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INTRODUCTION GENERALE

Je n'ai encore rencontré personne qui n'ait entpader des plantes carnivores et n'‘en ait sa
propre idée. Si la fascination brutale qu'ellesisest n'a pas fléchi, de leur découverte a nossjou
c’est probablement di a la réunion du statut deosité botanique et de traits considérés comme
exclusivement animaux : la capacité d'attraper @érdr des proies avec des organes
morphologiqguement atypiques, souvent mobiles. Darest le premier a s'intéresser a la fois au
mouvement chez les plantes (Darwin, 1865, Darv8821 Whippo & Hangarter, 2009) et & démontrer
la réalité de la carnivorie végétale (Darwin, 1875a correspondance atteste qu'il fit des plantes
carnivores un défi personnel I ¢are more abouDroserathan the origin of all the species in the
world" (Darwin, 1860). Darwin, a transformé les plantesnivores d’anecdotes végétales en modéle

de choix pour les botanistes, les physiologistésseécologues de I'évolution.

Le manuscrit qui suit est focalisé sur le genreldates carnivores a urndiepenthest vise a
travers plusieurs approches intégratives a amenereprs €léments de connaissance nouveaux sur
leur évolution, écologie et développement, notantrearce qui concerne leurs systémes de piégeage.
Cette thése débute par une introduction généralpapse en revue I'état des connaissances actuelles
sur les plantes carnivores et vise a montrer gsedont un modele de choix en écologie évolutive.
Elle se focalise ensuite sur le gemMtepenthest les questions de recherche explorées durat@ cet

these.



LES PLANTES CARNIVORES: UN MODELE DE CHOIX EN

ECOLOGIE EVOLUTIVE

Le syndrome carnivore

Mycohétérotrophie mise a part, la plupart des plargtynthétisent leurs hydrates de carbone a
partir du dioxyde de carbone atmosphérique, régtéite a I'énergie lumineuse interceptée au niveau
de leur systeme photosynthétique (Larcher, 200B)s Bbtiennent d’autre part I'eau et les éléments
minéraux essentiels a leurs métabolismes a pagtiledrs systemes racinaires, directement ou par
lintermédiaire de symbioses mycorhyziennes (Selosis al, 2007, Selosse & Roy, 2009). La
disponibilité des nutriments essentiels (N, P, Keetrs ratios relatifs) sont les principaux facgeur
limitants de la croissance des plantes apres ktda lumiere (Chapin Ill, 1980, Aerts & Chapin, llI
2000). Les environnements ou les nutriments seasrau indisponibles sont propices a I'évolution de
systémes de nutrition alternatifs, ou certains élm essentiels sont directement dérivés
d’'arthropodes (Figure 1). Que ce soit a traversmunualisme ou une relation prédateur-proie, les
relations trophiques entre plantes et animaux @long partiellement inversées (Thompson, 1981). Les
plantes myrmécotrophes tirent une partie de lewrritare des débris et des feces d'une fourmi
mutualiste et les plantes carnivores capturentaddtsopodes dans leurs environnement (Benzing,
1986, Beattie, 1989).

Une plante carnivore présente des adaptationgstelles et physico-chimiques qui concourent a
I'attraction, la capture et la digestion d’arthrdps dont I'assimilation des éléments dérivés coraplé
son alimentation minérale (Junipetr al, 1989). Les plantes carnivores sont capablesgdé&a des
nutriments non seulement par leurs appareils raesasouvent réduits mais fonctionnels, mais aussi
par les feuilles qui gardent par ailleurs des ciégmphotosynthétiques (Luttge, 1983, Adamec, 1997,
Adamec, 2005). Ces adaptations sont regroupéeslsousm desyndrome carniva, terme dont

['utilité est double.

Le « syndrome carnivore » fournit tout d’abord witece opérationnel (et accepté) pour statuer sur
la carnivorie des espéces. Si la conjonction dérdetion, de la capture et de la digestion
d’arthropodes définit une plante carnivore, cettéfinition exclut donc de fait les feuilles
exclusivement collantes considérées comme uneqtiareanti-herbivorie (capture uniqguement), les
nectaires floraux et autres adaptations liées @tdmogamie (attraction uniqguement), et enfin la
production d’enzymes protéolytiques lors de la geation et la dissolution des albumens (digestion
uniquement). C'est donc la combinaison de traitsiathogiques, largement présents indépendamment

chez les végétaux, qui confere le statut de pleantaivore.
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Par ailleurs, la discrétisation du syndrome camgiven composantes fonctionnelles est utile au-
dela du diagnostic carnivore : elle permet de coesplas homologies fonctionnelles impliquées dans
la carnivorie. Replacée dans une perspective évelua comparaison des structures anatomiques et
morphologiques permet de distinguer les convergegeelutives des analogies (Albett al, 1992,
Cameronet al, 2002). Les piéges a urnes MepenthegCaryophyllales) et d€ephalotugEricales)
se ressemblent mais les carnivories ont évoluéqemtamment et la ressemblance n’est qu'une pure
convergence morphologique et fonctionnelle. A lérse, les genresNepenthes Drosera
Drosophyllumsont freres méme si le fonctionnement de leurggsiéest totalement différent (Figure
2).

Plante non-carnivore Plante carnivore

énergie lumineuse
CO,

énergie lumineuse
Co,

Photosynthese

o Photosynthese
- arthropodes

(N, P,...)

Carnivorie

H,0
NP ...

Figure 1: Physiologie d’'une plante carnivore. Toute comme une plante non carnivore, une

plante carnivore métabolise en carbone organique, lors de la photosynthése, le dioxyde de
carbone atmosphérique avec les éléments puisés par son appareil racinaire. Une partie de ce
carbone organique est investi dans une structure moins photosynthétique qu’un limbe foliaire,
le piege, mais dont la capacité a dériver des éléments essentiels tels que 1'azote et le phosphore
via la capture et la digestion d’arthropodes augmente en retour le potentiel photosynthétique de

la plante.



Drosera rotundifolia

Nepenthes

Drosera
&/;:oe/s&

Cephalotus

Cephalotus follicularis

Figure 2 : Les plantes carnivores, un bon laboratoire de I'évolution morphologique et
fonctionnelle. De gauche a droite et de bas en haut: i) quelques urnes de Nepenthes ampullaria,
ii) une rosette de Drosera rotundifolia, iii) quelques urnes de Cephalotus follicularis, iv) relations
phylogénétiques des trois genres présentés. Malgré la forte ressemblance morphologique entre
les pieges des genres Nepenthes (Caryophyllales) et ceux des Cephalotus (Ericales), ces deux
formes ont évolué indépendamment alors que le pieges des Nepenthes dérivent de feuilles a

mucilage comparable a celles des Drosera actuels.




Ecologie évolutive des plantes carnivores

Ecologie des plantes carnivores

Les préférences écologiques des plantes carniveoes assez similaires. Parmi les plus

caractéristiques, on peut citer (Junipeal, 1989) :

— Un appareil racinaire faiblement développé, lalmation minérale racinaire étant
partiellement remplacée par la carnivorie, majogtaent foliaire ;

— Une préférence pour les sols trés pauvres et aciddgarés en eau, voire fréquemment
inondés ;

- Une préférence pour les milieux trés ensoleillés;

— Une faible résistance a la compétition dans leseaunilieux, qui peut étre vue comme une

conséquence de la bonne capacité a coloniser lesmpauvres (Levins & Culver, 1971, Yu &

Wilson, 2001).

A I'échelle mondiale, ces habitats sont la pluprtemps fragmentés, perturbés ou détruits et la
plupart des plantes carnivores sont en dangeridiin (Cheek & Jebb, 2001, Gotelli & Ellison,
2002, Moody & Green, 2010). Toutes les espécesetduedNepenthedigurent par exemple dans les
appendices INepenthes rajalet N. khasiang et Il (toutes les autres especes du genre) G4TIES,
qui recensent respectivement les especes animalégétales considérées comme en extinction ou en

voie de I'étre, et dont le commerce est interdisoumis a des régles draconiennes (CITES, 2010).
Un modéle colit-bénéfice de I'évolution de la carnivorie

Le syndrome carnivore implique un codt pour la fansécrétion de nectar, d’odeurs, mise en
place et entretien de structures spécialiséesl'@ffitacité photosynthétique est moins importagte
celle d'un limbe classique (Ellison & Farnswort®08, Osunkoyaet al, 2007, Pavlovicet al, 2007,
Farnsworth & Ellison, 2008, Karagatzides & EllisaeQ09). Par ailleurs, les concentrations des
feuilles en azote et phosphore (et leur ratio) sonsidérées comme limitantes (Ellison, 2006)eSi |

colts sont clairs, quels bénéfices la carnivoreepre-t-elle ?

Givnish a proposé en 1984 un modéle d’évolutiorladearnivorie qui repose sur une balance
colts/bénéfices pour des plantes en milieu pawmesutriments (Givnislet al, 1984). Les grandes
lignes de ce modele n'ont pas été modifiees caimaplicité le rend général pour toutes les plantes
carnivores. L’idée en est la suivante : dans unemipauvre en nutriments, mais non limitant en
ressources lumineuse et hydrique, les codts casbtigé a la carnivorie sont compensés par

'acquisition de nutriments-clés qui augmentenftfibacité photosynthétique globale. Le modéle
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biologiqgue qui a inspiré le modéle écophysiologiqde Givnish estBrocchinia reducta
(Bromeliaceae), qui affectionne les environnementgerts et gorgés d’eau du nord de I’/Amérique du
Sud et satisfait donc les conditions du modéle.zBend’une part, puis Ellison & Gotelli (Benzing,
1987, Ellisonet al, 2003) proposent plutdt une vision plus ouvertecelanodéle, un espace le long
des trois gradients liés par désde-offs d’humidité, d’ensoleillement et de disponibilitéesd
ressources, dans lequel un codt lié a la carnivpeaet étre compensé et de la, la carnivorie
sélectionnée puis spécialisée. Dans un environneldgérement fermé, mais détrempé et trés pauvre,

la carnivorie peut étre avantageuse.
Valeur adaptative de la carnivorie

La valeur adaptative de la carnivorie est clairam@ablie. La capture d’insectes favorise la
croissance, le nombre de fleurs et la productiogrdenes chez tous les genres étudiés (Thum, 1988,
Schulze & Schulze, 1990, Schultgeal, 1997, Zamorat al, 1997, Thoren & Karlsson, 1998, Goran
& Harms, 2003). Ces études reposent sur la congmrantre plantes contréles et plantes dont les
pieges ont été isolés, soit au contraire fournisireectes ou directement fertilisés. L'azote, le
phosphore et leurs ratios respectifs sont en corateEms limitantes chez les espéces étudiées@alli
& Farnsworth, 2005, Ellison, 2006, Pavlowt al, 2007). A l'aide de marqueurs isotopiques de
'azote on peut montrer qu’'une proportion variantre 20 % et 80 % de l'azote total des genres
étudiés est dérivé des insectes (Schudtzd, 1997, Schulzet al, 2001, Millettet al, 2003).

Un tour du monde des plantes carnivores

La carnivorie n'est pas le fait d’'une lignée évletunique. Plus de 600 especes (soit 0,5 % des
Angiospermes) réparties en 18 genres, 11 famitl&sedres sont décrites a ce jour et la carnivesie
apparuea minima6 fois au cours de la diversification des Angioapes, au sein des Mono- et des
Dicotylédones (McPherson, 2009, The Angiosperm &igmy Group, 2009). Les plantes carnivores
sont un laboratoire de I'évolution : la variétéldars systéemes de piégeage offre un modéle de choix

pour comparer les adaptations qui concourent@@ttiapturer, digérer des insectes.

De plus, les plantes carnivores sont cosmopokidéss croissent des régions tropicales aux régions
arctigues, sont terrestres, semi-aquatiques (padteixularia) voire entierement aquatiques (par ex.
Aldrovandg. La plupart d’entre elles croissent dans desrenwements ouverts, sur des sols acides

et/ou trés drainants.

On distingue plusieurs types fonctionnels de piggequ’ils aient ou non une origine évolutive
commune : pieges a machoires @esneae(Caryophyllales) efldrovanda(Caryophyllales) pieges

a succion deBltricularia (Lamiales); pieges a feuilles jointives Beocchinia reductgPoales), pieges
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a feuilles collantes de®rosera (Caryophyllales), Pinguicula(Lamiales); pieges a urnes des,
Heliamphora(Ericales) Sarracenia(Ericales) Darlingtonia (Ericales) Cephalotus(Oxalidales) et

Nepentheg¢Caryophyllales — Figure 3).

Peu de matériel fossile est disponible pour lestpiacarnivores. Mis a part quelques pollens et
graines, seule Archaeamphora longicervja du Crétacé inférieur (100 — 140 Ma) et
morphologiqguement semblable a®Barracenia est décrite avec certitude (Li, 2005). A I'heure
actuelle, la paléobotanique ne peut nous éclainefévolution des plantes carnivores et nous devon

composer avec leur diversité actuelle.

LES PLANTES CARNIVORES A URNES DU GENRE NEPENTHES

Une courte histoire du genre

En 1658, Etienne de Flacourt, directeur généralladecompagnie francaise de lorient et
gouverneur de Madagascar, dééitramaticd — nous sommes dans le systéme prélinnéen —, qui
deviendra plus tardNepenthes madagascariensisne des deux espéces endémiques de lile, a
'extrémité occidentale de l'aire de répartition denre. Linné introduit le siecle suivant la
nomenclature binomiale et réunit dans le gétepenthesNepenthes madagascariensidNepenthes
distillatoria, découverte entre temps au Sri Lard@nt il fait I'espéce type du genre. Le nom de genr
est choisi par Linné en référence a la drogue Népentilisée par Hélene dansOblyssée

d’Homeré : « si ce n'est celle d’'Héléne, ce sera celleodss tes botanistes »

S’ensuit un intérét croissant pour les especesedueg dont on décrit plusieurs especes a Bornéo
et Sumatra, points chauds d’endémisme et de diloatsdbn du genre, et qui sont ramenées en Europe
et mises en culture. Au moment ou, en Europe, lestoms d’histoire naturelle supplantent peu a peu
les cabinets des curiosités privés, elles devidnioem a la fois des piéces de collection hortisadé

des sujets d'étude a part entiere.

1 « L’Anramatico est une plante qui croit de la hauteur de deux coudées [env. 90cm] [...] dont les fleurs sont au
bout des feuilles comme des chopinettes, un petit vase, qui a son couvercle, et qui ne se lasse pas de se remplir d’eau
lorsqu’il pleut ».

2 « Et alors Hélene, fille de Zeus, eut une autre pensée, et, aussitdt, elle versa dans le vin qu'ils buvaient un baume,
le Nepenthe, qui donne 1'oubli des maux. Celui qui aurait bu ce mélange ne pourrait plus répandre des larmes de tout
un jour, méme si sa mere et son pére étaient morts, méme si on tuait devant lui par l'airain son frére ou son fils bien-

aimé, et s'il le voyait de ses yeux ».
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Pineuicula s. Utricularia sp. Brocchinia reducta . Catapsi berteranian,

Figure 4 : Un tour d’horizon de 16 genres carnivores. De haut en bas et de gauche a droite.
Sarracenia et le genre monotypique Darlingtonia, les plantes a urnes nord-américaines.
Heliamphora, genre de plantes a urnes sud-américaines, affectionant notamment les tepuis
amazoniens. Nepenthes, le genre asiatique de plantes carnivores a urnes. Drosera, genre
cosmopolite et Drosophyllum genre monotypique et leurs pieges a mucilage, sont les genres
fréres de Nepenthes. Aldrovanda et Dioneae, genres apparentés, I'un aquatique, I'autre terrestre
et produisant des piéges a machoires. Byblis, genre de plante carnivore principalement nord-
australien et qui produit des feuilles a mucilage. Cephalotus, genre de plante a urnes
monotypique également australien. Triphyophyllum peltatum, la seule espece des
Dioncophyllaceae, au sein du genre monotypique a étre carnivore. Genlisea qui produit des
pieges tubulaires et en forme de tire-bouchon au sein de Lentibulariaceae, qui regroupent
également Pinguicula qui produit des pieges a glu. Utricularia, le genre de plantes carnivores le
plus riche en espéce, dont on distingue les piéges a succion. Brocchinia reducta et Catopsis
berteroniana dont les feuilles engainantes forment des reservoirs d’eau, ou les insectes sont
piégés. On distingue la cire épicuticulaire poudreuse de Brocchinia reducta. Photos Wikimedia

Commons, Vincent Bonhomme.
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Danser publie en 1928, un ouvrage intégralemerdamg au gentdepenthesgjui sera le premier
a proposer une classification infragénérique etéé@ments de biogéographie, reconnaissant alors 51
espéces dont les aires de répartition commencaiedtre connues (Danser, 1928). Le milieu du
XX ¢ siecle voit la multiplication des recherches s plantes carnivores et la publication d’ouvrages
de référence tels que celui de Lloyd en 1942, lefi de Juniper qui, accompagné de Robins et Joél,
publie en 1989 une synthése considérée aujour@hcore comme la référence de la communauté
(Lloyd, 1942, Junipeet al, 1989). Clarke publie pour le genXepenthesleux ouvrages de référence
sur ses voyages et recherches en 1997 et 200k€C1897, Clarke, 2001). Cheek et Jebb fournissent,
les mémes années, une réevision taxinomique compléecumentée du genre reconnaissant alors 87
espéces (Jebb & Cheek, 1997, Cheek & Jebb, 20@talEement, les nouvelles descriptions se
multiplient avec les voyages d'exploration et lesrmieres publications font état de 120 espéces
(McPherson, 2009).

Description du genre

Feuilles et urnes

Les limbes foliaires sont lancéolés et leurs pésddont Iégerement engainants sur I'axe. Leurs
pieges, appelés urnepitthers [en], sumboi[bahasa malayu, bahasa indonesia]) sont deséguill
modifiées. Les modalités morphogénétiques du piege débattues mais les urnes sont soit issues de
'enroulement et de la fusion des marges du limbkacfFarlane, 1889 in Junipeat al. 1989,
McPherson 2009) ou de I'expansion de la nervurdralen (Troll, 1932 in Junipeet al. 1989,

McPherson 2009). Les urnes sont portées par ulte qui les relie au limbe foliaire (Figure 4).
Inflorescence, dispersion et germination

Les inflorescences sont majoritairement des graggaslques exceptions d’inflorescences en
panicules) et le genidepenthe®st dioique. La biologie florale est, a quelqueseptions prés (Kaul,
1982, Kato, 1993, Moran, 1993, Adam, 1998, Chu@020peu étudiée sur le terrain mais les espéces
du genre sont probablement entomogames (Cheek B, 2®1). Les inflorescences qui peuvent
porter plusieurs centaines de fleurs odoriferaseetariferes attirent une variété d'insectes velantt

de fourmis.
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Figure 5: Organisation générale d'un axe de
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Les graines sont quasiment exalbuminées et trafesff La dispersion est selon toute
vraisemblance exclusivement barochore : la faitdssa des graines, produites par des infrutescences
le plus souvent situées a plusieurs métres du moinet une dispersion a courte distance. La
germination se déroule de quelques semaines augsgelopois aprés le semis. Dés les premieres
feuilles post-cotylédonnaires, des urnes minuscigaelques mm) et semble-t-il fonctionnelles sont

produites ¢bs. per9.

Changements morphologiques au cours de I'ontogénese

Le cycle de vie des plantes est constitué d'uni s changements développementaux de la
germination a l'acquisition de la sexualité, compae exemple I'allongement des entre-nceuds ou la
taille et la forme des feuilles. Ces changement$ généralement minimes et progressifs au cours de

I'ontogénie de la plante et ce type de développémetrdit homoblastique (Putz & Mooney, 1991a).

En revanche, les plantes qui expérimentent desaiotds trés différentes au cours de leurs vie,
comme par exemple les plantes aquatiques selorllegu’soient totalement immergées ou non
(Bradshaw, 1965, Wells & Pigliucci, 2000, Minorsk2003) présentent des changements plus
drastiques. Les lianes présentent par exemple lasdqité phénotypique importante (Rowe & Speck,
2005). Ce sont des plantes ligneuses connaissampws de leur ontogénie, une transition plus ou
moins rapide d’'un faisceau de traits comme lagglidl forme et 'anatomie des feuilles, la phylki¢a
la capacité de régénération, la réponse tropi¢aegdisition de la sexualité, etc. Leur développeme
est alors qualifié d’hétéroblastique (Lee & Riclg|ard991). Les lianes perdent par exemple leur
autoportance et s’'accrochent a un support a I'dideganes spécialisés comme les vrilles, crochets,
ventouses, etc., ce qui leur permettent de réallome partie de ses ressources a la croissance

végétative ou la sexualité.

Le genreNepenthesest lianescent, et produit les individus parmi pdss imposants chez les
plantes carnivores, pouvant dépasser les 15 maé¢réswt. Le genrBlepenthes un développement
hétéroblastique et on voit, selon les espéces,naadifications plus ou moins importantes de ses
organes, et notamment de ses urnes au cours diopigement. On distingue les urnes du bas ou
terrestres lower pitches) des urnes du haut ou aérienneppér pitchers Les urnes terrestres
reposent sur le sol, ou a proximité immédiate, nd@isignent les urnes juvéniles, produites avant la
transition ontogénique. Alors que les urnes du dmag reliées au limbe foliaire par des vrilles peu
souples et 'ouverture de ces urnes est orientée Raxe de la plante, chez les urnes du haut, les
vrilles se « circonvolutionnent » au moins une feideur ouverture est généralement orientée vers
I'extérieur de la plante, probablement du fait Gestallation de la vrille qui exerce une torsiour s

I'urne (Figure 6).
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Cette transition ontogénique s’accompagne égalemenmnodifications des caractéristiques du
piége et une partie de ce travail de thése a déréisaractériser ces changements développementaux

et fonctionnels.

Distribution et écologie

Le genreNepenthesomprend environ 120 espéces (McPherson, 200@gipalement réparties
en Asie du Sud-Est, avec Bornéo et Sumatra commiesede diversité. Les limites de l'aire de
distribution sont Madagascar a I'ouest, I'lnde aordN I’Australie et la Nouvelle-Calédonie pour le

sud et I'est, les espéces décrites dans ces régpopeu nombreuses (Figure 7).
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Figure 7 : Distribution et centres de diversité du genre Nepenthes. Les 120 espéces qui

composent le genre Nepenthes sont principalement réparties en Asie du sud-est (en vert), avec
les lles de Bornéo, de Sumatra et des Philippines comme centres de diversité et d’endémisme.
Les points indiquent le nombre d’espéces strictement endémiques des foyers de colonisation

inscrits sur la carte.

Il existe une grande diversité écologique au skirgenre, ledNepenthesroissent des plaines
cotieres ouvertes aux étages montagnards, des fie@andes et/ou marécageuses, aux clairieres de
foréts plus denses. Leur distribution altitudinalétale du niveau de la mer a 3400 m et les ciomdit
climatiques auxquelles lédepenthesont soumises varient largement (Adatral, 1992, Cheek &
Jebb, 2001). Les cultivateurs distinguent d’aikedians leurs cultures les espéces de plaine des
especes de montagne, les derniéres ayant bestaiakeeur hivernale a latitude d’origine comparable
(J.-J. Labat,comm. per3. Cette diversité écologique est couplée a unendgradiversité

morphologique des organes, et notamment des p{Egpse 8).
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Figure 8 : Un apercu de la diversité morphologique du genre Nepenthes. De haut en bas et
de gauche a droite : Nepenthes mirabilis var. echinostoma, une variété de Nepenthes mirabilis au
péristome tres élargi et uniquement présente au Brunei. Nepenthes rafflesiana var. typica, 'une
des espéces modeles du genre. Nepenthes albomarginata dont la bande de trichomes clairs
autour du péristome est vue comme une adaptation pour la capture spécifique de termites.
Nepenthes bicalcarata et ses deux nectaires géants qui surplombent I'ouverture de l'urne.
Nepenthes ampullaria, partiellement détritivore, produit des urnes du bas souvent tassées en
« tapis », 'opercule est tres réduit et forme un angle ouvert avec I'ouverture de I'urne. Nepenthes
rajah, qui produit les urnes les plus volumineuses du genre. Nepenthes aristolochioides produit
des urnes a la morphologie unique au sein du genre. Photographies Laurence Gaume, Wikimedia

Commons.

Phylogénie du genre : état de I'art

Les phylogénies moléculaires actuellement dispesiMeimberget al, 2000, Meimberget al,
2001, Meimberg & Heubl, 2006, Meimbeeg al, 2006) ne sont que peu résolutives et ne pernetten
pas de tester des hypothéses écologiques et éaalitoncernant le genre. Plusieurs regroupements
infra-génériques ont été proposés (Danser, 1928k€1 1997) mais n'ont pas été retenus lors de la

révision taxinomigue compléte du genre par Cheellebb (Jebb & Cheek, 1997, Cheek & Jebb,
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2001). Les travaux en taxinomie, bien que nombreunx,été peu axés sur le regroupement en sous-
genres qui refléterait les grandes lignes desioak&volutives au sein du genre. Ces travaux se so
surtout efforcés de décrire un nombre maximum desp, et cette tendance reste trés actuelle
probablement du fait que les taxonomistes sonteégait des collectionneurs qui commercialisent
leurs plantes (Figure 9). Si bien qu'il est difiecisur la base des connaissances actuelles en
systématique, taxinomie et phylogénie du geepenthedd’élaborer des scénarios évolutifs. Les
seuls résultats qui semblent acquis sont que [@ices occidentales endémiques du Sri Lanka, des
Seychelles et de Madagascar soient les plus basake®spéces sont soit apparues au moment de la
formation de ces files, soit elles se sont formékdsadue d’'une colonisation secondaire de ces fles
(Meimberg & Heubl, 2006, Meimbergt al, 2006).
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Figure 9 : Dynamique de descriptions des plantes du genre Nepenthes depuis la création du
genre par Linné en 1753. Le graphique présente la somme cumulée du nombre de taxa (espéces,
variétés, etc.) que recense I'International Name Plant Index. Depuis le début du siécle, le nombre
de taxa décrits connait une deuxiéme phase d’expansion importante faisant suite aux nouveaux
voyages d’exploration. Sont indiqués la date de creation du genre et les ouvrages majeurs. La

dynamique du nombre d’especes est comparable.

FONCTIONNEMENT DU PIEGE DES NEPENTHES

Le piege des Nepenthes comprend de nombreuses adaptations physico-chemigat
morphologiques que nous allons détailler de fagdraestive. Cette description rassemble tous les
traits décrits liés a la carnivorie: nous verrorigsploin que l'assemblage de ces différentes
composantes varie entre espéces et au cours degéme des plantes. La description s’égréne de la
18



partie apicale de l'urne jusqu'a la zone digestige, qui correspond peu ou prou a la séquence

classique de capture.

Typologie du piégeage
Les termes reliés a la capture d’'insectes dansaceisarit sont définis comme suit :

- Attraction: phase du piégeage qui améne les insectes &ragiproximité immédiate de
l'urne.

- Capture: phase du piégeage qui se déroule sur les pextesnes du piége, sur le péristome
qui borde I'ouverture de 'urne y compris, et qaiit fpénétrer les insectes dans l'urne.

- Rétention phase du piégeage qui se déroule a lintérieufudne et qui aboutit a sa mort
dans l'urne. L’insecte est alors appptéie.

- Digestion: ensemble des processus qui permettent a laeplilinttégrer dans son propre
métabolisme les éléments dérivés des proies.

- Type d'urne les différentes catégories d'urnes produitesauscde I'ontogénie.

- Stratégie de piégeagecombinaison pour une espéce et un type d'urmadéae mécanismes
spécifiques impliqués dans le piégeage.

Opercule

La partie supérieure de l'urne, c'est-a-dire I'ajmkx la feuille modifiée, est surmontée d'un
opercule. Cet opercule sécrete du nectar sur éadbaxiale, c'est-a-dire celle en regard de I'uphes

ou moins abondamment selon les espéces (Figurg 10-1

L'angle que forme I'opercule avec le péristomeiefgrieur a 90° (et généralement a 60°) chez la
plupart des espéces, et sa projection sur le paréstecouvre donc partiellement I'ouverture denéur
Deux hypotheses ont été avancées quant a une élNerfanction de I'opercule : (1) un rdle dans la
protection de 'urne contre les précipitationsdition du liquide digestif et la perte éventuetie
proies capturées; (2) un role dans l'attraction idegctes par ses nectaires concentrés sur la face

abaxiale qui positionne les des insectes dans ostene périlleuse au dessus de I'ouverture ded’urn
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Figure 10 : Organisation générale d’'une urne de Nepenthes. 1 = opercule nectarifére;
2 = péristome nectarifere et odorifere chez certaines espéces; 3 = zone conductive,
généralement cireuse ; 4 = zone digestive. Un bourrelet, bien visible sur cette urne aérienne de

Nepenthes rafflesiana var. elongata, sépare généralement les zones conductives et digestives.
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Le péristome

Le péristome est la collerette dentée qui entowrebbuche de l'urne (Figure 10-2).
Anatomiquement, il est constitué de cellules émidgnes modifiées (Owen & Lennon, 1999) qui se
recouvrent partiellement et qui forment des stdisposées radialement, qui forment vers l'intérieur
de I'urne des « dents ». Les stries et les denggédistome présentent une certaine variabilitéesu s
du genre. Cheilepenthes villosées dents mesurent par exemple plusieurs cengmeétr les stries
sont marquées et creusent de profonds sillons. Bheprthianaet N. jacquelinagles dents sont en
revanche bien moins marquées mais le péristomeéssélargi. Cheklepenthes lowiet N. khasiana

le péristome est quasi-absent, et réduit a unecdigssd de moins d’l mm qui ceint l'urne.

Entre les dents ou a I'extrémité, du nectar estés&cOutre son attractivité intrinseque, il est
impliqgué dans le piégeage des insectes. Une soldiosucre a des propriétés hygroscopiques : elle
favorise la condensation de I'humidité atmosphérigtidiminue le taux d’évaporation (Bawral,
2008). De fait, ce péristome, apparait souveniahijsau moins chez certaines esped&pénthes
rafflesiana par exemple). Du fait du chevauchement partiel ckdbiules du péristome, ce dernier
posséde une structure anisotrope et glissante.résempce d'une pellicule d’eau favorise un effet

d’aquaplaningsur les insectes (Bohn & Federle, 2004).

En plus de ces propriétés mécaniques, le péristienoertaines espéces produit des odeurs florales
impliguées dans I'attraction d’insectes volantgjeit contribuent notamment a la capture d’un large
spectre d'insectes chélepenthes rafflesian@i Giustoet al, 2008, Di Giusteet al, 2010).

La zone conductive

Plus bas, se trouve une zone conductive qui caastibviron la moitié supérieure de I'urne chez
la plupart des especes (Figure 10-3). Cette zohaeesuverte chez la plupart des espéces d'un
manteau de cire épicuticulaire dont I'aspect emnditatre. Cette cire est depuis longtemps considéré
comme un élément clé du piégeage (Juniper & Bud@62). La cire cuticulaire, vue comme une
adaptation acquise lors de la terrestrialisatish.oeniprésente chez les végétaux terrestres nhais e
est rarement produite en quantité (Barthlott, 19Bfiper, 1995, Barthlotet al, 1998, Kunst &
Samuels, 2003, Miller & Riederer, 2005). La cire Nepenthegst composée d’'une double couche
dont la zone épicuticulaire est principalement cosée de longue chaines de carbone (triacontanal
Cy et dotriacontanal §&) Riedel, Eichner, et Jetter, 2003; Riedekl, 2007) lui conférant & I'échelle
microscopique une conformation autoorganisée enllefies, orientées principalement
orthogonalement a la surface (Gorb et al. 2005jaiktiement accrochées a I'épiderme de l'urne
(Riedelet al, 2003, Riedeet al, 2007).
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Figure 11 : Role de la cire dans la capture des insectes (Gaume et al.,, 2002, 2004). La zone
cireuse qui recouvre la partie supérieure de l'urne (a) est composée de stomates modifiés en
« tuiles » dirigées vers le bas (b) et recouverte d'un manteau de cire. Ces cristaux de cire (c) sont
aisément détachables et forment la partie superficielle de la zone cireuse. Le dispositif
expérimental (d) montrant une mouche entrain de « déraper » sur la zone cireuse. Les systémes
d’attachement des mouches (e, f) montrent les deux pelotes adhésives soyeuses contaminées par
la cire. Les cristaux de cire se détachent au contact des pelotes de l'insecte et semblent s’étre
dissous en une pate amorphe qui piege les soies et les empéche de fonctionner comme spatules

souples et adhésives.
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Cette conformation des paillettes offre non seutgmae structure rugueuse qui diminue les
points d’attachement des insectes mais égalemenstuacture non-cohésive qui céde sous I'action

des pattes d’'un insecte, ce qui facilite la cheteelui-ci dans I'urne puis sa rétention.

Cette cire aisément détachable (Juniper & Burr@62)l contamine les systemes d’attachement
des insectes (Gaunet al, 2004) et les empéchent d’adhérer aux paroissistemes d’attachement
des mouches sont faits de trés nombreuses soider(§e2006) au bout desquelles est sécrétée un
fluide adhésif (Gorb, 1998). Les cristaux de cite ge détachent dedepenthessont en en fait
dissouts au contact des pelotes des mouches ehpeatent du micro-fluide qu’elles sécrétent au
niveau de leurs soies. La cire prend alors uneotordtion amorphe qui englobe les soies uidsilli
(Figure 11), les empéchant de fonctionner commeulgsasouples et adhésives (Gaume et al. 2004).
Aprés contamination par la cire, les mouches né@as capables de monter sur la paroi de I'urhe, n

sur une paroi en verre.

Les cristaux de cire ne constituent pas le seubolesa la remontée des insectes. Une proportion
importante de fourmis parvient a remonter les gadiune zone cireuse retournée a 180°. Des
observations au microscope électronique a balapaganontré que la zone sous-jacente a la cire
forme une surface tuilée anisotrope (Figure 11ltbrlwaque tuile de forme convexe, qui proviendrait
de la modification d’'une cellule de garde stomai@uoyd, 1942), n'offre aucune prise aux griffes d
l'insecte lorsque l'urne est dans sa position néemee qui n'est pas le cas lorsqu’elle est entjoposi

inversée (Gaumet al, 2002).

Le fonctionnement de la zone conductive des urmssNgpenthesqui repose sur des micro-
rugosités, des surfaces anisotropes, des pailltesohésives qui se transforment en péate colknte
contact des insectes est finalement plus compleiimaginée initialement. Les proies sont digérées
dans la zone digestive, immédiatement située esodsesla zone conductive et remplie du liquide
digestif (Figure 11-e,f)

Liquide digestif

Ce liquide est sécrété lors de la formation denkyravant son ouverture. La caractérisation des
enzymes digestives ddlepenthegst un des axes historiques de recherche sunte §#entsch, 1972,
Tokéset al, 1974). Ce liquide est acidifié par I'activité gempes a protons (Aet al, 2001). Le pH
des liquides digestifs décrits varie entre 1,5,6t(Elarke, 1997), vraisemblablement en lien aesc |
différentes stratégies d'obtention de nutrimentsein du genre (Moragt al, 2010). Pour les liquides
les plus acides, le pH correspond a I'optimum dezymes de type protéases (Ahal, 2002a) et
chitinases (Aret al, 2002a, Eilenbergt al, 2006, Hatano & Hamada, 2008), qui décomposent les

protéines et la chitine des insectes @ral, 2002b).
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Figure 12: Role des propriétés viscoélastiques du fluide digestif dans la capture des
insectes d’apres Gaume & Forterre (2007). (a) Taux de capture des mouches (en blanc) et des
fourmis (en noir) pour des fluides de Nepenthes rafflesiana de plus en plus dilués par I'eau. (b)
Viscosités élongationnelle (carrés) et de cisaillement (cercles) du fluide. La viscosité
élongationnelle ou élastique est obtenue en mesurant le temps de rupture d'un filament liquide.
Le trait rouge indique la concentration au-dessus de laquelle le taux de capture est de 100 %.
Seule la viscosité élastique du fluide reste élevée lorsque le fluide est dilué. Tout comme ses
propriétés rétentives, elle ne diminue sensiblement qu’a de fortes dilutions. (c¢) Taux de capture
en fonction du rapport entre le temps de relaxation élastique A du fluide et le temps typique de
mouvement des insectes T dans le fluide (appelé nombre de Deborah, De = A / T). Le fluide
digestif piége les insectes tant que leurs mouvements sont trop rapides pour laisser les forces
élastiques du fluide se relaxer (A > T). Ainsi plus l'insecte se débat, plus le milieu lui apparait
«solide ». (d) Séquences d’'un film pris a la caméra rapide montrant comment une mouche

tombée dans le fluide viscoélastique est retenue par des filaments de longue durée de vie.
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Les produits de digestions : peptides, ammoniaacieles aminés sont absorbés par les glandes
digestives (Schultzeet al, 1999) qui se différencient a partir de cellulggdérmiques lors du
développement de l'urne (Owen & Lennon, 1999). errtes chaines carbonées,)(@érivées
d’acides aminés sont également directement intégréenétabolisme déepenthes insigni@Rischer
et al, 2002).

Le liquide digestif est également composé de potgmé@éants (Gaume et Forterre 2007) de
nature polysaccharidique (Alain Heyragdm. pers.aux propriétés viscoélastiques qui jouent un réle

physique dans la rétention des proies.
L’urne comme habitat : réle dans la digestion

Les plantes a urnes forment également des phytotise(Frank, 1983), des structures végétales
creuses qui retiennent I'eau. Ces microcosmeseaibtitne communauté bactérienne et une microfaune
ou infauna impliquée dans la dégradation et la digestion pleses des plantes a urnes. Chez
Darlingtonia californica il ne semble pas y avoir d’enzymes digestives'est cetteinfauna qui
assure seule la dégradation des proies. L'infauea plantes carnivores a urnes forme un
microécosysteme dont on peut contréler les parané&tr est devenue un sujet en soit d’écologie des
communautés et d'écologie fonctionnelle (Clarke &cKing, 1993, Cresswell, 2000, Kneitel &
Miller, 2002, Kneitel & Miller, 2003).

Les urnes dedepenthessont par ailleurs habitées par une faune qui &mirinféodée : des
acariens (Fashing & Chua, 2002), diverses larvediteres, incluant des moustiques (Clarke, 1997),
des araignées inféodées a I'urne (Clarke, 1997owePrayer, 2007), voire des fourmis (Beccari,
1904, Clarke & Kitching, 1995) ou méme des grenesi{Das & Haas, 2010) et des crustaces (Clarke,

1997 ;pers. obg.qui elle aussi peut étre partiellement impliqdées la digestion des proies.

Implication du liquide digestif dans la rétention

Bruce Salmon propose pour la premiére fois en 1283 laCarnivorous Plant Newsletteque le
fluide digestif deNepenthes inermisjécrit comme trés visqueux, pourrait étre impligigns la
rétention du fluide lui-méme et de ses victimessain du piége en cas de fortes pliggalmon,
1993).

3 “[...] one wonders how the pitcher manages to keep its prey from being washed out when it rains. The answer
lies in the pitcher fluid itself. The fluid is thick and exceptionally viscous compared to most Nepenthes. You can pour
some from a pitcher held several feet high and it will keep in an unbroken stream to the ground. Thus when it rains

the pitcher sheds the excess water over its rim but its content are secure.”
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Chez certaines especes, dont notre modtlipenthes rafflesiande liquide digestif crée des
filaments lorsque I'urne est renversée ou lors¢ue ¥ plonge le doigt et qu’on I'en ressort (Figure
12). Ce phénomene ne peut s’expliquer seulemerliapascosité mais par une composante élastique
du liquide qui joue un réle central dans le piégedgaume et Forterre ont montré, dans une étude a
l'interface entre la biologie et la mécanique deglés que le comportement physique de ce liquide
jouait un réle crucial dans la rétention des inseativants tombés dans I'urne. Cette étude a ouvert

une bonne partie des travaux de recherche de terdbGaume & Forterre, 2007).

Les propriétés physiques des fluides sont esskestiglour comprendre les mécanismes des
grandes fonctions biologiques et physiologiquesatganismes : le vol des insectes (Dudley, 2002,
Sane, 2003), la motilité bactérienne (SchneiderdtSch, 1974), la circulation sanguine (Ku, 1997).
A I'échelle centimétrique et en deca, la gravitnteainte principale des organismes grands et &urd

s'estompe devant I'effet de la tension de surfaackeda viscosité.

La viscosité est la résistance d'un fluide a laod#éktion. On distingue plusieurs types de
viscosité, dont la viscosité linéaire et la vistbglastique (ou extensionnelle). La viscositédireéest
la résistance qu’oppose un fluide a son cisaillép@est-a-dire au passage d'un corps et qui augmen
proportionnellement avec la vitesse de cisaillemeatterme de viscosité est I'acceptation dans le
langage courant de la viscosité linéaire: I'airrasins visqueux que I'eau, elle-méme moins visgeeus

gue le miel et le bitume ; et un solide a une \dgédnfinie.

Les fluides viscoélastiques combinent, quant a ene, composante linéaire et une composante
élastique. L’élasticité est la propriété qu'a unpsode revenir a I'état initial aprés une déformatiun
fluide viscoélastique a des propriétés visqueusesoppose au passage d’'un corps) et élastique (il

tend a revenir a I'état initial aprés déformation).

La viscosité de I'eau ne dépend pas de la vitesseighillement, les seules contraintes de son
écoulement sont des contraintes de cisaillemergstontraintes cessent immédiatement dés que cet
écoulement est interrompu, ce fluide est dit neigtenLa plupart des fluides organiques ne sont pas
newtoniens et dérogent aux trois propriétés prétéde La viscosité peut ainsi diminuer avec la
vitesse de cisaillement (par ex. le sang) ou autgnépar ex. une solution de fécule de mais dans de

I'eau) et les fluides seront respectivement quéifie rhéofluidifiants et de rhéoépaissisants.

Les travaux de Gaume et Forterre ont mis a jousi@lus éléments majeurs du piégeage chez

I'espéceéNepenthes rafflesianaar. typica:

- latension de surface du liquide est similairelie @ I'eau et n'est donc pas impliquée dans la

rétention des insectes ;
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- le fluide digestif est environ 15 fois plus visquegue I'eau pure au taux de cisaillement qui
correspond a celui d’'un insecte ;

- ce liquide est rhéofluidifiant : la viscosité dirmmavec le taux de cisaillement.

- ce liguide est également tres viscoélastique et Cette viscoélasticité qui est responsable de
son important pouvoir rétentif ;

- l'efficacité de capture des insectes par le liquidste forte tant que le temps de relaxation
élastique du liquide est plus important que laquiride mouvement de l'insecte. Ainsi a
I'image des sables mouvants, plus un insecte sa déps le liquide, plus la force de rétention
élastique exercée est grande et donc plus il égéplLe piége viscoélastique est donc active
par le propre mouvement de la proie (Figure 12).

- ce liquide retient encore 100% des insectes loilsegt’ dilué dans 95% d’eau (Figure 12).

Autres composants de 'attraction

Des motifs sur les parois externes de I'urne, notant ceux visibles dans l'ultra-violet, domaine
du spectre lumineux que les hyménopteres en phetisyercoivent, sont impliqués dans la rétention
(Moran, 1996, Moraret al, 1999). Chez toutes les especesNdpentheqJuniper et al. 1989), la
surface externe de l'urne et dans une moindre redsureste de la plante est parsemé de nectaires

extrafloraux impliqués dans I'attraction des inesdiMerbactet al, 2001).

Stratégies alternatives d’absorption de nutriments

Plusieurs espéces dédepenthesprésentent des stratégies de piégeage dont leposamtes
n'entrent pas dans les schémas décrits ci-deBapenthes ampullariae développe dans des foréts
assez denses et présente un péristome étroitreggalot abruptement vers l'intérieur de 'urne (Fégu
13). Les débris végétaux retrouvés dans l'urneritarént a la a hauteur de 35 % de I'azote folidee

cette espece, qui peut donc étre considérée comartiellement détritivore (Moraat al, 2003).

Chez au moins trois espéces de montagne de Bdiardgle entre le plan d’ouverture de 'urne et
I'opercule est plus ouvert que chez la plupart aigses especes, compris entre 80° et plus de 100°.
Clarke et al. (Clarke et al, 2009), puis Chinet al. (Chin et al, 2010) ont proposé que cette
caractéristique géomeétriqgue est adaptée a la miogikode petites musaraignes arboricoles de la
famille des Tupaiidadree shrew qui, en se positionnant & califourchon sur I'upo@r consommer le
nectar sécrété sur la face abaxiale de I'opercoite dans une position idéale pour déféquer dans
'urne. Les féces sont effectivement assimilés lpane (Chin et al, 2010), ce qui, dans un piége

carnivore, n'a rien d’'inattendu.

27



PROBLEMATIQUE

Historiqguement les recherches sur le géepenthese dissocient en deux axes, I'un s'attache a
obtenir une description morpho-taxinomique exhaegtiu genre et I'autre se focalise sur I'écoldgie,

fonctionnement du piégeage, de la physiologie digeastion, etc. d’'une poignée d’especes modeles.

Aucune étude a ce jour n'a essayé de comprendee diversification morphologique du genre
Nepenthesvait un lien avec une diversité fonctionnellgpetivait étre expliquée par des pressions de
sélection d’ordre écologique. On peut raisonnablgrmsepposer que les milieux trés variés que ces
plantes carnivores colonisent, ainsi que leurgdifits modes de vie (rampants, grimpants, épiphytes
les exposent a des environnements trés contrastésrees de proies disponibles. Cette diversité de
'entomofaune joue trés probablement un réle motéans la diversification morphologique et
fonctionnelle des pieges déepenthesCette these s’emploie a tester cette hypothesdogique

d'ensemble de ce travail peut étre résumée engtangs axes.

Quelle est la diversité du fonctionnement et de la production des

pieges au sein du genre ?

Dans un premier temps nous avons testé si lesnsgstde piégeages différaient au sein du genre
et si leurs efficacités variaient selon le typenskictes rencontrés. Pour cela, nous avons mis en
évidence chez un échantillon d’especes les parametiysico-chimiques clés telles que la couche
cireuse glissante et le liquide digestif viscoétpst du systeme de piégeage. Nous avons quargsié c
composantes du piégeage chez de nombreuses edgéuassavons ensuite comparé entre especes de
Nepenthed'efficacité relative de ces caractéres sur défés types de proies (insectes volants et
rampants) en serre, et sur le terrain afin de rté'$tgpotheése selon laquelle les spectres de proies
rencontrées par ledlepenthespouvaient exercer une pression de sélection swollition des

stratégies de piégeage au sein du genre.

Nos observations de terrain nous ont également @raemettre en évidence une stratégie de
piégeage alternative qui impliqgue un mutualismeni@dourmi. Cette étude refléte également la

diversité des stratégies de piégeageNigmenthes

Par ailleurs, la production d’'urnes implique néagesnent un colt pour les plantes. On s’attend
donc a ce gu'il existe une plasticité dans la potidn d’organes carnivores qui permette de moduler
l'investissement dans le compartiment carnivor@rsées besoins saisonniers, ontogéniques, et la
disponibilité variable de ces nutriments-clés, séiectionnée et/ou maintenue (Elliseinal, 2003).
Nous avons donc également suivi le développemesitegpéces du Brunei et les contraintes qui
28



s'exercent sur la production des urnes extrinsequiesrelation « prédateurs »/ proies. Cette aralys
nous a amené a étudier comment la production dsup@uvaient varier pendant la phase de

reproduction de la plante.

Quelle est I'histoire évolutive du genre et des caracteres clés du
piégeage et quels roles y joue I'écologie des especes et

I'ontogénie ?

Dans un deuxieme temps nous avons essayé de carpriévolution des caractéres clés du
piégeage, précédemment identifies comme telschdle du genre. Nous avons tenté d’améliorer les
phylogénies moléculaires existantes. Nous avonsa@tl'évolution de ces caracteres sur ces
phylogénies. Le but était de voir s'il existait desmdes-offsentre caracteres. Nous avons également
étudié les associations entre I'écologie des espétdes différentes stratégies de piégeage afin de
tester si ces différents caracteres ont évolu@ponse a des pressions de sélections différentéte C
phylogénie nous a également permis d’étudier lineggvolutive des caracteres étudiés et le réle de
I'ontogénie dans I'évolution des caractéristiques dirnes. Comme nous I'avons évoqué dans la
description du genre, la transition ontogénétiqbseovée lors de la production d'urnes du haut
s’accompagne souvent de modifications de formeeedtdicture des urnes. Nous avons donc recensé
ces changements au sein du genre et étudié I'émolate ces transitions dans le cadre de nos
phylogénies. Cela nous a permis de tester silasgements de formes des urnes s’accompagnaient
toujours des mémes modifications au niveau de fe zoreuse. Nous avons également testé si les

transitions ontogénétiques reflétaient certairessitions évolutives.
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TERRAINS D’ETUDE ET ESPECES ETUDIEES

Le travail expérimental de cette these porte @i dur quelques espéces modeles étudiées sur le

terrain et sur une collection d’espéces cultivéesesre.

Le Conservatoire National des Plantes Carnivores

A Peyrusse-Massas, au nord d’Auch dans le Gers-Jmajues Labat posséde la plus grande
collection mondiale de plantes carnivores qui rageo450 especes. Le geMNepenthey figure en
bonne place avec plus de 110 espéces, variétgdrtids horticoles. Nous avons eu la chance de
collaborer avec J.-J. Labat et d’accéder a cetteotion. Au cours de six missions de 2007 a 2010,
nous avons pu accéder a l'essentiel des especagerteé, mises en croissance dans différentes

conditions de culture, chauffées en hiver et prsgmne hygrométrie supérieure a 80%.

Terrains d’étude au Brunei Darussalam

Les études de terrain ont toute été réaliséesldandtanat de Brunei Darussalam, au nord-est de

I'le de Bornéo. Nos missions sur le terrain ot &ffectuées sur deux sites principaux.

Le site de Labi Road (4°29.823' N, 114°27.576'ds},situé en bordure d’'une forét marécageuse a
Dipterocarpaceae dominée pahorea albidaet d'une forét de lande dominée par les fougéres d
genreGleichenia(« mixed peat swamp heath forestigure 13). Ce terrain est fréquemment inondé,
avec des mares temporaires. Il abrite une impatdensité délepenthes ampullarjaN. gracilis, N.
bicalcaratg N. rafflesiana var. elongata et var. gigantea Toutes les expérimentations ont été

effectuées dans une zone a peu prées circulaireicdhen3 hectares.

Le site dit deTutong,(04°44.520' N, 114°35.668' E) est une bande bteé sables blancs (les
pasirs putehpour les malais), en bordure Beranga,forét dégradée de Bornéo. Ce site, constitué
d'une épaisse couche de sable drainant mais goseepur un fond d'argile imperméable, est donc
fréequemment inondé (Figure 13). Le site est pondai@uelques bosquets mais est globalement trés
ouvert La végétation est dominée par des arbustes deegdelastomataet Syzygiumet des
fougéres du genréleichenia(Di Giustoet al, 2008).0n y trouve également de nombreuse plantes a
fourmis épiphytes du genrBischidia. Ce site présente une grande abondanceNelgenthes
rafflesiana var. typica et de Nepenthes gracilisdont nous détaillerons plus loin la biologie, sain
gu’une station olNepenthes rafflesianaar. typica et var.elongatapoussent en sympatrie. Toutes les

expérimentations ont été effectuées dans une Zeneitn 10 hectares (500 x 200 m).
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Figure 13: Le terrain de Labi Road.

Le terrain d’étude de Labi road 4° 29' N, 114°
27" E (médaillon bas). Ce terrain est constitué
d'une forét mixte marécageuse, souvent
inondée et en bordure d’'une forét plus haute.
Dans cette zone, plutdt unique, cohabitaient
Nepenthes ampullaria, bicalcarata, gracilis,
rafflesiana var. gigantea. En médaillon, la
meme zone aujourd’hui, aprés prospection

pétroliere (Photographie Ulmar Grafe).

Figure 14 : Le terrain de Tutong

Le terrain d'étude d&utong 4°44’'N, 114°35'E
(médaillon en bas a droite). Ce terrain est une
bande cétiere de sable blanc (pesir putehpour

les malais), souvent inondée et en bordure d'une
heath forestA vol d’oiseau la mer de Chine est a
un kilométre. Les températures et 'insolation sont
tres fortes. La végétation est arbustive et alerite
nombre,Nepenthes rafflesianat gracilis et des

myrmécophytes du genRischidia
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Description des especes étudiées sur le terrain

Nepenthes graciliorth. est sans doute I'espéce Mepentheda plus fréquemment rencontrée
dans les milieux ouverts au Brunei et plus largegraeéBornéo, Sumatra, en Malaisie péninsulaire et au
Sulawesi principalement en plaine mais s’étendyiégsgnviron 1000 m (Clarke, 1997). Cette espéce
produit de nombreux axes rampants qui peuventv&@gleur un support en forét, mais qui donne une
forme rampante voire buissonnante en milieu ouvess. urnes terrestres et aériennes ont une forme

similaire, leur production est prolifique, et lerisgéome est tres réduit (Figure 15).

Nepenthes bicalcarat&look f. est considérée comme la liane qui attkathauteurs les plus
hautes au sein du genXepentheselle se développe jusqu’a une vingtaine de mékeesauteur. Elle
est endémique du nord-ouest de Bornéo, habitapasitulier les foréts denses et marécageuses ainsi
gue les bordures de celle-ci et de la forét dedarfteath foresfsen dessous de 1000 m d’altitude.
Elle produit de grandes feuilles, probablementdks grandes du genre ainsi que de nombreuses
urnes longévives (Clarke, 1997). Ses urnes possptesieurs nectaires dont deux géants en forme de
dents et qui surplombent l'urne (Figure 15). Se#legr creuses sont habitées par la fourmi

Camponotus schmitdiont I'interaction mutualiste avec la plante-hééea discutée plus loin.

Nepenthes ampullaridack est une espéce de plaine qui affectionffelés denses de Thailande,
Sumatra de Malaisie Péninsulaire, de Bornéo etale/élle-Guinée (Cheek & Jebb, 2001). A Bornéo,
on la trouve souvent en sympatrie alNapenthes bicalcarat&lle produit des axes lianescents d’'une
quinzaine de métres. A sa base, elle produit d@s thurnes, de dimensions modestes relativement
aux autres especes (Figure 15). Ces urnes ne isoimeuses, ni viscoélastiques, ce qui peut-étre vu
comme une adaptation a son régime partiellemenitidéte. Les axes lianescents ne produisent que
trés rarement des urnes aériennes, mais plut@rdepes d’'urnes « terrestres » espacées de quelques

meétres de part et d’autre de cet axe.

Dix variétés deNepenthes rafflesiandack sont distribuées a Bornéo, Sumatra et sugdagule
malaise (Clarke, 1997, Cheek & Jebb, 2001). Quiiaetre elles, qui différent par leurs stratégies d
piégeage et la morphologie de leurs urnes (Di @Giastal, 2009, Gaume & Di Giusto, 2009), sont
présentes au BruneiNepenthes rafflesiangar. typica var. niveg var. elongataet var. gigantea
(Figure 16) Nepenthes rafflesianest I'espece modéle de I'équipe travaillant samientes carnivores
au laboratoire AMAP chez laquelle a été décriteclemngements ontogéniques et le réle de la surface
cireuse (Di Giusteoet al, 2009, Gaume & Di Giusto, 2009), la viscoélagtioitu liquide digestif
(Gaume & Forterre, 2007) et les composants volftdiimant le piege olfactif de la plante (Di Giusto
et al, 2010).Nepenthes rafflesianarésente des variétés différant par leurs pafimrmdionnels. Alors
gueNepenthes rafflesiangar. elongataprésente toujours une zone cireldepenthes rafflesianear.

typicala perd lors de la production des urnes du haaufé & Di Giusto, 2009).
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Nepenthes gracilis Nepenthes bicalcarata

urnes du haut

urnes du bas

Figure 15 : Les Nepenthes du Brunei Darussalam (1/2)
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N. rafflesiana var. typica N. rafflesiana var. elongata N. rafflesiana var. gigantea

urnes du haut

urnes du bas

Figure 16 : Les Nepenthes du Brunei Darussalam (2/2)
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Chapitre |

DIVERSITE DES STRATEGIES DE PIEGEAGE
ET DU DEVELOPPEMENT DE QUELQUES

ESPECES DE NEPENTHES
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Chapitre I.1

DIVERSITE FONCTIONNELLE DES STRATEGIES DE PIEGEAGE

DES PLANTES CARNIVORES DU GENRE NEPENTHES

Les découvertes scientifiques récentes de I'équipehangé notre vision du piege ddéspenthes le
mécanisme de la zone cireuse de l'urne dans legifga été éclairci et les propriétés viscoélassiqu
du liquide digestif et son réle dans la rétenti@s thsectes ont été mis en évidence (Gaetrsl,
2004, Gaume & Forterre, 2007, Di Giustbal, 2008, Di Giustcet al, 2009, Gaume & Di Giusto,
2009b). Devant une collection d’espéces du gearéjversité morphologique est évidente et laisse
supposer quelle est également associée a unesiiésdonctionnelle. Par exemple, le caractére
viscoélastique, décrit chddepenthes rafflesiangar. typica est-il un cas isolé ou est-il largement
présent au sein du genre ? Quels sont les rolpeatifs de la zone cireuse et du liquide viscojast
dans le piégeage des insectes ? Peut-on iderdifférentes stratégies de piégeage a I'échelle du
genre ? La zone cireuse et le liquide viscoélastispnt-ils des mécanismes efficaces pour tous les
types d’'insectes ? Si non, 'entomofaune du mifieut-elle exercer une pression de sélection sur les
stratégies de piégeage ? Toutes les stratégieglemipossibles ? Si non, quelles sont les contési

qui s’exercent sur la production de ces mécanisiagaégeage ? Ldanuscrit 1.1 teste et amene des

éléments de réponse a ces questions sur un sodegpeéces représentatif du genre.

Bonhomme, V., I. Pelloux-Prayer H., Jousselin E., Forterre Y., Labat ].-J. and Gaume L. Submitted
to Fucntional Ecology. Slippery or sticky ? Functional diversity in the trapping strategy of

Nepenthes carnivorous plants.
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Abstract

1. The pitcher-shaped leavesNé¢penthegarnivorous plants have been considered as pitfglb
that rely strictly on slippery surfaces and morecgfically on a waxy coating to capture insectst 8u
recent study has shown i rafflesianathat the viscoelasticity of the digestive fluidufa inside the
pitchers also plays a key but cryptic role. We ugeskct bioassays and physical measures to
determine whetheNepenthesspecies exhibit diverse trapping strategi2zsWe tested 23 taxa,
including 21 species (8 lowland and 13 mountaincE®}, for the amount of wax on their pitcher
walls and the viscoelasticity of their digestivauiid, i.e. two insect-trapping devices with unknown
occurrence in the genus. In 12 of these speciesomgpared the retention efficiency of wax and
viscoelastic fluid on ants and flie8. Our results show that species vary greatly withard to the
amount of wax produced and that at least two-thusks viscoelastic fluids. We also show that both
characters contribute significantly to insect tiagpbut that wax seems to be more efficient at
trapping ants and that viscoelasticity seems tdkeyein trapping both types of insect, but is more
efficient than wax on flies. Trap waxiness anddhuiscoelasticity are inversely related, suggesting
that the plants are faced with an investment ttidn our sample, only 25% of the lowland species
which typically have to cope with an ant-rich fauyhad a “viscoelastic” fluid whereas 92% of the
mountain species facing prey fauna impoverisheahiis but not in flying insects had a “viscoelastic”
fluid. 4. We conclude thallepentheinsectivorous plants often employ a viscoelastipping strategy
and should no longer be considered as simple Ipgfanhts with slippery traps. We suggest that the
entomofauna specific to the plant’s habitat exeetective pressure, encouraging one trapping girate
at the expense of the other. Further comparativelies on the ecology and prey fauna of

“viscoelastic’Nepenthesersus “waxy’Nepenthesvill be needed to test this hypothesis.

Key-words: Digestive fluid, insect capture, investment traffe-deaf wax, pitcher plants,

viscoelasticity.
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Introduction

Carnivorous plants circumvent the nutrient shortelgaracterizing the habitats they colonize by
deriving key nutrients from arthropods which theyraat, trap and digest in specialized leaves
(Juniper et al, 1989, Ellison & Gotelli, 2001). Nepenthes (Carygltales: Nepenthaceae) is a
climbing and carnivorous plant genus characterizgdeaves modified as pitcher traps (Fig. 1). It
encompasses more than 100 species, mainly digtdburt southeastern Asia, with Borneo and
Sumatra islands as hotspots of diversity (Clark8971 Cheek & Jebb, 2001, Clarke, 2001,
McPherson, 2009). Nepenthes species show a gresttsily of pitcher morphologies and colonize
various habitats including coastal lowlands, diiffbitats and high-altitude forests with a high ate
endemism (Clarke, 1997, McPherson, 2009). Such nabogical diversity could stem from their
adaptation to different arthropod fauna, and réftétferences in trapping strategies. But, it ig no
known whether these pitcher plants are also funatip diverse and whether such functional diversity
can be linked to ecological characteristics ofrtleevironmentNepenthespecies are known to vary
in their arthropod prey assemblage (Katal, 1993, Adam, 1997, Merbagh al, 2002) and even in
their N-sequestration strategies (Moktnal. 2010) with some outlying species moving away fram
purely carnivorous habit by deriving part of theitrogen from leaf detritus (Moraat al. 2003),
vertebrate faeces (Clarlet al, 2009, Chiret al, 2010), or from the nutritional service of a syothu
hunter ant (Bonhommet al.in press). The trapping strategy of strictly insarbus species (the vast

majority of these pitcher plants) has never begadtigated in a comparative study within the genus.

Plants in thdNepenthegienus have long been thought to function as sipitfial traps relying on
slippery surfaces that decrease insect adhesioip&hi& Burras, 1962, Junipet al, 1989, Gaumet
al., 2002, Gaumet al, 2004, Gorbket al, 2005) and wettable surfaces that cause insectpéaning
(Bohn & Federle, 2004, Bauet al, 2009). But recently, in 200Nepenthes rafflesianaas shown
experimentally to use another mechanism. It proslacdigestive liquid partly made up of long-chain
polymers, the viscoelastic properties of which havemarked effect on insect retention (Gaume &
Forterre, 2007, Di Giustet al, 2008). Even when greatly diluted by water, thgedtive liquid inN.
rafflesianahas sufficient elastic properties to trap ins¢@aume & Forterre, 2007). This not only
means that the digestive liquid might be crucialtfee capture success of this tropical pitcher tplan
that is often subjected to heavy rains, but alsb &ven species with a liquid viscosity similarthat
of water may have unsuspected elastic propertesésult in high trapping capacities. Therefone, t
viscoelastic character of the digestive fluid miglalve remained cryptic in a number of species and
could be far more widespread than expected iNgggenthegienus. Interestinghy\. rafflesianavar.
typicabears pitchers with a waxy zone and mainly trags during its juvenile phase; but as the plant
ages the waxy zone is lost (Gaume & Di Giusto, 2008nd the upper pitchers which are only

produced in the adult phase contain a highly vilsstie fluid that proves to be very efficient again
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flying insects (Di Giustaet al, 2008). By contrast, the elongated trapfofafflesianavar. elongata
keep their waxy zone throughout plant ontogeny tnedplant mainly captures ants (Gaume & Di
Giusto, 2009).

This casts doubts on the common belief thatNgpenthesspecies exhibit the same trapping
strategy based on the slipperiness of their pigreand this study explores whether viscoelastidslu
are common amoniyepenthespecies. It also addresses the question of thteo€@soducing both a
slippery waxy zone and a viscoelastic fluid and tvbe these two retentive devices have similar

effects on the capture of different insect types.

In an attempt to address these questions, we dttitkefunctional diversity oNepenthegpitcher
plants in a sample of species differing in theiographic origins and habitats. We measured thes trai
directly involved in the “slippery” and “viscoel@st strategies, i.e. waxiness (quantity and densfty
wax coating the inner pitcher walls) and viscoététgt of the digestive liquid. We used insect
bioassays to compare the retentive ability of dififtNepenthespecies and measure how efficiently
pitcher waxiness and fluid elasticity contribute ttee retention of each type of prey. Finally, we

investigated whether waxiness and viscoelasticyirger-related.

Material and methods

Studied plants

One of the authors (J.-J. L.) owns a greenhoudectioin of Nepenthegitcher plants (located in
Peyrusse-Massas, Gers, France) which in 1995 wagmzed as the National French Conservatory of
Carnivorous Plants. The insect bioassays perforimekpril 2007 employed the following subset of
12 Nepenthesspecies:Nepenthes ampullaria, N. fusca, N. longifolia, Mxima, N. mirabilisvar.
echinostoma, N. petiolata, N. rafflesianar. typica, N.ramispina, N. spathulata, N. spectabilis
N. tobaicaand N. ventricosa These species are representative of the ecologiwh geographical
diversities found within the genus (terrestrial@pitic climbers; lowland/mountain species; species
originating from Borneo, Sumatra, Sulawesi, Philigs and Peninsular Malaysia). One freshly
opened lower pitcher (opening dating approximatahe week previously) was selected on three
different individuals of approximately the samees{30-60 cm) in each of the 12 species. A tot@eof

pitchers were used.

In April 2008, a larger sample corresponding ta@& and 21 species was used for comparisons
of pitcher waxiness and viscoelasticity within thenus. This sample comprised all the previously
cited species, exced. ramispinaand N. maximawhich did not produce any lower pitchers at the

time of our study, together with 13 other tadh:albomarginata N. burgbidgeag N. copelandii
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N. eymae N. glabratg N. gracilis N. macrophylla N. madagascariensis N. mindanaonensijs
N. mirabilis var. typica, N. rafflesiana var. elongata N. tenuis and N. vogelii. Waxiness and

viscoelasticity were measured for each speciessingle pitcher that had been open for about a week

Measurement of insect retention ability

Experiments comparing the trapping ability of tl#eNepenthespecies were carried out in April
2007 under homogeneous temperature and hygromatditons (26-27°C, 80-90%). Retention rates
in the 12 species were compared for thelasius niger(Hymenoptera, Formicidae, Formicinae) and
the fly Calliphora vomitoria(Diptera, Calliphoridae). According to the prey cjpa of Nepenthes
species published so far (reviewed by Jungteal. 1989; (Ellison & Gotelli, 2009), ants and flieza
the most commonly trapped insects. Though the epersed in our bioassays are not included, at least
for the ants, in the natural prey fauna of Mepenthespecies tested, their size and shape are quite
common in their order. Our aim here was simplydmpare the ability of differertiepenthespecies
to retain flying insects versus crawling insectenkk, any ants or flies could be used provided they
did not exhibit any outstanding features, and dipiseared to be a valid approach. A coloniz.afiger
found near the greenhouses provided us with wakes. They were transferred to a plastic tube and
placed on the pitcher rim, the so-called peristgFig. 1a). About 500 laboratory-bregl vomitoria
larvae were kept at 30°C for 7 days until adult®egad. The adults were then collected and confined
to a glass jar connected to a cylindrical mesh ateerture of which was closed by a piece of string.
Once some of the flies emerged, the string was vethand the few emerging flies were collected in
an inverted beaker connected to the mesh. Bealkkmesh were then disconnected from the jar,
which was rapidly closed with a temporary cap, ttgipped” onto a pitcher, enclosing pitcher and
flies together (Fig. 1b) by attaching the end & thesh around the tendril sustaining the pitcher.
These experimental set-ups allowed ants and flrestdaccess to the pitcher. Each trial consisfed o
an insect's fall into the pitcher and insect fat@swecorded as the binary outcome: retained/not
retained within the pitcher. We observed each insetl it died or escaped from the pitcher. An
insect was considered as retained if it did notessfully escape from the pitcher. We considered
three different pitchers for each of the N@penthespecies, and performed 10 tests per pitcher, each
time with a different ant and 10 tests, each tinih & different fly, gathering a total of 720 bigar

outcomes and 72 retention rates.
Quantitative measurement of the characters involved in trapping

All the (intra + epicuticular) wax in the pitchergas extracted using warm chloroform as
described by Riedel (Riedek al, 2003) and weighted to within 1 pg on a SartoM@5 balance
(Gottingen, Switzerland Fig. 1c). Because the plants are fragile, only piteher per species was

used for wax extraction and measurement. The te&aght of wax was used as an explanatory
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variable for retention rates: it takes account aif anly the thickness but also the length of theywa
zone, and both parameters are probably importaatacteristics of the slippery trap. Each species'
relative investment in ‘wax’ and ‘liquid viscoelasty’ was determined by measuring the density of
wax, estimated as the weight of wax per cm? ofhgitcwall. This measurement of wax density is
relevant in this case because the viscoelasticggsurement also reflects density, i.e. that ofrpelg

in the fluid. In any case, the two different measonents of wax quantity plotted against fluid

viscoelasticity showed similar statistical trends.

Fluid viscoelasticity was first estimated by obsegvthe presence or absence of a flament when
the fluid was stretched between two fingers. Thislitgative measurement of viscoelasticity was
performed on the fluid of each of the three pitsharthe 12Nepenthespecies studied in April 2007.
Appropriate equipment for rheological studies weguired in April 2008 and fluid from the 23 taxa
was subject to a quantitative measurement of isgodlasticity. An estimation of pitcher fluid
viscoelasticity was obtained by measuring eladtiaxation time, defined by the time required for a
filament of fluid to break, as described by Gaunmel &orterre (2007). The fluid was subject to
vertical strain by rapidly lifting a thin rod (diaater By = 3.0 mm) 3cm vertically from a 40 ul sample
of liquid, thus creating an elongated liquid filameThe subsequent thinning speed and time to
filament rupture were recorded at a high spatidltemporal resolution (31 pixels/mm and up to 3500
frames/s) using a Phantom Miro IV high-speed canféision Research, New Jersey, USA) and a
Nikkor 60 mm macro lens (Nikon, Japan). The regcaydiwere then analysed using an Image J - R
script (Abramoffet al, 2004, R Development Core Team, 2009), that wesldped for this purpose
(Fig. 1d). Each fluid was tested in triplicate andan relaxation time calculated as an estimatiats of
viscoelasticity. The relaxation time of distillecater was measured six times as the non-viscoelastic
reference fluid. All measurements were performedenrhomogeneous temperature conditions (25-
26°C).

Statistical analyses

All statistical analyses were carried out usingd®vgare (R Development Core Team, 2009).
Logistic regressions were used to explain the Wditya in insect retention success. Backward
procedures were adopted for model selection, stasiith removal of the non-significant, highest-

order interactions

Two logistic models were used to address the faligvguestions: i) does retention success vary
betweenNepenthespecies, types of insect (ant/fly) and pitcherhiwia given species? and ii) could
this variability be explained by the trapping featiof the species, e.g. the waxiness of pitchdswa
and the viscoelasticity of pitcher fluid? The firsbdel was an ANOVA which set ‘species’, ‘pitcher’

nested within ‘species’, ‘insect type’ and the ‘sige’ x ‘insect type’ interaction as explanatorgttas
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for observed retention successes. As the pitcHectefvas not significant, we then pooled retention
success data for the three pitchers of each spao@gerformed a second analysis that aimed to
explain species retention rates (number of testsspecies = 30) by their trapping features. Two
ANCOVAs were thus performed on retention rates, dioe each type of insect, with
‘presence/absence of a viscoelastic liquid’ andafgily of wax in the trap’ as explanatory variables
Corrections for overdispersion were applied wheressary using the quasibinomial error distribution

implemented in R.

Relaxation times for the 23 digestive fluids meadun April 2008 were compared by Student's t
test with the capillary pinch-off time for watergithe shortest breaking time for a filamenthihdd
be noted that elastic relaxation times shorter ttencapillary pinch-off time for water cannot be
measured using this capillary break-up method (Retdl, 2005). A fluid was conservatively
gualified as viscoelastic if its relaxation timesasignificantly longer than the capillary pinch-tifhe
for water, withP < 0.01. To determine whether the quantity of waasvinversely related to the
viscoelasticity of the digestive liquids, we sedgtthe species shown to have a viscoelastic flu@d a
tested whether the quantity of wax fitted a hypécbéunction of liquid viscoelasticity. Even if
functional relation between traits should be comsd in a phylogenetic framework (species traigs ar
not statistically independants), phylogenies atdélgMeimberget al, 2006) are poorly resolved and

species sample cover all the distribution of theugewhich may reduce the phylogenetic bias.

Fisher's exact test was performed on the contingéaddle (viscoelastic/non-viscoelastic liquisl.
mountain/lowland species) to compare statisticallg frequencies of species associated with
viscoelastic fluid in mountain and lowland speci€ke altitude of the studied species was obtained
from different bibliographic sources (Clarke, 19@€heek & Jebb, 2001, Clarke, 2001, McPherson,

2009), and a threshold of 1000 m was applied tingigish between lowland and mountain species.

Results

Functional diversity in the trapping system of Nepenthes

The species studied differed significantly in terofstheir retention success for the insects
employed in our bioassays (mean= 67 % + 21 % dfdtssretained, significant species effect on
retention success in the logistic regression medeble 1, Fig. 2) and all were more efficient &mits
than flies (significant insect effect, percentagamts retained = 72 % + 18 %, flies = 62 % + 27 %,
SD given in the text - Table 1). However, some mseavere more efficient for ants while others
retained flies more easily (significant insect eaps interaction — Table 1). No significant diffiece
was noted for retention success between pitchetfseacdame species (pitcher (specigd) 19.73, df
=24,P=0.71).
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The efficiency of pitcher wax and viscoelastic fluid is insect-dependent

The difference in insect retention efficiency betwespecies can be explained by variations in
pitcher waxiness. The total weight of wax averade85 mg and ranged from 0.28 mg M
ampullaria, which has no visible epicuticular wax in its pgech, to 3.40 mg ilN. maximawhich bears
a thick layer of epicuticular wax in its pitcheiduid viscoelasticity also varied with species. The
pitchers of six speciedNepenthes ampullarjaN. longifolia, N. mirabilis N. ramispina N. spectabilis
andN. ventricosa were shown to contain a non-viscoelastic, appbrevater-like fluid whereas the
pitchers of six other specied.(fusca N. maxima N. petiolata N. rafflesiana N. spathulataand
N. tobaicg contained a fluid shown to be viscoelastic by ¢theation of a filament when stretched
between two fingers. The highest retention ratagweserved in species with viscoelastic fluidgl an

the lowest were observed in species with waterflikds (Fig. 2).

Differences in wax quantity and fluid viscoeladiiogxplained most of the variations observed in
the trapping ability of the species which also elifd with regard to insect type. For ants, retentio
rates increased significantly with wax quantity dloét viscoelasticity (covariance analysis, TaBke
Fig. 3a). For flies, retention rates did not sigriftly depend on the amount of wax but on fluid
rheometry as rates were far higher when the fluad wiscoelastic (Table 2b, Fig. 3b). Our observatio
of insect behavior corroborated these results. Amas fell into the liquid close to the pitcher Wwal
were not extensively wetted and were often obsetvadach and climb up the pitcher wall but then
slip frequently when reaching the waxy zone. Bytast, flies that were not extensively wetted lyy th
liquid were sometimes observed to climb up thehgitcwall and successfully take off from there,
occasionally without even touching the waxy layewetted by the viscoelastic liquid, the insecéslh
little chance of escaping from it. The more theywggled in the fluid, the greater it resisted their

movements and they rapidly became exhausted amethdcb
Relative investments in wax and liquid viscoelasticity

Wax quantities measured in April 2008 were consisteith those obtained in 2007. Wax
densities ranged from 0.022 mg:€iN. ampullaria,wax quantity =0.229 mg) to 0.608 mg. ¢m(N.
macrophylla,wax quantity = 3.180 mg) averaging 0.124 mg’cfmedian = 0.087 mg.cf SD =
0.135). In all, 15 of the 23 species were viscdiase. their relaxation time was significantiyniger
than that of water, the non-viscoelastic referefhgd (t test results in Table 3N. longifoliaand N.
spectabilisappeared to be slightly viscoelastic but were tagsified as viscoelastic in 2007, perhaps
because their viscoelastic filaments were not lgdily direct observation. Of the 13 mountain spgcie
12 were found to be viscoelastic whereas only thoedand taxa (two speciedy. longifolia N.
rafflesiana var. typica and N. rafflesianavar. elongatg were found to be viscoelastic of the 10

lowland taxa (nine species) in our sample. Theepg@tions differed significantly (Fisher’s exacste
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performed on the 23 taxB:= 0.006; on the 21 specieB: = 0.003) demonstrating that mountain
species more often possess viscoelastic fluidsv®y of a comparison, the values obtained for water
ranged from 0.024 s to 0.028 s (N = 6). None ofsihecies with very waxy pitchers was found to also
possess a very viscoelastic fluid, avide-versa Moreover, the quantity of wax produced in the
pitchers of viscoelastic species, and the visctelgsof their fluids, were seen to be inversetyated:

the more wax a species produces, the less vistioeitss fluid (wax density (mg.cif) = 0.013 +
0.014/ relaxation time (sf11, 14.19 P=0.001, R2 = 0.75 Fig. 4).

Discussion

Our comparative study of the trapping systemsNepenthespitcher plants generated three
important results. Firstly, and contrary to commioglief (but see Gaume & Di Giusto 2009;
Bonhommeet al. 2010), the different species show functional diitgrin their retentive devices and
do not rely solely on the slipperiness of theiptta capture insects. The results of this studyvstiat
Nepenthes rafflesianes not the only species to possess a viscoelfistit This character may be
widespread within the genus as found in two thofithe species in our study. Secondly, investments
in the “waxy” trait and in “viscoelastic fluid” ajgar, each one, to be made at the expense of the oth
This seems to define two different trapping striedn these pitcher plants, a “slippery” stratagy
a more “viscoelastic” strategy. Thirdly, these tirapping devices do not target the same type of, pre
andNepenthespecies with one or the other of the trappingetyias do not usually occur in the same
natural habitat. Wax appears to be efficient oy &nts whereas viscoelasticity proved to be a
powerful trapping device for both insect types &dnore often found in mountain than in lowland

species.

A widely-shared viscoelastic trap in Nepenthes pitcher plants and the question of

its origin

The fluid contained in the pitchers of most of Mepenthespecies studied was viscoelastic, and
this might therefore represent the rule in the getather than an exception. Contrary to wax, whose
efficiency as a trapping device has been shownet@umntity-dependent, even low viscoelasticity
appears to contribute to a plant’s trapping abilligerefore, it is surprising to note that somédiuin
Nepenthegitchers are highly viscoelastic. It is possibilattthis viscoelasticity increases with plant
age (Gaume & Di Giusto, 2009a) or with pitcher éBauer, Willmes & Federle 2009). But, the plants
and pitchers of the different species used in oudyswere carefully chosen to be of similar age.
Another explanation could be that, as the plantisgediffer in their habitats, some are more subjec
than others to rainfall and humidity (e.g. thosealtitudinal mossy forests) and to subsequent fluid

dilution by water. Greater production of the polyméhat are assumed to cause the viscoelasticity of
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pitcher fluid might have been selected in some isgetelping them cope with the problem of daily
dilution. This hypothesis is corroborated by thsufes of Gaume and Forterre who showed that the
elastic fluid ofN. rafflesiana(which here appears to be among the most visdaeksecies), when
diluted by 95% of water, was still sufficient toptare all the insects dropped into the pitchersuf@a

& Forterre, 2007).

Since relaxation times of less than 100 ms are gsipte to detect without the use of a high-speed
camera, viscoelastic fluids have probably gone tioed in many species and may be far more
common than suspected. This raises the questiomhether the viscoelastic fluids iNepenthes
species have a common origin. Interestingly, thes glecreted by the leaves [Bfosera another
carnivorous genus, is composed of acid polysaatesr(Gowdaet al, 1982) and these have been
demonstrated to be viscoelastic (Eehial. 2008). This is also probably the case for the gleereted
by Drosophyllum(unpublished results). Both of these genera arectbsest toNepenthedsn the
phylogeny of the Caryophyllales (Heubt al, 2006) and their traps are known to function like
flypaper (Juniperet al. 1989). We can therefore put forward the hypothésit the viscoelastic,
polysaccharide fluids itNepenthesand in these other carnivorous genera have a conmand thus
plesiomorphic origin, with the glue of the otherrdgorous genera simply containing a far higher

concentration of polysaccharides than the fluitl@penthes
Investment trade-off between trapping devices

The appearance of botanical carnivory and the ¢éwoluof specialised traps are subject to
powerful cost-benefit constraints (Givnishal, 1984, Ellison & Gotelli, 2001, Pavlovet al, 2007).
We can therefore assume that it is costly for eamnous plants to produce modified leaves with lower
photosynthetic capacities (Pavlowt al, 2007, Pavlov et al, 2009), and that the biosynthesis of
trapping features is subject to selective presanckcan be maintained throughout evolution only if
the cost of these features is exceeded by the ibetiefy provide in terms of insect-derived nuttgen
Development of the waxy zone, mainly composed mhakic compounds dominated by very long
chain aldehydes (e.g. triacontanal or dotriacontaoataining 30 or 32 carbon atoms, respectively
(Riedel et al, 2003, Riedelet al, 2007)), is metabolically costly for the plant. ellmolecules
responsible for digestive fluid viscoelasticity agsumed to be long-chain polysaccharides (Gaume &
Forterre, 2007) that must also be costly to symsked his may explain why none of the species we
tested possesses both very viscoelastic fluidsvang waxy pitchers. The inverse relationship that

links these two quantitative traits might illusgdhe existence in the plant of an investment tdtle

Interestingly, a few plant species in our studyvedd both non-viscoelastic fluids and only
slightly waxy pitchers, or pitchers that contaimedepicuticular wax at all, such Bs ampullariaand

N. ventricosaThese plants are outliers in thepenthegenus. Maybe the pitchers do not have a
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strictly carnivorous diet; this is the case Frampullariawhich obtains part of its nitrogen from leaf
debris (Moraret al, 2003). An alternative explanation is that theljiag other trapping strategieN.
ampullaria, maybe relies uniquely on its peristome that foansteep slop, to trap its prey. Several
other features such as water-dependent structatating insect-aquaplaning (Bohn & Federle
2004; Bauer, Willmes & Federle 2008) or specifieccper morphology, might favour both insect
capture and retention. But, the pseudo R? estinfatetthe logistic regressions indicated that wad an
fluid viscoelasticity explained at least half fonts. and three quarters for flies of the variability
observed in the trapping success in hepenthespeciesstudied. The question is therefore raised as

to which selective factors favour the waxy or thecwoelastic strategy?
The role of prey in the evolution of different trapping strategies

Pitcher wax causes insects to slide (Juniper & &rt962, Gaumet al, 2002) and viscoelastic
fluid acts to retain them (Gaume & Forterre, 20@¥)d the results obtained in our study show that th
efficiency of these strategies is prey-dependerax g more efficient on ants than on flies whereas
viscoelasticity is very efficient on both insecpégs and definitely more efficient than wax on flies
Winged insects are able to take off from the pitckiall without even touching the waxy surface, and
even if they do enter into contact with it, the vacts only on their attachment systems (Gaetra,
2004, Gorbet al, 2005) not their flying system. By contrast, crawglinsects have no other option
than to cope with the wax that contaminates thadspand causes them to lose adhesion. Moreover,
since winged insects have a higher surface/voluatie than crawling insects, they offer a larger
surface area for the viscoelastic fluid to exestrétentive force and this may explains why they ar

more often retained iNepenthediquids (Gaumeet al, 2002, Gaume & Forterre, 2007).

If the capture efficiency of wax and viscoelastiwid are insect-dependent, then local
entomofauna may exert marked selective pressurthéodevelopment of a given trapping strategy.
For any given pitcher waxiness, a “viscoelastiategy” is needed to trap flies with the same
efficiency as ants. This means that habitats daieithhy ants, such as the lowland forests of Borneo
(Gunsalam, 1999, Davidsaat al, 2003) may favour the development of a waxy “stif) strategy.

On the other hand, habitats dominated by flyingedts may favour the development of a “sticky”,
viscoelasticity-based strategy. Such habitats anelly found at higher altitudes where ants ave f
in number but flying insects relatively more abumd@Collins, 1980). This can also temporarily be th
case forlowland, open, and regularly flooded habitats sash those inhabited b¥epenthes
rafflesianavar. typica (Gaume (Gaume & Di Giusto, 2009a) which is asgediavith a flower scent

cue that more specifically targets flying inse®@s Giustoet al. 2010).

We therefore put forward the hypothesis that thercity of ants in tropical mountains (Borneo
(Collins, 1980, Clarkest al, 2009)], Philippines (Samsaat al, 1997) and the relative abundance of
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flying insects (Collins, 1980) provide part of tegplanation for the widespread viscoelastic strateg
among mountaifNepenthespecies. A comparative study (Adam, 1997) corrateal this hypothesis
by showing that mountain species tend to trap getaprey spectrum including more dipterans and
coleopterans than lowland species, which were degcbto trap mostly ants. Furthermore, at least
seven species in mountain mossy forests, and kmowossess a highly viscous fluid, are reported to
be specialised in the capture of flying insects, N. inermisreported to be (under the nameNbf
bongs) specialised in trapping midges (Kato, 199R), aristolochioides specialised in trapping
midges, N. dubia, N. jamban N. eymae& N. talagensisspecialised in trapping small dipterans
(McPherson 2006) andl. jacquelinaeobserved to trap mainly larger flying prey (Clarizd01).

Interestingly, the pitchers of such species dacoatain a waxy zone and are all funnel-shaped.

Prey is central to the ecology of carnivorous @apet few comparative studies have been
conducted on the prey spectraNédpenthespecies (but see Kati al. 1993; Adam 1997). Further
studies to compare the prey spectrdlepenthespecies with the entomofauna found in their hiita
and relating this to their insect-trapping devicesuld help understand the ecological mechanisms

underlying the evolution and diversification of $lkeepitcher plants.
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Tables

Variability in insect retention

Response variable: retention success df ¥2 P(>y3)

Covariate

Species 11 91.22 <0.0001

Insect 1 8.8 0.003

Species x Insect 11 46.24 < 0.0001
Table 1: Results of logistic model testing for Nepenthes species and insect type effects on

trapping success

(a) Ant retention success dependent on viscoelastycand wax quantity, Cox-Snell pseudo R? = 0.53

Response variable: retention rates df ¥2 P>y
Covariate

Viscoelasticity 1 8.1 0.004
Wax quantity 1 5.35 0.021

(b) Fly retention success dependent on viscoelastyc Cox-Snell pseudo R2 =0.74

Response variable: retention rates df ¥2 P(>y3)
Covariate

Viscoelasticity 1 25.54 < 0.0001
Wax quantity 1 2.58 0.108

Table 2: Results of logistic regression testing for wax quantity and fluid viscoelasticity effects on

trapping success for ants (a) and flies (b).
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Geographic

Mean relaxation

Nepenthes species origin Altitude time (s) P (>t)
Albomarginata B,M,S lowland 0.027 £0.152 0.152
Ampullaria B,M,NG,S, T lowland 0.025 +£0.532 0.532
Gracilis B, M, Sul. lowland 0.024 +0.835 0.835
Longifolia S lowland 0.035 +0.000 <0.001
Madagascariensis Madagascar lowland 0.025 +0.800 0.800
Mindanaonensis P lowland 0.022 +0.999 0.999
Mirabilis var. echinostoma B lowland 0.028 +0.169 0.169
Mirabilis var.typica SE-Asia lowland 0.026 +0.363 0.363
Rafflesiana var. elongata B lowland 0.533 +0.001 <0.001
Rafflesiana var. typica B, M, S lowland 0.601 +0.000 <0.001
Burgbidgeae B mountain 0.635 +0.001 0.001
Copelandii P mountain 0.465 +0.001 <0.001
Eymae Sul. mountain 0.096 + 0.000 <0.001
Fusca B mountain 1.642 +0.003 0.003
Glabrata Sul. mountain 0.085 +0.000 <0.001
macrophylla B mountain 0.036 +0.000 <0.001
Petiolata P mountain 0.123 + 0.006 0.006
Spathulata S mountain 0.338 £0.001 <0.001
Spectabilis S mountain 0.413 +0.003 0.003
Tenuis S mountain 0.753 + 0.000 <0.001
Tobaica S mountain 0.241 +0.000 <0.001
Ventricosa P mountain 0.025 +0.800 0.800
Vogelii B mountain 0.052 +0.007 0.007

Table 3: Measurements of fluid viscoelasticity for each studied species. Geographic origin

(B = Borneo, M = Peninsular Malaysia, N.-G = New-Guinea, P = Philippines, Sul. = Sulawesi, S =

Sumatra) and type of habitat (lowland/mountain) is provided for each species. Student's t test

was used for each species to determine whether digestive fluid relaxation times significantly

differ from those of distilled water, and the corresponding P-value is provided. “Viscoelastic

species” are boldfaced and are more frequent among mountain species than lowland species, as

confirmed by Fisher's exact test.

50



beginning break-up
\L of the streching of the filament q/

1.0
0.8+ N g -
0.6
0.4
0.2
< Filament lifeti r-n"em-'m“m"'-;-

0-0 \I T T T T I, T

0 20 40 60 80 100 120 140

Time (ms)

Figure 1: Experimental designs used to test the effects of pitcher waxiness and fluid
viscoelasticity on ants and flies. (a) Ants were handled using a soft tube and allowed to walk
freely on the pitcher rim. (b) The jar containing the experimental flies was opened and linked by
a gauze mesh to a glass beaker covering the upper part of the pitcher. (c) The photograph shows
a Nepenthes pitcher with a waxy zone (pale area, arrow) from which crystalline wax (shown in
insert by a Scanning Electron Microscope view) was extracted using hot chloroform. (d) The
extensional rheometry measurements of the digestive fluid were made by high-speed video-
recording and analyses of the thinning dynamics of a filament (measure of its diameter D related
to initial diameter Do) created by vertically stretching a droplet of digestive fluid between two

plots distant from 3 cm apart. Filament lifespan was used to estimate fluid viscoelasticity.
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Figure 2: Percentage of ants and flies retained inside the pitchers of 12 Nepenthes species.

Species are ranked for increasing mean capture rate. Error bars refer to SE.
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Figure 3: (a) As shown in Table 2a, the percentage of ants retained in the trap increases with
both fluid viscoelasticity and wax quantity. The estimated trend curves shown here were
obtained from estimated parameters in the two different logistic models employed on “non-
viscoelastic species” (x*=5.08, P = 0.02) and “viscoelastic species” (x* = 0.70, P = 0.40). (b) For
the flies, retention rates depended only on fluid viscoelasticity and were shown to be higher for

species associated with viscoelastic fluids than for species associated with water-like fluids.
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represents the upper value of the relaxation time obtained for water.
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Chapitre I.1

UNE STRATEGIE DE PIEGEAGE ALTERNATIVE, LE CAS
DU MUTUALISME DE NEPENTHES BICALCARATA ET

CAMPONOTUS SCHMITZI

La nature de la relation qu’entretient la four@amponotus schmitzivec sa plante-hétdepenthes
bicalcaratan’est pas clairement élucidée. Cette interactidrigante entre une plante carnivore et une
fourmi symbiotique suscite depuis plus d’'un siédée nombreuses hypothéses quant aux bénéfices
réciproques des deux partenairdepenthes bicalcaratdnéberge dans des domaties gonflées et
creuses une espéce de fouqui y niche, éleve son couvain et se nourrit dersmtar. Deux types de
bénéfices pour la plante ont déja été proposeésla [@rotection contre la putréfaction des urnasi@a
retrait sélectif des plus grosses proies du liguide lesC. schmitziet (2) une défense spécifique
contre des charancons qui s'attaquent aux urndsraration. La plupart des fourmis mutualistes
fournissant une protection aux feuilles de leumpenbte contre les herbivores, cette hypothese
pourrait étre soulevée pour le cas@mponotus schmitzhais la présence de cette fourmi sur les
feuilles et I'extérieur de lI'urne pourrait cepentdaissuader les insectes et diminuer le nombre de
visiteurs, diminuer le nombre de proies capturéadNepenthes bicalcaratat donc sa fithess. Dans
ce cas, les structures développées par la plantaiest étre contre-sélectionnées. Manuscrit 1.2
apporte un éclairage nouveau a ce mutualisme &reXfhypothése que la fourmi puisse contribuer &

la nutrition de la plante, via la capture et laediion d’insectes.

Bonhomme, V., I. Gounand, C. Alaux, E. Jousselin, D. Barthélémy, and L. Gaume. in press. The
plant-ant Camponotus schmitzi helps its carnivorous host-plant Nepenthes bicalcarata to catch

its prey. Journal of Tropical Biology.
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Abstract

The Bornean climberNepenthes bicalcaratais unigue among plants because it is both
carnivorous and myrmecophytic, bearing pitcher-sbdafeaves and the af@amponotus schmitzi
within tendrils. We explored, in the peatswamp $tseof Brunei, the hypothesis that these ants
contribute to plant nutrition. We first tested whiet ants increased plant’s capture rate. We foad t
unlike most plant-antsZ. schmitzido not exhibit dissuasive leaf-patrolling behavi¢eero patrol on
67 pitchers of 10 plants) but lie concealed undé&hpr rim (13 + 6 ants per pitcher) allowing
numerous insect visits. However, 47 out of 50 imiials of the largest visitor dropped into the
pitchers of five plants were attacked by ants dedcapture rate of the same but ant-deprived peche
decreased three-fold. Therefore, hunting by ambilrgdse ants help the plant to catch prey. We then
tested whether ants participated in plant’s digestiVe showed in a 15-d-long experiment that ants
fed on prey and returned it in pieces in sevenabutight pitchers. The 40 prey deposited in ant-
deprived pitchers remained intact indicating a weigiestive power of the fluid, confirmed to be only
weakly acidic (pH ~5, n = 67). The analysis of 1i@lper contents revealed that prey, mainly ants and
termites, was very numerous (~ 400 per pitcherptemt) and highly fragmentedltogether, these
data suggest a positive effect ©6f schmitzion both prey intake and breakdown. This ant-plant
interaction could thus be a nutritional mutualismdlving the unusual association of carnivory and

myrmecotrophy.

Keywords: Ant-plant mutualismmyrmecophyte, myrmecotrophgitcher plant, predation strategy
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Introduction

Scarcity of essential nutrients has led to the wiah of alternative strategies of nutrition in
plants, such as myrmecotrophy and carnivory, whilkbw them to obtain nutrients from animals
(Juniperet al. 1989, Thompson 1981). Myrmecotrophy refers tofadtplants (Beattie 1989, Solano
& Dejean 2004). Most myrmecotrophic plants are afgomecophytes, i.e. plants that harbour ants in
specialized cavities called domatia (McKetyal. 2005). These plants, often epiphytes, assimitate t
decomposition products of the ant faeces and detmesimulated in modified stems, rhizomes or
leaves (Huxley 1978, Janzen 1974, Tresetlaf. 1995).

Carnivorous plants derive some key nutrients, sichitrogen, from arthropods that they capture
and digest in their traps (Ellison & Gotelli 200dyniper et al. 1989). The carnivorous genus
Nepenthesomprises more than 100 species (Clarke 1997, ®rsBh 2009), mainly distributed in
South-East Asia. Its traps are leaves modified i&shgrs filled with an enzymatic fluid and a
community of mostly dipteran and bacterial ‘infaumolved in the digestion process (Beaver 1983,
Clarke & Kitching 1993, Creswell 2000). The pitcheasxhibit various combinations of characters
involved in insect attraction and capture, suchiJsspatterns (Moran 1996) and sweet odours (Di
Giustoet al. 2010, Moran 1996), wettable rims (Baural. 2009, Bohn & Federle 2004), slippery
waxy surfaces (Gaume & Di Giusto 2009, Gausheal. 2002, Junipeet al. 1989) and viscoelastic
digestive liquid (Di Giustaet al. 2008, Gaume & Forterre 2007). A fédepenthespecies have been
shown to display unusual N-sequestration strategiesining nitrogen from plant debris (Morah
al. 2003) or vertebrate faeces (Clasteal. 2009).

Nepenthes bicalcaratdook. f., endemic to the peat-swamp forests offreart Borneo, is the only
Nepenthesspecies known to be myrmecophyte: it harbourstdnténdrils the species-specific ant
Camponotus schmitftarke. In this study we explore the hypothes#t bh bicalcaratauses both

carnivory and myrmecotrophy to circumvent nutriscercity.

This ant-plant association still remains intriguiitgvas first proposed to be a mutualism in which
the ants gain nectar and nest sites (Figure 1) their host-plant and confer on it some protercti
against pitcher putrefaction (Clarke & Kitching 8)9The authors reported th@at schmitzants were
unaggressive but able to safely swim into the digediquid and remove large dead prey items, which
paradoxically benefits the plant in avoiding suddemmonium releases and subsequent pitcher
putrefaction. In a later study, these ants weravehip aggressively defend their host-plant agaanst
specific weevil that feeds on pitcher buds (Merbetcal. 2007).

These apparently two contradictory observationghenaggressiveness Gamponotus schmitzi

towards insects raises the fundamental questidmoof these ants interact with insects visiting the
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mature and open pitchers for their nectar, heneaftibed nectar visitors. Do they dissuade, as dstm
plant-ants, these visitors which are also potergraly of the pitcher plant or do they conversely
facilitate their capture? Another not completelgaleed question concerns their feeding behaviour
and its impact on the plant’s intake. To what ektdmthese ants consume the prey inside the pitcher

and could they play a role in its breakdown aneslign by the plant?

The answers to these questions might help unrdesinbiture of the interaction betweén
schmitziand its host-plant and explore the hypothesis tti@tcarnivorous plant obtains a nutritional
benefit from its ant symbiont. To this end, wetfiessted the hypothesis that the ants hunt andthelp
plant to catch its prey, by quantifying the paingl behaviour and aggressivenessQfschmitzi
towards pitcher visitors and fallen prey and by suemg their impact on prey capture using an ant-
exclusion experiment. We then tested the hypothbaisthey regularly consume part of the prey and
help in the plant’s digestion. Using a 15-d longypdeposition experiment, we studied the frequency
of their feeding behaviour towards experimentalypwé two size-categories and its impact on prey
breakdown. We also analyzed the prey contentstcifigris and measured the pH of the fluid, to obtain

data respectively on the plant’s prey intake andsdigestive ability.

Study species and study site

Nepenthes bicalcaratia a liana that climbs up to 20 m and has enorneages with pitchers that
are long-lived in comparison to othBlepenthesspecies (Cheek & Jebb 2001, Clarke 1997). The
tendril that sustains its trap is swollen (Figuag 4nd inhabited by the small @&&&mponotus schmitzi
(Formicinae), that has never been reported livingside its host-plant (Clarke & Kitching 1995,
Jolivet 1986). The most characteristic structuriebl.obicalcarataare the two giant nectaries shaped
like thorns that overhang the pitcher's mouth (Fégib) and are exploited . schmitziand other
ants (Merbaclet al. 1999)

All experiments were carried out in July-August 208 a mixed peat swamp and heath forest
(4°44°N, 114°35’E) of Brunei Darussalam (northerorBeo) onN. bicalcarataupper pitchers that

were all occupied b¢. schmitzi

Methods

Measure of ant territoriality and pitcher fluid acidity

To assess the territoriality and patrolling behawviof C. schmitzioutside the pitchers, we counted
over 1 min the total number @&. schmitziworkers and arthropod visitors on nectariferouereal

parts of the pitchers on a total of 67 function&thers of different age classes belonging to EHhtgl.
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All observations were made around 10h00 in sunmgditions over 10 d, i.e. in rather homogenous
conditions of nectar production and insect activitfter each observation, the pH of pitcher fluidsv
measured using pH-indicator strips (Acilit® pH @6Merck Chemicals, Darmstadt, Germany). We
wished to examine on a large sample, representatitiee different age-classes of pitchers, if the p
of this fluid was not very acidic as already obsenby Clarke & Kitching (1993) and if such a low
acidity was maintained throughout the pitcher Bfgan. Constant neutral pH or moderate acidity
would mean that the fluid is inoffensive toward® tewimming ant symbiont but also not very

efficient in dissolving the prey.
Insect retention experiment

We then tested the aggressivenes&okchmitzitowards other insects inside the pitchers and
tested their effect on prey retention. We seleaisdexperimental prey, ants commonly found feeding
on the extrafloral nectaries df. bicalcarata We first tried to use a small-bodied ant species
(Crematogastesp. 1, total length = 3.5 mm, Table 1), one oftthe most common visitors and prey
of N. bicalcarata,but workers of this species were never observegbtape from the digestive liquid
even when the pitchers were deprived of theirschmitziants. Hence they could not be good
candidates to test wheth€&:. schmitzideployed aggressiveness toward fallen prey. We tiose
Polyrhachis pruinosaayr, another common visitor and prey item of phent (total length = 1.2 cm,
Table 1, Figure 1b), as they were easier to haadtethey usually succeeded in escaping from the

liquid.

Five C. schmitzioccupied pitchers belonging to five different glawere haphazardly selected. A
Polyrhachisant was dropped into the digestive liquid of epitbher, and the fate (retained/escaped)
and behaviour (time needed to escape from theapitthe number of times the ant fell back into the
liquid) of this ant were observed and sometime®w®itecorded. To drop the ant into the pitcher’s
digestive liquid, we first drew it into a soft tulaed then blew it onto the digestive liquid without
direct manipulation. We repeated this experimerth vii0 different ants for each pitcher. Intervals
between successive trials were less than 5 min wheant succeeded in escaping within the 5 min.
When the ant did not escape within 5 min, we olexiit for more than 20 min, to check that it was
effectively killed. The ant was then removed frdm pitcher before the next trial. The results @ th
experiment were subsequently compared with the datk behaviour of 1®olyrhachisants on the
same pitchers but deprived 6f schmitzi We usedsmoke produced by burning dead leaves to deter
the latter. 20 trials were thus conducted per pitgO trials with and 10 trials witho@. schmit?i.

An ant was considered as retairnkeid did not escape within 5 min. The ants that did not sucodgsf
escape within 5 min were observed to die, exceptvio ants that were observed to be exhausted,

exhibiting very slow movements.
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Data were analysed using the software package SAS$. We tested for an effect 6f schmitzi
(fixed factor) and pitcher (random factor) on therqentage of ants trapped using a mixed logistic
regressiorby using the macro GLIMMIX with a binomial errorstlibution. We tested for an effect of
C. schmitzifixed factor) and pitcher (random factor) on thenmber of times the experimental ant slid
back into the digestive fluid after escape attemihh a mixed Poisson regression mobglusing the
macro GLIMMIX with a Poisson error distribution. ection for over-dispersion was applied using
the square root of the ratio of Pearsorf4o the associated number of degrees of freedoentéated
for an effect ofC. schmitzi(fixed factor) and pitcher (random factor) on thee required to escape,
by using a mixed-model analysis of variance with @LM procedure. For model selection backward

procedures were adopted, starting with the remafvabn-significant interactions.
Feeding behaviour of Camponotus schmitzi

A second experiment investigated the feeding belavif C. schmitzitowards deposited prey of
two different sizes and comparable to the sizethefprey we observed inside the pitcherdNof
bicalcarata Ten upper pitchers were haphazardly selectedh leelonging to a different plant. Their
arthropod contents were removed by filtering tla@itl with a mesh and the digestive liquid was then
returned to the pitchers. Tanglefooinsect glue was applied on the leaves bearingitbbers and on
the vegetation in contact with the tendril so thatcrawling insects other th&h schmitzicould reach
the prey items. In each of the 10 arthropod-freiehers, we introduced 10 entire bodies of a
Crematogastespecies and 10 gasters (abdomensPalfrhachispruinosa Neither of these prey
items could be mistaken for any other insect tibald have fallen - despite our precautions - it t
pitchers. Firstly, th&Crematogastespecies used in this experiment comes from angiteand was
never observed in the site where the experimentasaducted. Secondly, we only used gasters of
Polyrhachispruinosato be sure that they belong to our experimenty jiems and not to the bodies
of possibly newly fallen workers of this speciespunon in this site. The two prey items measured
respectively 2 mm and 5 mm, both within the mairesiange of prey oNepenthes bicalcarata
Camponotus schmitzants were removed from two of these 10 pitchesswell as from their
associated domatium. These two pitchers were usexbmtrols to check that in the absenceCof
schmitzj no prey was removed from pitchers. Fifteen daer] the content of each of these 10
pitchers was collected, counted and observed wsibimocular microscope. As the total numbers of
experimental prey items were equal (= 10) for gaitther and each prey category, we tested for an
effect of prey category (fixed factor) and pitcliemndom factor) on the number of items presenting
obvious signs of ant predation by using a mixed$mi regression model with the macro GLIMMIX

specifying a Poisson error distribution.

65



Analysis of prey contents

The prey contents of 10 old but still functionaicpiers (the pitcher borne by the node immediately
below being senescent), all inhabited®gmponotus schmitzind belonging to different individuals
were collected in the same site in September 20a®ivials filled with 70% alcohol, then analysed
and counted in the laboratory using a binocularosicope. The necromass was composed of plant
and animal parts as well as of small ‘pellets’inéfparticles that might be the faeceolschmitzior
of mosquito larvae, although we never observed diltis of faeces in the pitcher fluid of other
Nepenthesspecies that all bore mosquito larvae. Only thamah parts were considered in this
analysis. The prey items found in these pitchenevisghly disintegrated compared to those in other
Nepenthesspecies. Almost no entire bodies were present, dnly pieces of exoskeleton.
Identification was often only possible by comparthg remains of head capsules and body parts with
insects collected alive on the nectariferous paftsthe pitcher plant. The dipterans were not
sufficiently well preserved to be identified furtitban at the order level and this was often tordhe
coleopterans, as well. Only the ants were diststgad to morphospecies and identified to genus,

when possible, using the identification key of idobler & Wilson (1990).

Results

Absence of dissuasive patrols of Camponotus schmitzi towards nectar visitors

We observed on average 4.8 + 3.8 (mean + SD gieegalter, on 67 pitchers), nectar visitors (4.5
+ 3.9 ants and 0.3 + 1.0 flying insects) on thespyiart of pitchers during each observation. Mdst o
these arthropods, including ants (belonging togteeraCrematogaste(Crematogastesp. 1: 2.4 +
3.7), Polyrhachis(Polyrhachispruinosa 1 + 1.5),0ecophylla Pheidole AnoplolepisandTapinoma,
midges, mosquitoes and lepidopterans were foundirfgeon nectar of the lower face of the lid
(Figure 1b). By contrast, nG. schmitziworkers were found walking on the pitcher bodyhalgh
these ants were present on each of the pitcheervauas hidden under the peristome all around its
edges (13.2 = 6.3 workers, ants counted on a sufsEd out of the 67 pitchers, Figure 1d). The
digestive liquid had a mean pH of 4.9 which wakeatonstant despite pitcher age differences (SE =
0.05, N = 67 pitchers).

Effect of Camponotus schmitzi on ant retention

Camponotus schmitpiccupied pitchers retained about three times rRolgrhachispruinosaants
(mean = 26%, SE = 6.8%, 50 ants) than did the gaitobers when deprived of their symbiotic ant
(mean = 8%, SE = 3.7%, 50 ants), as shown by tistio regression (fixed effect of ti@& schmitzi
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treatment:F, s = 4.7, P= 0.03, no random effect of pitcher: variance eatan= 0.08vs. residual =
1.08).

Indeed, wherPolyrhachispruinosaants attempted to escape from the digestive lighely were
in almost all cases (47 ants out of 50) attacke@ bgchmitzi which ambushed them from under the
peristome. We regularly observed one or sev@rachmitziants biting the legs dPolyrhachisants.
The smallC. schmitziants mainly attack the intruders from the perigpthe curved and sharp teeth
of which form a protective shield, but they sometsralso leave their refuge to attack the intruder
from underlying parts of the pitcher (Figure 1le, -lie video clip, http:/
umramap.cirad.fr/famap3/cm/index.php?page=films). As consequence of these attacks, the
Polyrhachisants slipped more often @. schmitzioccupied than €. schmitzdeprived pitchers, in
which they only had to cope with the slipperinekthe pitcher walls and with the previous lubriocati
of their tarsal pads by the digestive fluid (Porssegression on number of fallB; g3 = 15.8, P <
0.0001; no random effect of pitcher: variance eastan= 0.00Vs.residual = 3.08, Figure 2a). The ants
that did not escape from the digestive liquid usudied from exhaustion and drowning following
numerous unsuccessful attempts to escape fromititteep and/or numerous bites froth schmitzi
Furthermore, when théolyrhachis ants succeeded in escaping the pitchers within Simain
observation time, the time required for them toapscwas significantly longer in the presence&of
schmitziants (mean + SD = 127 + 75 s, range = 12-282 s,3¥) than when these ants were absent
(83 £ 64 s, range = 3-250 s, N = 46). Time requitedscape also significantly varied among pitchers
(mixed-model ANOVA on time to escape: fixed effaftC. schmitzitreatment:F; ;; = 9.01, P =
0.004; random effect of pitcheff, ;7= 3.52, P = 0.01)Polyrhachispruinosaused in the bioassays,
one of the two most common prey species, was hlsdargest prey item recorded in the analysis of
prey contents and probably the hardest to catchClorschmitzi Hence our results probably
underestimated the effect Gf schmitzion prey retention and our tests are thereforeazwatve in

that respect.
Feeding behaviour of Camponotus schmitzi towards dead prey in the pitchers

Camponotus schmitziere occasionally observed to swim in the digesliguid and pull an ant
prey item, such a€rematogastenor Polyrhachis out of the liquid. They then hauled it up to the
underside of the peristome and consumed part ofddw insect, dropping into the pitcher the
cuticular remains and other uneaten parts (Figfyrg) INo flying insect was observed to be trapjped

any of the 10 pitchers during the 15-d experiment.

Thus in the presence @. schmitzi on average 42.5% of the experimer@aématogastelants
were either entirely removed from the liquid@tematogasteant found underneath the peristome) or
presented traces of mandibles on the remaining Ipaalis (34 ants, SE = 13.5), and 8.7% of the
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Polyrhachisants (7 ants, SE = 4). Such dismemberments cautltlave resulted from plant digestion,
since none of the 40 ants in the control pitcheaprigded of C. schmitzishowed any sign of such
dismemberment. Moreover, flying insects constitudaty 6% of the nectar visitors and less than 1%
of the prey, and we never observed any flying itsséeeding on prey in the pitcher. As crawling
insects were excluded from the experiment by thes,gthe feeding activity on dead prey was
attributed to C. schmitzi Our data indicate tha€. schmitzifed preferentially on the small
Crematogasteprey items (parts or entire bodies) rather thatherbiggePolyrhachisprey items and
that there was globally more such feeding actiwitgome pitchers than in others (Poisson regression
on number of insect items with signs of ant feedfngd effect of ant specieb; ; = 35.9, P = 0.0005,

Figure 2b; random effect of pitcher: variance eaten= 1.39s.residual = 0.40).
Analysis of the Nepenthes bicalcarata prey spectrum

Ants were found in 100% of the traps, with up t® 38dividuals per pitcher (Table 1). Among
them, 13 morphospecies were identified. The mosguently represented ant species included
Camponotus schmitgtself (remaining heads of queens or workers wewnd in 100% of the
pitchers), Polyrhachis pruinosa (small numbers of individuals found in 90% of thichers) and
Crematogastersp. 1 (in 80% of the pitchers and up to 124 irdlials found in a pitcher). Large
numbers of small myrmicines were more occasionaligerved in the pitchers. Large numbers of
termites (up to 946 per pitcher) oHospitalitermesspecies were found in 40% of the pitchers. Ants
and termites thus constituted 98% of the preyoticalcarata the flies and midges 1% and the
beetles 0.5% (Table 1). Hundreds of minute pelle¢ver found in the pitchers of othepenthes

species we analysed (unpubl. data) were founddh pécher

Discussion

Our behavioural observations and our experimendg/al thatCamponotus schmitparticipates
in the process of prey capture by its host-plhliepenthes bicalcaratand may also contribute to the
process of prey digestion. This plant-ant systesaly attacks trapped visitors that attempt to psca
from the pitcher and scavenges on dead prey ithaisitt collects from the digestive liquid of its
carnivorous host-plant. It consumes part of the prehin the pitcher under the peristome and regurn

to the digestive liquid substantial non-eaten meared maybe also its faeces.

Here, we report new data that may reconcile theaoyply conflicting observations reported by
Clarke & Kitching (1995) and Merbadt al. (2007) concerning the behaviour ©f schmitzitowards
insects: the antsombine times of passivity and aggressiveness wéggms to be part of a unique
adaptive strategy. On one hand, tBe schmitziants were shown, at least during daytime, to be
unaggressive on open, nectar-producing mature gréciSuch an absence of territoriality is very
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unusual for plant-ants, which often exhibit spas@l behaviours, such as systematically patrolling
nectar-producing sites which dissuades intrudetkiding herbivorous insects (Gaurae al. 2005,
2006; McKeyet al. 2005), or such as pruning their host-plant neiginbdo avoid competition from
other ants (Federlet al. 2002). On the contrarfzamponotus schmitzints conceal themselves and
allow numerous insects, mainly other ants, to \aai feed on pitcher nectar. Conspicuous activity o
the ants would deter potential prey, reducing benbbth to the carnivorous host-plant and to its a
colony. On the other hand, our data provide furéndence that aggressiveness can be part of the
behaviour ofC. schmitziants but that the ants display a ‘delayed’ aggressss which only occurs
once the visitors fall into the trap. Attacks bysthnt prevent insects from escaping the pitchdriesn
experimental exclusion decreases the prey reteraignof its host-plant. Hunting by ambush from the
shelter of the curled lip of the peristome, this lzes also escaped the attention of most obsefiees.
often unnoticeable aggressiveness that they defptoy this shelter might explain why in other
studies, insects attempting to escape from thégritbad so much difficulty in crossing the peristom
(Bohn & Federle 2004). The behaviour@fschmitzis quite similar to the ambushing behaviour of a
tiny Amazonian myrmiciné\llomerus decemarticulatusvhich constructs holed platforms on its host-
plant, Hirtella physophora,to catch and kill large insects (Dejeah al. 2005). Complementary
experiments with other prey species should profidder information on the effect @. schmitzion

its host plant efficiency at capturing diverse prey

Although the reciprocal effects on fitness of tim tpartners will not be easy to demonstrate
experimentally, mainly because long-term exclusiérthe ants would also imply an exclusion of
potential crawling prey, we provide here severallts which support the hypothesis of a nutritional
mutualism betweeR. bicalcarataand its ant. Our results clarify the benefitsha interaction for the
ants. In addition to nesting structures and sugarectar offered by the plant, our results shoat t
the diet ofC. schmitziincludes a regular protein meal obtained from fpleapped prey. Indeed, the
ants not only feed on large prey items, as alredderved by Clarke & Kitching (1995) but also (and
probably more often) on smaller ones, as suppdijedur insect bioassays. Although the retention
experiments focused on one type of prey - the lsiggad probably the most difficult to trap -, our
results also suggest that the plant benefits frdood surplus provided by the symbiotic ants thfoug
their hunting behaviour. The ants only eat a spait of the prey and drop the non-metabolised parts
into the pitchers. Furthermore, their activity abp-breakdown and their metabolic activity should
facilitate nutrient assimilation by the plant asddhe living infauna of the digestive liquid (Beav
1983).

It is probably not a coincidence that ants and iteisrwere found to be abundant and numerically
dominant among the prey itemsdf bicalcarata.lndeed, they are typically the kind of prey thahc

be easily targeted bg§. schmitzi which is probably much less effective againsinfiyinsects, which
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do not need to climb on the inner wall or on thppeEry peristome to escape from the pitcher.
Termites of the genudospitalitermegNasutitermitinae) are nocturnally active procesal termites
(Jones & Gathorne-Hardy 1995). This is probably wie did not record them as pitcher visitors.
They forage in large numbers and climb at nightttua surrounding vegetation in search of food.
Since they are virtually blind, they should beaatted by the odour cues of the pitchers, probabip a
N. albomarginata(Merbachet al. 2002). However, because of their nomadic way f&f, lihey are
likely to be less reliable prey than ants, althotgtmites have been recorded in the pitcherbl.of
bicalcarata (Cresswell 2000). Since ants, the most consisteatiable prey ofN. bicalcarata have
been estimated to provide 70% of the nitrogen usexveralNepenthespecieqMoranet al. 2001,
Schultzeet al. 1997), the additional proteins provided to thenplay the hunting behaviour @.
schmitzishould represent a fithess advantage for the glast-in the nutrient-poor environments in
which it occurs. In addition, the plant could prblyabenefit from direct myrmecotrophy since dead
bodies ofC. schmitziwere systematically found in the pitcher contdftgble 1). Because these ants
rarely leave their pitcher refuge, their faeces ldely dropped into the digestive liquid and could
constitute another source of nutrients assimilllléne plant. However, the ant-origin of the observ
pellets in the digestive fluid remains to be demi@isd by further experiments and its participation
the plant nutrition needs to be demonstrated byojgo analyses. Added to the anti-herbivore
(Merbachet al. 2007) and anti-putrefaction (Clarke & Kitching B)%enefits mediated by the ant,
this nutritional benefit provided by the ant sugpothe hypothesis of a multi-faceted mutualism

between this symbiotic ant and its carnivorous -ptestt.

The association with a hunting plant-ant also dtuiss a novel specific trapping strategy in the
genusNepentheswhich already displays a large spectrum of int@qiping devices. The peristome
was demonstrated to be very wettable in this speme to be the major surface responsible for insec
fall due to aquaplaning following rain or nectacrstion (Bohn & Federle 2004). We never saw any
nectar spreading over the peristome Nf bicalcarata during our study time, contrary to other
Nepenthespecies such as. rafflesiana,but we showed that the concealed ants play aatriale in
preventing the ascent of the peristoméNobicalcarataby trapped insects. Moreover, the association
with a hunting ant makes sense in relation to th&eace inN. bicalcarataof costly and efficient
trapping features such as a slippery waxy layerev@dong-chain aldehydes (Gaume & Di Giusto

2009), or a viscoelastic fluid made of giant polysmgGaume & Forterre 2007).

We confirm the results reported by Clarke & Kitanif1993) on a smaller sample of pitchers that
the digestive fluid oN. bicalcaratais less acidic than the fluid of several of itsigeners, such as
N. rafflesiana(Baueret al. 2009),N. alata(An et al. 2002) orN. gracilis (Clarke 1997), all of which
have been shown to have a pH close to 2.5, opfionahe activity of nepenthesin proteases (Athauda

et al. 2004). This elevated pH might have an adaptiveifsignce and protect the plant-ant symbiont
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(Moranet al. 2010) but it also suggests th¥t bicalcaratamight not have the same pool of enzymes
as the otheNepenthesAs N. bicalcaratahas one of the richest and most diverse aquatiuina in

the genus (Clarke & Kitching 1993, Cresswell 20@0night be heavily dependent on its infauna, and
on C. schmitzi to digest its prey. The additional work of prgestion byC. schmitzicould also
compensate for a potentially weak digestive efficieof the plant itself, due to the low acidity itsf
digestive fluid. Furthermore, the very long lifeaspof N. bicalcaratapitchers and the plants’ large
size (Clarke 1997) are undoubtedly advantageoushir ant inhabitants, as they provide reliable
nest-site and food resources for these permansittergs. It is tempting to hypothesize that these
traits have evolved in the context of coevoluti@ivieen the two partners. Long-term experiments
need to be carried out to test these hypothesesoaassess whether the ant-plant mutualism is the

outcome of reciprocal adaptation of the two pagner
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Tables

Prevalence (% of
pitchers where the
taxon was present)

Mean + SD number of

Prey contents ofN. bicalcarata pitchers individuals per pitcher

Hymenoptera
Ants (Formicidae)
Formicinae
Camponotus schmitiqueen + worker) 6.1+4.7 100
Camponotusp. 52+7.9 50
Polyrhachigpruinosa 15+1.1 90
Polyrhachissp. 1 1+11 60
Polyrhachissp. 2 0.3+£05 30
Anoplolepis gracilipes 0.1+£0.1 10
Myrmicinae
Crematogastesp. 1 27.2+39.2 80
Crematogastesp. 2 10.7 +14.8 60
Pheidolesp. 14.8+41.2 20
Myrmicinae sp. 1 16+5.1 10
Dolichoderinae
Tapinomasp. 1 25.7+81.3 10
Tapinomasp. 2 15.1+35.5 20
Dolichoderinae sp. 2 8.6 +16.4 30
Unidentified ants 14+23 40
Total ants 119+123.1 100
Apidae sp. 02+04 20
Vespidae sp. 1.0+22 30
Total Hymenoptera 120 + 124 100
Total Lepidoptera (larva) 0.1+£0.3 10
Total Diptera 29+3.0 80
Isoptera
Termidae (Nasutitermitinae)
Hospitalitermesp. soldier caste 1 118 + 207 40
Hospitalitermesp. soldier caste 2 53.8 £ 169 20
Hospitalitermesp. worker caste 141 £ 219 40
Total Isoptera 312 +412 40
Total Coleoptera 22120 80
Araneae (Salticidae sp.) 0.2+0.4 20
Total prey 438 + 374 100

Table 1: Prey composition of 10 pitchers of Nepenthes bicalcarata from a mixed peat swamp

and heath forest of Brunei Darussalam (Northern Borneo).
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Figure 1: Overview of the ant-plant interaction. Upper pitcher of Nepenthes bicalcarata. The
arrow indicates the domatium within the coiled tendril which harbours Camponotus schmitzi
ants (a). Polyrhachis pruinosa workers feeding on the extrafloral nectar produced by the pitcher
on the inner side of the lid and by the two thorns (arrow) surrounding the pitcher (b). Sectioned
domatium showing workers, alates and brood of Camponotus schmitzi (c). Camponotus schmitzi
workers in ambush position under the peristome (d). A fallen Polyrhachis pruinosa ant being
attacked (arrows) by two Camponotus schmitzi (e). Camponotus schmitzi (arrow) can safely
swim in the digestive liquid from which it removes prey items (f) that are then consumed under

the peristome (g).
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Effect of C. schmitzi on ant retention
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Figure 2: Experimental results showing the effect of the ant symbiont on both prey
retention and breakdown in Nepenthes bicalcarata. Effect of Camponotus schmitzi on ant
retention (a). The x-axis refers to the different experimental pitchers. The y-axis refers to the
number of times the experimental ant fell back into the digestive liquid, attempting to escape
from the pitcher, during a 5-min session. The error bars refer to 1 SE. Evidence of feeding
behaviour of Camponotus schmitzi on dead ants of two different sizes (b). The x-axis refers to
different experimental pitchers. The y-axis refers to the number of prey (out of 10) which bore
marks of ant feeding and breakdown after the 15-d experiment. No prey breakdown was

observed in the control pitchers (not shown) where C. schmitzi was excluded.
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Chapitre I. 3

UN MECANISME DEVELOPPEMENTAL D’EVITEMENT DU

CONFLIT POLLINISATEUR-PROIE

Toutes les plantes carnivores sont entomogamesutdisdtion des insectes comme proies et
pollinisateurs crée un conflit évolutif. Le gedepenthegst le seul genre de plantes carnivores a étre
dioique ce qui interdit toute possibilité de reprctibn sexuée autogame. Quelques études se sont
intéressées a ce conflit et a sa résolution chaeatid's genres, et mis en évidence des recouvrements
des guildes de proie et de pollinisation. La plupdes mécanismes d'évitement proposés,
vraisemblables mais rarement étudiés, reposentrsdécalage temporel ou physique de I'activité des
organes carnivores et sexuels. Manuscrit 1.3 teste chezNepenthes rafflesiangar. typica si un
mécanisme développemental permet de minimiser ofitcdNous avons comparé la phénologie des
organes carnivores chez des individus qui fleuessat d’'autres qui ne fleurissaient pas. Le n@mbr
d’'urnes actives diminue-t-il durant la floraiso®@nt-elles plus éloignées de I'apex de la planidao
floraison terminale se produit, pendant la florai®oLa floraison implique-t-elle une diminution de

I'activité du compartiment carnivore ?

Bonhomme V., Gounand I, Jousselin E. Barthélémy D. and Gaume L. in prep. Stop-and-go
developmental strategy minimizes the pollinator-prey conflict in the carnivorous plant

Nepenthes rafflesiana
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Abstract

Carnivorous plants face a dilemma as regards taskeof insects: they capture and digest them to
meet their nutrient needs but also rely on thempollination service. Though overlooked, this
nutrition-pollination conflict is suspected to halbeen evolutionary prevented in many carnivorous
genera by the set-up of spatial and/or temporairs¢ipns of the carnivorous and reproductive organs
In this study we explore whether a spatial and/aemporal separation of the carnivorous and
pollination function occurs in a climbing pitchelapt of the carnivorous genidepenthesDuring a
field study in the heath forests of Brunei (Borneae compared irNepenthes rafflesianghe
developmental dynamics of the carnivorous trapsvéen blooming and not-blooming individuals.
We showed that the development of the buds towfatdse traps is paused during the flowering time.
Functional traps are also fewer during blooming &owhted far away from the flowers. When the
blossom period ends, the development of the tragsmes synchronously which may confer a
nutritional boost for the synchronous sympodialniotang and fructification needs. This stop-and-go
developmental pattern thus minimizes the prey-patbr conflict in theNepenthes rafflesiana

carnivorous plant without decreasing the numbéragfs produced.

Keywords: Pollination strategy, evolutionary conflict, pitchgant.
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Introduction

Carnivorous plants grow in low-nutrient soils amnplete their nutrition with nutrients obtained
from the digestion of insects they attract and wapt(Juniperet al, 1989). Since most of the
carnivorous plants are also insect-pollinated $Bii & Gotelli, 2001), it may lead to a plant’s
dilemma for the use of insects as both pollen wecémd nutrient providers (Junipet al. 1989;
Givnish et al. 1989; Ellison & Gotelli, 2001) sor fealled pollinator-prey conflict (Zamora, 1999).
However, as little is known on the pollination lbigy of most of the carnivorous plants, actual
evidence of such a conflicting situation is scand the way it has been solved or at least minunize
has been largely overlooked. Among the few studrethe topic, Zamora reported some overlapping
between pollinator and prey guilds of the buttetvRinguicula vallisneriifolia,which was therefore
shown to suffer from pollen limitation in peculianvironments (Zamora, 199%lurza et al. later
showed that the sundeldroseraanglica produces long-peduncle inflorescences which etglan
insect guild different from that captured in itscky carnivorous-leaves (Murzat al, 2006). The
evolution of such long-peduncle flowersbmoserabut also in the geneRinguiculaandCephalotus
can be viewed as a mechanism of spatial separbgbmeen flowers and traps to minimize the
pollinator-prey conflict (Juniper et al. 1989, Maret al. 2006). However, an alternative hypothiesis
such a ‘pollinator protection hypothesis’ propodédt this long-peduncle and thus conspicuous
flowers could have been selected as a ‘pollinativaction mechanism’ (Anderson & Midgley, 2001,
Anderson, 2010). In addition to such possible gpatiechanisms, temporal separation between
reproductive and carnivorous organs has also bemoged to minimize the pollinator-prey conflict.
For example, most of thBarraceniaspecies flowers before new trap leaves appeaip@uet al.
1989). However, no avoidance mechanism of the nmldr-prey conflict has been proposed nor

investigated in pitcher plants of thNepenthegenus yet (Junipeat al, 1989).

The one hundred species of tNepentheggenus are all carnivorous and climbing plants,
mainly distributed in South-Eastern Asia, with Beonand Sumatra as hotspots of species diversity
(Juniperet al, 1989, Clarke, 1997, Clarke, 2001, McPherson, P00@like in other carnivorous
genera, photosynthetic and carnivorous organslea¢ blades and pitchers respectively, are spatial
separated by a tendril. Their respective developsnane also uncoupled: pitchers buds start to
differentiate only once the leaf blades bearingritmave ended their own development. Then during a
few weeks, they develop a closed cavity in whidtligestive liquid is secreted (Clarke, 1997). They
finally open and become fully functional a dayteathe opening of the lid (Bauet al, 2009). A
well-known combination of adaptations that incluttraction devices such as flower-mimicking UV
guides (Moraret al, 1999), floral scents (Di Giustet al, 2008, Di Giustoet al, 2010) and nectar
(Moran, 1996) as well as capture devices suchiggesy surfaces (Juniper & Burras, 1962, Gawne
al., 2002, Bohn & Federle, 2004, Gaumieal, 2004, Baueet al, 2008), viscoelastic fluids (Gaume
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& Forterre, 2007, Di Giustet al, 2008) or even hunter ants (Bonhometal, in press) are involved

in the trapping system of these carnivorous pitgients.

By contrast, the pollination biology of tiéepenthegienus is poorly known (Junipet al,
1989). Sexuality is acquired when the vine entet® ithe climbing phase and then produces
inflorescences at the apex of the sympodial axisse structure (raceme or panicle) and length vary
between species (Clarke, 1997, McPherson, 200#)gBkoecious, alNepenthespeciesare obligate
outbreeders (Cheek & Jebb, 2001). The tetrad-fofnpatlen suggests entomophilous pollination
(Kaul, 1982, Adam, 1998). Nectar seeping from #pats and sweet scents contribute to attract insect
pollinators (Junipeet al, 1989, Kato, 1993). The pollination habits ofyoalcouple of species have
been studied (Kato 1993; Adam 1998). While thedfetiour of the flowers of some peculiar montane
species suggest myophily (Kaul 1982), the putgtiekinators of most other species are flies bub als
moths, butterflies and wasps (Kaul, 1982, Adam 81%%azier, 2001) and maybe also coleopterans in
the case oN. rafflesiana(Moran 1996). A few individuals of the same spsaé& moths and flies (Di
Giusto et al. 2008, 2010) were found in the inspeictra of both flower visitors and pitcher victiofs
Nepenthes rafflesianavhich supports the hypothesis of the existenca pbllinator-prey conflict in

this species.

This study investigates whether some developmentghanisms in thélepenthesggenus
minimize the pollinator-prey conflict: does the rien of active pitchers decreases and/or does the
distance between sexual and carnivorous organsases when flowering? We compared the activity
and development of carnivorous organs, i. e. pigstfer flowering and non-flowering individuals and

discuss whether a phenological barrier has beewgtsel to minimize the pollinator-prey conflict.

Materials and Methods

The study was carried out in the coastal sandg sbiBrunei Darussalam, northern Borneo (4°34’
N, 114°25 E), in July-August 2009 oNepenthes rafflesianaar. typica Jack. This species is
particularly interesting to investigate the preylipator conflict since it has already been shown t
capture a broad diversity of flying insects (andsthputative pollinators) (Di Giustet al, 2008,
Gaumeet al, 2007) and to produce pitchers that secrete nectdrscents that mimic floral parts
(Baueret al, 2009, Di Giusteet al, 2010).

The development of carnivorous traps was compaetaiden flowering and non-flowering
individuals in a 300 x 100 m rectangular area. fjitwo flowering and 33 non-flowering (including
15 and 16 males respectively) sexually mature iddals (i.e. that have already flowered) were
identified. The non-flowering individuals did notgsent any sign of weak physiological condition

such as yellowing leaf blades, recently damaged,axarks of herbivory, etc. The developmental
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stages of pitchers developed at the six most apmaés were recorded for the 65 individuals. This 6
node limit has been chosen because we never faunduactional or developing pitcher below the
sixth node. We distinguished four developmentayjestafor the pitchers: developing; open (the only
stage that can trap insects); no longer functiamal aborted (which had stopped its development in
the bud stage). We then measured three partly latwde variables to characterize the distance
separating the apical node from the first activehar: the number of nodes, the length along the ax
the absolute length to the pitcher aperture. Mégulistances from the apical node, where the
inflorescence occurs, allowed us to obtain homalsgdistance measurements between flowering and
non-flowering individuals. One month after floweginwhen the fruits were maturing, we estimated
for each functional pitcher and for each individtted duration of activity of the functional pitclser
As we conducted on the same period a survey ohgiitactivity throughout their lifespan, we
established a frame of reference (Table 2) anddain it to estimate the number of weeks since the
opening of the lid. To compare the synchronicity pifcher opening within an individual, we
calculated for each individual bearing at this tiatdeast two functional pitchers, the variancehef

pitchers’ age estimates.

Statistical analyses were carried out using geizedhllinear models (GLM) performed with
the software package R (R Development Core Teaff)20he count data (the number of pitchers at
each developmental stage described above and tmdemuof nodes) and continuous data (the
distances) were respectively analyzed using PoissmhNormal error distributions. We tested the
effect of plant phenology and plant sex on thes#abkes using factor ‘flowering’ and ‘sex’. The
variances in pitchers’ ages were compared usingh&t-tests that do not make any assumption of

variance homogeneity.

Results

In Nepenthes rafflesianaar. typica the number of functional pitchers is significgnP < 0.012)
lower during flowering (Flowering plants: 1.31 456. pitchers, mean and SD given throughout the
text, N = 32; Non-flowering plants: 2.36 + 1.06gbiers, N = 33). No difference between sexes (P =
0.670) in the number of functional pitchers waseobsd either for flowering or for non-flowering
individuals (Table 1, Figure 2). The number of depéng pitchers were observed to be more
numerous within the group of flowering individuafapst of them being at the end of the “inflating
bud” stage (Flowering: 1.97 + 1.18 developing pich n = 32 individuals; Non-flowering: 3.50 +
1.32 developing pitchers, n = 33 individual?—< 0.0001). Some pitchers were found aborted and
others no longer functional, but without any diffiece according to the ‘flowering status’ of thentda
(P = 0.10). Thus the only difference observed betwibmmering and non-flowering groups was the

developing pitchers / functional pitchers ratio,iethappears to be four times higher for flowering
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individuals. The total numbers of aborted and nborged pitchers were otherwise similar between the

flowering and non-flowering groups of plants.

Whatever the type of measure of the apex-pitchstadce used, the first active pitcher is
found located further from the apex when the pisufiowering. An apex-pitcher distance of 4.6 + 1.4
internodes was observed for the flowering individuand 2.37 + 1.06 internodes for the non-
flowering individuals (P < 0.001 — Table 1). Foettistance along the axis between apex and pitcher
we respectively measured 232.9 + 134.0 mm and 129409 mm (P < 0.001) and 421.3 + 196.9 mm
and 273.1 +117.4 mm (P < 0.001 — Table 1, Figyréo2the absolute distance. For each of these
three variables, no significant difference was ol between sexes either within flowering or non-

flowering individuals (Table 1).

Our estimations of activity stage of the pitchardi¢ate, through a lower variance observed
for individuals that have flowered, that they beeafunctional more synchronously than non-
flowering individuals (Variance of activity stagerffruiting individuals: 0.63 + 0.72 weeks?, n = 23
individuals; non-flowering individuals: 1.75 + 1.2fays?, n = 31 individuals — Welchitest = 4.029,

P >0.001).

Discussion

We report here a phenology of pitcher producticet tininimizes the pollinator-prey conflict in
Nepenthes rafflesianaluring the flowering period, fewer pitchers antiee, they are located further
away from the apex and thus from the inflorescembe. risk to be trapped inside the pitcher for the
pollinators is thus reduced. Such a spatial separatf pitchers and flowers actually results from a
temporal separation of pitchers and flowers inrtkigiings of production: the pitcher follows a stop
and-go development pattern: its development is gghuduring blooming and resumed when the
blooming ends. The development of new carnivoroapstis paused rather than aborted, and as the
developing pitchers then all synchronously openmtine flowering ends, the total number of traps
produced during the reproductive period is thusradticed compared to non-flowering plants during
the same period of time. Such a developmental mpatteuld be viewed as a plant phenological

mechanism that has evolved to alleviate the pdbimprey conflict.

One may object that during flowering more resourgesd to be allocated to the reproductive
organs than to the carnivorous ones, and thusttieatifferences observed strictly result from the
outcomes of a cost/benefit investment strategyhef plant at a given period of its life. Direct
monitoring is needed to clarify this point but @esns that the pitchers are paused at a relatiagdy |
stage, probably when most of the production cost® lalready been paid and that the pitcher then jus

elongate. This might especially be true for fenmbmts which produce fruits and which thus need
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more resource than males but we did not find aggifstant differences in the pitcher developmental
strategies of male and female plants. This objeatiould neither explain why pitchers were paused at
the same developmental stage nor why they synchetpaesume their development. This also
suggests that the inflorescence plays a centralinahe regulation of this mechanism and it wdagd

interesting to test whether flower hormones (diyeat not) inhibit the pitcher development.

This original stop-and-go developmental patterovedl the plant to minimize the pollinator-
prey conflict without affecting the global intaké arthropod-derived nutrients. Indeed, the actiaty
carnivorous organs is delayed rather than decredisedielay being later compensated by a prompt
and synchronous resumption at a relevant periodcaMdas shown on a small sample size that
covering pitchers and thereby preventing them tolcansects before the flowering process did not
affect the amount of seeds produced, probably lsecthe plants can rely on some reserves (Moran,
1991). This point would have to be confirmed b siynchronous opening of the previously paused—
pitchers probably provides an advantageous bookewhutrients for the fructification process and
for the sympodial branching. An exhaustive fielddst of the pollination and reproductive biology of
the genudNepenthesieeds to be carried out to get an integrativeaambr of the evolutionary ecology

of this carnivorous plant and to fully assert howinimizes its pollinator-prey conflict.
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Tables

Variability in the number of functional pitcher and their distance to the apex

2 2

Response variable: number of functional pitchers df X P(x)

1 6.548 0.012
Phenology

1 0.184 0.668
Sex

2 2

Number of nodes between the apex and the first futional pitcher f X PG

1 12.659 <0.001
Phenology

1 0.186 0.666
Sex
Distance along the axis from the apex to the firdtuinctional pitcher df F P(>F)

1 13.855 <0.001
Phenology

1 0.923 0.340
Sex
Absolute distance from the apex to the first functinal pitcher df F P(>F)

1 13.492 <0.001
Phenology

1 0.024 0.878
Sex

Table 1: Number of functional pitchers and their distance to the apex of the plant, where the
inflorescence occurs, compared using analysis if variance for flowering and non-flowering

plants.
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Week after

) Pitcher body Lid Peristome Digestive liquid
opening
. developing outwards on both sides o
_very flexible, becomes . . very limpid, very
ot green or pale yellow, still . . of the pitcher rim, soft, not very . . o
1 ) horizontal moving away viscoelastic, acidity
growing . coloured, when present coloured . .
from the peristome increasing
bands do not strongly contrast
o . . fully developed, strong odour  limpid, very viscoelastic,
nd yellow or green, definitive horizontal, begin to secret ) .
2 . production, almost always covered no particular smell,
size reached nectar and odours . .
by nectar maximal acidity
light pink or brown
3 duller yellow-green, some horizontal, secrets nectar  strong smell, strong nectar coloration of the liquid,
red or brown spots appear and odours production less viscoelastic, light
putrefaction smell
rose or brown coloration,
red or dark spots always ) ) = o
sometimes eaten, lower viscoelasticity of the liquid
th present, outer walls of the . lower levels of nectar and odor
4 . nectar production, . very low often
pitcher are often covered ) production o
sometimes hunched undetectable with fingers,
by a mould layer »
acidity starts to decrease
strong putrefaction smell,
a lot of dark spots are often predated, dark very turbid liquid made of
5 visible, covered by a  margin, becomes darker sometimes spotted, dried or drying insects residuals, non-
mould layer often hunched viscoelastic digestive
liquid

Table 2: Frame of reference for the dating of pitcher age after its opening.
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Figures

Figure 1: This photograph has been made one month after the end of blooming (a growing
infructescence is shown within the ellipse) as estimated by the development of the
infrutescence. Arrows indicate three pitchers with similar functional stage (in their third week
after opening). This indicates that they became functional almost at the same moment, just after
the flowering time. This synchronicity contrasts with the ‘continuous’ and more gradual

development they exhibit when the plant is not flowering.
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Figure 2: During the flowering period less pitchers are active and they are located further from
the apex than in non-flowering period. (a) The number of active pitchers in Nepenthes rafflesiana
is lower when the plant is flowering (P < 0.012) and there is no difference between the sexes,
whether the plant is flowering or not. (b)The absolute distance from the apical node (where the
inflorescence occurs) to the node bearing the first active pitcher is higher when Nepenthes

rafflesiana flowers (P < 0.0001), and there is no difference between sexes.
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Chapitre 11.1

PHYLOGENIE MOLECULAIRE DU GENRE NEPENTHES

Disposer d’une phylogénie résolue permet de condpecies relations évolutives entre espéces et les
dynamiques de diversification des lignées. L'obfed cette these de retracer I'histoire évolutilee
caractéeres d'intéréts (par ex. perte de la zoreusa, viscoélasticité du liquide) et de compretare
diversification du genre en lien avec les écologies espéces était subordonné a I'amélioration des
phylogénies actuellement disponibles. Manuscrit Il.1 présente une phylogénie plus compléte du
genre basée sur des marqueurs AFLP, quatre gef@spthstiques et un gene nucléaire, discute
sommairement I'histoire biogéographique du genlestegroupements taxonomiques précédemment

établis.

Bonhomme, V., Gaume, L., Ardisson, M., ClamensLA& Jousselin, E. (in prep.) An updated

molecular phylogeny of the genigpenthedased on ITS, cpDNA and AFLP.
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Abstract

The genusdNepenthegNepenthaceae) encompasses at least 120 spdtiearnavorous and mainly
distributed in SE Asia. In spite of a growing imstr in their ecology and particularly the trapping
mechanisms of their pitcher-modified leaves, wi Isitk a robust phylogenetic reconstruction td tes
evolutionary hypotheses and infer biogeographioagces for this genus. The phylogeny of the genus
has been investigated for ten years but low geneti@ation for the chloroplastic and nuclear DNA
markers sequenced so far has lead to poorly resplgogeny. We here report an updated phylogeny
based on nuclear ITS, four new chloroplastic DNArkaes and AFLP data. The latter have been
shown to be useful for phylogenetic reconstructiainthe genus level for plants but our analyselsl yie
very ambiguous results fddepenthesYet not fully resolved, the phylogenies obtainedsed on
cpDNA and ITS data indicate some geographical straton of the genus and clarify relationships
for some species from N/W Sumatra and Borneo, razed as hotspots dflepenthedliversity.

Previous attempts of infrageneric taxonomic sulsaiivis are partly invalidated by our results?

Keywords : Nepenthaceae, pitcher plants, SE Asia
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Introduction

The genusNepenthesbelongs to the monotypic family Nepenthaceae (Qaryllales) and
encompasses at least 120 species mainly distrilit8& Asia, with Borneo and Sumatra recognized
as hotspots of biodiversity (Clarke, 1997, ClarRé01, McPherson, 2009). All the species of the
genus are carnivorous and derive key-nutrients fitoer pitcher-modified leaves that trap and digest
arthropods, circumventing the nutrient shortagehef environments they colonize. In spite of the
growing interest in their ecology, the evolution tokir trapping mechanisms and physiology, the
systematics of the group and species evolutionalationships within the genus are not resolved.
Beyond its taxonomic interest, a robust phylogenetconstruction would allow to reconstruct the

biogeographic history of the genus.

Solving phylogenetic relationships at infragendeieel is generally difficult for plants (Shaet
al., 2005). This is also the case in the geNepentheswhich phylogeny has been investigated with
molecular data since 2001. The first molecular pbghy relied on chloroplastioenK intron
(Meimberget al, 2001) which brought a poorly resolved phylogery sufficient to partly discard
previously proposed infrageneric classification riBer, 1928) and to show that the western species
(N. khasianafrom the Indian KhasiN. distillatoria the type species of the genus endemic to Sri
Lanka, N. pervillei endemic to the Seychelles and the two malagakiamasoalensisand N.
madagascariensjgroup together in a basal clade. Meimberglelater analyzed a translocated copy
of this trnK intron which translocation event seem older tHaradiation of moderiepenthedut
which was neither enough informative for the phglogtic reconstruction of the genus (Meimbetg
al., 2006). Meimberg and Heubl then analysed a nudieaker, the peptide transferasePIIRY)
which confirmed patterns obtained with independapDNA but resolved only a few clades
(Meimberg & Heubl, 2006). The results of these ®sichre summarized on Fig.trtK and Fig. 1-
PTR1

In this study we used additional sequence datautihdr investigate phylogenetic relationship
within the genus. Four other chloroplastic markgps16 trnD, trnL, ycf6) were used as well as the
nuclear internal transcribed spacer (ITS). We atsestigated the potential of amplified fragment
length polymorphism (AFLP) analyses for the recardion of phylogenetic relationships within the
genus. AFLP has been increasingly used for phyletie reconstruction of closely related organisms
for which sequence data contains low variabilitgl @nhas been proved informative in several plant
genera (Despreet al, 2003, Koopman, 2005). The phylogenetic clustetentified by our
reconstructions are compared with previous phyl@geand both taxonomic classifications proposed

earlier and geographical groups are discussed.
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Materials and Methods

Taxa sampling and DNA extraction

Leaves in silicagel were collected from 109 speaisneepresenting 85 putative species of the
genusNepentheqTable 1). All samples were collected between 28068 2009 in the collection,
owned by Jean-Jacques Labat. Outgroups inclifedera sp. andDrosophyllum lusitanicumthe
sister genera oNepenthesTotal genomic DNA was extracted from a singlef ['s|am a single
individual for each sample using DNeasy Qiagentptatraction kit (Qiagen, Germany) following the
manufacturer’s instructions. In order to obtainhi@igconcentrations we also used a phenol chloroform

protocol for some samples.
DNA amplification and sequencing

We amplified and sequenced DNA data from 5 diffefemgments. We used several intergenic
regions in chloroplastic DNA: rps16, trnL, trnD andf6é and the nuclear ribosomal internal
transcribed spacer region (ITS). All these markéese proved informative and useful in
reconstructions of phylogenetic relationships atititerspecific level in several plant genera (Sleaw
al., 2005, Pelseet al, 2007) but had not been used to investigate pleyletc relationships within
Nepenthegyet. List of primers used and amplification corafis are given in Table 2. PCR products
were sent to sequencing services (Macrogen, Sootba. The amplification primers were also used

as sequencing primers.
AFLP analyses

Genomic DNAs were checked for quality and quantiging nanodrop dosing and migration on
agarose. Total DNA were digested usilgoRl and Msd restriction enzymes at 37°C for 2 hours.
EcdRI- andMsd-linkers were then ligated to the resulting DNAdments by incubating with a DNA
ligase overnight at 4° C. Pre-selective PCR angglifons were performed using primé&soRI-A and
Msd-C selective PCR amplification was performed usinfjuorescently —labelleBcadRI-A primer.
Eighteen primer pairs were tested (all the commnatwith ECORI-ACA, -ACG, - ACG andMsd-
CAC, - CAG, -CAT, -CTC, CTA, -CTG and 6 were retdh EcoRI-NNN/Msd-NNN given:
ACG/CTG, ACG/CAC, ACG/CAT, AGG/CAC, AGG/CAG and AGQGBAC) on the basis of the
quality of chromatograms obtained. Automated sgpviras performed on the resulting profiles using

Genemapper V3.7 (Applied Biosystems).
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Sequence / AFLP analyses and phylogenetic reconstructions

Sequences were individually checked by visual iospe. For chloroplast genes, they were
verified for protein coding frame-shifts to avoidgudogenes (Zhang & Hewitt, 1996) using Mega 3
(Kumar et al, 2004). In a couple of cases, several ITS seqsefroen the same individual were
compared to check for paralogy. Sequences werdigdénvhich suggests that paralogues were not
divergent or not amplified. Sequences were alignsidg Clustal X (Thompsoet al, 1994) with
default settings. All alignments were verified acwrected “manually” by inserting/deleting gaps to
minimize their numbers. Sequences and alignmemtsaaailable on Genbank (Accession numbers

given in Table 1).

The binary AFLP matrix was analysed using a neighfpoining (NJ) tree based on Nei-Li
distance using Paup*v4.0b10 and bootstrapped usdigreplicates. This distance only takes into
consideration shared 1's (and not shared 0's) wrdichppropriate for restriction data as there are

multiple ways for a band to be absent and thusesh@is may not be homologous.

For phylogenetic reconstructions, we used the Marinkikelihood approach (ML) and Bayesian
phylogenetic analyses on DNA sequences. The amsalyeee conducted separately on two sequence
datasets: chloroplast DNA and ITS. Chloroplast DNtrix was obtained by concatenating all
chloroplast DNA fragments together. ML phylogenetioalyses were computed using Phylip
(Swofford, 2002, Guindon & Gascuel, 2003). The manfenucleotide substitution was chosen by
comparing nested models with likelihood ratio tasteig Modeltest (Posada & Crandall, 1998). We
also tested the addition of parameters for propordf invariant sites (I) and for heterogeneity of
substitution across site§)((Yang, 1994). The MP tree with the greatest —skore was used to
estimate the model parameters (gamma shape, tEpeeficies, transition matrix). A ML heuristic
search using TBR branch—swapping and a startirgy (faund by neighbour-joining) was then run
using the selected models and parameters. For Milysas, node support was assessed with the
bootstrap technique (500 replicates) performed arnables sites only, and on a subset of taxa

(identical sequences were represented only ondihitaccomputational time.

Bayesian phylogenetic analyses were conducted udirRpyes 3 (Huelsenbeck & Ronquist,
2001). We used a six-parameter general time reéblergiodel of nucleotide substitution (GTR, nst=6)
and a random starting tree. The chloroplastic DN#asget that included four DNA fragments was
divided into four partitions, one for each fragmdpdrameters of the model were treated as unknown
variables with uniform prior probabilities and wesstimated during the analysis and allowed to vary
across partitions. Two replicate analyses wereeaoh to ensure that the runs were convergingen th
appropriate posterior probability distribution. W four chains of the Markov Chain Monte Carlo,

sampling every 100 generations. The point of statiby was then determined (when the distribution

100



of likelihoods was seen to have reached a platdihad to run the analyses for 30 million
generations for chloroplast DNA dataset and 2 amligeneration for ITS data set to reach for the run
to converge, the trees prior to stationarity wdigcarded and the remaining trees were used to
compute 50% majority rule consensus trees. Theepostprobabilities (pp) were summarized

accordingly. Probabilities >90% were considerethtticate significant support.
Geographic and taxonomic groups

Geographic distribution of the species includedur reconstructions were retrieved from the
review made by McPherson on the genus (McPhers609)2 We retained the same eight
geographical zones than Meimberg and Heubl (20@@)ely, Borneo, Sumatra, Philippines, Malay
Peninsula, Thailand/Cambodge/Vietham/Laos, Sulagwlsw-Guinea/Australia and a “Western”
group that encompasses species from Sri Lankaanndhasi and Madagascar (Meimberg & Heubl,
2006). These geographic zones were simply mappeth®rphylogenetic trees using the “trace
history” option under the parsimony criterium in 84gite (Maddison & Maddison, 2010). Our aim
here was simply to visualize how species clusterazbrding to geographic zones and not to infer
ancestral areas from our reconstructions. As oylogienetic trees showed many polytomies, applying
analytical methods of ancestral character statenstouction or historical biogeography would not
have brought accurate results. When available Iseiadicated on the trees obtained the affiliaton

the infrageneric groups proposed by Danser (DadS&g).

Results

For ITS dataset, outgroups were far too divergenbe aligned with confidence. We therefore
chose to root our trees witttepenthes khasiarthat has been shown in previous studies to be basal
the Nepenthegroup (Meimberget al, 2000, Meimberget al, 2001, Meimberg & Heubl, 2006), this
latter result was confirmed by our chloroplastitadanalyses and AFLP data. Bayesian inference on
combined dataset with compartimentation of all §/pé data obtained (the 4 cp DNA markers, ITS
and restriction data from AFLP) were not attempbstause of the lack of congruence between
CcpDNA, nuclear DNA and AFLP, due partly to missidagta, particularly for AFLP (Table 1). We

therefore chose to present the results of eaclsetadaparately.
Chloroplast DNA

We obtained an alignment of 4088se pairs, but not for all taxa (Table 1). Soméefmarkers
had some long insertion-deletions that we chogietete from the alignment (their inclusion did not
change the topologies, data not shown). We obtaan®dyesian tree with low resolution (see cpDNA

Tree), ML tree topology was highly similar (data sbown) . The deep nodes of the phylogeny were
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poorly resolved. Some species clusters thoughatefiiethe geographical proximity of species. Four
well sustained clades were retrieved and are discubelow: one including all western species, one
including some of the species from North/West Suané&tlade A), another including some Bornean

species (clade B) and the last one including sqraeiss from the Philippines (clade C).

Because of the lack of resolution of our phylogeneees and those of Meimbergadt and, and
also because species sampling do not exactly neaici others (Meimbergf al, 2001, Meimberg &
Heubl, 2006), it is difficult to compare our resulivith previous ones. Still, some monophyletic
species groups were clearly congruent with thesults. For instance we confirmed thhi
reinwardtiang N. macrovulgaris N. northianaare closely related (Clade D). On the other hisnd
hirsutaappears closely related to this group in our teduit is placed in a different species group by
Meimberg and co-authors in their cp DNA phylogeftyspecies group from the Philippines including
the New Guinean specit insignis(clade C) is retrieved by both our phylogeny aneiiberg’s et
al. (2006). However other species from the Philippiass dispatched throughout the tree. We also
retrieved the Meimber'siamatagroup with our cpDNA analyses, i.Bl. hamata N. glabrata N.

muluensigMeimberget al, 2001).

Globally, in some parts of the tree, there was satostering of species according to their
geographic origin, which is congruent with previarsalyses of cpDNA. For instance, the clade B
encompasses some species from Borneo. Howevern, a@airnean species do not form a
monophyletic clade and numerous Bornean speciesd@matched throughout the rest of the
phylogenetic tree. Clade A includes almost all Smamaspecies except. sumatrana, N. burkeind
N. mikei This clade comprisetiN. bongsoand its putative relatives or synonyms, the stedal
“bongsogroup”, i.e.N. bongsoex. carunculata, N. bongsex. sumatrana N. gymnamphoraex.
pectinataand N. gymnamphorax. xiphioides(Cheek & Jebb, 2001). We also confirm the Clarke’s
view concerning the close relationship f diatasand N. densiflora(Clarke, 2001). Interestingly,
three species endemic to the Philippines groupclustered with species from Borneo suggesting
some colonisation events between these two geagrbfatks. This situation is also retrieved wih
philippinensis nested in the Sumatra clade, which suggests agane repeated colonisation events
between these islands. Similarly, two species emdé&mSulawesiN. maximaandN. eymaggroup
with the essentially Bornean clade (clade B) whighgests a colonization of the Sulawesi island from

Borneo, through the Wallace line.
ITS data

52 taxa have been successfully sequenced so fale(In and we have obtained an alignment of
661 base pairs that shows more variability than46@0 bp of cpDNA we have sequenced. We

obtained a Bayesian tree (ITS tree) with relativgbpd resolution, the ML tree topology was very
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similar (data not shown) to the Bayesian tree amag waiso relatively well supported. Mapping of
geographical data on this tree also revealed thetiss sharing the same geographical distribution
were often closely related and some formed mon@picybroups. We retrieved the N/W Sumatra
(clade Al) geographical cluster obtained with thalgsis of cpDNA, and this group (if we exclude
ovata and N. ephippiajaappears monophyletic. These species are closklied (in the clade A) to
clade A2 which contains species from Malay Penmsuld Cambodge/Thailand. A second relatively
well-resolved clade appeared, encompassing mapegies from the Philippines (Clade C1). This
clade C1 is not fully congruent with results ob&alrwith cpDNA:N. villosaandN. petiolataseem to

be related, as observed in the cp tree but group hath N. sibuyanensjsN. ventricosa N.
merrilliana, however this group was supported by low pp val@ssnplementary cpDNA data might
lead to the grouping of the two clades as obsehgré with ITS data. In any case, this group of
species from the Philippines appears closely rélatespecies from Borneo and Sulawesi. Other
species from Borneo, including again maximarom Sulawesi (clade B), cluster together at theeba
of the tree. Species from Sulawesi are more dibpdtthroughout the tree, and the Meimbend's
hamatagroup is also retrieved from ITS dataset (cladg. Cihfortunately we did not manage to
obtain ITS sequences for three western spebledigtillatoria, N. madagascariensi®l. masoalens)s

which precludes any conclusion on their monophyig their position in the tree.

AFLP data

2697 bands were obtained for 93 taxa but thereanas of missing data for each pair of primers
tested. This probably explains the lack of resolutf the analyses that leads to a poorly resdies
this is particularly the case for the deep nodeghefphylogeny (Fig. 2-AFLP). A lot of the more
terminal relationships retrieved here were weaklypported with bootstrap values below 0.80.
However hybrid taxa grouped together with theipessive parent species or other hybrids that share
parent specied\( x trichocarpa(N. gracilis x N. ampullarig, N. ampullariax N. tobaicawithin the
N. ampullariagroup;N. gracilis x N. bicalcarataandN. bicalcaratax N. ampullariagroup withN.
bicalcaratg which validates our approach and indicates that analyses do not reflect leaf
contamination by fungi for instancdhe tree obtained showed poor congruence with IM& a
chloroplastic data, few of the previously descrilgggbgraphical clusters were observed. However
monophyly and basal position of the western cladgewconfirmed. We also retrieved similar
geographical clustering for species from N/W Sumédtiade Al), from Borneo (clade B) and from
Philippines (clade C1). On the other hand, somalteappeared in total contradiction with previous
reconstructions, for instance, species of tt@nata group appeared dispatched throughout the

phylogenetic tree and this lack of congruencessufised below.
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Discussion

Molecular phylogeny of the genus

This study results in an updated yet not fully resd phylogeny of the genidepenthesThe four
additional chloroplastic genes confirm that cpDNApioorly resolutive foNepenthesThough we
successfully managed to conduct AFLP analyses,géni®me wide approach revealed to be poorly
resolutive and showed poor congruence with theyaral of chloroplastic and nuclear sequences
obtained. Finally, the nuclear marker ITS appeaodue the most promising of the markers tested here

to investigatedNepenthesnolecular phylogeny.

Phylogenetic reconstructions at the infrageneriellare known to be difficult for plants (Despres
et al, 2003, Pellmyret al, 2007), andNepentheds one of these challenging genera. The lack of
congruence between AFLP and chloroplastic DNA awslycould have several explanations. The
general lack of resolution of AFLP data sugges@t thve might have numerous homoplasious
characters, i.e. shared bands that do not represemlogous characters but artefacts (Bus=tedil,
2005, Althoffet al, 2007). There is also a lot of missing data i thataset and each pair of primers
tested did not work on the same set of specieshwvprobably introduced some methodological
artefacts in our data. If the species in our samgpkhow different levels of ploidy (Lowrey &
Timothey, 1991, Heubl & Wistuba, 1997), this coaldo bias our AFLP analyses and for now we
have little and discordant information on this sggee Cheek & Jebb, 2001 for a review). Repeated
introgressions could also explain the incongrudmetyveen chloroplastic and nuclear DNA analyses.
Some species of the genus are commonly observeplote in sympatry and since physiological
barriers to interspecific hybridisation seem weidley frequently hybridize (Cheek & Jebb, 2001).
However, if introgression was the main explanationincongruency between AFLP data and cp
DNA data, we should at least find some congrueratwben AFLP data and ITS data. The low level
of variation in cpDNA and AFLP markers, and theack of congruence probably reflect both
methodological issues concerning the obtention BERA data, frequent hybridisation events but also
taxonomic issues. Indeed, the definitionsN#penthespecies are widely based on morphological
characters that might show homoplasy such as pitobephology. Whether morphological characters
are reliable or not, they are extensively usedNepentheggenus but with contrasted indulgence
concerning species boundaries. For instance, omrbkehand some “groups or pairs of species are
extraordinary difficult to interpret” according ©larke (Clarke, 2001) and described as close but
distinct relatives (e.gN. diatasandN. densiflora; N. ventricosaand N. sibuyanens)sonly on the
basis of slight variations in their morphologicélacacters. On the other hand, other taxa sudk. as
mirabilis or N. rafflesianainclude varieties that conspicuously differ froack other. For instance, in

the N. mirabilis species, thechinostomavariety, endemic to Northern Borneo, producesdatgaves
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and larger pitchers with a broader and flattenatsimene, which makes this taxon far more different
than all the other local variants known for thiedps that has the widest geographic repartitiacghen
genusNepenthes rafflesianear.typicaand varelongataare still considered as varieties, even if they
differ in their ecology (Clarke, 1997), pitcher mpbology and trapping strategies (Di Giugbal,
2009, Gaume & Di Giusto, 2009a) and probably afstiheir floral phenology, architecture and odour
cue (unpublished data). Both better resolved plefiggs and population genetics studies, e.g.
microsatellites and AFLP, are necessary to clagpecies relationship and boundaries in the

Nepenthegenus.

Finally, the nuclear ITS appears as the most progisnarkers for investigatingepenthes
phylogeny as it gave a relatively well resolvecetraltogether, the data obtained is a step forviard
obtaining a robust and resolved phylogenetic retcoctson for the genublepenthesWe discuss here

its implications for existing taxonomic subdivisgn
Danser’s infrageneric subdivisions

Danser established 6 infrageneric clades in his am@ph onNepenthesgenus: Vulgatae
Montanae Nobiles Regiae Insignesand Urceolatae for the ~ 60 species he recognized in 1928
(Danser, 1928). As previously evidenced by Meimiseggal. although on a less resolved phylogeny
(Meimberget al, 2001), these groups are not monophyletic herés iFdicates that the Danser’s
morphological and biogeographical based classiinatoes not reflect the phylogenetic history @& th
genus (see AFLP, cpDNA and ITS trees). NeverthelegsBNA tree indicates that almost all the
Regiaespecies group in the clade B and the positionhetwo remainindgregiae(N. truncataandN.
boschiana are only poorly supported according to pp valleseems that Danser was also right
concerning all thé&l. bongsarelatives, retrieved in the clade A and classifigchim in theMontanae
group. Although not all th&ontanaespecies group together, most species in this Samatade are

indeed closely related.
The Western clade

Both AFLP and chloroplastic data indicate that westspecies N. madagascariensisN.
masoalensisN. khasianaandN. distillatoria) group together which independently confirm presgio
results (Meimberg & Heubl, 2006). Meimbergadt interpretation is that there has been a western
colonization of remote islands (Sri Lanka and Mada&gr) from a continental ancestor (Meimberg &
Heubl, 2006) Nepenthes pervillean endemic species from the Seychelles, is alfimantthis study,
but previous phylogeny obtained withnK intron seem to confirm this hypothesis, placingnidre
basally than Malagasian species (Meimbetrgl, 2001). Unfortunately, we did not manage to obtain

ITS data for the three western specis distillatoria, N. madagascariensitN. masoalens)sof our
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sampling to confirm their basal position. Establighbiogeographical scenarios will necessitate
further analyses based on a more robust phylogedyp to date methods of biogeographical history
(Reeet al, 2005). Based on current results that fact thadteva species are basal could just reflect
that there are clearly differentiated from Asiaraps. Another interpretation of their basal positi
could be that they differentiated during the sefpamaof Sri Lanka and Madagascar from continental
masses. It is difficult to formally test the diféert plausible biogeographical scenarios, for now ou
data do not contradict the scenario put forwardMsimberg and collaborators. But further work

needs to focus on obtaining a better resolved gieylp that could also be calibrated.
The North/Central Sumatra clade

Species from North Sumatra form a monophyletic eladcording to ITS, and cpDNA data also
cluster most species from Sumatra together. The BllMatra region that encompasses Aceh, Lake
Toba and the Malaisian state of Burat is consideed centre of diversity of tidepenthegenus.
There, species with a very limited distribution geN. talagensisoccur with others exhibiting a wide
geographical distribution and great morphologicakriations (e. g.N. bongsd (Clarke, 2001,
McPherson, 2009). Our chloroplastic data indichsN. bongsandN. talagensisare closely related
and may even be the same species (Nerz & Wist@®, Llarke, 2001). Even if closely related, our
two N. bongsaex N. carunculata specimens group together but in a clade sepafiadedN. bongso
The question of the occurrence of infraspecifiataithin N. bongsamay thus be not as definitive as
reported by McPherson (2009) and this species nahybe as closely related 9. ovataand N.
densifloraas reported by Clarke (2001). Molecular data conthat former Salmon’s and Maulder’s
N. xiphioidesand Cheek and Jebbi¢. pectinataare closely related if not synonymous. These two
taxa, themselves potentially synonymsh\ofgymnamphordClarke, 2001, McPherson, 2009), do not
group withN. gymnamphoran the cpDNA tree but are confirmed to be - astleaclosely related.
Both nuclear and chloroplastic sequences confiren iew of Cheek and Jebb and the cladistic
analysis of Clarke thall. densifloraandN. diatasare closely related (Cheek & Jebb, 2001, Clarke,
2001). In their revision of the genus, Cheek anbbJ&reatN. longifolia and N. sumatranaas
synonyms whereas Clarke, also basing its conclasianmorphological characters, treats Nerz's and
Wistuba’sN. longifolia as a different species th&h sumatranaNerz & Wistuba, 1994, Cheek &
Jebb, 2001, Clarke, 2001). Neither AFLP data n@NA (ITS sequence not obtained) grouped these
two species together and this is also the casheophylogenies previously published (Meimbetg
al., 2001, Meimberg & Heubl, 2006). M. sumatranaand N. longifolia thus belong to a clade
different from the clade oN. rafflesiana this would represent a conspicuous example cdlighr
evolution of pitcher morphologies and trapping natdbms.N. rafflesianavar. typica and N.
rafflesianavar. elongatahave been shown to have very different pitcherpinologies and associated

trapping strategies that are caused by the loglseirvar.typica of the waxy layer (Di Giustet al,

106



2009, Gaume & Di Giusto, 2009a). Similarly, sumatranahas infundibulate (funnel-shaped) upper
pitchers that lack a waxy zone wher&adongifoliahave very different elongate upper pitchers whose
inner walls are covered with a waxy layer (Clar901). These taxa could be the Sumatran

counterparts oNepenthes rafflesianear.typicaand varelongata respectively.
The Bornean clade

The phylogenies obtained reveal a second cladé)yhgustained in the cpDNA tree as well as
with ITS sequences for the four species succegsdatjuenced in this clade which encompasses some
of the Bornean species (Node B — Fig. 2-cpDNA,IT®)r reconstruction confirms the view of Cheek
and Jebb who suggest tiétfusca N. faizaliang N. pilosa N. stenophyllaandN. veitchiiare closely
related (Cheek & Jebb, 2001). Our data also cortfirenclustering oN. maximawith N. burdbidgeae
made by these authors (Cheek & Jebb, 2001). Twmfothte three species with “toilet-seat”-shaped
pitchers that have been shown to derivate nutrirote vertebrate faecetN( macrophyllaand N.
rajah) group together in the phylogeny based on cpDNAfottunately, we did not obtain any ITS
and AFLP data to confirm this result. The positarthis clade is poorly supported in the cpDNA, it

may likely be integrated in the Bornean clade iher phylogenies.

Conclusion and Perspectives

Our results indicate that tHdepenthegphylogeny shows some geographical structures rimeso
parts of the tree and that previous taxonomic sikidins are partly invalidated by molecular data.
The global lack of resolution of the various maskarvestigated and their lack of congruence make
the phylogenetic reconstruction a difficult taskhe$e difficulties could be due to some
methodological problems concerning the obtentioMBEP data, a global low level of evolution in
chloroplastic DNA which may be due partly be tapid diversification of the genus. The completion
of the ITS dataset and the addition other nuclearkers (such as ETS that has proved useful as an
additional source of information to ITS in plant yidgenies) might lead to a more robust
reconstruction. This would allow testing biogeodriapl hypotheses that are difficult to establish fo
the moment. The geographic patterns obtained retustéring of some species according to their
geographical proximity but also the occurrenceashs species that are dispatched more haphazardly
in the phylogenetic tree) suggest some promisirgpeetives for testing the role of refuge and/or
island formation on speciation in this area whiels b very eventful geological history with impottan
variations of sea level and climate changes inPflegéstocene (Hall, 1998). The phylogenies obtained
here are a step forward this goal. Eighty yeaes |@anser’s view is still topical: “The combinatiof
the sharp limitation externally and the difficutif an internal division result in makiigepenthesne

of the most natural groups of the vegetable kingd@anser, 1928).
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Tables

Species Geographic TS ps1i6 tL trnD  ycf6 AFLP Danser,
origin 1928

N. adnataTamin & M. Hotta ex Schlauer S X X X X X

N. alatavar.typicaBlanco P X X Vulgatae

N. albomarginatal. Lobb ex Lindl. B, PM, S X X X X Vulgatae

N. ampullariax N. tobaica X Urceolatae

N. ampullaria'black’ Jack B, S, PM, Th, NG X X X X Urceolatae

N. ampullaria'green’ Jack - X X X X X Urceolatae

N. ampullaria'red' Jack - X X Urceolatae

N. ampullaria'tricolor' Jack - Urceolatae

N. ampullaria'typica’ Jack - X X X X X Urceolatae

N. argentiiJebb & Cheek P X X X X X

N. aristolochioideslebb & Cheek S X X X

N. belliK. Kondo P X X X X X X

N. bicalcaratax N. ampullaria X

N. bicalcarataHook. f. B X X X X X Urceolatae

N. bongsdN. carunculata Danser Korth. S X X X Montanae

N. bongsdN. carunculatd Danser Korth. S X X X X X X

N. bongsaN. talagensisNerz & Wistuba Korth. S X X X X

N. bongsdsumatra'Korth. S X X X X X X

N. boschian&orth. B X X X X X X Regiae

N. burbigdaeHook. f. ex Burb. B X X X X X X Regiae

N. burkeiMast. P X X X X X X Insignes

N. campanulatssh. Kurata B X X X

N. clipeataDanser B X X X X X

N. copelandiiMerr. ex Macfarlane P X X X X X

N. danseridebb & Cheek NG X X X X X

N. densifloraDanser S X X X X X X

N. diatasJebb & Cheek S X X X X X X

N. distillatoria L. Sri Lanka X X X Vulgatae

N. dormonianalJd X

N. dubia(N. tenui3 Danser X X X X X Montanae

N. ephippiataDanser B X X X X X X Regiae

N. eustachydliq. X X X X X X

N. eymaesh. Kurata Sul. X X X X

N. faizalianaJ. H. Adam & Wilcock B X X X X X

N. fuscaDanser B X X X X X X Regiae

N. glabrataJd. R. Turnbull & A. T. Middleton Sul. X X X X X X

N. gracilisx N. bicalcarata X Vulgatae

N. gracilis'red’ Korth. B, S, PM, Sul, Th. X X X X X Vulgatae

N. gracilis'typica’ Korth. - X X X X X Vulgatae

N. gracillima x N. ventricosa X X X X

N. gracillimaRidl. PM X X X X Montanae

N. gymnamphor#ex. N. pectinatd Nees S X X X X Montanae

N. gymnamphor&lees Java, S X X X X X Montanae

N. gymnamphor&lees N. xiphioide} - X X X X X Montanae

N. hamatal. R. Turnbull & A. T. Middleton Sul. X X X X X X

N. hirsutaHook. f. B X X X X X Nobiles
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. jacquelinaeC. Clarke, T. Davis & Tamin
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. lamii (ex.N. vieillardii) Jebb & Cheek

. lowii Hook. f.
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. macrovulgarisl). R. Turnbull & A. T. Middleton
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. mapuluensid. H. Adam & Wilcock
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N. sumatranéagreen leaves' (Mig.) Beck S X X X X X

N. sumatrandred leaves' (Mig.) Beck S X X X X

N. talagensis\Nerz & Wistuba B, Sul. X X X X X X

N. tentaculataHook. f. B, Sul. X X X X X Vulgatae
N. tenuisNerz & Wistuba S X X X

N. thorelii Lecomte PM X X X X X

N. tobaicaDanser S X X X X X X Vulgatae
N. tomorianaDanser Sul. X X X X X Vulgatae
N. truncataMacfarl. Ph. X X X X X X Regiae
N. veitchiiHook. f. B X X X X X Regiae
N. ventricosaBlanco Ph. X X X X X Insignes
N. villosaHook. f. B X X X X X X Insignes
N. vogeliiSchuit. & de Vogel B X X X X X X

N. x trichocarpaMiq. X X X X

N. x hookerianaLindl. X X X X

Drosophyllum lusitanicurh. X X X X

Droserasp. L. X X X X

Droserasp. L. X X X

Table 1: List of Nepenthes taxa, outgroups and markers investigated in this study. The geographical origin is
provided : Aust. = Australia ; B: Borneo ; NG = Papua/New-Guinea ; Ph. = Philippines ; PM = Malay Peninsula; S
= Sumatra; Sul. = Sulawesi; Th; = Thailand + Cambodge. The names put within brackets are synonyms. All

samples have been provided by J.-]. Labat.
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Primer 5'sequence 3' Tm(°C) and elongation time

ITS1 GAA GGA GAA GTC GTA ACA AGG 58

ITS4 CCT CCG CTT ATT GAT ATG C 1min
rps16F GGT AGA AAG CAA CGT GCGACT T 50
rps16R2 CGG GAT CGA ACA TCA ATT GCA AC 1min
trnLF-R TGC CAG GAA CCACAT TTG AAC T 54
trnLF-F TCC GTC GAC TTT ATA AGT TGT G 1min
trnD°VC-F ACC AAT TGA ACT ACA ATC CC 48
trnTC%R CTA CCA CTG AGT TAA AAG GG 1min30sec
psbM-R CCA AGT TAG TTA ATG AAG AA 58

ycf6-F ATG GAT ATA GTA AGT CTY GCT TGG GC 1min20sec
trnCR CAC CCR GAT TYG AAC TGG GG 48

rpoB CKA CAA AAY CCY TCR AAT TG 1min

Table 2: List of primers and Tn.used for DNA amplification and sequencing.
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Figure 1: Geographical distribution of Nepenthes. Dots indicate endemic species for the eight

geographic groups retained, which names are indicated on the map, plus a western group

gathering Indian Khasi, Sri Lanka and Seychelles.

Figure 2 (following page): trnK and PTR1 trees (chloroplastic and nuclear sequences
respectively) are redrawn from Meimberg et al. (2006). Stars indicate nodes with bootstrap
values > 70. AFLP, cpDNA and ITS trees obtained here,. The geographic distribution has been
indicated on each branch and , Danser’s infrageneric classification is indicated in front of each

species name. Letters and arrows indicated the main clades that are discussed in the text.
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Chapitre 11.2

ORIGINE ET EVOLUTION DES MECANISMES DE PIEGEAGE

CeManuscrit 11.2 retrace sur la phylogénie obtenue I'évolution c@sctéres « présence d’'une zone
cireuse » et « d’'un liquide viscoélastique » obsepour la majorité des espéces et pour les urnes
juvéniles et terrestres. Le caractére « liqguideogtastique » correspond-t-il & une acquisitioc@us

de la diversification du genfdepenthe® Si non, est-il plésiomorphe et homologue au lageide
Droseraet Drosophyllumet a-t-il été perdu a une ou de multiples repr&esein du genre ? Au sein
du complexeNepenthes rafflesianda variététypica perd sa zone cireuse lors de I'acquisition de la
lianescence, la variéfiganteabien plus tdét dans son développement, alors quariatéelongata
posséde une zone cireuse y compris au nhiveau dersesaériennes (Di Giusgd al, 2009, Gaume &

Di Giusto, 2009a). Que nous apprennent les toutemiipres urnes produites sur I'évolution des
systémes de piégeage du genre ? De telles mottifisadu développement sont-elles un cas isolé au
sein du complex®&epenthes rafflesianau préfigurent-elles un mécanisme evo-devo géraralein

du genre ?

Bonhomme, V., Gaume, L. & Jousselin, E. (in prep.) Origin and evolution of the carnivorous traits

in the genus Nepenthes.
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Introduction

Molecular phylogenies have brought to contempobéoiogy a unigue tool to infer diversification
patterns as well as the opportunity to test hymmbkeconcerning the issue of how ecological

mechanisms drive these patterns.

Carnivorous plants circumvent shortage of nutriemtsthe environments they colonize by
obtaining nutrients through an array of foliar a@déipns associated with the attraction, the captace
the digestion of arthropods (Juniperal, 1989). Carnivory appeared independently at [@éashes in
Angiosperms and is represented today by a divedditgpecialized forms and trapping strategies
displayed in 18 genera. Studies on carnivoroustplare mainly focused on the mechanisms of the
trapping systems in single species or in few sge8@eme studies nevertheless attempt to embrace the
evolution of carnivorous traits in ecological artd/legenetic contexts. For instance Fleishmanal.
(2010) proposed an integrative study on the bioggagcal history of the neotropical genus Genlisea
(Lentibulariceae) and a reconstruction of floratl @arnivorous traits on a well-resolved phylogehy o
the genus (Fleischmaret al, 2010). In the Caryophyllales order rich in caonous species, Gibson
and Waller (2009) modeled the evolutionary stepmftheDroseralike flypaper traps to thBionae/
Aldrovandasnap-traps, whose evolution has likely been dribgrselection towards the capture of
larger prey items (Gibson & Waller, 2009). Earlieleublet al. (2006) have revisited the functional
evolution in Caryophyllales and proposed an evoharypathway from glandular surfaces to flypaper
traps, snap traps, pitchers and also towards spétwi¢ have secondary lost their carnivorous habits
(Heublet al, 2006).

Our study is focused on the evolution of some e@noius characters of the Caryophyllale genus
of climbing pitcher-plantsiNepenthesThis isone of the most species-rich carnivorous genus atith
least 120 species, mainly distributed in SE AsiaRlerson, 2009). Their traps are leaves modified as
pitchers that rely on slippery surfaces and stiflkyds to capture their prey. These pitcher traps
typically have three functional features (Figure Hijst, the ridged peristome that borders the mout
of the pitcher is involved in insect fall througk anisotropic and wettable structure (Bohn & Fleder
2004), the production of floral odors (Di Giustd al, 2010) and the nectar which favors humidity
condensation and insect aquaplaning (Baeteral, 2008). The peristome is separated from the
digestive part of the pitcher by a conductive zat@se inner walls are covered in most of the sgecie
by a waxy layer mainly composed of very-long-chalitehydes (Riededt al, 2003). This waxy zone
is an important retentive device (Juniper & Burrb862, Gaumeet al, 2002, Gaume & Di Giusto,
2009a). The combination of reverse anchorage €Basme et al. 2002), wax roughness (Gorb et al.
2005), fragility of individual wax platelets (Jusipand Buras 1962, Gaume et al. 2004, Riedel et al.

2007), wax chemical interaction with insect’'s adhesnicro-secretions (Gaume et al. 2004) cause
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insect fall and retention within the pitcher. BelaWe basal and digestive zone is filled with aidiac
liquid, the enzymes of which (Jentsch, 1972, Hatahtamada, 2008) and the infauna it hosts (Clarke
& Kitching, 1993) achieve the exodigestion of prBgsides digestion, this fluid has been shown to be
involved in retention, first in the speciék rafflesiana(Gaume & Forterre, 2007, Di Giusti al,
2008), then in numerous other species (Bonhoratrad, submitted td=unctional Ecology distantly

related within the genus (Bonhommeal, in prep.-a, Bonhommet al, in prep.-c).

One of the most intriguing aspects of the biolofthe genusNepenthesind what makes it a four-
star model for evolutionary biologists is that bdtme combination of these devices and the
morphology of the pitchers vary between species #wdughout ontogeny. For instance, the
combination of wax density and viscoelasticity bé tdigestive liquid on a representative subset of
species has been shown to greatly vary betweenesp@onhommeet al, in prep.-c). The species
with a very viscoelastic liquid were not very waagydvice-versaViscoelasticity of the digestive fluid
was shown to be very efficient at trapping botedliand ants, whereas, wax was only efficient at
trapping ants. This suggests that the entomofawesept in the plant’s habitat could be an important
selective pressure on its trapping strategy. Soutkep strategies also exist in the genus: the non-
waxy and non-viscoelastid. ampullariais partly detritivorous (Morart al, 2003); three Bornean
montane species have “toilet-seat’-shaped pitctieas lack a waxy layer and attract tree-shrews,
assimilating their faeces (Chat al, 2010); the non-waxy and non-viscoeladlichicalcaratauses its

symbiotic ant to trap prey (Bonhomragal, 2010).

In addition to these interspecific differences réhis also a level of intra-specific variation: som
species present a morphological and functionahpitaimorphism throughout the plant's ontogeny
(Moran, 1996, Di Giustet al, 2009). This is common in climbing plants (PutzM&oney, 1991b)
and general ilNepenthegitcher plants. Lower (or terrestrial) pitchersosh apertures are directed
towards the plant axis are produced during thessgdporting stage and upper (or aerial) pitcheng st
to differentiate when the plant enters into itsntling phase. The aperture of these upper pitcBers i
generally directed outwards and the tendrils begaifirem are often twisted around a vegetal support
(Figure 1). InN. rafflesianavar. typica, the pitcher dimorphism is coupled with a modifica of its
trapping mechanism. Its lower pitchers bear a waygr which is progressively lost when the plant
ages and starts to produce upper pitchers (GauDe@iusto, 2009a). Interestingly these waxy-lower
pitchers mainly trap ants (Gaume & Di Giusto, 2Q0@ile the non-waxy but highly viscoelastic
upper pitchers have a more diversified prey spéaotlading a number of flying insects (Di Giustb
al., 2008). By contrast, thelongatavariety ofN. rafflesianakeeps the waxy layer throughout plant

ontogeny and mainly captures ants (Gaume & Di GjuaD09a).

In Nepenthesthe exhibition of outlier trapping strategies, @sscribed above, with peculiar

pitcher morphology (Cresswell, 1998) and absendgpital retentive devices is likely to be linked t
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the partly detritivorous or coprophagous habitshef plant species (Moragt al. 2003; Clarkeet al.
2009; Leeet al. 2010). But we do not know for the vast majorityté strictly carnivorous species
how the two typical (Bonhommet al, submitted td~unctional Ecologyretentive devices, the waxy
layer and the viscoelastic fluid, are distributédotughout theNepenthegphylogeny and why we
observe such a diversity. Gaume and Di Giusto @diggested that the waxy layer could be an
ancestral character and that several species batvé¢hke waxy layer at the benefit of a viscoelastic
fluid (Gaume & Di Giusto, 2009b). They also suggedsthat the evolution of new pitcher forms such
as the infundibular (funnel-shaped) form could inkdd to the developmental deletion of the waxy
zone. This study investigates the evolutionary onjstof these two retentive traits (wax and
viscoelasticity) and the diversification dfiepenthes’trapping strategy throughout a molecular
phylogeny of the genus. By mapping these traite ¢m¢ phylogeny we addressed several questions.
1) What are the ancestral character states inghasggand how many times have they been acquired
and lost? 2) Is wax lost during the developmest, do plants that have juvenile pitchers with wax
necessarily have waxy adult pitchers? And if nad,tHese losses occur repeatedly during evolution?
3) Is the acquisition of a viscoelatic digestivguid associated with the loss of wax? 4) Are
acquisitions and losses of wax and viscoelastdtsociated with changes in pitcher morphology? 5)
Is the evolution of these characters (wax and elssticity) associated with peculiar environmental

conditions (e.g. altitudinal range of species)?

Materials and Methods

Measurements of the viscoelasticity of digestive fluids

The measurements of viscoelasticity (VE) have besmed out in July 2009 and July 2010 in
Peyrusse-Massas (France) on the J.-J. Labat'sctiollerecognized in 1995 as the National French
Conservatory of Carnivorous Plants. The liquid 5MNépenthespecies have been sampled on lower
pitchers (their opening dating approximately fromeoweek). Upper pitchers produced when the
plants enter their climbing phase were rarely atdd in the greenhouse but when they were present,
the viscoelastic status (viscoelastic or not) @irttiquid was similar to that obtained for the kw

pitchers.

The viscoelasticity of the mucilage &rosera adelag Drosera madagascariensirosera
rotundifolia and Drosophyllum lusitanicunwas also measured. The latter species belong to two
genera closely related Mepenthesthe genu®roseraand the monotypic genidrosophyllum Since
their leaves produce very little but very stickyaitage, their mucilage was diluted 10 times in wate
For these outgroups, our aim was to test if theilage has a viscoelastic behavior and not to get

guantitative measures.
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The viscoelastic behavior of each liquid was ingesed with the capillary break-up technique
described in Gaume & Forterre (2007) that usesthiiening dynamics of a fluid drop stretched
between two plots. All experiments have been madkomogeneous temperature and hygrometry
conditions (26-28 °C; 60-70%). The recordings wénen analyzed using an ImageJ-R script
(Abramoff et al, 2004, R Development Core Team, 2009) that weldped for this purpose. Each
fluid was tested three times and mean relaxatimediwere calculated as an estimation of the fluid
viscoelasticity. For water, the non-viscoelastigdlof reference, we measured six times the capilla
pinch-off time, i.e the shortest breaking time &ofilament. All measurements were performed under
homogeneous temperature conditions. The relaxdtmes measured for the digestive fluids were
compared using Student$est with the capillary pinch-off time of water.fAiid was conservatively
gualified as viscoelastic, if its relaxation timaswsignificantly longer than the capillary pincti-ixihe
of water withP < 0.01.

Census of the altitudinal range, pitcher morphologies and presence of wax

among Nepenthes species and seedlings

We retrieved for the 120 species described indhest review on the genus made by McPherson
(McPherson, 2009), the altitudinal range, the presef a waxy layer and the pitcher morphology for
lower and upper pitchers. For Bornean and Sumaipaties, information was compared with that
available in the books of Clarke (Clarke, 1997 rkd#a2001).

The altitudinal range of these species was noteldwan categorized their lowland/montane habit
with a 1000 m a.s.l. threshold.

The presence of a waxy layer was recorded for upper lower pitchers on the basis of the
photographs available in the book of McPherson (iWeBon 2009). The waxy layer presents a white
and matt aspect which can unambiguously be idedtifrom photographs. McPherson recognizes
seven different pitcher morphologies (‘amphora-glipbconic’, ‘cylindrical’, ‘ellipsoidal’,
‘globose’, ‘infundibular’, ‘ovate’ and ‘urceolate’out with some overlapping in his species
description. We chose to merge amphora-shaped/@bemad ovate in an ‘ovate’ category and we
retained six other pitcher shapes that in our pointiew better discriminate pitcher shapes: ‘ovate
cylindrical’, ‘globose-cylindrical’, ‘cylindrical’, ellipsoidal’, ‘infundibular’, ‘trumpet-like’, ‘gldose-

infundibular’, ‘trumpet’ and ‘infundibular-cylinddal’ (Table 1, Figure 2).

Thirteen species were discarded from the analyBegpenthes junghuni{lack of reliable
information), N. mantalingajanensigpossibly a synonym afl. mollisand for both of them: lack of
information), N. mapuluensisand N. hirsuta (incongruency between McPherson and Clarke),

paniculataand N. rhombicaulis(lack of information for respectively lower andpgy pitchers)N.

123



vieillardii (ambiguous information for upper pitchend), thorelli (possibly a synonym dfi. smilesi),
N. beccariana(possibly a synonym oN. longifolig), N. argentii that does not appear to have a
climbing stage)N. aristolochoidesandN. klossiwhose pitcher morphologies are very different than

the other species of the genus and would have fbare/o-species class.

Molecular phylogeny, reconstruction of ancestral character states and test of

correlated evolution

To infer character evolution, we used the molecylaylogeny based on ITS DNA data
(Bonhommeet al, in prep.-a) as it was better resolved than reicoctions based on other DNA
markers. The fluid-viscoelastic character and tresgnce of the waxy layer in upper pitchers and
lower pitchers were reconstructed using the MaximBarsimony (MP) optimization criteria
implemented in Mesquite (Maddison & Maddison, 201) the Bayesian ITS tree. We also
reconstructed the evolution of lower and upperhgite morphology. As discussed in the result
section, we reduced the pitcher morphologies teetlzlasses, narrow (ovate-cylindrical, globose-
cylindrical, ovate, cylindrical), infundibular (iahdibular, globose-infundibular, trumpet) and
intermediate. Infundibular-cylindrical and elliptidasses have been discarded from some of the
analyses (see Results) as they can be consider@u iatermediate in both forms and function, they

account for 15 (for lower pitchers) and 16 (for eppitchers) species out of 107.

These reconstructions first allowed the determomatf ancestral character states (for VE and
wax), their number of losses and acquisitions df ageinvestigation of the number of times wax has
been lost and pitcher morphology has changed dtinegdransitions from lower to upper pitcher. We
then tested for several associations between pitthés. We tested whether viscoelasticity and
presence of wax on upper pitchers were negativebp@ated with each other. Further, we also
investigated whether different pitcher forms (inwéy and upper pitchers) were associated with either
wax or viscoelasticity and whether wax losses dutire transitions from lower to upper pitcher were
associated with changes in pitcher morphology. We tested whether the sticky and the waxy
strategy were each associated with different edcodbgonditions by testing associations betweeir the

presence and the altitudinal range of each species.

We thus conducted a formal test of correlated dimiuPagel 1994) between all these characters.
These correlations were investigated using a hikeld ratio test designed specifically for analysing
relationships between two binary characters indoggfenetic context (Pagel 1994). This is achieved
by comparing the fit of two models to the data neppnto the Bayesian ITS tree in Figures 3 and 4
(Pagel, 1994). For each pair of characters tedwenl, models of evolution are considered. In one
model, two traits are allowed to evolve indepenlyent the other; they evolve in a correlated fashi

The hypothesis of correlated change is acceptéteidependent model fits the data better than the

124



model of independent change. Significance is asdassough a Likelihood Ratio (LR) test. A Monte
Carlo simulation is conducted to find the distribatof the LR under the null hypothesis (indepertden
change) in order to find the value of the LR observed for the real data sey¢RPd994). These tests
required to prune the species from the tree fockiae lack information on one or another character
and to solve polytomies by arbitrarily fixing a yelow branch length to unresolved nodes using
Treedit (Rambault & Charleston, 2001).

As our phylogenetic reconstruction was based og balf of the species of the genus, we also
checked the association between characters ded@iime, on the whole genus, using simpliests;
these do not take into account the phylogenetatiogiships of the species and therefore erroneously
treat each species as independent data pointhdugtve an overview of whether these associations
are valid in the whole genus. For each of thesis,teharacters were treated as binary characters (0
absence, 1: presence for wax and viscoelasticityna®drow, 1: infidibular for pitcher shape, O:
<1000m, 1: >1000m for altitude).

Pitchers of seedlings

One of the aims of this study was to understandbtiggn of the viscoelastic fluid and the waxy
layer and test their possible ontogenic lossesimesspecies. We observed in the field that veryngou
Nepenthesndividuals (< 10 cm tall), i.e. seedlings, prodda third type of pitcher, later referred as
‘seedling’ pitcher, that is not a homothetic redurctof a lower pitcher. We described some of these
pitchers in the field, in July-August 2009, on sgpa plants of the specids. bicalcarata N.
ampullaria, N. rafflesianavar. elongata N. rafflesianavar. typica and N. gracilis growing in
sympatry in a mixed peat swamp and heath foredd(¥; 114°35’E) of Brunei Darussalam (northern
Borneo). The number of internodes between the hedeng the pitcher and the cotyledon scars was
estimated. We measured the viscoelasticity of thesders and noted whether they bore a waxy

layer.

Results

Distribution and association patterns of viscoelasticity, wax and pitcher

morphology in the Nepenthes genus

53 out of the 74 digestive liquids tested were aidastic and five species not sampled here are
also reported in the literature to be viscoela@ticPherson, 2009)78 digestive liquids tested were
viscoelastic. This character hence appears to espread in the genus (Table 1). Thirty four oféhe
viscoelastic species have a mean relaxation timeridhan 0.2 s (min = 0.03 s, max 1.14s, mean =

0.24 s, median = 0.11 s), below this thresholdpdraamera is required to assess the viscoelastic
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character of the fluid. The liquids of &liroseraandDrosophyllumalso showed profiles of thinning

characteristics of viscoelastic fluids which comig a preliminary study iBrosera(Erni et al, 2008).

82 species out of 107 species for which we man&meeather the information had lower pitchers
with a waxy layer. Among these 82 species, 23 didhave any wax on their upper pitchers. Among

the 27 species that have lower pitchers lacking, ware had wax on their upper pitchers.

The Figure 2 provides a global view of the disttitw of pitcher forms for both lower and upper
pitchers and the morphological and functional titeorss observed within the genus. Lower pitcher
morphologies are clearly dominated by the ovatedyical form. The infundibular and
ovate/cylindrical forms are the most often obserf@muns among upper pitchers. Ellipsoidal forms
found in lower pitchers are never found among umgiehers. The majority of species do not exhibit a

marked morphological transition as pointed outh®ydiagonal of the matrix.

Chi-square tests revealed that a narrow pitchgresigasignificantly associated with the presence
of waxy zone in upper pitchers while the infunddukhape is almost always associated with the

absence of wax (Table 2).

Table 2 indicates that apart from this associatith viscoelasticity-altitude association is
marginally significant: viscoelastic species teadé more often found in mountainous environments
as already noticed in a previous study (Bonhonehal, in prep.-c). Similarly, the morphology-
altitude association is also marginally significanfundibular pitcher shapes are often associaféu

a mountainous environment.

Phylogenetic reconstruction of ancestral character states and test of correlated

evolution

The Figures 3 illustrates the reconstruction ofeatral states for the presence of a waxy layer on
lower pitchers and upper pitchers and the Figuréhed reconsctruction of ancestral state for the
presence of a viscoelastic fluid inside the pitcAdre presence of a waxy layer in lower pitchers is
unambiguously plesiomorphic, and MP reconstructiorferred 12 transitions for this character
(Figure 3). Our reconstruction suggests that tlseoglastic character is probably also plesiomorphic
and has been lost several times independenthe$ ststimated by MP). Concerning the presence of a
waxy layer in upper pitcher, ancestral charactatestat the root is ambiguous, however our
reconstruction shows that there has been many twaduy transitions for this character: wax has
been lost and/ or acquired in upper pitchers 1Egimuring the evolution of the genus. Concerning
pitcher shapes, our reconstructions suggest teatnbestral shape for lower and upper pitcherds th
narrowed shape and that the changes in shape dbsdrigansitions from lower to upper pitchers have

occurred repeatedly during evolution (15 stepsreded by MP — Figure 3). It must be noticed that
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this phylogeny only gathers 50 out of the 120 sgmediescribed and that this non exhaustive sampling
and the fact that the phylogeny is poorly resolwesmly influence our conclusions. This phylogeny
nevertheless illustrates a global lack of phylogierngustering ofNepenthespecies exhibiting similar

pitcher characteristics, and thus a relative evatatry lability of the traits investigated.

We then performed tests of correlated evolutiomgishe phylogeny (Table 2). The same highly
significant correlation between the presence ofaaywayer and the pitcher morphology appeared in
lower and upper pitchers. The association betweerviscoelasticity of the liquid and the presentce o
a waxy layer in upper pitchers is marginally sigraht: the species with no waxy layer on their uppe
pitchers always have a viscoelastic fluid, bute¢hare a lot of species that have both a waxy lager
their upper pitchers and a viscoelastic fluid whiohkes the correlation only marginally significant
(Table 2, Figure 4). The other striking associai®the association between losses of wax duriag th
transition from lower to upper pitchers and chariggstcher morphology: species that have “narrow”
lower pitchers and “infundibulate” upper pitchelsast systematically lose their waxy layer on their
upper pitcher, and interestingly they also all haveiscoelastic digestive liquid. Other association
between upper pitcher morphology, VE, waxy layemupper pitchers and altitudinal range of species

were not significant according to this test.
Identification of a third ontogenic type of pitcher

Observations on the miniature pitchers of seedlipgaught two important results. First, the
relaxation times measured on the fluid of seedlpitchers revealed that even the species
(N. ampullaria N. bicalcarata N. gracili that were thought to never have a viscoelastic fldo
have a viscoelastic fluid in their early developt@rable 2, Figure 4). Moreover the fluid relaxatio
times measured on these seedling pitchers seera toniger than those measured on the juvenile
pitchers produced later in the plant ontogeny (&dhl2). Similarly, a waxy layer is observed intaé
species investigated, even in species previousiydiit to never bear a waxy layer (Figure 5). Rough
age estimations are given for information and sihdid considered only as indicative data: our aim
was simply to investigate whether the juvenile albtars in these species are shared between species

and are different from the pitchers produced lmté¢he plant’s ontogeny.

Discussion

Viscoelasticity is a plesiomorphic character shared with Drosera and

Drosophyllum

The survey of 75 out of 120 species indicates tiatviscoelasticity of the digestive liquid is a

widespread character within the genus. Viscoel@stitad already been hypothesized to be more
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widespread than previously thought and tNapenthesshould no longer be considered as simple

gravity-based pitfall traps (Gaume & Forterre, 20@nd our data confirm this view.

As suggested by the reconstruction of ancestratacher states, viscoelasticity could be a
plesiomorphic character in the gerlispenthesHowever, a better resolved phylogeny encompassing
more species is necessary to confirm this sugges8onilar behavior of the fluid of the closely
related genera dflepenthesDroseraandDrosophyllum,suggests that it could be a shared character
inherited from their common ancestor and secondé&riindependently lost several times. This view
has also been previously hypothesized (Gaume &eFert 2007, McPherson, 2009) but is here
supported with a phylogeny and observations oersgegnera. The viscoelastic properties used in the
sticky traps produced by the related linea@@®seraandDrosophyllumhave probably conferred an

immediate advantage for the leaves modified afi@itcof theNepenthegancestor.

The third type of pitcher evidenced here, i.e. ¢kedling one, produced in the first ontogenic
stages has a viscoelastic digestive liquid pitchéfe hypothesize that all species of the genus, if
investigated very early in their ontogeny, will éihsuch a viscoelastic behavior on their digestiv

liquid.
Plesiomorphic origin of the waxy layer and its multiple losses

The reconstruction of ancestral character statggesis that the presence of a waxy layer in the
lower pitchers is also a plesiomorphic charactest Mughly similar to the wax of other terrestrial
plants (Barthlott, 1990, Juniper, 1995, Kasethal, 2004, Dragota & Riederer, 2007), the epicuticular
waxy layer of Nepenthesprobably derivates its trapping and structuralpprées from chemical
changes including new constituents and changd®iathundances of shared constituents compared to
non-carnivorous plants (Gaureeal, 2002, Riedeét al, 2003, Gorket al, 2005, Riedekt al, 2007).
The use of epicuticular wax as a retentive devidédpenthess not a unique case among carnivorous
plants and can even be observed in other pitfalhtpl such as the bromeliaBsocchinia reducta
(Givnish et al, 1984) andCatopsis berteroniangGaumeet al. 2004). Investigation of seedling
pitchers suggests that, similarly to viscoelastapprties, plesiomorphic characters are expressad v
early in plant ontogeny. Further phylogenies wilhfirm this hypothesis but loss of wax throughout
ontogeny is likely a derivate character and hasiwed several times. Even if our data indicate an
ambiguous character state at the root of the tihegpresence of wax on the “western” species faand
be the most basal in all phylogenies publishedas¢Meimberg & Heubl, 2006, Bonhomma¢ al, in
prep.-c) supports this hypothesis.
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The link between pitcher form and function

All the pitcher shapes observed in lower pitcheesreever observed in upper pitchers and many of
the possible morphological transitions betweenhgitcshapes are never observed. This suggests that
pitcher shape is under strong mechanical and/astifumal constraints. First, as proposed by Gaume
and Di Giusto (2009) on thidepenthes rafflesianeomplex and confirmed here on the whole genus,
the presence of a waxy zone necessarily implied@rgate-narrowed pitcher morphology (Gaume &
Di Giusto, 2009b). By contrast, the absence ofwlaey zone allows a larger diversity of pitcher
shapes, particularly for upper pitchers that presiéfiferent degrees and forms of ‘infundibularity’.
Our results clearly demonstrate that the loss of dixing ontogeny is accompanied by a change in
pitcher morphology. We can reasonably hypothedia¢ the most efficient position for a pitcher to
trap insects is the vertical positianfortiori when it is covered with a slippery waxy layer. Buten
this layer is absent, the pitcher then relies srflitid to trap insect and the constraint on thehar

shape is thus probably alleviated.

As suggested by the transition matrix, all posstbédasitions are not observed. The tendril that
bears the upper pitchers is systematically circdoted and this may not be neutral as regards the
morphology of these pitchers. Fine characterizatafn pitcher morphology, e.g. geometrical
morphometrics on the pitcher shape, would be at finterest in testing the impact of the tendril

production on the shape of upper pitchers.

The pitcher shapes observed in the genus are pyobaplained by a mixture of mechanical
constraints and adaptive causes. What are thefatiers of selection that can explain part of the

diversity observed?

Causes of the functional and morphological diversity of pitchers in the genus

Nepenthes

The association found between studied traits dstmonhgly support previous results (Bonhomme
et al, in prep.-c) since they show that viscoelasti@tyd wax are not significantly negatively
associated in both the test conducted on all speaied the analysis using the phylogenetic
reconstruction. We must however temper these seshltst, we have used binary characters but
Bonhomme et al. (submitted) showed a tradeoff betweuantitative production of wax and
viscoelasticity (Bonhommet al, submitted td=unctional Ecology. Then, tests that take into account
guantitative measurement of wax and VE as well a®ee exhaustive and better resolved phylogeny
and an exhaustive census on the viscoelastic pgrepaf the digestive fluids, could lead to another

view of the correlated evolution of the traits zald here.
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We did not either observe an association pattetwdmn non-viscoelastic fluids and lowland
species (Bonhomme et al. submitted) but this mightbecause most of the species used for the
phylogeny reconstruction were montane species. ¢leac sampling is for now very biased and again
a more exhaustive and better resolved phylogenlldead to different conclusions. The entomofauna
present in the environment the plant colonizes shapresent an important pressure on the evolution
of its trapping strategy(Bonhomne al, submitted toFunctional Ecology. Ecological studies that
define ecological conditions in a more detailed Weggetation, potential prey spectra) need to be
carried out to explore this question in depth. Westalso keep in mind that the relationships afdra
associated with the carnivorous syndrome are piglaimplex and the carnivorous syndrome also

involves characters, such as the peristome shiagieaite not taken into account here.
An evo-devo model for the evolution of the trapping strategies

“We are all born crazy. Some remain that way3amuel BecketiVaiting for Godot

This also applies to theepenthegpitchers if “crazy is replaced with “waxy” “or \@selastic”. Our
data suggest that plesiomorphic characters (preseh@a waxy layer and a viscoelastic fluid) are
expressed in seedling pitchers and then lost ained throughout ontogeny. A very simple model
illustrates this view and unifies all the dynamafswax and viscoelasticity losses observed so far
(Figure 6). For instance wax and viscoelasticitye dost very early forN.ampullaria and

N. bicalcarata(trajectory A — Figure 6). By contrasdepenthesafflesianavar. typicaloses its waxy
layer during the transition from self-supportinggg to climbing stage (trajectory B — Figure 6)
wheread\. rafflesianavar. elongataalways presents a waxy layer (trajectory C — Fedir(Gaume &

Di Giusto, 2009a). Trajectories C' and C” illusiea hypothetical ontogeny patterns where
wax/viscoelasticity could be partially reduced otatly lost, but later in the plant life. In thisoafel,

all the seedling pitchers are both waxy and visasied and the trapping strategy they exhibit at the
adult age simply corresponds to more or less raptdgenic losses or retention of the waxy layer
and/or the viscoelasticity of their liquidasc — Figure 6). Our census indicates that wax is neve
secondary acquired during ontogeny but has bedeaitidost in at least 23 species (Table 1). These
timings and onsets of the expression of these tietedevices suggest that heterochrony (Gould,
1977) is a possible mechanism for the evolutioneaf pitcher forms and associated trapping strategy
in the Nepenthegienus and could easily explain part of the morpdfichl diversity observed in this
species-rich carnivorous genus (Gaume & Di Giugf@)9b). The main concept of such evo-devo
models is that little developmental changes cad leamajor functional shifts, here illustrated for
example as the deletion of the waxy layer in theherr developmental pattern which leads to new
pitcher form and function (Gaume & Di Giusto, 20R9%n exhaustive census of seedling pitchers, the

recording of the fluid behavior for the upper péch of allNepenthespecies and the remaining lower
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pitchers would allow to test the hypothesis thatilarly to the waxy layer, viscoelasticity is neve

acquired but can be lost more or less early througbntogeny.

Studies on the dynamics of the developmental lbfiseowaxy layer will refine the simplistic evo-
devo model presented here. ‘Node by node’ monigooina larger number of species throughout their

ontogeny will permit to test the validity of thisoahel.
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Species Altitude Lower pitcher Upper pitcher Species Altitude Lower pitcher Upper pitcher
Waxy layer Shape RT (s) Waxylayer Shape Waxy layer Shape RT (s) Waxy layer Shape
N. adnata montane yes cyl - yes cyl | N. macrophylla montane yes cyl 0.04 yes cyl
N. alata montane yes ov-cyl 0.04 yes ov-cyl N. macrovulgaris lowland yes cyl NonVE yes cyl
N. alba montane yes glob-cyl - yes glob-cyl | N. madagascariensis lowland yes ov-cyl  NonVE yes ov-cyl
N. albomarginata lowland yes cyl 0.03 yes cyl | N. masoalensis lowland yes ov-cyl - yes ov-cyl
N. ampullaria lowland no ov NonVE no infun | N. maxima montane yes cyl 1.04 no infun
N. angasanensis montane yes ov-cyl - yes ov-cyl | N. merrilliana lowland no ellip NonVE no infun
N. argentii montane no infun 0.20 N. micramphora montane yes glob-cyl - yes glob-cyl
N. aristolochioides montane no infun-narrow 0.17 no infun- | N. mikei montane yes ov-cyl NonVE yes ov-cyl
N. attenboroughii montane no infun VE no “infun | N. mindanaoensis  lowland yes glob-cyl  0.03 yes glob-cyl
N. bellii lowland no ellip 0.05 no infun | N. mira montane no ellip 0.16 no infun
N. benstonei lowland yes glob-cyl NonVE yes glob-cy| N. mirabilis lowland yes ov-cyl  NonVE yes cyl
N. bicalcarata lowland no ellip NonVE no infun-cyl| N. muluensis montane yes ov-cyl - yes ov-cyl
N. bokoriensis lowland yes ov-cyl 0.08 no infun-cy] N. murudensis montane yes glob-cyl - yes glob-cyl
N. bongso montane yes ov-cyl 0.13 no infun | N. naga montane yes ov-cyl - yes infun-cyl
N. boschiana montane yes ov-cyl NonVE yes ov-cyl| N. neoguineensis lowland yes ov-cyl 0.15 yes infun-cyl
N. burbidgeae montane no ellip 0.64 no infun | N. northiana lowland yes ellip NonVE no infun
N. burkei montane no ov-cyl 0.03 no glob-infuN. ovata montane no infun-cyl 0.23 no infun
N. campanulata lowland yes glob-cyl 0.28 yes infun | N. papuana lowland yes ov-cyl - yes ov-cyl
N. chaniana montane yes ov-cyl NonVE no infun | N. peltata montane no ov - no ov
N. clipeata lowland yes glob-cyl NonVE yes glob-cy| N. pervillei lowland yes glob-cyl 0.26 yes glob-cyl
N. copelandii montane yes cyl 0.46 no infun | N. petiolata montane yes glob-cyl 0.12 yes glob-cyl
N. danseri lowland yes ov-cyl 1.00 yes infun-cyl N. philippinensis lowland yes ov-cyl - yes ov-cyl
N. deaniana montane no ellip - no infun N. pilosa montane yes ov-cyl - no infun
N. densiflora montane no ov-cyl 0.07 no infun | N. pitopangii montane yes ov-cyl VE no trump
N. diatas montane yes ov-cyl NonVE yes ov-cyl| N. platychila montane yes ov-cyl - no infun
N. distillatoria lowland yes ov-cyl 0.03 yes ov-cyl| N. rafflesiana lowland yes ellip 0.53 no infun
N. dubia montane no infun-cyl 0.90 no trump| N. rajah montane no ellip 0.14 no infun
N. edwardsiana montane yes ov-cyl - yes ov-cyl | N. ramispina montane yes ov-cyl  NonVE yes infun-cyl
N. ephippiata montane no ov-cyl NonVE no glob-infyrN. reinwardtiana montane yes ov-cyl 0.05 yes ov-cyl
N. eustachya montane yes ov-cyl NonVE yes ov-cyl| N. rhombicaulis montane yes ov-cyl - - -

132



Species Altitude Lower pitcher Upper pitcher Species Altitude Lower pitcher Upper pitcher
Waxy layer Shape RT (s) Waxylayer Shape Waxy layer Shape RT (s) Waxy layer Shape
N. eymae montane yes ov-cyl 0.10 no trump| N. rigidifolia montane yes ov-cyl - yes infun-cyl
N. faizaliana montane yes ov-cyl NonVE yes ov-cyl| N. rowanae lowland yes ov-cyl - no infun-cyl
N. flava montane no infun VE no trump | N. sanguinea montane yes ov-cyl 0.08 yes infun-cyl
N. fusca montane yes cyl 1.14 no infun | N. saranganiensis montane yes ov-cyl - yes ov-cyl
N. glabrata montane yes ov-cyl 0.09 yes infun-cyN. sibuyanensis montane no ellip 0.23 no infun-cyl
N. glandulifera montane yes ov-cyl - no infun N. singalana montane yes ov-cyl 0.04 yes ov-cyl
N. gracilis lowland yes ov-cyl NonVE yes ov-cyl | N. smilesii lowland yes ov-cyl - yes cyl
N. gracillima montane yes ov-cyl 0.04 yes ov-cyl N. spathulata montane yes ov-cyl 0.34 yes ov-cyl
N. gymnamphora montane yes ov-cyl 0.04 yes cyl | N. spectabilis montane yes ov-cyl 0.41 yes infun-cyl
N. hamata montane yes ov-cyl 0.03 yes ov-cyl N. stenophylla montane yes ov-cyl 0.03 yes infun-cyl
N. hispida lowland yes glob-cyl - yes glob-cyl | N. sumatrana lowland yes ellip - no infun
N. hurreliana montane no infun - no infun N. surigaonensis montane no ellip - no infun
N. inermis montane yes ov-cyl 0.27 no trump| N. talagensis montane no infun 0.45 no infun
N. insignis lowland yes ov-cyl 0.06 no infun-cyl N. tenax lowland yes ov-cyl - yes infun-cyl
N. izumiae montane yes ov-cyl - yes ov-cyl | N. tentaculata montane yes glob-cyl 0.06 yes glob-cyl
N. jacquelinae montane no infun VE no infun N. tenuis montane no infun 0.75 no trump
N. jamban montane no infun VE no trump | N. thorelii lowland yes ellip no infun
N. kampotiana lowland yes glob-cyl - yes glob-cyl | N. tobaica montane yes ov-cyl 0.24 yes ov-cyl
N. khasiana montane yes glob-cyl 0.05 yes glob-cyIN. tomoriana lowland yes ov-cyl 0.03 yes infun-cyl
N. kongkandana  lowland yes ov-cyl - yes cyl N. treubiana lowland yes ov-cyl - no infun-cyl
N. lamii montane yes ov-cyl 0.11 yes infun-cyN. truncata lowland yes ov-cyl NonVE no eyl
N. lavicola montane yes ov - yes ov N. veitchii lowland yes ellip 0.03 no infun
N. lingulata montane yes cyl - yes cyl N. ventricosa montane no glob-infun  NonVE no glob-infun
N. longifolia lowland yes ov-cyl 0.41 yes ov-cyl| N. vieillardii lowland yes ov-cyl 0.07 - -
N. lowii montane yes ov-cyl NonVE no glob-infum. villosa montane yes ov 0.15 yes infun-cyl
N. macfarlanei montane no infun 0.09 no infun | N. vogelli montane yes infun 0.05 no infun
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Tables

Table 1 (previous page): Species and characters used in this study. Relaxation time (RT) are
proportional to viscoelasticity, those indicated VE are reported by McPherson to have a viscous

fluid (McPherson, 2009).

X2 all species (1 df) Pagel's test on ITS phylogeny

Character
associations Sense of ) _ - _

association X df P= N  Alog(likelihood) P =
VE — wax UP VE+/non-waxy 76 014 1 0.71 43 1.53 0.09
VE - shape UP VE+/infundibular 74 0.41 1 0.52 36 1.56 0.19
Wax LP- shape LP  Waxy+/narrow 105 30.28 1 <0.001 45 6.17 <0.01
Wax UP - shape UP  Waxy+/narrow 89  73.39 1 <0.001 43 25.1 <0.01
Loss of wax- change non-waxy/  gg 3420 1  <0.001 43 9.44 <0.01
in pitcher Shape infundibular
Shape UP - Altitude narrow/lowland 88 3.07 1 0.08 50 1.29 >0.5
VE - Altitude VE+/montane 76 3.85 1 0.05 43 0.81 >0.5
Wax UP- Altitude  1or-waxy/ montane 107 0.91 1 0.34 50 1.4 >0.5

Table 2: Dependence tests calculated on all species (X?) and using the ITS phylogeny (Pagel’s

test). UP stands for upper pitchers, LP stands for lower pitchers.
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Species E§timated age Re_laxation
(internodes) time (s)
N. ampullaria 10 2.80
N. ampullaria 15 0.50
N. ampullaria 30 0.10
N. ampullaria 35 0.00
N. bicalcarata 10 0.34
N. bicalcarata 15 0.00
N. bicalcarata 20 0.00
N. gracilis 15 0.10
N. gracilis 25 0.10
N. gracilis 35 0.10
N. rafflesianavar. elongata 20 1.40
N. rafflesianavar. elongata 25 1.80
N. rafflesianavar. elongata 30 0.40
N. rafflesianavar. elongata 30 0.50
N. rafflesianavar. elongata 8 1.00
N. rafflesianavar. elongata 10 4.00
N. rafflesianavar. elongata 15 4.40
N. rafflesianavar. typica 20 10.70
N. rafflesianavar. typica 25 0.90
N. rafflesianavar. typica 30 12.00

Table 3: List of the seedling pitchers whose relaxation time has been measured.
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Figures
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Figure 1: Example of pitcher dimorphism in Nepenthes rafflesiana var. typica. Most of
Nepenthes plants are vines characterized by a pitcher-dimorphism, with young rosettes or self-
supporting stages exhibiting terrestrial pitchers of the lower’ type, and older climbing stages
exhibiting aerial pitchers of the ‘upper’ type. In Nepenthes rafflesiana, the ‘lower’ pitchers are
ellipsoidal and/or elongate while the ‘upper’ pitchers are infundibular. This pitcher shape
polymorphism is associated with a polymorphism concerning the functional zones. In Nepenthes
rafflesiana var. typica, ‘lower’ pitchers of young plants bear a slippery waxy zone. This character
is lost throughout ontogeny and ‘upper’ pitchers never bear a waxy zone. Red bars correspond to

5cm.
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Figure 2: Transition matrix for pitcher morphologies and associated retentive devices. Dot
represents single species transition from a peculiar lower pitcher morphology (left) to an upper pitcher
morphology (top). The numbers of species that did not change in pitcher morphology throughout
ontogeny are found in the diagonal of the matrix. Filled orange dots correspond to species that lost their
waxy layer throughout ontogeny; empty orange dots correspond to species that do bear a waxy layer
neither in lower nor in upper pitchers. Filled blue dots correspond to species whose both lower and upper
pitchers possess a waxy layer. The number of transitions is resumed in the table and their frequency for
each pitcher shapes are indicated in the histograms. The thinner bars correspond to the number of species
reported to possess a viscoelastic digestive liquid (black) on their lower pitchers out of the number of
species available for each pitcher shape (whole rectangle). The waxy layer could be lost but is never

acquired throughout ontogeny.
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Figure 3 (previous page)Reconstruction of ancestral character statesrésgnce of a waxy layer in
lower (left) and in upper (right) pitcher and fdretassociated pitcher shape. Reconstruction of the
ancestral states is drawn using Maximum Parsimguiynization criterion. Pitcher shapes have been
reduced to three categories: narrowed, infundibatat intermediate, the latter have been excluded
from the correlation analysis. Almost all lowergbiers present a waxy layer that has been lostaever

times in upper pitchers.
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Figure 4: Reconstruction of ancestral character states for presence of a viscoelastic fluid and for the
associated presence of a waxy layer and ecology. Reconstruction of the ancestral states is drawn using
Maximum Parsimony optimization criterion. Pitcher shapes have been reduced to three categories:
narrowed, infundibular and intermediate, the latter have been excluded from the correlation analysis. The
presence of a viscoelastic fluid is a plesiomorphic character lost several times. There is tendancy for the
species that are not viscoelastic to bear a waxy layer. Altitude is not associated with the presence of a
viscoelastic fluid or a waxy layer in upper pitcher on this phylogeny.
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Figure 5: Nepenthes ampullaria (left) and N. bicalcarata (right) present waxy walls and
viscoelastic fluid in their ‘seedling’ pitchers. These species, which never bear a waxy layer (up)
and do not have a viscoelastic fluid (down and Table 2) at the ‘lower pitcher’ juvenile stage are
here reported to possess these two characters on their pitchers at the seedling stage, but which
are lost quite early in plant ontogeny. Arrows indicate the frontier between the digestive and the

conductive zones. The white bar corresponds to 5 mm for all pictures.
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Value of trait
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Figure 6: A developmental model that gathers the different patterns of loss or retention of
carnivorous traits throughout ontogeny. The y-axis refers to the presence of a viscoelastic fluid
or the proportion of the waxy layer to the total pitcher length; the x-axis refers to the plant
ontogeny (e.g. the number of internodes since germination). Three ontogenic stages are
represented including the ‘seedling’ stage evidenced here. The different trajectories represent
patterns described so far: A corresponds to the lost of the waxy layer and the viscoelastic fluid
for N. ampullaria and N. bicalcarata, B corresponds to the loss of wax in N. rafflesiana var.

elongata versus A that represents its retention in the variety typica (Gaume & Di Giusto, 2009).
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CONCLUSION

Cette thése fait le lien entre deux approches,edjpart I'étude des mécanismes de piégeage et de
développement de quelques espéces et d’autreagatnyylogénie moléculaire du genre, nous a permis

d’ébaucher I'histoire évolutive du genMepenthest de la diversification de ses mécanismes de

piégeage. Nous allons résumer ses principaux aésufiuis faire un tour d’horizon des limites e$ de

perspectives qui émergent de ces travaux.

Diversités fonctionnelle et développementale du genre Nepenthes

Plusieurs stratégies de piégeage existent au sein du genre et la plus efficace est

celle qui emploie un fluide viscoélastique

Le Manuscrit 1.1 met en évidence plusieurs résultats majeurs pogehre, représenté par un
sous-jeu sélectionné pour couvrir I'ensemble died'de répartition, des modes de vie et des formes
de piége. Nous avons montré dans ce genre en oimidd présence d'espéces tres cireuses et
d’especes trés viscoélastiques. Le caractere Vastapie n'est donc pas I'apanageMlerafflesiana
chez qui il a été mis en évidence pour la premi@ie La quantité de cire produite est également
variable : certaines especes sont trés cireusesreatres peu. Mieux : parmi les taxa étudiés, les
especes les plus viscoélastigues sont les moimuses et vice-versa. Ces résultats suggerent
fortement I'existence pour la plante d’tmade-off I'investissement dans une zone cireuse épaisse se
faisant au détriment d’'un liquide tres viscoélastiqLa variabilité des mécanismes de rétention
employés ne prend du relief que si elle est mispegapective avec son influence sur le piégeage.
Nous avons donc cherché a comprendre quels soneffets respectifs de la cire et de la

viscoélasticité du liquide sur les insectes quewrapt lesNepentheslans leur milieu.

L’efficacité du liquide viscoélastique et celle de la zone cireuse different selon les

insectes

Dans le méméanuscrit 1.1 les taux de rétention des deux principaux typ@ssdttes capturés

sur le terrain, des fourmis et des mouches, ontrééen lien avec la description précédemment
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évoquée des stratégies de piégeages. Nous montrerigfficacité rétentive de la zone cireuse et du
liquide viscoélastique dépend du type d'insectegié le liquide viscoélastique retient trés
efficacement mouches et fourmis alors que la ceteptus efficace sur les fourmis que sur les
mouches. Ces résultats sont les premiers qui niettedvidence sur plusieurs espéces le lien entre
caractéristique du pieégeet spectre de proies CGasdtats, mettent a jour les pressions de sélection
exercées par I'entomofaune présente dans I'envenmient de la plante sur I'évolution de son

mécanisme de piégeage.

Ces résultats expérimentaux sont par ailleurs oug8 par la description des spectres de proies
des especes du Brunei. Les travaux de ChristinexA{Alaux, 2010), co-encadrée par Laurence
Gaume et moi-méme, montrent par I'analyse et lifieation des contenus d’urnes de trois espéces
de Nepenthesiivant en sympatrie dans les foréts tourbeuse8rdmei queN. gracilis aux urnes
cireuses dépourvues de liquide viscoélastique uoamuasi-exclusivement des insectes rampants. A
linverse, les urnes terrestres Ne rafflesianavar. typica cireuses et au fluide élastique, capturent
une plus grande diversité d’'insectes. Les urndésra@s non-cireuses et au fluide tres élastigua de
méme espece, capturent la plus grande diversitisaties observée a ce jour, et notamment une
grande proportion d’insectes volants. La derniégeee dont les contenus d’'urnes ont été décrits est
N. bicalcarata qui capture également quasi-exclusivement dexias rampants, qui n’est ni cireuse,
ni viscoélastique. Elle est revanche en associaim@t une fourmi et nos travaux ont cherché a
clarifier la nature de linteraction entre la plantarnivore et sa fourmi symbiotique. L'étude
comparative des spectres de proies de différesspeces dé&epenthessemble donc étre une
perspective importante de nos travaux qui peraiette confirmer nos hypothéses concernant le role
de I'entomofaune sur I'évolution des caractériggudes urnes. Ces études cependant sont
fastidieuses car elles nécessitent I'identificatin proies parfois & moitié digérées. Des méthodes
d’identification moléculaires a partir des débrsupaient représenter une application des avancées
des programmes dearcoding mais ces méthodes nécessiteraient néanmoins des @mu point

techniques afin d’amplifier de 'ADN probablemerégiadé.
Une stratégie de piégeage alternative : I'association avec une fourmi mutualiste

Nous avons observé sur le terrain que les fourmiguatistes deNepenthes bicalcarata
attaquaient les insectes tombés dans l'urne puiss rvons montré dans Iklanuscrit 1.2
{Bonhomme, in press. #1276} que la stratégie dggnée dé\. bicalcaratarepose sur la présence et
l'activité de chasse de cette fourmi. Nous avons em évidence I'existence d’'un mutualisme de
nutrition entre la plante et sa fourmi et montr& ¢jnébergement d’'une fourmi mutualiste constitue
une nouvelle stratégie de piégeage pour le gdapenthesNos résultats n'excluent pas la possibilité
gue la fourmi offre d’autres types de bénéfices plante, mis en évidence par d’autres études, a
savoir la protection des pieges actifs contre ldarébaction et la protection des pieges en
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développement contre les attaques d'un charancgtogtage spécifique. lls clarifient méme le
paradoxe d'une fourmi mutualiste chez une plantaigare. Camponotus schmitzi’est agressive
envers les visiteurs de sa plante-hote que lodsgeont tombés dans 'urne, ou elle passe le péis ¢

de son temps cachée en embuscade sous le périgmmmttant ainsi la visite de nombreux insectes
attirés par le nectar extrafloral et constituarg peies potentielles. Par son comportement desehas
en embuscade, la fourmi augmente le taux de cagtute plante. Donc en plus du gite dont dispose
C. schmitzidans les vrilles creuses et les urnes, et du mgataé qu’elle consomme, elle bénéficie en
permanence d'un stock de protéines a portée de imdes. La fragmentation des proies de
Nepenthes bicalcaratet la présence vraisemblable de faece€.dehmitzidans les urnes suggerent
gue ces fourmis mutualistes participent au procedsudigestion des proies et se substitueraient aux
enzymes de type Nepenthesin dont 'absence esegimgar la faible acidité du liquide chez cette
espéce. Les premiers résultats de I'analyse cotiyagui tentera d’établir le lien entre les stopgd

de piégeage, I'attraction des visiteurs et la philggie des urnes des especes du Brunei montre en
effet que les changements de stratégies de piégpageent s'accompagner de changements dans la

physiologie des piegeafinexe 4.

Comme discuté dans le Manuscrit Il, la plupart tleis atypiques d&l. bicalcarata(longévité
des urnes, tendrils creux, absence de surfaceseiretude liquide viscoélastique, etc.) semblerd tou
étre bénéfiques @. schmitziPar ailleurs certains traits des fourmis (nagessh&n embuscade, etc.)
semblent eux aussi particulierement « adaptés eura dssociation avec leurs plantes héte. Ceci
suggeére qu’il peut exister une coévolution entsedeux partenaires qui inclue méme des adaptations

physiologiques des urnes et des fourmis.
Contraintes développementales sur la production d’urnes

Un des objectifs de cette thése était de fournpriamiére description architecturhldu genre
NepenthesNous avons finalement utilisé les concepts dechiidecture végétale pour étudier les

contraintes développementales sur la productiomd&idans deux contextes indépendants.

Premierement, nous avons les données nécessdireescription des modalités de croissance et
les activités des compartiments carnivore et plyotbgtique au cours de I'ontogénie des especes du
Brunei. Le cadre de cette étude déborde de celoetle these mais pour les données présentées dans
le Chapitre | en lien avec notre problématiqueerrehs que les espéces du genre présentent des
modalités de croissance différentes et que l'adéprisde la lianescence est reliée a une diminution

du nombre d'urnes fonctionnelles produites, au fiéméprobable d'un investissement dans la

* L'architecture végétale étant égaleméntomaine de spécialité du laboratoire AMAP, hisfoement

fondateur de la discipline et actuellement leadendial dans le domaine.
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croissance de tiges vrillées impliquées dans laduage de la liane sur des supports végétaux

environnants (Annexe 2).

Deuxiemement, puisque les especeddpenthesont dioiques et entomogames, la nécessité de
produire des urnes lourdes et de les maintenir esukes n’'est pas le seul «challenge »
développemental. En période de floraison, les tesesont utilisés par les plantes carnivores comme
proies mais aussi comme pollinisateurs. On s’attet comme discuté dansN&nuscrit 1.3 a ce
gue des mécanismes minimisent ce conflit évolydedé conflit pollinisateur-proie. Nous montrons
pour la premiére fois chdgepenthesqu’'un mécanisme développemental bapited-and-goexiste
et permet de minimiser le conflit pollinisateurqgrgpar un double décalage spatial et temporel de
I'activité des urnes et des fleurs. Spatial, ces e la floraison, les urnes fonctionnelles s@ntss
plus loin de 'apex ou la floraison a lieu, et queen’est pas le cas en dehors des périodes desflora
Temporel, car le développement des urnes prochkagex est en fait arrété au moment de la
floraison pour étre repris de fagcon synchrone amend de la fructification. Ce mécanisme original
permet donc de minimiser le conflit pollinisateuoig sans pour autant diminuer I'activité globale
des organes carnivores puisque les urnes sontesimpk mises en pause durant la floraison. La
production de pieges actifs n’est donc pas graelnelht échelonnée dans le temps comme pendant la
période végétative mais momentanément restreintg ptre simultanément réactivée aprés la
floraison. L'arrivée massive de nutriments qui ésulte coincide en effet avec la fructificatiorleet
ramification sympodiale. Une perspective seraitatger le role de l'inflorescence dans l'inhibition
des bourgeons apicaux. Si I'inhibition du développat des urnes est causée par les inflorescences,
alors des expériences de castration de la planteidat pouvoir mettre en évidence une levée
d’inhibition. Apres cette parenthese développementeus allons décrire le deuxieme temps majeur
de cette thése, I'obtention d’'une phylogénie mdbioei et la reconstruction de I'histoire évolutide

genre.

Histoire évolutive du genre et mécanismes a l'origine de sa

diversité

Vers une phylogénie moléculaire résolue

Les premieres phylogénies moléculaires du genrentalu début du siécle mais aucune n’'était
vraiment résolue a ce jour. Un des objectifs deedbise était d’obtenir une phylogénie moléculaire
suffisamment résolutive pour, au-dela de son iniéténseque, retracer I'histoire des caractengis g

ont conduit a la diversité fonctionnelle mise eitdéxce dans le Chapitre I.
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Nous confirmons que l'obtention d’'une phylogénielécalaire résolue pour le genre tient
presque autant de la quéte du Saint Graal quetdiuail de paillasse. Le genNepenthegonjugue
les difficultés suivantes : faible taux d'évolutide 'ADN chloroplastique, hybridations fréquentes,
niveau de ploidie incertain, identifications taximques douteuses, statut spécifique attribué ssir de
criteres morphologiques non seulement hétérogeaeségalement probablement homoplasiques car
impliqgués dans les mécanismes de piégeage, dynandigulescription de nouvelles espéces quasi
exponentielle , et difficulté d’alignement des séoges ADN des groupes externes. Nous présentons
malgré tout dans I&anuscrit 1.1 les phylogénies obtenues a partir de 6 empreiAtes?, 4
marqueurs chloroplastiquesp$16 trnL, trnD, ycf6) et I'ITS nucléaire, qui complétent celles
actuellement disponibles. Nos données AFLP montreaticoup d’homoplasie et ce jeu de données
devra probablement étre réanalysé apres avoinétiplété (en ajoutant des empreintes par exemple).
L'analyse combinée n'a pas été possible, du falthdtérogénéité des données obtenues dans chacun
des six jeux de marqueurs (4 cpDNA, ITS, AFLP) niess600 bp de I'I'TS sont finalement les plus
prometteuses. Des marqueurs supplémentaires steggaires afin d’obtenir une phylogénie résolue.
En perspective, les ET®xXternal transcribed spackgrsituées a proximité des ITS dans le génome et
ayant été utilisées plusieurs fois comme donnéewplgmentaires des ITS dans des phylogénies de
genres de plantes (e.g. Logacheva et al. 2010Yyqient étre testés. Les avancées récentes dans les
programmes de barcoding des plantes (Hollingswetrtll.2009 a et b) pourraient également révéler
des marqueurs potentiellement informatifs afindékoudre les phylogénies au niveau intra-genre chez
les plantes. Les phylogénies obtenues ne sont yféisastes pour décrire le détail de I'histoire
biogéographique du groupe dont I'histoire géologigst mouvementée et complexe : composée de
changements rapides (les iles des Phillipines, ataé®, de Sumatra et la Péninsule Malaise sont
périodiqguement reliées entre elles par des pontsrdes mais isolés par la ligne de Wallace des ile
plus au sud) et de mouvements géologiques plus I@gtachements et déplacements de blocs
continentaux). Nous retrouvons certains groupegrgdhiques sur ces phylogénies mais certaines
espéces se trouvent également apparentées a dpeg@ssez éloignées géographiqguement, ce qui

suggere des scénarios biogéographiques richeseem@ents.

La phylogénie ITS a fourni la phylogénie utilisenddeManuscrit 1.2 qui fait d’'une part le lien
entre I'évolution morphologique et fonctionnellesdespéeces du genre et propose d'autre part un

mécanisme évo-dévo pour expliquer les diversitaselies.
Origine et évolution des caracteres liés a la carnivorie

Apres avoir réalisé a I'échelle du genre I'invergaéxhaustif de la forme et de la présence d’'une zo
cireuse sur les urnes du bas et des urnes du aastial littérature, mesuré le caractére viscoglaesti

de toutes les espéces présentes dans la colledioiean-Jacques Labat, résumé I'écologie des
espéces avec la répartition altitudinale, nous sivenonstruit I'évolution des traits impliqués déas
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piégeage et testé les relations entre chacun deaitss Ces reconstructions sont encore incersailoe
fait de la faible résolution de la phylogénie mplasieurs résultats apparaissent de facons assez

soutenue.

Le caractére élastique est présent dans la majbegéespeces mesurées (50 sur 71) et présent
dans au moins 5 autres espéces (McPherson, 2030k donc fort a parier que la majorité des
especes du genre soit viscoélastique et ce caract®mble par ailleurs plésiomorphe : la
reconstruction par parcimonie sur I'arbre obtenpaétir des données ITS suggére que de I'état
ancestral est « un liquide VE ». De plus ces pébgsi sont vraisemblablement héritées d’'un ancétre
commun avec les genres fréres mais morphologiquetnes différents deNepenthegjue sont
Drosera et Drosophyllum dont les feuilles & glue vraisemblablement awsstoélastiques sont
également des pieges carnivores. L’absence deddéiquiscoélastique chez certaines especes
correspondrait donc a une perte évolutive et gettte se serait produite a plusieurs reprises, et

indépendamment, au cours de I'évolution.

La présence d'une zone cireuse chez les urnes wuehau bas, est également un caractere
plésiomorphe. Alors que 4/5 des espéeces présetdsntirnes terrestres avec une zone cireuse, au
moins 23 especes perdent cette zone cireuse asl @elieur ontogénie. La perte ontogénétique de la

zone cireuse s’est produite plusieurs fois et irddamment au cours de la diversification du genre.

L'hétérophyllie ontogénétique et fonctionnelle miseévidence par Laurence Gaume et Bruno Di
Giusto suN. rafflesianan’est donc pas un cas unigue et leurs hypothésegemant le lien entre la
forme et le fonctionnement du piege sont validéééchelle du genre : les especes présentant une
forme d’'urne allongée sont quasi-exclusivementusies, celles dites infundibulées ou en forme
d’entonnoir en sont quasiment toutes dépourvues.db@ngements morphologiques marqués entre

urnes du bas et urnes du haut sont d’'ailleursrf@te associées a la perte de la zone cireuse.
Pressions de sélection a l'origine de la diversité fonctionnelle du genre

Si le lien entre la forme et la fonction des urees clairement établi, cela n’explique pas pour
autant quelles pressions de sélection sont a ifmride cette diversité morphofonctionnelle. Si une
tendance émerge de la grossiére et partielle repaton que nous pouvons seulement nous faire de
I'histoire évolutive d'une lignée, alors on peue(p-étre) espérer tenir 'une des explications mag
de son évolution. Poudepenthesl’absence d’'un liquide viscoélastique est pléxjfrente chez les
espéces de plaine que chez les espéces de moriddgnascrit 11.2), et les especes ou la zone

cireuse est absente sont les plus viscoélastityesuscrit 1.1).

Tout d'abord, s'il parait évident que le piege ssus tres forte sélection chez les plantes

carnivores, il est plus délicat de déterminer pgusystéeme de piégeage donnég, par exemple pour les
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urnes deNepenthesquelles sont les pressions de sélection qui deedua la diversité observée.

Plusieurs hypothéses non exclusives peuvent néasnéie proposées. Premiérement, le liquide
viscoélastique est tres efficace pour capturerinigsctes rampants et volants, alors que la cire est
surtout efficace pour retenir dans l'urne des itesederrestres. La proportion d’insectes volants
semble plus importante dans I'entomofaune raréfEe montagnes tropicales donc I'investissement
dans un liquide viscoélastique plutét que dansifa €avererait plus rentable pour la plante. Par
ailleurs, une zone cireuse suffirait, quant a élpjéger les fourmis tres abondantes dans lesg3lai

tropicales et donc a satisfaire les besoins nfstdi la plante.

Une perspective serait de tester s'il existe um lentre la durée de vie des urnes et la
viscoélasticité des urnes. Alors que le liquideciglilie au cours de la premiére semaine et que
I'acidité semble maintenue ensuite tant que I'vese fonctionnelle, il semble gu’un pool initial de
polyméres soit produit et fonctionnel au moment'deaverture de l'urne et que la viscoélasticité ne
cesse de décroitre au cours de la vie de 'uArnéxe 4 et des urnes de plus d'une semaine
auxquelles on substitue le liquide viscoélastigailede I'eau ne seront jamais plus trés viscoélassiq
(obs. perg. Si ce patron est général, les urnes d’espesesélastiques et fonctionnelles plus de 60
jours ne peuvent sans doute plus compter apres pétiode sur la moindre viscoélasticité de leur
liquide. On peut donc s’attendre a ce que la ptuges urnes uniquement élastiques aient des durées
de vie relativement courtes. De la méme facon @elihble exister des stratégies architectunakds
K, il existe peut-étre des stratégies différentesda combinaison durée de vie / fonctionnement des
urnes. De la méme facon, s'il est confirmé qu'y @& pas de « maintien » de la viscoélasticité au
cours de la vie de l'urne, alors I'hypothése préoéeent émise d'une forte viscoélasticité initiale

pour parer & la dilution par I'eau de pluie sentblér (Gaume & Forterre, 2007).

D’'une facon générale on peut s'attendre d’'une pagé que la spécialisation des stratégies de
piégeage soit influencée par un mélange de fackeotisues et abiotiques, et d’autre part a ce ggr’'u
description écologique plus subtile que la catégdion binaire plaine/montagne permette de mieux
comprendre cette spécialisation. En résumé, établiren causal qui dépasse la corrélation entre la
structure de I'entomofaune et la sélection pour stnatégie donnée, est un défi que les tendances

observées ici incitent a relever.
Ontogénie et phylogénie : un mécanisme évo-dévo pour expliquer ces diversités

Nous avons discuté des pressions de sélectiontannment de celles exercées par I'entomofaune,
gui peuvent expliguer pourquoi nous observons\ardité fonctionnelle actuelle, mais nous n’avons

pas encore proposé de mécanisme qui expliqguerainemt cette diversité est apparue.
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La labilité observée dans les changements de éagactuggére que la forme et le fonctionnement
des urnes ne sont pas excessivement contraintsgemdtiquement. Par ailleurs, les changements de
forme et pertes de la zone cireuse se sont progluisseurs fois au cours de I'évolution du genre.
Ceci suggére qu’'un mécanisme développemental pedraeapter la stratégie de piégeage aux

pressions de sélection locales.

Nous proposons en conclusion un mécanisme évo-gévexplique, grace aux reconstructions
phylogénétiques et ontogénétiques, I'histoiréétolution développementale des caractéres clés de
la carnivorie. Les premiéres urnes post-cotylédesaile toutes les espéces observées jusqu’ici sont
viscoélastiques et cireuses. Ces caracteres jegéeilplésiomorphes peuvent étre retenus ou perdus
plus ou moins rapidement au cours de I'ontogénieda phylogénie. Ce mécanisme repose sur des
hétérochronies, c'est-a-dire des changements dangielsse ou dans lI'expression des séquences
développementales. Pour le complé&epenthes rafflesianqui a inspiré la plupart de ce travail de
thése, toutes les configurations de perte de cistent : la variétélongataprésente toujours des
urnes cireuses, la variétgpica perd sa zone cireuse lors que I'acquisition dbal@escence et les
urnes du bas de la variétgganteane sont jamais cireuses. Si I'on se penche un sueules
germinations, toutes les urnes des plantules sanises. Chekl. gracilis dont les urnes du bas sont
cireuses mais pas élastiques, les toutes premignes sont cireuses et élastiques. Le cas le plus
extréme esN. ampullariaet N. bicalcaratadont les caracteres cireux et élastiques sontupdrés
rapidement au cours de l'ontogénie, si bien quautess du bas de ces deux especes ne sont jamais

cireuses ni élastiques.

L’ontogénie ne récapitule pas la phylogénie darsetes Haeckelien du terme mais la phylogénie
permet en revanche de comprendre l'ontogénie, cornhiien ancétre commun viscoélastique et
cireux on passe a la diversité actuelle. L'embry@gé végétale peut étre suivie a posteriori le long
d’'un axe ou les différents stades ontogénétiquessesgrimés. L'évo-devo est un champ disciplinaire
relativement récent, historiguement dominé parntesieles animaux. Elle fournit a la biologie de
'évolution un éclairage puissant et élégant quinpt de comprendre comment de minimes
changements dans le tempo et I'expression des iéegiedéveloppementales conduisent a de
profonds changements dans le phénotype expriméukéhde gloire de I'évo-dévo est je pense

devant nous et le genNepenthegn est un modeéle de choix.
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Abstract: The Bornean climber, Nepenthes bicalcarata, is unique among plants because it is both carnivorous and
myrmecophytic, bearing pitcher-shaped leaves and the ant Camponotus schmitzi within tendrils. We explored, in the
forests of Brunei, the hypothesis that these ants contribute to plant nutrition by catching and digesting its prey. We
first tested whether ants increased plant’s capture rate. We found that unlike most plant-ants, C. schmitzi do not
exhibit dissuasive leaf-patrolling behaviour (zero patrol on 67 pitchers of 10 plants) but lie concealed under pitcher rim
(13 £ 6 ants per pitcher) allowing numerous insect visits. However, 47 out of 50 individuals of the largest visitor
dropped into the pitchers of five plants were attacked by ants and the capture rate of the same pitchers deprived of their
ambush hunting ants decreased three-fold. We then tested whether ants participated in plant’s digestion. We showed
in a 15-d long experiment that ants fed on prey and returned it in pieces in seven out of eight pitchers. The 40 prey
deposited in ant-deprived pitchers remained intact indicating a weak digestive power of the fluid confirmed to be only
weakly acidic (pH ~5, n = 67). The analysis of 10 pitcher contents revealed that prey, mainly ants and termites, was
very numerous (~400 per pitcher per plant) and highly fragmented. Altogether, these data suggest a positive effect
of C. schmitzi on both prey intake and breakdown. This ant—plant interaction could thus be a nutritional mutualism

involving the unusual association of carnivory and myrmecotrophy.
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INTRODUCTION

Scarcity of essential nutrients has led to the evolution
of alternative strategies of nutrition in plants, such as
myrmecotrophy and carnivory, which allow them to
obtain nutrients from animals (Juniper et al. 1989,
Thompson 1981). Myrmecotrophy refers to ant-fed
plants (Beattie 1989, Solano & Dejean 2004). Most
myrmecotrophic plants are also myrmecophytes, i.e.
plants that harbour ants in specialized cavities called
domatia (McKey et al. 2005). These plants, often
epiphytes, assimilate the decomposition products of the
ant faeces and debris accumulated in modified stems,
rhizomes or leaves (Huxley 1978, Janzen 1974, Treseder
etal. 1995).

Carnivorous plants derive some key nutrients, such as
nitrogen, from arthropods that they capture and digest in
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their traps (Ellison & Gotelli 2001, Juniper et al. 1989).
The carnivorous genus Nepenthes comprises more than
100 species (Clarke 1997, McPherson 2009), mainly
distributed in South-East Asia. Itstraps are leaves modified
as pitchersfilled with an enzymatic fluid and a community
of mostly dipteran and bacterial ‘infauna’ involved in
the digestion process (Beaver 1983, Clarke & Kitching
1993, Cresswell 2000). The pitchers exhibit various
combinations of characters involved in insect attraction
and capture, such as UV patterns (Moran 1996) and sweet
odours (Di Giusto et al. 2010, Moran 1996), wettable
rims (Bauer et al. 2009, Bohn & Federle 2004), slippery
waxy surfaces (Gaume & Di Giusto 2009, Gaume et al.
2002, Juniper et al. 1989) and viscoelastic digestive liquid
(Di Giusto et al. 2008, Gaume & Forterre 2007). A few
Nepenthes species have been shown to display unusual
N-sequestration strategies, obtaining nitrogen from plant
debris (Moran et al. 2003) or vertebrate faeces (Clarke
etal. 2009).



Nepenthes bicalcarata Hook. f., endemic to the peat-
swamp forests of northern Borneo, is the only Nepenthes
species known to be a myrmecophyte: it harbours in
its tendrils the species-specific ant Camponotus schmitzi
Stéirke. In this study we explore the hypothesis that N.
bicalcarata uses both carnivory and myrmecotrophy to
circumvent nutrient scarcity.

This ant-plant association still remains intriguing. It
was first proposed to be a mutualism in which the ants
gain nectar and nest sites (Figure 1a—c) from their host-
plant and confer on it some protection against pitcher
putrefaction (Clarke & Kitching 1995). The authors
reported that C. schmitzi ants were unaggressive but able
to safely swim into the digestive liquid and remove large
dead prey items, which paradoxically benefits the plant
in avoiding sudden ammonium releases and subsequent
pitcher putrefaction. In a later study, these ants were
shown to aggressively defend their host-plant against a
specific weevil that feeds on pitcher buds (Merbach et al.
2007).

These apparently two contradictory observations on
the aggressiveness of Camponotus schmitzi towards insects
raises the fundamental question ofhow these antsinteract
with insects visiting the mature and open pitchers for their
nectar, hereafter called nectar visitors. Do they dissuade,
as do most plant-ants, these visitors which are also
potential prey of the pitcher plant or do they conversely
facilitate their capture? Another not completely resolved
question concerns their feeding behaviour and its impact
on the plant’s intake. To what extent do these ants
consume the prey inside the pitcher and could they play
arole in its breakdown and digestion by the plant?

The answers to these questions might help unravel the
nature of the interaction between C. schmitzi and its host-
plant and explore the hypothesis that the carnivorous
plant obtains a nutritional benefit from its ant symbiont.
To this end, we first tested the hypothesis that the ants
hunt and help the plant to catch its prey, by quantifying
the patrolling behaviour and aggressiveness of C. schmitzi
towards pitcher visitors and fallen prey and by measuring
their impact on prey capture using an ant-exclusion
experiment. We then tested the hypothesis that they
regularly consume part of the prey and help in the plant’s
digestion. Using a 15-d long prey-deposition experiment,
we studied the frequency of their feeding behaviour
towards experimental prey of two size-categories and its
impact on prey breakdown. We also analysed the prey
contents of pitchers and measured the pH of the fluid, to
obtain data respectively on the plant’s prey intake and on
its digestive ability.

STUDY SPECIES AND STUDY SITE

Nepenthes bicalcarata is a liana that climbs up to 20 m and
has enormous leaves with pitchers that are long-lived
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in comparison to other Nepenthes species (Cheek & Jebb
2001, Clarke 1997). The tendril that sustains its trap
is swollen (Figure la) and inhabited by the small ant
Camponotus schmitzi (Formicinae), that has never been
reported living outside its host-plant (Clarke & Kitching
1995, Jolivet 1986). The most characteristic structures
of N. bicalcarata are the two giant nectaries shaped like
thorns that overhang the pitcher’s mouth (Figure 1b)
and are exploited by C. schmitzi and other ants (Merbach
etal. 1999).

All experiments were carried out in July—August 2009
in a mixed peat swamp and heath forest (4°44'N,
114°35'E) of Brunei Darussalam (northern Borneo) on
N. bicalcarata upper pitchers that were all occupied by C.
schmitzi.

METHODS

Measure of ant territoriality and pitcher fluid acidity

To assess the territoriality and patrolling behaviour of
C. schmitzi outside the pitchers, we counted over 1 min
the total number of C. schmitzi workers and arthropod
visitors on nectariferous external parts of the pitchers on
a total of 67 functional pitchers of different age classes
belonging to 10 plants. All observations were made
around 10h00 in sunny conditionsover 10d, i.e. inrather
homogeneous conditions of nectar production and insect
activity. After each observation, the pH of pitcher fluid was
measured using pH-indicator strips (Acilit® pH 0-6.0,
Merck Chemicals, Darmstadt, Germany). We wished to
examine on a large sample, representative of the different
age-classes of pitchers, if the pH of this fluid was not very
acidic as already observed by Clarke & Kitching (1993)
and if such a low acidity was maintained throughout
the pitcher life span. Constant neutral pH or moderate
acidity would mean that the fluid is inoffensive towards
the swimming ant symbiont but also not very efficient in
dissolving the prey.

Insect retention experiment

We then tested the aggressiveness of C. schmitzi towards
other insects inside the pitchers and tested their effect on
prey retention. We selected, as experimental prey, ants
commonly found feeding on the extrafloral nectaries of
N. bicalcarata. We first tried to use a small-bodied ant
species (Crematogaster sp. 1, total length = 3.5 mm,
Table 1), one of the two most common visitors and
prey of N. bicalcarata, but workers of this species were
never observed to escape from the digestive liquid even
when the pitchers were deprived of their C. schmitzi
ants. Hence they could not be good candidates to test
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Figure 1. Overview of the ant—plant interaction. Upper pitcher of Nepenthes bicalcarata. The arrow indicates the domatium within the coiled tendril
which harbours Camponotus schmitzi ants (a). Polyrhachis pruinosa workers feeding on the extrafloral nectar produced by the pitcher on the inner
side of the lid and by the two thorns (arrow) surrounding the pitcher (b). Sectioned domatium showing workers, alates and brood of Camponotus
schmitzi (c). Camponotus schmitzi workers in ambush position under the peristome (d). A fallen Polyrhachis pruinosa ant being attacked (arrows) by
two Camponotus schmitzi (e). Camponotus schmitzi (arrow) can safely swim in the digestive liquid from which it removes prey items (f) that are then
consumed under the peristome (g).
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Table 1. Prey composition of 10 pitchers of Nepenthes bicalcaratafrom a
mixed peat swamp and heath forest of Brunei Darussalam (Northern
Borneo).

Mean + SD Prevalence
number of (% of pitchers
Prey contents of individuals where the taxon
N. bicalcarata pitchers per pitcher was present)
Hymenoptera
Ants (Formicidae)
Formicinae
Camponotus schmitzi
(queen + worker) 6.1 +4.7 100
Camponotus sp. 52+£79 50
Polyrhachis pruinosa 1.5+1.1 90
Polyrhachis sp. 1 1+1.1 60
Polyrhachis sp. 2 0.3£0.5 30
Anoplolepis gracilipes 0.1+0.1 10

Myrmicinae
Crematogaster sp. 1
Crematogaster sp. 2

27.2+£39.2 80
10.7 £ 14.8 60

Pheidole sp. 14.8 £41.2 20
Myrmicinae sp. 1 1.6 +5.1 10
Dolichoderinae

25.7+£81.3 10
15.1 +£35.5 20
8.6 £16.4 30

Tapinoma sp. 1
Tapinoma sp. 2
Dolichoderinae sp. 2

Unidentified ants 1.4+2.3 40
Total ants 119+123.1 100
Apidae sp. 02+04 20
Vespidae sp. 1.0£2.2 30
Total Hymenoptera 120+ 124 100
Total Lepidoptera (larva) 0.1+0.3 10
Total Diptera 29+3.0 80
Isoptera

Termidae (Nasutitermitinae)

Hospitalitermes

sp. soldier caste 1 118 £207 40
Hospitalitermes

sp. soldier caste 2 53.8£169 20
Hospitalitermes

sp. worker caste 141+ 219 40

Total Isoptera 312+412 40

Total Coleoptera 22+2.0 80

Araneae (Salticidae sp.) 02+04 20

Total prey 438 £374 100

whether C. schmitzi deployed aggressiveness toward fallen
prey. We thus chose Polyrhachis pruinosa Mayr, another
common visitor and prey item of the plant (total length =
1.2 cm, Table 1, Figure 1b), as they were easier to
handle and they usually succeeded in escaping from the
liquid.

Five C. schmitzi-occupied pitchers belonging to five
different plants were haphazardly selected. A Polyrhachis
ant was dropped into the digestive liquid of each pitcher,
and the fate (retained/escaped) and behaviour (time
needed to escape from the pitcher, the number of times
the ant fell back into the liquid) of this ant were observed
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and sometimes video-recorded. To drop the ant into the
pitcher’s digestive liquid, we first drew it into a soft
tube and then blew it onto the digestive liquid without
direct manipulation. We repeated this experiment with
10 different ants for each pitcher. Intervals between
successive trials were less than 5 min when the ant
succeeded in escaping within the 5 min. When the ant
did not escape within 5 min, we observed it for more
than 20 min, to check that it was effectively killed. The
ant was then removed from the pitcher before the next
trial. The results of this experiment were subsequently
compared with the fate and behaviour of 10 Polyrhachis
ants on the same pitchers but deprived of C. schmitzi.
We used smoke produced by burning dead leaves to
deter the latter. Twenty trials were thus conducted per
pitcher (10 trials with and 10 trials without C. schmitzi).
An ant was considered as retained if it did not escape
within 5 min. The ants that did not successfully escape
within 5 min were observed to die, except for two ants
that were observed to be exhausted, exhibiting very slow
movements.

Data were analysed using the software package SAS
v.9.1. We tested for an effect of C. schmitzi (fixed factor)
and pitcher (random factor) on the percentage of ants
trapped using a mixed logistic regression by using the
macro GLIMMIX with a binomial error distribution. We
tested for an effect of C. schmitzi (fixed factor) and pitcher
(random factor) on the number of times the experimental
antslid back into the digestive fluid after an escape attempt
with a mixed Poisson regression model by using the macro
GLIMMIX with a Poisson error distribution. Correction for
over-dispersion was applied using the square root of the
ratio of Pearson’s x 2 to the associated number of degrees
of freedom. We tested for an effect of C. schmitzi (fixed
factor) and pitcher (random factor) on the time required
to escape, by using a mixed-model analysis of variance
with the GLM procedure. For model selection backward
procedures were adopted, starting with the removal of
non-significant interactions.

Feeding behaviour of Camponotus schmitzi

A second experiment investigated the feeding behaviour
of C. schmitzi towards deposited prey of two different sizes
and comparable to the sizes of the prey we observed
inside the pitchers of N. bicalcarata. Ten upper pitchers
were haphazardly selected, each belonging to a different
plant. Their arthropod contents were removed by filtering
the liquid with a mesh and the digestive liquid was
then returned to the pitchers. Tanglefoot© insect glue
was applied on the leaves bearing the pitchers and on
the vegetation in contact with the tendril so that no
crawling insects other than C. schmitzi could reach the
prey items. In each of the 10 arthropod-free pitchers, we
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introduced 10 entire bodies of a Crematogaster species and
10 gasters (abdomens) of Polyrhachis pruinosa. Neither of
these prey items could be mistaken for any other insect
that could have fallen — despite our precautions — into
the pitchers. Firstly, the Crematogaster species used in
this experiment comes from another site and was never
observed in the site where the experiment was conducted.
Secondly, we only used gasters of Polyrhachis pruinosa
to be sure that they belong to our experimental prey
items and not to the bodies of possibly newly fallen
workers of this species, common in this site. The two
prey items measured respectively 2 mm and 5 mm,
both within the main size range of prey of Nepenthes
bicalcarata. Camponotus schmitzi ants were removed from
two of these 10 pitchers, as well as from their associated
domatium. These two pitchers were used as controls to
check that in the absence of C. schmitzi, no prey was
removed from pitchers. Fifteen days later, the content
of each of these 10 pitchers was collected, counted and
observed using a binocular microscope. As the total
numbers of experimental prey items were equal (=10)
for each pitcher and each prey category, we tested for an
effect of prey category (fixed factor) and pitcher (random
factor) on the number of items presenting obvious signs
of ant predation by using a mixed Poisson regression
model with the macro GLIMMIX specifying a Poisson error
distribution.

Analysis of prey contents

The prey contents of 10 old but still functional pitchers
(the pitcher borne by the node immediately below
being senescent), all inhabited by Camponotus schmitzi
and belonging to different individuals were collected
in the same site in September 2008 in 10 vials filled
with 70% alcohol, then analysed and counted in the
laboratory using a binocular microscope. The necromass
was composed of plant and animal parts as well as of
small ‘pellets’ of fine particles that might be the faeces
of C. schmitzi or of mosquito larvae, although we never
observed such kinds of faeces in the pitcher fluid of other
Nepenthes species that all bore mosquito larvae. Only the
animal parts were considered in this analysis. The prey
items found in these pitchers were highly disintegrated
compared to those in other Nepenthes species. Almost no
entire bodies were present, but only pieces of exoskeleton.
Identification was often only possible by comparing the
remains of head capsules and body parts with insects
collected alive on the nectariferous parts of the pitcher
plant. The dipterans were not sufficiently well preserved
to be identified further than at the order level and this was
often true for the coleopterans, as well. Only the ants were
distinguished to morphospecies and identified to genus,

when possible, using the identification key of Holldobler
& Wilson (1990).

RESULTS

Absence of dissuasive patrols of Camponotus schmitzi
towards nectar visitors

We observed on average 4.8 4+ 3.8 (mean =+ SD given
hereafter, on 67 pitchers), nectar visitors (4.5 & 3.9 ants
and 0.3 % 1.0 flying insects) on the outer part of pitchers
during each observation. Most of these arthropods,
including ants (belonging to the genera Crematogaster
(Crematogaster sp. 1: 2.4 + 3.7), Polyrhachis (Polyrhachis
pruinosa: 1 + 1.5), Oecophylla, Pheidole, Anoplolepis and
Tapinoma), midges, mosquitoes and lepidopterans were
found feeding on nectar of the lower face of the lid
(Figure 1b). By contrast, no C. schmitzi workers were found
walking on the pitcher body, although these ants were
present on each of the pitchers observed, hidden under
the peristome all around its edges (13.2 £ 6.3 workers,
ants counted on a subset of 10 out of the 67 pitchers,
Figure 1d). The digestive liquid had a mean pH of 4.9
which was rather constant despite pitcher age differences
(SE=0.05, N = 67 pitchers).

Effect of Camponotus schmitzi on ant retention

Camponotus schmitzi-occupied pitchers retained about
three times more Polyrhachis pruinosa ants (mean = 26%,
SE = 6.8%, 50 ants) than did the same pitchers when
deprived of their symbiotic ant (mean = 8%, SE = 3.7%,
50 ants), as shown by the logistic regression (fixed effect
of the C. schmitzi treatment: F; 93 = 4.7, P = 0.03, no
random effect of pitcher: variance estimate = 0.08 vs.
residual = 1.08).

Indeed, when Polyrhachis pruinosa ants attempted
to escape from the digestive liquid, they were in
almost all cases (47 ants out of 50) attacked by
C. schmitzi, which ambushed them from under the
peristome. We regularly observed one or several C.
schmitzi ants biting the legs of Polyrhachis ants. The
small C. schmitzi ants mainly attack the intruders from
the peristome, the curved and sharp teeth of which
form a protective shield, but they sometimes also leave
their refuge to attack the intruder from underlying parts
of the pitcher (Figure le, on-line video clip, http://
umramap.cirad.fr/amap3/cm/index.php?page = films).
As a consequence of these attacks, the Polyrhachis ants
slipped more often in C. schmitzi-occupied than in C.
schmitzi-deprived pitchers, in which they only had to cope
with the slipperiness of the pitcher walls and with the
previous lubrication of their tarsal pads by the digestive
fluid (Poisson regression on number of falls: F; 9gg = 15.8,
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Effect of C. schmitzi on ant retention

C. schmitzi present
] ¢. schmitzi removed

Pitcher 4 Pitcher 5

Feeding behaviour of C. schmitzi on ant prey

D Polyrhachis pruinosa
Crematogaster sp.

Pitcher 6 Pitcher 7 Pitcher 8

Figure 2. Experimental results showing the effect of the ant symbiont on both prey retention and breakdown in Nepenthes bicalcarata. Effect of
Camponotus schmitzi on ant retention (a). The x-axis refers to the different experimental pitchers. The y-axis refers to the number of times the
experimental ant fell back into the digestive liquid, attempting to escape from the pitcher, during a 5-min session. The error bars refer to 1 SE.
Evidence of feeding behaviour of Camponotus schmitzi on dead ants of two different sizes (b). The x-axis refers to different experimental pitchers. The
y-axis refers to the number of prey (out of 10) which bore marks of ant feeding and breakdown after the 15-d experiment. No prey breakdown was
observed in the control pitchers (not shown) where C. schmitzi was excluded.

P <0.0001; norandom effect of pitcher: variance estimate
= 0.001 vs. residual = 3.08, Figure 2a). The ants
that did not escape from the digestive liquid usually
died from exhaustion and drowning following numerous
unsuccessful attempts to escape from the pitcher and/or
numerous bites from C. schmitzi. Furthermore, when
the Polyrhachis ants succeeded in escaping the pitchers
within the 5-min observation time, the time required for
them to escape was significantly longer in the presence
of C. schmitzi ants (mean + SD = 127 £ 75 s, range
12-282 s, N = 37) than when these ants were absent
(83 4+ 64 s, range 3—250 s, N = 46). Time required to
escape also significantly varied among pitchers (mixed-
model ANOVA on time to escape: fixed effect of C. schmitzi
treatment: Fq1 77 = 9.01, P = 0.004; random effect of
pitcher: Fy 77 = 3.52,P =0.01). Polyrhachis pruinosa used
inthe bioassays, one of the two most common prey species,
was also the largest prey item recorded in the analysis of
prey contents and probably the hardest to catch for C.
schmitzi. Hence our results probably underestimated the
effect of C. schmitzi on prey retention and our tests are
therefore conservative in that respect.

Feeding behaviour of Camponotus schmitzi towards dead
prey in the pitchers

Camponotus schmitzi were occasionally observed to swim
in the digestive liquid and pull an ant prey item, such
as Crematogaster or Polyrhachis, out of the liquid. They
then hauled it up to the underside of the peristome and
consumed part ofthe dead insect, dropping into the pitcher
the cuticular remains and other uneaten parts (Figure 1f,
g). No flying insect was observed to be trapped in any of
the 10 pitchers during the 15-d experiment.

Thus in the presence of C. schmitzi, on average
42.5% of the experimental Crematogaster ants were either
entirely removed from the liquid (1 Crematogaster ant
found underneath the peristome) or presented traces of
mandibles on the remaining body parts (34 ants, SE =
13.5), and 8.7% of the Polyrhachis ants (7 ants, SE =
4). Such dismemberments could not have resulted from
plant digestion, since none of the 40 ants in the control
pitchers deprived of C. schmitzi showed any sign of such
dismemberment. Moreover, flying insects constituted
only 6% of the nectar visitors and less than 1% of the prey,
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and we never observed any flying insects feeding on prey
in the pitcher. As crawling insects were excluded from
the experiment by the glue, the feeding activity on dead
prey was attributed to C. schmitzi. Our data indicate that
C. schmitzi fed preferentially on the small Crematogaster
prey items (parts or entire bodies) rather than on the
bigger Polyrhachis prey items and that there was globally
more such feeding activity in some pitchers than in others
(Poisson regression on number of insect items with signs
of ant feeding: fixed effect of ant species: F;; = 35.9,
P =0.0005, Figure 2b; random effect of pitcher: variance
estimate = 1.39 vs. residual = 0.40).

Analysis of the Nepenthes bicalcarata prey spectrum

Ants were found in 100% of the traps, with up to
386 individuals per pitcher (Table 1). Among them,
13 morphospecies were identified. The most frequently
represented ant species included Camponotus schmitzi
itself (remaining heads of queens or workers were found
in 100% of the pitchers), Polyrhachis pruinosa (small
numbers of individuals found in 90% of the pitchers)
and Crematogaster sp. 1 (in 80% of the pitchers and up
to 124 individuals found in a pitcher). Large numbers
of small myrmicines were more occasionally observed in
the pitchers. Large numbers of termites (up to 946 per
pitcher) of a Hospitalitermes species were found in 40%
of the pitchers. Ants and termites thus constituted 98%
of the prey of N. bicalcarata, the flies and midges 1% and
the beetles 0.5% (Table 1). Hundreds of minute pellets,
never found in the pitchers of other Nepenthes species we
analysed (unpubl. data) were found in each pitcher.

DISCUSSION

Our behavioural observations and our experiments
showed that Camponotus schmitzi participates in the
process of prey capture by its host-plant, Nepenthes
bicalcarata, and may also contribute to the process of prey
digestion. This plant-ant systematically attacks trapped
visitors that attempt to escape from the pitcher and
scavenges on dead prey items that it collects from the
digestive liquid of its carnivorous host-plant. It consumes
part of the prey within the pitcher under the peristome
and returns to the digestive liquid substantial non-eaten
pieces and maybe also its faeces.

Here, we report new data that may reconcile the
apparently conflicting observations reported by Clarke &
Kitching (1995) and Merbach etal. (2007) concerning the
behaviour of C. schmitzi towards insects: the ants combine
times of passivity and aggressiveness which seems to be
part of a unique adaptive strategy. On one hand, the
C. schmitzi ants were shown, at least during daytime,
to be unaggressive on open, nectar-producing mature

pitchers. Such an absence of territoriality is very unusual
for plant-ants, which often exhibit specialized behaviours,
such as systematically patrolling nectar-producing sites
which dissuades intruders including herbivorous insects
(Gaume et al. 2005, 2006; McKey et al. 2005), or
such as pruning their host-plant neighbours to avoid
competition from other ants (Federle et al. 2002). On the
contrary, Camponotus schmitzi ants conceal themselves
and allow numerous insects, mainly other ants, to visit
and feed on pitcher nectar. Conspicuous activity of the
ants would deter potential prey, reducing benefits both
to the carnivorous host-plant and to its ant colony.
On the other hand, our data provide further evidence
that aggressiveness can be part of the behaviour of
C. schmitzi ants but that the ants display a ‘delayed’
aggressiveness which only occurs once the visitors fall
into the trap. Attacks by this ant prevent insects from
escaping the pitcher and its experimental exclusion
decreasesthe prey retention rate of its host-plant. Hunting
by ambush from the shelter of the curled lip of the
peristome, this ant has also escaped the attention of
most observers. The often unnoticeable aggressiveness
that they deploy from this shelter might explain why
in other studies, insects attempting to escape from the
pitcher had so much difficulty in crossing the peristome
(Bohn & Federle 2004). The behaviour of C. schmitzi
is quite similar to the ambushing behaviour of a tiny
Amazonian myrmicine Allomerus decemarticulatus, which
constructs holed platforms on its host-plant, Hirtella
physophora, to catch and Kkill large insects (Dejean et al.
2005). Complementary experiments with other prey
species should provide further information on the effect of
C. schmitzi on its host-plant efficiency at capturing diverse
prey.

Although the reciprocal effects on fitness of the two
partners will not be easy to demonstrate experimentally,
mainly because long-term exclusion of the ants would
also imply an exclusion of potential crawling prey, we
provide here several results which support the hypothesis
of a nutritional mutualism between N. bicalcarata and its
ant. Our results clarify the benefits of the interaction for
the ants. In addition to nesting structures and sugar-rich
nectar offered by the plant, our results show that the diet
of C. schmitzi includes a regular protein meal obtained
from plant-trapped prey. Indeed, the ants not only feed on
large prey items, as already observed by Clarke & Kitching
(1995) but also (and probably more often) on smaller
ones, as supported by our insect bioassays. Although
the retention experiments focused on one type of prey —
the biggest and probably the most difficult to trap — our
results also suggest that the plant benefits from a food
surplus provided by the symbiotic ants through their
hunting behaviour. The ants only eat a small part of the
prey and drop the non-metabolized parts into the pitchers.
Furthermore, their activity of prey-breakdown and their



metabolic activity should facilitate nutrient assimilation
by the plant as does the living infauna of the digestive
liquid (Beaver 1983).

It is probably not a coincidence that ants and termites
were found to be abundant and numerically dominant
among the prey items of N. bicalcarata. Indeed, they are
typically the kind of prey that can be easily targeted
by C. schmitzi, which is probably much less effective
against flying insects, which do not need to climb on
the inner wall or on the slippery peristome to escape
from the pitcher. Termites of the genus Hospitalitermes
(Nasutitermitinae) are nocturnally active processional
termites (Jones & Gathorne-Hardy 1995). Thisis probably
why we did not record them as pitcher visitors. They
forage in large numbers and climb at night on the
surrounding vegetation in search of food. Since they are
virtually blind, they should be attracted by the odour cues
of the pitchers, probably as in N. albomarginata (Merbach
et al. 2002). However, because of their nomadic way
of life, they are likely to be less reliable prey than ants,
although termites have been recorded in the pitchers
of N. bicalcarata (Cresswell 2000). Since ants, the most
consistently reliable prey of N. bicalcarata, have been
estimated to provide 70% of the nitrogen used in several
Nepenthes species (Moran et al. 2001, Schultze et al.
1997), the additional proteins provided to the plant by
the hunting behaviour of C. schmitzi should represent a
fitness advantage for the host-plant in the nutrient-poor
environments in which it occurs. In addition, the plant
could probably benefit from direct myrmecotrophy since
dead bodies of C. schmitzi were systematically found in
the pitcher contents (Table 1). Because these ants rarely
leave their pitcher refuge, their faeces are likely dropped
into the digestive liquid and could constitute another
source of nutrients assimilable by the plant. However,
the ant-origin of the observed pellets in the digestive
fluid remains to be demonstrated by further experiments
and its participation to the plant nutrition needs to be
demonstrated by isotopic analyses. Added to the anti-
herbivore (Merbach et al. 2007) and anti-putrefaction
(Clarke & Kitching 1995) benefits mediated by the ant,
this nutritional benefit provided by the ant supports the
hypothesis of a multi-faceted mutualism between this
symbiotic ant and its carnivorous host-plant.

The association with a hunting plant-ant also
constitutes a novel specific trapping strategy in the genus
Nepenthes, which already displays a large spectrum of
insect-trapping devices. The peristome was demonstrated
to be very wettable in this species and to be the major
surface responsible for insect fall due to aquaplaning
following rain or nectar secretion (Bohn & Federle 2004).
We never saw any nectar spreading over the peristome
of N. bicalcarata during our study time, contrary to other
Nepenthes species such as N. rafflesiana, but we showed
that the concealed ants play a crucial role in preventing

VINCENT BONHOMME ET AL.

the ascent of the peristome of N. bicalcarata by trapped
insects. Moreover, the association with a hunting ant
makes sense in relation to the absence in N. bicalcarata
of costly and efficient trapping features such as a slippery
waxy layer made of long-chain aldehydes (Gaume &
Di Giusto 2009), or a viscoelastic fluid made of giant
polymers (Gaume & Forterre 2007).

We confirm the results reported by Clarke & Kitching
(1993) on a smaller sample of pitchers that the digestive
fluid of N. bicalcarata is less acidic than the fluid of
several of its congeners, such as N. rafflesiana (Bauer
et al. 2009), N. alata (An et al. 2002) or N. gracilis
(Clarke 1997), all of which have been shown to have
a pH close to 2.5, optimal for the activity of nepenthesin
proteases (Athauda et al. 2004). This elevated pH might
have an adaptive significance and protect the plant-ant
symbiont (Moran et al. 2010) but it also suggests that
N. bicalcarata might not have the same pool of enzymes
as the other Nepenthes. As N. bicalcarata has one of the
richest and most diverse aquatic infauna in the genus
(Clarke & Kitching 1993, Cresswell 2000), it might be
heavily dependent on its infauna, and on C. schmitzi,
to digest its prey. The additional work of pre-digestion
by C. schmitzi could also compensate for a potentially
weak digestive efficiency of the plant itself, due to the
low acidity of its digestive fluid. Furthermore, the very
long life span of N. bicalcarata pitchers and the plants’
large size (Clarke 1997) are undoubtedly advantageous
for their ant inhabitants, as they provide reliable nest-
site and food resources for these permanent residents. It
is tempting to hypothesize that these traits have evolved
in the context of coevolution between the two partners.
Long-term experiments need to be carried out to test
these hypotheses and to assess whether the ant-plant
mutualism is the outcome of reciprocal adaptation of the
two partners.
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ANNEXE 2 : MESURER LA VISCOELASTICITE, UNE METHODE

D’ANALYSE

Quantifier la viscoélasticité n'est pas chose aiBéeerses techniques existent mais elles ne sont
généralement pas adaptées a de petites quantifasddepeu élastique (Lakes, 2004). La méthode
gue nous avons retenue est la rhéométrie par muptfilament (Rodet al, 2005). L'idée est de
mesurer la dynamique de rétrécissement d'un filachefluide et/ou le temps de vie du filament crée
par une goutte du liquide que I'on veut mesurealptdement étiré entre deux points. Cette méthode,
déja appliquée avec succes pour le fluide digetdd Nepenthes(Gaume & Forterre, 2007) a
'avantage de couvrir la gamme entiere des tempsldeation observés au sein du genre, de quelques
centiemes de secondes pour les fluides non-élastiqu tres faiblement jusgu’a plusieurs secondes

pour les fluides les plus élastiques.

La dynamique de rétrécissement du filament estaélia mesurer car le temps de vie du filament
peut étre tres court, de l'ordre d'une dizaine disetondes. Pour de si faibles élasticité, le m@ém
liquide étiré entre deux doigts ne sera alors pagnostiqué a I'ceil nu comme viscoélastique. Par
ailleurs, la méthode employée utilise une camétem-vhpide capable de filmer a une résolution
convenable (600 x 400 pixels) a 2000 images pasrskxs. Un appareil congu spécifiquement étire
une goutte de liquide d'environ 40 pl entre dewtspldont le supérieur s'écarte d’une distancedixe
l'aide d'un électroaimant commandé par I'utilisatéln rétroéclairage a diodes électroluminescentes
procure des images contrastées des marges extdunéfament, dont les plans orthogonaux a
I'éclairage et 'optique apparaissent contrastdéaliement noirs sur blanc) par le jeu des réfrastio
sur la section cylindrique du filament. Cet éclg@guissant fournit suffisamment de lumiére pour
gue la succession dimages prise avec un tempspaobition (I'inverse de la fréquence

d’échantillonnage) parfois inférieur a 1 ms soffisamment exposées.

Pour quelques films, il est envisageable d’'extram@nuellement le temps de vie du filament,
défini comme le temps entre la fin de I'étirementalot supérieur et la rupture de ce filament. Pour
I'analyse répétée de nombreux fluides, la quaditdiims a analyser, et surtout le nombre d’'images,
d'autant plus grand (a fréquence d’'échantillonnagele) que les fluides sont élastiques, devient
rapidement inenvisageable (plusieurs dizaines dlermiou centaines de milliers d'images). |l f#tlla
donc automatiser ce processus et la solution refequi pourra faire I'objet d’'une distribution

ultérieure, est un script d’analyse couplé entraged pour la rapidité du traitement des images et R



pour la manipulation de fichiers, la visualisatienla facilité de programmation (Abramdét al,
2004, R Development Core Team, 2009).

Le principe d’analyse, détaillé dans la Figurest le suivant :

on dispose pour chaque échantillon d'un film ;

on ajuste I'image pour une détection optimale ldmient ;

iii) l'utilisateur définit une zone d'intérét correspamidau point médian entre les deux
plots qui s'écartent ;

iv) iil) ImageJ décompose chaque vidéo en une séneagés et fournit pour chaque
colonne de pixel de la zone d'intérét la moyenreerieaux de gris (compris entre 0
et 255) ;

V) ImageJ écrit pour chaque vidéo un fichier textgrdambres d'images x nombre de

colonnes) lignes correspondant a autant de vatBurgveaux de gris ;

Vi) R récupere les fichiers texte ;

vii) R seuille pour chaque image le profil des niveaengds et le transforme en signal
carré ;

viii) R renvoie, pour chaque image, la distance maxieatiee deux valeurs égales a 1, ce
qui correspond au diametre du filament ;

iX) On procede a une détection des artefacts de mesgoseslations du filament,
remontée de gouttes le long du filament, etc.pidd' d'une variance mobile et on
supprime ces points ;

X) On procéde a une vérification manuelle du profiteol, s'il correspond a une
dynamique viscoélastique ;

Xi) A la fin de toutes les analyses, R écrit un fichgelf par film et renvoie les résultats :
viscoélasticité (0/1), temps de vie mesuré du fatntemps nécessaires pour que les
diameétres soient réduits a 1/2, 1/5, 1/10, 1/nr phacun des films.
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Figure 1: Schéma illustré du fonctionnement du script d’analyse R-Image] de liquides

viscoélastiques.
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ANNEXE 3: DEVELOPMENTAL CHANGES OF GROWTH,
PHOTOSYNTHETIC AND CARNIVOROUS COMPARTMENTS OF

FIVE LOWLAND NEPENTHES CARNIVOROUS PLANTS

Vincent Bonhomme, Bruno Di Giusto, Isabelle Gounand

Daniel Barthélémy and Laurence Gaume

During our field expeditions (2008, 2009) we cortgédca growth survey and a node by node
description of five lowland species. Data collectifor this study will end next year but we
nevertheless present the aims of this study anditbteresults, presented as graphics and briefly
discussed.

Aims of this study

The aim of this study is to provide the first atebtural description of five lowlandepenthes
with a special emphasis on the dynamics of the tetige growth, flowering activity of the
photosynthetic and in the carnivorous compartmantstheirs eventual changes throughout ontogeny.
Architectural concepts and analysis methods prosigewerful tool for studying the dynamics of
plants’ traits and ontogeny (Barthélémy & Caragl6Q7) Among the questions related to this thesis

our data should allow to investigate the followpgnts:

- On the basis of simple traits such as growing rgtkstosynthetic area, number of functional
pitchers and their lifespan can we describe diffeezological strategies? Since some species
produce large and long-lived pitchers (ely. bicalcaratg others small and short-living
pitchers (e.gN. gracilig), it seems that sonreandK strategies exist for the pitcher production
(Clarke, 1997). Can we characterize similar pasidon the photosynthetic compartment and
more widely how much do these traits vary betwegacies and do they define specific
strategies?

- Within each species, do these characters changedetthe self-supporting stage and the
climbing stage? In particular, what constraintsrexbe climbing habit on the leaf and
carnivorous traits? Whereas they are produced alsystematically and lay on the ground
during the self-supporting stage, do the numbepitchers is lower when the plants have to

hang on surrounding vegetation? Similarly, do @& lengths is reduced and/or the geometry
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changed during the climbing stage? By the way,vearobtain reliable leaf allometries so that

we can get a quick and good estimation of leaf Byemeasuring its length?

- Is there a marked seasonality in the flowering grath phenologies? Can we estimate the
age of the plants by their architectural descriptie. can we identify reliable markers such as

inflorescence scars or internode sequence to rettheiwdevelopment?

Methods and first results

All measurements have been done in July-August 20@8 in July-August 2009 in Brunei
Darussalam (northern Borneo) in a mixed peatswaegthhforest (Labi Road) and in coastal white
sands (Tutong). We described the five following leovd speciesN. bicalcarata N. rafflesianavar.
elongateandN. rafflesianavar. giganteain a mixed peatswamp and heath forest Bngracilisand

N. rafflesianavar. typicain coastal white sands (Tutong).

Three different ontogenic stages were definedf-&gbporting’, ‘transitional’ and ‘climbing’.
Transitional stages were simply defined as inteiatedbetween entirely self-supporting plants and
entirely climbing plants, i.e. when the main axiaswalready hang but when most of the leaves and
pitchers were still located on the ground or neafe used the common allometric relation (Niklas,
2006): Leaf area = ateaf lengtfi on a sample of 20 leaves per species (10 fromssefforting
individuals and 10 from climbing individuals). Atiwetries obtained are illustrated in Figure 1 and

have been used for further estimation of leaf @reBevelopment Core Team, 2009).

A total of 173 individuals were described node logde from the apex to the last unequivocally
measurable internode length. We chose to only testinie main axis. We described self-supporting,
transitional and climbing individuals. Transitiomaants were defined as plants that started toym®d
upper or transitional pitcher on its axis whosecapinternode length dramatically increase. Plants
were defined as lianescent if they are totally sufgal by vegetation and produce upper pitchdrs.
gracilis was only described at this lianescent stage strisea shrub whose stages are less clear and
do not produce real self-supporting or transitioplants. Number of individuals described for each
stage and species are given in Table 1. For eadh m@ recorded: the internode length, the leaf
length, the presence of a pitcher and its stagee(deing, functional, dead, aborted), the pitcher
length and, if present, the length of the waxy teared the presence of an inflorescence, functiohal
senescent. Pitchers were measured from the uppeofpidie peristome (at the junction with the lid
basis) to the lower part of the digestive zone. Rrscript was developed to convert individual

descriptions into a graphical visualization thahsuarizes information described above (Figure 2).
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To compare the activity of carnivorous and photdisgtic compartments between species and
stages, we first extracted, for each individuag ttumber of active pitchers, the cumulated pitcher
length, the proportion of aborted pitchers anddimaulated photosynthetic area (Figure 3). The ratio

[ waxy layer / total pitcher length ], already show reveal ontogenic changes (Gaume & Di Giusto,
2009b) obtained are illustrated in Figure 4.
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Figure 1: Leaf allometries obtained. Allometric coefficients are given for each species, and r?

indicate the goodness of area estimation. Using these allometries, we were able to estimate the

photosynthetic area whereas we simply measured each leaf length.
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Figure 2: An example of the graphical display obtained by our R-script, here a climbing individual of Nepenthes rafflesiana. The upper figure illustrates the internode length
(y-axis) measured node by node (x-axis) along the axis from the apex (left) to the ground (right). . From left to right, Figures on the bottom illustrate : i) cumulated
internode length along the internode rank, ie the length of the main axis throughout time, ii) the distribution of estimated leaf areas and the total photosynthetic area (here
0,13 m?) and iii) the distribution of the length of functional pitchers and the corresponding cumulated sum (here 0,36 m). The internode sequence illustrates that the
growth is maximal between two annual flowering events. Some aborted pitchers are observed on this individual. The older leaves bear no longer functional pitchers

whereas the younger leaves bear developing ones. Relatively few pitchers are functional at the same moment
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Figure 3: Barplots of four photosynthetic and carnivorous indexes for the five species studied, and for three ontogenic stages. Nepenthes gracilis do
no produce true self-supporting or transitional stages. The proportion of aborted pitchers is higher in climbing stage than in self-supporting stage,
which may reflects a balance between producing heavy traps and assuring a solid hanging in the surrounding vegetation. Among the species studied,
N. bicalcarata possess the highest number of functional pitchers (which may be seen as an adaptation to its symbiotic ant) and the largest
photosynthetic area. N. gracilis produces a lot of small pitchers, but the cumulated pitcher length (which could be a good proxy for carnivorous
benefits) is comparable to those of other species. Besides these observations, there is no clear difference between species or between ontogenic

stages. Further analyses including growth rates and pitcher lifespan will probably contrast these results.
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Ontogenic . Numk_)er of Photosynthetic Proportion Total
stage Species furjctlonal Ning  Npit area (cm?) Ning  Npit of _aborted Ning  Npit pitcher Ning  Npit
pitchers pitchers length (cm)

N. bicalcarata 527205 11 58 1290 + 1370 11 79 0.0482 £ 0.07541 78 471238 11 58

ngr; orting N. rafflesianavar.elongata 2.1 +1.09 21 44 295 + 303 21 164 0.0322 +0.11 21133 43.8+32.3 21 44

stage N. rafflesianavar.gigantea 1.33 +0.707 9 12 1170 £518 11 91 0.0977£0.1771 1 91 27.6 +16.3 9 12
N. rafflesianavar. typica 2.05+0.844 22 45 713+ 454 28 234 0.0613 +0.10828 204 423 +26.1 22 45
N. bicalcarata 8.67 +3.79 3 26 4240 + 547 3 47 0.11 +0.0149 3 46 128 +52 3 26

Transitional | N. rafflesianavar.elongata 1 1 1 370+0 1 11 0.273+0 1 11 248+0

stage N. rafflesianavar.gigantea  1.89 +1.17 17 2870 + 2400 10 133 0.184+0.147 0 1132 38.8+31.4 17
N. rafflesianavar.typica 3.11+0.782 28 1010 £ 695 9 134 0.104 +0.125 9130 447 +14.2 9 28
N. bicalcarata 10.3+3.8 12 124 4310 + 962 12 222 0.184 £0.155 2 1200 144 + 49.9 12 124

Climbing N. gracilis 6.21+331 19 118 209 + 151 20 319 0.195+0.183 0 2277 60 +38.1 20 126

stage N. rafflesianavar.elongata 1.71 + 0.686 17 29 751 + 593 19 227 0.358+0.175 9 1222 80.9 +57.7 17 29
N. rafflesianavar.gigantea 1.5 + 0.756 8 12 656 + 293 9 97 0.373 £0.162 9 94 24+183 8 12
N. rafflesianavar.typica 2.79+1.62 19 53 1310 £ 1260 19 290 0.147 £0.17919 272 62.9+62.5 19 53

Total number 160 567 173 2048 173 1890 161 575

Table 1: Summary of the four photosynthetic and carnivorous indexes (as illustrated in Figure 3).
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Figure 4: Pitcher lengths and wax proportion for lower and upper pitchers of the five studied species. Confidence (or segments) ellipses correspond to mean * 1 SD;
dashed lines correspond to upper pitcher, solid lines to lower pitchers. The pitchers of Nepenthes bicalcarata and N. rafflesiana var. gigantea never bear a waxy
layer whereas those of the var. typica lost it throughout ontogeny and those of the var. elongata always present a waxy layer (see Di Giusto and Gaume, 2009). The

pitchers of N. gracilis also always bear a waxy layer and the length of lower and upper pitcher is almost identical.
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ANNEXE 4 :TRAP PHYSIOLOGY AND ATTRACTIVENESS OF SIX

LOWLAND NEPENTHES SPECIES

Vincent Bonhomme, Isabelle Gounand, Emmanuellesitimsand Laurence Gaume

During our 2009 field trip we conducted a survetlod trap physiology and attractiveness, i.e. the
number of visitors, of six lowland species. All tata collected have not been analyzed yet but we
present here the very first results, related tcaihes of this thesis and which concern the dynamwics

pH and viscoelasticity of the digestive liquid dfese species, during the first month after the lid

opening.

Aims of this study

We know that the pitchers of genNepenthepresents a functional diversity between specids an
for some species, between the dimorphic pitchecglymed throughout ontogeny (Gaume & Di
Giusto, 2009, Bonhommet al, in prep.-c). Physiological studies have focusedfar on the
mechanisms of nutrients absorption in strictly camous species (Tokést al, 1974, Adamec, 1997,
An et al, 2001, Anet al, 2002a, Anet al, 2002b, Steinhauset al, 2006, Hatano & Hamada, 2008)
and/or to bring evidence that they partly rely ¢imeos sources of nutrients (Morahal, 2001, Moran
et al, 2003, Clarkeet al, 2009). The comparative physiological studies lab#e resulted from
random measurements of functional pitchers of difie age (Clarke, 1997) or focused on the
instantaneous rates of nutrient absorption butamthe dynamics of pH through pitcher lifespan
(Moran et al, 2010). We nevertheless know that the acidity hef tligestive liquid ofNepenthes
rafflesiana var. typica reaches its maximum one week after the lid operfpld ~2) while its
viscoelasticity (observed without a ultra rapid esa) is maximal when the lid opens (Bae¢ral,
2008). Concerning the production of odors andffesce on insect attraction we know that the pitsher
of N. rafflesianavar. typica produce floral scents (Di Giustt al, 2010) whose production increase

when the pitchers age (Bauwgral, 2009) but we do not have data as concerns osipexses.

This study will attempt to link i) the physiochemlccharacteristics of the pitcher: pH,
viscoelasticity and volume of the digestive liquahd ii) the attractiveness of the pitcher: odors
produced, number and type of visitors and fill fsane gaps in our comprehension of the functioning

of Nepenthegitchers, particularly:
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Is the pattern of a decreasing viscoelasticity witenpitchers age a general characteristics of
viscoelastic species? Are the species describewweer viscoelastic (e.dgN. ampullarig N.
bicalcaratg N. gracilis but see (Bonhommet al, in prep.-b)) are really never viscoelastic

even at the very first days of opening?

Similarly for the pH of the digestive liquid, dd apecies increase the acidity of their digestive
liquid during the first week after the opening bétlid? Among the species studied, can we
establish a link between a peculiar trapping siatend digestion process and the acidity of
the liquid? For instancé. bicalcaratalikely used its mutualistic ant to predigest peay we
know that it does not have a very acidic liquid{ thoes it present an acidification of the liquid
during the first days that follows the opening betlid? SinceN. ampullariais partly
detritivorous, does it need such an acidic fluglthe volume of the digestive fluid adjusted by

the plant?

Do all species produce odors? Are the productiosceits and insect attraction correlated
with the maximal acidity and/or viscoelasticity tie digestive liquid fluids? Since the
trapping strategies are associated with peculiay ppectra (non-viscoelastic species mainly
trap ants while viscoelastic species trap a richey spectrum including a significant
proportion of flying insects), do the visitors attted reflects the general trends of these prey
spectra (Di Giustcet al, 2008, Alaux, 2010). In other terms, is the attoaic specialized

towards peculiar insect types?

Methods and first results

10 lower and 10 upper pitchers Mf ampullarig N. bicalcarata N. gracilis N. rafflesianavar.

elongata N. rafflesianavar.typica N. rafflesianavar. giganteawere chosen and marked on different

individuals ~5 days before their opening. The mtshwere then monitored for 35 days (ideally days
1,3,5,7,10, 15, 21, 28, 35 after lid opening).

We systematically observed the visitors of the h@ts for 2 min and noted their order before

measuring the pH, the height of the liquid, perfioignqualitative assessments of pitcher odour. We

sampled 100uL of digestive liquid of each pitcher, stored inlé&b mL Eppendorf tube before

viscoelasticity measurements performed when backoate following the protocol described in

(Gaume & Forterre, 2007, Bonhomrmaeal, in prep.-c).
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Figure 1 (preceding page): Dynamics of the pH and viscoelasticity of the digestive fluids of 6
lowland Nepenthes. Black dots are single measurements, grey lines link up measurements on the
same individual, red lines is a polynomial regression with local fit (solid line) and confidence
interval (dashed lines). Below pH data are plotted proportions of individuals with a given
viscoelasticity value, from white (non-viscoelastic fluid) to orange (highly viscoelastic fluid as

estimated by the relaxation times measured which are proportional to viscoelasticity).

As concerns pH two categories appdéepenthes ampullariandN. bicalcaratahave a weakly
acidic fluid which acidity does not vary when piéch age, contrary to all other species that present
marked diminution of their pH. FoN. rafflesiana var. elongata and in a lesser extent for
N. rafflesiana var. gigantea extent the pH increases at the end of the survhichwprobably
corresponds to the senescence of these pitchesisiikar profile would probably have been observed
for N. rafflesianavar.typicaandN. gracilisif we could have realized a longer monitoring. Gaming
the dynamics of viscoelasticity, the most strikiegult is that the fluid oN. ampullariais (weakly)
viscoelastic during the first ten days after therapg of the lid for half of the pitchers surveydthe
fluids of N. bicalcarataand N. gracilis are never observed to be viscoelastic. For theeties of
Nepenthes rafflesianahe dynamics of viscoelasticity seem to be cateel with the pH dynamics,

and probably to the specific pitcher lifespan.
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Abstract

The carnivorous pitcher-plant genNgpenthesencompasses at least 120 species that are disttibu
across a wide variety of habitats, mainly in tHarids of SE Asia. The traps of these climbing @ant
are modified leaves that form pitchers and exlgb#at morphological diversity . For years, people
have believed that Nepenthes trapping systemsysml on the properties of their slippery waxy
layer, responsible for the fall of insects into fitcher. Yet inNepenthes rafflesianahis waxy layer

is lost during ontogeny, resulting in a changehia pitcher shape. The digestive fluid of this sgeci
has been found to have viscoelastic properties,appear to play a key role in retaining prey ia th
trap. Is this waxy layer a widespread characteahéngenus? Is it an ancestral character lost iresom
species, favoring the emergence of new forms gf?tldave these changes appeared several times
independently, in response to similar ecologicda®mn pressures? Similarly, is the viscoelastic
character widespread in the genus or is it onlggmein non-waxy species?

This thesis explores the morphological and funetiahiversity of the genullepenthesand the
selection pressures and developmental mechanisats nty have led to this diversity. First,
experiments on several species show that theyr diffdheir capture success, and that there isdetra
off between amounts of wax produced in the pitclaais the degree of viscoelasticity of the digestive
fluid. Lowland species are more often associateti afjueous fluids, whereas mountain species are
associated with viscoelastic fluids; in additiong tmost viscoelastic species do not exhibit a waxy
layer. Second, we show that the capture efficieafayax and the viscoelastic fluid differs depending
on the type of prey (ants or flies); the wax isyoeffective on ants, whereas the viscoelastic flsid
lethal for both types of insect. Therefore, theoemifauna endemic to the habitats of lowland or
mountain species are likely to exert a selectioesgure favoring a particular trapping strategy.
Finally, we show that in a peat forest of Bruneoi(iBeo), aNepenthespecies lacking both the waxy
layer and viscoelastic fluid captures its prey aimutualist, which hunts by ambushing prey into the
pitcher.

A molecular phylogeny based on AFLPs, four chloaspt markers and ITS, improves the
phylogenies available and has allowed us to reoactsthe evolutionary history and origin of these
characters. We show that the viscoelastic trawidespread, it is probably plesiomorphic and might
be inherited from a common ancestor with the sigégreraDroseraandDrosophyllum these genera
are also carnivorous, but exhibit a very differeapping system. Ontogenetic loss of the waxy layer
a derived character which has appeared severak timdependently, and is connected with the
appearance of funnel-shaped pitchers that possessceelastic liquid. We propose an evo-devo
mechanism that unifies all ontogenetic patternsentesl so far and illustrates how heterochronies,
such as the ontogenetic loss of the waxy zonepeasn important mechanism for the morphological
and functional diversification in these carnivorqlants.

Keywords: Nepenthes carnivorous plant, phylogeny, heterochronies, phological diversity,

trapping strategies, plant-insect interactionsg@mular wax, viscoelastic fluid, Borneo.

193



Résumé

Le genre de plante carnivore a urniepenthescomprend au moins 120 espéces, réparties
principalement dans les iles du sud-est asiatidgres une grande variété d’habitats. Les piégeesle ¢
espéces lianescentes sont des feuilles modifiéesireas qui présentent une grande diversité
morphologique. Pendant longtemps, on a cru quesigsteme de capture reposait uniquement sur les
propriétés glissantes de leur couche cireuse regptm de la chute des insectes. Pourtant chez
Nepenthes rafflesianau moins, cette zone cireuse est perdue au ceursrdogénie, induisant un
changement de forme du piége. Le fluide digesticete espece s’est révélé avoir des propriétés
viscoélastiques déterminante pour la rétentionpteses dans ses pieges. Est-ce que la plupart des
especes ont une zone cireuse ? Ce caractere agtabtral et perdu au cours de I'évolution chez
certaines espeéces favorisant I'apparition de néeswvdbrmes de piége? Est-ce que ces changements
sont apparus plusieurs fois indépendamment en sépandes pressions de sélection écologiques
similaires ? Qu’en est-il du fluide digestif ? Laractére viscoélastique est-il répandu ou ne caeeer
t-il que les espéces dépourvues de cire ?

Cette thése explore la diversité fonctionnelle etphologique au sein du genkepenthesinsi
gue les pressions de sélection et les mécanismelgpementaux qui ont pu étre a son origine. Nous
montrons d’abord au travers d’expériences menéeplssieurs espéces que celles-ci different dans
leur succeés de capture, et dans les quantitégeletde degré de viscoélasticité de leur fluideaett
soumises a ddsade-off Les espéces de plaines sont plus souvent assacaes fluides aqueux alors
que les especes de montagne sont plutét assocides fuides viscoélastiques, les plus élastiques
étant toujours dépourvues de cire. Nous montrossitnque I'efficacité de capture de la cire et du
fluide differe selon le type de proies (fourmis mouches) considérées, la cire étant efficace
seulement sur les fourmis, le fluide viscoélastigitant létal pour les deux types d’insecte.
L'entomofaune caractérisant les habitats de plaunale montagne exerce donc vraisemblablement
une pression de sélection pour une stratégie deg@ige donnée. Nous montrons par ailleurs comment
dans les foréts tourbeuses du Brunei (Bornéo)Nepenthesdépourvue de cire et de liquide
viscoélastique capture ses proies a I'aide d’unenfid mutualiste qui chasse en embuscade dans ses
urnes.

L'obtention d’'une phylogénie moléculaire, basée des AFLP, 4 marqueurs chloroplastiques et
'ITS, améliore les phylogénies disponibles et pefrde reconstituer I'histoire évolutive et 'originle
ces caracteres. Nous montrons que le caractéreélastique est trés répandu, vraisemblablement
plésiomorphe et hérité d’'un ancétre commun auxegefreredDrosera et Drosophyllum également
carnivores mais aux piéges morphologiquement @iffis. La perte ontogénétique de la zone cireuse
est un caractéere dérivé, apparu plusieurs foispielidamment et relié a I'apparition d’urnes en forme
d’entonnoir et au liquide viscoélastique. Nous psgms un mécanisme évo-dévo qui unifie tous les
patrons ontogénétiques observés et qui illustrencemh des phénoménes hétérochroniques, telle que
la délétion ontogénétique plus ou moins rapide aezbdne cireuse, peuvent étre source de
diversification morphologique et fonctionnelle clees plantes carnivores.

Mots-clés Nepenthes plante carnivore, phylogénie, hétérochronies,emdiit¢ morphologique,

systémes de piégeage, interactions plante-inseitegpicuticulaire, fluide viscoélastique, Bornéo
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