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i
REsumME

L'objectif de cette thése est de mieux comprendre ce qui contrble la spécificité
parasitaire dans le systeme héte-parasite constitué par les poissons de la famille des
Sparidae et leurs monogéenes (Plathelminthes ectoparasites) spécifiques du genre
Lamellodiscus. En d'autres termes, il sagissait de comprendre les causes amenant une
espece parasite a utiliser une seule ou plusieurs especes hétes. On suppose que la spécificité
est soumise a des contraintes écologiques et évolutives. L'hypothese d'une augmentation de
la diversité taxonomique avec la spécificité a également été testée. Cela est basé sur I'idée
gue les especes genéralistes, plus tolérantes a leur environnement, sont supposées étre
moins sujettes a subir des spéciations apres un changement d'héte, et ainsi étre moins
diversifiées que les especes spécialistes. Comme I'histoire évolutive des parasites peut étre
influencée par celle de leurs hétes a travers des phénomenes de coévolution, il était
nécessaire d'obtenir une phylogénie des hétes et des parasites. L'étude de la coévolution
hote-parasite dans ce systeme avait pour but de déterminer si le profil d'association héte-
parasite (et donc la spécificité) est contr6lé par des interactions coévolutives. Des
phylogénies ont été éaborées pour les hotes et les parasites a partir de données
moléculaires obtenues par sequencage d'/ADN. Cette analyse moléculaire a permis de
reconsidérer le statut taxonomique de plusieurs especes de monogenes : sur la base des
segquences obtenues, Lamellodiscus virgula et L. obeliae savérent étre une seule espéce
(L. virgula), alors que Furnestinia echeneis fait partie du genre Lamellodiscus. Plusieurs
méthodes d'étude de la coévolution ont été utilisées dans ce travail. L'une d'elles, ParaFit, a
été mise au point pendant la thése. Toutes les méthodes indiquent que ce systéme complexe
ne semble pratiqguement pas étre soumis a des phénomeénes de cospéciation. Aucun lien
entre la diversification taxonomique et la specificité n'a pu étre mis en évidence chez les
Lamellodiscus et la famille qui les contient, les Diplectanidae. Par contre, un tel lien a été
mis en évidence au niveau des groupes principaux de parasites. Les déterminants
écologiques et phylogénétiques de la spécificité ont ensuite éé recherchés a l'aide
d'analyses statistiques multivariables. Les variables considérées étaient des caractéristiques
des hétes considérées comme des déterminants écologiques potentiels de la spécificité. La

phylogénie des parasites a été prise en compte dans ces analyses a l'aide de méthodes



comparatives, comme la méthode des contrastes indépendants. La specificité apparait étre
fortement contrainte par la phylogénie, ce qui suggére l'existence de déterminants
génétiguement transmissibles. Les analyses révélent également que les parasites spécialistes
ont tendance a utiliser les hétes les plus grands. Cela est interprété comme une

spécialisation sur une ressource prédictible.

Mots-clés: Spécificité, Monogene, Poisson, Coévolution, Phylogénie moléculaire,
Lamellodiscus, Sparidae, Analyse comparative, Diversification taxonomique



ABSTRACT

The objective of this thesis is to obtain a better understanding of the factors
controlling host specificity in the host-parasite system formed by fish from the family
Sparidae and their specific monogeneans parasites from the genus Lamellodiscus
(Platyhelminthes). In other words, the goal was to understand the factors determining the
number of hosts used by a parasite species. We will assume that specificity is under
ecological and evolutionary constraints. The hypothesis of an increase of taxonomic
diversity with specificity was also tested. It is based on the idea that generalist species are
more tolerant to their environment, and therefore less subject to speciation after a host
change event, and are then less diversified than specialist species. Since the evolutionary
history of parasites can be influenced by the history of their hosts via coevolutionary
interactions, it was necessary to obtain phylogenies for the hosts and parasites. The aim of
the study of host-parasite coevolution in this system was to assess if the pattern of host-
parasite association (and consequently, specificity) was determined by coevolutionary
interactions. Phylogenies were obtained for hosts and parasites from the analysis of DNA
sequences. This analysis, carried out at the molecular level, led us to reconsider the
taxonomic status of severa monogenean species. On the basis of the DNA sequences
obtained, Lamellodiscus virgula and L. obeliae appear to form a single species (L. virgula),
while Furnestinia echeneis is transferred to the genus Lamellodiscus. Several analytical
methods were used to study host-parasite coevolution in this system. Among them, ParaFit
was designed during this thesis. All methods agreed that this host-parasite system does not
exhibit a general cospeciation pattern. No link between taxonomic diversity and specificity
has been found in Lamellodiscus, nor in their family, the Diplectanidae. However, such a
link was found when the main groups of parasites were considered. Ecological and
phylogenetic determinants of specificity were investigated via multivariate statistical
methods. The variables included in the analyses were potential host-related ecological
determinants of specificity. The parasite phylogeny was taken into account through
comparative methods, including the independent contrasts method. Specificity appears to
be strongly constrained by the phylogeny, suggesting the existence of genetically

transmitted determinants. The analyses also revealed that Lamellodiscus monogeneans tend



Vi

to specialize on larger hosts. This is interpreted as a specialization on a predictable

resource.

Key-Words: Specificity, Monogenean, Fish, Coevolution, Molecular Phylogeny,
Lamellodiscus, Sparidae, Comparative Analysis, Taxonomic Diversification
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A. PROBLEMATIQUE

1. Contexte général

Le contrdle de la spéciaisation n'est pas quelque chose de parfaitement clair en
écologie. Certains organismes sont inféodés a un type de ressource et/ou d'habitat, alors que
dautres semblent étre capables de Sadapter a une grande variété de conditions. La
spéciaisation est le processus dynamique qui conduit un organisme a la spécificité pour
une ressource donnée (voir Futuyma & Moreno, 1988) ; les deux notions étant intimement
liées, I'un ou l'autre terme sera utilisé dans ce travail. On pourrait penser que plus un
organisme est polyvalent, plus sa "réussite évolutive" devrait étre grande. Pourquoi, comme
le mentionnent Timms & Read (1999), n'existe-t-il pas d'organisme capable d'exploiter
toutes les niches écologiques? La nature regorge d'exemples de spécialisation étroite voire
extréme (Rosenzweig, 1995). Le fait d'étre spécialiste, comme celui d'étre généraliste, a ses
avantages et ses inconvénients. Un organisme trés spécialisé est totalement dépendant de
son unique ressource et est tres sensible a ses fluctuations. La disparition de cette ressource
entraine celle du spécialiste. En revanche, on peut supposer que ce dernier est tellement
bien adapté a la ressource qu'il peut I'exploiter d'une facon optimale. Le géenéraliste, lui, a
un choix de ressources a sa disposition, ce qui lui évite d'étre trop dépendant de |'une
d'entre elles, mais il n'exploite chacune que d'une fagcon imparfaite. C'est une situation
typique de compromis ("trade-off"). Mais quelles sont les conditions qui favorisent I'un ou
['autre comportement? Qu'est-ce qui entraine |'apparition voire le maintien de I'une ou

['autre de ces stratégies?

Plusieurs études ont tenté de répondre a ces questions d'un point de vue théorique, en
utilisant la modélisation. A l'aide d'un modéle mathématique simple, Ward (1992) a
suggéré que les organismes tendent a se spécialiser pour une ressource prédictible, c'est-a
dire stable dans e temps et |'espace et donc minimisant les risques d'extinction. Templeton
et Rothman (1974) ont proposé que pour que la spécialisation soit favorisee, les différences
d'habitat doivent étre larges par rapport a la tolérance du phénotype, ce qui est auss
souligné par Wilson & Yoshimura (1994) et van Tienderen (1997). Comme le notent

Futuyma & Moreno (1988), tous ces modeles sont basés sur la conception quil y a un



compromis entre exploiter beaucoup de ressources avec une intensité moyenne (stratégie
généraliste) et en exploiter une de facon optimale (stratégie spéciaiste), comme par
exemple dans le travail de Wilson & Yoshimura (1994). La question qui se pose pourrait
étre celle-ci : vaut-il mieux faire beaucoup de choses moyennement ou une seule de fagon
tres efficace? Ce concept explique I'apparition de la spécialisation par compétition
interspécifique, ou dans le cas d'une ressource unique, les génotypes spécialistes plus
efficaces peuvent exclure les généralistes (MacArthur & Levins, 1964). Cette notion de
compromis a néanmoins été remise en question par Fry (1996). En effet, ces compromis
sont rarement observés dans la nature. Les théories et modéles se basent en effet parfois sur
des prémisses davantage présumeées que veérifiées expérimentalement (voir Cornell et al.,
1999). Plusieurs modeles ont suggéré que dans un environnement fluctuant, les stratégies
généralistes étaient favorisées car les génotypes devaient étre capables de sadapter a toute
une variété de conditions (e.g. Roughgarden, 1972 ; Lynch & Gabriel, 1987 ; Rosenzweig,
1987).

Le role de la compétition n'est pas facile a mettre en évidence et la compétition elle-
méme est difficile a déceler et a mesurer. Parfois, I'abondance de la ressource et le nombre
de niches inutilisées a conduit certains auteurs (Rohde, 1979 ; Colwell, 1986) a suggeérer
que la spéciaisation pouvait ére due au fait que les populations de faible densité se
rassemblaient sur une ressource unique afin de pouvoir se reproduire. Cette hypothese a été
contestée par certains auteurs (Adamson & Caira, 1994) qui estiment que les arguments
présentés par Rohde (1979) peuvent sexpliquer sans faire appel a une agrégation a but
reproductif.

La compétition interspécifique dépend de la structure de la distribution de la
ressource (Begon et a., 1996). Si celle-ci est répartie en taches éoignées les unes des
autres, les spécialistes sont favorisés, alors que les conséguences ne sont pas les mémes si
la distribution est plus continue. Cela conduit au probléme de la dispersion des organismes,
qui peut étre vu comme un facteur important du déterminisme de la spécialisation. La
restriction de I'habitat (spécialisation) peut sexpliquer par de faibles capacités de dispersion
(Timms & Read, 1999).



Smiley (1978) a montré que, pour une association plante-insecte phytophage,
I'apparition de la monophagie (i.e. spécialisation) est sans doute davantage due a des
facteurs écologiques (prédation ou abondance de I'h6te) qu'a la compatibilité avec I'héte.
C'est seulement ensuite gu'évoluent les adaptations (biochimiques et métaboliques) qui font
perdre al'insecte (qui joueici le méme réle qu'un parasite) la possibilité d'exploiter d'autres
espéces de plantes. En effet, il arrive que les insectes n'utilisent pas certaines especes de
plantes pourtant disponibles et "convenables' du point de vue chimique, ce qui indique que
cette compatibilité plante-insecte n'est pas un déterminant, ou du moins n'est pas le seul
déterminant (cause) de la spécificité. Cela rgjoint I'opinion de Futuyma & Moreno (1988)
qui voient les traits morpho-physiologiques plus comme des conséguences que comme des
causes de la spécialisation, qui serait davantage le fait d'un changement comportemental.
Dans la méme optique, Bernays (1998) propose que la spécialisation est favorisée dans le
cas d'une réponse rapide du consommateur (parasite, phytophage, ...) au signa de la
ressource, ce qui suggere qu'un déterminant essentiel de la spécificité réside dans la
biologie comportementale du consommateur, avant ses adaptations morphologiques ou
physiologiques. Les contraintes neurales liées au comportement apparaissent dans ce

contexte comme une cause importante de |a spécialisation.

Futuyma & Moreno (1988) insistent sur le fait que les causes de la spécialisation ne
peuvent étre pleinement comprises que dans un contexte phylogénétique. Seule une telle
approche peut permettre de distinguer la spécialisation due a des contraintes
phylogénétiques de celle purement due a des effets écol ogiques (voir Brooks & McLennan,
1991 ; Harvey & Pagel, 1991).

2. Casdesrelations héte-parasite

Les associations héte-parasite sont de bons modéles pour I'éude des phénomeénes
évolutifs en général (Price, 1980 ; De Meels et a., 1998 ; Paterson & Banks, 2001) et des
déterminants de la spécialisation en particulier. En effet, la niche écologique du parasite est
en général beaucoup plus facile a définir que celle des organismes libres: son
environnement principal, son habitat et sa nourriture sont représentés par I'héte. La
spéecificité dans ce cas est plus facile a définir. 1l existe bien sir des cas de parasitisme un

peu différents, comme le parasitisme protélien (seulement a I'état larvaire), ou des cas de



cycles complexes dans lesquels les phases libres sont nombreuses, mais la majorité des
parasites sont principalement influencés par leurs hétes. En outre, il est possible de disposer
d'une hypothése sur I'évolution de I'environnement du parasite a l'aide d'une phylogénie de
I'hGte. Les techniques d'optimisation de caracteres peuvent méme permettre de proposer des
hypothéses de traits de vie des hétes ancestraux (voir Brooks & McLennan, 1991 ;
Cunningham et al., 1998). Enfin, dans le cas des associations héte-parasite, certains
facteurs écologiques sont absents, comme la prédation (en général), ce qui permet de
limiter le nombre de facteurs a éudier.

a Laspécificité
i. Définition

Je n'‘aborderai que le cas des relations héte-parasite, mais cela peut étre facilement
étendu aux relations plantes-phytophages ou a toutes situations ou un organisme peut étre
spéciaiste ou généraliste d'un milieu bien défini.

La spécificité peut sentendre pour le site ou pour I'héte :

o Ste: Les parasites sont souvent tres spécifique pour certaines localisations sur leurs
hotes (voir Adamson & Caira, 1994). Certaines especes habitent plusieurs espéces
d'hétes, mais se retrouvent toujours dans le méme tissu. Sur la base de données
moléculaires, Littlewood et al. (1997) ont suggéré, dans le cas des Polystomes
(monogénes Polyopisthocotylead), que les especes qui occupai ent |es mémes sites sur
des hétes différents étaient plus proches entre elles que les espéces habitant les

mémes hotes mais sur des localisations différentes.

» Hote: De nombreuses espéces de parasites ont une gamme d'hétes réduite (Euzet &
Combes, 1980). Les vrais généralistes (i.e. exploitant des hotes taxonomiquement
trés différents) sont rares parmi les parasites. On peut ainsi mesurer la spécificité
d'un parasite par le nombre d'hétes qu'il possede (Lymbery, 1989) : moinsil possede
d'hétes, plus son degré de spécificité est élevé. Un parasite qui n'utilise qu'un seul
hote est appelé spécialiste (e.g., Euzet & Combes, 1980 ; Ludwig, 1982). Par
opposition, les parasites utilisant plusieurs hétes sont dits généralistes. Les concepts

de généralistes et de spécialistes sont bien sir relatifs (e.g., Kitahara & Fuji, 1994).



La spécificité d'un parasite refléte son degré d'adaptation a un ou plusieurs hotes.
On considere parfois comme spécialistes les parasites qui n‘utilisent qu'un genre,
voire une famille d'hétes; cela dépend du type dorganisme et du niveau
taxonomique de I'étude (Ludwig, 1982). On peut aussi mesurer la spécificité par des
indices qui prennent en compte la prévalence et I'intensité de l'infestation parasitaire
(Rohde, 1982, 1994).

La spécificité varie dans I'espace et au cours du temps. Suivant les zones ou les
périodes considérées, les mémes espéces d'hdtes ne sont pas toujours parasitées par les

mémes communautés de parasites (voir Norton & Carpenter, 1998).

On peut définir trois échelles de spécificité (en terme de nombre d'hotes parasités) qui

peuvent aider a mieux comprendre ces différences :

o Spécificité locale : C'est le nombre d'hbtes utilisés par une espéce parasite dans une
zone géographique locale donnée. Le probleme est de définir ce qu'on entend par
"locale”, ce qui est fonction de la taille des populations et des capacités de
dispersion des especes considérées. Fox & Morrow (1981) ont suggéré que la
spéecificité pour I'hdte devait n'étre considérée qu'au niveau local. Cela est également
I'opinion de Thompson (1994).

o  Jécificité totale : C'est I'union des spécificités locales pour une espéce de parasite.
Cela représente donc la somme de tous les hétes connus pour cette espece. |l est
possible qu'aucune population de cette espéce de parasite n'utilise effectivement

tous ces hotes.

«  Jécificité potentielle : C'est la spécificité totale alaquelle on gjoute les hétes qui ne
sont jamais parasité dans la nature mais que le parasite a é&té capable d'exploiter en
laboratoire (e.g., Jaenike, 1993 ; Solter & Maddox, 1998). Ces hotes peuvent étre
separés des parasites dans la nature par une barriere écologique qui rend impossible

la colonisation.
Comme pour le cas général de la spécialisation en écologie, on suppose que la

spécificité parasitaire est le résultat d'un processus évolutif et/ou adaptatif (Brooks &
McLennan, 1991 ; Begon et a., 1996). Pour I'étude de la spécificité, ou de tout autre trait



de vie ou variable phénotypique, il est donc important de prendre en compte I'histoire
évolutive des parasites (Brooks & McLennan, 1991 ; Harvey & Pagel, 1991). Cela permet
de déterminer si la situation en matiére de spécificité est le résultat d'influences actuelles
(compétition interspécifique, ...) ou passées (coévolution, contraintes phylogénétiques...)
(voir Brooks, 1985). Le fait de prendre en compte la phylogénie permet de réduire le
nombre d'hypothéses ad hoc et de ne pas fonder I'interprétation des résultats d'une étude sur

des suppositions plus ou moins arbitraires (Holmes & Price, 1980 ; Brooks, 1980a,b).

Certains taxons de parasites sont connus pour contenir des espéces plus spécialistes
ou plus généraistes que d'autres. Par exemple, les crustacés copépodes parasites sont
généralement assez généralistes alors que les monogenes sont tres spécialistes (Baer, 1957 ;
Kennedy, 1975; Rohde, 1982 ; Noble et al., 1989). En outre, a l'intérieur méme d'un
groupe de généralistes, on trouve parfois des espéces trés spécialistes, ou inversement, ce
qui peut permettre de penser que la specificité est contrélée par un mélange de causes

passées et d'influences plus actuelles.
ii. Déterminants potentiels

De nombreux travaux ont été réalisés sur la specificité parasitaire et permettent de
dégager certains éléments pouvant I'influencer :

« Ecologie des parasites (Rohde, 1978 ; Guégan & Agnése, 1991). La compétition
interspécifique peut notamment avoir un effet sur la spécificité (Holmes, 1973).
Comme cela a éé mentionné plus haut, Rohde (1979) a proposé que |'aggrégation
pouvait favoriser la reproduction. En plus des nombreux travaux de Klaus Rohde
(e.g., 1979, 1994), le travail de Simkova et a. (2000) portant sur plusieurs espéces
de Dactylogyrus (Monogenea, Dactylogyridae) suggere que la compétition n'est pas
importante chez les monogénes branchiaux, bien que celle-ci puisse avoir de
I'importance dans le cas (particulier) des monogenes vivant a l'intérieur de leurs
hotes (Jackson et a., 1998), ou I'espace est plus limitant.

o Complexité du cycle parasitaire (Poulin, 1992 ; Morand, 1996). Les parasites ayant
un cycle de vie complexe, utilisant plusieurs hotes, sont en généra moins
spécifiques que ceux qui ont un cycle direct (voir aussi Sasal et al., 1998). Cela est

en partie interprété par le fait que les parasites a cycle direct procédent a une



recherche active de leur hote, alors que le transfert des stades parasitaires des
espéces a cycle complexe se fait principalement passivement, a travers les
interactions de prédation. Cette recherche active est néanmoins parfois associée a

une baisse de spécificité (Snyder & Janovy, 1996).

Sade du cycle parasitaire. Les parasites peuvent avoir une spécificité différente
selon la phase de développement de leur cycle dans laguelle ils se trouvent. Par
exemple, les digénes sont connus pour étre beaucoup plus spécifique vis-avis de
leur hote intermédiaire que de leur hote final. Certains nématodes montrent un profil

inverse.

Morphologie de certaines structures anatomiques (Tompkins & Clayton, 1999 ;
Morand et a., 2000 ; Simkova et al., 2001). Les parasites spécialistes montrent une
adaptation morphologigue plus importante aleur hdte que les généralistes. Cela peut
étre interprété comme une cause et/ou une conséquence de la spécificité.

Facteurs immunologiques (Adamson & Caira, 1994). La specificité peut étre
maintenue par 'incapacité des parasites de survivre sur des hotes inhabituels. Cela
se verifie spécialement pour les parasites interagissant de facon intensive avec le
systeme immunologique de I'héte. Les interactions immunol ogiques sont complexes

chez certains types de parasites comme les monogenes (Buchmann, 1999).

Position phylogénétique (Sasal et a., 1998). La spécificité parasitaire est
relativement constante a l'intérieur des grands groupes de parasites (Digenes,
Monogenes, Nématodes, Acanthocéphales, ...), ce qui laisse supposer une influence
phylogénétique, au moins a grande échelle, sur la spécificité. Par "influence
phylogénétique’, on entend des contraintes transmissibles génétiquement, qui
peuvent étre de différentes natures (physiologiques, immunologiques,
morphologiques, ...). Les différents facteurs mentionnés dans cette liste peuvent
donc étre al'origine d'un effet phylogénétique sur la specificité. Cela dépend de leur
labilité au niveau évolutif. On suppose souvent que la specificité parasitaire est en
partie dépendante, et donc héritée, de la biologie de I' hypothétique ancétre libre du

parasite (Adamson & Caira, 1994).



« Ecologie de I'héte (Euzet & Combes, 1980 ; Adamson & Caira, 1994). Cela est
particulieérement vrai pour les parasites a cycle complexe dont la transmission d'un
hote a l'autre dépend en grande partie de leur comportement alimentaire.

* Tailledel'hdte (Sasal et al., 1999). On a constaté que les parasites avaient tendance
a se gpéciaiser sur les hétes de grande taille, ce qui a été interprété comme une

spécialisation sur une ressource prédictible.

» Génotype de I'hdte (Le Brun et al., 1992). Cette éude a montré que la proportion
des genes d'une espéce de poisson dans un hybride était corrélée a la prévalence
dinfestation par le parasite de cette méme espece parente, |'autre n'étant jamais
utilisée par ce parasite. Cela est interprété par le lien étroit entre génotype et

caractéres éthologiques.

* Nombre des hotes potentiels (Poulin, 1992). Le nombre d'hétes utilisé semble
dépendre, pour certaines especes de parasites, du nombre d'hétes "convenables'
disponibles, les hotes convenables étant au moins en partie ceux qui sont
phylogénétiquement proches de I'h6te d'origine. Cela indique que la spécificité peut

dépendre des opportunités de colonisation qui soffrent au parasite.

» Abondance relative des hotes potentiels (Norton & Carpenter, 1998). Certains
parasites semblent capables d'utiliser un seul hote s celui-ci est suffisamment
abondant, ou plusieurs si I'héte original voit son effectif baisser. Dans les deux cas,
tous les hotes potentiels sont présents dans le milieu, seule leur abondance relative

varie. Ce comportement correspond a un éargissement de la niche écologique.

» Habitat de I'néte. Les variables du milieu extérieur, comme la température ou la
salinité, peuvent modifier 1a spécificité du parasite (e.g., Zander, 1998). Cela peut-
étre d0 a des modifications de la physiologie des parasites, ou a un changement des
interactions compétitives avec les autres especes parasites qui peuvent ére moins

tol érantes a ces variations environnemental es.

Tous ces facteurs peuvent bien entendu agir en méme temps et étre liés les uns aux

autres.
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b. La coévolution héte-parasite

Les hétes représentant une partie essentielle de I'environnement des parasites,
I'histoire évolutive de cette composante peut avoir une influence importante sur la
phylogénie des parasites. Cela mene au concept de coévolution, qui implique que de
nouvelles associations hote-parasite se forment au cours du temps. Cela peut se faire de

plusieurs fagons :

» Cospéciation : transmission par descendance. Dans ce cas, lorsqu'il y a spéciation
de I'espece hote, le lot de parasites hébergé par la nouvelle espece va effectuer une
spéciation a son tour. C'est ce que I'on appelle la cospéciation. La spéciation de
I'espece parasite peut se faire avec plus ou moins de décalage par rapport a celle de
I'héte (Hafner & Nadler, 1990; Page & Hafner, 1996). Les associations
hypothétiques qui évolueraient uniquement ainsi suivraient exactement la regle de
Fahrenholz (1913) : "la phylogénie des parasites refléte |la phylogenie des hétes'
(voir Klassen, 1992). Il peut également y avoir spéciation de I'hdte sans que le

parasite ne subisse de spéciation :

» Capture : transmission par colonisation, ou changement d hote ("host-switching").
Ici, le parasite colonise une nouvelle espece-héte par dispersion. Le parasite peut
alors subir ou non une spéciation sur son nouvel héte (Brooks & McLennan, 1991,
1993). Cette nouvelle espece d'héte n'est pas forcément phylogénétiquement liée a
I'espece originale, méme s les contraintes phylogénétiques tendent a favoriser une
nouvelle association avec une espéce proche (voir Morand et a., 1996),
conséquence du fait que des espéces fortement liées ont davantage de chance d'avoir
un développement similaire (Pagel & Harvey, 1988). Si une espece-soeur est
colonisée, puis le parasite y subit une spéciation, on parle aors de pseudo-
cospéciation (Hafner & Nadler, 1990 ; Norton & Carpenter, 1998) qui est difficile a

distinguer de la cospéciation vraie.

Outre ces deux processus de bases, plusieurs événements évolutifs peuvent

compliquer le profil de coévolution observé :

» Duplication : spéciation d'une espece parasite sur I'hdte sans spéciation de I'héte.
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» Disparition: une espece parasite peut étre absente d'une des nouvelles especes d'héte
formée apres la spéciation de I'hdte original ("sorting event"). Cela peut étre di a
I'extinction de cette espece ou a son absence, a I'origine, de I'une des deux

nouvelles espéces d'hbtes ("missing the boat").

Ces quatre événements coévolutifs sont notamment détaillés dans Ronquist (1997),
Page & Charleston (1998) et Paterson & Banks (2001).

Les associations hote-parasite peuvent ainsi présenter des profils coévolutifs
complexes faits de ces quatre événements imbriqués, et plusieurs méthodes ont été mises au
point pour proposer des scénarios évolutifs potentiels. Ces méthodes seront examinées plus

en détail dans |la partie Méthodologie.

On peut penser gqu'une coévolution hote-parasite stricte (évolution conjointe par
cospéciations) est intimement liée au degré de spécificité parasitaire. En effet, on ne concoit
ce type d'évolution que s les parasites sont trés inféodés a leurs hotes, puisque ains la
probabilité de transfert d'hdte est faible. Néanmoins, l'inverse n'est pas forcément vrai : des
transferts d'hétes fréquents peuvent étre liés a une forte spécificité si les transferts sont
accompagnés d'un événement de spéciation (Secord and Kareiva, 1996). Quoiqu'il en soit,
I'étude de la cospéciation est importante dans I'étude de la spécificité, car dans le cas
d'interactions coévolutives fortes entre les hétes et les parasites, |'évolution des parasites et
le choix de leurs hétes vont étre dirigés en grande partie par ces derniers. Dans ce cas,
I'histoire évolutive des parasites dépend de celle de leurs hétes et les déterminants
écologiques de la spécificité devraient avoir une portée limitée. En revanche, en |'absence
de cospéciations répandues dans I'association héte-parasite, la question des déterminants du

choix des hétes reste entiére.
3. Le cas des monogénes

De nombreux facteurs sont ainsi susceptibles d'agir sur la specificité parasitaire. I est
intéressant d'étudier un groupe pour lequel certains de ces facteurs sont constants, afin de
contréler leur effet. Pour chercher a déterminer les causes potentielles de la specificité, il

faut auss que la spécificité soit variable al'intérieur de ce groupe.
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Les monogenes possedent de bonnes caractéristiques pour ce type d'éude : ces
parasites ont un cycle direct, ce qui élimine ce facteur et permet de simplifier les
hypothéses a poser; ils sont presque entierement dépendants de leur(s) héte(s), qui constitue
donc ici leur environnement, et ils sont connus pour étre particulierement spécifiques (Baer,
1957 ; Kennedy, 1975 ; Rohde, 1979, 1982 ; Noble et al., 1989).

Barker (1991), Poulin (1992) et Kearn (1994) pensent que la forte spécificité des
monogeénes sexplique par le fait que ceux-ci ont probablement intimement co-évolué avec
leurs hotes, comme l'ont suggéré Tindey & Jackson (1998) chez les monogenes
Polystomatidae d'amphibiens. Humphery-Smith (1989) fait la liste des caractéristiques des
parasites qui pourraient favoriser une évolution par cospéciations successives avec leurs
hotes. Les parasites trés spécifiques et non pathogénes sont les mieux placés, ce qui est le
cas des monogénes. D'autres auteurs, comme Brooks & McLennan (1991) pensent au
contraire que les monogenes possedent les caractéristiques idéales pour effectuer de

nombreux transferts dhotes. Cela demande a étre éudié de maniére fine.

Sasal et al. (1999) ont suggéré que les monogenes spécialistes se trouvaient sur les
espéces de poissons les plus grands. Simkova et al. (2001) suggérent que les monogenes
spécialistes sont plus étroitement apparentés a leurs hétes que les généralistes, mettant en
évidence |'importance, pour I'établissement de la spécificité, des structures anatomiques

nécessaires a l'accrochage.

La compétition interspécifique ne semble pas étre une cause importante de la
spécificité chez les monogenes (Euzet & Combes, 1998 ; Simkova et al., 2000). En effet, la
plupart des monogeénes sont des ectoparasites de la peau ou des branchies, et ils vivent dans
un milieu ou le nombre de niches disponibles semble trés élevé (Rohde, 1978). C'est cela
qui a conduit Rohde (1979) a proposer I'hypothese mentionnée plus haut d'une
spécialisation dont le but est de provoquer I'agrégation des individus pour la reproduction.
Il n'y a que chez les rares especes de monogenes endoparasites (e.g., Polystomes) qu'une
compeétition pour |'espace semble exister (Jackson et al., 1998).

Les caractéristiques des monogénes en font ains de bons modéles pour I'étude des

déterminants de la spécificité parasitaire.
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La plupart des études sur la spécificité ont été réalisees a partir de modéles verbaux
ou théoriques; ou alors, quand ces études analysaient des données réelles, un quelques
facteurs seulement étaient pris en compte. En outre, tres peu d'études de la spécificité se

sont faites dans un contexte phylogénétigue (e.g., Poulin, 1992).

Pour les raisons décrites plus haut, j'ai choisi d'étudier dans cette these une
association monogene—poisson : |'association entre les monogenes Lamellodiscus
(Diplectanidae) et les Sparidae (Téléostéens) en Méditerranée (voir Chapitre 11). Cette
étude a été réalisée dans le Golfe du Lion (France), a une échelle qu'on peut qualifier de
locale. La faune parasitaire de la Méditerranée est une des mieux connues du monde (Caro
et a., 1997), ce qui limite les éventuels biais d'échantillonnage. En d'autres termes, on
connait probablement tous, ou la plupart des poissons et des parasites de |'association
étudiée. Je m'intéresse a comprendre les causes de la spécificité parasitaire dans ce systéme
hote-parasite. Pourquoi certains parasites ont-ils de nombreux hotes, alors que d'autres se
restreignent a peu, voire a un seul hote? Est-ce que les déterminismes de la spécificité sont
davantage écologiques, c'est-a-dire est-ce la situation environnementale "actuelle” qui
contréle le type de spécificité parasitaire observée, ou est-ce que cela est magoritairement
contrblé par un héritage phylogénétique? En d'autres termes, est-ce qu'un parasite est
généraliste parce que les conditions sy prétent (ou I'y obligent), ou parce que son ancétre
I'était? Quelle est la part de contrainte phylogénétique dans le déterminisme de la
spécificité?

Je vais tenter de répondre a ces questions par une étude réalisée surtout au niveau
intra-générique, soit & un niveau trés fin pour éviter certains biais liés a un controle
phylogénétique a un niveau trop élevé, ou les classifications taxonomiques parfois
relativement arbitraires comme celles des genres ou des familles peuvent introduire des

erreurs.
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B. OBJECTIFS

1. Objectif principal

Mon objectif principal est de rechercher les déterminants de la specificité des

Lamell odiscus de M éditerranée.
2. Objectifs spécifiques

a. Rechercher les déterminants de la spécificité et étude du lien entre spécificité et

diversification aux niveaux supra-génériques.

b. Reconstruire la phylogénie des Diplectanidae afin de mieux définir les extra-
groupes a utiliser pour éudier la phylogénie des Lamellodiscus. La phylogénie des

monogenes est encore assez peu precise (Boeger & Kritsky, 1993, 1997).

c. Augmenter la précision de la taxonomie des Lamellodiscus de Méditerranée. Celle-
Cci est actuellement basée sur les caracteres morphologiques. Une approche
moléculaire peut apporter des précisions quand au statut éventuel d'especes
cryptiques, ou au contraire d'un polymorphisme intra-spécifique conduisant a
classer dans des espéces différentes des individus qui ne représentent que des

variants d'une méme espece.

d. Reconstruire la phylogénie moléculaire des Lamellodiscus de Méditerranée. La
phylogénie des monogenes est encore peu résolue au niveau spécifique (Poulin,
1996) et au niveau moléculaire (Littlewood, 1999a,b ; Mollaret et a., 2000 ; Jovelin
& Justing, 2001). Cela passe par la recherche de bons marqueurs de I'évolution de

ce groupe.

e. Reconstruire la phylogénie des Sparidee de Méditerranée. Une phylogénie
moléculaire des Sparidae, basée sur I'analyse de séquences dADN mitochondrial
16S, a récemment été proposée par Hanel & Sturmbauer (2000), mais |'arbre
proposé comporte des incertitudes. Les hypotheses précédentes, basées sur des

caractéres morphologiques (e.g., Tortonese, 1975; De la Paz, 1981) ou
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biochimiques (e.g., Basaglia, 1991 ; Reinaet al., 1994 ; Garrido-Ramos et al., 1995)

saverent trés incertaines.

f. Etudier la coévolution hote-parasite chez une association monogéne-poisson, ce qui
n'a é&é que peu étudié (e.g., Klassen & Beverley-Burton, 1987 ; Boeger & Kritsky,

1997), particulierement a un niveau intra-genérique.

g. ldentifier et quantifier les fractions phylogénétiques et écologiques dans le
déterminisme de la spécificité chez les Lamellodiscus, et rechercher les adaptations
morphologiques qui sont les causes ou les conségquences de la spécificité.

C. HYPOTHESES

Les hypohéses d'influences sur la spécificité parasitaire sont classées un peu
artificiellement en influences "passées’ et "présentes’ par souci de clarté. Comme cette
thése est réalisée sous forme d'articles scientifiques, |e découpage en hypotheses ne suit pas
tout a fait l'ordre des publications composant la thése, car chague article peut traiter
simultanément de différents aspects de la problématique. Le ou les article(s)

correspondant(s) a l'étude de chague hypothése est mentionné apres celle-ci.

1. Influences phylogénétiques (passées)

a. Diversification taxonomique

Nous considéronsici I'hypothése de Brooks & McLennan (1991, 1993) qui suggerent
guun parasite specifique a davantage de chances de subir une spéciation aprés la
colonisation d'un nouvel héte qu'un parasite plus généraliste, plus tolérant aux changements
d'héte. Cette hypothese sera étendue a la transmission par descendance. Cela implique que
spécialisation et diversification sont liées, mais cela n'a é&é que peu éudié jusgu'a présent
(Janzen, 1973 ; Futuyma & Moreno, 1988), méme dans le cas des parasites (Price, 1980 ;
Brooks & McLennan, 1991 ; Poulin, 1992).

Si cette hypothése est exacte, on pourrait observer une augmentation de la spécificité
avec le nombre de spéciations entre une espéce et la racine de la phylogénie (Figure 1.1 ;
voir Lanyon, 1992). En d'autres termes, plus les espéces montrent une spécificité stricte,
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plus la diversification est importante. L'hypothése nulle est I'absence de corrélation entre la
diversification et la spéciaisation. Ce cas de figure a cependant rarement é&é mis en
évidence empiriquement (MacDonald & Brooks, 1989).

Mombre d'sapéces

hites
Phrlogénie [
des parasites

Figurel.l: Lien hypothétique entre specificité (nombre d'hétes) et diversification
taxonomique. Plus une espece de parasite est dérivée, plus son nombre d'hotes est
faible.

Cette hypothese d'une relation spécificité-diversification taxonomique sera étudiée
dans ce travail, au niveau des grands groupes de parasites (classes et embranchements;
ARTICLE 1), au niveau intergénérique (Diplectanidae; ARTICLE 2), et au niveau
interspécifique (Lamellodiscus, ARTICLE 6). Celarépond aux objectifs spécifiques a, b,
et g.

b. Phylogénie des parasites

La phylogénie des parasites peut également montrer une influence sur le profil
observé de spécificité (Noble et al., 1989 ; Adamson & Caira, 1994). En d' autres termes,
deux especes proches de parasites peuvent avoir des degrés de spécificité semblables a
cause des caractéristiques partagées qu'elles doivent a leur ancétre commun. Cette
hypothése est liée a la précédente puisgu'elle fait intervenir les liens de parenté entre

espéces, mais elle demeure différente et devra étre traitée séparément.



17

On cherchera donc a savoir si la speécificité est contrainte par la phylogénie chez les
Lamellodiscus (ARTICLE 6). Celarépond al'objectif spécifique g.

c. Phylogénie des hotes

Des hétes apparentés représentent deux types d'habitats pouvant étre supposés
proches pour les parasites. On peut donc penser que des parasites exploitant ces espéeces
d'hétes proches vont étre soumis a des pressions évolutives relativement proches et
pourraient ainsi montrer un méme type de spécificité. Par conséquent, des différences de
spéecificité pourraient étre au moins partiellement expliquées par des changements d'hétes

(captures).

Dans un cas idéa de coévolution par cospéciations successives, on observerait une
parfaite congruence entre les phylogénies (régle de Farenholz), mais cela est rarement le
cas dans les études effectuées en ce domaine (e.g. Brooks & Glen, 1982 ; Hafner & Nadler,
1988 ; Hafner et al., 1994), et on observe le plus souvent une histoire coévolutive faite de

cospéciations et de captures.

Cette partie du travail, I'étude de la coévolution entre les Sparidae et les
Lamellodiscus, représente une importante partie de la these. Elle suppose que I’ on connait
la phylogénie des parasites et celle des hotes. Il faut ensuite les comparer a I'aide de
méthodes appropriées (ARTICLES 3, 4 ET 5). Celarépond aux objectifs spécifiquesd, e,
et f.

2. Influences écologiques (actuelles)

a Tailledel'hote

Nous retiendrons I'hypothése, émise par Ward (1992), que les parasites ont tendance a
se spécialiser sur des hétes prédictibles. Sasal et al. (1999) ont montré que les monogenes
se spécialisaient sur les hétes les plus grands. Winemiller & Rose (1992) ont montré que de
nombreux traits de vie étaient corrélés alataille chez les poissons. On peut supposer que la
ressource étant plus limitée pour les parasites spécialistes, ils deviennent plus dépendants
de leur population héte et ont intérét & "choisir" des populations d'hotes stables (Basset,
1992 ; Kithara & Fuji, 1994). Morand et a. (1996), Sorci et a. (1997) et Morand & Sorci



18

(1998) ont aussi montré que des parasites pouvaient développer des stratégies adaptatives

en réaction al'augmentation de lataille de I'h6te.

Ce lien entre la taille de I'héte et la spécificité sera recherché chez les Lamellodiscus
(ARTICLE 6). Celarépond al'objectif spécifique g.

b. Abondance de I'héte

Norton et Carpenter (1998) ont suggéré que la spécialisation pouvait étre dépendante
de I'abondance relative des hotes potentiels. L'abondance des hotes peut auss étre
considérée comme un facteur de prédictibilité.

Cette variable est considérée dans la recherche des déterminants de la spécificité
(ARTICLE 6). Celarépond al'objectif specifique g.

c. Grégarité

La grégarité des hotes peut également jouer un réle dans la prédictibilité de I'nbte et
la détermination de la specificité parasitaire. Des hétes plus grégaires pourraient avoir
tendance a "partager" plus facilement leur pool de parasites, ce qui favoriserait la
gpécificité. Rohde (1994) a souligné que la spécificité pour I'héte était favorisée par le

regroupement des individus d'une espece (" monospecific schooling").

Cette variable est considérée comme un déterminant potentiel de la spécificité
(ARTICLE 6). Celarépond al'objectif spécifique g.

d. Nombre d'hétes potentiels

Le nombre d'hétes phylogénétiquement apparentés a |’ héte ou aux hétes parasités
pourrait ére directement corrélé avec le nombre d'hétes parasités, c'est-a-dire avec la
spécificité. En effet, on peut penser que les hdtes proches partagent des caractéristiques
permettant leur colonisation par une méme espece de parasite. Une telle corrélation a été
observée par Poulin (1992) pour plusieurs genres de monogenes. Ce phénomene sera
étudiéeici.

Cette variable sera prise en compte dans la recherche des déterminants de la

spécificité (ARTICLE 6). Celarépond al'objectif spécifique g.
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e. Morphologie des parasites

Morand et al. (2000) ont montré que certaines caractéristiques morphologiques des
parasites pouvaient étre liées aleur spécificité. La spécificité peut en effet étre favorisée par
certaines structures morphologiques (Noble et al., 1989). Un lien entre la taille des parasites
et celle des hétes serarecherché. Une telle corrélation pourrait étre le fait d'une adaptation
morphologique du parasite al'héte (e.g., Simkova et a., 2001). Un monogéne parasitant un
hoéte de grande taille pourrait développer ui aussi une taille importante afin d'étre mieux
fixé pour résister alapression de I’ eau dans la cavité branchiae.

Le lien entre la taille des parasites et celle des hétes, mécanisme potentiel du
déterminisme de la spécificité ou adaptation causée par celle-ci, sera éudié (ARTICLE 6).

Celarépond al'objectif spécifique g.

D. ORGANISATION DE LA THESE

Comme je I’a mentionné plus haut, cette these a été réalisée et se présente sous
forme de publications scientifiques, chacun de ces articles répondant a un ou plusieurs des
objectifs spécifiques. Cela sera précisé au début de chaque article, dans la breve
présentation qui le précede. Ce type de présentation implique que certaines informations
peuvent étre répétées dans un ou plusieurs articles ainsi que dans le texte de la thése. Ma
contribution a chaque publication est décrite dans le paragraphe de présentation.

Voici la liste des publications de la thése. Celles-ci sont présentées en entier au

Chapitre 1.

« ARTICLE 1 : SASAL Pierre, Yves DESDEVISES and Serge MORAND. 1998.
Host-specificity and species diversity in fish parasites: phylogenetic conservatism?
Ecography 21: 639-643.

* ARTICLE 2 : DESDEVISES Yves, Serge MORAND, and Guy OLIVER. 2001.

Linking Speciaization to Diversification in the Diplectanidae Bychowsky, 1957
(Monogenea, Monopisthocotylea). Parasitology Research 87(3): 223-230.

* ARTICLE 3 : DESDEVISES Yves, Richard JOVELIN, Olivier JOUSSON and
Serge MORAND. 2000. Comparison of ribosoma DNA sequences of
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Lamellodiscus spp. (Monogenea, Diplectanidae) parasitizing Pagellus (Sparidae,
Teleostel) in the North Mediterranean Sea: species divergence and coevolutionary
interactions. International Journal for Parasitology. 30: 741-746.

ARTICLE 4 : DESDEVISES Yves. 2001. The phylogenetic position of
Furnestinia echeneis (Monogenea, Diplectanidae) based on molecular data: a case
of morphological adaptation? International Journal for Parasitology 31(2): 205-
208.

ARTICLE 5 : DESDEVISES Yves, Serge MORAND, Olivier JOUSSON and
Pierre LEGENDRE. Coevolution between Lamellodiscus (Monogenea) and
Sparidae (Teleostei): the study of a complex host-parasite system. Soumis a

Evolution.

ARTICLE 6 : DESDEVISES Yves, Serge MORAND and Pierre LEGENDRE.
Evolution and determinants of specificity in Lamellodiscus (Monogenea). Soumis a
The American Naturalist.
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A. ESPECES ETUDIEES ET ZONE D'ECHANTILLONNAGE

1. Espéces

Pour les raisons mentionnées en Introduction, nous avons choisi d'étudier un systéme
monogene-poisson. Les monogenes (Plathelminthes) sont des parasites a cycle direct
(Figure 11.1) généralement trés spécifiques (Noble et al., 1989 ; Schmidt & Roberts, 1989 ;
Poulin, 1992), le plus souvent ectoparasites, et généralement non pathogeénes (Schmidt &
Roberts, 1989 ; Bakke et al., 1992). Le modéle choisi est I'association Lamellodiscus-
Sparidae en Méditerranée. Ce complexe d'espéces présente une gamme d'associ ations héte-
parasite variée, avec des parasites trés spécifiques ou plus généralistes (Euzet et al., 1993 ;
Sasdl et al., 1997 ; voir Tableau 11.1), et des hdtes plus ou moins parasités. |l se préte donc

trés bien al'éude envisagée.

a Les parasites : Lamellodiscus spp.

Les monogenes du genre Lamellodiscus Johnston et Tiegs 1922 (voir Figure 11.2)
sont des ectoparasites branchiaux dont on connait actuellement une quarantaine d'espéeces
(voir Oliver, 1987, Roubal, 1994 ; Roubal et al., 1996), principalement en M éditerranée, en
Australie et en Nouvelle-Zélande. |Is font partie de la classe des Monogenea (Carus, 1863)
Bychowsky 1937, de la sous-classe des Monopisthocotylea Odhner 1912, de I'ordre des
Dactylogyridea Bychowsky 1937, du sous-ordre des Diplectaninea Oliver 1967, de la
super-famille des Diplectanoidea Bychowsky 1957, de la famille des Diplectanidae Oliver
1969 et de la sous-famille des Lamellodiscinae Oliver 1969. Comme presgue tous les
monogenes, ils sont hermaphrodites et ovipares. Ils possedent un cycle direct, avec une
larve ciliée issue de I'cauf, I'oncomiracidium, qui cherche activement un héte convenable
pour sy fixer et se développer en adulte. Ils se nourrissent en ingérant |'épithélium des
lamelles branchiales sur lesgquelles ils vivent. Les caractéristiques anatomiques principales
du genre Lamellodiscus sont : un hapteur comportant trois barres transversales, deux paires
de hamuli, deux lamellodisques formés de lamelles paires sauf les lamelles extrémes et 14
uncinuli; trois paires d'organes glandulaires céphaliques, des taches oculaires généralement
absentes chez I'adulte ; un appareil copulateur généralement constitué d'une piece parfois

complexe, avec ou sans piéce accessoire; un vagin le plus souvent sclérifié, situé sauf
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exception dans la moitié gauche du corps; des ceufs tétraédriques avec un long filament
polaire; quatre paires (parfois cing) de protonéphridies chez les oncomiracidia. Leur taille
est généralement comprise entre 200 um et 1100 um. La taxonomie est basée sur la forme

des piéces sclérifiées du hapteur et des organes copul ateurs.

L'oncomiracidimnm
cheche actiseime ot
I:i,E un hdte convenahle

Monogéne ad ule

S et 3 fixe
. La larve se déseloppe
L'oenf Libé e wne o iracidiom en adulte aur les
larve cilige mobile : brane hies de 1Tdte
Lone aonnivacidivm

"‘i::'. L
C_:g} g e G B
. ..- - A i

1_‘5_ i
L'oeuf incube dans Le monogéne adulte
e milien extérenr Oeut lihére des oeufs

ﬁ dans l'ean

Figurell.l: Cycle de développement typique des monogenes.

Ce genre a éé choisi pour le nombre important d'especes quiil comporte en
Meéditerranée (20 espéces sont actuellement décrites dans la zone d'étude), la variation de
spécificité qu'on peut y trouver (de 1 a 6 hotes par espece de parasite), et le fait qu'il ait é&té
bien étudié (Euzet & Oliver, 1966, 1967 ; Oliver, 1968, 1973, 1974, 1987 ; San Filippo,
1978 ; Euzet, 1984 ; Euzet et a., 1993 ; Neifar, 1995 ; Kouider EI Ouahed-Amine, 1998).
L'identification de ces monogenes repose sur des critéres morphologiques stables et bien
établis (principalement les structures sclérifiées comme les ééments du hapteur ou les

organes génitaux, ...) et leur taxonomie alpha est bien connue. Le profil de spécificité, c'est-
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a-dire le nombre d'hétes par espece de parasite, a été éudié de maniere intensive dans la

région et peut étre considéré comme bien connu.

Tableau I1.1: Liste des especes de parasites étudiés et de leurs hétes (Furnestinia
echeneis est gjouté aux Lamellodiscus, car il fait partie du méme genre sur la base de
données moléculaires ; voir plusloin).

Lamellodiscus spp. Sparidae (hotes) Nombre d'hotes
F. echeneis Sparus aurata 1
L. baeri Pagrus pagrus 1
L. bidens Diplodus puntazzo 1
L. coronatus Diplodus cervinus 1
L. drummondi Pagellus acarne 1
L. elegans Diplodus annularis, D. sargus, D. vulgaris, 5

Oblada melanura, Spondyliosoma cantharus
L. ergens Diplodus annularis, D. puntazzo, D. sargus, D. 4
vulgaris
L. erythrini Pagellus erythrinus 1
L. fraternus Diplodus annularis, D. vulgaris 2
L. furcosus Diplodus annularis, D. sargus 2
L. gracilis Diplodus annularis, D. sargus, Oblada melanura 3
L. hilii Diplodus puntazzo 1
L. ignoratus Diplodus annularis, D. puntazzo, D. sargus, D. 6
vulgaris, Lithognathus mormyrus, Sarpa salpa
L. impervius Diplodus puntazzo 1
L. knoepffleri Soondyliosoma cantharus, Spicara maena, 3
Spicara smaris
L. mirandus Diplodus sargus 1
L. mormyri Lithognathus mormyrus 1
L. parisi Sarpa salpa 1
L. verberis Lithognathus mormyrus 1
L. virgula Pagellus acarne, Pagellus bogaraveo 2

b. Les hétes : Sparidae

L es Sparidae sont une famille de Téléostéens marins fréquentant les eaux tropicales et

tempérées en général a faible profondeur, comportant 119 espéeces et 29 genres (Whitehead

et al., 1986). Leur valeur culinaire en font des poissons d'intérét commercial. Leur position

systématique les situe dans |'ordre des Perciformes et le sous-ordre des Percoidés. Leur

classification est principalement basée sur la dentition. Ces poissons font partie des rares

poissons hétérodontes (ils possedent des types de dents variés: canines, incisives,

molaires), et possedent des régimes alimentaires variés: herbivores (Saupes), carnivores



25

(Sars), conchyliphages (Dorades) et brouteurs dinvertébrés (Sparaillons). Les Sparidae
comportent 16 especes dans la région spécifiqguement étudiée ici (Whitehead et al., 1986),
dont 14 parasitées par des Lamellodiscus (Figure 11.3). Des données biologiques et
écologiques sont disponibles sur ces poissons (Whitehead et al., 1986 ; Froese & Pauly,
1995).

2. Echantillonnage

L 'échantillonnage a été mené dans la partie ouest du golfe du Lion (voir Figure 11.4),
au nord-ouest de la M éditerranée, car de nombreuses données sont disponibles sur les hétes

comme sur les parasites étudiés dans cette région.

Les poissons ont été obtenus par péche au chalut (avec l'aide des pécheurs de
I'Observatoire Océanol ogique de Banyuls-sur-Mer), par chasse sous-marine, ou directement
aupres de pécheurs professionnels de Port-Vendres (Pyrénées Orientales) ou de Séte
(Hérault). Les poissons ont été soit directement disséqués pour en prélever les parasites,
soit conservés a —20°C pour examen ultérieur. Les parasites prélevés des branchies sous la
loupe binoculaire sont ensuite placés entre lame et lamelle, soit dans |'eau de mer (pour des
échantillons trés frais), soit dans I'alcool (pour des échantillons conserveés plus longtemps).
Apreés identification au microscope, les individus sont récupérés pour I'extraction d'/ADN.

L es données moléculaires sont utilisées pour inférer la phylogénie des espéces.

La spécificité hote-parasite ainsi que les relations phylétiques entre les deux groupes
seront étudiées au niveau géographique local. C'est a cette échelle que les études sont les
plus exhaustive et que des tendances peuvent étre bien visibles. La spécificité peut varier
selon les régions (Thompson, 1994 ; Norton & Carpenter, 1998) et ce profil peut-étre
différent a un niveau plus large. En outre, a une échelle plus grande, 1a spécificité mesurée

peut correspondre a une moyenne artificielle n'ayant que peu de réalité biologique.

Il est important de noter que le profil de spécificité des Lamellodiscus du golfe du
Lion est le méme que sur les cotes tunisiennes et algériennes (Neifar, 1995 ; Kouider El
Ouahed-Amine, 1998). Celalaisse supposer que ce profil est constant.
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Figure 11.3: Espéces de Sparidae étudiées.
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Figurell.3 (suite)
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B. PHYLOGENIES

1. Méthodes

Le probléme de la reconstruction phylogénétique a fait I'objet d'une littérature
abondante (voir par exemple les revues de Felsenstein, 1988 ; Darlu & Tassy, 1993;
Swofford et a., 1996 ; Page & Holmes, 1998). Plusieurs types de caractéres peuvent étre
utilisés pour proposer une hypothese des relations de parenté dans un groupe d'espéeces:
données morphologiques, biochimiques (nucléotides des sequences d'ADN, acides aminés
correspondants, différents alléles enzymatiques, ...), écologiques, comportementaux. Les
caractéres les plus utilisés sont les attributs morphologiques des espéces ainsi que les
segquences d'/ADN de certaines parties du génome bien choisies. |l faut noter que dans ce
dernier cas la phylogénie obtenue est celle des fragments dADN étudiés, qui n'est pas

forcément celle des especes qui les contiennent (voir Page & Charleston, 1998).

Il'y a trois grandes familles de méthodes utilisées pour la reconstruction
phylogénétique a partir de sequences d'/ADN. Elles nécessitent toutes un bon alignement

préal able des séquences :

» Les méthodes de distance (phénétique) : elles se basent sur un calcul de la distance
globale réalisé pour chague paire d espéces. Les distances calculées a partir de
données moléculaires, comme c'est le cas ici, peuvent faire intervenir des modeles
d'évolution moléculaire tenant compte de différences a priori dans les fréquences de
base et les taux de substitution des bases ; ce sont les méme modéles que dans les
méthodes de maximum de vraisemblance. La matrice de distance obtenue va servir
a éaborer un arbre binaire au moyen de divers agorithmes. Les plus connus sont la
méthode "neighbour joining" (NJ) et le groupement selon |’ association moyenne
(UPGMA : unweighted pair group method using arithmetic averages). L'UPGMA
produit des arbres ultramétriques supposant |'existence d'une horloge moléculaire

(taux d'évolution constant), contrairement au NJ qui produit des arbres additifs.

* Les méthodes de parcimonie : ces méthodes se basent sur les caractéres et non sur
les distances globales entre paires d'espéces. Dans le cas de séquences dADN, les

caracteres sont les positions des bases alignées, et leurs états sont les différentes
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bases (A, C, G et T). Les méthodes de parcimonie visent a reconstruire I'arbre
postulant le moins de changements évolutifs possibles, ce qui revient aminimiser le
nombre des homoplasies, donc a maximiser celui des homologies. Il est possible de
pondérer différemment chaque type de substitution, par exemple de A vers G ou de
T vers C: c'est la parcimonie généralisée ("generalized parsimony"). De la méme
facon, les sites peuvent se voir attribuer des pondérations différentes. Le probleme

est d'estimer |es pondérations des substitutions ou des caracteres.

Les méthodes de maximum de vraisemblance : ces méthodes concernent également
les caracteres individuels. Elles sont basées sur un modéle d'évolution moléculaire
tenant compte des fréquences des bases, des taux de substitution et éventuellement
de I'nétérogénéité de ces taux entre les sites. Il existe plusieurs modéles plus ou
moins complexes, en fonction du nombre de parametres inférés. Les méthodes de
maximum de vraisemblance cherchent la topologie de |'arbre la plus probable

(vraisemblable) en fonction du modéle et des données (les sequences).

Les trois types de méthodes seront utilises dans cette these. Certains auteurs

(Swofford et al., 1996 ; Page & Holmes, 1998) admettent qu'actuellement, on ne peut pas
considérer gu'un type de méthode soit clairement supérieur aux autres. Les phylogénies

seront validées a I'aide de méthodes de ré-échantillonnage comme le bootstrap (Efron,

1979 ; Felsenstein, 1985b; voir Lapointe, 1998, pour une revue des méthodes de
validation).

Dans ce travail, nous élaborerons des phylogénies pour les Lamellodiscus et leurs

hotes a l'aide de séquences dADN, et ce pour plusieursraisons :

Cela permet d'obtenir des arbres phylogénétiques possédant des longueurs de
branches estimées, ce qui est utile dans I'analyse de la coévolution héte-parasite

basée sur des matrices de distances (voir plusloin).

Par rapport a l'utilisation de caracteres morphologiques, la reconstruction d'une
phylogénie a l'aide de caracteres moléculaires permet détudier I'évolution
morphologique des espéces considérées sans risquer de tomber dans un
raisonnement circulaire du type: inférence de la phylogénie par les données

morphologiques et discussion de I'évolution de ces mémes caractéres sur cette
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phylogénie. L'utilisation de données moléculaires permet donc de réaliser une étude

morphol ogique in dépendante de I'étude phylogénétique.

» Lenombre de caractéres moléculaires (les positions des bases) obtenus peuvent étre
tres nombreux, de |'ordre de plusieurs centaines ou plusieurs milliers, alors qu'il est
difficile d'obtenir autant de caractéres morphologiques, en particulier pour de
nombreuses especes proches comme c'est le casici dans le genre Lamellodiscus. Un
nombre faible de caractére rend I'hypothése phylogénétique obtenue (i.e., I’ arbre)

plusincertaine et difficile avalider.

* Ces caractéres permettent d'utiliser des modéles d'évolution moléculaire, ce qui
autorise I'application des méthodes maximum de vraisemblance basées sur ces

modéles.

» Les séquences d'ADN sont des données "absolues’, ne dépendant pas du contexte
particulier de I'étude réalisée. Elles sont directement comparables a ce qu'on peut

trouver dans lalittérature et dans les banques de données.
2. Phylogénie des parasites

Nous avons choisi d'utiliser la technique du clonage apres amplification de I'’ADN car
étant donnée la trés petite taille des parasites et la faible quantité dADN récupérée €,
souvent, amplifiée, la clonage permet d'obtenir en grande quantité un ADN de trés bonne
qualité pour le séquencage. Malheureusement, cette méthode demande davantage de temps.

L e séquencage proprement dit est réalisé al'aide d'un séguenceur automatique.

Nous avons choisi une région de I'ADN comprenant une partie de I'ADN de la sous-
unité ribosomique 18S (ce fragment sera simplement appelé 18S par la suite) et I'Internal
Transcribed Spacer 1 (ITS1) entier (voir Figure 11.5). Ce choix est fondé sur plusieurs

raisons:

» Ce fragment dADN comprend une région a évolution rapide, I'I'TS1, qui est
intéressante pour éudier les relations entre especes proches, ainsi qu’une région a
évolution plus lente, le 18S, avec lequel on peut mettre en évidence les divergence
entre espéeces éloignées. Ce choix est intéressant pour I'étude d'un groupe d'especes

dont on ne sait rien de I'&ge ni du taux d'évolution, comme c'est le cas ici. On
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dispose actuellement de relativement peu de données sur I'ADN des monogenes
(Gusev, 1995 ; Cunningham et al., 1995 ; Cunningham, 1997 ; Bentz et al., 2001 ;
Sinnappah et a., 2001 ; Olson & Littlewood, sous presse). L'ADN 18S et I'I'TS1 de
I'ADN semblent étre de bons marqueurs de I'évolution au niveau spécifique chez
des monogenes gyrodactylides (Cunningham, 1997) et polystomatides (Sinnappah,
1998 ; Sinnappah et al. 2001), pour lesquelles des amorces bien conservées sont
connues et disponibles. Nous avons utilisé lesamorcesL7 (5- TGA TTT GTC TGG
TTT ATT CCG AT -3) et H7 (5'- GCT GCG TTC TTC ATC GAT ACT CG -3)
définies par Verneau et a. (1997).

* L'ADN ribosomique, et le 18S en particulier, est de loin le fragment dADN le plus
étudié, ce qui permet de trouver facilement des séquences dans les banques de
données sur Internet et donc de confirmer que I'on a bien de 'ADN de monogenes.
Cela permet également de trouver facilement des extra-groupes.

Ce fragment a été sequencé pour au moins deux individus par espéce, et pour trois

clones pour chague individu, cela pour sassurer de la validité des séquences.

ITsl
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4
Fragment amplifie

=environ 1000 ph

Figurell.5: Région del'’ADN ribosomique amplifiée par le couple d'amorces L 7-
H7.

Nous utiliserons plusieurs extra-groupes: Diplectanum aequans, qui est un
monogene de la méme famille que les Lamellodiscus, les Diplectanidag;
Pseudomurraytrema ardens, dont la séquence est disponible sur Internet dans GenBank,
sera également utilisé car les Pseudomurraytrematidae, dont il fait partie, forment un
groupe-frére des Diplectanidae (Boeger & Kritsky, 1997); enfin, nous utiliserons aussi

Dactylogyrus minor (Dactylogyridae) qui est plus éloigné des Lamellodiscus.
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Pour la reconstruction phylogénétique, nous avons donc utilisé des méthodes de
parcimonie, de maximum de vraisemblance et de distances. Pour la parcimonie, un
algorithme "branch-and-bound” a été utilisé sans aucun schéma de pondération. En
maximum de vraisemblance et en distance (NJ), un modéle HKY 85 a éé employé;
I'nétérogénéité du taux de substitution a été estimé a l'aide une distribution gamma de

parametre a égal a0.18, estimé a partir des arbres obtenus par parcimonie.

La phylogénie des Diplectanidae, nécessaire pour la recherche des déterminants de la
spécificité dans ce groupe et pour définir des extra-groupes, a été élaborée a partir de
caractéres morphologiques définis a l'aide des descriptions des genres publiées dans la
littérature. La matrice de caracteres a été analysée al'aide des méthodes de parcimonie avec
I'algorithme  "branch-and-bound” de PAUP* (Swofford, 2001). Le genre
Pseudomurraytrema a été utilise comme extra-groupe a cause de sa position de groupe-
frere des Diplectanidae dans la phylogénie publiée par Boeger & Kritsky (1997).

3. Phylogénie des hétes

Il est souhaitable d'obtenir la phylogénie des hétes afin de pouvoir étudier les
interactions coévolutives hote-parasite ayant pu influencer le profil de spécificité, et
également pour définir de facon plus fine la spécificité (voir plus loin). Hanel &
Sturmbauer (2000) ont récemment propose une phylogénie moléculaire des Sparidae de
Méditerranée. Apres avoir constaté que I'ADNr 18S ne fournissait pas assez de variabilité
pour permettre d'inférer les relations phylogénétiques entre ces espéces, nous avons décidé
de séquencer partiellement le géne mitochondrial du Cytochrome-b (appelé cyt-b par la
suite), afin de confirmer et préciser leur résultat. Le séguencage proprement dit a été
effectué par Olivier Jousson (Université de Geneve). Ce fragment dADN a dga été
reconnu pour étre un marqueur intéressant pour étudier I'évolution des Tééostéens
(Cantatore et al., 1994; Song et al., 1998). Nous désirons comparer |'hypothese
phylogénétique obtenue par Hanel & Sturmbauer (2000) a I'aide des séquences dADNmt
16S, au résultat obtenu avec nos séquences de cyt-b. Ensuite, si les deux jeux de données ne
sont pas déclarés significativement différents par un test d'homogénéité (Partition
Homogeneity Test; Farris et a. 1994) et significativement semblables par un test de

Mantel (1967), nous grouperons les deux jeux de séguences dans une analyse combinée
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("total evidence", appelée 16S + cyt-b). Nous espérons ainsi augmenter la précision de
I'arbre phylogénétique. Nous utiliserons Dicentrarchus labrax (Moronidag) comme extra-
groupe dans I'analyse des séquences d ADNmt cyt-b, et |le méme extra-groupe que Hanel &
Sturmbauer (2000) pour 'ADNmt 16S, Spicara maena (Centracanthidae). Nous avons
également utilisé les méthodes de parcimonie, de maximum de vraisemblance et de
distances pour estimer la phylogénie des hétes. Pour la parcimonie, un algorithme "branch-
and-bound" a été utilisé sans aucun schéma de pondération. Un modéle HKY 85 a été
utilisé pour les analyses en maximum de vraisemblance et NJ; I'hétérogénéité du taux de
substitution a été estimée a I'aide une distribution gamma de paramétre a de 0.17 estimé a
partir de |'arbre le plus parcimonieux. En parcimonie, une pondération de 14 a été attribuée
aux transitions a la premiere et a la troiseme position des codons des séguences
correspondant au cytochrome-b. Cette valeur est issue de I'estimation par maximum de
vraisemblance du ratio transition/transvesrion (Ti/Tv), qui est sensiblement égal ala valeur
maximale observée (13.4) pour les espéces les plus proches. L'algorithme heuristique de
PAUP* aété utilisé pour lareconstruction phylogénétique.

C. COEVOLUTION

Le terme "coévolution” est utilisé ici pour décrire les relations macroévolutives entre
la phylogénie des parasites et celle de leurs hotes. | sagit de mesurer a quel point ces deux
arbres sont congruents. Quand ils sont parfaitement congruents, cela indique que la
|'association héte-parasite a subi uniquement des phénomeénes de cospéciation, et ainsi que
la coévolution est "parfaite’. Cela correpond a la définition utilisée par Brooks (1979,
1985), Klassen & Beverley-Burton (1987), Brooks & McLennan (1991), et Klassen (1992).
Cela ne doit pas étre confondu avec un sens plus restrictif utilisé en génétique, et de
maniere général dans un contexte microévolutif, ou la coévolution est définie comme
I'influence du génome des hétes sur celui des parasites (Toft & Karter, 1990) et, d'une
maniere générale, comme |'apparition de modifications chez une espece en réaction envers
I'influence de I'autre (hypothése de la Reine Rouge : Van Vaen, 1973). En d'autres termes,
le sens utilisé est centré sur I'étude des événements de cladogénése, alors gque le second est

davantage tourné vers |'anagéenese.
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Il existe plusieurs méthodes pour étudier la coévolution entre les parasites et leurs
hétes. Parfois, quand I'association étudiée est suffisamment simple, I'observation visuelle
des arbres peut suffire (e.g., Verneau et al., 1997). Mais dans la plupart des cas, une
méthode analytique précise est préférable (voir revues dans Ronquist, 1995; Page &
Holmes, 1998 ; Paterson & Banks, 2001).

La premiere méthode spécifiquement concue pour I'étude de la coévolution dans les
associations hote-parasite est la "Brooks Parsmony Analysis' ou BPA (Brooks, 1981 ;
Brooks and McLennan, 1991). Elle consiste en la reconstruction d'une phylogénie des hétes
en utilisant les parasites comme caractéres, tout en prenant en compte les relation
phylétigues entre ces derniers. L'arbre obtenu est comparé a l'arbre original des hétes et les
différences sont expliquées par des événements évolutifs comme la capture (voir par
exemple Paterson et al. 1993 et Boeger & Kritsky, 1997). Cette méthode est essentiellement
descriptive. Une autre méthode, I'analyse des composantes ("component analysis' : Nelson
& Platnick, 1981) a été popularisée par Page (1993a,b,c). Elle est basée sur la comparaison
des topologies des arbres. Cette méthode cherche les noauds équivalents (conduisant aux
méme especes) dans les deux arbres et teste si la ressemblance obtenue est plus grande
gu'une ressemblance due au hasard, mais elle ne permet pas la prise en compte des
événements de capture. La méthode des arbres réconciliés (“reconciled trees"), également
proposée par Page (1994a,b), pouvait incorporer de tels événements, mais sans les gérer
correctement (Charleston, 1998). Le programme TreeMap permet de tester si le systéme
hote-parasite étudié est I'objet d'une "cospéciation significative”", c'est-a-dire si le nombre
d’ événements de cospéciation estimeé par TreeMap est supérieur a ce qu’on obtiendrait par
hasard. Cela est réalisé en permutant aléatoirement |'arbre des parasites, celui des hotes, ou
les deux, et en estimant le nombre d’ événements de cospéciation inférés pour chacune de
ces associations aléatoires, qui représentent donc autant de réalisations de I'hypothése nulle
de non-congruence entre les arbres. TreeMap cherche ainsi & maximiser le nombre de
cospéciations dans la reconstruction. Ronquist (1995) a propose d'utiliser une méthode
basée sur la parcimonie généralisée, dans laquelle les transitions entre états de caracteres
peuvent étre pondérées. Cette méthode cherche également a obtenir une congruence de
I'arbre des parasite avec celui des hétes en prenant en compte un codt différent pour les
quatre types d'événements coévolutifs potentiels (Ronquist 1995 ; Page and Charleston,
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1998 ; Paterson and Banks, 2001) : cospéciation, duplication, disparition et capture (Figure
[1.6). Lareconstruction optimale est celle qui minimise le co(t global. Cela est réalisable &
I'aide du programme TreeFitter de Ronquist (2001, disponible a ['adresse
http://www.ebc.uu.se/systzoo/research/treefitter/treefitter.ntml) qui permet de tester
statistiquement, par permutations, le codt global de la reconstruction ainsi que de chague
type d'événement. Un autre point intéressant de TreeFitter est gu'en faisant varier le colt de
chaque événement, il permet de retrouver les conditions des méthodes BPA et TreeMap.
Un probléme est que la version actuelle (1.0) ne permet pas d'obtenir de sortie graphique
des résultats, contrairement a TreeMap, ce qui rend difficile la proposition de scénarios
évolutifs précis. Huenselbeck et al. (1997) ont proposeé d'utiliser une méthode de maximum
de vraisemblance pour tester I'hypothése de cospéciation hote-parasite. Cette méthode teste
s les deux arbres sont significativement différents, en sappuyant sur un modele d'évolution
moléculaire. Elle teste d'abord s les topologies sont les mémes, puis s les longueurs de
branches le sont, et enfin si les taux d'évolution sont les mémes chez les hotes et les
parasites. Cette méthode est limitée a I'éude de phylogénies basées sur des séquences
d'ADN et a des associations du type un héte-un parasite. De plus, elle nincorpore pas les
événements de duplication et d'extinction. C'est aussi le cas d'une autre méthode proposée
par Huenselbeck et a. (2000), basée sur le principe de l'inférence Bayesienne, qui permet
en plus d'estimer des intervalles de confiance pour e nombre et la position des événements

de capture.

Toutes les méthodes précédemment mentionnées fonctionnent de facon optimale avec
des associations du type un héte-un parasite, méme s aucune limitation théorique ne
soppose a des nombres différents, sauf pour les méthodes basées sur le maximum de
vraisemblance et |'inférence Bayesienne. Si ces nombres augmentent, tout comme la taille
des phylogénies, le probléme peut devenir trop complexe pour permettre de trouver des
solutions optimales. De plus, elles ont en commun de comparer les topologies des arbres
evolutifs des hotes et des parasites, ce qui permet de proposer des scénarios évolutifs pour
|'association héte-parasite concernée, mais qui suppose que ces arbres soient bien connus
et, si possible, uniques. En effet, |'absence ou I'gjout d'une espece a un des deux arbres peut
changer de fagon plus ou moins importante la congruence entre les deux arbres, surtout s
les nombres d'espéces considérés sont peu élevés. Cela suppose donc une bonne
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connaissance et un échantillonnage exhaustif des groupes étudiés. Maisil est impossible, en

pratique, de savoir si une espéce actuellement éteinte prend place dans une des topologies,
ce qui pourrait changer le scénario évolutif proposé (voir Brooks & McLennan, 1991).
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Figurell.6: Les quatre événements coevolutifs.

L es distances phylogénétiques entre les especes étudiées ne sont pas forcément bien
estimées a partir des arbres évolutifs puisque ceux-ci sont eux-mémes le résultat d’'une
estimation qui peut étre plus ou moins heureuse. Les distances phylogénétiques peuvent
éventuellement étre directement estimées a partir des données brutes (séquences, caracteres
morphologiques, ...). Bien sir, de telles distances sont des mesures moins précises des
relations évolutives interspécifiques que celles qui seraient calculées a partir des arbres
phylogénétiques si ceux-ci étaient connus avec précision, mais elles ne dépendent pas des

hypotheses nécessaires a la reconstruction d'un arbre (la moindre n'étant pas le choix de la
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méthode). De plus, si de multiples arbres sont généreés par la reconstruction phylogénétique,
par exemple plusieurs arbres également parcimonieux, il est fastidieux d'étudier toutes les
associations possibles entre les arbres. |1 peut étre plus simple de travailler directement sur

les distances brutes entre les espéces.

Une nouvelle méthode d'étude de la coévolution héte-parasite, basée sur les distances
phylogénétiques estimées entre les especes, sera utilisée ici, en plus de TreeFitter et
TreeMap. Cette méthode est mise en ceuvre dans le programme ParaFit, et a été décrite par
Legendre, Desdevises & Bazin (soumis; voir Annexe A). Le calcul utilise des matrices de
distance brutes ou patristiques (i.e., calculées a partir des arbres phylogénétiques). Elle peut
étre utilisée avec toutes sortes de matrices de distance et avec nimporte quel hombre de
parasites/hbtes par hote/parasite. Elle est basée sur les statistiques du "quatrieme coin”
(Legendre et a., 1997 ; voir Legendre & Legendre, 1998, section 10.6), qui consistent a
mesurer la congruence entre deux matrices incommensurables (ici des matrices de distance
pouvant contenir des nombres différentes d'objets, i.e. d'hétes et de parasites), reliées par
une troisieme (ici une matrice décrivant les associations hote-parasite individuelles, ou
liens). Les matrices de distance phylogénétiqgue sont transformées en un tableau
rectangulaire par une analyse en coordonnée principale (Gower, 1966 ; voir Legendre &
Legendre, 1998). Latroisiéme matrice est une matrice binaire représentant les présences (1)
ou absences (0) des parasites sur les hétes. La méthode combine les trois matrices en une
seule (le "quatrieme coin"), d'ou est extraite une mesure de la congruence entre les matrices
de distance des hbtes et des parasites, contrainte par les associations hote-parasite
individuelles. Cette congruence est testée par une procédure permutationnelle, en permutant
aléatoirement N fois la matrice de liens (les parasites sont attribués al éatoirement aux hétes
disponibles), ce qui génere N réalisations de I'hypothése nulle de non-association entre les
deux clades. La valeur correspondant a l|'association observée est testée contre la
distribution aéatoire générée par les permutations. ParaFit peut également tester I'influence
de chaque lien héte-parasite sur la congruence globale entre les matrices de distance, et
ainsi trouver les espéces contribuant le plus & l'association évolutive entre les hotes et leurs

parasites. Ces especes forment les associations coévol utives les plus probables.

Différentes méthodes vont donc étre utilisées pour étudier la coévolution entre les
Lamellodiscus et les Sparidae, une association complexe avec un nombre variable d'hotes
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par parasite et de parasites par hote. Nous tenterons ainsi d'estimer si I'histoire évolutive des
parasites est dépendante de celles de leurs hétes et donc de voir s la spécificité des
parasites est contrainte par leurs liens historiques avec leurs hotes, ou si au contraire elle

semble plus dépendante des conditions écologiques actuelles.
D. ANALYSE COMPARATIVE

1. Déerminants de la spécificité

Dans cette étude, nous serons amenés a comparer certaines caractéristiques au sein
d'un groupe d'especes. Cependant, ces especes sont liées par une histoire évolutive, et ne
représentent donc pas des objets indépendants. Les corrélations recherchées entre les
caractéristiques devront étre établies a I'aide de méthodes spéciales, tenant compte des
relations phylogénétiques entre les espéces: ce sont les méthodes comparatives (voir
Brooks & McLennan, 1991 ; Harvey & Pagel, 1991). Il existe toute une gamme de
méthodes comparatives, la plus connue étant celle des contrastes indépendants (Felsenstein,
1985a). Cette méthode consiste a estimer les différences (contrastes) entre les groupes-
freres de la phylogénie, puis de réaliser les tests statistiques sur ces valeurs indépendantes.
Les contrastes doivent étre standardisés a travers I'arbre phylogénétique et la régression
utilisée ensuite doit étre forcée al'origine (Garland et a., 1992). La méthode des contrastes
indépendants est utilisable, entre autres, a I’aide du programme CAIC (Comparative
Analysis using Independent Contrasts) de Purvis et Rambault (1995). Les contrastes
peuvent ensuite étre utilisés comme n'importe quelle variable quantitative, dans des

analyses de régression simple ou multiple par exemple.

Dans la recherche des déterminants de la spécificité parasitaire, nous avons vu que
plusieurs facteurs sont susceptibles dinfluencer la spécificité parasitaire. De plus, ces
facteurs peuvent étre liés les uns aux autres. |l est donc important d'utiliser des méthodes
qui permettent de prendre en compte toutes ces variables simultanément, soit des méthodes

d'analyse multivariables (voir Legendre & Legendre, 1998).

Nous désirons étudier l'influence de toute une série de variables indépendantes

(phylogénie, variables morphologiques et écologiques) sur une variable dépendante, la
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spéecificité. Ceci requiert une approche de type régression multiple (Legendre & Legendre,
1998).

Il reste a définir maintenant lafagon d'exprimer chaque variable :

Spécificité. Elle est ici exprimée par le nombre d'hotes. |l existe plusieurs facons
d'exprimer la spécificité parasitaire. On peut prendre en compte la prévalence et
I'intensité (Rohde, 1979, 1994) mais ces facteurs varient dans le temps et I'espace
(Kennedy, 1975). Dans un contexte macro-évolutif, le nombre d'hétes est mieux
adapté. On peut définir comme spécialistes les parasites utilisant un seul hoéte et
comme généralistes les especes en utilisant plusieurs (Euzet & Combes, 1980 ;
Simkova et al., 2001). Cette distinction peut sembler simpliste, spécialement dans le
cas des généralistes. En effet certaines especes de parasites utilisent deux espéces
d'hétes trés proches alors que d'autres utilisent de nombreuses espéces répandues a
travers plusieurs genres. |l faut pouvoir rendre compte de cette différence. Il est
donc important de prendre en compte la position phylogénétique des hotes parasités.
Ainsi, un indice composé de quatre classes de spécificité a été défini: 1-
specialistes utilisant un seul hote; 2- spécialistesintermédiaires utilisant deux hotes
proches phylogénétiquement; 3- généralistes intermédiaires utilisant des hotes dans
la méme clade; 4- généralistes utilisant des hotes appartenant a plusieurs clades. |l
est donc nécessaire de posséder une phylogénie des hotes et d'y définir des clades.
Cet indice, comme le nombre d'hétes, varie en sens inverse de la spécificité : plusil
croit, plus la spécificité est faible. Cet indice est donc nommeé INS, pour Indice de
Non-Spéecificité.

Variables morphologiques. La taille du parasite, corrélée a celle du hapteur et a
d'autres variables morphométriques, sera utilisée. Les mesures ont été prises
directement sur les individus étudiés, ainsi que dans la littérature pour les especes

dont trop peu de représentants étaient disponibles.

Variables écologiques. Ce sont essentiellement les variables liées a I'hGte : taille,
abondance, grégarité. Ces variables sont tirées de la littérature (Whitehead et al.,
1986). Lataille est une variable continue, I'abondance et |a grégarité sont exprimeées

sous forme de classes.
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* Nombre d'hétes potentiels. Cette variable, utilisee par Poulin (1992), est le
nombre d'hétes présents dans la(les) clade(s) contenant le(s) héte(s) parasité(s). On
peut penser que ces hotes sont plus compatibles avec e parasite considéré et donc

plus susceptibles d'étre parasités.

Afin d'étudier si la spécificité est liée a la phylogénie, il faut pouvoir exprimer celle-
ci sous forme de variable. Une solution consiste a utiliser la matrice de distance patristique
issue de l'arbre phylogénétique pour représenter la phylogénie dans I'analyse. En
transformant la variable spécificité également en matrice de distance (en utilisant une
distance euclidienne par exemple), il serait possible d'établir le lien statistique entre les
deux matrices a I’aide du test de Mantel (1967). Cependant, Dutilleul et al. (2000) ont
montré que la corrélation entre deux vecteurs était plus forte que la corrélation de Mantel
entre deux matrices de distance issues de ces vecteurs. Legendre (2000) a montré, pour le
méme cas, que la puissance du test de la corrélation de Pearson était plus importante que
celle du test de Mantel. Nous avons donc décidé de transformer plutt la matrice de
distance patristiqgue en un tableau rectangulaire a l'aide d'une analyse en coordonnée
principale (Gower, 1966). Les coordonnées principales issues de cette analyse sont des
variables indépendantes dont la somme représente 100% de la variance phylogénétique
(voir Figure 11.7). Cette technique est efficace pour représenter l'inertie phylogénétique
(Diniz-Filho et a., 1998). Les coordonnées principales sont ensuite simplement utilisées
comme variables dans les analyses statistiques. Un lien significatif entre une ou plusieurs
de ces variables et la spécificité, identifié par une régression multiple, indique la présence
d une corrélation entre la spécificité et la phylogéenie.

Cette fagon de quantifier I'inertie phylogénétique permet de partitionner la variation
de la variable spécificité (INS) entre la variance phylogénétique et la variance due aux
facteurs environnementaux. Comme la variation due a I'environnement et a la phylogénie
peuvent ne pas étre indépendants (Westoby et al., 1995), il est intéressant de pouvoir
quantifier la portion de la variation de la variable dépendante qui due a I’ effet conjugué de
ces deux influences (Figure 11.8). Une méthode a été proposée pour ce faire et ele sera
utilisée dans cette these. Pour une explication plus détaillée de cette méthode, voir

Desdevises, Azouzi, Legendre & Morand (soumis, Annexe B).
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principales.

lid & 1'écologie nomn expligua

lié & la phylogé nie

[a] [B] [c] [d]

Figurell.8: Partition de lavariation d'une variable (trait épais) entre les effets
écologiques et phylogénétiques.



2. Evolution de la spécificité

La technique de I'optimisation des caracteres par parcimonie (Farris, 1970 ; Brooks &
McLennan, 1991) sera utilisée afin de visualiser I'évolution de la spécificité sur I'arbre
phylogénétique des parasites. L'indice INS sera cartographié sur cet arbre. Cela permettra
de voir s la spécificité est une caractéristique dérivée, conduisant éventuellement a un cul-
de-sac évolutif, comme cela a é&é proposé par plusieurs auteurs (Huxley, 1942 ; Simpson,
1953; voir Futuyma & Moreno, 1988 ; Thompson, 1994). Pour étudier cette méme
hypothése, une régression de I' INS contre le nombre de nceuds séparant chaque espéce de
laracine de |'arbre sera également utilisée. En effet, si |a spécificité tend a étre un caractére
dérivé, cette relation devrait étre significative, montrant une augmentation de la spécificité

avec |" augmentation du nombre de noauds.
3. Lien entre spécificité et diversification taxonomique

Ceci est une analyse comparative entre la spécificité, d'une part, et la diversification
taxonomique des parasites d'autre part. |l est nécessaire d’ utiliser la méthode comparative
puisque I'effet de la phylogénie doit étre controlé dans I'analyse. La diversification est
représentée par le nombre d'especes par clade. Cette variable ne peut donc étre calculée
pour les especes individuelles, au niveau des feuilles de I'arbre, mais prend son sens au
niveau des nceuds, c'est-a-dire des espéces ancestrales. || sagit de faire une comparaison de
groupes-fréres, ce que Barraclough et al. (1998) considérent comme la meilleure approche
pour étudier ce type de probleme. Par ailleurs, la diversification ne peut pas étre utilisée de
la méme fagon que n’importe quelle autre variable dans une analyse comparative. En effet,
la valeur d' une variable a un nceud est ordinairement la moyenne des valeurs aux nceuds
descendants si on utilise des longueurs de branches égales et un modéle d'évolution
brownien. Dans le cas de la diversification, cette valeur n'est pas la moyenne mais la
somme des valeurs aux noauds immédiatement issus du nceud pour lequel on la calcule. Le
logicidl  MacroCAIC  écrit par P.-M  Agapow (disponible a I'adresse
http://www.bio.ic.ac.uk/evolve/software/macrocaic/) et dérivé du programme CAIC de

Purvis et Rambault (1995), permet de calculer la corrélation entre une variable et la
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diversité taxonomique. Les contrastes obtenus sont ensuite utilisés comme variables dans
des régressions classiques. Pour chague nceud de la phylogénie, |a variable représentant la
diversification taxonomique est le logarithme népérien (In) du rapport entre le nombre
d'espéces du clade dont la spécificité moyenne est la plus basse et e nombre d'espéces pour
le clade de plus forte spécificité moyenne; ce rapport sera nommé CladeRatio. Quand ce
rapport est plus petit que 1, le In est négatif et le clade dont la spécificité moyenne est la
plus faible contient davantage d'espéces, et inversement. L'analyse est réalisée pour chague
paire de groupes-freres a travers la phylogénie. Ce rapport est régresse contre le In de la
variable specificité INS. Un lien entre la spécificité et la diversification taxonomique doit se

matérialiser par une relation négative significative.
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Articlel

SASAL Pierre, Yves DESDEVISES and Serge MORAND. 1998. Host-specificity and
species diversity in fish parasites. phylogenetic conservatism? Ecography 21: 639-643.

Objectif a

Cetravail est centré sur I'étude de la spécificité pour I'héte dans les différents grands
groupes de parasites (Monogenes, Digenes, Cestodes, Nématodes, Copépodes,
Acanthocéphales). Nous montrons que le méme type de spécificité semble conservé a
I'intérieur des grands groupes de parasites étudiés, suggérant que des contraintes
phylogénétiques a grande échelle sont impliquées dans son déterminisme. La localisation
géographique et I'habitat ne semblent pas jouer un grand rdle quand au déterminisme de
cette spécificité. Enfin, le lien entre diversité taxonomique et spécificité (nombre d'hote) est

mesuré.

Participation du thésard :
* Interprétation des résultats

+ Discussion

Bien que je n'en sois pas le premier auteur, j'ai inclus cet article dans ma thése parce
gue je pense que cela gjoute a la cohérence de I'ensemble. Ce travail offre une bonne
introduction conceptuelle a la problématique constituant le coeur de ce travail et offre une
vue du probléme a une échelle taxonomique globale, qui sera resserrée ensuite. Ne pas

inclure cette publication se traduirait par un manque car je dois m'y référer constamment.
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Abstract

The pattern of parasite species diversification and specialization, appreciated by host
range, isinvestigated in fish parasites. We test whether host range is linked with phylogeny
at a high taxonomic level, and if there is a relationship between host range and host species
diversification. For this purpose we used two sets of data, one on macro-parasites of marine
fishes of the Mediterranean Sea and the other on macro-parasites of marine and freshwater
fishes of Canada. Similar patterns of host range among parasitic groups were found. Our
findings suggest that habitat (marine versus freshwater) and geographic localisation
(Canada versus Mediterranean region) play little role in determining the observed patterns
of host range. We highlight the potential influence of phylogeny (high-taxonomic level) on
the level host range in parasites. We find that parasites with free-swimming larval stages
and with direct life cycles have a narrower range of host species than do parasites with
indirect life cycle, even if we cannot control for phylogenetic effects because of the lack of
variation of life cycles within each parasitic group. Finaly, a positive relationship was
found between the number of known hosts and parasite species diversity in the case of
Mediterranean parasite species. The relationship between host range and species
diversification should be related to the mechanism of cospeciation.
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I ntroduction

Species diversification and species richness have been the topic of numerous studies
(see Rosenzweig 1995) and many theoretical studies have tried to explain why some groups
of organisms are much more diverse than others (Janzen 1973; May 1975; Stanley 1979,
Cockburn 1991). Parasites are ideal candidates for testing evolutionary concepts because
the resource environment can be more easily defined in space (individual hosts) and in time
(host phylogeny) (Price 1980, 1982; Rohde 1982; Brooks and McLennan 1991, 1993g;
Thompson 1994; Poulin 1997). Some authors have investigated the determinants of species
diversification among parasitic organisms, referring to key innovations, i.e. the appearance
of homoplasic character(s) which is (are) correlated with species diversification (Brooks
and McLennan 1993b; but see also Rohde 1996). On the other hand, some studies have
emphasized that speciaization for a parasite, which is defined here as host range, may
appear to be an important feature in species diversification (Brooks and McLennan 1991,
1993a; Poulin 1992).

There is a an apparent paradox between species diversification and specialization as
emphasized by Brooks and McLennan (1993a) and one can hypothesize that the
opportunities for host colonization and subsequent speciation are in inverse proportion to
the degree of host specificity (or host range). That means,a more widely distributed parasite
species, in term of host range, may be able to colonize more easily new host species.
However, Brooks and McLennan (1993a) have argued that "if colonization of a new host
leads to speciation and the establishment of a unique association, then the host must have
acted as a strong directional selection force. The chances of this occurring should be higher
for species with pronounced host specificity, because they are theoretically more sensitive
to changes in the host component of their environments than their more tolerant, generalist

relatives'.

Our aim is to test whether host range is linked with (1) phylogeny at a high
taxonomic level and (2) species diversification in host. For this purpose we used two sets of
data, one on parasites of marine fishes of the Mediterranean Sea (Sasal, Morand and
Guégan 1997) and the other on parasites of marine and freshwater fishes of Canada
(Margolis and Arthur 1980).
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Material and methods

Host range (Lymbery 1989; Rohde 1980) is defined as the number of species of hosts
infected by a given species of parasites. Host range may be estimated from records of host
occurrence. Rohde (1980) and Lymbery (1989) distinguish host specificity from host range
by taking into account in the former "the prevalence and/or intensity of infection in each
species of host". Unfortunately, all data on prevalence or intensity are not available, so host

range will be used here as a measure of host specificity.
Data on hosts and parasites

Data for six groups of adult macro-parasites were collected: cestodes, nematodes,
digeneans, monogeneans, copepods and acanthocephalans. Parasites can exhibit simple (or
direct) life cycles or complex (or indirect) life cycles. In the case of a smple life cycle,
parasites use a unique host. Complex life cycles involve two or more hosts. For the groups
studied here, only monogeneans and copepods have asimple life cycle, al the other groups,

cestodes, nematodes, digeneans and acanthocephalans, exhibit complex life cycles.

The factors responsible for interspecific variability in host-specificity were
investigated within 225 species of metazoan parasite species found in Canadian freshwater
fishes, 340 parasite species found in Canadian marine species (Margolis and Arthur 1980)
and 155 species of metazoan parasites found in Mediterranean marine fishes (Sasal et al.
1997).

Satistical analysis

Mean host range (number of known hosts per parasite species) was compared with
two two-way ANOVA, in which factors are parasite group and environment, and parasite
group and geographic locality, to show the effect of each factor on the variable and their

interaction.
Results
We found a positive relationship between the number of studies found in the

litterature concerning one parasite species and the number of hosts recorded for this

parasite species (p<0.0001), in the case of parasites of Canada. This relationship is quite
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obvious since a largely distributed generalist parasite species (large host range) has a
greater chance to be recorded in various studies. We found no relationship between the
number of host species recorded by parasite species and the number of hosts studied
(p=0.37) in the Mediterranean Sea. This result shows that host sample size has no influence
on the estimation of host range, suggesting that it is not useful to control the data for host
sampling effort.

Host range among parasitic groups

Host range according to parasitic groups was compared between freshwater fish
parasites and marine fish parasites from Canada and the Mediterranean Sea (Fig. 1). The
genera pattern of host range depicted for Canadian fish parasites (marine and freshwater)
was also found for Mediterranean fish parasites (Fig. 1). Host range differed significantly
between parasitic groups (Tables 1 and 2). Nematodes and acanthocephalans had the largest
mean host range whereas monogeneans and cestodes had lower host ranges. Similar mean
numbers of known host species per parasite species were found for each group of parasites,

in each geographic localisation.

There was a significant influence of parasitic groups on the values of host range
(ANOVA, Table 1, Table 2).

There was no influence of host geographic localisation (freshwater Canada, marine
Canada, Mediterranean Sea) on host range (ANOVA, Table 1).

There was also no influence of host environment (marine versus freshwater) on host
range (ANOVA, Table 2).

Influence of parasite life cycle

The distribution of host range was aggregated: most parasite species were recorded
from a few species of hosts (Fig. 2). The range of number of known hosts per parasite
species is wider for parasites having indirect life cycles (1-50 host species) than for those

having direct life cycle parasites (1-30 host species).

A significant effect of the type of parasite life cycle (direct versus indirect) was
detected (Fig. 3; ANOVA, F,,,=38.12, p<0.0001). Direct life cycle parasites have a

significantly lower host range than indirect life cycle parasites. This result is found as a
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genera pattern for the global data, however it seems to be different when we considered

only eucestoda and copepoda (see Fig. 1).
Host-range and parasite species richness

A negative relationship was found between the mean number of known hosts and the
number of parasite species (R*=0.26; b=-0.152; p=0.027) (Fig.4), which indicates that high
host specificity for parasites (low mean number of infected hosts) is correlated with high

species diversity.

A positive relationship was found between the number of known host species and the
number of known parasite species in the case of Mediterranean fish (note that we add the
case of parasitic isopodes) (R?=0.85; b=1.492; p=0.0032) (Fig. 5).

Discussion

Several pitfalls have to be avoided in a study of host range. One important bias results
in differential host sampling effort. Using data from well-known and intensively studied
faunas (Canada and Mediterranean Sea) can prevent bias due to poorly or not studied hosts.
Moreover, the lack of relationship between host range and host sampling effort in the

Mediterranean Sea supports the view that our data set is suitable for thiskind of analysis.

Poulin (1992) found a positive relationship between the number of potential host
species and the number of known hosts among the 176 species of Canadian freshwater fish
parasites included in his analysis. We found similar trends of host range between Canadian
fish parasites (reanalyses of the same source of data as those of Poulin 1992) and

Mediterranean fish parasites.

Our finding suggests that habitat (marine versus freshwater) and geographic
localisation (Canada versus Mediterranean region) play little or no role in determining the

observed pattern of host range.

Our finding aso highlights the potential influence of phylogeny (high-taxonomic
level) on the host range (Poulin 1992, 1997; Morand 1996) of parasites. Clearly, each group
of parasite taken separatly reflect a similar host range in the different geographic
localizations (that means in different environments); monogeneans on one extreme, high

speciaization (or low host range) and acanthocephal ans on the other, low specialization (or
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high host range). The view that parasites are more or less specific depending on the
geographical localisation is thus strenghtened (see Rohde 1978). However, we did not test
the influence of latitude on the relationship between host range and host diversification (see
Rohde 1978; 1980).

As predicted by Noble et al. (1989), we found that parasites with free-swimming
larval stages and with direct life cycles (monogeneans and copepodes) have a narrower
range of host species than do parasites with indirect life cycle, which infect their definitive
hosts through predator-prey relations. However, we cannot control for phylogenetic effects

because of the lack of variation of life cycles within each parasite group (Morand 1996).

The determinants and patterns of host specialization among groups of parasites are
not totally clarified by our findings. Poulin (1992) failed to find any relationship between
host range and fish body size but, recently, Sasal and Morand (1998) argued that host range
in the Monogenea is correlated with fish body size, large-bodied fish harbouring more
specific parasites than small-bodied fish. The relationship between fish body size and host
range of monogeneans was interpreted as a specialization on predictable hosts, as fish body
size correlates with many life traits such as longevity or fecundity (Winemiller and Rose
1992). However, the pattern found for a certain group of parasites, here the Monogenes, is

not necessary applicable to all parasite groups.

The relationship between parasite species diversity and host species diversity was
explored by Price (1980, 1982). There are severa examples indicating a significant
relationship between the number of available host species and the number of parasites that
exploit them (Strong 1977; see Price 1980; Rohde 1989; Poulin 1992). Poulin (1992)
found, in the case of the Canadian freshwater fish parasites, that the number of known hosts
is positively associated with the number of potential hosts, defined as the other species of
the genus. A positive relationship was also found between the number of known

Mediterranean hosts and the parasite species diversity, thus supporting this hypothesis.

The relationship between host range and species diversification could be related to
the mechanism of cospeciation (Thompson 1994). There are strong arguments to support
the view that cospeciation occurs more frequently with highly specific parasites than with

poorly specific parasites (see Humphery-Smith 1989). Several examples on cospeciation
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involve highly specific parasites: pocket gophers and their lice (Hafner et al.1994, Hafner
and Page 1995) or oxyurid nematodes and primates (Brooks and Glen 1982).

The observed link between range and diversification raises the following question: is
parasite diversification a consequence of parasite specialisation? Our study does not allow
us to answer this question. For instance, much information is needed on the historical
relationship between parasites and their hosts. As previously emphasized by Brooks and
McLennan (1991), the phylogenies of parasites should be better known. These phylogenies
would permit to test whether, within clades, diversification is related to specialization.
Furthermore, it would allow to test if specialization arose prior to diversification, which
supports the view of an adaptative role of specialization, or if diversification arose prior to
specialization. The second case would imply that specialization is the product of another

selective force.
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Figure Captions

Fig. 1 Host range (mean number of hosts = sd) of fish parasites of Canada (freshwater and
marine) and Mediterranean Sea (marine).

Fig. 2 Frequency distribution of numbers of parasite species among species of marine and
freshwater fish parasites according to their life cycle: (A) simple life cycle (SLC) or (B)
complex life cycle (CLC)

Fig. 3 Influence of parasite life cycle, simple life cycle (SLC) versus complex life cycle
(CLC) on the host specificity (mean number of hosts in In) (ANOVA, F, ,;=38.12,
p<0.0001).

Fig. 4 Relationship between host range (mean number of host known for parasite, in In) and
the total number of known parasite species per group of parasite (in In) (R*=0.26; b=-0.152;
p=0.027).

Fig. 5 Relationship between known host parasitized and known parasite species in the case

of Mediterranean fish (note that we have added data on parasitic isopods) (R*=0.85;
b=1.492; p=0.0032).
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Table 1. Effects of phylogenetic group and environment (marine or freshwater) detected by
ANOVA on host range (in In).

Effect DF F p
parasite group 5 17.97 <0.0001
host environment 1 0.55 0.460
parasite group X host environment 5 2.64 0.022

Table 2. Effects of phylogenetic group and host geographic localisation (marine Canada,
freshwater Cananda, marine Mediterranean Sea) detected by ANOV A on host range (in In).

Effect DF F p
parasite group 5 14.60 <0.0001
host geographic localisation 2 2.40 0.092
group X host geographic 10 2.06 0.025

localisation
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Article2

DESDEVISES Yves, Serge MORAND, and Guy OLIVER. 2001. Linking Specialization to
Diversification in the Diplectanidae Bychowsky, 1957 (Monogenea, Monopisthocotylea).
Parasitology Research 87(3): 223-230.

Objectifsaet b

Dans cet article, nous cherchons a savoir si la spécificité est liée a la diversification
taxonomique chez les Diplectanidae, la famille a laquelle appartient le genre
Lamellodiscus. Cela est éudié dans un contexte phylogénétique a I'aide d'une méthode
comparative appropriée. Pour cela, une phylogénie des Diplectanidae a été reconstruite a
I'aide de caractéeres morphologiques. Cet arbre phylogénétique permet ensuite de définir des

hors-groupes qui seront utilisés pour la phylogénie moléculaire des Lamellodiscus.

Participation du thésard :
» Recherche bibliographique
* Analyse phylogénétique
* Analyse comparative
* Rédaction
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Abstract

The hypothesis of a positive correlation between host-specificity and taxonomic
diversification is tested in a family of fish ectoparasites, the Diplectanidae Bychowsky
1957 (Monogenea). A comparative analysis of correlation of species richness with host
specificity was performed using an adapted independent contrasts method. In order to
control for phylogenetic effects, a phylogenetic tree of the genera in the Diplectanidae
using morphological characters was reconstructed. The current taxonomy isretrieved in this
phylogenetic hypothesis, except for the Murraytrematoidinae subfamily, which appears to
be paraphyletic. There is no significant correlation between host-specificity and taxonomic
diversification in the Diplectanidae. The significance of this result is discussed, and

different hypotheses which could have led to this observation are presented.
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I ntroduction

Several studies have focused on the topic of taxonomic diversification, trying to
explain what |eads some groups of organisms to contain many different species while some
harbor few (e.g. Slowinski and Guyer 1993; Rosenzweig 1995; Barraclough et al. 1998;
Gittleman and Purvis 1998). Some authors have claimed that specialisation could be linked
to taxonomic diversification (Janzen 1973; Futuyma and Moreno 1988) but, although there
are many studies about specialisation (e.g. Fox and Morrow 1981; Futuyma and Moreno
1988; Thompson 1994), this hypothesis has not been intensively explored, especialy in the
field of parasitology (Price 1980; Brooks and McLennan 1991; Poulin 1997; De MeeUs et
al. 1998).

Parasites are a subject of choice in evolutionary biology because their environment
(i.e. host) is definable in space and time more easily than the externa environment.
Parasites are often described as an ideal biological model for ecological study (De Meels et
al. 1998). Their ecological niches are easier to define than those of free-living animals. It is

also possible to study the evolution of their environment in time, through a host phylogeny.

Brooks and McLennan (1991, 1993) have suggested that specialisation could be
linked to diversification in parasitic organisms. They have suggested that the more a
parasite is a specialist (i.e. restricted to few host species), the more it is subject to undergo
speciation on a new host, because this parasite is, in theory, more sensitive (in an
evolutionary way) to its environment than a generalist one, which is supposed to be more
tolerant to its environment. This implies that the more a parasite is specialised on its host,
the more it is susceptible to "produce” a variety of new species. We intend here to test this

hypothesis.

Futuyma and Moreno (1988) have tried to test such an hypothesis with plant-feeding
insects but failed because of the absence of a precise phylogeny. However, MacDonald and
Brooks (1989) have observed an increase of specificity with taxonomic diversification in
species of Telorchiidae Digenea. A phylogeny is indeed required to study the cause of
specificity because it is supposed to be under a strong historical influence (see Adamson
and Caira 1994).
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When studying the macroevolution of a life-history trait, it is difficult to use an
experimental design to test our hypothesis, but we can look for correlations between life-
history traits by using a comparative method (Harvey and Pagel 1991; Brooks and
McLennan 1991). To use such a comparative method, it is necessary to take into account
the phylogeny of the taxa under study in order to avoid spurious correlation or lack of
correlation (Felsenstein 1985; Harvey and Keymer 1991).

The study of taxa diversification leads to another problem: a poor-species taxa could
be an artifact due to species extinction, or sampling errors. That is why great amplitude
studies, where data are gathered along the literature, and where some species could be
much more sampled and/or known than others, could be questionable. The study of a
relatively small and well known group of organisms avoids some of those problems

because sampling errors are less likely.

We will investigate here if specialisation is linked to taxonomic diversification in a
monogenean family, the Diplectanidae Bychowsky 1957. Monogeneans are fish
ectoparasites with a direct life cycle, and are known to be highly host-specific (e.g. Baer
1957; Noble et al. 1989; Sasa et al. 1998). The Diplectanidae are well known and for a
long time (Wagener 1857; Parona and Perugia, 1889; Murray 1931; Yamaguti 1934, 1938,
1958; Price 1937; Palombi 1943; Sproston 1945; Ramalingam 1955; Bychowsky 1957,
Laird 1958; Euzet and Audoin, 1959; Tripathi 1959; Paperna and Kohn 1964 ; Euzet and
Oliver 1965, 1966a,b, 1967; Paperna 1965; Oliver 1968-1987; Thurston, Paperna 1969;
Young 1969; Lambert and Maillard, 1974; Bychowsky and Nagibina 1976; Kumar and
Agarwal 1978; Ogawa and Egusa 1978a,b; Paperna and Baudin Laurencin 1979 ; Maillard
and Vaa 1980; Vala et al. 1980; Venkatanarsaiah and Kultani 1980a,b; Beverley-Burton
and Suriano 1981; Ergens 1981; Nasir 1983; Euzet 1984; Oliver and Paperna 1984; Kritsky
and Thatcher 1984; Byrnes 1986; Roubal 1986; Rakotofiringa et a. 1987, Seng and Seng
1991; Euzet et al. 1993; Vidal-Martinez et al. 1997, 1998, Santos et al 2000). We made the
most exhaustive possible survey of the literature in order to obtain the most precise known
pattern of host specificity among the Diplectanidae. This family includes genera with
various level of diversification and host specificity (Euzet et al. 1993; see Table 1), and is
then appropriate for the study intended here.
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Materialsand Methods
Phylogeny

We used the classification scheme of Oliver (1987) and included the genus
Cycloplectanum Oliver 1968 in the Diplectanidae, even if this is contested by Kritsky and
Beverley-Burton (1986), who refuse the validity of this genus and replace it by
Pseudorhabdosynochus Y amaguti 1958. This latter genus is mainly based on the genitalia
morphology, while Cycloplectanum is essentially defined by the shape of the squamodisc.
Pseudorhabdosynochus encompasses species from the genera Cycloplectanum and
Diplectanum. We then replaced Pseudor habdosynochus species in these genera on the basis

of the shape of their squamodiscs.

The phylogeny of the genera in the Diplectanidae was reconstructed using
morphological data found in the literature (Euzet and Oliver 1966a,b, 1967; Oliver 1968,
19693, 1987 and references therein; Euzet 1984). Eighteen homologous series representing
49 character states were defined. These morphological data were coded using additive
binary coding and linear coding methods (O'Grady and Deets 1987). A list of the
homologous series of morphological characters used is given in Appendix 1, and the
character matrix is shown in Appendix 2. We used a maximum parsimony method using
the Branch-and-Bound algorithm implemented with PAUP* 4.0 (Swofford DL (1999)
Laboratory of Molecular Systematic, Smithsonian Institution, Washington DC) to build a
phylogenetic tree.

As we have relatively few morphological characters for the phylogenetic
reconstruction, character resampling (i.e. bootstrap and jacknife) may be not very
appropriate to validate the phylogeny, because a too small number of characters would be
resampled at each iteration to build a fully-resolved phylogeny. Therefore, the probability
to observe high support value would be low, even if al characters exhibit an important
phylogenetic structure. Bootstrap proportions were calculated anyway and are given as
indicative values, but should be taken with caution. We performed also a partition
homogeneity test (PTP), which assesses tree length significance through a permutation

procedure. For the bootstrap and the PTP test, a heuristic algorithm using the "closest"
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addition sequence option and the "tree-bisection-reconnection” branch-swapping algorithm
was used. All these analysis were performed with PAUP* 4.0.

We wused the monogenean genus Pseudomurraytrema Bychowsky 1957
(Pseudomurraytrematidae) as outgroup, because of its status of close ancestor of the
Diplectanidae (Boeger and Kritsky 1997).

Comparative analysis

We calculated the correlation of species richness with specificity through a
comparative analysis using the independent contrasts method to control for phylogenetic
effects (Felsenstein 1985; Martins and Garland 1991; Pagel 1992; Garland 1992). We
analysed the data with the MacroCAIC program (Agapow et al. 2000), derived from CAIC
(Comparative Analysis using Independent Contrasts; Purvis and Rambaut 1995). The
independent contrasts method consists of estimating the differences (contrasts) between
sister-taxa of the phylogeny, and implementing statistical tests with those independent
values (see Felsenstein (1985) for more details). To be used, contrasts must be standardised
across the phylogenetic tree (Felsenstein 1985), and the regression performed on the
independent contrasts is forced through the origin (Garland et al. 1992). MacroCAIC allows
to use species richness as a variable in a comparative analysis to estimate if traits (as here
specificity) are associated with high speciation rate (clade species richness). Species
richness cannot be used as other continuous variables with independent contrasts because,
in that case, its estimated value at the nodes of the phylogeny is not the average of lower

values but a sum of them. No contrasts were calculated for polytomies.

Soecificity for a parasite species is defined here as the number of its (known) host
species (as Poulin 1992). This is what Lymbery (1989) call "host range". As we work on
genera, specificity in a genus is the mean specificity of al species in the genus. This
variable will be called here MHR for Mean Host Range. Higher MHR means lower
specificity, and vice-versa. The number of species in a genus and the number of host
species by parasite species was found in the literature (Oliver 1987; Seng and Seng 1991;
Dyer 1994; Dyer et a. 1995; Vidal-Martinez et al. 1997; Vida-Martinez and Mandoza-
Franco 1998; Bu et al. 1999; Santos et a. 2000). Note that Lamellodiscus virgula and L.
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obeliae were considered as a single species on the basis of molecular evidence (Desdevises
et al. 2000).

All variables were In-transformed in order to obtain linearisation and normality of
contrasts (Kolmogorov-Smirnov test, a = 5 %). Normality tests were performed with the
programn R 4.0 (Casgrain P and Legendre P (2000), freely available at the URL
http://www.fas.umontreal.calBIOL  /Casgrain/en/labo/R/v4/telecharger.html). Linear

regressions were tested with a Pearson correlation coefficient.

The tested variable representing species richness is the natural log of the ratio
CLS/CHS. CLS, for Clade with Low Specificity, is, for each node of the phylogeny, the
number of species in the sister clade from whose the estimated value of specificity (at the
node) is the lowest, compared to the value of specificity for the other sister clade, then
called CHS (Clade with High Specificity). Then, when this ratio is smaller than one
(negative In), the clade with the lowest MHR contains more species. When the ratio is 1
(null In), the number of species in each sister clade is the same, and when CLS/CHS is
greater than one (positive In), the clade with more species is has the lowest specificity
(highest MHR). The analysis is then performed between sister clades at each node of the
phylogeny.

The In(CLS/CHS) are regressed against standardised contrasts for In(MHR). If the
tested hypothesis is true, we should observe an increase of diversification with specificity,
then a negative relationship with MHR.

Results
Phylogeny

The parsimony analysis led to 64 most-parsimonious trees (MPT) (consistency index
= 0.65). We used then character reweighting (Farris, 1988) based on the maximum value of
the rescaled consistency index and obtained four MPT (CI = 0.81). We kept for our analysis
the strict consensus of these four trees (Fig. 1), asits topology is aso one of the four MPT.
The four trees differs by the resolution of two polytomies: Protolamellodiscus and

Calydiscoides are monophyletic in two MPT, and Pseudolamellodiscusiis at the base of the
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clade (Lepidotrema, Heteroplectanum, (Diplectanum, Cycloplectanum)) in two MPT. The
PTP test (100 replicates) showed that tree length is highly significant (p = 0.001).

Comparative analysis

The regression equation forced through origin obtained after control for phylogeny is.

IN(CLS/CHS) = 9.392In(MHR); r* = 0.103, p = 0.40 (see graph on Fig. 2)

No significant relationship is found between specificity and diversification, i.e. clade
with the higher species richness do not exhibit a lower host range per species. The same
relationship was obtained with each of the three other MPT.

Note that the use of a standard comparative method (CAIC) leads to a significant
positive relationship between MHR and taxonomic diversification (p = 0.002, Fig. 3). This
emphasise the need to use a proper anaytical method when dealing with clade species

richness.

Discussion
Phylogeny of the Diplectanidae

The phylogenetic reconstruction presented here is supported by a high consistency
index and a highly significant PTP test. It is also rather consistent with the actual taxonomy

and a previously proposed phylogenetic hypothesis (Oliver 1987).

The Diplectanidae are composed of four subfamilies: the Murraytrematoidinae, the
Rhabdosynochinae, the Lamellodiscinae and the Diplectaninae. The monophyly of the three
latter subfamilies is supported by the phylogenetic hypothesis proposed here, but the
Murraytrematoidinae appears to be paraphyletic.
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We used Cycloplectanum Oliver 1968 in spite of its controversial status (Beverly-
Burton and Suriano 1981; Kritsky and Beverley-Burton 1986). As previously mentioned,
some authors place some species of this genus within the genus Pseudor habdosynochus
Y amaguti 1958. We have doubt on the validity of this classification for reasons developed
elsewhere (Oliver 1984, 1986, 1987). Moreover, Oliver (1987) found that Cycloplectanum
also has a specific microscopic morphology of the tegumentary scales. A publication by G.

Oliver is currently in preparation to justify the validity of this genus.
Diversification and specialisation

Concerning the link between specialisation and diversification in the Diplectanidae,
the observed results do not support the Brooks and McLennan's hypothesis (1991, 1993).
We were expecting a high specificity in well-diversified groups and we could not find any
statistically significant relationship. This could be attributed to the low power of the test, as
only eight contrasts were calculated because of the presence of polytomies in the tree, but
the same results were obtained when using the more resolved of the MPT obtained (ten
contrasts). Moreover, the trend showed by the regression line (Fig. 2) is a positive
relationship between MHR and diversification, which supports the inverse pattern as what
would have been expected if taxonomic diversification was promoted by a high specificity.

These findings then cannot confirm this hypothesis.

Several possibilities can be invoked to explain these results: 1) The hypothesisistrue,
but extrinsic factors have more influence on specificity than phylogeny, and therefore mask
the influence of the intrinsic (phylogenetic) factors. A host phylogeny would be useful to
understand the history of this host-parasite association and then to explain the possible
influence of the ecological environment - i.e host - on the pattern of parasite specificity (see
Page 1996). As an example, Poulin (1992) found a relationship between specificity and
number of potential hosts, defined as hosts sharing common ancestry. 2) The hypothesisis
true but the pattern of specificity is biased by a bad sampling - but this is unlikely for the
reasons explained in the introduction - and/or extinction of species. All genera studied
include old-described and well-known species (see Table 1), and it islikely that the number

of known hosts increases with the time from which a parasite species is known. Then, to
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control for a potential "sampling effect” affecting host specificity, it is necessary to control
not for the number of studies (as previously seen in the literature, e.g. Poulin 1992), but for
the date of parasite species description (i.e. the date since they are known). This is because
a very specialized parasite species is likely to be seldom mentioned, because it parasitizes
one (or few) host(s), and will therefore appear as less studied than more generalist species,
which will be more often encountered in most cases. In other words, the more a parasite
uses hosts, the more it is likely to be reported in the literature and an apparent bias will
appear while controlling for the number of studies. But if we control for the date of species
description, a true "sampling bias' on host specificity will lead to a positive correlation
between the number of known hosts and the date of parasite species description, i.e. the
more a species is "young", the less we know its hosts. There is no such significant
correlation between the number of known hosts for a species and the time of species
description (p = 0.14, calculated from Table 1) in our data. This allows one to think that the
potential bias, if any, is small. 3) It is also possible, as stated by Futuyma and Moreno
(1988), that genus is not the right phylogenetic level to test this hypothesis, because some
genus are much more diverse than others and may reflect some artifacts of classification. In
addition, the pattern of diversification may not be precisely seen at the genus level. The fact
that species are often assigned to different genus through time by different authors, as seen
in the Diplectanidae (see Oliver 1969a, 1987; Kritsky and Beverley-Burton 1986), shows
that this division could sometimes be considered as fragile and somewhat artificial. This
observation makes questionable all comparative studies made at the genus level. However,
the present taxonomic state of the Diplectanidae family could now be considered as well
known, and is supported by the present phylogeny. Other studies, as Brooks and McL ennan
(1988), have used such comparison of genera to study patterns of diversification. 4) The
hypothesis is false. We could suggest an alternative to this hypothesis: generalist parasites
face more diverse conditions than specialists and are therefore subject to different
constraints. These parasites could encounter conditions leading to speciation more
frequently than specialist parasites, confined to the same environmental conditions. Such a
process could act simultaneously with the former and hide his effect, leading to the

observation of an absence of change in taxonomic diversification with host specificity.
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Therefore, host specificity would not be controlled by such phylogenetic influences but by

other ecological and/or historical factors.
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Table 1 : Number of parasites species per genus, mean number of host species per
parasite species in each genus, host range per genus, mean date of species description
per genus and range of date of species description per genus

Parasite genus Number of Mean number of Host Mean date of species Range of dates of
species host per species  range description species description

Murraytrematoides 5 1.20 1-2 1963 1955-1976
Murraytrema 2 1 1 1954 1931-1977
Lobotrema 7 157 1-5 1974 1959-1984
Rhabdosynochus 1 1 1 1941 1941
Protolamellodiscus 3 1.67 1-3 1968 1953-1987
Calydiscoides 7 1.29 1-3 1968 1953-1984
Lamellodiscus 35 1.97 1-7 1968 1922-1987
Telegamatrix 4 1 1 1971 1955-1976
Furnestinia 1 1 1 1959 1959
Monoplectanum 1 1 1 1969 1969
Latericaecum 1 1 1 1969 1969
Lepidotrema 6 1 1 1924 1922-1931
Diplectanum 65 1.28 1-3 1966 1857-2000
Pseudodiplectanum 5 1.20 1-2 1974 1957-1980
Heteroplectanum 9 1.22 1-2 1978 1968-1987
Pseudolamellodiscus 4 1.25 1-2 1968 1953-1979

Cycloplectanum 19 1.26 1-4 1974 1937-1999
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Legends

Fig. 1: Phylogenetic relationships between the genus in the Diplectanidae reconstructed
by parsimony: strict consensus tree. Pseudomurraytrema is used as outgroup. Numbers

are Bootstrap values (1000 replicates)

Fig. 2: Linear regression of the diversification ratio between sister clades (Clade with
Low Specificity/Clade with High Specificity) on independent contrasts of mean host

range per genus (MHR) between sister clades (all values are In-transformed)

Fig. 3: Linear regression of independent contrasts of number of species per genus on

independent contrasts of mean host range per genus (all values are In-transformed)
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Appendix 1

List of homologous series used for the phylogenetic reconstruction of the Diplectanidae

(Monogenea).

1. Hooks. (0) Equal. (1) Dissymetrical.
2. Ventral bar. (0) Thick. (1) Thin with curved ends.

3. Transversal bars. (0) Three. (1) Two. Bychowsky and Nagibina (1977) consider that

thereisaloss of atransversal bar allowing the passage from three to two.
4. Transversal bars. (0) Connected. (1) Separated.
5. Sexual appendice. (0) Absent. (1) Present.

6. Echinodiscs. (0) Present. (1) Absent. Echinodiscs are primitive structures also present
in the Rhamnocercidae.

7. Number of accessory adhesive organs. (0) None. (1) One. (2) Two.

8. Opisthohaptoral tegumentary scales. (000000) Unmodified. (100000) Bonded
(placodisc). (011000) Lamellodisc. (010101) Primitive squamodisc. (010110) Evolved
squamodisc. The squamodisc of the "primitive" type has the same structure of the first

stage of squamodisc development (see Oliver 1987).
9. Shape of accessory adhesive organ. (0) Full. (1) Split.

10. Anterior lamellae of accessory adhesive organs. (0) Opened. (1) One lamellae
closed. (2) More than one lamellae closed.

11. Accessory piece. (0) Absent. (1) Present.
12. Cephalic glands. (0) Numerous. (1) Three or four.

13. Vas deferens. (0) Looping left caecum. (1) Do not looping left caecum.
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14. Eyespots. (0) Eyespot or pigmentary grains present. (1) Eyespots present or absent.
(2) Eyespots always present.

15. Number of marginal hooksin adult. (0) 14. (1) 12.
16. Lateral expansions on caecum. (0) Absent. (1) Present.
17. Caeca. (0) Confluent. (1) Nonconfluent.

18. Shape of testis. (0) Irregular. (1) Regular.
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Appendix 2

Character matrix used in reconstruction of the phylogeny of the Diplectanidae. Polymorphic
character states (either 0 or 1 in the genus) are noted P. Unapplicable character states are coded
0.

Homologousserie 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Pseudomurraytrema O O O O O O O O000COOO 9 9 1 1 1 2 O O O O
Murraytrematoides O O O O O O O 000COOO 9 9 P O P 1 0 O 0 1
Murraytrema 0O 001 0O O O O0000CLCLO 9 9 P1 P OOOT1O0O0
Lobotrema 0 911 0 0 O 0O 9 9 P11 00010
Rhabdosynochus 11 0 0 O O O0 100000 9 91 1 0 2 0 O 1 1
Protolamellodiscus 0 0 0 0 0 O 2 012000 0 2 1 1 0 2 0 O 1 O
Calydiscoides 0O 0 00 0 0 2 01000 0 2 P 1 0 2 0 0 1 O
Lamellodiscus 0 000 O 0 2 011000 121 1 12 1P 10010
Telegamatrix 0 0 00 1 0 2 01000 1 2 1 1 9 2 0 O 1 O
Furnestinia 0O 000 OO 1011000 12 1 110 2 0010
Monoplectanum 0O 0 00 0 0 1 010021 0 0 1 1 0 2 O O 1 0
Latericaecum 0O 000 0O 0O 2 010021 000 OO 21111
Lepidotrema 0O 0 00 01 2 010110 0 0 0 1 0 2 O O 1 O
Diplectanum 0O 000 0O 0 2 010110 0 0P 10O0O0UO0OT101
Pseudodiplectanum 1 1 0 0 O O 2 010120 0 0 1 1 0 1 O O 1 O
Heter oplectanum 0O 0o 00 0 0 2 010110 0 O 0 1 0 2 O O 1 O
Pseudolamellodiscus 0 1 0 0 0 O 2 010120 O 0 O O O 2 0 O 1 O
Cycloplectanum 0O 0 00 00 2 010110 0 12 0 1 0 2 O O0 1 1
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B. PHYLOGENIE DES LAMELLODISCUS. ETUDE PRELIMINAIRE, CHOIX DES

MARQUEURS ET PRECISIONS DE CERTAINES INCERTITUDES TAXONOMIQUES
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Comparison of ribosoma DNA sequences of Lamellodiscus spp. (Monogenea,
Diplectanidae) parasitizing Pagellus (Sparidae, Teleostei) in the North Mediterranean Sea:
species divergence and coevolutionary interactions. International Journal for Parasitology.
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Objectifscet d

Ce travail est le premier basé sur le séquencage de I'ADN des Lamellodiscus et des
Sparidae. C'est un travail préliminaire sur la coévolution entre les deux groupes, qui se
focalise sur une partie seulement des espéces appartenant aux deux complexes d'espéces.
Les résultats laissent entendre que des incongruences existent entre les deux phylogeénies, et
donc que des événements de capture existent probablement entre les parasites et leurs hotes.
Un résultat important est que deux especes précédemment décrites, Lamellodiscus virgula
et L. obeliae, savérent étre une seule espéce sur la base de la divergence de leurs séquences
d'ADN (ITS1). Nous avons également montré que I'"ADN ribosomal 18S semble étre un
bon marqueur pour inférer la phylogénie des Lamellodiscus. Ces informations seront pris
en compte dans la reconstruction de la phylogénie globale de tous les Lamellodiscus de

M éditerranée.
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Abstract

We sequenced DNA fragments from four monogenean species of the genus
Lamellodiscus and their three fish host species from the genus Pagellus in the North
Mediterranean Sea, in order to estimate the molecular divergence and the coevolutionary
interactions in this association. By comparing the ITS1 sequences of the parasites, we
assessed their level of interspecific differences and tested the phylogenetic status of
Lamellodiscus virgula and Lamellodiscus obeliae, formerly described as two different
species. Moreover, we wanted to know if closely related parasites used closely related
hosts, to investigate the coevolutionary interactions in this complex. Phylogenetic
relationships among Lamellodiscus species were estimated with partial 18S ribosomal
DNA sequences while mitochondrial cytochrome-b DNA sequences were used for their
fish hosts. The ITS1 sequences appear to be highly variable among Lamellodiscus species,
except L. virgula and L. obeliae, suggesting an old divergence time or a rapid molecular
evolution within this genus. This fish-parasite association seems to exhibit coevolutionary
interactions. L. virgula and L. obeliae are proposed to be a single species on the basis of

their almost identical 1TS1 sequences.

Key words: Species status, 18S rDNA, ITS1, cytochrome-b DNA, Lamellodiscus,

Pagellus, Coevolution



101

I ntroduction

Monogeneans are commonly recognised as highly host-specific [1-2]. This group of
parasites is characterized by an important taxonomic diversification [3], with about 3000
described species [4, 5]. Species description and identification of monogeneans are aimost
only made through morphological studies. However, morphological identification are
sometimes based on very small differences, and the host is considered as a criterion for new
species identification in some cases [6]. Moreover, molecular [7] and developmental
studies [8] have shown that morphologically different parasite species can be a single
species. It has also been demonstrated that a single species of monogenean (Gyrodactylus
salaris) can show morphological variations because of extrinsic factors such as host species
or temperature [9-11]. The taxonomic status of some species of monogeneans could
therefore be questioned and we addressed this idea through the study of monogeneans from
the genus Lamell odiscus Johnston and Tiegs, 1922.

The genus Lamellodiscus is currently composed of 36 described species [12]. These
species are generaly highly host specific. They parasitise fish from the Sparidae family
around the world [12, 13]. Among Sparidae, the genus Pagellus is composed of three
sympatric species in the North Mediterranean Sea [14]: Pagellus erythrinus (Linnaeus,
1758), Pagellus acarne (Risso, 1826) and Pagellus bogaraveo (Brunnich, 1768). These
three Pagellus species are parasitised by four Lamellodiscus species [15, 16], following a
specific pattern: P. erythrinus is parasitized by Lamellodiscus erythrini [15], P. acarne
harbors Lamellodiscus drummondi and Lamellodiscus virgula [15], and P. bogaraveo is
the exclusive host of Lamellodiscus obeliae [17]. In comparison to L. erythrini, L. virgula,
L. obeliae and L. drummondi share a morphological homogeneity [15, 17], by the shape of
their copulatory organ, their haptor type and their absence of eyespots. Lamellodiscus
virgula and L. obeliae are even closer based on the morphology of their copulatory organ,
but they use different hosts. Thus, at the morphological level, these four species present an
array of similarities, with L. obeliae and L. virgula being the closest, L. drummondi slightly
different from these two species, and L. erythrini much more different. We need to ask,
then, if the morphological difference among species is reflected by their molecular

divergence, and if the closest species are really different at the molecular level (i.e. distinct
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species). The amount of interspecific differences can be assessed with DNA sequence

comparison, in particular by using the internal transcribed spacers (ITS) [18].

The ITS lies in the ribosomal DNA cluster between the 18S rRNA and 28S rRNA
coding regions. The ITSisdivided into two (ITS1 and ITS2), separated by the gene coding
for 5.8S rRNA. The ribosomal coding regions are relatively slow-evolving and highly
conserved, while the ITS are known to show a lot of variability [18, 19] because of their
faster evolving rate. The ITS have aready been used for diagnostic purposes at the species
level among the Digenea [20] and the Nematoda [10]. Evolutionary relationships of
monogeneans have also been depicted through rDNA analysis [21-23], and among-species

differencesin ITS have been assessed for monogeneans [24].

ITS1 sequences were used here to assess the level of differences between the
Lamellodiscus parasitising Pagellus, and especially to test if L. virgula and L. obeliae are
effectively distinct species. As coevolutionary interactions could have shaped the
specificity pattern of these parasites, we aso wanted to assess the phylogenetic
relationships of both parasites and hosts to see if closely related parasites use closely related
hosts, i.e. if distance among parasites is related to distance among hosts. Indeed, as
monogeneans are highly host-specific, they have been suggested to show tight
coevolutionary interactions with their hosts [2]. This has been shown at the family level
[25], where cospeciation events are widespread, but remains to be investigated at a finer
scale (genus or species level) where coevolution studies are scarce [26]. The phylogenetic
relationships within the genus Lamellodiscus are unknown and DNA sequences were also
used to assess the phylogeny of the group. As there is no information on the molecular
divergence between these species, we used partial 18S rRNA sequence of the 3' terminal
end. It has been shown that sibling species can be very different at the molecular level [27],
thus ITS1 may not be suitable to assess the phylogenetic rel ationships among these species.
Pagellus phylogeny is aso poorly known [28] and the evolutionary relationships among the
three species studied here were estimated from cytochrome b sequences since this
mitochondrial gene has aready been used to infer fish phylogenetic relationships at the
order [29] and family level [30].
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Material and methods
Host

Pagellus spp. were sampled in the Golfe du Lion near Banyuls-sur-Mer (France) for
P.acarne and P.bogaraveo and in Corsica (Scandola Natural Reserve, France) for

P. erythrinus.

Mitochondrial DNA was extracted from fresh specimens of Pagellus in guanidine
lysis buffer, precipitated with isopropanol and dissolved in ditilled water [18]. The
following reagents were used in each amplification: 1.25 unit TAQ polymerase, 5 ml 10X
PCR buffer, 1 ml of each dNTP a 10 mM, 10 pM of each primer, 1 ml template DNA,
made up to 40 ml with water. PCR amplifications were performed in a total volume of 50
ml with an amplification profile consisting of 40 cycles of 30 sat 94°C, 30 sat 50°C and 2
min at 72°C, followed by 5 min at 72°C for final extension. The cytochrome b gene of the
mitochondrial DNA was amplified using specific primers. The primers were designed in
adjacent regions coding for the transfer RNA Glutamate (cbtd2: 5'- AAT GAY WTG AAA
AAC CAC CGT TG -3') and Tryptophane (cbtr2: 5'- CGG MTT ACA AGR CCG RYG
CT -3') using the complete mitochondrial genome sequences available for Gadus morhua
(EMBL Accession Number NC002081 ), Salmo salar (NC001960) and Cyprinus carpio
(NC001606). Amplified PCR products were purified using High Pure PCR Purification Kit
(Roche Diagnostics) and sequenced directly using the ABI 377 DNA sequencer (Perkin-

Elmer). The amplification primers were also used for DNA sequencing.
Parasites

Lamellodiscus were sampled from fish gills under a dissecting microscope and
identified through the observation of haptor and copulatory organ morphology under an
optical microscope with a 400 X magnification. Diplectanum aequans (Wagener, 1857),
used as outgroup in the phylogenetic analysis, was sampled and identified from alcohol-
preserved gills of Dicentrachus labrax (Linnaeus, 1758) from Atlantic Ocean. Parasites

were kept in 95% alcohol before DNA extraction.



104

After identification, DNA was extracted from one parasite individual per species with
BioRad Chelex 100™ [18]. Partial 18S rDNA sequence and the entire ITS1 region were
amplified using the L7 (5- TGA TTT GTC TGG TTT ATT CCG AT —-3') and H7 primers
(5- GCT GCG TTC TTC ATC GAT ACT CG -3') which anneal to the 18S rRNA and 5.8S
rRNA respectively [27]. PCR was carried out in afina volume of 25 ul with the following
steps: 4 min at 95°C, following by 35 cycles of 1 min at 45°C, 1 min 30 at 72°C, 1 min at
94°C, and a final elongation of 10 min at 72°C. Electrophoresis was then performed on a
1% agarose gel stained with ethidium bromide for DNA visualisation under UV light. The
band of interest was excised and the DNA purified using the Concert™ Rapid Gel
Extraction System (Life Technologies). The DNA fragment was then cloned in PGEM®-T
Vector (Promega) and transfected in IM109 competent cells (Promega). Positive colonies
were visually screened and purified with the QIAprep Spin Miniprep Kit (QIAgen).

Sequencing was done with an automated sequencer by Genome Express S.A. (Grenoble).

Three clones were sequenced when possible and inter-clone variability was always
negligible (Ilessthan 0.5 %).

Phylogenetic reconstructions

Sequence alignment was first performed with ClustalW [31] and improved by eye
with Se-Al (v1dl, A. Rambaut, University of Oxford, 1995) and analyses were carried out
on al substitutions.

The phylogenetic tree was reconstructed using neighbour-joining analysis with
PAUP* 4.0 [32]. Distances were estimated using the Kimura-2-parameter model, correcting
for transition bias. The outgroup taxa are Dentex dentex (Sparidae, EMBL Accession
Number AF143197) for the fish tree, and Diplectanum aequans (Diplectanidae) for the
parasite tree. Phylogenetic reconstructions (phenograms) were validated with a bootstrap
procedure [33].
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Results

Sequences
Total length of Pagellus cytochrome b sequences are 1106 bp each.

For Lamellodiscus DNA sequences, the length of the 18S rRNA fragments were
comprised between 534 bp and 537 bp, while the length of the ITS1 fragments were
between 370 and 469 bp (Table 1). The ITS1 sequences are highly variable, and impossible
to align unambiguously, except those between L. virgula and L. obeliae, which differ by
only one base insertion. Therefore, we used the 18S rDNA sequence to perform the
phylogenetic analysis. The 18S rDNA differences among species lies between 0%
(L.virgula - L.obeliae) and 6.54% (L.drummondi - L. erythrini). Among-species
differences for the ITSL and 18S rDNA are shown in Table 1. The morphological
differences among species mentioned earlier are reflected in their molecular divergence: L.
virgula and L. obeliae are the closest species (0% difference for 18S), L. drummondi is
dightly different (3.55%), and L. erythrini is much more divergent (> 5%).

Phylogenetic reconstructions

The fish tree is shown in Fig. 1a. This tree groups P. acarne and P. bogaraveo, which
have indeed the most similar morphology and share a protandrous hermaphrodism

(P. erythrinus is protogynous) [14].

The parasite tree (Fig. 1b) is built from the 18S rDNA sequence only because of the
high between-species variability of the ITS1 fragment.

Discussion

Although the copulatory organ morphologies of L. virgula and L. obeliae are slightly
different [12], these species present almost no variation for the whole DNA fragments
sequenced here (ITS1 and 18SrDNA). Thisis especialy noteworthy when thisis compared
with the otherwise highly variable ITS1. To assess the inter and intra-specific difference of
ITS in monogeneans, Cunningham [24] compared the ITS region of three Gyrodactylus

species by RFLP and showed several nucleotide differences among these species. Harris et
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al. [34] reported an important difference in ITS1 length between Gyrodactylus turnbulli
(475 bp) and Gyrodactylus salaris (625 bp), which is of the same order as the variation in
ITS1 size we observed among Lamellodiscus species. Concerning digeneans, Jousson et al.
[35] studied the ITS from Mesometridae and measured interspecific differences ranging
from 6.6% to 19.1% for the ITS1, and from 3.4% to 15.1% for the ITS2. For another
digenean family, the Opecoelidae, Jousson et al. [36] studied the ITS and measured
interspecific differences ranging from 2% to 28%. Adlard et a. [20] sequenced the ITS2
from Fasciolidae species, and measured a 2.8% divergence between Fasciola hepatica and
Fasciola gigantica sequences. The amount of intraspecific variation in F. hepatica was
0.4% (one substitution in 263 nucleotides compared). Several studies have assessed the ITS
variations in nematodes. Newton et al. [7] reported ITS2 differences ranging from 1.7% to
5.0% between Cooperia species, and 3.9% to 24,7% between Nematodirus species [37].
Chilton et al. [38] assessed differences ranging from 25.0% to 28.3% among ITS2
sequences from three morphologically similar Hypodontus species. Stevenson et a. [39]
measured a difference of 1.3% between the ITS2 of two Haemonchus species. Hoste et al.
[40] defined a range of 1.3% - 7.6% differences in ITS2 to distinguish Trichostrongylus
species. Contrary to our ITS1 monogenean sequences, it was possible to align the ITS
sequences for al these digenean and nematode species. In the present study, given that the
ITS1 sequences among Lamellodiscus species are so different that they cannot be aligned
between species and that the differences between L. obeliae and L. virgula species are small
(0.27%: one nucleotide in 370 bp), we propose that L. virgula and L. obeliae are a single

Species.

From this, two not mutually exclusive hypotheses can be suggested: 1) these two
species are presently undergoing a speciation event and the morphological differentiation
precedes the molecular one, or 2) as these two morphological types are exclusively and
respectively found on two different sympatric hosts, this morphological differentiation
could be host-induced. Downes [8] found that parasitic mites of the mussel can exhibit a
different morphological development depending on the colonised host, and this has been
suggested for the monogenean Gyrodactylus salaris by Mo [10]. If this host-induced
variation is the case for at least some species of monogeneans, the assumption of their high
host specificity should be considered with caution.
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As previoudy mentioned, Lamellodiscus species parasitising Pagellus, except
L. erythrini, are very similar at the morphological level. In addition, they are different from
other existing Lamellodiscus species [12, 13, 15]. For example, they exhibit the same type
of copulatory organ, and they have no eyespot, a feature shared by only five Lamellodiscus
species (L. drummondi, L. mormyri, L. obeliae, L. virgula and L. verberis), which parasitise
only two host genera, Pagellus and Lithognathus (formerly Pagellus [14]). This strongly
suggests a coevolutionary pattern. Pagellus erythrinus and its specific parasite L. erythrini
are phylogenetically isolated from the clade formed by P. acarne and P. bogaraveo on the
one hand and L. drummondi, L. virgula and L. obeliae on the other (see Fig. 1). We cannot
speculate on co-speciation events between fishes from the genus Pagellus and their
Lamellodiscus parasites as we do not know if these two clades are monophyletic [41].
However, if L. virgula and L. obeliae are considered as a single species, the presence of this
species on two different hosts could be explained by a host-switching event. Thus, this
association does not show a clear co-speciation pattern (as suggested by Farenholz’s rule
[42]. Three of the four Lamellodiscus species studied show a high molecular variability
among their ITS1 sequences. This could be due to either a rapid molecular evolution or an
old divergence time among the species. This latter hypothesis suggests that the speciation

events could be ancient.

The fact that L. obeliae and L. virgula probably are the same species in spite of
morphological differences suggests that the number of species in Lamellodiscus, and by
extension in other monogeneans, may be overestimated. This could be a result of the
concept of very strict host specificity for monogeneans, which could have led to the

erection of new species on different hosts, thus reinforcing this conception.
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Legendsto Figures:

Figure 1: (a) Phylogenetic tree of North Mediterranean Pagellus species obtained by a
neighbour-joining analysis with a Kimura-2-parameter model; (b) Phylogenetic tree of
Lamellodiscus from North Mediterranean Pagellus species obtained by a neighbour-joining
analysis with a Kimura-2-parameter model. Thin lines depict host-parasite associations,

where L. virgula and L. obeliae are considered as a single species. Numbers are Bootstrap

values (1000 replicates).
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Tablel

ITS1 lengths and species - species distances (in % differences) for the ITS1 (first value)
and thel8S rDNA (second value) sequences of the four Lamellodiscus species used in this
study.

Species (ITS1lengthinbp) L. drummondi L. virgula L. obeliae
L. erythrini (397) NA'6.54 NA/5.42 NA/5.42
L. drummondi (469) 0 NA/3.55 NA/3.55
L. virgula (370) - 0 0.27/0

L. obeliae (371) - - 0

! Non-alignable
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DESDEVISES Yves. 2001. The phylogenetic position of Furnestinia echeneis
(Monogenea, Diplectanidae) based on molecular data: a case of morphological adaptation?
International Journal for Parasitology 31(2): 205-208.

Objectifscet d

Dans ce travail, je suggére, sur la base de séquences d/ADN ribosomal 18S partiel,
gue le genre Furnestinia, contenant une seule espece, F. echeneis, parasite de Sparus
aurata (Sparidae), devrait étre inclus dans le genre Lamellodiscus, car une reconstruction
de la phylogénie de plusieurs espéeces de Lamellodiscus et de F. echeneis indique que cette
espéce est clairement nichée dans l'arbre évolutif des Lamellodiscus. En outre, la
morphologie de F. echeneis semble compatible avec I'arbre obtenu. L'hypertrophie de son
unique lamellodisque est proposée comme une adaptation morphologique a I'accrochage

sur I'hote.

Participation du thésard :
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Abstract

The genus Furnestinia (Diplectanidae) contains only one species, Furnestinia
echeneis. However, its close morphological similarity with the genus Lamellodiscus
(Diplectanidae) raises doubt concerning its placement in a separate genus. These two
genera differ only by their number of lamellodiscs. one for Furnestinia, two for
Lamellodiscus. Here, the taxonomic position of F. echeneis is investigated via a
phylogenetic reconstruction based on partial 18S rDNA for F. echeneis and several
Lamellodiscus species. Furnestinia echeneis appears to be clearly nested into the
Lamellodiscus genus, these two genera should then be synonymised. The hypertrophy of its
unique lamellodisc is hypothesised to be a morphological adaptation for attachment to the
host.
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The taxonomic status of the monogenean Furnestinia echeneis (Diplectanidag), afish
gill ectoparasite, has been debated since it was first described as belonging to the genus
Dactylogyrus by Wagener (1857). In 1889 it was transferred to the genus Diplectanum
Diesing, 1858 by Parona and Perugia (1859). Later it was assigned to the genus
Lamellodiscus Johnston and Tiegs, 1922 by Palombi (1943). Euzet and Audoin (1959)
contains a more detailed account of the changes in classification. Euzet and Audoin (1959)
created the genus Furnestinia for only this species and placed it in the subfamily
Diplectaninae Monticelli, 1903, now considered as part of the family Diplectanidae
Monticelli, 1903 (Oliver, 1968; Oliver G., 1987. Les Diplectanidae Bychowsky, 1957
(Monogenea, Monopisthocotylea, Dactylogyrided). Systématique. Biologie. Ontogénie.
Ecologie. Essai de phylogénése. Thése d'éat. Université des Sciences et Techniques du
Languedoc; Euzet L., Combes C., Caro A., 1993. A checklist of Monogenea of
mediterranean fish. Second International Symposium on Monogenea. Montpellier/Séte - 5-
8 July, 1993). Oliver (1969) placed the genus Furnestinia in the subfamily Lamellodiscinae
Oliver, 1969. This genus was based on a specific morphological feature: the presence of a
single adhesive organ on the opistohaptor. Typical diplectanids possess two adhesive
organs, except a few genera among the 17 comprising the entire family: Murraytrematoides
Y amaguti, 1958, Murraytrema Price, 1937, Lobotrema Tripathi, 1957 and Rhabdosynochus
Mizelle and Blatz, 1941 which have no squamodisc (opisthaptoral adhesive organ of the
Diplectaninae), and Monoplectanum Young, 1969, which possesses one (Oliver, 1968,
1969; Oliver, 1987, Thesis, Euzet et al., 1993, Second Int. Symp. on Monogenea). Among
the Diplectanidae, the only morphological difference between Furnestinia and
Lamellodiscus is the number of adhesive organs. These structures are of the same type in
these two genera. They are composed of two vertical rows of lamellag, and are therefore
called lamellodiscs, but the unique lamellodisc of Furnestinia is strongly developed
compared with the same structure in Lamellodiscus. Moreover, the oncomiracidium in
these two genera possesses an excretory system with four pairs of protonephridia (Oliver,
1987, Thesis), versus five in the Diplectaninae. The genus Lamellodiscus contains 36
described species throughout the world (Oliver, 1987, Thesis), mainly in the Mediterranean
Sea (Euzet et al., 1993, Second Int. Symp. on Monogenea) and Australia (Oliver, 1987,
Thesis; Young, 1969), which parasitise almost exclusively teleost fishes from the family



120

Sparidae. The majority of the 20 known Lamellodiscus species inhabit the Mediterranean
Sea (Oliver, 1987, Thesis). Furnestinia echeneisis found only on the sparid fish Sparus
aurata Linnaeus, 1758, in the Mediterranean Sea. Considering the important morphol ogical
similarity between these two genera, it is unclear if the genus Furnestinia with only one

species should be considered as a Lamellodiscus species.

The objective of this study was to investigate whether Furnestinia is a distinct group
from Lamellodiscus or if it belongs to this latter genus, by reconstructing a phylogeny
comprising the unique Furnestinia species, F. echenels, and several Lamellodiscus species.
To solve this problem, | used data independent of morphology to study the phylogenetic
relationships between F. echeneis and Lamellodiscus species, thus avoiding circular
reasoning of using morphology to build a phylogeny which will be used to discuss

morphology.

The 3' terminal portion of the 18S rDNA was used to estimate the phylogenetic
relationships among these species, as it has been an appropriate phylogenetic marker in
monogeneans (e.g. Cunningham et al., 1995), and can accurately be used to resolve

evolutionary relationships among Lamellodiscus species (Desdevises et al., 2000).

Several Lamellodiscus species were included in the phylogenetic tree: Lamellodiscus
drummondi Euzet and Oliver, 1967, Lamellodiscus virgula Euzet and Oliver, 1967,
Lamellodiscus erythrini Euzet and Oliver, 1967, Lamellodiscus mormyri Euzet and Oliver,
1967, Lamellodiscus verberis Euzet and Oliver, 1967, Lamellodiscus e egans Bychowsky,
1957 and Lamellodiscus ignoratus Palombi, 1943. The first three species were previously
sequenced for this DNA fragment (Desdevises et a., 2000), the others are new data.
Lamellodiscus drummondi and L. virgula are found on Pagellus acarne (Risso, 1826),
L. erythrini parasitizes Pagellus erythrinus (Linnaeus, 1758), L. mormyri and L. verberis
parasitise Lithognathus mormyrus (Linnaeus, 1758), while L. elegans and L. ignoratus are
generalist monogeneans, parasitising Diplodus annularis (Linnaeus, 1758), Diplodus
sargus (Linnaeus, 1758), Diplodus vulgaris (E. Geoffroy Saint-Hilaire, 1817), Oblada
melanura (Linnaeus, 1758) and Spondyliosoma cantharus (Linnaeus, 1758) for the former,

and Diplodus annularis, Diplodus puntazzo (Cetti, 1777), Diplodus sargus, Diplodus
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vulgaris, L. mormyrus, and Sarpa salpa (Linnaeus, 1758) for the latter (Euzet and Oliver,
1966a,b; Oliver, 1969, 1974; Oliver, 1987, Thesis, Euzet et a., 1993, Second Int. Symp. on
Monogenea). Lamellodiscus elegans was sampled from D. sargus, and L. ignoratus from S

salpa.

Fish hosts were all sampled in the Mediterranean sea in the Golfe du Lion near
Banyuls-sur-Mer (France). Parasites were sampled from host gills under a dissecting
microscope and identified through the observation of opisthaptor and copulatory organ
morphology with an optical microscope at 400 X magnification. Diplectanum aequans
(Wagener, 1857) and Dactylogyrus minor (Wagener, 1857), which were used as outgroups,
were sampled respectively from Dicentrarchus labrax (Linnaeus, 1758) from the Atlantic
Ocean, and Alburnus alburnus (Linnaeus, 1758) from the Morava River (Czech Republic).
All parasites were fixed and stored in 95% ethanol before DNA extraction.

DNA amplification, cloning and sequencing followed the protocol in Desdevises et
al. (2000), except that sequencing was performed on an automated sequencer (Applied
Biosystems 373A DNA Sequencer). Primers used for DNA amplification were L7 (5'- TGA
TTTGTCTGG TTT ATT CCG AT -3) and H7 (5- GCT GCG TTC TTC ATC GAT ACT
CG -3), which anneal to the 18S rRNA and 5.8S rRNA, respectively (Verneau et a., 1997).
The DNA fragment amplified with these primers comprises the 3' terminal end of the 18S
rDNA, the entire internal transcribed spacer 1 (ITS1) and a very small fragment of 5.85
rDNA. It was shown elsewhere (Desdevises et a., 2000) that ITS1 was too variable to
resolve phylogenetic relationships among Lamellodiscus species, but it was used to amplify
ITS1 at the same time as partial 18S rDNA because the amplification of the sole partial 18S
rDNA fragment through the use of areverse primer at the 3" end of the 18S rDNA appeared
not to be reproducible, probably sometimes amplifying pseudogenes. This did not happen
with the L7-H7 generated fragment, where variations in amplified sequences were
negligible if any. These DNA fragments were independently sequenced from two
individuals per species. Three clones were sequenced for each individual, inter-individual
and inter-clone variability were aways negligible (less than 0.5 %), and consensus

sequences were used.
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Sequence alignment was first performed with ClustalX (Thompson et a., 1997) and
improved by eye with Se-Al (vldl, A. Rambaut, University of Oxford, 1995). After
alignment, ambiguous regions (i.e. containing gaps) were removed. Analyses were carried
out on al substitutions. Saturation level was assessed by plotting the proportion of
differences for transitions (in ordinate) versus transversions (in abscissa) between pairs of
species (Fig. 1). The relationship is amost linear, revealing the absence of saturation in the
data and alowing the use of the whole alignment for phylogenetic reconstruction. The
phylogenetic tree was reconstructed with PAUP* 4.0 (Swofford D.L., 2000. PAUP*.
Phylogenetic Analysis Using Parssimony (*and Other Methods). Version 4bda. Sinauer
Associates, Sunderland, Massachusetts). A neighbour-joining (NJ) analysis was performed
with a minimum evolution objective criterion. Distances were estimated using the Kimura-
2-parameter model, correcting for transition bias. A maximum parsimony method was also
used, with an exhaustive search for the most-parsmonious tree, as permitted by the
relatively low number number of taxa. Phylogenetic reconstructions were validated with a
bootstrap procedure for the NJ analysis, and a partition tail probability test, which assesses
tree length significance through a permutation procedure, for the maximum parsimony

analysis.

Total length of the partial 18S rDNA fragments sequenced was between 524 and 526
bp. After alignment and removal of ambiguous regions, 520 bp remained for phylogenetic
reconstruction (alignments are available from the author). The parsimony analysis led to
four most-parsimonious trees (number of parsimony-informative characters = 56) of length
194 (partition tail probability test with 100 replicates, p = 0.01) and a consistency index
(CI) of 0.76. After character reweighting by the maximum values of rescaled consistency
indices, one most-parsimonious tree was obtained (Cl = 0.94), which is the same as the tree
obtained by the NJ analysis. This tree is shown in Fig. 2. Furnestinia echeneis appeared to
be clearly nested in the clade formed by Lamellodiscus species, as shown by high bootstrap
support values. The tree exhibits two main clades: one containing L. virgula, L. elegans, L.
drummondi, L. verberis, L. mormyri, and F. echeneis supported by a bootstrap proportion
of 83%, and another clade containing L. erythrini and L. ignoratus, with a bootstrap value
of 97%. Phylogenetic relationships are not well supported inside the first clade, except for
the (L. verberis, L. mormyri) clade (bootstrap value of 78%).
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Given the phylogenetic tree shown in Fig. 2, it seems clear that Furnestinia echeneis
belongs to the genus Lamellodiscus. There are two types of lamellodiscs among
Lamellodiscus spp., namely a“split type”, where the lamell ae are deeply curved and
disposed in two well separated vertical rows, and a“non-split type”’, where the lamellae are
less curved, slightly linked two by two across the two vertical rows they form, which are
therefore not clearly split. Lamellodiscus drummondi, L. virgula, L. mormyri, L. verberis
and L. elegans belongs to the “ split type”, while L. ignoratus and L. erythrini are of the
“non-split type” (Euzet and Oliver, 1966a,b; Oliver, 1969; Oliver, 1987, Coevolution

Thesis). These two groups form clearly separated clades in the phylogenetic tree. The
unique lamellodisc of F. echeneis is of the “split type” and this species is associated in the
tree with Lamellodiscus spp. possessing the same type of lamellodisc. Moreover, F.
echeneis seems to be closely related to L. verberis and L. mormyri, with which it shares the
same type of copulatory organ (Euzet and Audouin, 1959; Oliver, 1969; Euzet and Oliver,
1966b). Among these species, the male genital organ is composed of two pieces articulated
together.

From this, it can be proposed that Furnestinia echeneisis a Lamellodiscus with only
one lamellodisc. These two genera should then be synonymised. Compared with the
relative size of the lamellodisc in Lamellodiscus (the rapport lamellodisc height/parasite
length vary between 0.12 and 0.15 among the Lamellodiscus studied), this organ is clearly
more developed in F. echeneis (lamellodisc height/parasite length = 0.25). The surface
represented by the lamellodisc of F. echenels is at least four times greater than the surface
of a lamellodisc belonging to any Lamellodiscus spp. Therefore, the total surface
represented by lamellodiscs is less important in Lamellodiscus. This observation suggests
that the loss of alamellodisc in F. echenels (or its ancestor) was followed by a hypertrophy
of the remaining organ, highlighting the possible important role of this structure in the
attachment of the parasite to its host. This hypertrophy could then be considered as a
morphological adaptation appearing in F. echeneis. The fact that F. echeneis is the only
known species in the Lamellodiscus genus harbouring this peculiarity suggests that this

haptor morphology is recent in the history of the genus.
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It has been suggested that the taxonomy of the Diplectanidae, mainly based on the
opisthaptoral adhesive organ structure (Oliver, 1987, Thesis), may be not appropriate, as
this structure seems to be subject to morphological adaptation (Mo, 1991). For example, the
taxonomic status of the genus Monoplectanum should be re-examined. Other characters,
such as copulatory organ morphology should also play an important role in the taxonomy
of this family (Kritsky and Beverley-Burton, 1986). More generally, this study suggests

that taxonomy based on single or very few morphologica characters, as strong as they may
seem, may not be areliable procedure.
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Legendsto Figures

Fig. 1. Saturation plot of distances estimated from transitions (Ti) versus distances
estimated from transversions (Tv). Distances are calculated from the aligned sequences of
18S rDNA and corrected by the Kimura-2-parameter model.

Fig. 2: Phylogenetic reconstruction of several Lamellodiscus species and Furnestinia
echeneis obtained by a neighbour-joining analysis and an exhaustive search for the most-
parsimonious tree (consistency index = 0.95 after character reweighting) based on partial
18S rDNA sequences. Numbers are boostrap values (1000 replicates). Dactylogyrus minor

and Diplectanum aequans are used as outgroups.
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C. COEVOLUTION LAMELLODISCUS - SPARIDAE
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Articleb

DESDEVISES Yves, Serge MORAND, Olivier JOUSSON and Pierre LEGENDRE.
Coevolution between Lamellodiscus (Monogenea) and Sparidae (Teleostel): the study of a

complex host-parasite system. Soumis a Evolution.

Objectifsd, e, et f

Cet article est centré sur la coévolution entre les Sparidae du nord de la Méditerranée
et leurs parasites monogeénes Lamellodiscus. Des phylogénies moléculaires compléetes de
ces deux groupes sont proposées. La phylogénie obtenue pour les Lamellodiscus est
compatible avec leur morphologie, alors que celle des Sparidae, si elle contredit la
taxonomie actuelle, est compatible avec une hypothése précédemment publiée, basée sur le
séquencage d'’ADN mitochonrial 16S. Une nouvelle méthode d'étude de la coévolution,
ParaFit, est utilisée ici, en plus de méthodes existantes, TreeMap et TreeFitter. Toutes les
méthodes semblent indiquer une absence de coévolution par cospéciation entre les
Lamellodiscus et leurs hétes. Les monogenes étudiés ici semblent suivre une stratégie
opportuniste quant au choix de leurs hotes, probablement basée sur les caractéristiques
écologiques de leurs hotes. Ains, la spécificité chez les Lamellodiscus ne semble pas
conduire & la cospéciation, et I'absence de cospéciation est compatible avec une forte

spécificité chez ces monogenes, suggérant des possibilités d'adaptation rapides.

Participation du thésard :
» Recherche bibliographique
e Séquencage de I'ADN des parasites
» Analyse phylogénétique
* Rédaction
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ABSTRACT

Host-parasite coevolution was studied between Sparidae (Teleostel) fishes and their
parasites of the genus Lamellodiscus (Monogenea, Diplectanidae), in the Northwestern
Mediterranean Sea. Molecular phylogenies were reconstructed for both groups. The
phylogenetic tree of the Sparidae was obtained from previously published 16S mtDNA
sequences associated with new Cyt-b mtDNA sequences via a "total evidence" procedure.
The phylogeny of Lamellodiscus species was reconstructed from 18S rDNA sequences that
we obtained. Host-parasite coevolution was studied through different methods: TreeFitter,
TreeMap, and a new method, ParaFit. If the cost of a host switch is not assumed to be high
for parasites, all methods agree on the absence of widespread cospeciation processes in this
host-parasite system. Host-parasite associations were interpreted to be due more to
ecological factors than to coevolutionary processes. Host specificity appeared not to be
related to host-parasite coevolution.

Key Words: Coevolution, Monogenean, Fish, Lamellodiscus, Sparidae, 18S rDNA, cyt-b
MtDNA
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Host-parasite coevolution has been the subject of numerous studies, and this for a
long time (e.g., Kellogg 1913; Bychowsky 1961; Brooks 1979, 1981; Brooks and Glen
1982; Cressey et al. 1983; Hafner and Nadler 1988; Klassen and Beverly-Burton 1988;
Page 1993c, 1994a; Paterson et al. 1993; Hafner et al. 1994; Boeger and Kritsky 1997
Desdevises et al. 2000; Paterson and Banks 2001); see Klassen (1992) for a historical
perspective. From this important body of work, we now recognized that "Farenholz' rule"
(that "the parasite phylogeny mirrors the host phylogeny") does not seem to be generally
true in host-parasite associations (see Paterson and Banks 2001). It was suggested early
(Kellogg 1913) that host switching could be a component of host-parasite coevolution, even
if priority was given to evolution through cospeciation (Bychowsky 1961; see Klassen
1992). The term "coevolution" is used here to describe the extent to which the host and
parasite phylogenetic trees are congruent. When the trees are perfectly congruent,
coevolution is the equivalent of cospeciation. This corresponds to the definition of Brooks
(1979, 1988), Klassen and Beverley-Burton (1987), Brooks and McLennan (1991), and
Klassen (1992), and refers to the macroevolutionary context. This should not be confused
with a more restrictive meaning, used in genetic and microevolutionary studies, which
defines coevolution as the influence of the host genome on the parasite genome, and vice
versa (Toft and Karter 1990).

Most studies where the host and parasite phylogenies were found to be congruent,
with parasites found in similar positions on the tree as their hosts, involve very particular
groups in which biological characteristics made host-switching events highly improbable
(see Barker 1994). This is the case of the well-known association between pocket gophers
and their chewing lice (Hafner and Nadler 1988; Hafner at al. 1994), and that of swiftlets
and their parasitic lice (Page et a. 1998). In a review about coevolution of lice and their
hosts, Barker (1994, but see Page et al. 1996) pointed out that every time a possibility of
host switching was encountered (i.e., contact between hosts), it effectively took place (see
Hafner and Nadler 1988). Cospeciation of parasites with their hosts mainly happened when

the hosts were alopatric to one another.

Monogenean-fish associations were seldom studied in this context (Klassen and
Beverly-Burton 1987, 1988; Guégan and Agnese 1991; Boeger and Kritsky 1989, 1997,
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Desdevises et a. 2000). The high host specificity encountered in monogeneans, in terms of
the number of hosts parasitized (Baer 1957; Llewellyn 1957; Kennedy 1975; Rohde 1979,
1982; Noble et al. 1989; Sasal et al. 1998), alows one to suppose close interactions with
their hosts, and therefore anticipate a high level of coevolution via cospeciation (Noble et
al. 1989; Kearn 1994). This kind of host-parasite complex is characterized by high
dispersion of the mobile larval stage (oncomiracidium) of the parasites, which finds its host
through chemical cues (Kearn 1967, 1988). Chemical interaction could be supposed to be a
determinant of host specificity, and therefore would support a coevolution hypothesis.
Moreover, the direct life cycle of monogeneans avoids the influence of an intermediate host
in the phylogenetic relationship of the final host with its parasite. However, other authors
have argued that the capacity of dispersion of the larval stage in monogeneans suggests
important possibilities for new host colonization (Brooks and McLennan 1991). Moreover,
adults of some monogenean species are supposed to be able to survive for a short time
period outside the host (see Bakke et al. 1992 on Gyrodactylus), thus increasing the
possibility of dispersion. It has been suggested that monogeneans are transmitted via host
contact. It has also been suggested that no or little competition exists among ectoparasitic
monogeneans (Rhode 1979, 1994; Simkova et a. 2000). So, potentially competing species
would not be an obstacle to host switching in monogeneans, contrarily to lice for example
(see Barker 1994). Studies on the coevolution of monogeneans with their hosts apparently
supports the existence of host-switching events: Boeger and Kristky (1997) have suggested
that severa dispersion events took place in the early history of monogeneans; Klassen and
Beverley-Burton (1987, 1988) suggested that Ligictaluridus ancyrocephalid monogeneans
have not strictly cospeciated with their fish hosts; Desdevises et a. (2000) suggested that
the Lamellodiscus species associated with Pagellus (Sparidae) have not cospeciated with
their hosts; and Sinnappah at al. (2001) proposed the existence of dispersion events in the

history of Polystomatid monogeneans.

The precise reconstruction of a hypothetical coevolutionary scenario between hosts
and their parasites is not always straightforward. Page (1993b, 1994b), and Page and
Charleston (1998) have shown that sometimes, and at least in theory, no switching event is
necessary to reconcile the host and parasite trees. A host-parasite association whose
phylogenetic trees are not congruent can closely coevolve via duplication, cospeciation and
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lineage sorting, without any host-switching events. Likewise, the absence of congruence
may not always be equated with a lack of historical association between the two
components. When the host and parasite phylogenetic trees are similar or amost similar,
with parasites found in similar positions on the tree as their hosts, the use of a specid
analytical method to study coevolution among them may not be necessary. In that case, the
putative colonization events can be inferred by visual examination of the trees (e.g.,
Verneau et al. 1997). However, if the pattern becomes more complicated, a rigorous
method should be used to choose among a number of potential scenarios. Several methods
have been developed to study host-parasite coevolution. These are Brooks Parsimony
Anaysis (BPA: Brooks 1981, Brooks and McLennan 1991), Component analysis
(Component: Page 1993a), trees reconciliation (TreeMap: Page 1994b), event-based
methods (TreeFitter: Ronquist 1995, 1997; Jungles. Charleston 1998), the maximum-
likelihood method (Huelsenbeck et a. 1997), and a method based on Bayesian inference
(Huelsenbeck et al. 2000). These methods search for an optimal evolutionary scenario of
the association between a set of hosts and their parasites. To achieve that, each method has
a specific way of using cospeciation, duplication, sorting, and switching events. For more
explanation on the terminology, see Page (1994b), Ronquist (1997), Charleston (1998),
Page and Charleston (1998), and Paterson and Banks (2001).

We will here investigate coevolutionary interactions in a Mediterranean fish-
monogenean association which has been known for a long time and is well-studied (Euzet
and Oliver 1966, 1967; Oliver 1968, 1973, 1974, 1987; Euzet 1984; Euzet et al. 1993).
Therefore, the known pattern of host specificity may be considered to be close to reality.
The inventory of fish parasites in the Mediterranean Sea is considered to be one of the most
exhaustive in the world (Caro et al. 1997). The host-parasite association studied here is
formed by the monogenan gill ectoparasites of the genus Lamellodiscus (Johnston and
Tiegs 1922), which are parasites of teleost fishes of the Sparidae family (Oliver 1987;
Euzet et al. 1993). The pattern of host-parasite relationships is described in Table 1. There
are 21 described Lamellodiscus species and 16 Sparidae in the study area. This association
is characterized by a high number of parasite and host species living in sympatry
(Whitehead et al. 1986). All potential hosts are then always “available” to the parasites. The
observation of a tight cospeciation pattern, in this case, would be the sole result of the
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influence of the hosts on the parasite evolutionary history, because no ecological or
geographic barrier could be invoked to explain parasite speciation. Severa of the above-
mentioned methods will be used here to study coevolution, in addition to a new method
which makes use of the host and parasite phylogenetic distance matrices as well as a matrix

describing the host-parasite association links (Legendre et al. submitted).

The objectives of this study are to reconstruct molecular phylogenies for the hosts
(Sparidae) and their monogenean parasites (Lamellodiscus), to assess the extent of
coevolution in this association, and to propose an interpretation of the observed pattern.

MATERIAL AND METHODS
Sampling

Sparid fish were caught in several locations in the northwestern Mediterranean Sea:
in the Golfe du Lion near Banyuls-sur-Mer (France), near Marseilles (France), and in
Corsica (Scandola Natural Reserve, France). Lamellodiscus were dislodged from the gills
of the fish under a dissecting microscope and identified using the morphology of the haptor
and copulatory organ observed under an optical microscope with 400x magnification.

Parasites were stored in 95% alcohol before DNA extraction.
Phylogenies

For the host and parasite phylogenetic analyses, saturation levels in the DNA
sequences were estimated by plotting distances (% differences) caculated only for
transversions against distances calculated only from transitions. Phylogenetic analyses were
carried out using the maximum parsimony (MP) and maximum likelihood (ML) methods.
Patterns of base changes (transitions and transversions) and transitions/transversions ratios
(Ti/Tv) were estimated by ML from the most parsimonious trees previously obtained, and
used in the ML phylogenetic reconstruction. The a parameter of the I distribution
(accounting for substitution rate heterogeneity) was also estimated from the most-
parsimonious tree (MPT), as its estimation is considered to be consistent if reasonable tree
topologies are used (Yang 1994, 1995, 1996; Yang et al. 1994; Sullivan et al. 1996). All
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phylogenetic analyses were performed with PAUP* 4.0d8 (Swofford 2001). MP trees were
validated with a bootstrap procedure using 1000 replicates.

Hosts

Phylogenetic relationships among Sparid fish species have long been controversial.
Their present classification only relies upon morphological characters, particularly the
types of fin rays and dentition (Whitehead et al. 1986). There are presently four recognized
subfamilies: the Sparinae, Denticinae, Boopsinae and Pagellinae (Fiedler 1991; Smith and
Smith 1986). These subfamilies are differentiated by their dentition and trophic
specialization. However, no clear phylogeny has been proposed until recently (Hanel and
Sturmbauer 2000). Previous attempts were unsatisfactory (Cataudella et al. 1980; Basaglia
1991; Reina et a. 1994; Garridos-Ramos et al. 1995, 1998, 1999). Hanel and Sturmbauer
(2000) reconstructed a phylogenetic tree of Sparid fishes based on 16S mtDNA, for 24
species from the Atlantic Ocean and the Mediterranean Sea (among which the 16
Mediterranean species under study here). Their tree showed considerable differences with
current taxonomy, but was not fully resolved. To infer the phylogenetic relationships
among Sparids and perform an independent external validation of their dataset, we partially
sequenced the cytochrome-b mtDNA. DNA extraction and sequencing followed the same
protocol asin Desdevises et al. (2000). Some of these sequences were used in Jousson et al.
(2000). A phylogenetic tree was estimated from these data, with Dicentrachus labrax
(Moronidae) as the outgroup. Then we added the 16S mtDNA sequence data from Hanel
and Sturmbauer (2000) to our data table and performed a partition homogeneity test (PHT:
Farris et a. 1994) on the pooled dataset (16S + cyt-b mtDNA), as well as a Mantel test
(Mantel 1967) between pairwise species distances computed for each dataset, to assess if it
can be safely used in a "total evidence' approach (see Lapointe 1998). Since the
homogeneity (or concordance) of the two datasets was not rejected (PHT: 100 heuristic
searches, P = 0.18; Mantel test: 999 permutations, P = 0.001), this analysis was carried out.
As outgroup, we merged the sequences from the two outgroups used in the previous
separate analyses, Dicentrachus labrax and Spicara maena (Centracanthidae) used in Hanel
and Sturmbauer (2000). In doing so, we were hoping to increase the resolution of the

phylogenetic tree.
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Parasites

It has been suggested that 18S rDNA was a reliable marker to infer phylogenetic
relationships among Lamellodiscus species (Desdevises et al. 2000; Desdevises 2001). The
same protocol as in Desdevises et al. (2000) was used here for extraction, amplification,
cloning and sequencing of the partial 18S rDNA. These DNA fragments were
independently sequenced from two individuals per species. Three clones were sequenced
for each individual. Inter-individual and inter-clone variability were always negligible (less
than 0.5 %), so that consensus sequences were used. With the primers used (L7 and H7,
designed by Verneau et a. 1997), the internal transcribed spacer 1 (ITS1) is amplified and
sequenced with the partial 18S rDNA. It has been shown that ITS1 is highly variable and
not useful to infer evolutionary relationships among Lamellodiscus, but it can be used to
identify species, which can exhibit different morphologies (Desdevises et a. 2000). The
amplification of the sole partial DNA 18S fragment, with L7 and an internal primer,
sometimes led to nonreproducible results, perhaps because pseudogenes were present.
Furnestinia echeneis (Euzet and Audoin 1959), the parasite of Sparus aurata, was added to
the 20 Lamellodiscus species under study, after it was suggested that it should be included
in the genus Lamellodiscus on the basis of 18S rDNA (Desdevises 2001). Based on the
molecular data, Lamellodiscus obeliae, which had been described as a specific parasite of
Pagellus bogaraveo by Oliver (1973), has been considered to be the same species as
L. virgula (Desdevises et al. 2000) which is a parasite of P. acarne. In the present study,
these two species are considered to be L. virgula which then parasitizes P. acarne and
P. bogaraveo. Sequence alignment was done with ClustalX (Thompson et al. 1997) and
visualy checked. Gaps were treated as missing data.

Dactylogyrus minor, Pseudomurraytrema ardens, and Diplectanum aequans were
used as outgroups, because of their phylogenetic positions relative to the genus
Lamellodiscus (Boeger and Kritsky 1997; Desdevises 2000; Desdevises et a. 2001).

Coevolution

Severa methods to assess the coevolutionary interactions in a host-parasite
association have been proposed in the literature. The first method dedicated to the study of
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such association is Brooks Parsimony Analysis (BPA: Brooks 1981; Brooks and
McLennan 1991), which consists in building a host phylogeny from characters derived
from the parasite phylogeny and comparing this tree to the known host phylogeny. BPA has
been widely used in coevolutionary studies (e.g., Paterson et a 1993, Boeger and Kritsky
1997). Another method, Component analysis, popularized by Page (1993b), relies on the
comparison of tree topologies, but does not allow the incorporation of host-switching
events. This was made possible with TreeMap (Page 1994b), which uses reconciled trees to
compute the fit between the host and parasite phylogenies. Ronquist (1995) proposed to use
methods based on generalized parsimony to assess the same fit, incorporating a differential
cost to the four types of potential events (see Ronquist 1995; Page and Charleston 1998;
Paterson and Banks 2001) occurring in a host-parasite association: cospeciation (C),
duplication (D), sorting (S), and host switching (H). The optimal reconstruction is the one
that minimizes the global cost. This is implemented in the program TreeFitter 1.0 (by F.
Ronquist (2001), available a URL http://www.ebc.uu.se/systzoo/research/treefitter/
treefitter.ntml), which also allows the statistical testing of the overall cost and of the
occurrence of each type of event. Testing is done through a permutational procedure. By
assigning different costs to the events, TreeFitter allows one to carry out analyses
equivalent to BPA (but this function is not implemented in the current version of
TreeFitter) and TreeMap. We used TreeFitter 1.0 with default settings(C=0,D =0, S=1,
H = 2) and TreeMap settings (C=-1, D =0, S=0, H = 0). In addition, we varied the host
switching cost (H) to study its effect on the reconstruction. TreeMap 1.0b was also used
and its results were compared to those of TreeFitter. Comparatively to the current version
of TreeFitter, TreeMap allows a graphic display of the results and therefore the
identification of coevolutionary events. TreeMap also includes a testing procedure, by
generating random trees and comparing the random number of cospeciation events in the
association to the observed number, to assess if it is significantly higher that due to chance
alone.

These methods preferably require one host-one parasite associations; else the
complexity of the problem could become too important to guarantee finding an optimal
solution. They all compare the topologies of the host and parasite phylogenies and allow
proposing precise evolutionary scenarios for the history of the association. This supposes,
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however, that the trees are well known and, if possible, unique. Since a topology is
sensitive to the presence or absence of taxa, the methods assume a thorough knowledge and
good sampling of the clades under study. But even when al species are known and
sampled, consideration of an extinct species would ater the topology of the actual tree and
change the proposed coevolutionary scenario (see Brooks and McLennan 1991); this
problem unfortunately that cannot be resolved. This is why, in addition to the comparison
of the topologies, we found it desirable to use another method especially designed for the
assessment of the coevolutionary character of the data.

In addition to TreeFitter and TreeMap, a new method will be used in this study to test
the null hypothesis (H,) that the evolution of the two groups, revealed by the two
phylogenetic trees and the set of host-parasite association links, has been independent. This
method, called ParaFit (Legendre et al. submitted), combines the information from three
data matrices: the first one (matrix A, 0-1 data) contains a description of the host-parasite
(H-P) association links observed in nature. The two other matrices contain some estimates
of the phylogenetic trees or phylogenetic distances among the hosts and parasites,
respectively. One may start either with matrices of patristic distance derived from
phylogenetic trees, or raw distance matrices issued directly from the comparison of
sequences, or distance matrices representing DNA/DNA hybridization data, or even
distance matrices computed from morphological character. This is why ParaFit is not
affected by polytomies in the tree and it can be used with any number of hosts per parasite
or parasites per host. Matrix B used in the analysis contains principal coordinates (Gower
1966) representing the parasite phylogenetic tree or phylogenetic distances. Likewise,
matrix C contains the transpose of the matrix of principal coordinates representing the host
phylogenetic tree of phylogenetic distances. Matrices B and C may be incommensurable:
the number of hosts and parasites may be different. Their relationship is mediated by the
host-parasite relationships in matrix A; using the fourth-corner approach (Legendre et al.
1997), amatrix D = C A' B is computed, and from it a trace statistic which is used to test
the hypothesis of coevolution through a permutational procedure. A test of significance for
each host-parasite link in matrix A is also obtained as follows. compute matrix D and its
trace statistic with and without a given H-P link, calculate the difference between the trace
statistics, and test this difference by permutation. Numerical simulations have shown that
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the global test as well as the test of individua links have correct type | error and good
power under various types of error conditions. No such test was available in the literature.
This test is thus complementary to the methods described in the previous paragraphs for

studying host-parasite coevolution.

For the three methods used in this paper, all permutational tests of significance were

performed using 999 permutations.
RESULTS
Phylogenies
Hosts

The length of the Cyt-b mtDNA sequences was 1102bp. The saturation plot
suggested a high level of saturation for the Cyt-b sequences (Fig. 1a). We decided to weight
the transversions at the first and third codon positions. Since the Ti/Tv ratio was estimated,
by ML estimation, to 14 for these positions (and to 1 for the second position), a weight of
14 was applied to transversions at the first and third codon positions. This value is very
close to the highest Ti/Tv value observed between the closest species (Diplodus puntazzo
and Oblada melanura), which is 13.4. The number of parsimony-informative characters
was 355. Using a heuristic search algorithm, the tree-bisection-reconnection branch
swapping option, and a random addition sequence (10 replicates), the MP analysis led to a
single MPT (CI = 0.515), shown in Fig. 3b. The proportion of base changes was estimated
from the MPT and led to the pattern presented in Fig. 2a. This observation, combined with
a dight difference on the empirical frequencies of the four bases, led us to use a HKY 85
model in the ML anaysis. a was estimated to 0.17 with 30 rate classes, and Ti/Tv to 5.8.
The tree obtained via ML (HKY85 + I model, through a heuristic search using the same
settings as MP) is shown on Fig. 3c. These trees are roughly similar and differ only by the
positions of D. dentex and S. cantharus. We then combined the 16S (435 bp) and Cyt-b
sequences before a "total evidence" anaysis (430 parsimony-informative characters). The
highly linear saturation plot observed for 16S sequences (Fig. 1b) led us not to weight
transversions vs transitions for this fragment. In the MP analysis, all 16S positions were
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given a weight of 14, the same weight as cyt-b transversions for first and third codon
positions. This analysis led to a single MPT (Cl = 0.530) shown in Fig. 3d. The ML
analysis (heuristic search with the previous settings) was carried out with a HKY 85 model
(see base change pattern in Fig. 2b), using a I' distribution with a shape parameter (o)
estimated to 0.17 and a Ti/Tv ratio estimated to 6 from the MPT. It led to a very similar
tree, shown in Fig. 3e. The only difference between these two trees is the presence of the
clade (P. erythrinus(D. dentex, P. pagrus)) in the MP tree, whileit is (D. dentex(P. pagrus,
P. erythrinus)) in the ML tree. We decided to keep the ML tree for the subsequent
coevolution analysis, because the clade (D. dentex(P. pagrus, P. erythrinus)) is also found

in our cyt-b tree and in the Hanel and Sturmbauer (2000) tree.
Parasites

The sequence length of the partial 18S rDNA fragment varied between 524 and 525
bp, with an aignment length of 525 bp. Note that it was not possible to aign
unambiguously the ITS1 sequences across species. The roughly linear saturation curve
observed (Fig. 1c) led us not to use any weighting scheme. The trees were first rooted using
the three outgroup taxa. Since the ingroup, formed by Lamellodiscus spp. and Furnestinia
echeneis (hereafter considered to be a Lamellodiscus-like species), was always clearly
monophyletic in al trees, with the pattern (Dactylogyrus minor, Pseudomurraytrema
ardens, Diplectanum aequans (Lamellodiscus spp.)) always present, only D. aequans was
kept as the outgroup. The number of parsimony-informative characters was 66. The MP
analysis (using the branch-and-bound algorithm) led to five MPTs (CI = 0.632). All MPTs
contain three main clades, hereafter labeled after one of their representative members. the
elegans clade, theignoratus clade, and the gracilis clade. They differ in the placement of L.
ignoratus, L. knoeppfleri and the monophyletic clade formed by L. baeri and L. erythrini.
These taxa are inverted in the five MPTs, but remain together in the ignoratus clade. A
strict consensus of these five trees is presented in Fig. 4a. This consensus tree is fully
compatible with a tree generated by neighbor-joining (NJ, not shown). A HKY 85 model
was also used in the ML analysis (see base change pattern on Fig. 2c). Using 30 discrete
classes, o was estimated to 0.18 and the Ti/Tv ratio to 3.8 by maximum-likelihood

evaluation from the MPT. The ML analysis, performed using a heuristic search procedure
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with the previous settings, produced the tree presented in Fig. 4b. This tree is roughly
similar to the trees generated by MP. They differ by the basal relationship between the three
main clades and the placement of F. echenel's, which is a sister taxon to L. drummondi in all
MPTs, whereas it is basal to the (L. furcosus, (L. coronatus, L. elegans)) group in the ML
tree.

All these phylogenetic hypotheses will be used in the ParaFit coevolution study of the
host-parasite association. TreeFitter and TreeMap require a fully-resolved tree; for these
analyses, we used a modified ML tree in which the polytomies were resolved following the
NJtree. Thisresolution of theignoratus clade is compatible with what was observed in one

of the MPTs, and the gracilis clade was never fully resolved in any of the MPTSs.
Coevolution

The fully-resolved host and parasite phylogenies, with the pattern of observed host
and parasite associations, are presented in Fig. 5.

TreeFitter

The analysis performed with TreeFitter 1.0, using default settings, suggests that there
is a phylogenetic structure in this association. The fit between the host and parasite
phylogenies, tested by permutation, shows that the overall cost is significantly lower than
expected by chance alone (P = 0.006) and that the main factor contributing to this is a
relatively small number (5 to 6) of switching events (P = 0.0014). No other type of eventsis
common, as evidenced by the non-significant P-values for these events. If cospeciation and
sorting are made almost impossible via a very high cost (2000), those significant values
disappear. This implies that the significant number of host-switching events observed took
place over a cospeciation-sorting background. Thus, this result suggests that some parallel
cladogenesis is occurring in the system. However, these results depend highly on the costs
associated to each event. If the switching cost is lowered (to 1 or 0, keeping default values
for the other events), the global fit between the two treesis no longer significant (P = 0.165
forH=1,and P= 1.0 for H = 0). A similar result is observed with the TreeMap settings
implemented in TreeFitter (P = 0.450 for the global fit between the two trees).
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TreeMap

As expected from the previous results, the TreeMap analysis suggests the absence of
cospeciation in this association. Without invoking any host switching, reconciliation needs
to call upon 5 cospeciation events, 14 duplication events and 62 sorting events to reconcile
the two trees. This number of cospeciation events remains the same even if we add host-
switching events in the reconstruction (using a heuristic search). This number was
statistically tested using TreeMap, by repeatedly permuting the parasite tree and
recalculating the number of cospeciation events, generating therefore many realizations of
the null hypothesis of no association between the two trees. A thousand random parasite
trees were generated using the proportional-to-distinguishable option of the program. A
distribution of the number of cospeciation events was generated, and the observed number
was tested against this distribution. The resulting histogram (Fig. 6), suggests that the
observed number of cospeciation events is not significant (P = 0.317). Thus, according to
this criterion, this association does not show coevolution via cospeciation. However, all
reconstructions generated by TreeMap (not shown because they are highly complicated)
suggest that cospeciation took place between (Lamellodiscus baeri, L. erythrini) and
(Pagrus pagrus, Pagellus erythrinus).

ParaFit

The ParaFit results are the same for al of the parasite phylogenetic trees; so, only the
results obtained for the ML tree are described. Patristic distances were computed from the
ML parasite tree and compared with the patristic distances computed from the ML total
evidence host tree. The global test performed by ParaFit (Table 2) indicates that there is no
global relationship between the host and parasite phylogenies, mediated by the table of
host-parasite association links (P = 0.243). This test confirms the TreeFitter and TreeMap
result that the phylogenies are not generally congruent. The test computed by ParaFit for
individual host-parasite links shows, however, a statistically significant structure brought
by the associations Lamellodiscus baeri—Pagrus pagrus and Lamellodiscus
erythrini—Pagellus erythrinus (bottom of Fig. 5), with respective probabilities of 0.028 and
0.018. When the global test is not significant but the test of an individual link is significant,
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simulations reported in Legendre et al. (submitted) show that we may be dealing with a
mixed structure containing a coevolutionary and a random portion. So, Table 2 suggests
that this four-species association has coevolved, confirming the result obtained from

TreeMap.
Discussion
Phylogenies

The phylogeny for the Sparidae confirms the results of Hanel and Sturmbauer (2000)
obtained using 16S mtDNA only. However, the total evidence analysis increased the
resolution of the tree: the basa nodes are better supported and the Diplodus clade,
containing Oblada melanura, is now fully resolved. It also suggests that the taxonomy of
the Sparidae family should be revised, as the subfamilies Boopsinae, Pagellinae and
Sparinae defined by Fiedler (1991) on the basis of dentition and diet only are not
monophyletic in our tree; this cannot be assessed for the Denticinae, since they are only
represented by Dentex dentex in our dataset. The three lineages mentioned by Hanel and
Sturmbauer (2000) are found in our phylogeny. The first one (the Boops clade) comprises
Soondyliosoma cantharus, Boops boops and Sarpa salpa; the second one (the Diplodus
clade) contains all Diplodus species, O. melanura, Sparus aurata, Pagellus acarne P.
bogaraveo and Lithognathus mormyrus; the third lineage (the Pagrus clade) is composed of
Dentex dentex, Pagrus pagrus and Pagellus erythrinus. Several genera appear to be
polyphyletic (as Pagellus) or paraphyletic (as Diplodus). Our phylogenetic hypothesis

suggests that the Pagrus clade is the most primitive one, while Diplodus is a derived genus.

The phylogenetic tree obtained for the Lamellodiscus species is supported by the
observation of morphology, which was not included in the phylogenetic analysis. The
grouping of the species is compatible with the type of their lamellodisc (attachment organ):
all species in the ignoratus clade possess a non-split lamellodisc, whereas in the other two
clades, species harbor a split-type. Similarly, the copulatory organ morphology in the
ignoratus clade (type en lyre, see Oliver 1987) is the same for all species; the types of

copulatory organs are also similar in the other two clades. These observations will be
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detailed in a further study. The topology is roughly the same, whatever the method
employed, showing that there is a strong phylogenetic structure in the molecul ar dataset.

Coevolution

The phylogenetic structure found by TreeFitter for this host-parasite association is
statistically significant only if we consider host switching to be a “difficult” event, by
assigning to it a cost higher than for the other three events. In the present situation, where
hosts are all sympatric and monogenean larvae are highly mobile, this cost may be
overestimated in the situation corresponding to the TreeFitter default settings. Assigning an
optimal cost to the various types of events is very difficult, because it may differ in every
host-parasite association considered and it may depend on ecological factors. Switching
weight is particularly critical (Ronquist 1995), as it greatly influences the inferred
reconstruction pattern. This is also what was observed in this study. Since every host-
switching event added to the reconstruction decreases the number of required cospeciation
events to obtain a fit between the trees, Ronquist (1995) proposed to find the optimal
switch cost by finding the cost that leads to the largest reduction in the number of
cospeciation events. It could be argued, however, that this cost should be defined from
biological instead of statistical data, as it is likely to be different in different types of
associations. For example, this cost should be lower for parasites with dispersal stages (like
monogeneans or copepods) than for parasites that are more closely dependent on their hosts
for transmission (like lice or mites). The high biological difficulty for host switching
(which corresponds to a higher cost for this event) has been used to explain the high level
of cospeciation in some host-parasite associations (Page and Hafner 1996).

If we consider host switching to have an equal or lower cost to sorting, al methods
used — ParaFit, TreeMap and TreeFitter — suggest that there is no coevolution in this
association. According to three different criteria (i.e., the overal cost, the number of
cospeciation events, and the fit between phylogenetic distance matrices), the level of
congruence in this association is not higher than expected by chance. These results confirm
what was previously known about fish-monogenean coevolution, that host-switching events

are common (Klassen and Beverley-Burton 1987, 1988; Boeger and Kritsky 1997).
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Cospeciation events reported in the literature seem to be mainly found at high taxonomic
levels (i.e., family or above, Boeger and Kritsky 1997). This suggests that a close
phylogenetic association between the hosts and their monogenean parasites is driven by
broad historical constraints (e.g, immunological or morphological) acting at large scale
(i.e., high taxonomic levels). In the present case, thisis consistent with the observation that
Lamellodiscus are only found on Sparid fishes, whereas several other potential hosts can be
found (Whitehead et al. 1986). This could prevent dispersal to distantly related taxa. This
may also be due to an ancestral geographic separation of Sparidae leading to important
parasite divergence (vicariance), impeding subsequent host-switching events across host
families. Thisis not an absolute rule, since some switching has been hypothesized to occur
in monogeneans between distant taxa (see Boeger and Kritsky 1997). At finer scale, as
between species, it seems that historical constraints are less important and that dispersal is
widespread. However, monogeneans are known to be highly host-specific (Bagr 1957;
Llewellyn 1957; Rohde 1979; Noble et al. 1989; Sasal et al. 1998), which supposes a close
interaction with their hosts. Hosts may have an influence on the genetic and morphological
differentiation in monogeneans, but this does not prevent subsequent host switching. This
association could be seen as temporary in evolutionary time. Monogeneans seem to have an
important potential for polymorphism and may be able to adapt rapidly to various
conditions, as suggested by Desdevises et a. (2000) where a single Lamellodiscus species

was shown to exhibit two slightly different morphologies on two distinct host species.

Speciadlization in monogeneans seems to be mainly under the influence of ecological
factors; this has also been suggested in other studies (Klassen and Beverley-Burton 1988;
Bentz et al. 2001). This is supported by the observation that D. sargus and D. vulgaris,
which are not sister taxa (see Fig. 3), harbor a lot of parasites in common (see Table 1).
However, these two species are ecologicaly close, living together in the same schools
(Whitehead, 1986). The putative cospeciation event between the clades (Lamellodiscus
baeri, L. erythrini)—(Pagrus pagrus, Pagellus erythrinus) could be explained by the solitary
behavior of P. pagrus (Whitehead et a. 1986). It is noteworthy that all solitary species
among Sparidae studied here (data from Whitehead et al. 1986, and Hanel and Sturbauer
2000), Sparus aurata, Diplodus cervinus and P. pagrus, possess only one Lamellodiscus
parasite species. In contrast, the host species with the highest species richness in
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Lamellodiscus are the members of the clade containing all Diplodus species (except D.
cervinus), and they are all gregarious species living closely together, especially D. sargus,
D. wulgaris D. puntazzo and D. annularis (Whitehead et al. 1986). Therefore, the social
behavior of the hosts seems to promote host switching in Lamellodiscus monogeneans. The
present study strongly suggests that their shared parasites were not acquired via

cospeciation.

Pocket gophers and chewing lice, the “model system” to study host-parasite
coevolution (Page and Hafner 1996), represent a very special case of biological association,
because there is almost no opportunity for contact between hosts of the different species
(Nadler and Hafner 1989; Nadler et al. 1990). Parasites are then separated by a strong
ecological barrier. Nevertheless, some cases of incongruence interpreted as host-switching
events have been observed (Hafner et al. 1994; Page 1993c; Ronquist 1995). In the case
studied here, this type of ecological barrier is absent since the hosts live in sympatry.
Parasites have many opportunities to switch hosts, and this seems to happen in nature. This
suggests that host choices by parasites and subsequent specialization are not driven by
historical factors, at least not in an important proportion. Coevolution may be a by-product
of host separation, either geographical or behavioral (see Bentz et al. 2001), and it seems to
be controlled by allopatric speciation. This was aso suggested by Reed and Hafner (1997)

for the pocket gopher-chewing lice association.

It has been argued that host specificity is highly linked with cospeciation processes
(Poulin 1992; Kearn 1994). In the association under study here, however, many specialist
parasites do not exhibit cospeciation patterns with their hosts (e.g., Lamellodiscus
knoeppfleri, L. parisi or L. drummondi). This suggests that the processes leading to
specificity do not necessary lead to host-parasite coevolution. The presence of no
cospeciation associated to the presence of specialist speciesisinterpreted by Brooks (1979)
to represent a strong ecologica host-parasite association for these species (see Klassen and
Beverley-Burton 1988), and suggests adaptive processes. This has been emphasized by
Hoberg (1986) who proposed that pronounced host specificity and host-parasite
coevolution may not always be associated, especially in groups of great evolutionary age.

In the present case, the observation that the ITS1 sequences are not alignable among
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species, and that rDNA 18S, arelatively slow-evolving molecule (Hillis and Dixon 1991),
contains sufficient phylogenetic signal to infer the phylogeny of the Lamellodiscus species,
isin favor of an old age for this genus. However, these observations may also be due to a
fast evolutionary rate. The Lamellodiscus species seem to be able to speciate rapidly, even
in sympatric conditions, the host and parasite phylogenies support the hypothesis of
sympatric speciation for some species, like L. bidens and L. hilii on Diplodus puntazzo, and
L. mormyri and L. verberis on Lithognathus mormyrus. This ability to speciate and the
many opportunities for host switching could explain the absence of cospeciation pattern
observed here, even for specialist species. Secord and Kareiva (1996) emphasized that the
colonization ability of a parasite is a function of its morphological variability
(polymorphism): some morphs would allow the use of different hosts and can lead to
subsequent speciation. Such intraspecific morphological variability has been observed in
monogeneans (e.g., Mo 1991a,b), among which the Lamellodiscus species (Desdevises et
al., 2000). This supports the hypothesis of an important potential for adaptability in

monogeneans, leading to their opportunistic colonization behavior.
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Table 1: Lamellodiscus — Sparidae associations and GenBank Accession numbers. (0):

outgroup taxa. *: sequence obtained during this study

Lamellodiscus and Sparidae species GenBank Accession numbers
outgroup species Parasites (18S)  Hosts (16S/Cyt-b)
L. baeri Pagrus pagrus AY038187* AJ247277/AJ319815*
L. bidens Diplodus puntazzo AY038188* AJ247291/A 1277368
L. coronatus Diplodus annularis AY038189* AJ247286/AJ277366
Diplodus cervinus AJ247290/AJ277367
Diplodus sargus AJ247293/AJ277369
L. drummondi Pagellus acarne AJ276441 AJ247281/AJ276879
L. elegans Diplodus annularis AF294956
Diplodus sargus
Diplodus vulgaris AJR47294/A 277370
Oblada melanura AJ247296/AJ319813*
Soondyliosoma cantharus AJ247280/AJ319811*
L. ergens Diplodus annularis AY 038190*
Diplodus puntazzo
Diplodus sargus
Diplodus vulgaris
L. erythrini Pagellus erythrinus AJ276440 AJ247284/AJ276881
L. fraternus Diplodus annularis AY038191*
Diplodus vulgaris
L. furcosus Diplodus annularis AY038192*
Diplodus sargus
L. gracilis Diplodus annularis AY038193*
Diplodus sargus
Oblada melanura
L. hilii Diplodus puntazzo AY038194*
L. ignoratus Diplodus annularis AF294957

Diplodus puntazzo



r . - - - - -

Furnestinia echeneis
Not parasitised
Not parasitised
D. aequans (0)

. impervius
. knoepffleri
. mirandus
. mormyri

. parisi

. verberis

.virgula

P. ardens (0)

D. minor (0)

Diplodus sargus
Diplodus vulgaris
Lithognathus mormyrus
Sarpa salpa

Diplodus puntazzo
Soondyliosoma cantharus
Diplodus sargus
Lithognathus mormyrus
Sarpa salpa
Lithognathus mormyrus
Pagellus acarne
Pagellus bogaraveo
Sparus aurata

B. boops

D. dentex

Dicentrarchus labrax (0)

Spicara maena (0)

AY038195*
AY 038196*
AY038197*
AF294954
AY038198*
AF294955
AJ276442

AF294953

AJ276439

AJ228793
AF294952
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AJ247285/AJ277371
AJ247269/AJ319812*

AJ247283/AJ276880

AJ247279/AJ319809*
AJ247268/A J319810*
AJ247271/AF143197

AJ247298
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Table 2: Results from ParaFit. Probabilities are computed after 999 random permutations.
The null hypothesis (H,) of the global test (bottom of the table) is that the evolution of the
two groups, as revealed by the two phylogenetic trees and the set of host-parasite

association links, has been independent. In the tests of individual host-parasite association

links, the null hypothesis is that the link under test is random. *: significant association

(P<0.05).

Parasite Host Probability
F. echeneis S aurata 0.170
L. baeri P. pagrus 0.028*
L. bidens D. puntazzo 0.775
L. coronatus D. annularis 0.079
L. coronatus D. cervinus 0.230
L. coronatus D. sargus 0.220
L. drummondi P. acarne 0.130
L. elegans D. annularis 0.058
L. elegans D. sargus 0.220
L. elegans D. wulgaris 0.172
L. elegans O. melanura 0.240
L. elegans S cantharus 0.892
L. ergens D. annularis 0.549
L. ergens D. puntazzo 0.692
L. ergens D. sargus 0.766
L. ergens D. wulgaris 0.548
L. erythrini P. erythrinus 0.018*
L. fraternus D. annularis 0.672
L. fraternus D. wulgaris 0.635
L. furcosus D. annularis 0.095
L. furcosus D. sargus 0.258
L. gracilis D. annularis 0.970
L. gracilis D. sargus 0.791



. gracilis

. gracilis

. hilii

. ignoratus
. ignoratus
. ignoratus
. ignoratus
. ignoratus
. ignoratus
. impervius
. knoeppfleri
. mirandus
. mormyri

. parisi

. verberis

.virgula

r--r r r - - -r - - - - - - - - -

.virgula
Global test

O. melanura
S cantharus
D. puntazzo
D. annularis
D. puntazzo
D. sargus

D. wulgaris
L. mormyrus
S salpa

D. puntazzo
S cantharus
D. sargus

L. mormyrus
S salpa

L. mormyrus
P. acarne

P. bogaraveo

0.729
0.431
0.802
0.545
0.670
0.723
0.523
0.633
0.631
0.794
0.724
0.885
0.238
0.279
0.246
0.096
0.090
0.243
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FIGURES LEGENDS

Fig. 1. Saturation plots showing distances (% differences) computed from transitions (Ti)
versus distances computed from transversions (Tv). (@) Cyt-b mtDNA sequences from
Sparidae. (b) 16S mtDNA sequences from Sparidae. (c) 18S rDNA sequences from
Lamellodiscus.

Fig. 2: Frequencies of base changes, proportional to circle diameters, estimated from most-
parsimonious trees, (a) for Sparidae cyt-b mtDNA sequences; (b) for Sparidae cyt-b and
16S mtDNA (total evidence) sequences, (c¢) for Lamellodiscus 18S rDNA sequences.

Transitions are represented by dark circles, transversions by light circles.

Fig. 3: Host phylogenetic trees estimated from mtDNA partial sequences;, numbers are
bootstrap values. (a) Consensus tree published by Hanel and Sturmbauer (2000), estimated
from 16S mtDNA. (b) MP tree estimated from Cyt-b mtDNA sequences. (c) ML tree
computed from Cyt-b mtDNA sequences. (d) MP tree computed from Cyt-b and 16S
MtDNA sequences (total evidence). (€) ML tree estimated from Cyt-b and 16S mtDNA

sequences (total evidence).

Fig. 4. Parasites phylogenetic trees estimated from 18S rDNA partial sequences; numbers
are bootstrap values. (a) Strict consensus of five MP trees. (b) ML tree.

Fig. 5: Pattern of host and parasite associations, with ML trees estimated for the hosts and

parasites. Lines depict the observed host-parasite associations.

Fig. 6: Histogram generated by TreeMap: distribution of the number of cospeciation events
in random associations. *: number of cospeciation events inferred by TreeMap for the
Lamellodiscus-Sparidae association.
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DESDEVISES Yves, Serge MORAND and Pierre LEGENDRE. Evolution and
determinants of specificity in Lamellodiscus (Monogenea). Soumis a The American

Naturalist.

Objectif g et objectif principal (synthéese)

Dans cette publication, nous essayons d'identifier les déterminants écologiques de la
gpécificité chez les Lamellodiscus, ainsi que I'évolution de cette caractéristique. La
spécificité semble étre contrdlée en partie pas la taille de I'héte : les monogénes étudiés ici
semblent se spécialiser sur les hotes les plus grands. Cela est interprété comme une
spéciaisation sur des hotes prédictibles. La spécificité est également tres liée a la
phylogénie, suggérant par la quelle est liee a des caractéristiques transmissibles des
parasites. La partie commune de la variation de |a spécificité due ala phylogénie ainsi gqu’'a
la taille de I'h6te est quantifiée et savére importante. Une analyse d'optimisation de
caractere sur |'arbre phylogénétique des Lamellodiscus suggére que la spécificité ne semble
pas conduire a un cul-de-sac évolutif chez ces parasites. En outre, comme chez les
Diplectanidae, la spécificité ne semble pas associée a une plus grande diversification

taxonomique chez les Lamellodiscus.

Participation du thésard :
* Recherche bibliographique
* Analyse comparative
* Analyses statistiques
* Rédaction
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Abstract

The evolution and determinants of host specificity in Lamellodiscus species
(Monogenea, Diplectanidae) were investigated. The twenty known Mediterranean species
were studied. They are all parasites of fishes from the family Sparidae (Teleostei). An index
of specificity was defined, which takes into account the phylogenetic relationships of their
fish hosts species. The link between specificity and its potential determinants was
investigated in a phylogenetic context using the method of independent contrasts. Host
specificity in Lamellodiscus species appeared to be highly constrained by the phylogeny,
but it is also linked to host size. Mapping specificity onto the parasite phylogenetic tree
suggests that specialist species do not represent an evolutionary dead end, nor that
speciaization is a derived condition. It is suggested that the ability to be generalist or
specialist in Lamellodiscus is controlled by intrinsic phylogenetically-related characteristic
of the parasites, and that specialist species tend to use large hosts, which are hypothesized

to be more predictable.
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I ntroduction

What controls specialization, the process leading to specificity for agiven resource, is
not fully understood in ecology. Some organisms are restricted to a narrow set of resources
while others seems to be far less selective. One might think that the more an organism is
able to exploit different niches, the greater should its evolutionary success be. However,
Timms and Read (1999) pointed out the non-existence of an ideal organism able to use all
ecological niches. On the contrary, many very specialized organisms are found in nature.
Using theoretical models, many studies have tried to understand what explains the
appearance of specificity, e.g., Fox and Morrow (1981), Futuyma and Moreno (1988),
Wilson and Y oshimura (1994), Fry (1996), Gemmill et al. (2000). Ward (1992) suggested,
via a simple mathematical model, that organisms tend to specialize on predictable

resources, i.e., those that are stable through time, thus minimizing extinction risks.

Since specificity is commonly believed to be the result of an adaptive process
(Brooks and McLennan 1991; Begon et al. 1996), it is important to take the phylogenetic
relationships of the parasite species under study into account when studying its causes and
evolution (Brooks and McLennan 1991, Harvey and Pagel 1991). This allows one to
discriminate between the relative effects of the past (phylogenetic) and present-day

(ecological) influences (Futuyma and Moreno 1988; Brooks and McLennan 1991).

Host-parasite systems are good models to study these evolutionary questions (see
Price 1980; De Meels et a. 1998; Paterson and Banks 2001). The ecological niche of a
parasite is generally easier to define than that of a free-living organism (Timms and Read
1999), since its main environment, its habitat and its food are represented at least in part by
its host. In addition, a phylogeny of the hosts provides a hypothesis about the evolution of
the habitat of the parasites. Understanding the determinants of host specificity isakey issue
in evolutionary parasitology (Rohde 1994; Thompson 1994); it is essential for the control

of parasitic zoonoses (Secord and Kareiva 1996).

As in the study of Poulin (1992, 1997), only host specificity on the part of parasites
will be considered here. Host specificity is defined as the number of host species used by a

given parasite species. It is the same as host range (Lymbery 1989). A parasite species
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using a single host species is usualy defined as a specidlist (e.g., Euzet and Combes 1980;
Ludwig 1982), whereas if it uses several host species, it is said to be a generalist. It should
be reminded that specificity is inversely related to host range, so it decreases while host
range increases. These concepts are relative (e.g., Kitahara and Fuji 1994): sometimes,
parasite species using a single genus or family are defined as speciaists (Ludwig 1982).
According to Futuyma and Moreno (1988), “speciaization must lie in the eye of the
beholder”.

Parasites depend on their hosts to survive. Severa hosts can be involved in the
parasite's life cycle, complicating therefore the pattern of specificity and its potentia
determinants. A parasite with a direct life cycle permits to overcome these difficulties. This
iswhy a group of monogeneans was chosen for the present study. Monogeneans are almost
entirely dependent upon their hosts, which is their unique environment, and they are known
to be generally highly host-specific (Baer 1957; Kennedy 1975; Rohde 1979, 1982; Noble
et a. 1989; Sasal et al. 1998). Barker (1991), Poulin (1992), and Kearn (1994) suggested
that their high degree of host specificity is explained by tight coevolutionary interaction
with their hosts, as hypothesized by Tindey and Jackson (1998) for Polystomatid
monogeneans found in amphibians. Humphery-Smith (1989) listed characteristics favoring
host-parasite coevolution by cospeciation: the parasites should be highly specific and non
pathogenic to their hosts. This description matches that of monogenan parasites. However,
some authors, like Brooks and McLennan (1991), believe that monogenans possess ideal
characteristics to experience numerous host-switching events. Thiswould suggest that other
determinants than host evolutionary history control parasite specificity. In addition, several
studies suggest that many monogeneans do not exhibit cospeciation patterns with their
hosts (Klassen and Beverley-Burton 1987, 1988; Desdevises et al. 2000; Desdevises et al.
submitted(b)). Sasal et al. (1999) have suggested that specialist monogenans tend to use
larger fish species than generalists do. This supposes the existence of an adaptive strategy,
which differs from a strict and passive phylogenetic tracking. As a potential factor limiting
host specificity, competition does not seem to be an important determinant of specificity in
monogeneans (Euzet and Combes 1998). Indeed, most monogeneans are skin or gill
ectoparasites, and they live in an environment where the number of available niches seems
to be very high (Rohde 1978). It is only when space is limiting (e.g., for endoparasitic
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species) that competition could play a role in monogenans (Jackson et al. 1998). This has
led some authors to propose the “mating hypothesis’ to explain the high host specificity of
some parasite species: in low-density populations, individuals tend to meet on a single
resource to mate (Rohde 1979; Colwell 1986), but this hypothesis has been questioned by
other authors (e.g., Adamson and Caira 1994). This also supports the idea that there are

ecological determinants for host specificity.

Futuyma and Moreno (1988) insist that the causes and consequences of specialization
should not be confounded, even if the distinction may not be straightforward, since asingle
factor can be both a cause and a consequence of specificity, i.e.,, be the product of

specificity via an adaptive process while it also constrains subsequent specialization.

The host-parasite association studied here is formed by fishes from the family
Sparidae (Teleostel) and their gill monogenean parasites from the genus Lamellodiscus
(Diplectanidae). This study was carried out in the northwestern Mediterranean Sea near the
Golfe du Lion, on al known Lamellodiscus species (20) in this area (see Oliver 1987,
Desdevises et a. submitted(b)). Furnestinia echeneis will be considered to belong to the
Lamellodiscus genus (Desdevises 2001). This host-parasite system has been well studied,
and its current pattern of host specificity can be considered to be one of the best-known in
the world (Caro et al. 1997). The sampling bias, if any, can then be considered to be very
small. Phylogenies are available for the hosts and parasites (Desdevises et al. submitted(b)).
A wide range of specificity can be found in this genus (from 1 to 6 hosts, see Table 1),
which is relatively rare for monogeneans, and makes this host-parasite system of specid
interest for the study of specificity. Studying host-parasite coevolution in Lamellodiscus,
Desdevises et a. (submitted) suggested that the host and parasite phylogenetic trees were
not generally congruent, and that almost no cospeciation seems to have occurred between
these two species complexes. Therefore, choice of hosts on the part of the parasites and
specialization of the parasites on their hosts do not seem to be controlled by the host
evolutionary history. Desdevises et a. (submitted) also observed that ecologically- but not
phylogenetically-related hosts may have one or several parasite species in common, and

that solitary species are less parasitized than gregarious species. This suggests that the
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choice of hosts and the subsequent specialization in Lamellodiscus monogeneans is driven

by opportunities for colonization.

In this paper, we will investigate the evolution and determinants of host specificity in
Lamellodiscus species. First, we want to know if specificity is constrained by the
phylogeny of the parasites. In other words, are the parasites with the same level of
specificity more related to one another than they are to other congeneric species? If thisis
the case, it will support the hypothesis that host specificity in Lamellodiscus is controlled
by intrinsic heritable characteristics of the parasites. Second, we want to investigate if
specificity is aderived condition (sensu Thompson 1994). This would support an old belief
that speciaization is “an evolutionary dead end” (Huxley 1942; Simpson 1953, see
Futuyma and Moreno 1988). Third, in the search for potential determinants, we will look
for ecological variables that are significantly related to specificity, using comparative
analysis (see Harvey and Pagel 1991). Fourth, we will examine if specificity is linked to
taxonomic diversification, as this hypothesis as been proposed in the literature (Brooks and
McLennan 1991, 1993). Specidization could promote species diversification (1) by
reducing gene flow (Futuyma and Moreno 1988) and (2) because specidlists are less
tolerant to host changes and would then be more subject to host selective pressures after a
host switch or a cospeciation event (Brooks and McLennan 1991). This would lead more
frequently to parasite speciation. No such trend was observed among genera in the
Diplectanidae (Desdevises et al. 2001), but this hypothesis will be tested again here at the
species level. Finally, we will look for a correlation between host size and parasite body
length. Such a link would represent a mechanism optimizing the morphological adaptation

of parasitesto their hosts, and would therefore be related to host specificity.
Materials and methods
Sampling

Sparid fishes and their Lamellodiscus parasites were sampled in several locations in
the northwestern Mediterranean Sea, following the protocol described in Desdevises et al.
(submitted(b)). Data on Lamellodiscus monogeneans and their pattern of specificity were
found in Oliver (1968, 1969a,b, 1973, 1974, 1987), Euzet and Oliver (1966, 1967), Euzet
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(1984), Euzet et al. (1993) and Kouider EI Ouahed-Amine (1998). Parasite body lengths
were measured with an optical micrometer ; they were comparable to measures reported in
the literature. Note that L. virgula and L. obeliae are considered to be the same species (L.
virgula) on the basis of molecular evidence (Desdevises et al. 2000) and that Furnestinia
echeneis is considered to be a Lamellodiscus species because of its phylogenetic position
inside the Lamellodiscus genus (Desdevises 2001). One of the Lamellodiscus species can
be found parasitizing a non-Sparidae fish: in addition to its main host Spondyliosoma
cantharus (Sparidae), L. knoeppfleri is also found on two Centracanthidae, Spicara maena

and S smaris.
Link between specificity and phylogeny

Specificity is represented here by the number of hosts that a parasite is using (as in
Poulin 1992; see Lymbery 1989). This can lead to classify as “specialists’ parasites that are
using a single host, and as “generalists’ parasites that are using two or more hosts.
However, this distinction could be considered to be rather arbitrary. If there is no ambiguity
for specialist parasites, and there is no doubt that some parasites are “true’ generalists (i.e.,
parasitizing several distantly related hosts across genera or families), others species
parasitize several closely-related hosts and could also be said to be generalists. An extreme
case would be a parasite that uses two very closely related hosts, which could be labeled a
generalist. But it can also be argued that a classification of specificity based only on the
number of hosts may lead to arbitrary distinctions between species using, for instance, 5 or
6 host species. On the other hand, a parasite species using two hosts may not be considered
the same way depending on whether these two hosts are closely phylogenetically related or

not.

We decided to use four semi-quantitative classes to account for specificity: 1-
specialists using a single host; 2- intermediate specialists using two closely related hosts; 3-
intermediate generalists using two or more hosts in the same clade; 4- generalists using
two or more hosts across severa clades. This index will be hereafter named NSI for
NonSpecificity Index, because, as number of hosts, the more NSI is high, the more host

specificity is low. The definition of the four classes requires a host phylogeny, to define
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host clades. Eight clades were defined in the host phylogeny (see Fig. 1). For that, we
considered only well-supported clades from the phylogenies presented in Desdevises et al.
(submitted(b)). The pattern of host-parasite association for Lamellodiscus species is
presented in Table 1. We used the host and parasite phylogenetic trees, estimated by
maximum likelihood (Figs. 1 and 2 respectively), that have been proposed by Desdevises et
al. (submitted(b)).

The study of the evolution of host specificity was carried out by parsimony character
mapping (Farris 1970; Brooks and McLennan 1991) of NSI onto the parasite phylogenetic
tree. A statistical test was also conducted using the patristic distance matrix calculated from
the phylogenetic tree to assess if NSI was significantly linked to the phylogeny. Instead of
using directly the distance matrix to compare it to specificity through a Mantel test, which
would require to transform NSI into a distance matrix, we decided to transform instead the
patristic distance matrix into principal coordinates, a technique which has been shown to be
efficient to represent phylogenetic inertia (Diniz-Filho et al 1998). Vector NSI was
regressed onto the resulting principal coordinates. In more detail: a principal coordinate
analysis (PCoA) was first performed on the phylogenetic distance matrix using THE R
PackAGE v.4.0 (Casgrain, P. and P. Legendre. 2000. The R Package for Multivariate and
Spatial Analysis, version 4.0 d3 - User's Manual. Département de sciences biologiques,
Université de Montréal. Freeware available at URL
http://www.fas.umontreal.ca/BIOL/legendre/).  Together, the computed principal
coordinates (PCs) fully represented the phylogenetic variance. Since up to (n—1) PCs can be
computed for n species, this high number of explanatory variables does not allow one to
test the significance of the partial regression coefficients. On the other hand, the PCs are
linearly independent of one another by definition; so, they can be divided into subsets,
before carrying out multiple regression, without modifying the estimated regression
coefficients. The PCs that are not significant in the subsets can be eliminated from the
study. The existence of significant PCs would indicate a statistical link between specificity
and phylogeny. Following this method, we performed two regression analyses, each one on
half of the 18 PCs obtained. The regression parameters were tested by permutation using
the program PermuTE 3.4 (freeware written by P. Casgrain, available at URL
http://www.fas.umontreal .ca/BI OL/Casgrain/en/labo/permute).
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I's specificity a derived condition?

Character mapping was used to visually assess if specificity is aderived condition. To
investigate this point statistically, we regressed NS| against the number of nodes separating
each species from the root of the tree. The higher this number, the more derived a species
is, being the product of many prior speciation events. A ssimple linear regression was
performed and tested by permutation using the program PerMUTE 3.4 described in the
previous paragraph.

Determinants of specificity

We used the method of independent contrasts (Felsenstein 1985), which takes the
phylogeny into account, to investigate the determinants of specificity. The independent
contrasts method consists of estimating the differences (contrasts) between sister-taxa of
the phylogeny, and implementing statistical tests using those phylogenetically-independent
values, see Felsenstein (1985) for more details. To be used, contrasts must be standardized
across the phylogenetic tree (Felsenstein 1985), and the regression performed on the
independent contrasts must be forced through the origin (Garland et a. 1992). The software
CAIC 2.6.7b (Purvis and Rambault 1995) was used to compute the contrasts for NSI and
the explanatory variables (below). We tried to find which variables were statistically linked
to NSI via multiple regression forced through the origin using the independent contrasts.
The environmental variables chosen were:

» Maximum host size (from Whitehead et al. 1986).

* Host abundance (from Whitehead et al. 1986). Abundance was coded in three semi-
quantitative classes: 1: rare; 2: intermediate; 3: common.

* Host socia behavior (binary variable: gregary or solitary, data from Whitehead et al. 1986
and Caro et al. 1997).

These three variables were considered to be linked to host predictability (see Winemiller
and Rose 1992).

* Number of potential hosts (see Poulin 1992), defined as the total number of speciesin the
host clade(s) containing the parasitized host(s). For example, a parasite species using only

Diplodus sargus possesses 6 potential host species.
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As in Poulin (1992), this variable was chosen because it can be supposed that closely
related hosts will share genetic and physiological characteristics allowing their colonization
by the same parasite species. Poulin (1992) found a significant relationship between host

specificity and the number of potential hosts for some monogenean family.

All variables were In-transformed before calculating the contrasts in order to obtain
linearisation and normality of contrasts (Kolmogorov-Smirnov test, a = 5 %). Normality

tests were performed using THE R PACKAGE v.4.0.

In addition, the estimation of the phylogenetic inertia by principal coordinate analysis
(above) allowed the partitioning of the respective influences of the phylogeny and the
environmental variables on the variation of specificity (NSI). The effects of phylogeny and
environment may not be independent; these effects may act simultaneously on the response
variable (Fig. 3; see Westoby et al. 1995). What we are trying to identify is that portion of
the total variance of NS| that may contain a phylogenetic effect related to ecology, which
Harvey and Pagel (1991) called “phylogenetic niche conservatism”. This includes the
shared attributes that related species may have acquired because they tended to occupy

similar niches during evolutionary history. For that purpose, three multiple regressions
were performed:

1. A regression of NSI on the significant PCs (cal culated above).

2. A regression of NSI on the important environmental variables, selected via a backward
elimination procedure.

3. A regression of NSI on the significant PCs and the selected environmental variables,
without using any further selection procedure.

The coefficient of determination (R?) was calculated for each multiple regression. This
allowed us to partition the variation of NSI between the environmental and phylogenetic
components (Fig. 3). Fraction [d] is the purely environmental component, fraction [c] is the
purely phylogenetic component, while fraction [b] represents the variation explained by the
common part of phylogeny and environment (Harvey and Pagel’s phylogenetic niche
conservatism; see Desdevises et al submitted(a)). R* computed following regression 1 is

equal to [atb], R computed following regression 2 is equal to [b+c], R* computed
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following regression 3 is equal to [atb+c]. [a], [b] and [c] are then easily found by

subtraction.
I's specificity correlated to taxonomic diversification?

To find out whether or not NSI is linked to taxonomic diversification, we used the
software  MacroCAIC 0.8.2 (freeware written by P.-M. Agapow, available at
http://www.bio.ic.ac.uk/evolve/software/macrocaic/), which is especially designed to find
such correlation (see Desdevises et a. 2001). MacroCAIC allows one to use species
richness as a variable in a comparative anaysis to estimate if traits (such as host specificity
in the present study) are associated with high speciation rates represented by clade species
richness. Comparison of species richness is made between sister-clades at each node of the
phylogeny. Barraclough et a. (1998) consider this approach to be the best to study the
potential causes of taxonomic diversification. Species richness cannot be used as any other
continuous variable, through independent contrasts, because, in that case, its estimated
value at the nodes of the phylogeny is not the average of the values in lower phylogenetic
positions, but their sum. No contrasts were calculated for polytomies. Linear regressions
were assessed by testing the Pearson correlation coefficient. The tested variable
representing species richness is the natural log (In) of the clade ratio. This is the ratio, for
each node of the phylogeny, of the number of species in the sister clade where the
estimated value of specificity (at the node) is the lowest, to the number of species in the
other sister clade. When this ratio is smaller than one (negative In), the clade with the
lowest NSI contains more species; when the ratio is 1 (null In), the number of species in
each sister clade is the same; and when it is greater than one (positive In), the clade with
more species has the lowest specificity (highest NSI). The analysis is performed between
sister clades at each node of the phylogeny. Clade ratios were regressed against
standardized contrasts for In(NSl). If the null hypothesis is false, we should observe a
significantly increased diversification with specificity, which in turn produces a negative
relationship with NSI.
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I's specificity linked to morphological adaptation?

We looked for a link between host size and parasite body length. A positive
relationship between parasite and host body sizes may be due to the necessity to develop
large attachment organs to large hosts (see Sasal et a. 1999). For instance, more important
mechanical constraints in larger fish could lead ectoparasites to develop large attachment
organs in order to remain fixed. We tested the hypothesis that parasite body length is
related to host size, which should result in a positive relationship between the parasite size
(strongly correlated to haptor size in Lamellodiscus, r = 0.875) and the size of the hosts. We
assessed this relationship separately for specialists and generalists. For that purpose, we
divided the species into speciaists (having a single host) and generalists (having several
hosts). We did not use the previously defined classes of specificity (NSI) because the small
number of parasites in three of the classes (except the specialists) would have resulted in
low statistical power. For generalists, severa host are involved, and to use the mean of all
hosts sizes could bias the analysis since certain host species are much more parasitized than
others. Instead, for generalists, we used the size of the main host species (Table 1), the one
where the recorded parasite abundance is the largest. When there are several main host
species, the mean size was used. Simple linear regressions were computed on independent
contrasts to control for phylogenetic effects. We used maximum sizes for hosts and
parasites. Host sizes were taken from Whitehead et al. (1986).

Results
I's specificity a derived condition?

Mapping specificity onto the parasite phylogenetic tree (Fig. 4) does not indicate that
there are more specialists among the derived than among the primitive species. From Fig. 4,
the specialist condition is suggested to be the ancestral state in genus Lamellodiscus. No
statistical link can be found between NSI and the number of nodes separating the species
from the root of the tree (Fig. 5, r = 0.06, P = 0.800). These results support the hypothesis
that host specificity in Lamellodiscusis not a derived condition.
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Link between specificity and phylogeny

Multiple regression of NSI against the PCs extracted from the phylogenetic distance
matrix found PC1, PC2 and PC5 to be highly correlated to specificity (P = 0.001); PCs are
presented in order of decreasing eigenvalues, therefore in decreasing order of the amount of
variance of the phylogeny that they represent. These three PCs account for 50.4% of the
phylogenetic variance and explain together 72.6% of the variation of NSI (R? = 0.726). This
suggests that specificity is linked to phylogeny, i.e., that specialists, as well as generalists,
tend to be grouped in the same clades. This can also be observed in the character mapping
(Fig. 4).

Determinants of specificity

Only host size was retained by a backward elimination procedure after multiple
regression of NSI on the environmental variables using independent contrasts (r = -0.631, P
= 0.005). The smple linear regression of NSI on host size, after remova of the non-
significant environmental variables, is shown in Fig. 6. This result suggests that specialists

are found on larger hosts.

The variation partitioning results (Fig. 7) are striking: as in the analysis of contrasts,
host size was the only environmental variable linked to specificity, but fraction [a], the
purely environmental component, explained only 4% of the variation in host specificity,
while fraction [c], the purely phylogenetic component (from PC1, PC3, and PC5) explained
45% of this variation, and the fraction common to host size and phylogeny (“phylogenetic

niche conservatism”) explained 24 % of the variation of NSI.
I's specificity correlated to taxonomic diversification?

The ssimple linear regression of In(clade ratio) on In(NSI) suggests that specificity is
not linked to taxonomic diversification in Lamellodiscus (Fig. 8, r = 0.331, P = 0.320). To
have a low or high mean host specificity, a clade does not have to contain more or fewer

Species.
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I's specificity linked to morphological adaptation?

We found a significant positive correlation between parasite body length and host
sizein the case of al species (Fig. 9, r = 0.719, P < 0.001), the specialist species (r = 0.644,
P = 0.030), as well as the generalist species (r = 0.841, P = 0.004). Similar results were
observed without controlling for the phylogeny.

Discussion

Our results show that host specificity in Lamellodiscus monogeneans is linked to host
size. Specialist Lamellodiscus tend to use larger hosts than generalist species. The same
kind of relationship was found by Sasal and Morand (1998), Sasal et a. (1999) and
Simkova et a. (2001). Since large-bodied fish live longer and are usually found at the top
of the food chain (Winfield and Nelson 1991; Winemiller and Rose 1992), they can be
thought of as being more predictable. This supports the hypothesis that specialization
occurred on a predictable resource (Ward 1992). Host size may be selected by specialists
for other reasons than predictability, however. Large fish may contain more available
niches for parasite specialization than smaller fish (Dogidl et al. 1961; Kuris et a. 1980). In
any case, there is no evidence of interspecific competition in monogeneans (Rohde 1979,
1994; Simkova et a. 2000). Host abundance could also be seen as an indication of
predictability, but it is not statistically linked to specificity. Perhaps this characteristic is
more labile in evolutionary time than size, or that the semi-quantitative variable used to
account for abundance resulted in a decrease of statistical power leading to a non-
significant relationship. Norton and Carpenter (1998) pointed out that more generalists exist
when the hosts are unpredictable, and that the key to host specificity is the relative host
abundance- i.e., the abundance of a host species relatively to the others. They suggest that a
threshold in relative host abundance may explain the appearance of specificity in parasites:
generalism is favored under this threshold because the relative abundance of one host
species is too low to maintain a parasite population. Thus, this is around the value of this
threshold that host abundance could play a role in the specificity of the parasite. It is
possible that this hypothetical threshold is reached in our case. The impact of relative host
abundance on the determinism of specificity should also be linked to parasite dispersa
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abilities (see Reed and Hafner 1997), which should be taken into account in the assessment
of this threshold. The number of potential host speciesis not linked to specificity, contrarily
to the observation of Poulin (1992) for Gyrodactylus monogenean from Canada. However,
the absence a phylogeny did not allow Poulin to control his results for that influence, which
may explain the discrepancies with our results. The colonization strategy of Gyrodactylus
may also be different from that of Lamellodiscus. Our result does not implies that the most
suitable hosts (if phylogenetically related hosts are considered in this way) are not more
colonized by the same Lamellodiscus species but, if this colonization is followed by
speciation, as suggested by Desdevises et al. (submitted(b)) for Lamellodiscus species, no
decrease of specificity will result. It is also possible that the potential hosts should be more
broadly defined, and not only by phylogenetic proximity, but this would require thorough
physiological and ecological studies.

Links between specificity and ecological factors have been encountered in other host-
parasite associations. For a plant-phytophagous insect association, Smiley (1978) suggested
that the appearance of specialization is due more to ecological factors (like predation or
host abundance) than to genetically-controlled compatibility with the host. The appearance
of biochemical or metabolic adaptations only comes after this specialization, and it prevents
the possibility to colonize other plant species. Thisimplies that this type of compatibility is

only a proximate factor to specialization.

We did not find an increase in specificity for derived species. This has also been
reported by Thompson (1994) in a review of many studies. This supports the hypothesis
that specificity is not an evolutionary dead-end, as proposed by Simpson (1953), and that
“there is no intrinsic direction to the evolution of specialization” (Thompson, 1994). The
hypothetical specialist ancestral state followed by the appearance of generalism seems to

indicate that specialization is not an irreversible condition.

The significant link between specificity and phylogeny suggests that host specificity
is under the influence of historically constrained characteristics. Therefore, only some
groups of Lamellodiscus species, that are phylogenetically related, may be able to develop a

speciaist or generalist behavior. The existence of such phylogenetic constraints is in
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accordance with what can be observed at a deeper taxonomic level (e.g., between classes or
phyla) where some groups, like the monogeneans, show marked preferences for a type of
host specificity (Sasal et al. 1998). This suggests the appearance of afeature in an ancestral
species constraining its descendants into a type of specificity. This hypothetical feature may
not be the same in al clades. Specificity in Lamellodiscus monogeneans seems then to be
determined by a mixture of historical and ecologica influences. The variation partitioning
results suggest that an important fraction of specificity is controlled by host size and
phylogeny. It seems then that related parasites tend to specialize on large hosts. Everything
happens as if some Lamellodiscus species have acquired through the phylogeny the ability
to be generalists (which seems to be the derived state in this genus) and then they became
able to use more hosts and not only the largest species. This ability could be related to

morphological, physiological or immunological factors.

The absence of link between specificity and taxonomic diversification for
Lamellodiscus species was previously found at a deeper taxonomic level, for the
Diplectanidae (Desdevises et al. 2001). It could be explained by the absence of a higher
speciation rate or a higher extinction rate among the specialist species (see Slowinsky and
Guyer 1993). The single host that specialist species have may increase the risk of
extinction, even if its larger size makes it more predictable. It can also be due to a lack of
statistical power, since only ten contrasts were used in the analysis, because of the
relatively low number of species considered and the presence of polytomies in the
phylogenetic tree. However, even when using a fully-resolved tree (data not shown), there
is no statistical link between specificity and diversification. Moreover, the trend observed,
even if not significant, would favor the inverse hypothesis, that of an increase in the

number of host species with taxonomic diversification.

The significant correlation between parasite body length and host size suggests the
existence of a selective pressure exerted by the hosts on the parasites (Poulin 1996). The
fact that this link was found with or without controlling for the phylogeny also indicates an
absence of strong historical constraints on parasite body size, therefore suggesting an
adaptive nature for Lamellodiscus body length. In other studies, parasite body size has been
found to be positively correlated to host body size, mostly in a context of high host
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specificity (Morand et al. 1996). For endoparasite species, Morand and Sorci (1998)
hypothesized, and supported by a comparative analysis, that parasite body size can be
related to host longevity, which is correlated to host body size. Long-lived hosts would
provide more energy and would harbor more long-lived parasites, and consequently larger
parasite species (Morand 1996; Morand et a. 1996). However, in the Monopisthocotylean
monogeneans, the small size (relative to the host), the probable absence of competition, and
the short generation time (Rohde 1982) suggest that resources are not limiting.
Morphological adaptation to the host, perhaps for better attachment (see Sasal et al. 1999),
is a more plausible explanation. Simkova et a. (2001) observed that specialist
dactylogyrids monogenans seem to be more tightly adapted to their hosts than generalists,
highlighting the influence of adaptive processes for the attachment to the host. This leads to
the question: do Lamellodiscus parasites use mostly hosts for which their size is
compatible, or is their size modified by the host they use the most for some other reason?
This highlights the difficulty of disentangling causes and consequences, as pointed out by
Futuyma and Moreno (1988). These authors argued that morphological and physiological
adaptations may be seen to be consequences rather than causes of speciaization, and that
the determinants of specificity may be more behavioral. The fact that generalist
Lamellodiscus species use hosts with a wide range of sizes and that this relationship is
significant, for generalist species, only if the size of the main host is used, suggest that this
correlation is more likely to be a consequence than a cause of host specificity. Thisis also
supported by the absence of link between parasite body length and phylogeny, which
should be expected if such alink existed, because specificity is significantly linked to host
size. Tompkins and Clayton (1999) suggested that feather size is a determinant of host
specificity of lice parasitizing swiftlets. The same kind of relationship has been suggested
by Reed and Hafner (1997) and supported by Morand et al. (2000) for pocket gophers and
their chewing lice. In the case of swiftlets, there is a match between the size of the parasite's

attachment organ and feather size.

Experimental studies (e.g., Gemmill et al. 2000) can bring insight on the intrinsic
factors limiting the colonization of new hosts by Lamellodiscus parasites. The question
remains. are those observations more likely to be causes than consequences of host
specificity? Such morphological adaptations would intuitively limit further dispersal of
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specialist species, and, even if caused by an adaptive process, would also be a determinant
of specificity for the descendant species. A study of the polymorphism and genetic
variability of attachment organs is needed to reach a better understanding of this
mechanism. The genetic variability of hosts should also be taken into account (Secord and
Kareiva 1996). The variance of these components of host-parasite interaction may be the

important factors determining the potentia for colonization on the part of the parasites.
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Tables

Table 1. Data on Lamellodiscus species (including Furnestinia echeneis): parasite
maximum size (in um), host species, host maximum size (in mm), and specificity (classes).

The main hosts for generalist parasites are in bold.

Parasite species  Parasitesize  Host Host size  Specificity
F. echeneis 1100 Sparus aurata 700 1
L. baeri 1000 Pagrus pagrus 750 1
L. bidens 1020 Diplodus puntazzo 600 1
L. coronatus 1000 Diplodus annularis 240 3
Diplodus cervinus 550
Diplodus sargus 400
L. drummondi 420 Pagellus acarne 360
L. elegans 520 Diplodus annularis 240 4
Diplodus sargus 400
Diplodus vulgaris 450
Oblada melanura 300
Soondyliosoma cantharus 600
L. ergens 600 Diplodus annularis 240 3
Diplodus puntazzo 600
Diplodus sargus 400
Diplodus vulgaris 450
L. erythrini 580 Pagellus erythrinus 600
L. fraternus 430 Diplodus annularis 240 2
Diplodus vulgaris 450
L. furcosus 670 Diplodus annularis 240 3
Diplodus sargus 400
L. gracilis 700 Diplodus annularis 240 3
Diplodus sargus 400

Oblada melanura 300
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. hilii

. ignoratus

. impervius

. knoepffleri

. mirandus
. mormyri

. parisi

. verberis

.virgula

1050
640

550
730

800
480
550
500
470

Diplodus puntazzo
Diplodus annularis
Diplodus puntazzo
Diplodus sargus
Diplodus vulgaris
Lithognathus mormyrus
Sarpa salpa

Diplodus puntazzo
Spondyliosoma cantharus
Spicara maena

Spicara smaris
Diplodus sargus
Lithognathus mormyrus
Sarpa salpa
Lithognathus mormyrus
Pagellus acarne
Pagellus bogaraveo

600
240
600
400
450
550
460
600
600
250
200
400
600
460
600
360
700
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Figurelegends

Figure 1: Host phylogenetic tree from Desdevises et al. (submitted(b)). Host clades are
numbered 1 through 8.

Figure 2: Parasite phylogenetic tree from Desdevises et al. (submitted(b)).

Figure 3: Variation partitioning of phylogenetic and ecological influences, for a dependent

variable represented by the thick horizontal line.
Figure 4: Mapping of specificity (NSI, 4 classes) onto the parasite phylogenetic tree.

Figure 5: Dispersion diagram of host specificity against the number of nodes from the root

of the tree for each species.

Figure 6: Simple regression of independent contrasts on host size (selected by a backward

elimination procedure) against independent contrasts on specificity.

Figure 7: Variation partitioning of host specificity by host size and phylogenetic constraints
(PC1, PC2 and PC5). [a] represents the variation of host specificity due to host size alone,
[b] is the variation due to the common influence of host size and phylogeny, [c] represents

the variation strictly due to phylogeny, and [d] is the unexplained part of the variation.

Figure 8. Dispersion diagram of independent contrasts of In(clade ratio) against
independent contrasts on host size.

Figure 9: Simple linear regression of independent contrasts of parasite body size against

independent contrasts on host size
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V. SYNTHESE
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A. PRINCIPAUX RESULTATS

Les résultats détaillés, ains que les précisions concernant la méthodologie pour
chague analyse, se trouvent dans les publications (Chapitre 111). Ici, je ne donne qu'un
résumé des principaux résultats, ains que quelgues précisions ou résultats qui ne sont pas

dans les articles.
1. Lien entre spécificité et diver sification taxonomique (Article 1, 2, 6)

Au niveau des principaux groupes de parasites (Monogenes, Digenes, Cestodes,
Nématodes, Copépodes, Acanthocéphales), il y a un lien significatif entre le nombre
d'espéces par groupe et le nombre moyen d'hétes par espéce (Figure 1V.1), donc une
corrélation entre spécificité et diversification taxonomique. En ce qui concerne cette méme
relation au niveau des genres dans la famille des Diplectanidae, aucune relation
significative n'a pu étre mise en évidence (Fig. IV.2). Le méme résultat a été observé entre
les especes de Lamellodiscus (Figure IV.3). Ains, la relation entre spécificité et
diversification taxonomique n'a pu étre observée qu'a un niveau taxonomique profond (i.e,

classes ou embranchements).
2. Phylogénie des Diplectanidae (Article 2)

L'analyse de la matrice de caracteres morphologiques par parcimonie a produit 64
arbres également parcimonieux (indice de cohérence, IC = 0.65). Ce nombre a été reduit a
guatre apres repondération des caracteres par la valeur maximale de I'indice de rétention
(Figure IV.4, 1C = 0.81). L'arbre 3 (Figure 1V.4) étant également e consensus strict de ces
quatre arbres, il a été choisi comme hypothése phylogénétique des relations entre les genres
de Diplectanidae. Cet arbre est conservatif et montre notamment que les genres
Lamellodiscus et Furnestinia sont des groupes-freres, dans un clade non résolu comportant
également le genre Telegamatrix. Les relations entre les genres composant les
Lamellodiscinae ne sont pas supportées par de fortes valeurs de bootstrap, mais cela peut
étre d0 au nombre relativement faible de caractéres utilisés. Nous choisirons Furnestinia
echeneis, la seule espece du genre Furnestinia, et Diplectanum aequans, de la sous-famille

des Diplectaninae, comme extra-groupes pour enraciner la phylogénie des Lamellodiscus.
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Furnestinia echeneis savérera faire probablement partie du genre Lamellodiscus (voir plus

loin) ; par conséquent, seul Diplectanum aequans sera utilisé comme extra-groupe.

lnfnombre d eapéces de paragite par groupe)

M
o O Canada - ean douce
o ® Canada - milien marin
oy o 0 M éditerrané e - milien marin
M Hn
-. " o
e O
» ﬁh““x = N
M . o e L m|
C H® e &
H"'\-.
~
] » T
C A —
&
cII

2 4 & g 10 12 14
In{nombre moven d hite s par espéce de parasite)

Figure 1V.1: Lien entre la spécificité (nombre d'hotes) et la diversification
taxonomique (nombre d'espéces par groupe) pour les principaux groupes de parasites
(r =0.510, P =0.027).
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Figure 1V.2: Lien entre la spécificité (nombre d'hétes) et la diversification
taxonomique chez les Diplectanidae (r = 0.321, P = 0.400).
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Figure 1V.3: Lien entre la spécificité (INS) la diversification taxonomigue chez les
Lamellodiscus (r = 0.331, P = 0.320).

3. Phylogénie des Lamellodiscus (Articles 3, 4, 5)

L'analyse du 18S et de I'l'TS1 révéle que I' TS1 ne peut saligner entre la plupart des
espéces. Cela plaide en faveur d'une évolution rapide de ce groupe, ou encore de son age
important. Les especes Lamellodiscus virgula et L. obeliae possedent une séquence
pratiquement identique pour leur ITSL (Tableau IV.1). Cela, comparé aux divergences
habituelles rencontrées entre les especes du genre Lamellodiscus (voir la comparaison avec
L. drummondi et L. erythrini dans le Tableau 1V.1), nous a conduit a considérer ces deux

espéces comme une seule espece, L. virgula (la premiere décrite).

Plusieurs especes nouvelles de Lamellodiscus ont été proposées dans les théses de
doctorat de San Filippo (1978) et Kouider EI Ouahed-Amine (1998). Sur la base des
divergences des sequences d'1TS1 et de 18S (données non montrées), nous ne considérons
pas ces individus comme de nouvelles especes, mais plutdt comme des variations
morphologiques d'espéces déja existantes. Par ailleurs, I'analyse phylogénétique basée sur
le 18S suggere que Furnestinia echeneis se place a l'intérieur du clade formé par les
Lamellodiscus (voir plus loin). Cela suggéere gque cette espece devrait étre transférée au

genre Lamellodiscus. Dans la suite de cette discussion, F. echenels sera considéré comme
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un Lamellodiscus. Les espeéces sur lesquelles portent ce travail sont donc celles

officiellement décrites dans la littérature, a I'exception de L. obeliage, et auxquelles sgjoute

F. echeneis.
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Figure 1V.4: Arbres phylogénétiques des Diplectanidae obtenus par
apres repondération des caracteres.
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Tableau V.1 : Longueur de I''TS1 (entre parenthéses apres le nom de I'espéce) et
distances entre especes (en %) pour les séquences de I'I'TS1 (premier chiffre) et de
I'ADNr 18S (second chiffre) pour les quatre especes de Lamellodiscus parasites de
Pagellus spp. NA : non alignable.

Especes (longueur del'l'TS1en pb) L. drummondi L. virgula L. obeliae
L. erythrini (397) NA/6.54 NA/5.42 NA/5.42
L. drummondi (469) 0 NA/3.55 NA/3.55
L. virgula (370) - 0 0.27/0

L. obeliae (371) - - 0

Les divergences interspécifique basées sur le 18S ne sont pas trés importantes
(Tableau 1V.2), mais ont néanmoins permis de proposer des hypotheses phylogénétiques
basées sur plusieurs méthodes de reconstruction. Les fréguences des bases pour les espéces
de Lamellodiscus se trouvent au Tableau IV.3. Elles ne présentent pas de différences

significatives entre les taxa.

L'analyse par parcimonie a conduit a cinq arbres également parcimonieux (Figure
IV.5; IC = 0.632). Ils ont une structure assez similaire a celle des arbres obtenus par la
méthode NJ ("neighbour-joining") (Figure 1V.6) et maximum de vraisemblance (Figure
IV.7). Ces arbres sont soutenus par la morphologie des Lamellodiscus (voir |’ optimisation
des caractéres par parcimonie a la Figure 1V.8) : les morphologies de méme type sont
groupées dans la phylogénie, et cela quel que soit I'arbre choisi parmi tous ceux qui ont été

obtenus.
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Tableau V.2 : Pourcentage de différences entre les 18S chez les Lamellodiscus.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1- F. echeneis
2- L. baeri

3-L. bidens
4-L. coronatus
5-L. drummondi
6-L. elegans
7-L. ergens
8-L. erythrini
9-L. fraternus

10-L.
11-L.
12-L.
13-L.
14-L.
15-L.
16-L.
17-L.
18-L.
19-L.
20-L.

furcosus
gracilis
hilii
ignoratus
impervius
knoeppfleri
mirandus
mor myri
parisi
verberis
virgula

0.00

7.44 0.00

6.67 6.17 0.00

5.71 6.69 7.62 0.00

3.43 7.62 6.95 5.33 0.00

5.71 7.64 7.81 4.57 5.52 0.00

6.48 4.20 5.14 5.71 5.52 6.67 0.00

6.48 3.44 552 6.29 6.29 7.48 3.43 0.00

5.95 3.63 4.95 5.14 4.95 6.95 0.57 2.86 0.00

3.43 6.11 5.95 2.67 3.48 4.57 4.57 5.33 4.00 0.00

6.29 5.73 0.76 7.24 5.71 7.81 4.76 5.14 4.57 5.52 0.00

6.67 6.30 0.76 7.81 6.29 7.62 5.33 5.71 5.14 6.95 1.14 0.00

6.29 4.58 4.95 6.86 6.95 7.62 3.62 3.62 3.48 5.14 4.95 5.14 0.00

552 4.96 2.48 6.95 4.95 6.86 4.00 4.38 3.81 4.19 2.95 2.67 4.57 0.00

6.87 4.58 592 7.26 6.30 7.83 2.29 3.44 2.48 5.16 5.54 6.19 4.10 4.77 0.00

6.48 5.73 1.33 7.43 5.95 7.24 4.95 5.33 4.76 5.71 0.95 1.71 5.52 2.67 5.73 0.00

3.24 553 5.73 4.40 2.99 4.58 4.39 5.16 4.20 2.13 5.35 5.92 5.35 4.58 5.15 5.16 0.00

7.81 8.21 4.00 9.33 7.43 9.14 6.48 7.62 6.67 7.24 3.62 4.00 7.43 4.19 6.87 4.19 7.66 0.00
4.20 6.49 6.49 5.73 3.53 6.30 5.53 5.92 5.35 3.44 6.18 6.68 6.49 5.35 6.17 5.92 1.72 8.21 0.00
4.39 5.92 6.18 4.78 3.53 4.97 4.20 4.97 3.82 2.87 5.73 5.92 5.35 4.96 5.34 5.92 2.29 7.26 3.82 0.00
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Tableau 1V.3 : Fréguences de bases du 18S chez les Lamellodiscus.

A C G T Nombre de sites
D. aequans 0.248 0.230 0.272 0.250 525
F. echeneis 0.259 0.217 0.267 0.257 525
L. baeri 0.260 0.212 0.267 0.261 524
L. bidens 0.251 0.219 0.274 0.255 525
L. coronatus 0.248 0.215 0.265 0.272 525
L. drummondi 0.251 0.215 0.272 0.261 525
L. elegans 0.250 0.217 0.272 0.261 525
L. ergens 0.263 0.217 0.267 0.253 525
L. erythrini 0.257 0.208 0.269 0.267 525
L. fraternus 0.261 0.213 0.269 0.257 525
L. furcosus 0.253 0.211 0.269 0.267 525
L. gracilis 0.251 0.215 0.274 0.259 525
L. hilii 0.250 0.215 0.274 0.261 525
L. ignoratus 0.250 0.211 0.272 0.267 525
L. impervius 0.257 0.213 0.270 0.259 525
L. knoeppfleri 0.263 0.208 0.265 0.263 524
L. mirandus 0.253 0.211 0.272 0.263 525
L. mormyri 0.252 0.218 0.273 0.258 524
L. parisi 0.257 0.211 0.269 0.263 525
L. verberis 0.250 0.219 0.273 0.258 524
L. virgula 0.258 0.218 0.267 0.258 524
Moyenne 0.254 0.215 0.270 0.260 525

Figure 1V.5: Arbres phylogénétiques des Lamellodiscus obtenus par parcimonie
(page suivante).
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Figure IV.6: Arbre phylogénétiqgue des Lamellodiscus obtenus par "neighbour-
joining". Les nombres sont les valeurs de bootstrap, en pourcentage (1000 réplicats).
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Figure 1V.7: Arbre phylogénétique des Lamellodiscus obtenu par maximum de

vraisemblance.
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Figure 1V.8: Optimisation des caracteres morphologiques des Lamellodiscus sur la
phylogénie mol éculaire obtenue par parcimonie.

4. Phylogénie des Sparidae (Article 5)

Les fragments dADN 16S et cyt-b nayant pas été declarés significativement
différents par le test d'homogénéité (H, : congruence ; P = 0.180) ainsi que le test de Mantel
(H, : pas de corrélation ; P = 0.001), les analyses phylogénétiques ont été conduites sur les
données combinées. Les différences interspécifiques sont présentées au Tableau 1V .4 alors
que les fréquences des bases pour les différentes especes de Sparidae figurent au Tableau
IV.5. L'analyse par parcimonie a conduit a un seul arbre (IC = 0.53, Figure 1V.9) qui est
trés semblable a celui obtenu par maximum de vraisemblance (Figure 1V.10). La seule
différence entre ces arbres est la présence du clade (P. erythrinug(D. dentex, P. pagrus))
dans I'arbre le plus parcimonieux, aors qu'on trouve (D. dentex(P. pagrus, P. erythrinus))

dans I'arbre obtenu par maximum de vraisemblance. Comme la seconde possibilité se
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retrouve dans |'arbre obtenu par "neighbour-joining”, dans I'arbre obtenu par le cyt-b seul
ainsi que dans |'arbre publié par Hanel & Sturmbauer (2000) a partir du 16S, I'arbre obtenu
par maximum de vraisemblance sera utilisé dans les analyses subséquentes. L'arbre obtenu
par "neighbour-joining" est |égérement différent (Figure 1V.11), mais les points discordants

avec les arbres précédents sont mal supportés par les valeurs de bootstrap.
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Tableau 1V.4 : Pourcentage de différence entre les sequences dADNmt 16S + cyt-b

chez les Sparidae.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1- B. boops 0.00

2- D.annularis 13.56 0.00

3-D.cervinus  13.0511.01 0.00

4- D. dentex 14.85 14.77 13.69 0.00

5-D.puntazzo  12.29 10.38 8.29 13.44 0.00

6- D. sargus 12.86 10.51 6.39 14.58 7.41 0.00

7- D.wvulgaris  12.99 9.49 8.86 13.63 8.17 8.23 0.00

8- L. mormyrus 13.2512.98 11.53 14.01 11.53 12.09 12.29 0.00

9- O.melanura 13.37 10.89 8.67 14.07 7.28 8.61 9.11 11.59 0.00

10- P.acarne  13.8212.92 11.15 15.48 10.83 10.32 11.59 13.12 11.97 0.00

11- P. bogaraveo 13.69 13.42 11.21 14.52 11.08 10.76 11.14 12.09 11.33 8.30 0.00

12- P. erythrinus 15.60 14.01 14.77 11.58 14.70 15.02 14.01 14.20 15.08 16.24 14.58 0.00

13- P.pagrus  14.59 14.83 14.13 10.63 13.56 14.45 13.50 13.81 14.01 15.16 14.90 9.43 0.00

14- S aurata 13.61 13.35 12.28 15.65 12.59 11.33 12.21 12.54 12.47 12.53 13.29 14.38 14.64 0.00

15- S cantharus 13.31 15.02 12.17 15.41 13.37 13.06 13.43 14.63 14.07 13.51 13.18 15.35 14.27 14.19 0.00
16- S salpa 11.20 13.49 13.56 14.59 13.05 12.99 12.54 13.63 13.37 14.12 12.99 14.33 13.95 13.23 12.93 0.00
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Tableau V.5 : Fréguences de bases dADNmt 16S + cyt-b chez les Sparidae.

A C G T Nombre sites

Extra-groupe 0.256 0.266 0.189 0.289 1583
B. boops 0.254 0.299 0.179 0.268 1581
D. annularis 0.259 0.291 0.178 0.272 1580
D. cervinus 0.264 0.291 0.178 0.267 1580
D. dentex 0.257 0.289 0.178 0.276 1580
D. puntazzo 0.259 0.289 0.178 0.273 1580
D. sargus 0.258 0.292 0.180 0.270 1580
D. wulgaris 0.267 0.277 0.173 0.284 1580
L. mormyrus 0.249 0.291 0.185 0.275 1580
O. melanura 0.259 0.291 0.178 0.271 1580
P. acarne 0.257 0.287 0.182 0.274 1581
P. bogaraveo 0.256 0.285 0.180 0.280 1581
P. erythrinus 0.258 0.277 0.182 0.284 1580
P. pagrus 0.258 0.285 0.182 0.275 1580
S aurata 0.252 0.289 0.183 0.275 1581
S cantharus 0.253 0.291 0.182 0.273 1580
S salpa 0.261 0.294 0.174 0.271 1581
Moyenne 0.258 0.287 0.180 0.275 1580
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Figure 1V.9 : Arbre phylogénétique des Sparidae obtenu par parcimonie a partir des
séquences 16S + cyt-b.
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Figure 1V.10: Arbre phylogénétique des Sparidae obtenu par maximum de
vraisemblance a partir des séquences 16S + cyt-b.
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Figure 1V.11: Arbre phylogénétique des Sparidae obtenu par "neighbour-joining" a
partir des séquences 16S + cyt-b. Les nombres sont les valeurs de bootstrap, en
pourcentage (1000 réplicats).
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5. Coévolution Lamellodiscus-Sparidae (Article 5)

Le profil de coévolution a été analysé al’ aide de ParaFit en utilisant |'arbre des hotes
obtenu par maximum de vraisemblance ainsi que les arbres des parasites obtenus par
parcimonie et maximum de vraisemblance. TreeMap et TreeFitter nécessitent |'utilisation
d'arbres complétement résolus, ce qui n'est pas le cas des phylogénies des Lamellodiscus
élaborées par parcimonie et maximum de vraisemblance et qui ont été présentées dans cette
these. Pour ces analyses, |'arbre estimé par maximum de vraisemblance a été résolu al'aide
de I'arbre obtenu par "neighbour-joining” puisgque leur topologie est compatible. Toutes les
analyses faites a |’ aide de ParaFit ont produit les mémes résultats. Ceux qui sont présentés
ici concernent donc les mémes arbres que ceux qui ont é&é soumis a TreeFitter et a

TreeMap, c'est-a-dire avec la phylogénie totalement résolue des parasites.

L'association entre les arbres phylogénétiques des hétes et des parasites est tres
complexe (Figure 1V.12). La congruence globale entre les deux arbres n'est pas
significative avec ParaFit (P = 0.243). Le nombre de cospéciations inféré par TreeMap n'est
pas significatif quand on le compare a une distribution aléatoire de ce nombre généré a
I'aide de phylogénies aléatoires (Figure 1V.13), méme s on goute des événements de
capture a la reconstruction. TreeFitter indigue la présence d'une structure significativement
similaire entre les deux phylogénies, mais seulement si on considére que le colt d'un
événement de capture est élevé (deux fois plus élevé que le colt d'une extinction, alors que
les événements de cospéciation et de duplication ont un colt nul). Par contre, quand ce co(t
est abaisse et rendu égal a celui d'une extinction, cette ressemblance significative entre les
deux arbres disparait. Etant donné |a stratégie de colonisation des hétes par les monogénes
et le fait que tous les hbtes dans ce systeme sont sympatriques, il est raisonnable de penser
que les événements de capture ne sont peut-étre pas aussi "colteux" que la valeur postulée
par défaut par TreeFitter. Ainsi, avec cette réserve, les méthodes utilisées saccordent sur le
fait qu'il n'y a pas de cospéciation généralisée dans ce systeme hote-parasite : la phylogénie
des parasites sembl e globalement indépendante de celle des hotes.
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Figure V.12 : Profil d'association coévolutive entre Sparidae et Lamellodiscus.

L'analyse des liens héte—parasite individuels a I’ aide de ParaFit indique que les liens
P. pagrus-L. baeri et P.erythrinus-L. erythrini sont significatifs. Ces quatre espéces
forment chacune deux clades. Sur la base de ce résultat, on peut suggérer I'existence d'un
événement de cospéciation. En effet, les smulations rapportées dans |’ article décrivant
ParaFit (Annexe A) autorisent cette interprétation au niveau des liens particuliers, en dépit
du fait que le test global soit non significatif. 1l est a noter que cet événement est aussi
visible dans toutes |es reconstructions proposées par TreeMap (Figure |V.14).
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Figure 1V.14: Evénement de cospéciation suggéré par les analyses entre
Lamellodiscus baeri-L. erythrinus et Pagrus pagrus-Pagellus erythrinus.

On peut également noter que certains hotes écologiquement apparentés, mais qui ne
sont pas des groupes-fréeres dans la phylogénie, comme Diplodus sargus et D. vulgaris,
possedent plusieurs especes de parasites en commun (Figure 1V.15). Si on considere
uniquement les espéeces spécialistes (Figure 1V.16), aucun profil de cospéciation n'est non
plus observé, a part le cas mentionné plus haut. Cette observation est confirmée par des
analyses réalisées uniguement sur les especes specialistes a I’ aide de ParaFit (P = 0.600),
TreeFitter (P = 0.060) et TreeMap (P = 0.100). On constate également |a présence probable
d'événements de spéciation intrahdte chez les parasites (Figure IV.17), événements que I'on

peut qualifier de spéciation sympatrique, car lareproduction sefait sur les hotes.
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FigurelV.15: Associations hdte-parasite chez Diplodus sargus et D. vulgaris.



227

L el PR Ll

L. o mee B boaps

L. e

A R
. S~ oeebanast i N
Parazites Hites

£ sy L s

L. sarfansr £F e

L. diroaneunds .
P

L. P

. . L mafaners
L. DRIy
A ekl I Rk
L. g e 5 dannfis

L pgersis
L. afans
L. by

L FTHRRILT

R

£ Senpefar s Do B ]
Loy B i
L e

LF gy
L. B e
L. ey 4 g
£ arshemr Ay i it
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Figure 1V.17: Hypothétiques événements de spéciation sympatrique chez les
Lamellodiscus.

6. Déterminants de la spécificité (Article 6)

Chez les Lamellodiscus, I'optimisation des différents états de I'indice INS sur |'arbre
phylogénétique (Figure 1VV.18) semble indiquer que le fait d'étre une espece spécialiste n'est
pas un état dérive : les branches les plus dérivées correspondent aussi bien a des espéces
spéciaistes que généralistes. Cela est confirmé par 'analyse statistique de la relation entre
la spécificité (INS) et le nombre de noauds séparant chaque espéce de la racine (pas de
relation, Figure 1V.19). De plus, dans le genre Lamellodiscus, |a spécialisation ne semble
pas étre un "cul-de-sac évolutif" : les transitions spécialiste-généraliste ou généraliste-

spéciaiste existent toutes les deux (Figure 1V.18).
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Figure 1V.18: Optimisation des classes de I'indice de spécificité INS sur I'arbre
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Figure 1V.19: Lien entre la spécificité et le nombre de nceuds séparant chague
espéce de Lamellodiscus de laracine de l'arbre (r = 0.060, P = 0.800).
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Parmi les variables étudiées (taille de I'héte, abondance de I'héte, comportement
socia des hétes, nombre d'hétes potentiels et phylogénie), seules lataille de I'héte (Figure
IV.20) et la phylogénie sont significativement liées a la spécificité. Les spécialistes ont
tendance a utiliser les plus grands hotes. Ni I'abondance, ni le nombre d'hétes potentiels
(C'est-a-dire le nombre d'hétes contenu dans le clade dans lequel se trouve le ou les héte(s)
utilis&(s)), ni le comportement social des hotes ne sont liés a la spécificité chez les
Lamellodiscus. Il est a noter que, pour certaines de ces variables, particuliérement le
comportement social et I'abondance, la faible variation contenue dans le jeu de données et
le nombre relativement peu élevé d'objets qu'il contient ne permet pas d'écarter I'hypothése

d'un manque de puissance statistique, produisant des relations non significatives.
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Figure I1V.20: Lien entre l'indice de spécificité et la talle de I'ndte chez les
Lamellodiscus (r = -0.631, P = 0.005).

Les effets linéaires respectifs de la phylogénie et des variables environnementales
(donc lataille de I'héte ici) sur la spécificité ont été quantifiés, ainsi que la fraction de la
variation de la spécificité due a leur influence commune. On constate que I'effet de la taille
et de la phylogénie, qui ont été soulignés plus haut, ne sont pas indépendants. Une
importante partie de la variation de la specificité, 24%, est due a leur effet simultané

(Figure IV.21). L'effet de la phylogénie seule est trés important (45%), alors que I'effet de
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la taille seule, indépendamment de la phylogénie, est faible (4%). Cela souligne le role
apparemment important de contraintes génétiquement transmissibles dans le déterminisme
de la spécificité des Lamellodiscus pour leurs hotes.

[a] [b] [c] [d]

4% 24 % 45% 27 %
Figure 1V.21: Partition de la variation de la spécificité (INS) entre les influences
écologiques et phylogénétiques. [a] représente la fraction de la variation de la

spécificité due a la taille de I'néte, [c] celle due a la phylogénie, [b] la fraction
commune a ces deux influences, et [d] lafraction inexpliquée par ces variables.

Un lien significatif a éé mis en évidence entre la taille des parasites et celle de leur
hote (Figure IV.22). Lataille des parasites étant corrélée a celle de la plupart des structures
morphologiques liées a I'accrochage, comme la taille du hapteur, des lamellodisques et des
crochets, on peut poser I'hypothése que cette corrédation est possiblement liée a une

adaptation mécanique des parasites a leurs hétes.
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Figure 1V.22: Lien entre la talle des parasites et la talle de I'nGte chez les
Lamellodiscus (r = 0.719, P = 0.004).
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B. DiscussioN

1. Lien entre spécificité et diversification taxonomique

A un niveau taxonomique élevé, cest-a-dire au niveau des grands groupes de
parasites (Monogenes, Digenes, Cestodes, Nématodes, Copépodes, Acanthocéphales), la
spécificité semble promouvoir la diversification taxonomique : les groupes contenant le
plus d'espéces sont ceux dans lesgquels la spécificité moyenne est la plus faible. Bien s,
cela n'implique pas une relation de cause a effet, mais supporte I'hypothése de Brooks &
McLennan (1991, 1993) : les parasites les plus spécifiques, plus sensibles aux changements
de leur environnement (leur(s) hote(s)), seraient soumis a une pression de spéciation plus
forte en cas de modification de cet environnement, comme dans le cas d'un changement
d'héte par colonisation ou cospéciation. Cela suppose que la spécificité est due au moins en
partie a une caractéristique intrinséque du parasite. L'hypothese émise dans I'Article 1 pour
expliquer cette relation est que cela pourrait étre di a des mécanismes de cospéciations.
Néanmoins, en ce qui concerne les monogenes et au niveau specifique, cela ne semble pas
étre le cas pour les Lamellodiscus comme cela avait dga été suggéré pour d'autres types de
monogenes (Klassen & Beverley-Burton, 1987, 1988 ; Boeger & Kritsky, 1989). Les
événements de cospéciation chez les monogenes semblent étre davantage liés aux niveaux
taxonomiques plus profonds (au-dessus de lafamille), méme sSiils sont loin de représenter la
regle a ce niveau (Boeger & Kritsky, 1997). La spécificité, en terme de nombre d'hétes,
sexprime au niveau spécifique. Or nous avons vu qu'a ce niveau, la cospéciation entre les
monogenes et leurs hétes semblait rare, a part dans le cas de quelques systémes hotes-
parasites trés spécifiques dans lesquels la spéciation alopatrique des hétes due a la
separation géographique joue probablement un réle important, comme chez les
Polystomatidae et leurs hotes (Sinnappah, 1998 ; Sinnappah et al., 2001). En dautres
termes, le lien spécificité-diversification observé a haut niveau n'est peut-étre pas di aux
interactions coévolutives entre les parasites et leurs hdtes, mais davantage aux pressions
différentes sexercant sur les parasites plus ou moins spécifiques. Les événements de
spéciation se produiraient aprés les événements de colonisation, a cause de la "pression
environnementale" importante exercée par I'héte, ce qui correspond a I'hypothese de Brooks

& McLennan (1991) ains qu’'a l'opinion de Secord & Kareiva (1996). Par contre, ce lien
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specificité-diversification n'a pas pu étre mis en évidence au niveau intergénérique chez les
Diplectanidae, ni au niveau interspécifique chez les Lamellodicus. Méme si I'ampleur de ce
jeu de données est insuffisante pour en tirer des conclusions généralisables, cela suggéere
gue, chez les monogenes, ce lien spécificité-diversification ne sexprime qu'a de hauts
niveaux taxonomiques et que les contraintes sur la spécificité parasitaire ne sont pas les
mémes aux hiveaux les plus bas. On peut supposer que ces contraintes sont le fruit de
différences profondes et générales, aux niveaux immunologique ou physiologique par
exemple, agissant uniquement aux niveaux taxonomiques €l eves.

2. Phylogénie des Lamellodiscus

L'arbre obtenu par l'anayse du 18S pour les Lamellodiscus est renforcé par
I'observation de la morphologie, ce qui supporte la reconstruction phylogénétique sur la
base des données moléculaires. |l est probable que la résolution des arbres obtenus et les
|égéres incongruences constatées entre les arbres obtenus par les différentes méthodes
utilisées pourraient étre améliorées en séquencant un fragment dADN plus grand afin
d'obtenir davantage de caractéres. Quoiqu'il en soit, I'ADN ribosomique 18S semble étre un
bon marqueur de I'évolution chez les Lamellodiscus. D'autres études montrent qu'il en est
de méme chez les monogenes en général, auss bien Monopisthocotylea que
Polyopisthocotylea (Cunningham et al., 1995; Sinnappah et al., 2001; Olson &

Littlewood, sous presse).

Une étude moléculaire comme celle-ci a permis d'aider a la clarification de certaines
incertitudes taxonomiques difficile a mettre en évidence par |'observation de la seule
morphologie (McManus & Bowles, 1996). Chez les Lamellodiscus, |es especes spécialistes
Lamellodiscus virgula (parasite de Pagellus acarne) et L.obeliae (parasite de
P. bogaraveo) saverent, sur la base de leur séquence de I'I'TS1, former une seule espéece
plus généraliste. Leurs différences morphologiques sont minimes. Cette observation rend
nécessaire la conduite d'un travail expérimental pour étudier I'influence de I'héte sur la
morphologie des Lamellodiscus et d'autres espéces de monogenes (voir Mo, 1991ab),
comme cela a été fait pour des crustacés parasites (Downes, 1990). De méme, |'espece
Furnestinia echeneis (parasite de Sparus aurata), seule espece du genre Furnestinia, ferait

partie du genre Lamellodiscus selon la reconstruction phylogénétique éaborée a partir du
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18S. La différence essentielle entre ce genre et le genre Lamellodiscus est e nombre de
lamellodisques : deux pour Lamellodiscus, un pour Furnestinia. Cela suggere de fortes
capacités d'adaptation morphologique chez les monogenes, et donc la difficulté potentielle
d'utiliser certains caracteres morphologiques pour les reconstructions phylogénétiques,
surtout dans |e cas ou ces caracteres sont peu nombreux. Cela met également en évidence la
puissance des outils moléculaires en taxonomie, permettant d'obtenir des informations
difficilement accessibles a la seule éude morphologique. Bien slr, une telle étude au

niveau du géne devrait saccomplir de concert avec une étude au niveau morphol ogique.

L'importante divergence observée au niveau des sequences de I'l'TS1 chez les
Lamellodiscus peut paraitre surprenante chez des especes apparemment s proches
morphologiquement et dont la divergence pourrait apparaitre comme récente. Cela peut
sexpliguer par un taux d'évolution rapide, ou par un age important (Hillis & Dixon, 1991).
La question de I'age pourrait étre éclairée par |'étude d'événements de cospéciation avec des
hétes dont la divergence est connue. Mais comme nous l'avons vu, de tels événements
semblent rares chez les monogénes. Le taux dévolution rapide chez les monogenes
Monopisthocotylea a été remarqué par Olson & Littlewood (sous presse), spécialement par
rapport au méme taux chez les Polyopisthocotylea. Concernant le débat entourant la
question de la monophylie des monogénes (Justine, 1998 ; Boeger and Kritsky, 2001), on
peut noter que cette différence de taux d'évolution peut étre vue comme un argument en
faveur de I'nypothese de monophylie (elle biaiserait les études moléculaires) ou comme

contradictoire avec cette hypothése (Ies deux entités sont différentes).

L 'existence d'especes de monogenes uniques possedant une morphologie polymorphe,
comme Lamellodiscus virgula et L. obeliae dans cette étude, laisse penser que davantage
d'espéces de monogenes ont été décrites sur la base de petites différences morphol ogiques
qui ne justifiaient peut-étre pas la création de nouvelles especes. Le mythe de la forte
spécificité des monogenes pourrait expliquer en partie cette tendance a créer de nouvelles

espéces pour des hétes différents.
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3. Phylogénie des Sparidae

La phylogénie des Sparidae présentée dans ce travail est en contradiction avec la
taxonomie classique (Whitehead et a., 1986 ; Fiedler, 1991) : dans la phylogénie présentée
ici, les sous-familles Boopsinae, Pagellinae et Sparinae ne sont pas monophylétiques, de
méme que les genres Diplodus et Pagellus, les seulsici composés de plusieurs especes. Par
contre, I'hypothese proposée par Hanel & Sturmbauer (2000) est supportée, alors que I'arbre
proposé dans notre étude est mieux résolu. Cela suggere que la taxonomie des Sparidae
devrait étre révisée et, comme le suggerent Hanel & Sturmbauer (2000), que les caracteres
utilises pour la classification actuelle, principalement la dentition, répondent
essentiellement a des contraintes adaptatives. La phylogénie moléculaire des Sparidae

présentéeici est peut-étre la plus précise qui ait été proposée jusqu’ici.
4. Coévolution Lamellodiscus-Sparidae

Les méthodes utilisées dans cette thése saccordent sur le fait qu'il n'y a pas de profil
général de cospéeciation dans I'association Lamellodiscus-Sparidae ; le choix des hotes par
les parasites n'est pas guidé par les relations phylogénétiques de leurs hotes. Cela supporte
des observations semblables déja réalisées pour d'autres systémes monogenes-poissons
(Klassen & Beverley-Burton, 1987, 1988 ; Boeger & Kritsky, 1997) et suggere que les
événements de transfert d'héte sont communs chez les monogénes. Les événements de
cospéciation observés dans la littérature (Boeger & Kritsky, 1997) sont surtout observés a
de hauts niveaux taxonomiques (au-dessus de la famille), méme s des événements de
captures semblent également exister. Cela supporte I'hypothese mentionnée plus haut, que
les contraintes phylogénétiques a ces niveaux sont différentes de ce qui est observé a

I'échelon de |'espece.

La cospéciation hdte-parasite en généra pourrait étre principalement contrélée par la
gpéciation allopatrique (voir Barker, 1994, mais voir Page et a., 1996) ; les conditions
nécessaires a ce mode de spéciation ne sont pas rempliesici, avec des hdtes sympatriques et
des parasites possédant une larve mobile. L'observation que des hotes écologiquement
proches partagent en partie les mémes parasites (Figure IV.15) permet de supposer

I'existence de déterminants plus écologiques que phylogénétiques de la colonisation des
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hotes par ces parasites (voir Bentz et al., 2001), qui serait donc davantage basée sur les
opportunités offertes au parasite. Cela semble étre le cas, par exemple, pour |'association
entre les gaufres et leurs poux dans laquelle les hétes sont séparés les uns des autres par des
barrieres écologiques fortes (Nadler et al., 1990 ; Hafner et al., 1994 ; Reed & Hafner,
1997). Si c'est le cas, I'histoire coévolutive des deux complexes d'espéces donne des
indications sur leur histoire biogéographique, par exemple leurs périodes de contact, car

elles expliqueraient les événements de col onisation.

Le lien spécificité-coévolution, proposé par certains auteurs (Noble et al., 1989 ;
Poulin, 1992 ; Kearn, 1994), n'est pas confirmé par |'étude du systeme Lamellodiscus-
Sparidae. Les especes specialistes, prises séparément, ne présentent pas de profil de
cospéciation avec leurs hétes. Cela laisse supposer qu'apres un transfert d'héte, et donc un
élargissement de la spécificité, I'espéce ayant colonisé le nouvel héte va subir une
spéciation sous la "pression” de celui-ci. Cela rgjoint I'opinion de Hoberg (1986) qui croit
gue dans les groupes vieux au niveau évolutif, cospéciation et specificité ne sont pas
forcément associés. Cela est interprété par Brooks (1979) comme le résultat d'une forte
association écologique entre hotes et parasites et est en accord avec ce qui est observeé ici
guant aux déterminants de la spécificité. La présence d’ événements probables de spéciation
sympatrique supporte I'hypothése d'une importante capacité a Sadapter et a subir des

Spéciations chez ces monogenes.

Cet aspect du travail constitue une des rares études de coévolution monogenes-
poissons ; aucune étude réalisée a partir de données moléculaires n'a été publiée jusqu'ici
pour ces groupes. Tres peu d'études de systemes hite-parasite aussi complexes ont été
réalisées (e.g., Beverley-Burton & Klassen, 1990; Roy, 2001). Dans ces études, les
analyses ont été limitées par la complexité du probléme, aors qu'ici, I'utilisation de la
nouvelle méthode ParaFit a permis de proposer des interprétations plus fines aux résultats.
L'analyse du systéme hétes-parasites Lamellodiscus-Sparidae remet en cause un dogme de
la coévolution trop souvent accepté sans discussion et contredit la supposition que la forte
spécificité des monogenes (et par extension d'autres parasites) est liée a des processus
coevolutifs avec leurs hotes (Noble et al., 1989 ; Poulin, 1992 ; Kearn, 1994).
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5. Déterminants de la spécificité

Un lien significatif entre la taille des hétes et la spécificité a été trouvé chez les
Lamellodiscus. Cela a déja été mis en évidence chez les monogenes dans d'autres études
(Sasal & Morand, 1998 ; Sasd et al., 1999 ; Simkova et a., 2001). Ce lien est interprété
comme une spécialisation des parasites sur une ressource prédictible. Les hétes les plus
grands peuvent en effet étre considérés comme plus prédictibles (voir Winemiller & Rose,
1992) de par leur position éevée dans la chaine alimentaire et leur longévité supérieure.
Cela supporte I'hypothese, proposée par Ward (1992), d'une spécialisation sur une ressource
stable dans le temps qui a pour effet de limiter les risques d'extinction. L'abondance des
hotes peut également étre considérée comme liée a la prédictibilité de la ressource, mais
aucun lien significatif n'a pu étre mis en évidence entre la spécificité et I'abondance. Peut-
étre cette variable est-elle trop fluctuante au cours du temps évolutif pour exercer une
influence sélective? Norton & Carpenter (1998) suggérent que ce n'est gu'a partir d'un
certain seuil d'abondance relative de leurs hétes que les parasites vont adopter un
comportement spécialiste, la population de I'néte étant alors assez importante pour
supporter celle du parasite. C'est donc autour de ce seuil théorique que la variable
abondance peut jouer un rdle dans le déterminisme de la spécificité. | est possible que ce

seuil ne soit pas atteint ici.

La phylogénie est également tres liée ala spécificité, ce qui suppose que la spécificité
se "transmet" verticalement entre especes. Cela sous-entend qu'elle est contr6lée par une
caractéristique héritable, par exemple un facteur physiologique, immunologique ou
morphologique. La complexité des interactions immunologiques entre les monogenes et
leur hdtes (Buchmann, 1999) laisse entendre que ce facteur est "colteux" pour e parasite et

pourrait étre impliqué dans le déterminisme de la spécificité.

Le partitionnement de la variation de la specificité entre les influences
phylogénétique et écologique indique que la phylogénie et |a taille de I'héte expliquent
simultanément une grande part de la variation de la spécificité des Lamellodiscus. Cette
fraction commune de la variation correspond aux caractéristiques adaptatives dével oppées
par des especes proches, donc vivant dans des niches similaires et soumises aux mémes

pressions environnementales. C'est le "phylogenetic niche conservatism" de Harvey et
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Pagel (1991). Dans le cas présent, cela permet de supposer que seuls les parasites pouvant
développer une stratégie généraliste, donc ayant tendance a étre des espéces proches,
pourraient utiliser toute une variété d'hétes. Le méme raisonnement peut étre tenu pour les
spéciaistes: ceux-ci, Sils sont proches phylogénétiquement, posséderaient une
caractéristique leur permettant de se spécialiser sur les hbtes de grande talle. Ce
partitionnement de la variation dune variable entre des facteurs écologiques et
phylogénétiques n‘avait encore jamais été effectué. |l permet de proposer une interprétation
plus fine des données.

L'optimisation de la spécificité sur |'arbre phylogénétique des Lamellodiscus suggere
gue la spécificité n'est pas un "cul-de-sac évolutif", comme cela a éé mentionné plus haut,
et que I'état spécialiste ne dérive pas forcément d'un état plus généraliste, comme cela est
parfois présupposé (Simpson, 1953). Cela supporte I'opinion de Thompson (1994), qui
pense que le fait d'étre spécialiste ou généraliste sinscrit dans un équilibre dynamique

variable dans le temps et dans |'espace selon les conditions écol ogiques.

Une corrélation significative entre la taille des parasites et celle des hétes a été mise
en évidence. Chez les monogeénes, la petite taille relativement a I'héte et surtout la non-
saturation des niches écologiques (Rohde, 1978) ne sont pas en faveur de I'hypothése
proposée par Morand & Sorci (1998) pour des endoparasites, hypothése selon laquelle les
hotes les plus grands fournissent plus d'énergie, donc permettent une meilleure croissance a
leurs parasites. Cette hypothése suppose que le milieu est limitant, ce qui ne semble pas étre
le cas pour les monogénes. Une explication plus probable de ce lien entre la taille du
parasite et celle de son hote est celle de I'adaptation morphologique. La taille des especes
de Lamellodiscus est corrélée a plusieurs caractéristiques impliquées dans I'accrochage :
largeur du hapteur, taille du lamellodisque. Les Lamellodiscus les plus gros sont
probablement ceux qui saccrochent le mieux a leurs hétes. En posant I'hypothese que la
pression de |'eau dans la cavité branchiale des poissons augmente avec leur taille, on peut
proposer que les parasites les plus grands peuvent mieux répondre aux contraintes
mécaniques d'accrochement sur les plus grands hétes, comme cela a été proposé par Sasal
et al. (1999). Lefait que le genre Furnestinia, sans doute une espece de Lamellodiscus mal
nommée, ait développé une tres grande taille pour son unique lamellodisgue supporte le
réle important que cette structure (dont lataille est trés liée alataille du parasite) joue dans
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I'accrochage ; il supporte également |'idée de contraintes importantes quant a I'accrochage.
Celien entre lataille des hotes et des parasites peut étre considéré comme une cause ou une
conséguence de la spéciaisation. En effet, Futuyma & Moreno (1988) et Adamson & Caira
(1994) suggerent que les adaptations morphologiques ou physiologiques a une ressource
sont davantage des conséquences que des causes de la spécialisation. Le fait que les
généralistes parasitent des hotes d'une gamme de taille importante permettent de favoriser
I'hypothése que ce type d'adaptation morphologique potentielle est davantage une
conséquence de la spécialisation; sinon, les hétes "choisis' par les généralistes se

Situeraient dans une gamme de tailles comparables, ce qui n'est pas le cas.

C. PERSPECTIVES

A la suite de ce travail, on peut suggérer plusieurs voies pour tenter de mieux
comprendre le déterminisme de la spécificité, en particulier chez les monogenes, et
d'explorer les points laissés en suspensici.

Il serait informatif d'effectuer le méme type d'étude sur d'autres systemes monogenes-
poissons afin de comparer les résultats a ceux obtenus ici, tout en contrdlant un certain
nombre de facteurs car les systemes hote-parasite étudiés devraient de méme type. En
paraléle, I'étude de genres de monogeénes possédant des caractéristiques biologiques
différentes permettrait d'évaluer |'effet de celles-ci sur les déterminants de la spécificité. Par
exemple, le méme type d'étude sur des especes de Gyrodactylus mettrait en évidence
I'influence d'une moins grande capacité de dispersion larvaire sur la spécificité, étant donné
le type particulier de reproduction des parasites de ce genre et la faible capacité de
dispersion de leurs larves oncomiracidia. Les monogenes gyrodactylides semblent en effet
montrer des réactions particuliéres a la spécificité (Matgjusova et al., 2000), en particulier
quant & leur distribution parmi les hétes. L'étude de Polystomatidae (en admettant que
ceux-ci, des Polyopisthocotylea, soient comparables aux Monopisthocotylea, compte tenu
du fait que la monophylie des monogenes est sujette a controverse: Justine, 1998)
permettrait d'évaluer |'effet d'hbtes généralement mieux séparés géographiquement.

D'autres facteurs potentiels du déterminisme de la spécificité restent & évauer,

particulierement aux niveaux immunologique et physiologique. Les contraintes
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génétiquement transmissibles influencant potentiellement la spécificité chez les
Lamellodiscus et probablement aussi chez d'autres monogenes sont peut-étre a chercher de
ce coté. La capacité de dispersion peut également étre un facteur important, comme cela a

€té suggéré au paragraphe précédent.

Quoiqu'il en soit, il est probable que le déterminisme de la spécificité a des causes
multiples et que celles-ci dépendent au moins en partie du systeme hote-parasite considéré.
Une généralisation du travail présenté dans cette these permettrait de montrer a quel point
les facteurs mis en évidence ici sont spécifiques ou non au systeme étudié. L'influence de la
taille de I'héte, interprétée comme une spécialisation sur une ressource prédictible, ayant
déja été mise en évidence pour d'autres associations hote-parasite, on peut supposer que ce
facteur, atout le moins, a une importance dépassant le cadre du complexe d'especes éudié
ici.

Le "dogme" de la coévolution, remis en question par |a présente étude (ainsi que par
d'autres, e.g., Roy, 2001), tient beaucoup au fait de I'attirance des chercheurs pour des
systemes hotes-parasites qui suivent ce profil. Par exemple, I'association gaufres-poux est
devenue un systéme modéele pour les études de coévolution (Page & Hafner, 1996) alors
gu'il représente sans doute un cas trés particulier. D'autres systemes hétes-parasites
devraient étre étudiés a un niveau fin pour tenter de comprendre a quel point le phénoméne
de la coévolution est courant dans la nature. De nombreuses méthodes analytiques
rigoureuses existent maintenant pour ce faire. Une plus grande compréhension du
déterminisme de la spécificité chez les parasites permettra de mieux comprendre les
mécanismes de la coévolution avec les hotes.
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A. PARAFIT: UNE NOUVELLE METHODE POUR L'ETUDE DE LA COEVOLUTION HOTE-

PARASITE

LEGENDRE Pierre, Yves DESDEVISES and Eric BAZIN. ParaFit: a new statistical

method to assess host-parasite coevolution. Soumis a Systematic Biology.

Cet article présente une nouvelle méthode, ParaFit, pour étudier la coévolution hote-
parasite. Cette méthode compare les matrices de distance phylogénétique des hotes et des
parasites. Les matrices sont comparées par |'intermédiaire des associations héte-parasite du
systeme. La méthode peut considérer nimporte quel nombre de parasites par héte ou
d'hdtes par parasite. ParaFit permet de tester statistiguement par permutations la
congruence entre les deux matrices de distance phylogénétique, ainsi que la contribution de
chaque lien hote-parasite individuel. L'erreur de type I, la puissance, ains que le
comportement de la méthode sous diverses situations ont été évalués par une série de
simulations. Enfin, un exemple d'utilisation de ParaFit sur des données réelles est présenté ;
il sagit de I'exemple classique de la coévolution entre les gaufres ("pocket gophers’) et

leurs poux (“chewing lice").

Participation du thésard :
* Recherche bibliographique
» Participation au design des simulations
* Anaysedu cas test

» Rédaction (en particulier, des paragraphes de I’ introduction et de la discussion)
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Parasites generally form tight ecological associations with their hosts. Biologists
have assumed for along time that the evolution of parasites was highly dependent upon that
of their hosts (Barrett 1986; Klassen 1992). This has led to the establishment of several
“rules’, such as Farenholz' s Rule (1913) that “parasite phylogeny mirrors host phylogeny”,
or Szidat’s Rule (1940) that “primitive hosts harbour primitive parasites’. A history (up to
1991) of host-parasite coevolution studies was written by Klassen (1992). The term
“coevolution” was introduced by Ehrlich and Raven (1964) in a study on butterflies and
their plant hosts. In this paper, coevolution is defined as the extent to which the host and
parasite phylogenetic trees are congruent. Perfect congruence is a good indicator of host
and parasite cospeciation; a total absence of congruence indicates random associations in
their evolutionary history. This corresponds to the definition of Brooks (1979, 1985) and
Klassen (1992), which refer to the macroevolutionary context.

Until the work of Brooks (1977, 1981) at the end of the 1970’ s, no rigorous analytical
method had been developed to study host-parasite coevolution. Several methods have been
developed to do so in subsequent years. Brooks Parsimony Analysis (BPA: Brooks and
McLennan 1991), Component analysis (Component: Page 1993a), a method based on
reconciled phylogenetic trees (TreeMap: Page 1994), event-based methods (TreeFitter:
Ronquist 1995, 1997; Jungles: Charleston 1998), and a maximum likelihood-based test
(Huelsenbeck et al. 1997). This more rigorous framework led to the publication of several
studies about host-parasite coevolution (e.g., Brooks and Glen 1982; Hafner and Nadler
1988, 1990; Klassen and Beverley-Burton 1988; Demastes and Hafner 1993; Page 1993b;
Paterson et a. 1993; Hafner et al. 1994; Page and Hafner 1996; Boeger and Kritsky 1997;
Roy 2001). This topic has gained considerable importance in evolutionary biology
(Futuyma and Slatkin 1983; Brooks and McLennan 1991; Thompson 1994; Page and
Holmes 1998).

The above-mentioned methods treat differently the different kinds of evolutionary
events occurring in a host-parasite association (Ronquist 1997, Page and Charleston 1998).
As a consequence, they can produce different results. The simultaneous evolution of hosts
and parasites can exhibit four main different kinds of events (Ronquist 1997; Charleston
1998, Page and Charleston 1998): cospeciation (simultaneous speciation of a host and its
parasite), duplication (independent parasite speciation), lineage sorting (disappearance of a
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parasite lineage on a host lineage), and host switching (colonization of a new host by a
parasite). A drawback common to all the above-mentioned methods is that, as the numbers
of hosts and parasites increase, optimal solutions become hard to find because the problem
becomes highly computer-intensive. These methods are ideally designed for the one host-
one parasite case. They aim at reconstructing a putative history of the host-parasite
association, by adequately mixing the types of events and trying to minimize the overall
cost of the estimated evolutionary scenario. They attempt to answer the following question:
what is the most probable coevolutionary history of the host-parasite association, given the

costs of the different events?

PRINCIPLE OF THE TEST

In the present paper, we want to know if the data agree with a model of coevolution
of the hosts and parasites. The corresponding null hypothesis (H,) is that the evolution of
the two groups, as revealed by the two phylogenetic trees and the set of host-parasite
association links, has been independent, which is the same as saying that one is random

with respect to the other. Strict coevolution requires two conditions to be fulfilled:

1. Idedly, the “true phylogenies’ of the hosts and parasites should be the same. In
ectoparasites, for instance, the similarity may be due to the geographic separation of the
host lineages, which leads to allopatric speciation of the hosts and parasites (e.g. Barker
1994; Hafner et al. 1994). These phylogenies are only known by the estimates that have

been worked out by researchers; these estimates may be imperfect.

2. The hosts and parasites located in corresponding positions of their respective trees must
be associated (linked).

Idedlly, there should be a one-to-one relationship between the hosts and parasites, but
the existence of several parasites per host or several hosts per parasite does note rule out a
strict pattern of coevolution generated, for example, by parasite intrahost speciation or by
host speciation not followed by parasite speciation. In all cases, each host-parasite link
must be assessed separately for its fit to the coevolution hypothesis, given the uncertainties

of the estimates of the two phylogenetic trees and the H-P association matrix.
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Coevolution can be tested by the method described in this paper, which focuses on
the structure of the two trees and the matrix of host-parasite links. The globa null
hypothesis is that evolution of the hosts and parasites has been independent. One can also
consider hypotheses about individual host-parasite links in order to estimate the

contribution of each link to the overall relationship.

DEscrIPTION OF THE PARAFIT TEST STATISTICS

ParaFit statistic for the global test of host-parasite coevolution

Statistically assessing a hypothesis of host-parasite (H-P) coevolution requires
combining three types of information that are jointly necessary to describe the situation.
These elements are: the phylogeny of the parasites, that of the hosts, and the observed host-
parasite associations (Fig. 1). A phylogeny can be described by a matrix of patristic
distances among the species along the tree (Lapointe and Legendre 1992). These in turn can
be transformed into a matrix of principal coordinates (Gower 1966; principal coordinate
analysis is also described in textbooks of biological multivariate statistics, e.g., Legendre
and Legendre 1998) having n rows and at most (n— 1) columns. Matrices B and C are
obtained in that way; they respectively represent the phylogeny of the parasites and that of
the hosts. Matrix A represents the host-parasite associations: it has the parasitesin rows and
the hosts in columns; it contains a “1” where a parasite was empirically found to be

associated to a host and “0” s elsewhere.

If the reconstructed phylogeny for either the hosts or parasites, or both, is uncertain
(poorly resolved phylogeny or uncertainty among several almost equivalent trees), one can,
instead of patristic distances, use a matrix of phylogenetic distances computed directly from
the raw data (morphology, DNA sequences, etc.). Matrix B or C can be derived from it
using principal coordinate analysis. Since distances do not necessarily obey the four-point
condition (Buneman 1974), they are more remote from the “true tree” than an estimated
phylogeny would be and, thus, may be considered to represent a more noisy form of
information, but this does not invalidate the use of the corresponding principal coordinates

for testing a hypothesis of host-parasite coevolution.
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Matrices A, B, and C can be combined in a meaningful way if they are positioned as
in Fig. 2. Note that matrix C is transposed (the principa coordinates now form the rows of
C) to insure that its columns correspond to the hosts, like the columns of A. Figure 2
suggests that the host-parasite association can be described by a matrix D which crosses B
and C and depicts the H-P association between the two phylogenies. D can be obtained by

the matrix operation
D=CA'B Q)

described by Legendre et al. (1997; see also Legendre and Legendre 1998, Section 10.6)
who coined the expression “fourth-corner statistics’ to describe the individual values in
matrix D, as well as some global statistic synthesizing the information in D. These authors
have shown that when the variables in the columns of B and the rows of C are quantitative,
the individual parameters in D are cross-products weighted by the presence-absence (1-0)
valuesfound in A.

There is no point in trying to interpret the individual parameter estimates found in D
since they cross principal coordinates that are not meant to be individually interpretable in
the present context. Instead, we will derive a global host-parasite statistic that will be used
to test the hypothesis of coevolution. We will use the sum of squares of the values d; found

inmatrix D asthe global statistic to test the hypothesis of coevolution:
ParaFitGlobal = trace = ¥ (d,*) 2

This is analogous to a trace statistic computed on the matrix of sum of squares and cross
products (SSCP) among either the rows or the columns of D — except for the centering,
either by rows or by columns, that would be required to obtain a real SSCP matrix and its
trace. We have, in the present case, no preference between the SSCP matrix among the
rows of D (which would require centering by rows) or among the columns of D (which
would require centering by columns); so we use no centering at al. For justification, we
will provide numerical simulations showing that the global ParaFitGlobal statistic has
correct type |l error.

ParaFit statistics for the tests of individual host-parasite association links
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The procedure described in the next Section will allow us to test the individual links
written in matrix A, which represent observed host-parasite associations. Two statistics
have been developed to do that. They are both based upon the idea that the global statistic
should decrease in value if we remove from A a link that represents an important

contribution to the host-parasite relationship.

For the test, let us consider the host-parasite (H-P) link k from matrix A. The value
“1” that represents this link in matrix A is replaced by a*“0”. We thus obtain a new matrix
A(K). We now compute

trace(k) = ¥ (d,%) (©)

where the d;’s are now the values resulting from the product D = C A(K)' B. Using thetrace
statistic form Eq. 2, we obtain from the following equation a first test statistic for an
individual link k:

ParaFitLink1(k) = trace — trace(k) 4
This formula measures the contribution of link k to the global trace statistic.

The second statistic is constructed like a partial F-statistic (see for instance Sokal and
Rohlf 1995, Eq. 16.14) that would have lost its degrees of freedom in the numerator and
denominator. This loss is of no consequence in permutation testing because the reference
and permuted values of the dtatistic are affected in the same way by a constant
multiplicative term, so that the ordering of the reference and permuted values (>, =, or <) is
not changed by eliminating the degrees of freedom. The numerator of the statistic is (trace
— trace(k)) from Eq. 4. The denominator is analogous to a residual sum of sguares. To
construct it, we need a measure of the maximum trace value that can occur in D. The
maximum possible value occurs when the hosts and parasites have the same phylogenetic
tree; thisis arelevant reference situation to test a hypothesis of coevolution. In that case, it
can be shown that the trace of D is equal to the sum of squares of the eigenvalues of the
principal coordinates found in matrix B or matrix C. In principal coordinate analysis, the
eigenvalues measure the variances of the principal coordinates (Gower 1966; Legendre and
Legendre 1998). In most empirical situations, the estimates of the two phylogenetic trees

will not be exactly alike, so that we will actualy use:
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TraceMax = max(sum of squared eigenvalues of B, sum of squared eigenvalues of C)(5)

as our estimate of maximum trace value. The second test statistic that we are proposing for
anindividual link kisthus:

ParaFitLink2(k) = (trace — trace(k))/(TraceMax — trace) (6)

This statistic cannot be used when the host and parasite phylogenetic trees are identical
because, in that situation, the denominator of Eqg. 6 is 0. This situation may happen in

simulation work but should rarely occur when analyzing empirical data.

On occasions, “trace(k)” may happen to be dlightly larger than “trace”. Thisis of no
consequence since it indicates a situation where the H-P relationship is stronger without
link k than with it. In other words, link k does not increase the global H-P relationship and,
thus, is not indicative of host-parasite coevolution. The test of significance (next Section)

will never find such alink significant; thisis the correct answer.

TESTING PROCEDURES

Novel statistics, such as described in Egs. 2, 4 and 6, may be tested for significance
using the method of permutations, also called randomization, which is now widely used in
biological work. The method is described in several texts such as Sokal and Rohlf (1995),
Manly (1997), and L egendre and Legendre (1998).

Global test of host-parasite coevolution

Consider matrices A, B, and C described above. Since the two phylogenetic trees are
given as fixed (we are not testing their similarity), the random component is clearly the
association links found in matrix A. The test will involve random permutations of the hosts
associated with each parasite. The reason is that the parasites parasitize the hosts, not the
opposite. So, if there is no coevolutionary H-P association, each parasite species should
parasitize hosts selected at random on the host phylogenetic tree. Thisisthe null hypothesis
of the test (H,). The aternative hypothesis (H,) is that the positions of the individual H-P
links are not random but associate corresponding branches of the two evolutionary trees; in
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that sense, they are critical to the overall H-P association. The testing procedure is the

following:

1. Compute matrix D using Eg. 1. Compute statistic ParaFitGlobal using Eq. 2, which
provides the reference value (ParaFitGlobalyef) for the test. Save this value as traceres in
view of the tests of individual host-parasite links, described below.

2. To obtain a realization of the null hypothesis, permute at random the values within each
row of matrix A, and this independently from row to row. Recompute matrix D using Eg. 1,
and statistic ParaFitGlobal using Eq. 2. This provides a value (ParaFitGlobal*) of the
statistic under permutation. Save each value trace* = ParaFitGlobal* in view of the tests of
individual host-parasite links (below).

3. Repeat step 2 a large number of times to obtain an estimate of the distribution of the
statistic under permutation. Add the reference value ParaFitGlobal,ef to the distribution,
following Hope (1968).

4. Caculate the one-tailed probability (P-value) of the data under the null hypothesis as the
proportion of values in the ParaFitGlobal* distribution that are larger than or equal to
ParaFitGlobalyef. The test indicates that the data are unlikely to correspond to the null
hypothesis if ParaFitGlobales is larger than or equal to most (say, 95% for a = 0.05) of the

ParaFitGlobal* values obtained under permutation.

Tests of individual host-parasite association links

Tests of individual host-parasite association links can aso be computed to
determine the probability that individual H-P links conform to the null hypothesis. Thisis
done asfollows:

1. Compute TraceMax from matrices B and C using Eq. 5.

2. Choose a H-P link k and remove it from matrix A.

3. Compute matrix D for the modified matrix A using Eqg. 1. Compute trace(k) using Eq. 3.
Calculate the values of the two reference statistics for the tests: ParaFitLink1(K)ref (EQ. 4)
and ParaFitLink2(K)ref (EQ. 6), using the value traceref saved from the global test of

coevolution.
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4. Permute at random the values within each row of matrix A, independently from row to
row, using the same sequence of random permutations as were used during the global test
of host-parasite coevolution (above). Recompute matrix D using Eq. 1. and trace(k)* using
Eq. 3, followed by the values of the two statistics under permutation: ParaFitLink1(k)*
(Eq. 4) and ParaFitLink2(k)* (Eq. 6), using the first value trace* saved from the global test

of coevolution.

5. Repeat step 2 alarge number of times to obtain an estimate of the distribution of the two
statistics under permutation. Add the reference values ParaFitLinkl(k)e and

ParaFitLink2(K)ef to the distributions, following Hope (1968).

6. Calculate the one-tailed probabilities (P-values) of the data under the null hypothesis as
the proportions of values in the ParaFitLink1(k)* and ParaFitLink2(k)* distributions that
are larger than or equal to ParaFitLink1(K) ef or ParaFitLink2(K) e respectively. The tests
indicate that link k is unlikely to be random with respect to the coevolutionary structure if
ParaFitLink1(K)ref or ParaFitLink2(k) s are larger than or equal to most (say, 95% for a =
0.05) of the ParaFitLink1(k)* and ParaFitLink2(k)* values obtained under permutation.

NUMERICAL SIMULATIONS

Typel error

Simulations have been performed to check the type | error and power of the test of
host-parasite coevolution. Type | error occurs when the null hypothesisis rejected while the
data conform to H,. To be valid, atest of significance should have a rate of rejection of the
null hypothesis no larger than the nominal (a) significance level of the test when H, is true
(Edgington 1995).

To study type | error, the ssmulated data used random phylogenetic trees for the hosts
and parasites, and a matrix A containing links sampled at random (without replication)
from among all possible host-parasite links. Unrooted random additive (i.e., phylogenetic)
trees were generated following the method of Pruzansky et al. (1982). The two random

trees were transformed into matrices B (for the parasites) and C (for the hosts) using
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principal coordinate analysis. The statistics for the global test and for the individua H-P

links were cal culated and tested using random permutations.

A simulation study can never explore all parameter combinations. The simulation
effort reported in this paper for type | error involves the following parameter combinations

which were thought to represent commonly encountered situations in host-parasite studies:
* 10 hosts, 10 parasites. Number of random H-P links: {5, 10, 15, 20, 25} .
* 10 hosts, 15 parasites. Number of random H-P links: {5, 10, 15, 20, 25} .
* 15 hosts, 10 parasites. Number of random H-P links: {5, 10, 15, 20, 25} .

For each combination of parameters, 10000 random simulations were produced. 99
random permutations were used in each test of significance. The statistic of interest is the
rate of rejection of the null hypothesis, called “Type | error rate”, which was computed for
various significance levelsa ={0.01, 0.02, 0.03, 0.04, 0.05}, together with 95% confidence
intervals based upon the results of the 10000 independent simulations. A test of statistical
significance is valid if the rgjection rate is not larger than the significance level a, for any
value of a, when the null hypothesisis true (Edgington 1995). So, one hopes that the rate of
rejection of the null hypothesis will be approximately equal to a whose value should lie

within the 95% confidence interval of the rgjection rate.
Power

A test of significance should be able to reject the null hypothesis in most instances
when H, is false. The ability to reject H, in these circumstances is referred to as the power
of the test. In the present study, power is defined as the rate of regjection of the null
hypothesis when H, is false by construct. Power was studied using the same type of
simulations as described above, except that this time the alternative hypothesis (H,) was

made to be true. Three types of simulations were done:

1. A random additive tree was generated, as described above, for each simulation, but here
the same tree was used for the parasites (matrix B) and the hosts (matrix C); this is a
condition for coevolution. A H-P link was created between each host and the parasite found

in the corresponding position on the tree. Following that, a certain percentage of randomly-
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located links were added to matrix A (without replication of existing links), using the same

procedure asin thetype | error study. The simulation parameters were the following:

* 10 hosts, 10 parasites, 10 basic H-P links. Number of random H-P links added to the basic
links: {0%, 10%, 20%, ..., 100%}, or {0, 1, 2, ..., 10} supplementary random links, for a
total of {10, 11, 12, ..., 20} links.

2. In the second series of power simulations, a random additive tree was generated for each
simulation, and the same tree was used for the parasites (matrix B) and hosts (matrix C). H-
P links were created between each host and the parasite in the corresponding position on
the common tree. Following that, a certain percentage of randomly-located links were
removed from the list and replaced (without replication of existing links) by randomly-

located links. The simulation parameters were the following:

* 10 hosts, 10 parasites, 10 basic H-P links. Number of random H-P links replacing basic
links: { 0%, 10%, 20%, ..., 100%} or {0, 1, 2, ..., 10} links.

3. In the third type of power simulations, the host and parasite phylogenetic trees were
made to have a common portion while the remainder of each tree was random. The number
of coevolving species was the main parameter in these simulations. (In the previous type of
simulations, the trees were the same, but some of the links were random. In the present
simulations, the two trees were only partly similar; coevolutionary links were created only
in the similar portions of the trees while the remaining links were random.) The simulation

parameters were the following:

* 10 hosts, 10 parasites, 10 H-P links. Number of species that shared the same tree
(coevolving species): {0, 1, 2, 3, 4, 5, 6, 7, 8, 9}; hence the number of independent species
(not coevolving) was{10, 9,8, 7,6, 5, 4, 3, 2, 1}.

In al power simulations, there were 10000 independent simulations per combination

of parameters, and 99 permutations per test.

Power was computed for various significance levels a = {0.01, 0.02, 0.03, 0.04,
0.05}. The 95% confidence intervals were not plotted because they would have made the
graphs difficult to read. We want to identify the simulated situations where power is low,

medium, or high; this will provide guidance for the interpretation of real-case studies. We
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also want to see if one of the statistics (ParaFitLinkl and ParaFitLink2) created for the

tests of individual host-parasite links has higher power than the other, at least in some
situations.

All the simulations described above were repeated using random rooted ultrametric
trees instead of unrooted additive trees. The generation of random ultrametric trees for n

speciesinvolved two steps, described by Lapointe and Legendre (1991):

1. Random node positions were obtained by drawing (n — 1) numbers at random from a
uniform (0, 1] distribution and placing these values in the subdiagonal of a (nx n) matrix.
The remainder of the matrix was filled using the procedure FillMat of Lapointe and
Legendre (1991).

2. The species (1 to n) were attributed at random to the leaves of the tree.

This obtains a random ultrametric tree, which is a special type of phylogenetic tree. The
simulation results were very similar to those obtained using random unrooted additive trees.
Only the latter are discussed in detail below.

SIMULATION RESULTS

Global test of host-parasite coevolution

Type | error was correct in all cases, so we can conclude that the global test is valid.
Figure 3a shows the results for random and independent phylogenies for the hosts and the
parasites, for equal numbers of hosts (10) and parasites (10) and various numbers (5 to 25)
of random H-P links; the significance level used in the permutation tests (a = 0.01, 0.02,
0.03, 0.04, 0.05) was always within the 95% confidence interval of thetype error rate. The
simulations for type | error were repeated using unequal numbers of hosts and parasites (10,
15 and 15, 10), with results similar to those presented in Fig. 3a: the significance levels of
the permutation tests were always within the confidence intervals of the type | error rates
computed from the 10000 simulations. Similar results were obtained again when the two

phylogenies were the same, the H-P links being positioned at random.
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The power study is based upon simulations in which the null hypothesis is false by
construct; we are thus certain that the data used in these simulations represent simulated
cases of coevolution. When the data exactly conformed the hypothesis of coevolution,
power was maximum, the null hypothesis being rejected in nearly al cases (Figs. 3b and
3c, number of random links or supplementary random links = 0). Power decreased as the
number of supplementary random links added to the coevolutionary structure increased
(Fig. 3b). For a = 0.05, power was about 55% when there were as many supplementary

random links (10) as coevolutionary links (10).

Power also decreased as coevolutionary links were replaced by random links (Fig.
3c). When all coevolutionary links were replaced by random links (10 random links in Fig.
3c), the rejection level, which measures type | error in that case, was equa to the a
significance level of the test. This is not a surprising result; it ssmply indicates that the
simulation method used to generate replacement links was correct.

When the host and parasite phylogenetic trees contained a common portion, the
remainder of each tree being random, power was affected by the proportion of coevolving
species (Fig. 3d): with no coevolving species (left of the graph), we are in a situation where
H, istrue, and the ssmulation results are identical to those of Fig. 3a. Power increased with
the number of coevolving species, to reach a maximum when all species were coevolving;
the regjection rate was then 100% or very nearly so, as in Figs. 3b and 3c (left). As the
number of coevolving species increased, the global test was more likely to identify as
significant the coevolutionary relationship present in portions of the trees, but power was
low when there were less than 70% coevolving species. The effect on the global test is the
same as when the host and parasite trees were the same but some of the coevolutionary
links were replaced by random links (Fig. 3c, abscissa reversed). We conclude that
coevolution may not be detected by the global test when a good portion of the hosts and
parasites are not coevolving.

The third series of power simulations was repeated with larger numbers of hosts and
parasites and more links. Power of the global test increased with host and parasite sample

sizes, for given proportions of coevolutionary links.

Tests of individual host-parasite association links
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In tests of individual host-parasite association links, type | error was always correct
for both statistics, ParaFitLinkl and ParaFitLink2, using equal (10, 10) or unequal (15, 10
or 10, 15) numbers of hosts and parasites. So the two statistics provide valid tests of
significance. As an example, Figs. 4a and 4b present the type | error rates obtained for the
first H-P link of each simulation, in a 10000-simulation run involving 10 hosts and 10

parasites.

For pure coevolutionary structures, the test of an individua link using statistic
ParaFitLinkl had good power, but not as good as the global test. Compare Fig. 3b to Fig.
5a (left, where the number of supplementary links is 0); Fig. 3c to Fig. 6a (left, where the
number of random links is 0); and Fig. 3d to Fig. 7a (right, where all 10 species were
coevolving). Tests using ParaFitLink2 also have fairly good power, but this cannot be
shown for pure coevolutionary structures for reasons given above. Power of individual tests
increases with the number of hosts and parasites for given proportions of coevolutionary

links (simulation results not shown in detail).

In the presence of supplementary random links (supplementary to a saturated
coevolutionary model containing a coevolutionary links for every H-P pair), statistic
ParaFitLinkl generally had greater power than ParaFitLink2 for detecting the links that
significantly contributed to host-parasite coevolution (Fig. 5). As noted above, statistic
ParaFitLink2 cannot be computed for a perfect coevolutionary structure in the absence of
random links; this is why no rejection rate is reported, in Fig. 5b, for no supplementary
link.

Power of the test of individual coevolutionary H-P links decreased as the proportion
of supplementary random links increased. For ParaFitLinkl for instance (Fig. 5a), the
presence of as many supplementary links (10) as there were coevolutionary links (10)
reduced power by about half, compared to the simulations without supplementary random
links. With ParaFitLink1, the probability of correctly detecting a coevolutionary link (Fig.
5a) was 1.5 to 2.5 times larger than that of wrongly declaring a random link significant
(Fig. 5¢). The difference is not as great for statistic ParaFitLink2 (compare Figs. 5b and
5d). So, the ParaFitLinkl statistic is preferable in this situation. (In Fig. 5d, a single

supplementary link added to a perfect coevolutionary structure cannot be tested because the
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test of significance requires that the added link be removed, which brings us back to the
perfect coevolutionary case where the ParaFitLink2 statistic cannot be computed.) Figs. 5¢c
and 5d also show that in the presence of coevolutionary links, type | error for the tests of

the random links was greater than a; as a consequence, test results in this situation have to

be interpreted in a conservative manner.

When coevolutionary links were replaced by random links, the coevolutionary model
was no longer saturated, meaning that it did not contain a coevolutionary link for each H-P
pair. In that case, statistic ParaFitLink2 had greater power than ParaFitLink1 for detecting
the links that significantly contributed to host-parasite coevolution (Figs. 6a, 6b). With both
statistics, the probability of correctly detecting a coevolutionary link (Figs. 6a, 6b) was 1.5
to 2 times larger than that of wrongly declaring a random link significant (Figs. 6¢, 6d) in
the presence of 20% random links. Note that the graphs in Figs. 6¢c and 6d converge
towards the a significance level when all 10 coevolutionary links have been replaced by
random links. Figs. 6¢c and 6d also show that in the presence of coevolutionary links, the
type | error on the random links was greater than a; as a consequence, test results in this

situation have to be interpreted in a conservative manner.

When the host and parasite phylogenetic trees contained a common portion, the
remainder of each tree being random, power and type | error were affected by the
proportion of coevolving species (Fig. 7). Power to detect significant coevolutionary links
increased with the proportion of coevolving species (Fig. 7a, b) in the same manner as the
global test of significance (Fig. 3d). On the other hand, type | error for the test of the
random links increased well above the a significance level when the number of
coevolutionary species reached about one half the total number of species; the effect on
statistic ParaFitLinkl was less important than on statistic ParaFitLink2 (Fig. 7c, d), so that
ParaFitLinkl seems preferable. The probability of correctly detecting a coevolutionary link
was larger than that of wrongly declaring a random link significant by about the same
factor with both statistics (compare Figs. 7a and 7c on the one hand, and Figs. 7b and 7d on
the other), so that the two statistics are equivalent from that point of view. Considering the

smaller degree of inflation of type | error displayed by ParaFitLinkl, compared to
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ParaFitLink2, statistic ParaFitLinkl seems preferable in this situation. In any case, test

resultsin this situation have to be interpreted with caution.

Further ssimulations conducted with larger numbers of hosts and parasites and more
links showed that power of the ParaFitLinkl and ParaFitLink2 tests increased with host

and parasite sample sizes, for given proportions of coevolutionary links.

INTERPRETATION OF THE TEST RESULTS

1. The null hypothesis of the global test of significance for host-parasite coevolution is that
the evolution of the two groups, as revealed by the two phylogenetic trees and the set of
host-parasite association links, has been independent. Test results are interpreted as

follows:

» When the global test is significant, it has detected a significant host-parasite association,
with a probability of typel error equal to a.

* When the global test is not significant, it may mean either that there is no host-parasite
association, or that the host-parasite association is masked by supplementary random H-P
links (see the results of the first series of power simulations in which randomly-located
links were added to matrix A), or that the structure is a mixed one with part of the two trees
coevolving while other portions are not coevolving (see the results of the second and third
series of power simulations). The test has good power only when most of the host and
parasite species are coevolving and there are not too many random links. Tests of
individual H-P links are still possible but results must be interpreted in a conservative way,
see below.

2. In the tests of individual host-parasite association links, the null hypothesis is that the
link under test is random. Results of tests of individual links are interpreted as follows:

* When the global and the test of an individual link are both significant, the test has
detected a significant host-parasite link, with a probability of type | error equal to a.

* When the global test is significant and the test of an individual link is not, the data do not
support the hypothesis that the link represents a coevolutionary link. Since the test of
individual links has less power than the global test, the test of a host-parasite link based
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upon a small number of hosts, parasites, and coevolutionary links may turn out not to be

significant due to lack of power.

* When the global test is not significant but the test of an individual link is significant, this
indicates that we are dealing with a mixed structure containing perhaps a coevolutionary
structure with some random links added (as in the first series of power simulations), or a
coevolutionary and a random portion (as in the second and third series of power
simulations). Only the links that are found to be very highly significant should be
considered, in order to compensate for the fact that the tests of individual links have

inflated type | error in this situation.

* When neither the global test nor the test of an individual link are significant, the link is

unlikely to represent a coevolutionary host-parasite association.

The ParaFitLinkl statistic generaly behaved better in simulations and should be
preferred to ParaFitLink2.

APPLICATION OF THE TEST: GOPHERS AND LICE

We tested our method using phylogenetic trees for pocket gophers and their chewing
lice (Hafner and Nadler 1988, 1990; Hafner et al. 1994) reconstructed from the mtDNA
cytochrome-oxidase | sequences used in Hafner et al. (1994). This data set has become a
test case for coevolutionary studies, and has been re-examined several times using new
methods (e.g. Ronquist 1995; Page 1996; Charleston 1998). Trees were reconstructed using
the neighbor-joining method (Saitou and Nel 1987) in the program PAUP* (Swofford,
2001). We used Hasegawa-Kishino-Yano (HKY85) corrected distances because of an
observed heterogeneity of nucleotide frequencies and the occurrence of a transition bias.
The trees that we obtained differ dightly from those published by Hafner et a. (1994)
because we used distances corrected under a different evolutionary model. This produced a
topology dlightly different from that published in the Hafner et al. (1994) paper. This point
isof little importance for the present study.

Coevolution was first tested using the global ParaFit statistic (H,: evolution of the

hosts and parasites has occurred independently). The result indicates that the null
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hypothesis must be rejected (permutational P = 0.001 after 999 permutations). This gives
support to the alternative hypothesis (H,) of coevolution, revealed by the similarity of the
two phylogenetic trees and the matrix of host-parasite association links. This result is in
agreement with previous studies on this host-parasite model: they suggest an important
level of cospeciation between pocket gophers and their chewing lice. When we assessed the
significance of each host-parasite association using the ParaFitLinkl statistic (tested at o =

0.05), seven of the 17 H-P links were not significant (Fig. 12).

The significant links display extensive coevolution between the hosts and parasites.
The discrepancies between the two phylogenies are associated with the non-significant H-P
links. If we remove them from Fig. 8, and we remove also the species that have no

significant H-P link, we end up with two identical phylogenetic trees.

The ParaFit method does not intend to infer an evolutionary scenario explaining the
observed historical association between gophers and their lice, contrary to the TreeMap
method for example. It alowed us, however, to identify (a) the hosts and parasites that are
likely to have undergone cospeciation, and (b) the species that have most likely been
subjected to host-switching or sorting events (parasite extinction, or primary absence on

daugther host lineage).

DIscussION

We have described a new method designed to answer the following biological
guestion: do the parasites tend to use hosts that have the same phylogenetic positions as
they have? The ParaFit method allows a statistical test of this particular global hypothesis
of coevolution to be done, and also a test of significance of each host-parasite link
contributing to the relationship, which alows us to identify the species involved in
cospeciation. Previously described methods either did not provide statistical tests (such as
BPA), or tested only a global fit (such as TreeMap), or else tested the contributions of
different kinds of events to the overall relationship (such as TreeFitter). ParaFit permits to

deal with any kind of host-parasite association in a reasonable amount of computing time.

Another advantage isthat if, for some reason, one or the other phylogenetic tree is not
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available, one can use phylogenetic distances instead of trees; this is a nice feature since
distances can be directly computed from raw data (morphology, sequences, etc.), without
having to reconstruct atree. The distance matrix is transformed into a rectangular matrix by
principal coordinate analysis before being used in the ParaFit program. This can be
interesting in the case of poorly resolved phylogenies or multiple trees, which often present
a problem in this kind of studies, or else if one does not want or need to estimate the
phylogeny. On the other hand, when phylogenetic trees are available, they can be expressed
as distance matrices by calculating patristic distances among the species (which are the
leaves of the tree). The patristic distance matrices, transformed by principal coordinate
analysis, are then used in the ParaFit tests.

The dtatistics ParaFitLinkl and ParaFitLink2 both have their usefulness.
ParaFitLinkl has greater power for correctly detecting coevolutionary links in saturated
coevolutionary models in which additional random links are present, whereas ParaFitLink2
has greater power for correctly detecting coevolutionary links in unsaturated coevolutionary
models in which only a fraction of the links are coevolutionary, the other links being
random. ParaFitLink2 cannot be used in perfect coevolutionary situations because its
denominator is then zero.

A ForTRAN program (PARAFIT: source code, compiled versions for Macintosh and
DOS, and program documentation) to carry out the host-parasite coevolution test described
in this paper is available on the WWWeb site <http://www.fas.umontreal .ca/biol/legendre/>
or viaanonymous ftp at <ftp://ftp.umontreal .ca/pub/casgrain/labo/ParaFit/>.
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FIGURES CAPTIONS

Ficure 1. The three elements of the host-parasite coevolution problem can be trandated
into rectangular data matrices A, B and C. See text.

Ficure 2. Given the information in matrices A, B, and C, the problem is to estimate the
parameters in the fourth-corner matrix D that crosses the principal coordinates of the hosts

with those of the parasites.

Ficure 3. Global test of host-parasite coevolution (ParaFitGlobal statistic): (a) Type |
error rates and 95% confidence intervals, at a = 0.01 to 0.05, of the test for 5 to 25 host-
parasite association links (abscissa). The phylogenies were generated independently for the
hosts and the parasites. The confidence intervals are based upon 10000 replicate
simulations for each combination of parameters. (b) Power of the globa test of host-
parasite coevolution in simulations in which a number of supplementary random host-
parasite links (abscissa) were added to the coevolutionary links. (c) Same, for simulations
in which some (abscissa) of the coevolutionary links were removed and replaced by
random host-parasite links. (d) Same, for simulations in which the phylogenetic trees of the
hosts and parasites contained a common portion, the remainder of each tree being random.
Abscissa: number of coevolving species. There were 10 hosts and 10 parasites in all these

simulations.

FIGURE 4. Type | error rates and 95% confidence intervals, at a = 0.01 to 0.05, of the test of
individual host-parasite association for the first H-P coevolutionary link generated during
each simulation, for 5 to 25 host-parasite association links. (a) ParaFitLinkl statistic.
(b) ParaFitLink2 statistic. There were 10 hosts and 10 parasites in these smulations;
similar results were obtained using 10 hosts and 15 parasites, or 15 hosts and 10 parasites.

Ficure 5. Power of the test of individual host-parasite association in simulations in which
randomly-located links were added to matrix A. There were 10 hosts and 10 parasites in
these simulations. There were also 10 coevolutionary links, and 0 to 10 supplementary
random links. (a) Simulation results for one of the coevolutionary H-P links, ParaFitLinkl
statistic; (b) ParaFitLink2 statistic. (c) Simulation results for one of the supplementary
random H-P links, ParaFitLink1 statistic; (d) ParaFitLink2 statistic.
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FiGUre 6. Power of the test of individual host-parasite association in simulations in which a
certain percentage of randomly-located links were removed from matrix A and replaced by
randomly-located links. There were 10 hosts and 10 parasites in these smulations. There
were also 10 coevolutionary links; 0 to 10 of them were replaced by random links.
(a) Smulation results for one of the coevolutionary H-P links, ParaFitLinkl statistic;
(b) ParaFitLink2 statistic. (c) Simulation results for a random H-P link replacing a
coevolutionary link, ParaFitLink1 statistic; (d) ParaFitLink2 statistic.

FiGure 7. Power of the test of individual host-parasite association in simulations in which
the phylogenetic tree of the hosts and that of the parasites were partly similar and partly
random. There were 10 hosts, 10 parasites, and 10 links in this particular set of smulations.
Abscissa: number of species of hosts and parasites (among 10) that shared the same tree
and were linked. (@) Simulation results for one of the coevolutionary H-P link,
ParaFitLinkl statistic; (b) ParaFitLink2 statistic. (c) Simulation results for one of the
random H-P links, ParaFitLinkl statistic; (d) ParaFitLink2 statistic.

Ficure 8. Pocket gophers and chewing lice phylogenetic trees and host-parasite links.

Significant H-P links are represented by full lines, non-significant links by dashed lines.
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B. UNE METHODE POUR LE PARTITIONNEMENT DE LA VARIATION

PHYLOGENETIQUEMENT STRUCTUREE

DESDEVISES Yves, Lamia AZOUZI, Pierre LEGENDRE and Serge MORAND.

Partitioning the phylogenetically-structured environmental variation. Soumis a Evolution.

Cet article présente une méthode destinée a partitionner la variation d'un trait
phénotypique soumis a des influences environnementale (i.e., écologique) et
phylogénétique. Il est ainsi possible d'estimer les effets respectifs de ces deux facteurs, ainsi
gue leur influence commune, sur la variable réponse. Cela permet de quantifier le
"phylogenetic niche conservatism” sensu Harvey & Pagel (1991). La méthode consiste a
exprimer |'inertie phylogénétique a I'aide d'une analyse en coordonnées principales, puis a
effectuer le partitionnement par une série de régressions partielles sur les coordonnées
principales et les variables environnementales considérées. Un exemple d'utilisation de la
méthode est présenté : I'étude de la relation entre la masse corporelle et la densité chez les

mammiféeres.

Participation du thésard :
» Recherche bibliographique
* Miseau point de laméthode
* Analyse des données
* Rédaction
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ABSTRACT

Comparative analysis methods remove all variation linked to phylogeny before
attempting to correlate the remaining variation to present-day conditions (i.e., ecology
and/or environment). However, a portion of the phylogenetic variation of a trait may be
related to ecology; this portion is called phylogenetic niche conservatism. We propose a
method of variation partitioning which allows users to quantify this portion of the variation;
we call it the phylogenetically-structured environmental variation. This method is applied
to published data to study the link between body mass and population density in 79 species
of mammals, in a phylogenetic framework. The results suggest that an important part of the
variation of mammals body mass is related to the common influence of phylogeny and

population density.

Key-Words: comparative anaysis, phylogenetically-structured environmental
variation, phylogenetic correction, phylogenetic niche conservatism, variation partitioning,

equivalent energetic rule
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THE PROBLEM

Comparative analysis has become widely used during the past 20 years. It consistsin
comparing two or more traits across species, or atrait and an environmental variable, while
taking phylogenetic autocorrelation into account (Harvey and Pagel 1991). Several methods
have been proposed for this approach (e.g., Felsenstein, 1985; Grafen, 1989, Diniz-Filho et
al. 1998). Westoby et al. (1995a) initiated a controversy (Ackerly and Donoghue 1995;
Fitter 1995; Harvey et al. 1995a,b; Rees 1995; Westoby et al. 1995b,c; see Ricklefs 1996)
about what they called “phylogenetic correction”, which is the control for phylogeny in
comparative anaysis. They argued that comparative methods partition the explained
variation of ecological data in such a way that they “...alocate the maximum possible
variation in a trait to phylogeny, considering only the residual as potentially attributable to
ecology” (p. 531). Indeed, these methods first remove the phylogenetic component from the
variables before estimating the influence of present-day ecological factors. Thisis justified
by the principle of parsimony, also called Ockham’s razor: one should call upon the most
obvious and simple explanations (here, the phylogeny) to explain the observed correlation

between variables, before invoking more complex explanations.

As Westoby et a. (1995a) pointed out, the phylogenetic portion of the total variance
may contain a phylogenetic effect related to ecology, which Harvey and Pagel (1991) called
“phylogenetic niche conservatism”. This includes the shared attributes that related species
have acquired because they tended to occupy similar niches during evolutionary history.
Westoby et al. (1995) proposed to partition the variance of the data into three portions
(Figure 1 from Westoby et al. 19953, p. 531, equivalent to fractions[a], [b] and [c] in Fig. 1
of the present paper): a part strictly due to ecology ([a]), a part strictly due to phylogeny
([c]), and a part due to the common influence of these two factors ([b]), which we call
“phylogenetically-structured environmental variation”, an expression equivalent to
“phylogenetic niche conservatism”. However, no method has been proposed to-date to
calculate this variation partitioning in the phylogenetic context. The purpose of this paper is

to propose such a method.
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We propose to partition the variation in not three but four components (Fig. 1),
adding the unexplained part of the variation [d]. Note that it is not our intention to defend a
position against the principle of parsimony. We simply want to show how variation can be
partitioned to quantify the portion of the variation which can be explained jointly by both

causes.
THE PARTITIONING METHOD

Variation partitioning has been proposed a few years ago for multivariate ecological
data showing spatial variation (Borcard et al. 1992; Borcard and Legendre 1994). The
spatial variation can be expressed as a trend-surface equation, or some other statistical
model, based upon the geographic coordinates of the sampling sites (Legendre and
Legendre 1998). Borcard and Legendre (Borcard, D., and P. Legendre. All-scale spatial
analysis of ecological data by means of principal coordinates of neighbour matrices.
Submitted to Ecological Modelling) have shown how this procedure can be generalised to
model spatial structures at all the spatial scales that can be perceived by the sampling
design. The variation of species assemblages can be decomposed into a fraction [a] which
is explained by environment variables but is not spatially structured; a fraction [b] which is
the gpatially-structured component of environmental variation; a fraction [c] which is not
explained by the environmental variables used in the model but is spatially structured; and

an unexplained component [d].

The decomposition of phylogenetic variation can be seen as a problem of the same
nature. Remains the technical problem of representing the phylogeny in the analysis. When
using the method of independent contrasts (Felsenstein 1985), phylogenetic relationships
are subtracted from the variables under study instead of being expressed on their own. One
possible solution would be to express the phylogeny as a distance matrix which would be
included in a multiple regression equation computed on distance matrices (Legendre et al.
1994), using either the original data (obtained for instance by alignment of sequences) or a
derived phylogenetic tree expressed in the form of a patristic distance matrix. This would
require to also express all the other variables as distance matrices, which leads to work on
distances instead of the raw data. Dutilleul et a. (2000, Table 2) have shown, however, that
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the correlation between two data vectors x, and X, is higher than the Mantel correlation
statistic between two distance matrices D, and D, derived from x, and x,. Legendre (2000)
has also shown that the power of the t-test of the Pearson correlation coefficient between x,
and x, is higher than that of the Mantel test between D, and D.,.

The solution proposed here is different. It consists in expressing the phylogeny in the
form of principal coordinates (PCoA: Gower 1966) computed from the phylogenetic
distance matrix, as proposed by Diniz-Filho et al. (1998). But, contrary to these authors
who only used the first few principal coordinates selected by reference to a broken-stick
model (Barton and David 1956; Frontier 1976), we are proposing to use all the principal
coordinates, extracted from the distance matrix, that are significantly related to the
dependent(s) variable(s). There is no particular reason why the broken-stick model would
preferably select principal coordinates that are of importance for the explanation of the
dependent variable. Since the phylogenetic distance matrix may not always be Euclidean,
negative eigenvalues may occur. When this is the case, it is possible to apply correction
methods, described in Gower and Legendre (1986) and Legendre and Legendre (1998,
Section 9.2.4) to render al eigenvalues positive. Again, this phylogenetic distance matrix
can either be calculated from the raw data (e.g., sequence alignments), which avoids the
reconstruction of a tree, or be computed from a patristic distance matrix representing a

phylogenetic tree.

Our method to partition the variation of a trait is the following. Y is the dependent
variable representing the trait under study, X. represents the matrix of ecological
explanatory variable(s), and PCs stands for the matrix of principal coordinates representing

the phylogeny.

1. Compute aregression of Y on X.. Thisisamultiple regression if matrix X contains
several variables. A forward, backward, or stepwise variable selection procedure
can be used to reduce the number of explanatory variables in matrix X, retaining
only the environmental variables that significantly contribute to the model. The
coefficient of (multiple) determination of the regression, R?, is equal to fraction

[at+b] of the decomposition.
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2. Compute a multiple regression of Y on all PCs. The coefficient R? is equa to
fraction [b+c] of the decomposition. Only the principal coordinates significantly
contributing to modelling Y are retained to represent the phylogeny in the remainder
of the analysis. No stepwise selection procedure is needed to choose them since they

are orthogonal to one another and, thus, linearly independent.

3. Compute a multiple regression of Y on both X and the PCs. The coefficient R* is

equal to fraction [atb+c] of the decomposition.

4. The individual values of [a], [b], and [c] can be obtained by subtraction from the
previous results: [a] = R*(step 3) — Ré(step 2); [b] = R*(step 1) + R*(step 2) — R¥(step
3); [c] = R¥(step 3) — R¥(step 1). Fraction [b] is the phylogenetically-structured
environmental variation, corresponding to the phylogenetic niche conservatism of
Harvey and Pagel (1991).

5. Find [d] =1 — [a+b+d].

It is possible to obtain the fitted values corresponding to fractions [a] and [c]. For
that, it is necessary to add two steps to the procedure:

1. Compute a partia regression of Y on X, using the PCs as covariable. The fitted
values of theregression which can be computed from the partial regression equation

correspond to fraction [a]. Fraction [a] can be tested for significance.

2. Compute a partial regression of Y on PCs, using X as covariable. The fitted values
of the regression which can be computed from the partia regression equation

correspond to fraction [c]. Fraction [c] can be tested for significance.

Fraction [b], which corresponds to the phylogenetically-structured environmental
variation, can only be obtained by subtraction. This makes it impossible to compute fitted
values for this fraction. It cannot directly be tested for significance. It is possible to obtain
fractions [a], [b], [c], and [d] from steps 3, 6 and 7 only, but if the fitted values are not
needed, it is easier to use steps 1, 2 and 3 since multiple regression is less computation-

intensive than partial regression.
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This method can easily be adapted to analyze a multivariate table Y of dependent
variables using canonical analysis, instead of multiple regression, to decompose the
variation of several traits, considered simultaneously, with respect to environmental and
phylogenetic components. For example, one could wish to study the environmental and
phylogenetic structure of several morphological traits taken ssimultaneously. This extension
of variation partitioning has been described by Borcard et al. (1992), Borcard and Legendre
(1994), and L egendre and Legendre (1998).

ExamMmpPLE UsSING REAL DATA

The partitioning method was applied to the study of the link between body mass and
population density in 79 species of mammals (Morand and Harvey 2000. The data can be
found at URL: http://www.pubs.roysoc.ac.uk). Body mass has been shown to be inversely
related to population density (Damuth 1981, 1986; Silva and Downing 1995). The negative
relationship between body mass and population density has been discussed extensively in
the ecological literature (Damuth 1981, 1993; Lawton 1990; Nee et al., 1991; Silva and
Downing 1995; Morand and Poulin 1998) as well as its consequences in terms of the
amount of energy used (Damuth 1981). Damuth (1981) emphasized the fact that the
exponent linking body size to population density should be equal to —0.75 because the
energy used by an individual is positively linked to its body mass with an exponent of
+0.75. The energy used by a local population of a species in a community should then be
independent of body size; this is the so-caled "energetic equivalent” rule. Criticisms
against the energetic equivaent rule come from two sides: estimation of the exponent, and
possible confounding phylogenetic effects.

These two life-history traits, body mass and population density, are strongly
constrained by phylogeny (Morand and Poulin 1998). We will estimate here what
proportions of the body mass variable is explained by population density alone, phylogeny
alone, and jointly by population density and phylogeny (which corresponds to phylogenetic
niche conservatism). We will also quantify the unexplained portion of the variation. We
used the data compiled by Morand and Poulin (1998) (see also Morand and Harvey 2000,

for sources of references).
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The data for mammal body masses and population densities were linearized using a
natural logarithmic transformation (In). From now on, In(body mass) and In(density) will
simply be referred to as mass and density. Departure from normality did not have to be
assessed because al tests of significance were carried out through permutational procedures

(999 permutations).

The regression of population density on body mass, which provided fraction [atb]
(Fig. 1), was highly significant (P = 0.001). Population density, which contains an
embedded part of phylogenetic structure, explained 65 % of the body mass variation (R? =
0.65).

A patristic distance matrix was derived from the phylogenetic tree (Fig. 2) by
considering each branch length to be equal to one unit. A principal coordinate analysis
(PCoA) was then performed on this matrix using THE R PAckAGE v.4.0 (Casgrain, P. and
P. Legendre. 2000. The R Package for Multivariate and Spatial Analysis, version 4.0 d3 -
User's Manual. Département de sciences biologiques, Université de Montréal. Freeware
available at URL http://www.fas.umontreal.ca/BIOL/legendre/). Each principal coordinate
(eigenvector, called PC hereafter) represented an amount of phylogenetic variance
proportional to the associated eigenvalue. The principal coordinates analysis generated n—1
PCs for n species; the PCs were listed in decreasing order of variance, from PC1 to PC78.
A multiple regression was then computed between mass and all PCs to assess their global
and individual significance in the explanation of body mass variation. The high number (n-
1) of independent variables presented a problem, however: the coefficient of multiple
determination (R?) of the multiple regression was equal to one, and no test of significance
by permutation could be performed when al 78 PCs were considered together. To go
around this difficulty, we used the property that principal coordinates are uncorrelated to
one another. As a consequence, the same standard regression coefficients are obtained if Y
is regressed on the principal coordinates taken one by one, or in small groups, or all
together. So, we regressed body mass on the PCs taken in small groups; the PCs that did
not significantly contribute to explaining the variation of body mass were identified and
discarded. The multiple regression was carried out using the program PErRMUTE 3.4 written

by P. Casgrain (freeware available at URL
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http://www.fas.umontreal .ca/BI OL/Casgrain/en/labo/permute; see Legendre et al. 1994).
This program uses a permutation procedure to test the R? and the regression coefficients for
significance. Eight PCs which were significant were retained into the model: PC1, PC2,
PC5, PC7, PC8, PC19, PC21 and PC56. The sum of their eigenvalues represents 35 % of
the total phylogenetic variance of the patristic distance matrix. They explained together 84
% of the body mass variation in the 79 species of mammals (R? = 0.84, P = 0.01).

Fraction [at+b+c] was found by regressing body mass on population density and the
eight significant PCs together. It was equal to 89% (R? = 0.89, P = 0.001). Fractions [al,
[b], [c] and [d] were obtained by subtraction:

[a] = [atb+c] - [b+c] =0.89 —0.84 = 0.05, thus 5 %
[b] = [at+b] - [a] = 0.65—0.05 = 0.60, thus 60 %

[c] = [b+c] - [b] = 0.84 —0.60 = 0.24, thus 24 %

[d =1-[atbtc] =1-0.89=0.11, thus 11 %

If one needs to obtain the fitted values corresponding to fractions [a] and [c], two

partial regression equations have to be computed:

* Fraction [a] was found by first regressing population density on all significant PCs
and computing the residuals. The partial regression was obtained by regressing body mass
on these residuals; the fitted values were computed from the regression equation. The same
value of [a] as above was found (0.05, P = 0.04). The dope of the relationship between
population density (controlled for phylogeny) and mass is—0.49. The value of this slopeis
noticeably smaller than —0.75; this finding challenges the equivalent energetic rule.

* Fraction [c] was found in a similar way: each individual PC was regressed on
density and the residuals of these eight simple linear regressions were computed. Body
mass was then regressed on the eight vectors of residuals, using multiple linear regression,
and the coefficient of multiple determination (R?) was computed; this coefficient was equal
to [c]. The fitted values can be computed from the regression equation. The same value of
[c] as above was found (0.24, P = 0.009).


http://www.fas.umontreal.ca/BIOL/Casgrain/en/labo/permute;
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The calculation procedure may appear tedious, especidly if a large number of PCs
are used. The program Canoco (ter Braak and Smilauer 1998) simplifies the manipulation.
Using CaNoco, the computation is simplified and the results are the same; the dependent
variable (body mass) and the independent variable (population density) were represented as
simple vectors, whereas the phylogeny was represented as a matrix containing the eight
significant PCs. In the partial linear regression analyses needed to compute fractions [a] and
[c], we only had to specify one of the two sets of independent variables, in turn, as the

matrix of covariables of the analysis.
DiscussioN

Phylogenetic niche conservatism as well as purely phylogenetic constraints (sensu
Westoby et a. 1995) can cause related species to be similar in many traits. The expression
"related to phylogeny” encompasses many potential causes of similarity among species,
including phylogenetic niche conservatism and phylogenetic constraints (see Harvey and
Pagel 1991). It is a purely statistical statement. If species are used as independent data
when testing the correlation between traits of interest, the phylogenetic dependence
between them leads to pseudoreplication (Hurlbert 1984). If one wants to know if trait X
explains trait Y, then all phylogenetic dependence between them must be removed, using
an appropriate comparative method, to make the objects independent of one another in the

analysis, thus avoiding pseudoreplication.

Classical comparative methods (e.g., Cheverud et al. 1985; Felsenstein 1985; Grafen
1989; Garland et al. 1992; Gittleman and Kot 1990) eliminate al variation linked to
phylogeny, which is a sound procedure when one wants to test the correlation between
traits and to establish a causative relationship between them, based on strong biological
hypotheses. This is because most testing procedures require the independence of data. In a
simple cross-species comparison, there is no elimination of any variation due to phylogeny,
thus no control for this potential confounding variable. This technique can be used if one
wants to describe the pattern of covariation among several traits and then answer the
guestion: Is trait X associated to trait Y? It is also a good procedure when one wants to

predict the value of a trait from other trait(s), then answer the question: What is the
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predictive value of Y for a given X? Comparative methods aim at answering the question:
Doestrait X explain trait Y? This supposes controlling the effects of confounding variables.
In the present case, the confounding variable is the phylogeny. The method proposed here

allows one to answer the question: What is the nature of the variation of Y explained by X?

Our method is not proposed to defend a position against the principle of parsimony.
Clearly, one should attribute the maximum amount of variation to a single well-established
cause (phylogeny) rather than invoke multiple independent causes (e.g., adaptations). Our
proposal allows comparative biologists to quantify Harvey and Pagel’s (1991) concept of
phylogenetic niche conservatism for the data in hand. The need to interpret more finely the
results of comparative analyses has been pointed out by Westoby et al. (1995b) who argued
that current phylogenetic correction methods (i.e., comparative methods) were not able to

answer questions calling for adetailed partitioning of the phylogenetic variation.

Our results show that in some cases, as in the example presented above, an important
fraction of the variation of an ecological variable can be related to phylogenetic niche
conservatism, and therefore the phylogenetic relationships between the variables are not
fully related to genetic constraints. We can now quantify the relative portions of those
influences and obtain a more precise explanation of the variation of the trait under study.
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FIGURE LEGENDS

Fig. 1: Partitioning the variation of a dependent variable (horizontal line) among ecological
and phylogenetic components.

Fig. 2: Phylogeny of the 79 species of mammals used in the example. This phylogeny was
derived from several sources (see Catzeflis et al., 1995; Morand & Poulin, 1998;
Morand & Harvey, 2000; Cooper & Fortey, 1998) and published in Morand and

Poulin (1998).
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