for translocation into ho st cells in a pathogen-independent man
ner, suggesting that a ho st -encoded process is responsible for 
effector internalization (Kale et al. 2010; Rafiqi et al. 2010). The 
exact function of conserved N-terminal ho st cell entry motifs 
such as RXLR in oomycetes, as weil as their presence in fungal 
effectors, remains unclear and needs to be clarified (Ellis and 
Dodds 2011; Rafiqi et al. 2010; Yaeno et al. 2011). Many biotro
phic fungi and oomycetes are known to share a common infec
tion process involving the formation of haustoria, which invagi
nate and engage intimate contact with the plasma membrane of 
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host cells (Dodds et al. 2009). Haustoria have been studied for 
their role in nutrient acquisition and metabolism (Voegele and 
Mendgen 2003; Voegele et al. 2009), and there is now evidence 
to suggest that these structures play crucial roles in the delivery 
of virulence effectors (Catanzariti et al. 2006; Dodds et al. 2009; 
Panstruga and Dodds 2009). 

The rapid increase in the number of sequenced fungal and 
oomycete genomes offers the opportunity to predict the whole 
complement of secreted proteins (i.e. , secretomes). Most se
creted proteins expressed specifically in planta are candidate 
effectors, and there is an expanding effort to define their roles 
in virulence (Ellis et al. 2009). The genome sequence of the 
biotrophic fungus Ustilago maydis has revealed the presence 
of a large set of lineage-specific secreted effectors arranged in 
clusters (Kamper et al. 2006). Interestingly, most of these ap
pear to be upregulated during biotrophic development, and 
sorne disruptive mutants were significantly altered in virulence 
(Brefort et al. 2009; Doehlemann et al. 2009; Kamper et al. 
2006). In oomycetes, comparison of three Phytophthora ge
nomes showed rapid turnover and extensive expansion of spe
cific families of genes encoding secreted effector proteins 
(Haas et al. 2009; Raffaele et al. 2010; Tyler et al. 2006). 
Many of these genes, including the host-translocated RXLR
containing proteins, were shown to be induced during infec
tion and encode proteins with activities predicted to alter host 
physiology (Baxter et al. 2010; Morgan and Kamoun 2007). 
Although most plant R proteins and downstream signaling 
pathways share a conserved nature, the array of structures and 
functions of effector proteins is highly diverse, preventing ab 
initio identification from sequence and expression data infor
mation alone (Ellis et al. 2009). In many cases, the only recog
nizable features are the presence of an N-terminal signal se
quence for secretion through the endomembrane pathway and 
an even number of cysteine residues that may be involved in 
the formation of disulfide bonds. Effectors frequently have 
novel sequences and no obvious homologues in more remotely 
related species (Gahre and Robatzek 2008; Rep 2005), although 
sorne, especially among Cys-rich proteins of Cladosporium 
fulvum , are true exceptions to this rule (Bolton et al. 2008; de 
Jonge et al. 2010; Stergiopoulos et al. 2010). Moreover, con
sistent with the model of a coevolutionary arms race between 
actors of the plant immune system and effectors from these 
pathogens, nucleotide sequences coding for many of these se
creted proteins exhibit accelerated evolutionary rates (Brunner 
et al. 2009; Dodds et al. 2006; Guttman et al. 2006; Win et al. 
2007). Another singular-but not exclusive-feature of secreted 
effector proteins described in fungal plant pathogens is their 
low molecular weight (Stergiopoulos and de Wit 2009). 

The whole-genome draft sequence of M. larici-populina 
98AG31 consists of 101.1 megabases encoding 16,399 predicted 
proteins, among which a total of 1,184 small secreted proteins 
(SSP) «300 amino acids) was identified (Duplessis et al. 
2011a). Although most of the SSP-encoding genes are lineage 
specific (84%), several present homologies with effectors pre
viously described in the Pucciniales order. Strikingly, 63% of 
the SSP have more than four Cys residues, including the most 
expanded SSP-encoding gene family of 111 members (Duplessis 
et al. 2011a). This large family harbors a conserved YXC motif 
similar to a motif identified in secreted proteins of the powdery 
mildew Blumeria graminis f. sp. hordei and in rust fungi belong
ing to the genus Puccinia (Godfrey et al. 2010; Spanu et al. 
2010). 

In this study, complementary to the M. larici-populina ge
nome analysis (Duplessis et al. 2011a), we report the detailed 
annotation and genome-wide analysis of M. larici-populina 
SSP-encoding genes. Features such as homology with known 
effectors, ami no acid content, and organization into multigene 
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families are scrutinized. By unraveling the expression and evo
lutionary dynamics of SSP, fungal genes specifically expressed 
in planta and exhibiting the hall marks of positive selection due 
to coevolutionary arms races with host factors are identified. 
Moreover, immunolocalization of selected SSP suggests speci
ficity of secretion from different fungal cell types in planta. 

RESULTS 

M. larici-populina homologues of rust effectors. 
Of the 22 effectors previously described in rust fungi 

(Catanzariti et al. 2006; Dodds et al. 2004; Kemen et al. 2005), 
20 were identified in M. larici-populina (Duplessis et al. 
2011a). Of these 20 effectors, 12 belong to multigenic families, 
representing a total of 63 homologues of conserved rust effec
tors in M. larici-populina (Table 1). In all , 8 and 13 divergent 
homologues of M. lini AvrM and M. lini AvrP4, respectively, 
were detected. Six of the AvrM paralogs were found to reside in 
three tandem pairs, with intergenic regions showing similarity to 
Pfam domains associated with transposable elements (Supple
mentary Fig. SI). A phylogenetic tree incorporating AvrP4 
sequences from multiple Melampsora spp. (Van der Merwe et 
al. 2009) illustrates the high sequence divergence of M. larici
populina AvrP4 homologues, which lay together in a supported 
clade (Fig. 1). This suggests duplication and diversification from 
a unique ancestor of AvrP4 toward the multigenic family herein 
presented. As described by Van der Merwe and associates 
(2009), arnino acids at the C-terminal end were highly variable 
apart from the six Cys residues spaced according to the consen
sus of a cystine-knot, a structure also found in Avr9 from C. ful
vum (van den Hooven et al. 2001), as well as in toxic and inhibi
tory polypeptides (Pallaghy et al. 1994). In contrast, only one 
homologue of M. lini AvrP 123 and one homologue of M. lini 
AvrL567 were identified in the genome of M. larici-populina. 
Strikingly, the 26- to 50-amino acid region containing the trans
location signal RFYR identified inM. lini AvrL567 (Rafiqi et al. 
2010) is not conserved in the M. larici-populina homologue. 
However, the deduced M. larici-populina AvrL567 homologue 
protein threads onto the M. lini AvrL567 structure (Wang et al. 
2007), indicating that the two proteins might share common 
structural features (Supplementary Fig. S2). In contrast with the 
strong diversifying selection reported for the M. lini AvrL567 
loci (Dodds et al. 2004, 2006), a low level of polymorphism as 
well as an absence of diversifying selection were observed be
tween the six allelic variants identified from 32 M. larici
populina isolates (Supplementary Fig. S3). Moreover, no corre
lation could be established between allelic variants and aviru
lence phenotypes on a differential set of poplar cultivars with 
characterized resistance genes (Pinon and Frey 2005). Of the 
three homologues of the Uromyces fabae rust transferred protein 
(RTP1) identified in M. larici-populina (Duplessis et al. 2011a), 
the N-terminal region of one RTP1 homologue was identical to 
the haustorially expressed secreted protein (HESP) HESP-327 
from M. lini (Table 1), which is consistent with the conserved C
terminal region and the more diverse N-terrnÏnal region previ
ously reported for RTP1 in other rust fungi (Fernandez et al. 
2012; Kemen et al. 2005; Puthoff et al 2008). In silico localiza
tion analyses suggested that only the HESP327/RTP1 protein 
contains a predicted nuclear localization signal. A large propor
tion of the 63 genes encoding conserved rust effectors were ex
pressed during plant infection (30 genes) compared with uredin
iospores (10 genes) (Table 1). 

Cys-rich proteins dominate the secretome 
of M. larici-populina. 

Of the 1,184 SSP identified in M. larici-populina, 746 had a 
number of Cys residues greater than four (Duplessis et al. 
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Table 1. Conserved rust effectors in Melampsora larici-populina 98AG31 

Transcript evidence in 
M. larici-populina 

Scaffold Length Putative Identities Positives lnfected 
Proteina and strand (amino acids) effector hitb Speciesb (%) (%) Spores leaves Haustoria 

58459 1- 175 HESP-178 Melampsora lini 29 55 X 
33341 3- 146 HESP-178 M.lini 89 91 
117398 37+ 207 HESP-178 M.lini 26 46 X X 
103805 7- 411 HESP-270 M.lini 75 85 X X 
123932 17- 405 HESP-327 M.lini 92 96 X 

Rust transferred protei n 1 Uromycesfabae 59 76 
123524 23- 216 Rust transferred protein 1 Ufabae 48 63 X 
123523 31- 238 Rust transferred protein 1 Ufabae 50 59 
124544 28+ 140 HESP-376 M.lini 47 63 X 
64764 28+ 154 HESP-376 M.lini 27 45 
70587 2+ 207 HESP-379 M.lini 86 90 X X 
93569 5- 134 HESP-417 M.lini 36 52 X X X 
71399 11- 132 HESP-417 M.lini 29 52 X X 
74496 Il + 132 HESP-417 M.lini 30 50 X X 
71402 Il + 135 HESP-417 M.lini 30 51 X X 
71404 Il + 128 HESP-417 M.lini 76 81 X X 
108269 28- 136 HESP-417 M. lini 24 44 
35858 17+ 234 HESP-570 M. lini 55 65 
53986 69- 226 HESP-570 M. lini 65 76 
90824 3- 415 HESP-735 (recursive tblastn) X X 
141065 7- 223 HESP-735 M. lini 90 94 
85525 14+ 220 HESP-735 (recursive tblastn) X 
42266 6- 85 HESP-767 M. lini 100 100 X X 
110232 42+ 142 HESP-897 M. lini 87 92 X X 
101424 1+ 186 HESP-C49 (recursive tblastn) 
71126 7+ 178 HESP-C49 M. lini 82 86 X X 
104797 Il + 219 HESP-C49 (recursive tblastn) 
85995 16+ 492 HESP-C49 (recursive tblastn) X 
123438 16+ 179 HESP-C49 (recursive tblastn) X 
123437 16+ 179 HESP-C49 (recursive tblastn) X X 
124076 19- 121 HESP-C55 M. lini 72 84 
124415 52+ 353 HESP-C61 M. lini 55 70 X 
124414 52+ 284 HESP-C61 M. lini 35 53 X 
101608 2- 185 HESP-C63 M. lini 27 44 
101611 2+ 203 HESP-C63 M. lini 25 46 
63837 22- 175 HESP-C63 (recursive tblastn) X 
123443 22- 203 HESP-C63 M. lini 24 42 X 
65539 35- 201 HESP-C63 M. lini 51 69 
34793 10+ 76 HESP-C66 M. lini 58 69 
34673 10- 74 HESP-C66 M. lini 56 69 
37534 30+ 77 HESP-C66 M. lini 52 70 X 
37347 29+ 151 AvrL567 M. lini 61 44 
124207 2+ 545 AvrM M. lini 50 33 
124206 12- 568 AvrM M.lini 53 36 
124204 35+ 461 AvrM M.lini 39 25 
124205 35+ 448 AvrM M.lini 53 36 
124203 65- 518 AvrM M.lini 54 32 
124202 65- 413 AvrM M.lini 47 31 X 
124208 77- 702 AvrM M.lini 52 36 
124209 77- 687 AvrM M.lini 42 28 X 
124530 78- 122 AvrP123 M.lini 40 29 
124258 3- 95 AvrP4 M.lini 67 57 
124268 3- 90 AvrP4 M.lini 43 30 
124272 3+ 97 AvrP4 M.lini 50 34 
124262 5+ 101 AvrP4 M.lini 62 52 
124264 10+ 89 AvrP4 M.lini 60 47 X 
124270 15+ 89 AvrP4 M.lini 50 38 
124256 18- 88 AvrP4 M.lini 58 44 X 
124266 19- 92 AvrP4 M. lini 63 47 X 
124260 35- 92 AvrP4 M. lini 63 47 
124254 39- 90 AvrP4 M. lini 67 52 
124274 51+ 97 AvrP4 M. lini 54 34 
112294 64- 105 AvrP4 M. lini 52 30 
124252 167+ 96 AvrP4 M. lini 72 51 

a Protein ID: number of corresponding best predicted gene model in the M. larici-populina Joint Genome Institute genome sequence. 
b Homologues of putative and characterized rust effectors were searched in the M. larici-populina genome by tblastn using the sequences of the M. lini 

haustorially expressed secreted proteins (HESP) and avirulence (Avr) proteins and the U fabae rust transferred protein 1. Recursive tblastn searches were 
performed using those M. larici-populina putative effector sequences. Percentages of identities and positives were assessed following blastp searches 
carried out against UNIPROT (E value < le-5 ). 
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(HMM) scores confirmed positional constraints on the YXC and 
CX2_3Y motifs and their surrounding sequences in classes I, II, 
III, and XXIV (discussed below) (Supplementary Fig. S5). 

Positive selection in candidate effector genes. 
Homology searches were used to refine the sequence cluster

ing of SSP paralogous families and classify them into clusters of 

A 

Class 1 (111) 

Class Il (39) 

Class III (8) 

Class IV (5) 
___ JIU ~ _____ _ g_._,O_. __ ._ 

paralogous genes (CPG). We identified a subset of 95 CPG com
prising 536 sequences (509 true SSP and 27 larger secreted pro
teins ranging from 301 to 942 amino acids) that contained three 
to 39 genes that could be investigated by positive selection 
analysis (codeml program of the PAML package) (Yang 2007). 
Eighteen CPG containing a total of 185 genes showed robust 
evidence of diversifying selection atP < 0.05 in both codon sub-

Class V (5) 
• wJE ____ T .. ~~ .. QG ___ Y~~ .N . __ ije.~_ el _G~O _~ _ .. __ ._e __ ~ . :_1,: __ J~ __ Yl __ ...x~_h ___ ~.O .• Q~_ • 

Class VI (6) 

Class VII (5) 

B 

100 bp 

Fig. 2. Conservation profiles and gene structure of the eight largest Melampsora larici-populina Cys-rich classes. A, Motifs shared by M. larici-populina 
Cys-ri ch classes. The Y/FXC motif identified in powdery mildew (Godfrey et al. 2010) (solid lines) is present in both the N and C termini (i .e., at the third 
and eighth conserved Cys, respectively) in six and seven of the eight classes, respectively. Another motif, CX2-) y (dashed lines), is present in the central part 
of the protein (i.e., at the sixth conserved Cys) in seven of the eight classes. Conservation profiles were generated with Webl.ogo. The number of proteins in 
each class is given in parentheses. Conservation profile of class 1 as in Duplessis and associates (20lla). B, Schematic representation of conserved gene 
structure in M. larici-populina Cys-rich classes. The position of conserved Cys residues is shown, together with the position of Tyr residues found in shared 
motifs. Introns are represented as "V"s. 

Table 3. Melampsora larici-populina positively selected clusters of paralogous genes (CPG) encoding small secreted proteins 

CPG Number of genes Length (amino acids) Number of Cys residues Top blast hit" 

277 6 181 to 185 6 to 7 
335 7 180 to 187 7 to 9 
338 13 143 to 194 4 to 10 
462-1 5 171 to 173 10 to II PGTG 17910.2 
510-1 16 64 to 86 4 to 6 
510-2 II 71 to 124 6 to 12 
517-2 3 133 to 136 8 
653-1 5 150to 187 2 to 3 
1027 3 176 to 185 8 to 9 
1252 4 117 to 119 0 
2811 9 75 to 96 6 
4438 4 168 to 172 6 to 8 
4890 9 69 to 93 6 to 10 
5464 13 88 to 105 6 to 9 A vrP4 (M. lini) 
Class II 39 133 to 157 9 to 12 
Class V 5 128 to 149 8 to 9 
Class XXVII 3 140 to 143 8 to 9 
HI 30 58 to 84 1 to 6 

" Homology searches were carried out against UNIPROT and Puccinia Group Database using blastp (E value < le-6) .... = no hit. 
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Fig_ 4_ Expression profiles of Melampsora larici-populina small secreted protein (SSP) transcripts during poplar leaf infection. Urediniospores and M. larici
populina time-course infection stages on poplar leaves (2 to 168 h postinoculation [hpi]) surveyed in the analysis are detailed in the insert upper-Ieft. S, 
resting urediniospores; G, germinating urediniospores; GIP, germination/penetration; BP, biotrophic phase; SP, sporulation; FH, first haustoria. Reverse
transcription quantitative polymerase chain reaction expression levels were normalized with Mlp-aTub and Mlp-ElFi a reference genes (Hacquard et al. 
2011b). For each transcript, expression regulation levels are presented as percentages according to the highest level. A, SSP transcripts with biphasic 
expression profile in spores and during leaf infection. B, SSP transcripts with a preferential accumulation in urediniospores (S , G) and during germination or 
penetration (G/P). C, SSP transcripts preferentially accumulated in planta after haustoria formation (BP) or sporulation (SP). NA, not assessed. Erra- bars 
represent standard errors. 
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strong and specific expression associated with biotrophic 
growth (Fig. 4C). Expression peaks concordant with both early 
haustoria formation (12 hpi) and sporulation (168 hpi) were 
detected for a gene encoding an M. larici-populina-specific 
SSP of 15 kDa (protein ID number 123227). The third Mlp
RTP 1 homologue (protein ID number 123524) showed a dis
tinct expression profile compared with its two other relatives 
in the Mlp-RTP 1 gene family, marked by transcript accumula
tion concomitant with haustoria formation. Numerous candi-
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date effectors preferentially expressed after the differentiation 
of the first haustoria appeared to be lineage specific or showed 
homology with characterized avirulence genes (protein ID num
bers 37347, 124266, 124256, and 124530). Interestingly, can
didate effectors belonging to the fast-evolving CPGHI (Fig. 3) 
were also specificaUy detected in planta after haustoria forma
tion (protein ID numbers 124518, 124499, and 124497). 

M. larici-populina candidate efTectors localize 
to infection structures. 

Visualization of in planta rust structures was achieved in in
fected poplar leaves using propidium iodide and Uvitex label
ing (Fig. 5). Many infection hyphae and haustoria were ob
served inside both spongy and palisade mesophyU at 96 hpi 
during the biotrophic growth phase. The fungal terminal cells 
differentiated to form haustorial mother ceUs and developed 
haustorial necks inside host ceUs, where the haustorial body 
extended from the neck and invaginated the plant ceU plas
malemma (Fig. SA). At a later stage of rust infection (i.e., 168 
hpi), changes in fungal development were observed with ag
gregates of sporogenous hyphae and newly formed dikaryotic 
urediniospores (Fig. SB). A late time frame of poplar leaf infec
tion (120 to 168 hpi) was chosen for immunological detection 
of SSP to ensure the presence of important fungal biomass and 
a diversity of fungal ceU types (i.e., infection hyphae, haustorial 
mother ceUs, haustoria, sporogenous hyphae, and newly formed 
urediniospores). M. larici-populina candidate effectors Mlp
AvrL567, Mlp-RTPlsc31 (located on scaffold 31), Mlp-HESP-
327/RTPl, and Mlp-SSPI5 (protein ID numbers 37347, 
123523, 123932, and 123227, respectively) were assayed for 
localization in infected poplar leaves by immunofluorescence 
microscopy and revealed distinct labeling patterns (Fig. 5). 
Strong labeling of Mlp-RTPlsc31 was observed at the periphery 
of infection hyphae colonizing the plant mesophyU (Fig. SC 
and 5D; Supplementary Fig. S8) whereas no labeling was ob
served for haustoria or other fungal structures. In contras t, the 
Mlp-HESP-327/RTPl fusion protein was immunolocalized at 
the periphery of haustoria (Fig. SE) and infection hyphae (Fig. 
5F; Supplementary Fig. S9). Specific labeling of Mlp-AvrL567 
was detected at the periphery of haustoria (Fig. 5G and H). 
This SSP likely resides in the extrahaustorial matrix and was 
also detected around the haustorial neck (Fig. 5H) whereas no 
fluorescence was detected in haustorial mother ceUs, infection 
and sporogenous hyphae, or newly formed urediniospores, 
indicating a localization restricted to haustoria. Moreover, 
Mlp-AvrL567 was also detected at the periphery of haustoria 
at 48 hpi (Supplementary Fig. SlO), which correlates with the 
peak of transcript expression observed by RT-qPCR (Fig. 4). 
As observed for the Mlp-HESP-327/RTPl fusion protein, Mlp
SSP15 can localize in multiple rust ceU types. Mlp-SSPI5 

Fig. 5. Localization of Melampsora larici-populina candidate effectors 
du ring poplar leaf infection. A and B, Confocal laser-scanning microscopy 
images showing in planta fungal structures using Uvitex 2B (green) and 
propidium iodide (red) to label fungal-plant cell wall and fungal cells, re
spectively. A, Infection hyphae and haustoria colonizing mesophyll at 96 h 
postinoculation (hpi) and B, uredinium formed after 168 hpi. C to J, Im
munofluorescence localization of rust candidate effectors at late stage of 
rust infection. Merged-immunofluorescence and phase contrast images are 
presented. C and D, Immunolabeling of Mlp-RTPlsc31 around infection 
hyphae at 120 hpi; E and F, labeling of Mlp-HESP-327/RTPI around 
haustoria and infection hyphae at 120 hpi; Gand H, Mlp-AvrL567 label
ing around haustoria at 168 hpi; 1 and J, immunolabeling of Mlp-SSPI5 in 
sporogenous hyphae and around haustoria at 168 hpi. Abbreviations: ih, 
infection hyphae; ha, haustorium; hmc, haustorial mother cell; sh, sporo
genous hyphae; sp, urediniospores. Pictures were taken using a x 100 ob
jective and scale bars represent 5 J.lm. 
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showed a very strong labeling at the periphery of the basal 
sporogenous hyphae in uredinia (Fig. SI; Supplementary Fig. 
Sll) whereas the newly formed urediniospores remained ex
empt of any signal. Interestingly, a labeling was also observed 
at the periphery of haustoria but not in infection hyphae (Fig. 
51) in the mesophyll, suggesting an accumulation of the pro
tein at the interface between fungal haustoria and infected host 
cells. For each immunological detection, controls with preim
mune serum did not show labeling of rust infected tissue. 

DISCUSSION 

Sequencing genomes of pathogens provides an invaluable 
resource for biologists, and successful mining of sequenced 
genomes is a key to new research avenues. Here, we have used 
the data from the M. larici-populina genome to analyze, in de
tail, the 1,184 genes encoding SSP (Duplessis et al. 20lla). In 
order to identify candidate effectors from these secreted pro
teins, we designed a multifaceted approach based on gene fam
ily annotation, screening for positive selection, expression pro
filing, and protein immunolocalization in the pathosystem. 

Duplessis and colleagues (20lla) described the largest SSP
encoding gene family in M. larici-populina as Cys-rich pro
teins with a conserved gene structure and short amino acid mo
tifs. Annotation of other Cys-rich SSP classes revealed that a 
total of 228 genes shared this common gene structure as weil 
as YXC and CX2_3 y motifs for many of them. We show that 
these motifs occur at higher frequencies at specific positions in 
the eight largest Cys-rich classes. Even though blastp or 
tblastn analyses did not reveal sequence similarities between 
these classes, the conservation of a particular gene structure, 
including given ami no acid residues at particular positions, 
suggests that these classes arose from a single ancestor. Sorne 
Cys-rich classes harboring YXC motifs were found to be ex
pressed in haustoria and two classes were homologous to HESP 
from the flax rust fungus, M. lini. Recently, a new class of can
didate effectors with a similar motif (Y/F!WXC) was identi
fied in the barley powdery mildew, B. graminis f. sp. hordei, as 
weil as in two cereal rusts, P. graminis f. sp. tritici and Puc
cinia triticina (Godfrey et al. 2010). The presence of this motif 
was confirmed in the secretome of P. graminis f. sp. tritici by 
genome-wide analysis (Duplessis et al . 20lla). Consistent with 
our observation in M. larici-populina, overall sequence identity 
was low and these proteins had a highly similar exon-intron 
structure. The in-depth analysis of M. larici-populina Cys-rich 
SSP classes strengthens previous observations (Duplessis et al. 
20lla), indicating that YXC motifs are not restricted to the N
terminal region of the se proteins, contrary to B. graminis 
(Godfrey et al. 2010), and that several YXC motifs can be 
detected. Moreover, other motifs can be present in Cys-rich 
SSP, such as the CX2_3 y motif found in many of the YXC-con
taining SSP. In the barley powdery mildew, putative effectors 
containing Y IF!WXC motifs were highly expressed in haustoria, 
suggesting that such secreted proteins could serve effector func
tions (Godfrey et al. 2010; Spanu et al. 2010). 

In many plant pathogens, secreted proteins show accelerated 
evolutionary rates, consistent with the model of an "arms race" 
between the plant immune system and the secreted effectors 
of these pathogens (Dodds and Rathjen 2010; Terauchi and 
Yoshida 2010). Using a comparative genomic approach on 
EST data, Joly and associates (2010) reported accelerated evo
lution of genes encoding secreted proteins from four Melamp
sora spp. Although they identified positively selected genes 
encoding Cys-rich secreted proteins with no close homologue 
outside of the genus, their study focused mostly on ortholo
gous genes expressed at the surface of poplar leaves (mostly in 
urediniospores, germ tubes, appressoria, and uredinia). Most 

positively selected M. larici-populina SSP-encoding paralo
gous families identified in the present study were also lineage 
specific and Cys rich but the majority were expressed in 
planta, suggesting possible interactions with host factors. Cys
rich proteins are common in effectors of fungal pathogens in 
which disulfide bridges could enhance stability in the plant 
apoplast (Stergiopoulos and de Wit 2009). Thus, uncovering 
such a large content of Cys-rich proteins in the genome of the 
poplar rust fungus was not surprising and strengthens this gen
eral feature (Duplessis et al. 20lla). Rather than providing 
resistance to apoplastic proteases, the presence of disulfide 
bonds in secreted proteins could be important for their struc
ture and function (Kamoun 2006; Stergiopoulos and de Wit 
2009). In several M. larici-populina SSP families under positive 
selection, Cys patterns were conserved des pite low sequence 
identity. Although Cys patterns probably form the network of 
disulfide bridges necessary for the maintenance of the protein 
structure, variable regions could provide the sequences required 
for the specific function of the proteins. In such cases, signifi
cant changes in ami no acid sequences (except at the Cys resi
dues) could occur without altering the overall fold topology, 
making Cys-rich SSP ideal for performing roles in recognition 
and specificity (Povolotskaya and Kondrashov 2010; Templeton 
et al. 1994). Thus, a high content in Cys residues could play a 
disproportionately important role in the evolution of virulence 
effectors, leading to a very rapid diversification and contributing 
to the emergence of new virulences. 

In this study, 18 of 95 CPG showed robust evidence of diver
sifying selection, supporting the assumption that paralogous 
gene expansions often form the substrate for adaptive change. 
Selection events often result in an increased gene number in 
the pathogen to promote virulence while, on the other side, the 
need to evade host recognition by R proteins continues to ex
pand (Jiang et al. 2008). In such cases, rapid sequence diver
gence in newly formed effector paralogs allows the number of 
effector genes in the pathogen to increase while minimizing 
the likelihood of host recognition (Jiang et al. 2008). In most 
of the small Cys-rich secreted proteins with evidence of posi
tive selection, codons with highly significant co values were 
concentrated in the C-terminal region, suggesting that this re
gion interacts with host components, and that this interaction 
drives the diversification of the gene family. In rust and oomy
cete pathogens, diversifying selection was demonstrated as be
ing confined to the C-terminal region in many effector gene 
families (Allen et al. 2004; Barrett et al. 2009; Rehmany et al. 
2005; Van der Merwe et al. 2009; Win et al . 2007). These find
ings are consistent with the view that effectors are modular pro
teins, with the N terminus involved in secretion and ho st trans
location and the C-terminal domain dedicated to modulating or 
interacting with host defenses inside plant cells (Schornack et al. 
2009; Win et al. 2007). 

Many oomycete effectors harbor the bipartite RXLR-EER 
amino acid motif that is dispensable for exocytosis but re
quired for plant access (Dou et al . 2008; Whisson et al 2007). 
The RXLR motif appears to mediate entry of effectors into 
host cells independently of any pathogen-derived machinery 
(Dou et al. 2008). Sorne fungal effectors can also enter plant 
cells in the absence of the pathogen and, although they lack an 
RXLR domain and do not share obvious conserved peptide 
motifs, sequences loosely related to the RXLR motif are often 
found (Catanzariti et al. 2006; Kale et al. 2010; Manning and 
Ciuffeti 2005; Rafiqi et al. 2010). Sorne positively selected 
CPG encoding different families of small Cys-rich SSP were 
shown to possess various N-terminal motifs reminiscent of the 
RXLR-EER translocation signal, and several of these SSP-en
coding genes were specifically expressed in planta. The RXLR 
motif is overrepresented and positionally constrained in the 
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secretome of Phytophthora and Hyaloperonospora spp. relative 
to other eukaryotes, which seems to be the result of the RXLR 
effector reservoir being dominated by a single highly success
fui and rapidly evolving superfamily (Jiang et al. 2008; Win et 
al. 2007). A systematic search to uncover such overrepresented 
motifs in other eukaryotes has revealed the overrepresentation 
of LXRR in Puccinia spp.-secreted proteins (E. Kemen and J. 
D. G. Jones, personal communication) , and our data suggest 
that this motif is also represented in M. larici-populina candi
date effectors. 

In several plant-microbe interactions such as Magnaporthe 
oryzae-rice (Mosquera et al. 2009), Ustilago maydis-maize 
(Kamper et al. 2006), B. graminis-barley (Spanu et al. 2010), 
and Laccaria bicolor-poplar (Martin et al. 2008; Plett et al. 
2011), secretome prediction along with transcript profiling led to 
the identification of candidate fungal effectors specifically ex
pressed during colonization of plant tissues. Transcript profiling 
of M. larici-populina during time-course infection of poplar 
leaves revealed temporal and tissue-specific expression of fungal 
SSP (Duplessis et al . 2011b). This finding was corroborated in 
the present study by RT-qPCR for 34 selected SSP. This result 
highlights the intricate processes of cellular control developed 
by plant pathogens during host colonization through delivery of 
signal molecules. Most of the SSP transcripts assessed in the 
present study showed specific accumulation during or after 
haustoria formation and several encode homologues of rust ef
fectors such as U. fabae RTPl (Kemen et al. 2005) and M. lini 
avirulence factors (Dodds et al . 2004; Ellis et al. 2009). Interest
ingly, several SSP transcripts induced at 96 hpi in planta showed 
lower expression levels at 168 hpi . These results are consistent 
with the transcriptional switch observed at the uredinial stage of 
M. larici-populina between biotrophy- and sporulation-related 
areas isolated using laser-capture microdissection (Hacquard et 
al . 2010) . The panel of tested genes included seven members of 
CPGHI and CPG5464 (M. lini AvrP4 homologues) that were 
not predicted in the automatic annotation of the poplar rust 
genome and that were not represented on theM. larici-populina 
custom oligoarray. RT-qPCR profiles obtained with specific 
primers validated their expression during ho st infection, and 
showed distinct expression profiles within the same gene family, 
as previously shown for homologues of M. lini HESP-417 in M. 
larici-populina (Duplessis et al. 2011b). Thus, the gene diversity 
among CPG assessed by positive selection analyses seems to be 
mirrored in the diversity of expression profiles observed by RT
qPCR during infection. Because our study specifically focused 
on the infection of the telial ho st (i.e. , poplar leaves), it remains 
to be determined to what extent these SSP-encoding genes 
might also be expressed during infection of larch needles, the 
aecial hosto 

To manipulate host cell functions , many effector proteins 
target ho st cell components during plant tissue invasion 
(Dodds et al. 2009). In M. larici-populina, several putative rust 
effectors immunolocalize at the periphery of haustorial struc
tures during colonization of poplar leaves. For many fungal 
effectors, translocation inside host cell has been hypothesized 
because most Avr proteins are recognized by cytoplasmic R 
proteins (Dodds et al. 2006; Houterman et al. 2009). Only a 
few examples reported direct evidence of effector translocation 
inside the plant cell (Kemen et al. 2005 ; Khang et al. 2010; 
Plett et al. 2011 ; Rafiqi et al. 2010) or into the plant apoplast 
(Doehlemann et al. 2009). In rust fungi , immunolocalization of 
RTPl from U. fabae and AvrM from M. lini showed effector 
accumulation in the extrahaustorial matrix but also inside the 
plant cell, suggesting that haustorial structure might be involved 
in effector secretion (Kemen et al . 2005; Rafiqi et al. 2010). 
Interestingly, accumulation of SSP (Mlp-HESP-327/RTP1, Mlp
AvrL567, and Mlp-SSPI5) was observed at the periphery of 
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M. larici-populina haustorial structure. The absence of label
ing inside the host cell does not seem to support protein intern
alization. Nevertheless, we cannot exclude the possibility that 
a low quantity of fungal effector could be released inside host 
cells at undetectable levels by immunodetection (Rafiqi et al. 
2010) or that their delivery into host cells is temporally regu
lated. The candidate effectors Mlp-SSPI5 and Mlp-HESP-
327/RTPl displayed localization in different fungal cell types . 
Such a localization at distinct sites was previously shown for 
M. lini AvrM, which was detected both at hyphal tips and in 
haustoria during flax infection (Rafiqi et al. 2010). In spite of 
the cytoplasmic and nuclear localization reported for U. fabae 
RTPl (Kemen et al. 2005), the localization of Mlp-HESP-
327/RTPl was restricted to the periphery of haustoria and in
fection hyphae and was not detected inside plant cells. During 
flax-flax rust interaction, intracellular recognition between 
AvrL567 and the cognate resistance genes suggests effector 
translocation from haustoria toward infected host cell (Dodds 
et al. 2004, 2006). M. lini AvrL567 uptake in the cytoplasm of 
plant cells is dependent on an N-terminal region (amino acid 
position between 26 and 50) that contains an RFYR motif 
reminiscent of the RXLR motif found in oomycete effectors 
(Kale et al. 2010; Rafiqi et al. 2010) . M. lini and M. larici
populina AvrL567 homologues show secondary structure si mi
larities ; however, the RFYR motif is not conserved and the 26-
to 50-amino acid region shows poor similarity. Beside, Mlp
AvrL567 displayed a specific localization at the periphery of 
haustoria and was not detected in the host cytoplasm, consis
tent with an accumulation in the extrahaustorial matrix. By se
quencing Mlp-AvrL567 alleles in 32 poplar rust isolates of 
known pathotypes, we were not able to detect either extensive 
polymorphism or any signatures of diversifying selection, con
trasting with the positive selection identified in M. lini AvrL567 
(Dodds et al. 2006). The striking differences between M. lini 
and M. larici-populina AvrL567 homologues might illustrate 
the specific evolution of the effector arsenal within theMelamp
sora genus. 

The recent analysis of the genome sequence of the poplar 
leaf rust fungus M. larici-populina paved the way for detailed 
investigations of gene families related to biotrophic lifestyle 
and pathogenicity (Duplessis et al. 2011a) . In this study, we 
presented a detailed analysis of the 1,184 SSP in M. larici
populina. Genome-wide patterns of SSP expression and varia
tion helped to describe a large reservoir of candidate effectors 
in the poplar rust fungus . Hopefully, the genetic transforma
tion system developed for U. fabae (Djulic et al. 2011) should 
help to validate the function of these candidates in the poplar
poplar rust pathosystem. A better understanding of effectors ' 
evolution will allow the rational design of experiments to as
sess functions of positively evolving gene families . Globally, 
effector identification in rust pathogens and their functional 
characterization should facilitate the comprehension of obli
gate biotrophy. Information regarding the function of M. larici
populina effectors, combined with accurate data on the Populus 
immune system, will be crucial for elucidating mechanisms 
underlying processes such as virulence and ETI and is likely to 
lead to new breeding strategies. More rust genomes are cur
rently being sequenced (Broad Institute and Joint Genome 
Institute), which will clearly enhance our capacity to discern 
patterns in related effector repertoires . 

MATERIALS AND METHODS 

Genomic resources. 
Genome sequence data of the M. larici-populina 98AG31 

(i .e., sequences of assembled scaffolds, sets of predicted genes 
and deduced protein sequences, and EST) were downloaded 
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from the Joint Genome Institute and addition al sequence data 
(i.e. , in planta M. larici-populina EST, basidiomycete genomic 
data for comparative analyses) were available to the Melamp
sora Genome Consortium at the MycorWeb website. Compari
sons to the P. graminis f. sp. tritici genome sequence and nu
cleic or proteic datasets were performed through the Puccinia 
Group database webportal at the Broad Institute. 

Sequence analysis. 
In silico predictions of secreted proteins were carried out 

using combinations of SignalP 3.0, TargetP 1.1 , and TMHMM 
2.0 (Emanuelsson et al. 2007) as previously reported by 
Duplessis and associates (2011a), based on different criteria 
for SignalP-HMM Sprob score, SignalP-NN Smax and D 
scores, and TargetP signal peptide prediction (Klee and Ellis 
2005), and SSP were selected based on an arbitrary cut-off of 
300 amino acids (Duplessis et al. 2011a). Similarity searches 
for full-Iength sequences and conserved domains were per
formed using a combination of standard bioinforrnatics pro
grams and customized Python scripts, the main search pro
gram being BLAST (Altschul et al. 1997). Multiple alignments 
were conducted using the programs ClustalW (Thompson et 
al. 1994) and MUSCLE (Edgar 2004) and adjusted manually. 
Sequence alignments were submitted to the Web Logo server to 
generate graphical consensus displays. Phylogenetic analyses 
of the AvrP4 family was perforrned using Bayesian inference 
and Markov chain Monte Carlo simulations (B/MCMC) imple
mented in MrBayes version 3.0 (Ronquist and Huelsenbeck 
2003). The models for nucleotide substitutions were selected 
prior to the MCMC using the likelihood ratio test implemented 
in the Modeltest 3.7 program (Posada and Crandall 1998). One 
cold and seven incrementally heated chains were mn for one 
million generations, with a random starting tree. Trees were 
sampled every 100 generations, giving 10,000 trees, and the 
first 10% of the trees (bum-in period set to 1,000) were excluded 
to compute the majority mIe consensus tree of posterior proba
bilities. 

Sequence randomization analysis. 
The conservation of the YXC and CX2_3 y motifs in each 

Cys-rich SSP class was assessed by permutating ami no acids 
in SSP using two type of sequence randomization. In a first test, 
after removal of predicted secretory leader, SSP sequences 
were randomly shuffled 1,000 times. Positions of YXC and 
CX2_3Y motifs in each class (tme SSP class and permutated 
SSP set) were detected by the FUZZPRO program in the EM
BOSS package. A permutation test was applied to deterrnine 
whether the observed occurrences of YXC and CX2_3 y motifs 
in the different classes happened by chance. U sing the reshuf
fled sequences with the same amino acid composition as the 
real proteins, the observed motif frequencies per class were 
compared with the expected values based on 1,000 interac
tions. The expected motif occurrences reflecting the null 
model of motif conservation were used to deterrnine a P value 
for motif constraint. Based on the conservation profiles, the 
third and eighth Cys residues with the surrounding peptides 
always compose the YXC motif (except class II) and the sixth 
Cys residue composes the CX2_3 y motif. To further confirm 
the importance of the conserved Cys residues, protein se
quences of five amino acids upstream and downstream of the 
motifs were defined as core regions. Therefore, classes l , III, 
and XXIV have three core regions and class II has two core 
regions. For example, the conserved Cys position in the YXC 
motif was always kept at position eight of the core region 
(X7CXS) and the sixth position in the CX2_3 y motif core region 
was al ways Cys (XSCX7_S)' Peptides in the core region of each 
SSP classes were extracted to build the HMM (Eddy 1998). 

The significance of the Cys and surrounding residues were 
measured by the aligned HMM score. Peptides in the core 
region were randomly shuffled 1,000 times whereas the Cys 
position was fixed, and the frequencies of the HMM scores 
between the original core peptides and the randomized core 
peptides were compared. 

Positive selection analyses. 
M. larici-populina multigene families were generated by 

Tribe-MCL (Duplessis et al. 2011a) and enlarged using recur
sive tblastn searches (E value < 1e-6). U sing this approach, 
536 M. larici-populina genes encoding secreted proteins were 
grouped into CPG that contained a minimum of three sequences. 
CPG were manually edited to remove either poorly aligned re
gions (e.g. , large indels) or sequences for which similarity was 
not found throughout the majority of the coding sequence (i.e., 
less than 50%). The resulting 95 CPG were then submitted to 
positive selection analyses using a suite of programs regrouped 
in a single Python script, as previously described (Joly et al. 
2010). 

Plant material and fungal inoculation procedure. 
Plant infection experiments were performed using strain 

98AG31 (pathotype 3-4-7) of M. larici-populina on Populus 
trichocarpa x P. deltoides 'Beaupré' leaves (compatible inter
action). Urediniospores of M. larici-populina were propagated 
on detached leaves of susceptible P. deltoides x P. nigra 'Ro
busta' as previously reported (Rinaldi et al. 2007). Gerrnlings 
were obtained from 1 mg of urediniospores grown on water 
agar medium (2%) in petri dishes for 3 h at 19 ± 1°C. Plant in
oculation procedures were performed as previously described 
using the same inoculum dose of 100,000 urediniospores/ml 
and strictly identical culture conditions (Rinaldi et al. 2007). 
The samples harvested at different time points were immedi
ately fixed in 4% (wt/vol) paraforrnaldehyde for microscopy 
analyses or snap frozen in liquid nitrogen and kept at -80°C 
for further nucleic acid isolation. 

RNA isolation. 
Isolation of total RNA was performed with the RNeasy Plant 

Mini kit (Qiagen, Courtaboeuf, France) from 1 mg of resting 
and gerrninated spores, and from 100 mg of infected leaf tissues 
during the compatible interaction (2 to 168 hpi), including a 
DNase l (Qiagen) treatment, according to the manufacturer 's 
instructions to eliminate traces of genomic DNA. Electropho
retic RNA profiles were assessed with an Experion analyzer 
using the Experion RNA Standard-sens analysis kit (Bio-Rad, 
Marnes la Coquette, France). 

Expression profiling during time-course infection. 
Expression profiling of 34 SSP-encoding genes was moni

tored by RT-qPCR and using M. larici-populina custom oligo
arrays as previously described (Duplessis et al. 2011b; Hacquard 
et al. 2010, 2011b). For RT-qPCR, specific primers amplifying 
fragments ranging from 84 to 307 nucleotides were designed 
with the Primer 3 and Amplify 3X programs. Specific primers 
for genes en co ding protein ID numbers 58459, 70587, 70656, 
71404, and 123524 were previously described (Hacquard et al. 
2010). Homology searches against the M. larici-populina and 
P. trichocarpa genome sequences were perforrned using the 
blastn algorithm to verify absence of cross annealing with 
other M. larici-populina transcripts as weil as with ho st plant 
transcripts. First-strand cDNA synthesis and PCR amplifica
tions were perforrned as previously described (Duplessis et al. 
2011b; Hacquard et al. 2010, 2011b). Expression of the M. 
larici-populina candidate genes was determined using the 2-~Ct 
calculation and calibrated to the highest level of expression ob-
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served (Livak and Schmittgen 2001). M. larici-populina tran
script levels were normalized with a-tubulin (Mlp-aTUB) and 
elongation factor (Mlp-ELFla) (Hacquard et al. 2011b). Time
course expression data obtained with M. larici-populina cus
tom oligoarrays (Duplessis et al. 2011 b) are available under 
the National Center for Biotechnology Information Gene Ex
pression Omnibus accession GSE21624. 

Laser-scanning conCocal microscopy. 
Fungal structures were visualized in infected leaves at 96 

and 168 hpi. Leaves were cut and fixed for 3 h at 4°C in 4% 
(wtlvol) paraformaldehyde prepared in phosphate-buffered 
saline (PBS), pH 7, embedded in 6% agarose (wt/vol), and cut 
into 15- and 20-J.tm sections using a vibratome VT1000S 
(Leica, Nanterre, France). Propidium iodide and Uvitex stain
ing were performed on 20-J.tm sections as previously described 
(Hacquard et al. 2010). For indirect immunofluorescent local
ization, peptides were synthesized for Mlp-AvrL567, Mlp
SSP15, Mlp-RTP1sc31, and Mlp-HESP-327/RTP1 and were 
used as antigen for the generation of antibodies in rabbits ac
cording to the manufacturer's procedure (Eurogentec, Seraing, 
Belgium). The anti-Mlp-AvrL567, anti-Mlp-SSP15, anti-Mlp
RTP1sc31, and anti-Mlp-HESP-327/RTP1 immunoglobulin G 
(IgG) fractions as well as preimmune sera were purified and 
desalted using the MabTrap kit (GE Healthcare, Orsay, France) 
according to the manufacturer's recommendations. Transversal 
sections of 15 J.tm from infected leaves of Beaupré poplar were 
fixed and embedded in agarose as described above. Immunolo
calization was performed essentially as previously described 
(Martin et al. 2008), with the following modifications. Sec
tions were digested for 10 min in PBS buffer supplemented 
with 0.1 % (wtlvol) cellulase, 0.01% (wtlvol) pectolyase, and 
0.1 % (wtlvol) bovine serum albumen (BSA). After digestion, 
sections were washed five times for 5 min each with PBS 
buffer and then incubated in PBS containing 1 % (wt/vol) BSA. 
The BSA was removed and the sections were incubated over
night at 4°C with purified anti-Mlp-AvrL567 IgG, anti-Mlp
SSP15 IgG, anti-Mlp-RTP1sc31 IgG, or anti-Mlp-HESP-
327/RTP1 IgG at a final concentration of 0.034,0.023, 0.022, 
and 0.022 mg/ml, respectively, in PBS buffer with 1% BSA 
(wtlvol). Sections were incubated with IgG purified from pre
immune sera at the same concentrations for control observa
tion. After five PBS washes, sections were incubated in PBS 
containing the goat anti-rabbit IgG Alexa fluor 488 conjugate 
(1:400) used as secondary antibody (Invitrogen, Cergy Pon
toise, France). After five more PBS washes, sections were 
mounted in antifade reagent (Molecular Probes) and observed 
with a Radiance 2100 AGR3Q-BLD Rainbow microscope 
(Bio-Rad) using X60 and X100 objectives. 

Mlp-AvrL567 polymorphism analysis. 
In ail, 32 dikaryotic M. larici-populina isolates displaying 

various combinations of virulences were selected in a collec
tion available at INRA Nancy (Barrès et al. 2006). DNA was 
isolated using the DNeasy plant mini kit (Qiagen). AvrL567 al
leles were amplified with specific primers (5/ -ATGAAGATTC 
ATCTATCATTGAAAGCC and 3/ -TCACCACTTCTTGGGTT 
TTGGTA) defined after JGI protein ID number 37347. Ampli
fied fragments were purified with the QIAquick PCR purifica
tion kit (Qiagen) and directly sequenced according to Ge
nomeLab Dye terminator cycle sequencing with Quick Start 
kit (Beckman Coulter, Villepinte, France). For isolates show
ing allele polymorphism at the AvrL567 locus, amplicons were 
purified and cloned in pCR 4-TOPO using the TOPO TA 
cloning kit (Invitrogen). Plasmidic DNA was isolated with the 
GeneJet plasmid miniprep kit (Fermentas Life Science, St. 
Rémy Les Chevreuse, France) and AvrL567 alleles were se-
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quenced as mentioned above using pCR 4-TOPO M13 5/ and 
3/ primers. 
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Table 1. Proteinaceous partners of MlpP4.1 and MlpH1.1 identified in plants 

protein 
PSBQ 

HPR 

PE 3.4 
Subtilase 
CYTC-2 
LTP 
Prx Q 

GAPDH 
GrxC3 
MBD 
Prx III 
PGK 
NRPl 
SHM 
Metallopeptidase 
Elf 

PRPL11 

ROF / FKBP 
PCAPl 
LRR-P 
Cys protease 
Asp protease 

description 
photosystem II subunit 
Galactose mutarotase like protein 
hydroxypyruvate reductase 
Hyaluronan mRNA binding protein 
GTP binding Elongation factor Tu 
pectinesterase / plant invertase-PME inhibitor 
Subtilisin like serine endopeptidase 
cytochrome c 2 
lipid transfer protein, predicted secreted 
Peroxiredoxin Q 
Translation initiation factor 
glyceraldehyde 3 phosphate dehydrogenase 
Glutaredoxin C3, predicted secreted 
methyl CPG binding domain protein 
Peroxidase class III, pred icted secreted 
phosphog Iycerate kinase 
Nodulin-related protein 1 
serine tra nshyd roxym ethyltra nsferase 
metallopeptidase family M24 
eukaryotic elongation factor 
Glycine cleavage T protein 
Gibberellin regulated protein 
plastid ribosomal protein L11 
RNA binding RRM RBD RNP motifs family protein 
RNA binding CRSl YhbY CRM domain protein 
NAD P binding Rossmann fold superfamily protein 
chloroplastic thylakoid lumen protein 
rotamase 
plasma membrane associated cation binding protein 1 
LRR family protein, predicted secreted 
OTU-like cysteine proteinase 
eukaryotic aspartyl protease, predicted secreted 
Unknown protein 
Unknown protein, DUF 1014 

poplar 1 arabidopsis 
MlpP4.1 MlpHl.l MlpH1.1 
67 61 7 

38 
10 19 

29 
10 18 

13 10 
18 
8 8 
14 2 

9 2 
7 
5 2 

7 
6 
5 

4 
4 

3 
3 
3 

2 1 
3 

1 1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 

acession numbers 
POPTR_ 0004s03160.1(40, 33); POPTR_ OOlls03390.1(27, 28); AT4G21280.2(S); AT4GOS180.1(2) 

AT4G2S900.1 

POPTR_ 0004s18190.1; ATlG68010.2 

ATSG47210.1(17); AT4G16830.1(lO); AT4G17S20.1(2) 

POPTR_ 0008s04230.1; ATSG60390.1 

POPTR_ 0014s14720.1(12); POPTR_ 0003s07040.1(1); ATSG623S0.1 

POPTR_ OOlls04970.1(9); POPTR_ OOlls04980.1(9) 

POPTR_ 0013s10300 .1 

POPTR_ 0004s08S00.1(11); POPTR_ 1S4Ss00200.1(S) 

POPTR_ 0006s13980.1; POPTR_ 0018s07400.1; AT3G26060.2 

POPTR_ 0004s080S0.1(S); POPTR_ 0018s11300.1(2) 

POPTR_ 0014s13660.1( 4); POPTR_ OOOSs27SS0.2(1); ATlG12900.1 

POPTR_ 0007s13630.1 

POPTR_ 0018s12980.1( 4); POPTR_ 0006s06690.1(2) 

POPTR_ 0014s14000.1 

POPTR_ 0008s08410.1 

AT2G03440.1 

POPTR_ 0008s003S0.1 

POPTR_ 0016s12720 .1 

POPTR_ 0006s19870.1 

POPTR_ 0021s00380.1 

ATSG14920.1 

POPTR_ OOOls4SS10.1; ATlG32990.1 

POPTR_ OOOls02370.1 

POPTR_ 0007s01860.1 

POPTR_ OOOSsl1830.1 

POPTR_ 0006s06680.1 

AT3G2S230.2 

AT4G20260.4 

ATlG33S90 .1 

AT3G62940.2 

AT3GS4400.1 

AT3G234S0.1 

ATlG16210.1 
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B 

~ i 1 i 1 
Mlp 112 2 9 4 --- ---- - MRRFIVLSLVLGI EVMSTI CGYMGDTERLEVMGFS DTRRFRTSLEDGEDGRAS---- --ERI DCQA VKCTQ- EDSSTYNL--- - QGC- GTCTDP - GYCQLPAT ALPGVLPGQSRTPMD 
Mlp124274 ---MVNGNLRRIILLSLMSGIAVKPTI CDLLSDTERLELIGFS DTRRLRTSLEDDDKDPAS------EKI DCAQVTCDS - VDSEVCEN----QGCWKGCLAHLGHCSAAGM---------------

+ Mlp 12 4 2 7 2 ---MIGVQLRRVVLSSLILVIWTPTI CELLDDVARLEAMGFS DTRRLRTSLEDGDDGRAA------ERHNCEQVECS D---TGHCDD--- - AGCRFDCDTGAGRCHEGGTQT------------
Mlp 12 4 2 6 8 ---MKGVHFRGI ILLSLVLSVTI IPIMCELLDDTERLEVMGFS DGDRLRARLQEDDNGPAS---- --ERHSCSS RPCED---HDSCLH--- - SGCDRGCEA--GTCRG- ---- ------------

Mlp 12 4 2 6 2 ---MIGIQLRKIVLLSLILSIS l IPI I CTlMEDGE--DIGGFTRFSRSRTLLEGDEDGGRGASE - - - DGAKCKQRTCTL---HATCRALGLGLGC- GSCGPN - DYC I EEPEGIY --- --------
Mlp124252 - --MIGIQLRKMVLLSLILSISIVPMMCEFVEDAE--DIQGFTRFSRSRSQFEEEANGLRNNREDDPEATRCAGITCIL---DGRCTK----E SC- GGCNND- NFCNKKK--------------- 
Mlp124258 ---MIGIQLRKMVLLSLILSISIIPMMCEMVEEAE--DIAGFS RVSKSRSSLEEDEDSWRSS----- EGSQCMQSCTF---HPTCS R----KGC- GDCGGM- GYCLESGQKNP-----------
Mlp124254 ---MIGIQLRKMVLLSLILSISIVPMMCKFVEDAE- - DIQGFTRFSRSRTELEEDTDSSRN------ ERALCAYQACSP- GKHATCKA----VGC- GSCDAT - GMCTD------------------

+ Mlp 12 4 2 6 6 - --MIGIQLRKMVSLSLILGVLI ITMMCEFIEDS E- - DIQGLKSLRKSHTSLEDDDDGSRGG--- - - DCEGCSGTACSS---DAQCRA- -- - RGC- DGCSTS - GVCVLSSL-- - - -- --- -- --- - MI pP4.1 
Mlp124260 ---MIGIQLKE IVLLSLILNILIIPMMCEMVE HS E- - DITGFS RSRKSRTSLEVEDGDDRQRH---- EyATCSSVSCNL---SSTCTN- -HSLKC- SDCGLD- GYCKS------------------

+ Mlp 12 4 2 5 6 ---MIGVQLRKMVLISLI SSIS l IPMMCE I VEDS E- - DIAGFS RFSKPRTSLEDDDQMQRSE-----PSTSCYNFFCTW---TSTCI D--- - IGC- SGCAPT - GRCY -- ---- ------------- MI pP4. 2 
Mlp124270 ---MFGTQLRNIILVCLISTISIVPTMCKI AEDGE- - ELMGFS RI RPSTSELGADDGWRN-------SESGCMIACSGITGTAKCYA----HGCFLGCGS--GVCM-------------------

+ Mlp124264 ---MIGIQ - RKIVLLCLILSISMIPMMCE I VEDAE--GAVE FSMCRKSRTSLEQDDGGRNARG---- EEDFCTSYSCET---SVKCEM----AGC- GI CGSN - NYCLN-----------------
Mlch5vir MLIMMGIPLRKIVLLSLIFGISIIPMMCEFLEDAR- - DIQGFS R--KSGSKLEEES DSSRDRQEKQAEAQKCTDISCNS---NAQCSG----QKC- GDCLLE - GNCSG-----------------
Mlch5avir MLIMMGIPLRKIVLLSLIFGISIIPMMCEFLEDAR- - DIQGFS R--KSGSKLEEES DSSRDRQEKQAEAQKCTDISCTS---HAQCAR----QKC- GECLFE - GNCSG-----------------
MIWA MLIMMGIPLRKIVLLSLIFSISIIPMMCEFLEDAR- - DIQGFS R--KSGSKLEEES DSSRDRQEKQAEAQKCTDISCTS---NAQCAR----QRC- GDCLLE - GNCSG------------------

+ Mlp124498 
+ Mlp124497 

+ Mlp124499 
Mlp124505 

+ Mlp124509 
Mlp124517 

+ Mlp124516 
Mlp124504 

Mlp124503 

+ Mlp124502 
Mlp124511 

+ Mlp124518 
Mlp124512 
Mlp124524 

+ Mlp124526 

+ Mlp124525 
Mlp124506 

+ Mlp124507 
+ Mlp124510 1-____ Mlp124519 

+ Mlp124529 

+ Mlp124528 
+ Mlp124527 

Mlp124520 
+ Mlp124521 

+ Mlp124513 
'------ + Mlp124523 

+ Mlp124522 
Mlp124515 

Mlp124514 

: ::: :: :: :: :: :: ::: : ::: : :: * .. :: :: :* ::: : : * * * : * : * 

predicted cystine-knot structure 

MKLSIFMIFMAFV- AFNQAFSSIIHSVKSEEEMTV- ADGPLVEAIDASE SGNPPSG-----------CP - YCD--LVGPVQCHIHGQK----------
MKLI IFMI SVAFM - SFDQVLGSMLHGVKSEEAMMI - ADGSVVKPIDHG- GPTTEPDG--- - - - ----CQ- VCI ---AYNWGCSACQRKKNGK- ----- MI pH 1.2 

~~~~ i~~i~:~~ =~~~â~~~~~;~~~~~~~;~=~~~!i:~~~i~~~=~~~~:;;;=== = = = ====~~ =~~:====~;:~~~~~~i~~~~: ===== MI pH 1.1 
MRLSIGTAIFMAFI - S - NQVFGFLTHSSKSKR-----AMILADEALVKSIPIVAERDY--------- CP - HCA-----ALTSGKCPNHSS -------
MNLSIGTAIFVAFV- S - NHVFGLMTHSMKSKK IIL--AEGDLVKPVDTLA----EKYY----------CV- ECG--LGVDIVGETCEGSDSLKGGYTH 

MKLSIGTAIFVAFA- S - NHVFGLMTPTMKSKK IIL--ADGALVKPIDDSA----EKFS----------CL - KCCLS---AIIGERCGKHS--------
MKVSVSMIFLAFV- SFHQASGSMI RHENSKKE IML- PDGSLVNPMKTASA---EYGGP---------CR- DCA-----ADPSGTCFMHRLP E-----

MKLSILATIFMAFV- SFNQALGSMTHGLKSEEAI ---ASD- LVNHAQE SGSPPGFPPGFPPGFPDIYI CR- ACA----ANGQLNSCRDHKK-------

MKLSILATIFMAFV- SFNQALGSMTHSLKSEEAI ---ASD- LVNHAHE SGGPPGIPDI --------WI CT - ACA----DRGGPyKCPE HKK-------
MKLNIFMIFMVSI - SLKQVFGSMTHEQGILLTDEG-LVNPLDPTIETL-----EFDG----------CP - GCH---EQGKAHT - CGK----------

MNLTIFTAVFMVLV- SFNQALGALIHNIPSKKGIIP- AEDALATPGAVTEAKQ- DLEMy---------CP - VCNR----LWTDVECPIGHGAQ-----
MKLSIVKVILMASV- SYSQVFGAMIHVCKSDRGIVP- AEGSLTNHVTTKGVIPPEVEG------PEWTCS - KCQ---E SSFNCV- CPPPSPPHQK---
MALSIVMIFMASL - SFNQFFGSMDTE ILPADK--ASHNI RPARYEPLYFRILIVGRASTTCPGAIGHYEAYS -------------------------
MNLSIVMIFMASV- SFNQVFGTRETGILSADQALEALGNPLARTVDT------EEDWKF--------CP - ACKGVAGASHTCASSDSSGSS------

MNLSIVMIFMASV- SFNQVFGTRETGILSADQALEALGNPLARTIDT------EED-----------CP - ACKGE PGASHTCASSSGSS--------
MNLSIIATIFVIFV- SVNQSFGAMI KNPKSEKGIIS - ADEALVYV- DI DMS R- AEKE-----------CQTWC-------------------------

MNLSIIATIFVIFV- SVNQSFGAMI KNSKSEKGIIS - ADEALVNV- DVDMS C- S EME-----------CQTWCQSNNPIPKTCN CGSQIVKR-----
MNLSIITTILVIFV- SVNQSFGAMINNI KNEKE IMS - VQDELAKPIDDTILNAMEKK-----------CH- WCD---NSTGTCL - CGPPPWP------
MNLNLISFIFILSL - SINQTYS KMIQTIQSQKGIIP- AQDSLVTHGIVP-----ERE IG---------CR- MCQ--HHHDQDPLDCPYPSKLSNPLDSA 
MNLSIVAVVLMISV- SFNQVLGTPMEDLEGEKVAAAVGDCSVTHGGDDVGPGRS EWE-------KQYYCS - VCDVDCV- NDP CGVCGNPTTKK-----

MNLSIVAVVLMISV- SFNQVLGTPMEDLASENVAAAVGDCFVTHGGDDVGSGRS EDs ------ELDYYCS - VCKVDRA- RNPCGVCANPTKKN-----
MNLSIVAVVLMISV- SFNQVLGTPMEDLASENVAAAVGDCFVTHGGDDVGSGRS EDs ------ELDYYCS - VCKVDRA- RNPCGVCANPTKKN-----

MNFSIVAAMLMISV- SINQASGAII - NLKDEKE IVS - AQQAVTKHIDGTI DEGPEVT-----------CV- WCQ---DTKGVCW- CGPPLKPPKST--
MNLIIIAAMLMISVISFNQAFGAIITDFKRENAIIP- SEDVLANHNDLTV- DVTEPNGT---------C--VCN--PAHPDLCK- CR IHKI R------

MNLIIIAAMLMISV- SFNQAFGSIITDFKRENAIIP- SEDALANHSDLTV- DVTEPNGT---------C--VCN--PDHPDLCR- CKIHKTR------
MNLRFITAMSVIGA- SLNQTFGTVINTLKSKEVVQP- GQAPLANHVDMT-----ECSN----------CD- KCK---SAYNHCLEC IPLGKHGSSK--
MNLSNVAVMLMIFI - SSNQVFGTITRGLNSKKELIP- AEADLADHTDLTGIHQFEGDDKPPRTRLCNHYGLLCHVVTHDTHQVP--------------
MKLSNVMVLLMSI - TFSQAFGAMIQGLKSEKQIIP- VEVDLADHTDIAGI ---EPDPv---------C--HCH------GS CT - CDVARKLGGSR--

MKLSNVAAMLLMSI - TFSQAFGAMIQGLKSEKQIIP- VEVDIADHANIAGV---EPDH---------VCR--CKGNF-----CT - CDSLRKP -------
*: * :: ::::: * : : * : * 
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Figure 2 
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Figure 3 

MlpH1.1-GFP MlpP4.1-GFP 
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Figure 4 

A MCEFI EDSEDIQGLKSLRKSHTSLEDDDDGSRGG DCEGCSGTACSSDAQCRARGCDGCSTSGVCVLSSL 
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Figure 51 
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Figure S2 

A MlpH1.1-GFP 

MlpHP4.1-GFP 

B WT MlpH1.1-GFP 
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Figure S3 
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Figure S4 

MlpP4.1 MlpH1.1 MlpP4.1-GFP MlpH.l-GFP 
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Figure 48. Un transporteur de 
sulfate de peuplier et des 
effecteurs candidats de M. larici
populina exprimés 

cv (A) Le transcriptome du peuplier 
reste relativement stable entre 18 

et 24 heures post-inoculation 
(hpi) et 18 et 48 hpi dans le cadre 

des interactions incompatible et 
compatible, respectivement, 
comme mesuré par 

pyroséquencage 454 des ADNc de 
feuilles de peuplier infectées 

{RNA-5eq, expression 
logarithmique des 1042 gènes les 
plus exprimés}, excepté pour le 

gène Pt5ultr3.5 
(Poptr_0006s16150, marqué par 

un cercle rouge) dont l'expression 
est fortement induite par la 
colonisation du champignon. (B) 

Ce gène est également parmi les 
plus induits dans les racines de 

peuplier en réponse à un contact 
indirect avec L. bicolor in vitro. 
(C) Pt5ultr3.5 code un 

transporteur de sulfate, 
homologue du transporteur 55Tl 
(symbiotic sulfate transporter 1) 
de Lotus japonicus. Krusell et 
collaborateurs ont proposé un 

modèle dans lequel 55Tl est 
impliqué dans le transport de 

sulfate depuis le cytoplasme de la 
plante vers le bacteroïde (5M 
symbiosome membrane 55 

symbiosome space B 
bacteroids). 

Adapté de Hacquard, Thèse de 
doctorat de l'Université de 
Lorraine, 2010/ Petre et al., PL 05 
ONE, 2012 / Krusell et al., The 
Plant Cell, 2005 / photo de J. 

Felten. 
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A Popu/us trichocarpa 

B 

Prunus persica 

Arabidopsis tha/iana 
Sorghum bic%r 

Zea mays 

Oryza sativa 
Se/aginella moelledorffii 
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Ch/amydomonas reinhardtii 
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Figure 49. Evolution et 
diversification des thaumatin
like proteins (TLP) en famille 
multigénique chez le peuplier 
(A) Le nombre de gènes codant 
des TLP au sein de génomes 
représentatifs de plantes est 

présenté. En noir, l'algue verte 
unicellulaire C. reinhardtii ; en 

violet, la mousse P. patens ; en 
orange le trachéophyte 
S. moellendorffii ; en brun, les 

monocotylédones 0. sativa {le 
riz}, Z. mays (le maïs) et S. bicolor 
(le sorgho) en vert les 
angiospermes A. thaliana, 
P. persica (le pêcher) et 

P. trichocarpa (le peuplier). 
(B) Arbre phylogénétique 

construit à partir des 42 TLP 
identifiées au sein du génome de 
P. trichocarpa (cf. Figure l, 

chapitre III). Les points rouges 
indiquent les quatre clades. Les 

symboles '+' indiquent les 
signatures d'évolution sous 
sélection positive, les cases 

rouges indiquent une induction 
lors d'un stress biotique (ici, 
infection par M. larici-populina) 
et les cases bleues une régulation 
lors d'un stress abiotique. TLP-K: 

TLP-kinase. 
Adapté de Petre et al., BMC Plant 
Biology, 2011 / Petre et al., ~ctes 
du séminaire de l'école doctorale 
RP2E~ 2011/ Zhao et Su 2010 
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Figure 50. Modèle illustrant le rôle de Risp dans l'immunité du peuplier 

defense responses 
. ") 
1 • 

Suite à une infection par M. larici-populina ou à une blessure (aL l'expression du gène Risp est induite (b). 

Cela mène à la production et à la sécrétion dans l'apoplaste de Risp (en rouge) (c) qui présente un état 
intrinsèquement désordonné malgré la présence de 2 ponts disulfure (en violet). Risp interagit avec M. 

larici-populina et inhibe sa croissance (d) probablement en perméabilisant les membranes où la protéine se 
structurerait en hélices alpha (e). Risp élicite également des réponses de défense (f) in planta. Risp est 
potentiellement clivée in planta (g) et la protéine (mature ou clivée) est peut-être reconnue par un 

récepteur membranaire de type RLP (h). Les réponses de défense ont été quantifiées à l'aide de tests 
d'alcalinisation de cultures cellulaires, mais d'autres méthodes devront valider ces observations (i). Les 

points d'interrogation marquent les aspects du modèle qui nécessitent encore d'être confirmés et qui sont 
discutés dans le texte. 
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Figure 51. Feuille de route pour la caractérisation et l'identification des effecteurs et de leurs cibles 
Réprésentation schématique de la démarche d'identification des effecteurs ou effecteurs candidats (boîte 
bleu), de leurs fonctions et de leurs cibles (boîte verte) et la caractérisation de ces cibles (boîte rouge). Les 
étapes clefs permettant d'engager, de faire progresser et de valoriser cette démarche sont en violet. La 

confrontation des données récoltées avec celles issues d'autres modèles biologiques est indiquée en brun. 
Les objets en gris indiquent les différentes approches qui peuvent être utilisées à chaque étape. Encadrés 
oranges: approches effectuées chez M. larici-populina ; encadrés rouges: approches effectuées ou en cours 

sur M. larici-populina pour lesquelles j'ai pu contribuer; encadrés verts: approches réalisables à moyen 
terme au sein de l'UMR IAM. 

Adapté de A /fan 0, MPp, 2009 
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Figure 52. Schéma bilan des connaissances acquises sur le pathosystème peuplier/M. larici-populina au 
cours de cette thèse 
Réprésentation schématique adaptée du modèle présenté dans la figure 42 du chapitre 1 de ce manuscrit 
(voir légende de la figure 42). Les principales contributions de mes travaux de thèse à ce modèle sont 

présentées en rouge. 
Figure adaptée de Duplessis et al., Critical Reviews in Plant Science, 2009 
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LES APPORTS DE LA GENOMIQUE POUR L'ETUDE DES 
FAMILLES MULTIGENIQUES : EXEMPLE DES THAUMATIN

LIKE PROTEINS (TLPs) CHEZ LE PEUPLIER. 

B. Petrel , 1. Major2
, P. Fre/ , F. Martin\ N. Rouhierl, S. Duplessis l 

'Laboratoire Interactions Arbres/Micro-organismes, UMR 1136 Nancy Université/INRA, Nancy, France 
2Plant Research Laboratory, 122 Plant Biology Laboratory, Michigan State University, East Lansing, 
Michigan, 48864, USA 

Résumé. Les progrès réalisés dans les domaines du séquençage de l'ADN et de la bio-informatique ont 
permis l' essor de la génomique au cours de la dernière décennie. Cela a permis l'analyse systématique de 
familles multigéniques au sein des génomes de plantes où elles sont nombreuses et importantes. 
Combinées aux analyses de transcriptomes à haut-débit, ces approches offrent une vision intégrée de 
l' évolution, de l' expression et des fonctions biologiques des familles étudiées. Les thaumatin-like 
proteins (TLPs) sont des protéines à fort pouvoir sucrant et allergénique, mais qui sont plus 
particulièrement étudiées chez les plantes pour leur sur-expression et leur activité antimicrobienne lors 
d ' infections par des agents pathogènes. Leur forte expansion en familles multigéniques chez les plantes 
supérieures culmine chez le peuplier avec plus de 40 gènes identifiés. Ces dernières années, plusieurs 
études tirant profit de la disponibilité du génome de cet arbre ont mis en évidence des groupes de gènes 
TLPs impliqués dans les réactions de défense du peuplier. Certains de ces gènes présentent des 
caractéristiques originales de par leur structure ou leur appartenance spécifique aux plantes pérennes. 

LA GENOMIQUE 

Les avancées technologiques considérables de ces dernières années ont rendu possible 
le séquençage massif de l'ADN de nombreuses espèces. La disponibilité des génomes a 
alors ouvert la voie aux approches dites de génomique comparative (analyse structurale 
des génomes et des séquences codantes entre espèces ou individus) et de génomique 
fonctionnelle (étude de l'expression de l'ensemble des gènes d'un génome donné, 
caractérisation des fonctions mises à jour). 

1. La génomique structurale: le verrou technologique du séquençage saute 

En génomique, le séquençage consiste à déterminer l'ordre linéaire des nucléotides 
(Adénine, Thymine, Cytosine, ou Guanine) au sein de la ou des macromolécules 
d'ADN qui composent le génome. Cette étape est longtemps restée l'élément limitant 
du fait de la taille importante des génomes comparée aux capacités de séquençage des 
technologies de première génération. L'avènement des technologies de séquençage de 
seconde génération (pyroséquençage 454, Illumina, etc) a permis de faire sauter ce 
verrou technologi~ue et d'ouvrir la voie à la génomique dans tous les domaines du 
vivant (Figure 1) [1 . En combinant le séquençage à haut-débit aux avancées notables de 
la bio-informatique, on peut aujourd'hui dresser l'inventaire du contenu en gènes d'une 
espèce donnée. Actuellement, les génomes de près de 4000 espèces ont été séquencés 
(dont quelques dizaines d' eucaryotes seulement) et l'évolution technologique en cours 
préfigure une augmentation exponentielle de ce nombre dans la prochaine décennie [2l. 
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Première 
bactérie au 

En aulre, gé nomes du ma is, de la vigne, du soja, du pêcher, de la luzerne, du ri cin , du sorgo, .. 

Premier génome d 'arbre (POptt'ttS tric/IOCllrpa) 

Vers ion provisoire des génomes de la souris, du rat cl du riz 

Premier génome de plante (A rahidopsi~' t'w lial/a) ~ Premières machines de séqucncagc en para llèle 

Premier chromosc humain séqucncé (chromosome 22) 
.AfI/II"'" (débu t des No uvelles Technologies de Séquençage) 

Premier génome d' un organisme pluricellu laire (Caellorhabditis elegans) 

Multiplication 
par 10.000 des 
capaci tcsde 
séqucncage en 
la ans 

Génome de la bactérie modèle Escherichia ('o/i Création du Joint Genome Inst itute (JG I) par le Département de l'Energie Américain (DOE) 

Premier génome eucaryote (Saccharomyces cerevisiae) Publication de la méthode du pyroséqucnçagc 

Premier génome bactérien (Haemophilus influenza) 

Lancement du Projet Génome Humain 

Premières mach ines de séquençage automatisées 

Premier 

Figure 1. Chronologie des évènements fondateurs de la génomique modeme. 
A gauche, les principaux génomes séquencés depuis l'invention du séquençage de l'ADN, à droite les principales avancées en génomique et plus 
particulièrement en matière de technologie de séquençage. 

2. La génomique comparative: une clef de compréhension pour l'étude des 
familles multigéniques 

La disponibilité du génome d'une espèce permet de dresser un catalogue exhaustif de 
son contenu en gènes, et de définir des fonctions a priori redondantes organisées en 
familles multigéniques. Il est ainsi possible de connaître pour une famille multigénique 
donnée l'ensemble de ses composants (gènes) et leurs caractéristiques (localisation, 
organisation, diversification des séquences codantes). Ces informations, lorsqu'elles 
sont disponibles à l'échelle de plusieurs espèces représentatives de la diversité du 
vivant, permettent de retracer l'histoire d'une famille de gènes au cours de 
l'évolution [3l. En recoupant les données phylogénétiques avec les informations 
fonctionnelles apportées par la biologie moléculaire et la biochimie, il est possible de 
décrypter l'évolution et la diversification de certaines fonctions au travers des espèces. 
Des approches statistiques d'évolution moléculaire permettent également d'estimer, au 
sein d'une famille de gènes, les pressions de sélection naturelle qui ont favorisées la 
diversification ou la conservation de leurs membres. 

3. La génomique fonctionnelle: l'analyse des transcriptomes à haut-débit 

La disponibilité des génomes a permis d'établir des outils d'analyse à haut-débit du 
niveau d'expression des gènes (transcriptome) tels que les microréseaux d'ADN (puces 
à oligonucléotides génome entier). Ces derniers permettent de connaître le niveau 
d'expression transcriptionnel de l'ensemble des gènes d'une espèce de manière 
quantitative, dans une condition et/ou dans un tissu donné. Les dernières technologies 
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de capture par microdissection laser permettent même d'accéder au transcriptome d'un 
seul type cellulaire (par exemple les stomates des feuilles). Dans le contexte des 
interactions plantes/agents pathogènes, les puces à ADN ont été largement utilisées lors 
de cinétiques d'infection pour mettre en évidence les reprogrammations génétiques 
menant à la mise en place de réactions de défense chez l'hôte [4l. C'est notamment par le 
biais de ce type d'analyses que les TLPs ont été décrites parmi les gènes les plus 
fortement exprimés durant la mise en place des réactions de défense. 

LES TLPs : FONCTIONS ET EVOLUTION 

1. Les TLPs : des protéines sucrantes, allergéniques et antimicrobiennes 

Les thaumatines sont des protéines à fort pouvoir sucrant isolées en 1972 dans le fruit 
du katemfe (Thaumatococcus danielli [Benth]), buisson de la forêt tropicale d'Afrique 
de l'ouest [5l. Les thaumatines sont quasiment les seules protéines à être actuellement 
utilisées dans l'industrie agroalimentaire comme édulcorants/exhausteurs de goût. Elles 
sont commercialisées à ce titre sous le nom de Talin®. 
Au sein des autres espèces, on appelle par analogie thaumatin-like proteins (TLPs) les 
protéines qui présentent une forte homologie de séquence primaire avec les thaumatines 
(Figure 2). Chez les plantes, de nombreuses TLPs s'accumulent dans le pollen et 
certains fruits comestibles comme la pomme, le kiwi ou la banane, ce qui a contribué à 
mettre en évidence leurs propriétés allergéniques chez l'humain [6l. 

En phytopathologie, les TLPs sont parmi les protéines les plus fortement accumulées 
dans les organes de plantes infectés par des agents pathogènes tels que les insectes, 
oomycètes, champignons, bactéries ou virus. A ce titre, les phytopathologistes les ont 
renommées PR-S (Sème famille dans le système de classification dit 'pathogenesis
related' , qui regroupe sous la dénomination 'PR' 17 familles de protéines qui 
s'accumulent chez les plantes lors des infections) [7l. Au niveau fonctionnel , des 
dizaines de TLPs d'espèces différentes ont été caractérisées. Les fonctions les plus 
décrites dans la littérature sont les activités antimicrobiennes, la dégradation des 
glucanes (qui entrent dans la composition des parois microbiennes) et l'inhibition 
d'enzymes de dégradations d'agents pathogènes (amylase, trypsine, xylanase) [8l. 

2. Répartition des TLPs au sein du vivant 

Au cours des 30 années qui ont suivi la découverte des thaumatines chez le katemfe, les 
TLPs ont extensivement été identifiées et étudiées chez les plantes, depuis les algues 
vertes jusqu'aux plantes supérieures. Durant la dernière décennie, des TLPs ont 
également été identifiées chez des champignons et des animaux de l'embranchement 
des arthropodes et des nématodes [9-11l. Les fonctions exactes des TLPs chez les 
champignons et les animaux sont encore méconnues. Cependant, un rôle dans la 
dégradation de composants des parois fongiques permettant la sporulation a été 
démontré chez le champignon Lentinula edodes [9l , suggérant une fonction 
développementale chez ce dernier. D'autre part, chez le coleoptère Tribolium 
castaneum il a récemment été montré que certaines TLPs sur-exprimées lors de la 
réponse immunitaire possèdent des propriétés antimicrobiennes [12l , ce qui suggère que 
les TLPs animales pourraient être impliquées dans les réactions de défense face aux 
agents pathogènes microbiens comme chez les plantes. Jusqu'à présent, aucun gène TLP 
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r Réponse aux stress ~ 
abiotiques 

• Les TLPs s' accumulent chez 
les plantes soumises à des stress 
abiotiques. 

- Certains auteurs les nomment 
osmotin ou osmolÎn-like 
proteins (OLPs). 

- Des TLPs sur-exprimées dans 
des planles Iransgéniques 
permeUent d 'augmenter la 
résistance à certains stress 

~biotiques. ./ 

r Modèle en biochimie et ~ 
en techniques de 

vinification 

- Les TLPs sont des modèles en 
techniques de détermination des 
structures protéiques (par 
exemple, cristallisation en micro
gravité). 

- Les TLPs sont des modèles cn 
techniques de purification de 
protéines recombinantes. 

- Les TLPs sont étudiées dans les 
processus de rabrication du vin, 
où leur précipitation dans les 
bouteilles pro\'oquc des dépots 

'-dits brumcu:\:. ./ 

, ~ r 
Propriétés 

antimicrobiennes 
Réponse aux stress 

biotiques 

- Les TLPs des plantes 
s'accu mulent dans les organes 
infectés pa r des agents 
pathogènes. 

- Les phytopathologistes les ont 
classées dans le système 
pathogenesis-pelated (PR) ct 
nomm ées PRS. 

- LesTLPs présentent des activités 
antimicrobiennes,;11 vi/ro ou 
lorsqu'elles sont sur-e:\:primées 
dans des plantes transgèniques. 

- Des activités de dégradation des 
glucanes, de perméabilisation des 
membranes et d'induction de 
l' apoptose chez les microbes ont 

\...été rapportées. ..) 

l,--t_h_a_um_at ... cin.;;.,;~~:) proteins J 

Pouvoir sucrant """ r Structures atypiques 
r 

- Caractéristique originale pour 
laquelle les thaumatines ont été 
découvertes dans les fruits du 
katemfe en 1972. 

- Utilisation des thaumatines 
comme édulcorants dans 
l' industrie agro-alimentaire 
(Talinœ). 

- Modèle d' étude pour la 
compréhension des structures 
responsables du pouvoir sucrant 

"des protéines. ./ 

- Les TLP-STK (ou PRS-K) sont 
organisées en reeeptor-like kinase 
(RLK). 

- Le domaine kinase est fonctionnel 
in vi/ro et les PRS confèrent une 
résistance partielle dans des plantes 
transgéniques infectées. 

- Des ' peliles-TLPs' (ou small
TLPs) ont été décrites cbez les 
céréales comme des inhibiteurs de 

"XYlanases. ~ 

Figure 2. Aspects multiples des recherches portant sur les TLPs. 

Lutte contre: 

• Les herbivores: 

- Les TLPs sont accumulées dans 
les organes attaqués par des 
insectes ravageurs. 

- Certaines TLPs présentent des 
acth'ités d ' inhibition d 'e nzymes 
impliquées dans la digestion 
(amylase/trypsine). 

• Les virus: 

- Des TLPs sont induites chez le 
tabac lors d ' infections \'irales. 

- Les TLPs sont capables de se lier ,à une protëine virale (CMV-I). ./ 

r Pouvoir allergénique "'" 

- La forte accumulation dans les 
fruits comestibles ct le pollen ont 
permis de mettre en évidence leur 
pouvoir allergénique. 

- Les TLPs du pêcher (Pru p 2), du 
cerisier (Pru av 2) ou encore du 
pommier (Mal d 2) sont parmi les 
mieux ëtudiëes. 

Huit cadres thématiques résument les principaux axes de recherche se focalisant sur les TLPs, ainsi que la nomenclature spécifiquement utilisée 
par les communautés scientifiques respectives. Les deux principaux champs d'investigations en lien avec la phytopathologie et discutés dans le 
texte sont présentés dans les cadres rouges. 

n'a été identifié chez les archéobactéries et les procaryotes, placant leur apparition après 
l'émergence des eucaryotes durant l'évolution. 

3. Evolution des TLPs et diversification chez les plantes terrestres 

Le nombre important de génomes rendus disponibles ces dernières années a permis de 
confirmer l'absence de TLPs chez les animaux dits 'supérieurs' tels que les oiseaux ou 
les mammifères. Il semblerait donc qu'au sein du règne animal, l'évolution de cette 
famille se soit limitée aux embranchements dits 'ancestraux' qui n'ont pas développés 
de système immunitaire complexe. De façon similaire, les TLPs forment de petites 
familles multigéniques chez les champignons, avec un à trois gènes identifiés dans les 
génomes des basidiomycètes Laccaria bicolor (symbiote ectomycorhizien) et, 
Melampsora larici-populina (l'agent de la rouille foliaire du peuplier). 
Chez les plantes en revanche, les TLPs ont évolué en grandes familles multigéniques, 
passant d'un seul gène chez les algues vertes à plus de 40 chez le peuplier (13l. Au delà 
de cette augmentation conséquente, une diversification des structures, des fonctions et 
des localisations dans les tissus végétaux ont vraisemblablement aussi eu lieu. 
Les arbres présentent une spécificité vis à vis des plantes annuelles qui est la croissance 
à long terme des individus. Cela implique entre autre une capacité limitée des 
populations à faire face à l'évolution rapide de virulences chez les agents pathogènes. 
Bien que des études aient montré que les mécanismes de défense des arbres face aux 
agents pathogènes sont d'un point de vue moléculaire fortement similaires à ceux des 
plantes annuelles, les mécanismes permettant aux arbres de compenser leur handicap 
adaptatif lié à leur temps de régénération restent à élucider [14-

15l. 
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4. Les TLPs chez les arbres 

Historiquement, les TLPs ont été étudiées chez plusieurs arbres modèles et/ou d'intérêts 
comme le sapin de Douglas, le pin, le cèdre, le châtaigner et le peuplier. Plus 
récemment, plusieurs TLPs ont également été identifiées dans les fruits du pommier, du 
pêcher, du poirier ou encore du cerisier [8l. A notre connaissance aucune propriété 
sucrante n'a été rapportée à ce jour pour ces TLPs, qui présentent en revanche comme 
pour les plantes annuelles des propriétés allergéniques, antimicrobiennes, ainsi que des 
activités enzymatiques de type glucanases [16l. A l'instar des plantes modèles annuelles, 
les TLPs d'arbres sont accumulées dans les organes infectés par des agents pathogènes. 
Des approches transcriptomiques réalisées sur plusieurs pathosystèmes 
(hêtre/Phytophtora , pin/Cronartium, sapin de Douglas/Phenillus) ont permis d'observer 
l'accumulation de transcrits correspondants à des TLPs dans les organes infectés [8l. 

Dans le cadre de l'interaction pin/Cronartium (agent de la rouille du pin), des approches 
de protéomique ont également mis en évidence l'accumulation de ces protéines dans les 
aiguilles de pin infectées [1 7l. 

Durant ces dernières années, plusieurs génomes d'arbres ont été séquencés (peuplier, 
2006; vigne, 2007; pêcher, 2009) (Figure 1) [3l. La disponibilité des génomes de ces 3 
espèces ouvre la voie aux analyses dites post-génomiques sur des espèces de plantes 
pérennes. Le catalogue exhaustif des gènes TLPs chez ces espèces a pu être établi 
(peuplier: 42, vigne: 27, pêcher: 28) [13l. Mise à part pour le peuplier qui présente une 
importante expansion de cette famille (Figure 3A) [1 8l , les nombres de gènes TLPs 
observés sont similaires à ceux recensés chez les plantes annuelles (par exemple 22 pour 
Arabidopsis thaliana). Pourquoi le peuplier possède autant de TLPs ? Cette 
augmentation pourrait-elle être liée à l'apparition de nouvelles fonctions? Les analyses 
post-génomiques menées ces dernières années chez le peuplier permettent d'établir des 
pistes pour répondre à ces questions. 

EXEMPLE DES TLPs DU PEUPLIER: L'APPORT DE LA GENOMIQUE 

Le peuplier (Populus trichocarpa 'Nisqually-1 ') est le premier arbre dont le génome a 
été séquencé et rendu publique en 2006 [18l. Cela a permis d'asseoir le peuplier comme 
espèce forestière modèle et a ouvert la voie aux analyses phylogénétiques de familles de 
gènes ainsi que l'analyse à haut débit du transcriptome de cet arbre [19l. L'interaction 
peuplier/M. larici-populina (maladie de la rouille foliaire) est un pathosystème forestier 
modèle émergent dans ce contexte post-génomique [15l. Plusieurs analyses du 
transcriptome de feuilles de peupliers infectées par différentes espèces de Melampsora 
spp. ont révélé l'induction de l'expression d'un grand nombre de TLPs conjointement à 
la mise en place de réactions de défense dans les tissus foliaires attaqués. 

1. Les TLPs au sein du génome du peuplier 

L'annotation récente des gènes TLPs au sein du génome du peuplier a permis de valider 
42 modèles de gènes parmi les 59 initialement prédits [13l. La comparaison 
phylogénétique des 42 séquences protéiques correspondantes a révélé quatre clades bien 
définis (Figure 3b). Les 42 modèles de gènes présentent une large dispersion au sein du 
génome, excepté pour Il d'entre eux qui sont organisés en tandem au sein d'un cluster 
(appelé 'cluster TLP') sur la séquence du scaffold 1 du génome (Figure 3c). Cette 
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Figure 3. Les TLPs chez le peuplier. 
A. Graphique présentant l'abondance des TLPs dans les génomes de 
plantes, depuis les algues vertes jusqu'aux arbres. B) Arbre 
phylogénétique établi à partir des 42 séquences protéiques complètes 
prédites dans le génome du peuplia Les zones colorées correspondent 
aux TLPs dont les transcrits sont accumulés préférentiellement lors de la 
résistance complète (rouge) ou partielle (orange) aux Melampsora spp .. 
La zone en pointillés désigne les 4 TLP-STKs identifiées. L 'astérisque 
indique le cluster TL? C) Capture d'écran de la région du scaffold 1 du 
génome qui correspond au cluster TLP [http://www.phytozome.net/cgi
bin/gbrowse/poplar/j. D) Organisation atypique des TLP-STKs chez le 
peuplier, TM.- domaine transmembranaire. 

organisation semble découler d'évènements de duplications/transpositions récents du 
fait de la proximité phylogénétique de ses membres et de la prédominance d'éléments 
transposables dans cette région du génome. De façon intéressante, dans la phylogénie 
des TLPs eucaryotes, les membres de ce cluster sont regroupés dans un même clade 
composé essentiellement de séquences d'arbres (131. Des investigations récentes 
couplant analyses microscopiques et protéomiques ont mis en évidence l'accumulation 
de deux protéines de ce cluster dans les tissus conducteurs de peupliers en condition de 
croissance et en l'absence de stress [201. D'autre part, l'analyse des pressions de sélection 
naturelle s'appliquant sur les TLPs de peuplier a permis de mettre en évidence une 
évolution sous pression de sélection dite diversifiante ou positive pour IOdes membres 
du cluster TLP [21 1. Ces gènes présentent ainsi un niveau d'évolution accéléré, plus 
précisément localisé au niveau des codons correspondants à des acides aminés exposés 
à d'éventuelles protéases dans leur structure. Globalement, ces observations suggèrent 
fortement que les TLPs de ce cluster pourraient participer à une défense pré-formée 
contre les agents pathogènes qui infectent ou agissent au niveau de la sève. 
Quatre des 42 TLPs identifiées chez le peuplier présentent une structure atypique, qui 
consiste en une fusion du domaine TLP dans la région N-terminale avec un domaine 
sérine/thréonine kinase (STK) dans la partie C-terminale, séparée par un domaine 
transmembranaire (Figure 3d). Ce type d'organisation appelé TLP-STK ou PR5K a déjà 
été rapporté chez A. thaliana et la fonctionnalité du domaine kinase a été démontrée in 
vitro [221. Ce type de structure, peu répandu au sein du vivant, pourrait correspondre à 
l'évolution d'une protéine de défense en un récepteur de type receptor-like kinase 
(RLK) , impliqué dans des mécanismes d'identification et de signalisation des agents 
pathogènes plutôt que dans leur destruction [71. 

2. L'interaction peuplier/Melampsora: un pathosystème forestier modèle dans 
l'ère post-génomique 

La disponibilité du génome de P. trichocarpa a permis d'explorer les réponses 
spécifiques du peuplier à divers stress biotiques ou abiotiques en ciblant des organes ou 
des conditions environnementales particulières à l'aide des outils d'analyse 
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d'expression génique à haut-débit. L'interaction biotrophe peuplier/Melampsora est à ce 
titre un pathosystème modèle. En effet, de nombreuses combinaisons 
cultivars/pathovars qui correspondent à des interactions compatible/incompatibles 
clairement définies sont disponibles et aisément cultivables en laboratoire [15l. 

Premièrement, l'interaction compatible entre la plante et l'agent pathogène. Le 
champignon se développe rapidement de façon optimale, causant les symptômes de la 
rouille foliaire avec l'émergence de pustules orangées sur la face inférieure des feuilles 
(spores asexuées nouvellement formées). Le développement du champignon et les 
symptômes observés de la maladie peuvent cependant être diminués en raison de 
réactions de défenses tardives mises en place par la plante (on parle alors de résistance 
partielle). Deuxièmement, l'interaction incompatible entre la plante et l'agent 
pathogène. La reconnaissance précoce du champignon par l 'hôte mène à la mise en 
place d'importantes réactions de défenses qui stoppent précocément le développement 
du champignon. Aucun symptome de la maladie ne sont observables (on parle de 
résistance 'hôte-spécifique' ou complète). 

3. L'accumulation des TLPs durant la résistance du peuplier à Melampsora 

Plusieurs analyses transcriptomiques portant sur les différents aspects de la résistance 
partielle ou complète du peuplier à la rouille foliaire ont permis de mettre en évidence 
une très forte accumulation de transcrits correspondants à des TLPs (14 des 42 prédits 
dans le génome) [15l. De façon intéressante, la compilation de ces données de 
transcriptomique a révélé des clades de gènes TLPs de peuplier dont l'expression des 
transcrits est spécifiquement induite en réponse à la rouille [13l. Certains clades 
présentent une régulation spécifique lors de la résistance complète précoce (interaction 
incompatible) alors que d'autres sont majoritairement attribuables à des réactions de 
défense tardives (interactions compatibles) (Figure 3b). La majorité des membres du 
cluster TLP présente une régulation lors de la mise en place d'une résistance partielle à 
la rouille, suggérant une fonction associée à ce type de résistance. 

CONCLUSION 

La génomique est une discipline en plein essor qui forme une base solide pour l'analyse 
des familles multigéniques, notamment pour des espèces difficiles à manipuler en 
laboratoire comme les arbres. Les études menées ces dernières années sur les TLPs du 
peuplier ont grandement bénéficiées de la disponibilité de son génome. Elles ont 
notamment permis de distinguer des clades de TLPs impliqués dans les réactions de 
défense, dont certains semblent spécifiques des plantes pérennes, comme le cluster TLP 
chez le peuplier. Cette appartenance propre au peuplier, associée aux traces d'évolution 
accélérée, à l'accumulation d'éléments mobiles dans les régions dupliquées et de 
régulation lors d'infection par les rouilles Melampsora spp. sont autant d'indices qui 
identifient les membres de ce cluster TLP comme d'excellents candidats pour l'étude de 
nouvelles fonctions de défense chez les arbres. 
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Breeding poplars with durable resistance to 
Melampsora larici-populina leaf rust: a 

multidisciplinary approach to understand and delay 
pathogen adaptation. 
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Abstract (extended) 

During the last decades, European poplar breeders learned the hard way that Melampsora larici-populina 
(commonly abbreviated as Mlp , fig. 1) has an impressive adaptive potential (McDonald and Linde 2002). 
This fungal pathogen defeated all the deployed cultivars carrying qualitative (i.e. complete) resistances 
inherited from the American Eastern black cottonwood Populus deltoides in less time than needed to grow 
a poplar tree. 

Figure 1 - Sporulating Mlp uredinia on the 
abaxial side of a P. deltoides x P. nigra cv . 
'Robusta' poplar leaf (Photo by AD.). 

Populus deltoz'des is a key species for poplar 
breeding and growing in Europe. As an 
illustration, 90% of the cultivars sold by 
nurseries to growers in 2009 in France were 
interspecific hybrids oftwo types: P. deltoides x 
P. trichocarpa (i.e. interamerican hybrids) or 
P. deltoz'des x P. nigra (i.e. euramerican hybrids, 
P. nigra being a European species) (French 
Ministry of Agriculture - DGPATT - 2009 
national statistics of forest reproductive material 
sales). Of the three parental species involved, 
P. deltoz'des is the only one where we ever found 
qualitative resistances to Mlp . Moreover, hybrid 
vigour (i.e. positive heterosis for growth traits) is 
generally high in these cultivars. Unfortunately, 
most of the hybrid material deployed over the 
last 30 years exhibited high rust susceptibility 
once the one or two major resistance genes 
inherited from P. deltoides were defeated. 

The present situation is as follows: (i) all of the 44 clones found in the French registry of poplar cultivars, 
except two cultivars involving the non-ho st species P. alba, are susceptible to Mlp , and (ii) from 1990 to 
2004, the proportion of immune clones in the INRA P. deltoz'des breeding material decreased from 45 % 
to 2 % in our nursery in Orléans (fig. 2) . 

1 INRA, UR0588 AGPF, 45075 Orléans Cedex 2, France 
2 INRA, UMR1165 URGV, 91057 Evry Cedex, France 
3 INRA UMR1136 IAM, 54280 Champenoux, France 
4 INRA, UMR1202 BIOGECO, 33612 Cestas Cedex, France 
Corresponding author: arnaud.dowkiw@orleans.inra.fr. 
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Figure 2 - Evolution of Mlp rust susceptibility 
from 1990 to 2004 in a breeding collection of 545 
P. deltoides clones evaluated under natural rust 
infection at INRA Orléans (France). 

Breeding for quantitative resistance (QR) was 
considered a reasonable option as it is often 
described as an a priori more durable strategy. 
Although significant genetic variability was 
found for slow rusting traits in laboratory 
inoculation experiments and for field resistance 
under natural rust pressure in the three 
considered poplar species and their hybrids 
(Pinon 1992; Pichot and Teissier du Cros 1993; 
Lefèvre et al. 1994; Lefèvre et al. 1998; Dowkiw 
et al. 2003), three major results raised doubts on 
this optimistic point of view. First, elucidating 
the genetic determinism of QR in P. deltoides x 
P. trichocarpa hybrid progenies essentially 
yielded a few loci with major effects (Dowkiw 
and Bastien 2004) while small effect QTLs were 
either rare or hard to detect and often exhibited 
strain specificity (Jorge et al. 2005, fig. 3a). 
Second, quantitative and qualitative resistances 
did not appear to be completely independent as 
most identified defeated qualitative resistances 
inherited from P. deltoides, happened to have 
statistical (possibly residual) effects on QR 
against virulent strains of the pathogen (Dowkiw 
and Bastien 2007, fig. 4). Third, Mlp strains able 
to completely defeat a major QR factor inherited 
from P. trichocarpa have been identified before 
any commercial deployment of this resistance 
factor (Dowkiw et al. 2010). 

Based on these considerations, poplar breeders and pathologists developed a broad holistic approach to 
understand the factors goveming the durability of resistance, from genes to landscape, in order to conceive 
new breeding and deployment strategies. 

Functional genomics of the poplar - Mlp interaction 

Following Eenink (1976) we believe that "the stability [i.e. the durability] ofresistance is determined by 
the genetics of host-parasite relationships and not by the genetics of resistance. Quantity as well as quality 
of resistance and pathogenicity genes may be important. Monogenic and polygenic resistances can be 
stable or unstable". Consequently, many efforts are made to elucidate the functions ofboth qualitative and 
quantitative resistances and plant and rust geneticists try to bring the knowledge about the host-pathogen 
interaction at the same level for both protagonists. 

Genes with strong effects being the easiest ones to study and to follow among pedigrees, an integrated 
approach combining quantitative genetics, transcriptomics and proteomics was conducted on three major 
loci: RI and Mer, two qualitative resistances inherited from P. deltoides defeated by virulences 1 and 7 of 
the pathogen, respectively, and R us, a major QR factor inherited from P. trichocarpa with strong effect on 
uredinia size. Rus and RI were identified at INRA (Dowkiw and Bastien 2004) whereas Mer was identified 
by a Belgian team (Cervera et al. 1996). All outputs from this combined approach led to the same 
conclusion of similarities between qualitative and quantitative resistances. 
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Figure 3 - Mlp resistance loci described in the litterature (GeNera et al. 1996, GeNera et al. 2001 , Lescot 
et al. 2004, Jorge et al. 2005, Bresson et al. 2011,); A: Minor QTLs described in Jorge et al. (2005), and 
detected in P. deltoides (0) and P. trichocarpa (T) after inoculation in controlled conditions with 7 Mlp 
strains followed by QR assessments (UN: uredinia size; LP: latent period; UN: uredinia number) or after 
natural ru st infection in the field (MAX). Numbers in parenthesis represent the percentage of clonai 
variance explained by each QTL. See Jorge et al. (2005) for further details. B: Localisation of three major 
resistance factors on a consensus genetic map and alignment on the P. trichocarpa genome sequence for 
chromosome 19 (v2.0). Genetic distances in cM are indicated on the left of the linkage groups. The gene 
models are designated by their number without the prefix POPTR_0019s. Resistance gene analogs 
domains are abbreviated as follows: B for BEAF and OREF ONA-binding finger (BEO), L for leucine-rich 
repeat (LRR), n for nuclear localization sequence (NLS), N for nucleotide-binding site (NBS) and T for Toli 
interleukin 1 receptor (TIR). STK stands for serine threonine kinase. Position of the Mer locus (GeNera et 
al. 2001) is deduced from marker RGAm4-1 designed from a P. deltoides BAG sequence developed for 
positional cloning of Mer (Lescot et al. 2004). For marker details, see Bresson et al. (2011). 

Although R us maps to a clearly distinct area, all three loci map on the same chromosome (XIX, fig . 3 b) 
which happens to be particularly rich in NBS-LRR resistance gene analogs (Kohler et al. 2008) . 

A combined transcriptomic and proteomic approach has been carried out in two contrasted groups of 
poplar half-sib genotypes possessing the resistant R us allele (i.e. heterozygous R usrus genotypes) or 
deprived from it (i .e. rusrus genotypes) to determine molecular markers associated to the Rus-mediated 
QR. Interestingly, whereas almost no genes were induced at 2 and 4 days after inoculation in the rusrus 
bulk compared to mock-inoculated leaves, the R usrus bulk was characterized by a strong induction of 
many marker genes typically associated to qualitative resistance (Rinaldi et al. 2007), suggesting a delay 
in defense reaction activation for QR. Several of these "marker" genes were confirmed by proteomic and 
by RTqPCR expression profiling (e.g. thaumatin-like prote in, glutathione S-transferase). 

Regarding the genetics of the pathogen's side of the interaction, not much is known yet, even on the 
genetic determinism of virulence (i.e. the pathogen' s matching piece to qualitative resistance) . One reason 
is that progenies are difficult to ob tain due to the heteroecious life cycle of the pathogen (i.e. the need to 
perform its sexual stage on a different host plant, here larch) and to its strict biotrophic status. However, 
recent sequencing of the Mlp genome opens the way for new genomics tools and makes the poplar-rust 
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Figure 4 - Family means (+/- associated 
standard errars) for three epidemiological 
components in 12 P. deltoides x P. trichocarpa 
F1 families involving three distinct P. deltoides 
mothers of different origins (ILN, TNS) after leaf
disk inoculation with an Mlp strain able to 
sporulate in presence of any complete resistance 
factor inherited fram P. deltoides segregating in 
this material. For each family, a distinction is 
made between genotypes carrying such 
qualitative resistance factor (in black) and 
genotypes deprived fram it (in grey). Presence of 
segregating qualitative resistance factors was 
revealed using incompatible stains of the 
pathogen. See Dowkiw and Bastien (2007) for 
further details. 

interaction a model pathosystem for forest 
pathology (Duplessis et al. 2011a). Most 
pathogenicity effectors described so far in fungal 
biotrophic pathogen encode small cysteine-rich 
secreted proteins (SSP) (Stergiopoulos and de 
Wit 2009). The Mlp genome contains a total of 
1,184 SSP-encoding genes, which are mostly 
specifie to this rust fungus (i.e. no homologs are 
found in other fungi, including the wheat stem 
rust; Duplessis et al. 2011b). More than 50% of 
these SSP genes are expressed during the 
successful colonization of poplar leaves 
representing candidate pathogenicity factors 
(Duplessis et al. 20 Il b, Hacquard et al. in press) 

Thinking at larger scales 

One of the reasons for the rapid spread of newly 
adapted strains of Mlp lies within the spatial and 
temporal organisation of host diversity over the 
country. Poplar is a perennial host that is 
essentially cultivated as monoclonal stands, and 
less than ten cultivars are being significantly 
used by growers. In this context, we investigated 
to what extent the population genetic structure of 
Mlp can be impacted by the deployment of 
resistant poplar cultivars over the country. 

Since 1982, the interamerican hybrid poplar cv. 
'Beaupré' carrying the rust resistance gene Mer 
was broadly planted in France and remained 
immune for 12 years, but once overcome by 
virulence 7 of the pathogen, severe rust 
outbreaks occurred (Xhaard et al. 2011) . Using 
both phenotypic (i.e. virulence profiles) and 
genotypic (i.e. micro satellites) markers, we 
showed that Mlp isolates carrying virulence 7 
were widely distributed all across France and 
displayed a specifie genetic signature consistent 
with an history of selection and drastic 
demographic changes resulting from the 
resistance breakdown (Xhaard et al. 2011 , fig. 
5) . This study illustrates how poplar cultivation 
has influenced the spatial and genetic structure 
of the pathogen, and has led to the spread of 
virulence alleles in most pathogen populations. 
As a consequence, resistance management 
should certainly be thought about at a continental 
scale in order to maximize its sustainability 
(Mc Donald and Linde 2002) . 
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Figure 5 - Spatial interpolations for the frequency of Mlp strains A: belonging to the "cultivated" genetic 
group (i.e. "group 1" in Xhaard et al. 2011), and B: possessing virulence 7. 

Alternative breeding strategies 

Urged by growers to deliver new cultivars, breeders explore multiple (possibly combinable) very 
pragmatic strategies to delay pathogen adaptation. 

Pure P. delta ides genotypes, although defeated, always show much lower field susceptibility to the 
pathogen in our nursery in Orléans than their interspecific hybrid progenies. This may result from 
favourable gene associations that happen to be broken in these hybrids. Constitutive resistance traits 
related to leaf anatomical characteristics may be particularly affected by hybridization with P. tricha car pa 
and P. nigra. As a short-term solution, pure P. delta ides cultivars selected for productivity in northem 
climatic conditions under traditional cultivation practices will be released in 2013 . They all carry defeated 
qualitative resistances but repeatedly showed high QR levels under natural rust infections. Backcrossing 
interamerican FI hybrids to the P. delta ides species is also being considered. 

Medium term solutions will rely on a more careful exploration of the genetic variability available in the 
European species P. nigra that co-evolved with the pathogen and on the simultaneous release of several 
unrelated cultivars to generate host diversity at regional scale. A collection of 2,300 P. nigra genotypes, 
most ofthem originating from different French natural populations but also from Italy, Germany and the 
Netherlands, have recently been screened for rust resistance under natural and controlled infection. 
Additional breeding traits like avoidance and tolerance (i.e. the ability to maintain growth despite being 
susceptible to the disease) are also being evaluated using fungicide treated vs. untreated field experiments. 
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