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Introduction Générale

En dépit des succés de la lutte contre les maladies infecticuses au cours du XX

siecle (May, 2007), il n’est probablement aucune population humaine qui ne soit affectée par
au moins un agent pathogéne (World Health Statistics, 20/1) Les conséquences de ces
infections continuent de représenter un lourd fardeau pour ’humanité. En 2008, le nombre de
morts dues aux maladies infectieuses était estimé a plus de 8,7 millions par 1’Organisation
Mondiale de la Santé (OMS), soit plus d’un sixieme de la mortalité mondiale.

L’impact de ces maladies est bien entendu distribué¢ de maniére trés inégale au sein de
la population mondiale. Pour la majorité des maladies infectieuses, les plus forts taux de
morbidité et de mortalité sont observés dans les pays émergents, plus particulierement ceux
situés dans les zones tropicales (OMS). Parmi les facteurs expliquant cette hétérogénéité, les
différences de statuts socio-économiques entre populations sont depuis longtemps mises en
avant (Winslow, 795/7). En effet, non seulement les maladies infectieuses touchent les
populations les plus pauvres, mais bien souvent elles contribuent a renforcer leur pauvreté
(Hotez, 2008), et se placent ainsi comme des obstacles supplémentaires au développement de
pays qui sont déja les moins riches (Conteh et al., 20/0). Malgré tout, la vulnérabilité¢ de
I’homme face aux maladies infectieuses semble vouée a demeurer un souci d’ordre mondial.
L’intensité actuelle des migrations humaines (Arguin et al., 2009) et animales (Alitzer et al.,
2011), ainsi que celle des échanges commerciaux (Tatem et al., 2006), participent a la
dissémination des agents pathogenes et de leurs hotes vecteurs a travers le monde. Les
prédictions sur I’évolution du climat sont régulieérement associées a une augmentation des
populations a risque de rencontrer certains pathogenes (Cooney, 2011), et 'urbanisation ainsi
que les multiples modifications de 1’environnement sont souvent associées a des risques
accrus de zoonoses (Colwell et al., 20/1). Enfin, le développement de résistances des
pathogeénes (Goldberg et al., 2012) ou de leurs vecteurs (Raghavendra et al., 20/1) aux
stratégies de contrdle mises en place contribue a la persistance de certaines maladies. Dans un
monde connaissant de nombreux et rapides changements globaux, la lutte contre les maladies
infectieuses ne se conjugue donc pas seulement au présent, mais constitue bel et bien un des
détis majeurs pour le futur de I’ensemble de ’humanité (Varmus et al., 2003 ; May, 2007).

Si I’'impact des maladies infectieuses est distribué¢ de mani¢re inégale entre les
populations humaines, il 1’est aussi entre maladies. En 2008 le nombre de morts dus aux seuls
sida, malaria et tuberculose était estimé a plus de 3,9 millions, soit prés de la moitié¢ de la
mortalité due aux maladies infectieuses (OMS). Le poids combiné de ces 3 maladies dans les
bilans sanitaires est devenu si important qu’il leur a été¢ données le nom de « big three »
(Hotez et al., 2006). Ces «big three » constituent bien entendu la cible prioritaire de
nombreuses campagnes de sensibilisation et de programmes de controle (Hotez et al., 2006).
Justifiée ou non, la concentration de ces efforts sur ces trois maladies est telle que d’autres
maladies infectieuses sont « négligées », tant en termes de fonds investis et de programmes de
recherche, que de politiques de santé publique (Payne & Fitchett 20/0). Beaucoup de ces
maladies affectent tout particulierement les populations vivant dans les zones rurales ou les
zones urbaines a faibles revenues d’Afrique, d’Asie et d’Amérique latine (First WHO report
on neglected tropical diseases, 2010). Depuis le milieu des années 2000, ces maladies sont
communément regroupées sous le terme de « maladies tropicales négligées » - ou « NTD »
pour « Neglected Tropical Diseases ». Ceci a probablement contribué a une prise de
conscience de I’importance de ces maladies et de la nécessitée d’y apporter des réponses
scientifiques et politiques. Ceci a notamment conduit a la création d’un département
« Maladies Tropicales Négligées » au sein de 1’Organisation Mondiale de la Santé (OMS), et
a la naissance d’un journal scientifique, « The Public Library of Science - Neglected Tropical



Diseases» (PLoS NTD), entierement dédié a ces maladies.

Positionnement général et contribution spécifique de cette thése

Les travaux effectués au cours de ce doctorat portent sur 1’écologie, 1’évolution et le
contrdle des maladies infectieuses, et pour I’essentiel, des maladies tropicales négligées.
L’approche adoptée est celle de la biologie théorique, et repose sur la modélisation par les
systemes dynamiques. Il existe une littérature théorique, relativement riche qui met en relation
I’écologie, I’évolution et le contréle des 3 principales maladies infectieuses évoquées ci-
dessus. C’est le cas notamment pour la malaria dont 1’étude est depuis longtemps associée a
des développements théoriques (Smith et al., 2012), ou encore le sida (Pinkerton 2017), dont
la premiere épidémie n’a pourtant ét¢ identifiée que dans les années 1980. L’usage de la
modélisation pour comprendre la transmission des maladies tropicales négligées est lui
considérablement plus réduit (Kealey & Smith 20170) et ceci constitue un paradoxe. En effet,
dans des contextes économiques et éthiques contraignant les approches expérimentales tant en
laboratoire qu’en milieu naturel, I’approche théorique offre la possibilité, a des cofts
excessivement modestes, de mettre a 1’épreuve quantitative des hypothéses sur les processus
naturels. Elle permet en effet d’intégrer des données empiriques accumulées au cours du
temps par des suivis épidémiologiques et/ou entomologiques réalisés par différentes équipes
de recherche ou par les services de surveillance entomologique et de santé publique (Lord
2007; Luz et al., 2010). Elle permet également de tester in silico des stratégies de controle qui
ne pourraient tout simplement pas I’étre in situ pour des raisons purement matérielles et/ou
éthiques (Cohen 2004). Elle permet finalement d’étudier, de fagon plus abstraite, et dans une
certaine mesure de fagon plus indépendante des données, 1’influence de processus naturels et
de leur interactions sur 1’écologie, 1’évolution et le contrdle des pathogénes, et de leurs hotes
et vecteurs (Diekmann & Heesterbeek, 2000; Dieckmann et al., 2002).

Au cours des 5 chapitres de cette theése je vais m’efforcer d’illustrer quel peut étre
I’intérét d’une approche de modélisation pour mener des recherches fondamentales servant a
mieux comprendre et lutter contre la transmission des maladies tropicales négligées. Dans le
premier chapitre, je présente une revue de la littérature concernant les maladies tropicales
négligées afin de déterminer si celles-ci ont été véritablement négligées d’une facon générale
et sur le plan théorique, et de recenser les travaux théoriques existants sur 1’écologie,
évolution et le controle de ces maladies. Dans les chapitres 2, 3 et 4, je présente les trois
contributions théoriques que j’ai apportées a 1’étude de ces maladies. La premicre permet
d’identifier les facteurs clés de la transmission des principales maladies vectorielles affectant
I’homme dans des zones ou les populations de vecteurs sont des populations « puits », c’est a
dire des populations incapables de se maintenir de fagon autonome et donc soutenues par des
processus d’immigration depuis des populations « sources » (Pulliam /988 ; Dias 1996). 11
s’agit d’une extension de la littérature théorique en épidémiologie qui ce concentre pour
I’essentiel sur les populations sources de vecteurs que I’on en rencontre classiquement dans
les zones a fort endémisme. Ce travail permet de mieux comprendre la transmission en
périphérie des niches écologiques des vecteurs, et dans des zones ou le controle des vecteurs
ne permet pas d’éliminer complétement les populations de vecteurs. Les chapitres 2 et 3
traitent de 1’évolution adaptative de macro-parasites induite par les interactions intra-hotes qui
s’établissent avec les parasites co-infectants soit directement, au travers de mécanismes de
compétition, soit indirectement, au travers des effets sur I’hdte. L’approche est ici beaucoup
plus abstraite et prospective. Il s’agit de déterminer les conditions dans lesquelles les
interactions intra-hdte pourraient conduire a la diversification de ces parasites, qui sont entre



autres responsables de maladies tropicales négligées trés répandues, telles que la
schistosomiase ou les helminthiases intestinales. Il s’agit d’une extension de la théorie de la
spéciation compétitive qui est développée depuis plus de 30 ans pour les espéces non-
parasites, et qui n’avait jusque la jamais été adaptée pour tenir compte des spécificités du
mode de vie parasitaire. Elle permet de commencer a analyser quantitativement les processus
de duplication intra-hote, dont la détection dans les co-phylogénies hote-parasite semble de
plus en plus fréquente. Le dernier chapitre discute de 1’intérét des approches comparatives
(chapitre 2) ou généraliste (chapitre 3 et 4) présentées dans cette thése pour une meilleure
compréhension et un meilleur contréle des maladies tropicales négligées, et plus largement,
des maladies infectieuses en général.



Chapitre 1

Les maladies tropicales négligées :
mises perspectives de leur impact sanitaire
avec la production scientifique et théorique

1. Les maladies tropicales négligées (« NTD »)
1.1 Diversité et similitudes

Les maladies tropicales négligées (NTD) peuvent étre définies comme un groupe de
maladies infectieuses que 1’on rencontre surtout dans les zones rurales ou dans les zones
urbaines et pauvres des pays a revenu faible et intermédiaire (Frew et al., 2009), et qui
constituent elles-mémes des facteurs aggravant de pauvreté. A ce jour, le département
Maladies Tropicales Négligées de I’OMS a constitué une liste de 20 conditions dont 18
maladies infectieuses qui répondent a cette définition. Au sein de cette liste 9 maladies sont
dues a ’infection par un organisme viral, bactérien ou protozaire: la dengue, la rage, la lepre,
le pian, le trachome, ['ulcere de Buruli, la maladie de Chagas (souvent appelée
trypanosomiase américaine), la leishmaniose et la trypanosomiase humaine africaine (souvent
appelée maladie du sommeil); et 9 maladies sont dues a I’infection par un ver, appelées aussi
« helminthiases » : la cysticercose, la dracunculose (ou ver de Guinée), 1’échinococcose, la
fasciolase, la filariose lymphatique, 1’onchocercose, la schistosomiase (aussi appelée
bilharziose), les helminthiases intestinales (l’ascaridiose, la trichocéphalose et
I’ankylostomose) et la strongyloidose (aussi appelée anguillulose).

Outre le fait qu’elles touchent surtout les populations les plus défavorisées des zones
tropicales, les maladies tropicales négligées ont en commun de nombreux effets sur la santé et
I’histoire de vie des individus qui les contractent. Celles-ci ont tendance a se manifester sous
diverses formes d’infirmité et de séquelles perdurant a long terme (défigurement, cécité), a
affaiblir le développement infantile et détériorer le déroulement des grossesses, et a réduire la
productivité des travailleurs malades, tous ces stigmates contribuant eux-mémes a renforcer la
pauvreté des populations touchées (Hotez et al., 2007 ; First WHO report on neglected
tropical diseases, 2010).

1.2 Risques et impact sanitaires

Impact sanitaire des maladies tropicales négligées. Selon la maladie considérée, le
nombre de personnes a risque de contracter une NTD dans le monde va de plusieurs dizaines
de millions, par exemples pour la maladie de Chagas et la maladie du sommeil, a plusieurs
milliards pour les helminthiases intestinales (Hotez et al., 2007). Malgré 1’existence
d’interventions a la fois peu colteuses et économiquement rentables pour la filariose
lymphatique, I’onchocerciase ou encore les helminthiases intestinales (First WHO report on
neglected tropical diseases, 2010), leurs prévalences peuvent encore s’élever jusqu’a plusieurs
dizaines voire centaines de millions de personnes, comme c’est le cas pour la schistosomiase
(tableau 1). La mortalité causée par les NTD a I’échelle mondiale est grande elle aussi.
D’apres les statistiques de I’OMS, en 2008 celle-ci dépassait les 250.000 morts, un chiffre



comparable voire supérieur aux nombres de morts dues aux maladies sexuellement
transmissibles hors-sida, ou encore a des conditions non transmissibles telles que la guerre et
les conflits civils, et nombreuses formes de cancers. L’OMS estime généralement 1’impact
d’une maladie par un indice tenant compte de la réduction de 1’espérance de vie et du nombre
d’années de vie passées en bonne santé qui sont imputables a la maladie. Cet indice mesure la
perte de DALYs, pour « Disease-Adjusted Life Years » (Gold et al., 2002). Le fardeau que
représentent les maladies tropicales négligées apparait alors de fagon trés évidente. Le nombre
de DALYs perdus annuellement place les NTD en 6¢éme position parmi les maladies
transmissibles, devant les méningites ou encore les maladies sexuellement transmissibles
hors-sida (OMS). En outre, a 1’échelle locale, certaines NTD peuvent parfois étre les maladies
ayant le plus fort impact sur les populations. En Amérique latine plusieurs NTD, et
notamment la maladie de Chagas, causent bien plus de mortalité que la malaria (OMS). Au
Proche et Moyen Orient, la schistosomiase causait en 2008 davantage de morts que le sida
(OMS). En Asie du sud-est, les pertes de DALY's causées par I’ensemble des NTD en 2004
¢taient supérieures a celles causées par le sida ou la malaria, avec une forte part due a la
filariose lymphatique et a la leishmaniose (OMS).

Interactions entre maladies tropicales négligées et autres maladies infectieuses.
Nombreuses maladies tropicales négligées ont des aires de distribution qui se recouvrent et
qui correspondent également a celles des trois principales maladies infectieuses affectant
I’homme. Ainsi dans certaines régions une forte proportion des populations doit faire face au
poly-parasitisme, en particulier aux co-infections par des helminthes et un certain nombre de
micro-parasites, incluant les agents pathogenes responsables de la malaria ou du sida (Hotez
et al., 2006). Si les effets de ces infections mixtes sont encore mal connus, ils semblent
néanmoins pouvoir amplifier la morbidité de certaines NTD, et celles des trois principales
maladies infectieuses. En Afrique par exemple, on a observé des degrés d’anémie plus séveres
chez les personnes souffrant simultanément de la malaria, d’helminthiases intestinales et/ou
de la schistosomiase, que chez les personnes atteintes par une seule de ces maladies. (Midzi et
al., 2010). De part la capacité de certains pathogeénes a affecter le systtme immunitaire
humain, ces infections mixtes peuvent aussi renforcer la susceptibilité des malades envers
d’autres pathogeénes (Pedersen & Fenton, 2006). Les personnes atteintes d’helminthiases
auraient ainsi plus de risques d’étre par la suite co-infectées par la malaria (Mwangi et al.,
2006) ou le virus du sida (Fincham et al., 2003). Il semblerait donc que, a une échelle locale
tout du moins, les NTD puissent jouer un role significatif dans la dynamique épidémiologique
et la lutte contre des maladies qui sont, par contre, « non-négligées ».

Globalisation des maladies tropicales négligées. Bien que la plupart des maladies
tropicales négligées se contractent dans des zones tropicales, les globalisations diverses et les
changements climatiques en font également une menace croissante pour la santé publique des
pays tempérés. Plusieurs épidémies ou risques d’épidémies de maladies qui étaient jusque la
confinées a des zones tropicales sont ainsi attribués a 1’introduction de pathogénes par des
touristes, migrants (Vazeille et al., 2007 ; Norman et al., 20/0) ou animaux (Altizer et al.,
2011) issues des zones endémiques, ainsi qu’a I’introduction (Derraik 2006) et 1’extension
jusque dans les milieux tempérés des niches écologiques (Gonzalez et al., 2010) des vecteurs.

Les maladies tropicales négligées constituent donc un enjeu scientifique et de santé
publique essentiel, non seulement parce que le fardeau qu’elles font peser directement sur les
populations des pays tropicaux est trés importants, mais également parce qu’elles
interagissent avec les autres principales maladies affectant ces populations, et enfin car leur
impact tend a dépasser substantiellement le contexte tropical.



Tableau 1. Impact sanitaire des maladies du Big three et des maladies tropicales négligées :
estimations récentes et distribution géographique. Tous les chiffres du tableau sont exprimés
en « milliers ». Les données présentées correspondent aux estimations données par I’OMS
pour la période 2004 — 2011, complétées par d’autres travaux (Hotez et al., 2006, 2007).

Mortalité DALYs perdus/an Prévalence ou nombre de

annuelle nouveaux cas par an
Sida 1.776 58.513 31.395
Tuberculose 1.342 34217 11.100
Malaria 827 33.976 241.340
Rage 55 1.740 382
Dengue 16 670 8.951
Lépre 12 194 192
Trachome 0,08 1.334 6.246
Pian 0 - 2.500
Ulcére de Buruli - - 5
Maladie du sommeil 54 1.673 30
Leishmaniose 26 1.974 12.000
Maladie de Chagas 10 430 6.508
Cysticercose 50 - -
Schistosomiase 44 1.707 261.054
Helminthiases intestinales | 3 3.955 150.942
Strongyloidose 1,4 58 65.000
Echinococcose 0,25 3.600 1.200
Filariose lymphatique 0,19 5.941 65.458
Onchocerciase 0,08 389 907
Fasciolase - - 2.400
Dracunculose - 100 10
Big three 3.945 126.706
NTD 272 23.764

1.3 Controle des maladies tropicales négligées

Les stratégies de controle employées contre les maladies tropicales négligées varient
d’une maladie a ’autre, et sont détaillées dans le tableau 2. Parmi les 18 NTD considérées ici,
seule la lutte contre la strongyloidose n’a toujours pas bénéficiée du développement de
stratégies de santé publique spécifiques (OMS).

Le contrdole des NTD commence souvent par une meilleure éducation et une meilleure
information sur les comportements a adopter pour limiter la transmission des pathogenes. De
telles stratégies reposent typiquement sur des indications relatives a 1I’hygi¢éne de vie et
I’aménagement de 1’habitat humain. Par leur comportement, les populations informées
peuvent ainsi réduire le risque d’exposition aux pathogenes (maladie de Chagas, cysticercose,
échinococcose, dracunculose, trachome) et/ou aux vecteurs (dengue, maladie de Chagas,
trachome).



Tableau 2. Maladies tropicales négligées : principales stratégies de contrdle, zones ou elles ne
représentent plus un probléme de santé publique, et tendances épidémiologiques a court et moyen
terme (Feasey et al., 2009, First WHO report on neglected tropical diseases).

Stratégies de controle

Zones assainies

Tendances

Controéle ou traitement des hotes

Europe de ’ouest, et la

Risque d’augmentation du

Rage animaux, médication thérapeutique, | plupart des zones urbaines . .
] s L. . fardeau économique
vaccin d’Amérique latine
Aménagement de I’habitat, controle 1§u gmentatlon globale de
Dengue I’incidence et de la
des vecteurs R . .
distribution géographique
o TR 119 pays des 122 pays . e
\ Détection, médication e Incidence annuelle réduite a
Lépre B : considérés comme . .
thérapeutique - un niveau stable depuis 2005
endémiques
Stryat'eg1§ « SA,FE > C hlrurglez‘ Elimination globale en tant
Trachome médication thérapeutique, hygiene Iran, Maroc, Oman ey v
. . T que cause de cécité d’ici 2020
faciale et aménagement de 1’habitat
Pian Médication thérapeutique Nombreux pays a travers le Manque d’information. Ré-

Ulcére de Buruli

Détection, médication
thérapeutique

monde

érmergences locales

Manque d’information

Mal. du sommeil

Détection, médication
thérapeutique, contrdle des
vecteurs, contrdle ou traitement des
hétes animaux

Détection, médication

Plusieurs pays d’Afrique sub-
saharienne

Risques de ré-émergences

Augmentation globale de
I’incidence et de la
distribution géographique.

Leishmaniose thérapeutique, contrdle des vecteurs Emergence des co-infections
et des hotes animaux avec le sida. Risque de
résistance du pathogene aux
médications thérapeutiques.
Controle des vecteurs,
aménagement de I’habitat, hygiéne En déclin, mais risques de ré-
Mal. de Chagas de vie, surveillance des dons de émergences et d’expansion
sang ou d’organes, contrle ou géographique
traitement des hotes animaux
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Le contrdéle des NTD fait aussi appel a une meilleure surveillance épidémiologique, et
donc a la détection des individus infectés, afin de pouvoir les traiter mais aussi de réduire leur
chance de transmettre le pathogéne (lépre, ulcére de Buruli, maladie du sommeil,
leishmaniose, maladie de Chagas, cysticercose, dracunculose). Dans le cas de la dracunculose,
la détection d’individus infectés est souvent suivie d’une mise en confinement, toujours afin
de réduire leur chance de transmettre le pathogene.

Sans surprise, les stratégies de santé publique développées pour contrdler la grande
majorité des NTD impliquent I’administration de soins thérapeutiques aux individus infectés:
rage (pour laquelle il existe méme un vaccin), lépre, trachome, pian, ulcére de Buruli, maladie
du sommeil. leishmaniose, schistosomiase, helminthiases intestinales, filariose lymphatique,
onchocerciase, fasciolase.

Nombreuses NTD sont transmises par des insectes vecteurs. La lutte contre ces
maladies passe donc souvent par le controle de ces mémes vecteurs, comme c’est le cas pour
la dengue, la maladie du sommeil, la leishmaniose, la maladie de Chagas, la schistosomiase,
la filariose lymphatique, I’onchocerciase et la dracunculose.

Nombreuses NTD persistent également grace a ’existence d’hotes animaux. Une
stratégie de lutte contre ces maladies consiste donc a contrdler la démographie de ces animaux
(abattage, stérilisation) et/ou a traiter les animaux infectés. Dans la grande majorité des cas,
les animaux vis€s sont domestiques et/ou a forte valeur économique, comme les chiens (rage,
leishmaniose, maladie de Chagas, échinococcose) et le bétail (rage, maladie du sommeil,
cysticercose, échinococcose).

La lutte contre les maladies tropicales négligées a déja remporté des succes notoires. 1l
existe notamment des traitements ou médications particulierement efficaces, comme par
exemples 1’utilisation d’anitibiotiques (rifampicine, streptomycine, benzathine penicilline,
dapsone et clofazimine) contre 1’ulcére de Buruli, le pian et la Ieépre, ou de fermifuges
(ivermectine, albendazole, diéthylcarbamazine) contre la filariose lymphatique, et méme un
vaccin contre la rage (First WHO report on neglected tropical diseases).

Certaines maladies tropicales négligées font depuis longtemps 1’objet de programmes
de lutte spécifiques, et il existe également des possibilités de lutte simultanée contre plusieurs
de ces maladies (First WHO report on neglected tropical diseases). L’administration
d’ivermectine agit par exemple contre plusieurs helminthiases, comme I’onchocerciase, la
filariose lymphatique ou les helminthiases intestinales. Finalement, la lutte contre les
maladies du Big three pourrait elle-méme bénéficier d’un meilleur contréle des NTD, c’est
pourquoi de plus en plus d’auteurs appellent a intégrer les efforts de lutte contre ces 2 groupes
de maladies (Hotez et al., 2006 ; Emerson et al., 2008).

Grace a I’amélioration et/ou la combinaison de ces multiples stratégies de lutte, la
transmission de nombreuses maladies tropicales négligées est en déclin, comme la maladie de
Chagas ou la filariose lymphatique (tableau 2). De méme, certaines NTD ne représentent plus
un probléme de santé publique dans nombreux pays a travers le monde, comme la Iépre ou le
pian, et sont méme en voie d’éradication globale, comme la dracunculose (tableau 2).

Si ’impact sanitaire des maladies tropicales négligées est en diminution globale, certaines
d’entre elles sont malheureusement en expansion ou en ré-émergence, comme la dengue et
I’échinococcose (tableau 2). Les risques de ré-emergence persistent aussi pour celles dont la
surveillance manque de suivi épidémiologique, comme le pian par exemple, et méme pour
certaines maladies dont de nombreux foyers de transmission sont pourtant sous contrdles,
comme la maladie du sommeil ou 1’onchocerciase (tableau 2). Qui plus est, des risques de
développement de résistance des agents pathogenes aux traitements thérapeutiques sont aussi
confirmés ou suggérés pour la leishmaniose (Sundar et al., 2000), les helminthiases



intestinales et la schistosomiase (Geerts & Gryseels 2000), ainsi que 1’onchocerciase (Osei-
Atweneboana et al., 2007).

L’effort de lutte contre toutes les maladies tropicales négligées nécessite donc d’étre
maintenu. De nouvelles médications (Frew et al., 2009) ou stratégies de lutte contre les NTD
continuent d’étre proposées ou développées, comme par exemples celles permettant une
meilleure intégration des efforts de lutte contre les différentes helminthiases (Hotez et al.,
2007) ou contre les différents hotes vecteurs (van den Berg et al., 20/2). Enfin, nombreux
pays se sont engagés dans des plans de lutte contre les NTD dont les objectifs vont parfois
jusqu’a I’éradication d’ici la fin de la décennie actuelle (First WHO report on neglected
tropical diseases).

2. Production scientifique sur les maladies tropicales négligées

Je propose dans les pages qui suivent un bilan quantitatif des efforts réalisés pour
étudier 1’écologie, 1’évolution et le controle des maladies tropicales négligées. Dans un
premier temps, je compare la production scientifique globale produite pour les NTD et pour
les Big three ainsi que la production scientifique globale au sein du groupe des NTD. Dans un
deuxiéme temps, je compare de la méme manicre les contributions théoriques traitant des
NTD et des Big three, ainsi que la répartition de ces contributions entre les différentes NTD et
entre les différents champs que sont I’écologie, I’évolution et le controle.

2.1 Publications scientifiques

Les maladies tropicales présentes dans le tableau 1 sont dites négligées. L’objectif de
cette premicre partie est d’établir si ces maladies sont effectivement négligées en termes de
production scientifique globale et théorique.

Les maladies tropicales négligées le sont-elles en termes de production scientifique ?

Afin d’apporter des éléments de réponse a cette question j’ai répertorié¢ le nombre de
résultats de recherche obtenu sur la base de données bibliographiques Pubmed (National
Center for Biotechnology Information), en utilisant comme mots clefs la traduction anglaise
du ou des noms communs des 18 NTD (voir Annexe A.l.), et ce pour une période s’étalant du
1 janvier 1800 (date la plus ancienne qu’il soit possible de spécifier dans Pubmed) au 31
décembre 2011.

Sans surprise, le nombre de résultats obtenus pour les Big three (474920) surpasse
largement - de plus de 3 fois - celui obtenu pour I’ensemble des NTD (146541) (tableau 3).
Néanmoins, cette moindre production scientifique ne signifie pas nécessairement que 1’étude
de ces maladies est véritablement négligée par les scientifiques. Pour se faire une meilleure
idée de ces efforts relatifs, ces données doivent étre mises en relation avec 1I’impact qu’on les
maladies sur les populations humaines. J’ai donc calculé le ratio entre le nombre de
publications produites et deux des indicateurs les plus classiques de I’impact sanitaire que
sont le nombre de morts causées et le nombre de DALY's perdus a travers le monde (tableau
3).



Tableau 3. Big three vs NTD : production scientifique et impact sanitaire récent.
. Mortalité annuelle DALYs perdus/an
Période | Resultats Ratio pub./impact Ratio pub./impact
Pubmed Estimations (12(\)_5(2))1)11 /impac Estimations (12(‘]_(1)?)1’“ -/impac
. 1800-2011 | 474920 03 12 06 37
Big three 2005-2011 | 142678 3945.10 4 127.10 11
1800-2011 | 146541 03 54 06 62
NTD 2005-2011 | 31126 272.10 11 24.10 13

Lorsque I’on compare ces productions scientifiques aux estimations de 1’impact
sanitaire de ces 2 groupes de maladies, le ratio nombre de publications/impact sanitaire est, de
facon assez surprenante, en faveur des NTD. Le ratio publications/mortalité des NTD (54.10°
02) est ainsi 4,5 fois supérieur a celui des Big three (12.10°%), et la ratio publication/DALY's
est lui 1,7 fois supérieur (62. 10°* contre 37.10™*). Bien que la production scientifique totale
soit largement inférieure a celle concernant les Big three, celle-ci n’est donc pas biaisée au
regard du fardeau que représente ce groupe de maladies.

Il est possible que les ratio publications/impact sanitaire calculés pour les maladies
tropicales négligées soient surestimés, car certaines données sur I’impact de ces maladies
manquent (voir tableau 1), et parce que le handicap qu’elles causent est souvent sous-estimé
(Feasey et al., 2009, Fenwick 2012). Néanmoins un rapide calcul indique qu’il faudrait que ce
biais soit respectivement de I’ordre de 1 pour 14,6 et 1 pour 5,4 pour que la quantité de
publications concernant les NTD soit directement proportionnelle, respectivement, a la
mortalité et aux pertes de DALYs qu’elles induisent. On pourrait également objecter que sont
comparées des estimations récentes des impactes sanitaires, et un nombre cumulé de
publications scientifiques sur une large période de temps. Les chiffres du tableau 3 ne tiennent
pas compte, par exemple, du fait que certaines maladies — comme la tuberculose, la rage ou la
lepre — existent ou ont existé sous la forme d’endémismes pendant de nombreuses années
dans certains pays, et sont donc susceptibles d’avoir cumulé au cours du temps davantage de
publications scientifiques que des maladies dont 1’apparition (le sida par exemple) ou I’intérét
des scientifique (pour la dengue par exemple) a pu augmenter plus récemment. Afin d’évaluer
ce possible biais j’ai effectué les mémes comparaisons que précédemment, mais pour une
période allant des années 2005 a 2011 (tableau 3). La encore, le nombre de publications sur
les Big three dépasse largement le nombre de publications concernant les NTD, - d’un facteur
4,6, tandis que les différences de ratios publications/impact demeurent favorables pour les
NTD mais a des degrés moindres que sur la plus large période (facteur 2,8 pour la mortalité et
1,2 pour les DALYs). L’augmentation du rapport entre la production pour les Big three et les
NTD est due a une croissance du nombre d’études portants sur le sida (depuis les années
1980) qui se fait a une vitesse beaucoup plus grande que I’accumulation des études portants
sur les NTD (voir figure A.1 dans ’annexe A). Malgré cela, les ratios publications/impacts
des NTD restent supérieurs a ceux des Big three.

La production scientifique concernant les maladies tropicales négligées n’apparait
donc pas particulierement faible lorsqu’elle est comparée a I’impact de ces maladies sur les
populations humaines.

Existe-t-il des maladies tropicales effectivement négligées en termes de production
scientifique ?

Collectivement, les maladies tropicales négligées n’apparaissent donc pas négligées

par la communauté scientifique, mais il est possible qu’il existe une certaine hétérogénéité
dans la production entre ces maladies. Comme précédemment, j’ai donc comparé le nombre
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de publications parues entre 1800 et 2011, ainsi que des estimations récentes de leurs impacts
sanitaires, mais cette fois pour chacune des 18 NTD (tableau 4). Le nombre absolu de
publications est effectivement trés hétérogéne entre les maladies. Le pian ou ['ulcére de
Buruli représentent moins de 1% des publications a eux deux, alors que la somme des
publications concernant la schistosomiase, la leépre, la leishmaniose et 1’échinoccose
représente plus de 57% des publications sur les NTD. On observe aussi une forte
hétérogénéité dans les ratios publications/impacts. En comparant ces ratios a ceux des Big
three (tableau 3), on peut classer ces maladies selon 3 groupes, définis comme le groupe des
maladies « non-négligées », dont les ratios sont supérieurs ou égaux a ceux des Big three, le
groupe des maladies « négligées », dont les ratios sont inférieurs a ceux des Big three
(signalés par une étoile dans le tableau 4), et parmi celles-ci, des maladies « trés négligées »
lorsque les ratios ne dépassent la moitié des valeurs observées pour les Big three (signalés par
deux étoiles dans le tableau 4). Confirmant les résultats précédent, on peut ainsi montrer que
la plupart des NTD pour lesquelles des estimations ont été répertoriées sont « non-négligées »
pour la période allant jusqu’a 2011. Seules apparaissent « négligées » la maladie du sommeil,
la cysticercose et le trachome si I’on considére leur impact sanitaire en termes de mortalité ou
de DALYSs, respectivement. Apparaissent par contre comme «trés négligées » les
helminthiases intestinales et la filariose lymphatique si I’on considére leur impact en terme de
DALYs. Enfin, la comparaison n’est pas possible pour certaines maladies du fait de I’absence
d’estimations récentes de leur impact sanitaires (voir tableau 1). Comme précédemment, j’ai
aussi calculé ces ratios pour la période 2005-2011. La aussi la plupart des NTD apparaissent
comme « non-négligées » par rapport aux Big three. Si I’on se réfeére a la mortalité causée,
seules la cysticercose et la maladie su sommeil apparaissent comme « trés négligées », et si
I’on se réfere aux DALYs perdus, 1’échinococcose et la maladie du sommeil apparaissent
comme « négligées », les helminthiases intestinales, le trachome et la filariose lymphatique
comme « tres négligées ».

On peut donc conclure qu’en termes de publications scientifiques, certaines maladies
tropicales sont bel et bien négligées voire trés négligées, mais celles-ci sont en plus petit
nombre que ce qui est communément admis, et ces degrés de négligence dépendent beaucoup
du type d’impact sanitaire considéré. La seule maladie qui apparaisse négligée ou tres
négligée par les études scientifiques lorsque I’on considere a la fois la mortalité et les pertes
de DALYs est la maladie du sommeil, ce qui ne fait que renforcer I’idée selon laquelle elle
fait partie des maladies répondant le plus a la définition des maladies tropicales négligées
(Feasey et al., 2010).
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Tableau 4. Maladies tropicales négligées : production scientifique et impact sanitaire récent.
Les ratios publications/impact sanitaire sont calculés en utilisant les estimations répertoriées
dans les colonnes 2 et 3 du tableau 1.

Résultats Pubmed Ratio publications/impact

Mortalité annuelle

DALYs perdus/an

(%0 des NTD) (10°%) (10%)
1800-2011 2005-2011  1800-2011  2005-2011  1800-2011  2005-2011

Schistosomiase 26931 (18,4) 4321 (13,3) 61 10 158 25
Lépre 22448 (15,3) 2817 (8,7) 192 24 1158 145
Leishmaniose 17827 (12,2) 5584 (17,2) 69 21 90 28
Echinococcose 16448 (11,2) 2696 (8,3) 6553 1074 46 7*
Rage 11669 (8,0) 2218 (6,8) 21 4 67 13
Mal. de Chagas 11669 (7,7) 3460 (10,6) 114 35 262 80
Dengue 9290 (6,3) 4563 (14,0) 58 28 139 68
Helm. intestin. 7496 (5,1) 778 (2,4) 270 28 19%* 2¥*
Cysticercose 5295 (3.6) 1150 3,5)  11* P - -
Trachome 4085 (2,8) 581 (1,8) 5044 717 31%* 4x*
Onchocerciase 4032 (2,8) 526 (1,6) 4838 631 104 14
Mal. du sommeil 3913 (2,7) 1345 (4,1) 7% 2 23% g
Fasciolase 3228 (2,2) 676 (2,1) - - - -
Strongyloidose 3163 (2,2) 560 (1,7) 220 39 544 96
Filariose lymph. 1855 (1,3) 710 (2,2) 1003 384 3k 1**
Dracunculose 1854 (1,3) 189 (0,6) - - 185 19
Pian 868 (0,6) 53(0,2) - - - -
Ulcére de Buruli 485 (0,3) 298 (0,9) - - - -
NTD 146541 32525 54 11 62 13

Quelle est la part des études théoriques dans les publications sur les maladies tropicales
négligées ?

Dans le cadre de cette theése, il était également important de s’intéresser plus
spécifiquement aux travaux théoriques concernant les maladies tropicales négligées. J’ai donc
répertorié le nombre de publications théoriques sur les Big three et les NTD, toujours sur la
base de données bibliographiques collectées dans Pubmed. J’ai pour cela ajouté a la recherche
précédente les mots clés « AND(MATHEMATICAL)AND(MODEL*)) ». L’utilisation des
approches théoriques en biologie s’étant significativement développée dans les dernieres
décennies, j’ai a nouveau réalisé¢ ma recherche non seulement entre 1800 et 2011, mais aussi
entre 2005 et 2011. (tableau 5).

Tableau 5. Big three vs NTD : production scientifique théorique. Entre parenthése sont
donnés les ratios production théorique/scientifique calculés a partir des données du tableau 3,
et exprimés en taux de 1 pour 1000.

Période Sida Tuberculose Malaria Big three | NTD
Résultats | 1800-2011 1099 (4,7) | 212 (1,1) 283 (4,7) | 1538(3,2) | 331 (2,3)
Pubmed | 2005-2011 568 (6,5) | 116 (3,4) 157(8,2) | 808 (5,7) | 159(5,1)

Sans surprise, le taux de contribution théorique est supérieur pour la période 2005-
2011 pour les Big three comme pour les maladies tropicales négligées. Le nombre de travaux
répertoriés est supérieur pour les Big three quelque soit la période considérée; il est 1,4 fois
supérieur entre 1800 et 2011, et 1,1 fois supérieur ente 2005 et 2011. On peut d’ailleurs
remarquer que la quantité¢ d’articles produits pour les 18 NTD est approximativement la
méme que pour la seule malaria; 331 vs 283 entre 1800 et 2011, et 159 vs 157 entre 2005 et
2011. Néanmoins les taux de contribution théorique se sont resserrés entre les Big three et les
NTD, si bien que la différence entre eux n’est statistiquement significative que sur la période
1800-2011 (test de proportion: p-value<3E-09). Aujourd’hui, la contribution des travaux
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théoriques a la production scientifique globale pour les NTD est donc sensiblement la méme
que pour les Big three (p-value=0.25).

La contribution des travaux théoriques a 1’étude des maladies tropicales négligées
parait donc faible, puisqu’elle est systématiquement inférieure a 10%o des publications
scientifiques (tableau 5). Dans un exercice de revue similaire a celui effectué ici, Otto et Day
(2001) ont estimé que le pourcentage de publications faisant appel a des modeles théoriques
non statistiques était de 59% dans American Naturalist, 35% dans Ecology et 35% dans
Evolution. Une partie de cette différence est probablement expliquée par la différence entre
les méthodes de recherche et la diversit¢ des revues concernées. Comme le faisaient
remarquer Otto et Day (2001), I'utilisation du mot clé « Math » ne permet pas de répertorier
la totalité des modeles théoriques. En outre il est vraisemblable que les 3 revues citées ci-
dessus soient particulierement ouvertes aux travaux de modélisation. Néanmoins, le chiffre de
10%o0 reste indéniablement tres faible et trés vraisemblablement I’approche théorique fait
globalement défaut dans I’étude des maladies tropicales négligées.

Tout comme précédemment, a la suite de ces comparaisons globales, se pose la
question des hétérogénéités entre maladies tropicales négligées.

Quelles sont les maladies tropicales négligées étudiées par les approches théoriques ?

On observe effectivement une grande hétérogénéité a la fois dans le nombre de
publications théoriques concernant les différentes maladies tropicales négligées et ce qu’elles
représentent par rapport a I’ensemble de la littérature les concernant. Pour les périodes 1800-
2011 et 2005-2011, le nombre de travaux théoriques produits est beaucoup plus grand pour 2
maladies, la schistosomiase et la dengue, que pour les autres NTD. Ce nombre est méme tres
faible pour nombreuses maladies, ne dépassant pas 1’unité pour ’'ulcére de Buruli et la
dracunculose. La encore, en comparant ces contributions a celles des Big three (tableau 6), on
peut classer ces maladies selon 3 groupes définis arbitrairement: des maladies dont les
contributions des travaux théoriques sont supérieures ou égales a celles des Big three, des
maladies dont les contributions des travaux théoriques sont inférieures a celles des Big three
(signalées par une étoile dans le tableau 6), et parmi celles-ci, des maladies dont les
contributions des travaux théoriques ne dépassent pas la moitié des valeurs observées pour les
Big three (signalées par deux étoiles dans le tableau 6). Pour la période 1800-2011, cette
contribution est inférieure a celle des Big three pour toutes les NTD mises a part la
schistosomiase, la dengue, la rage, ’onchocerciase, la maladie du sommeil, la filariose
lymphatique, et le trachome. La tendance reste similaire pour la période 2005-2011, mis a part
pour les helminthiases intestinales dont la contribution théorique devient supérieure a celle
des Big three.

Si beaucoup de NTD ne semblent pas négligées par rapport aux Big three en termes de
ratio production scientifique/impact sanitaire (voir points précédents), la majorité le sont en
terme de contribution des travaux théoriques (tableau 6), ce qui porte a croire que ces niveaux
de contribution théorique ne sont pas directement liés aux impact sanitaires des NTD.
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Tableau 6. Travaux théoriques pour 1’étude des NTD. Entre parentheses sont donnés les
ratios production théorique/scientifique calculés a partir des données du tableau 4, et exprimés
en taux de 1 pour 1000.

Travaux théoriques (contribution a la
production scientifique totale, taux pour 1000)

1800-2011 2005-2011
Schistosmiase 123 (4,6) 49 (11,13)
Dengue 103 (11,1) 71 (15,6)
Rage 52 (4,5) 17(7,7)
Leishmaniose 30(1,7) * 11 (2,0) **
Onchocerciase 29 (7,2) 8 (15,2)
Echinococcose 27 (1,6) ** 12 (4,5) *
Maladie du sommeil 25(6,4) 8(5,9)
Maladie de Chagas 24 (2,1) * 14 (4,0) *
Helminthiases intestinales 19 (2,5) * 9(11,6)
Filariose lymphatique 17 (9,2) 8(11,3)
Lépre 14 (0,6) ** 2 (0,7) **
Trachome 14 (3,4) 8 (13,8)
Fasciolase 9(12,8)* 3(44)*
Cysticercose 4 (0,8) ** 2(1,7) **
Strongyloidose 4 (1,3) ** 1(1,8)**
Pian 2(23)* 0 **
Ulcere de Buruli 1(2,1)* 1(3,4)*
Dracunculose 1(0,5) ** 0 **

2.2 Travaux théoriques sur I’écologie, I’évolution et le controle des maladies tropicales
négligées

Parmi I’ensemble des travaux théoriques existants, je me suis finalement concentre sur
ceux dont I’objet est d’étudier 1’écologie, I’évolution et le contrdle des maladies tropicales
négligées par le biais de modeles de type systémes dynamiques, car ceux-ci correspondent
directement a 1’approche adoptée pendant ma these. Ceci exclue donc les modeles a vocation
plus descriptive, comme par exemple les modeles statistiques de caractérisation de niches
écologiques (ex : Gonzélez et al., 2010) ou d’estimation de risque (« risk assessment ») (ex :
Sarkar et al., 2010). Qui plus est, seuls ont été retenus les systeémes modélisés dont la
dynamique est décrite a I’échelle populationnelle (densité de pathogéne et/ou d’hdtes), ou par
des approches centrées sur les individus. J’ai exclu également les modeles qui décrivent la
dynamique-intra-hote des pathogenes a 1’échelle d’un seul individu héte lorsque ceux-ci ne
s’intéressent pas directement a 1’écologie et/ou 1’évolution des pathogenes. Bien que certaines
des questions qu’ils posent puissent bien siir étre intéressantes dans un contexte éco-évolutif,
ils ne décrivent pas la transmission entre hotes et leurs résultats sont donc difficilement
comparables a ceux présentés dans ma theése. Au total, les travaux recensés pour les 18 NTD
représentent un ensemble de 302 publications (tableau 7, voir I’annexe A.2 pour les références
bibliographiques).
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Tableau 7. Systemes dynamiques pour I’étude de ’écologie, 1’évolution et le controle des
maladies tropicales négligées. Entre parentheses, la contribution de chaque maladie a
I’ensemble des travaux retenus pour les NTD. Les maladies dont aucun modele n’a été
répertorié sont absentes du tableau.

Systémes dynamiques en écologie,
évolution et contréole des NTD

1800-2011 2005-2011
Schistosmiase 70 (23,2%) 22 (17,6%)
Dengue 69 (22,9%) 48 (38,4%)
Rage 40 (13,3%) 13 (10,4%)
Echinococcose 22 (7,3%) 7 (5,6%)
Onchocerciase 19 (6,3%) 7 (5,6%)
Helminthiases intestinales 17 (5,6%) 5 (4,0%)
Leishmaniose 15 (5,0%) 3 (2,4%)
Maladie de Chagas 13 (4,3%) 9 (7,2%)
Maladie du sommeil 11 (3,6%) 2 (1,6%)
Trachome 9 (3,0%) 6 (4,8%)
Leépre 6 (2,0%) 1 (0,8%)
Fasciolase 6 (2,0%) 0 (0%)
Pian 2 (0,7%) 0 (0%)
Filariose lymphatique 1 (0,3%) 0 (0%)
Cysticercose 1 (0,3%) 1 (0,8%)
Strongyloidose 1 (0,3%) 1 (0,8%)
NTD 302 125

Comme précédemment, les maladies les plus représentées sont la schistosomiase et la
dengue, auxquelles il convient d’ajouter cette-fois ci la rage. Ces trois maladies représentent a
elles-seules pres de 60% des travaux examinés pour la période 1800-2011, et plus de 66%
pour la période 2005-2011, Pour le reste des maladies le nombre de contributions oscille entre
0 et 22 pour la période 1800-2011, et entre 0 et 9 pour la période 2005-2011. Au contraire, la
filariose lymphatique, NTD dont I’impact sur les populations humaines est le plus lourd en
termes de perte de DALYs (preés de 6 millions par an, tableau 1), et dont la prévalence est
parmi les plus grandes (65 millions de gens infectés a travers le monde, tableau 1), est celle
dont I’étude de I’écologie, I’évolution et le contrdle fait le moins appel aux approches relevant
de la théorie des systémes dynamiques.

Les modeles pour maladies tropicales négligées risquent-ils I’endogamie ?

Je me suis également intéressé¢ a la diversité des auteurs associés aux 302 travaux
théoriques examinés. En effet compte tenu du faible nombre de travaux théoriques existant
pour la plupart des NTD (en moyenne 17 par maladie pour la période 1800-2011), il existe un
risque certain que la diversité des modeles soit encore plus faible que révélée par le seul
nombre de publications. Pour évaluer ce risque d’« endogamie » dans les travaux théoriques
concernant les NTD, j’ai utilisé un indice statistique tres utilisé dans I’étude de la dispersion
des données, le ratio variance/moyenne (RVM). Pour chaque maladie, j’ai calculé¢ le RVM de
la proportion du nombre de travaux total a laquelle ont participé chaque auteur (tableau 8).
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Tableau 8. Mod¢les pour I’écologie, 1’évolution et le contrdle des maladies tropicales
négligées: dispersion de la contribution des auteurs a I’ensemble des travaux produits pour
une maladie donnée (RVM). Les maladies absentes de ce tableau sont celles dont une seule ou
aucune publication n’a été examinée (voir tableau 7).

RVM Nombre de travaux

Dengue 1,04 69
Rage 1,31 40
Schistosomiase 1,48 70
Echinococcose 3,89 22
Maladie de Chagas 3,97 13
Helminthiases intestinales 4,3 17
Leishmaniose 5,13 15
Lépre 5,25 6

Trachome 6,55 9

Maladie du sommeil 6,81 11
Onchocerciase 8,42 19
Fasciolase 16,07 6

Pian 4018 2

Seules les trois maladies les plus étudiées (la schistosomiase, la dengue et la rage) ont
un RMV proche de 1, ce qui signifie une distribution relativement aléatoire de la contribution
des différents auteurs a I’ensemble des travaux produits pour ces maladies. Pour toutes les
autres maladies, le RMV est supérieur voire tres supérieur a 3. Ceci signifie que seuls
quelques auteurs ont participé a la plus grande partie de la production, ce qui n’est pas
surprenant compte tenu du petit nombre de ces travaux. Il semble donc que non seulement les
NTD font I’objet d’assez peu de travaux théoriques, mais en outre qu’il existe un fort risque
d’endogamie dans I’étude de leur écologie, évolution et controle.

De quelles thématiques relévent les contributions théoriques ?

Deux principales observations peuvent étre faites lorsque 1’on classe les travaux
théoriques selon les trois grandes thématiques qui nous intéressent dans le cadre de cette
thése ; I’écologie, I’évolution et le contrdle (tableau 9).

Premiérement, le nombre de travaux s’intéressant a 1’évolution des maladies tropicales
négligées est trés faible. Il ne représente que 5% de I’ensemble des travaux examinés, et une
grande part d’entre eux (7 sur 16) concerne uniquement la dengue.

Deuxieémement, le nombre de travaux concernant 1’écologie des NTD est souvent proche
voire supérieur au nombre de travaux portant sur le controle des NTD. Globalement, les
efforts faits pour modéliser 1’écologie des NTD sont donc loin d’étre systématiquement
utilisés pour soutenir des évaluations quantitatives de stratégie de contréle, méme si bien sur
les résultats de ces modéeles sont assez fréquemment discutés en termes de contrdle ou santé
publique.
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Tableau 9. Thématiques des travaux théoriques pour 1’étude des NTD. Aucune publication
retenue pour 1’ulcére de Buruli et la dracunculose (voir tableau 7).

Maladie Ecologie (%) Evolution (%) Controle (%)
Schistosmiase 28 (40%) 4 (6%) 38 (54%)
Dengue 50 (72%) 7 (10%) 12 (17%)
Rage 18 (45%) 0 22 (55%)
Echinococcose 13 (59%) 0 9 (41%)
Onchocerciase 5(26%) 1 (5%) 13 (68%)
Helminthiases intestinales 7 (41%) 0 10 (58%)
Leishmaniose 7 (47%) 1 (7%) 7 (47%)
Maladie de Chagas 7 (54%) 1 (8%) 5 (38%)
Maladie du sommeil 6 (55%) 1 (9%) 4 (36%)
Trachome 1 (11%) 0 8 (89%)
Lépre 2 (33%) 0 4 (67%)
Fasciolase 2 (33%) 0 4 (67%)
Pian 0 0 2 (100%)
Filariose lymphatique 1 (100%) 0 0
Cysticercose 0 0 1 (100%)
Strongyloidose 0 1 (100%) 0

NTD 147 (49%) 16 (5%) 139 (46%)

3. Principales problématiques abordées sur I’écologie, I’évolution et le
controle des maladies tropicales négligées

Cette derniere partie présente les principales questions sur I’écologie, 1’évolution et le
contrdle des maladies tropicales négligées pour lesquelles il existe des résultats théoriques.
Etant donné 1’absence ou le peu de travaux examinés pour la plupart des maladies, je me suis
limité a celles pour lesquelles il existait au moins 10 publications (tableau 7), a savoir la
schistosmiase, la dengue, la rage, 1’échinococcose, 1’onchocerciase, les helminthiases
intestinales, la leishmaniose, la maladie de Chagas et la maladie du sommeil.

Quelles sont les grandes problématiques abordées par les modéles pour 1’étude de I’écologie
des maladies tropicales négligées ?

Peu de travaux s’intéressent a la diversité intra-spécifique des agents pathogenes des
NTD, sauf pour la dengue (tableau 10). Ceci est sirement du au fait que la diversité des
souches du virus de la dengue (au nombre de 4) a de fortes conséquences sur 1’épidémiologie
cette maladie. En effet, si I’infection par une souche donnée procure une immunité vis-a-vis
de cette méme souche, elle tend aussi a accroitre la morbidité de la dengue lorsque 1’on est
ensuite infecté par une autre souche. Ce phénomene est connu sous le nom de « Antibody-
Dependent Enhancement » (Wahala & Silva 2011), et dans le cas de la dengue il peut avoir
des conséquences mortelles. Encore moins de travaux s’intéressent a la diversité inter-
spécifique des agents pathogenes responsables d’'une méme NTD, ce qui est logique puisque
la plupart d’entre elles sont causées par une seule espeéce. Il existe néanmoins quelques
travaux pour les helminthiases intestinales, la maladie de Chagas, 1’onchocerciase, la
schistosomiase et la maladie du sommeil.
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Tableau 10. Ecologie des maladies tropicales négligées : Problématiques abordées par les
modeles relevant de la théorie des systemes dynamiques. Abbréviations: Sc=schistosomiase,
De=dengue, Ra=rage, Ec=¢chinococcose, On=onchocerciase, HI=helminthiases intestinales,
Ch=maladie de Chagas, So=maladie du sommeil, Le=leishmaniose. (Voir le tableau A.1 dans
I’annexe A pour les références bibliographiques par maladie et par problématique)

Problématiques Maladies

Diversité des agents pathogenes Ch, De, HI, On, Sc, So
Densité-dépendance de la dynamique intra-hote | Ec, HI, On, Sc

Agrégation au sein de la population hote Ec, HI, On, Sc

Vecteurs ou hotes intermédiaires Ch, De, Ec, Le, On, Sc, So
Hotes définitifs non-humains Ch, Ec, Le, Ra, Sc, So
Age des hotes humains et acquisition

Ch, De, HI, Le, On, Sc

d’immunité

Les travaux portant sur la densité-dépendance de la dynamique intra-hote des
pathogenes, ou sur 1’agrégation des pathogeénes au sein des populations hdtes, ne portent que
sur des helminthiases (schistosomiase, échinococcose, onchocerciase et helminthiases
intestinales). En effet il s’agit 1a de deux caractéristiques classiques des systémes hotes-
macro-parasites en général, et beaucoup moins considérés dans le cas des micro-parasites.

Nombreuses NTD sont causées par des pathogénes dont le cycle de vie inclue des
hotes dits « vecteurs » ou « intermédiaires ». Parmi celles considérées ici, ces hotes sont des
insectes pour la dengue, I’onchocerciase, la leishmaniose, la maladie de Chagas et la maladie
du sommeil, des gastéropodes pour la schistosomiase, et des mammiferes pour
I’échinococcose. Dans la mesure ou le contrdle de ces vecteurs ou hotes intermédiaires fait
partie des stratégies de lutte couramment utilisées pour lutter contre ces maladies (tableau 2),
il est donc logique de trouver pour chacune d’entre elles plusieurs travaux théoriques
s’intéressant a ces mémes vecteurs ou hdtes intermédiaires. Le plus grands nombre de travaux
porte sur la dengue et son vecteur principal, les moustiques du genre Aedes. La diversité de
ces travaux est sirement en partie liée au fait qu’il s’agit de moustiques au fort pouvoir de
colonisation a travers le monde et d’adaptation au milieu urbain (Enserink 2008). Qui plus est,
ces moustiques sont capables de transmettre plusieurs maladies tropicales en plus de la
dengue, et font donc souvent 1’objet de publications transversales.

La transmission de nombreuses NTD se maintient aussi grace a I’existence d’hotes
définitifs non-humains, et c’est d’ailleurs le cas de toutes les maladies considérées ici mises a
part la dengue et 1’échinococcose. Le contrdle ou le traitement de ces hotes non-humains fait
partie des stratégies de lutte les plus utilisées contre la rage, 1’échinococcose, la leishmaniose,
la maladie de Chagas et la maladie du sommeil (tableau 2). Il est donc logique de trouver,
parmi les études sur I’écologie de ces maladies, plusieurs travaux théoriques qui prennent en
compte le réle de ces hotes non-humains (tableau 8). Enfin, il est également logique de
constater que les 2 maladies dont 1’écologie est étudiée par le plus grand nombre de travaux
théoriques s’intéressant aux hotes définitifs non-humains sont la rage et I’échinococcose,
c'est-a-dire les deux seules NTD dont les hotes humains sont trés peu susceptibles de
contribuer a la transmission, et la seule NTD — 1’échinococcose — pour laquelle ’homme n’est
pas un hote définitif mais intermédiaire.

Enfin, une autre thématique écologique tres étudiée est celle de la relation entre 1’age
des hotes humains et la morbidité des maladies. C’est notamment le cas pour des maladies
dues a I’infection par des vers telles que la schistosmiase ou les helminthiases intestinales, car
le nombre d’expositions au cours de la vie peut se traduire par I’acquisition d’une immunité
contre ces maladies. C’est aussi le cas pour la dengue, mais cette fois parce que 1’exposition
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successive a différentes souches du virus peut se traduire par une morbidité accrue voire
mortelle, comme expliqué ci-dessus pour les travaux s’intéressant a la diversité des souches
de pathogenes.

L’utilisation de mod¢les relevant de la théorie des systemes dynamiques pour 1’étude
de I’écologie des NTD semble donc corrélée aux stratégies de contrdles utilisées, mais aussi
au cycle de vie des pathogeénes, a leur dynamique intra-hdte, et aux interactions hotes-
parasites. A la vue de la littérature théorique et généraliste pré-existante (Diekmann &
Heesterbeek, 2000), les problématiques les plus récurrentes peuvent étre considérées comme
des problématiques classiques en parasitologie et épidémiologie des maladies infectieuses.

Quelle contribution des approches évolutives pour la lutte contre les maladies tropicales
négligées ?

Comme on peut le voir dans le tableau 7, la part des travaux théoriques pour I’étude de
I’évolution des NTD est tres faible. Ceci peut paraitre surprenant dans la mesure ou il existe
une riche littérature théorique générale (Kubiak et al., 20/0; Osnas & Dobson 2072) et
spécifique (Koella & Boéte 2003; Coutinho et al., /999) sur I’évolution des pathogenes et des
interactions hotes-pathogénes, et qu’une meilleure compréhension de cette évolution peut
contribuer a mieux lutter contre les maladies infectieuses (Dieckmann et al., 2002). Les
références bibliographiques de ces travaux sont répertoriés pour chaque NTD dans 1’annexe
A2.

Bien que la plupart de ces travaux s’inscrivent dans travaux ayant un intérét pour le
contrdle des NTD, trés peu des modeles utilisés incluent des processus de controle. Plusieurs
travaux théoriques se sont intéressés a la diversité des souches du virus de la dengue et leurs
interactions, car cette diversité a elle-méme de fortes implications quant aux interactions hote-
virus (Wahala & Silva 2011). A ce jour néanmoins, les contributions théoriques a I’étude de
I’évolution de la dengue au contrdle de cette méme maladie viennent probablement des
travaux sur I’introduction d’individus transgéniques au sein des populations de moustiques,
afin d’en réduire les capacités vectorielles.

La contribution de ces travaux au controle des helminthiases est encore plus faible. Au
sein de travaux examinés, elle se limite surtout aux conséquences que pourraient impliquer le
développement de phénomeénes de résistance contre les chemo-thérapies antihelminthiques
utilisées pour lutter contre ces maladies.

Pour quelles stratégies de contréole des maladies tropicales négligées existe-t-il des résultats
théoriques ?

Comme présenté précédemment, il existe plusieurs stratégies de controle des NTD
(tableau 2), et celles-ci varient d’une maladie a 1’autre selon le cycle de vie du pathogene et
selon les progres réalisés dans la recherche et le développement de ces stratégies. Certaines de
ces stratégies sont néanmoins davantage étudiées par les travaux théoriques, toujours selon la
maladie considérée (tableau 11).
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Tableau 11. Stratégies de controles des maladies tropicales négligées ¢tudiées a 1’aide de
modeles de type systemes dynamiques. Abbréviations: Sc=schistosomiase, De=dengue,
Ra=rage, Ec=échinococcose, On=onchocerciase, HI=helminthiases intestinales, Ch=maladie
de Chagas, So=maladie du sommeil, Le=leishmaniose. (Voir le tableau A.2 dans ’annexe A
pour les références bibliographiques par maladie et par stratégie de controle)

Stratégie de contréle Maladies
Aménagement de ’habitat humain Ch, De, Sc, So
Traitement ou vaccination des hotes intermédiaires Ec

Controle des vecteurs ou hotes intermédiaires Ch, De, Le, On, Sc, So
Traitement ou vaccin des hotes définitifs non-humains | Ec, Le, Ra, Sc, So
Controle des hotes définitifs non-humains Ch, Ec, Le, Ra, So
Education, campagne préventive De, Ec, De, Sc
Surveillance, traitement des hotes humains Ch, HI, Le, On, Sc, So
Vaccin des hotes humains De, HI, Le, Sc

Aménagement de [’habitat. Le contrdle par I’aménagement de 1’habitat humain est
étudié pour quelques maladies seulement. Il s’agit d’une des stratégies les plus étudiées dans
la lutte contre la schistosomiase. Dans le cas de cette maladie, cette stratégie correspond
souvent a un assainissement des eaux car la transmission a ’homme se fait typiquement par
contact avec les larves infectantes aquatiques.

Controle des vecteurs ou hotes intermédiaires. Le controle des vecteurs ou hotes
intermédiaires est une stratégie étudiée pour chacune des maladies dont la transmission fait
justement appel a des vecteurs ou hotes intermédiaires, sauf pour 1’échinococcose. Il s’agit
d’une des stratégies les plus étudiées pour la schistosomiase, ou elle correspond le plus
souvent a ’usage de molluscicides tuant les gastéropodes seravnt d’hote intermédiaire a
certains stades immatures du pathogéne. C’est aussi une stratégies trés étudiées pour la
dengue, I’onchocerciase, la maladie de Chagas et la maladie du sommeil. Dans le cas des 3
derniéres, cette stratégie correspond le plus souvent a I’'usage d’insecticides. Dans le cas de la
dengue, il peut également s’agir d’insecticide, mais aussi de I’introduction d’individus stériles
dans les populations de moustiques. L’échinococcose fait exception au controle des hotes
intermédiaires, mais il existe des résultats pour une autre stratégie de lutte ciblant ces hotes
intermédiaires: la vaccination des moutons.

Controle et traitement des hotes animaux. 11 existe également des stratégies de lutte
ciblant des hotes définitifs non-humains pour chacune des maladies pouvant persister dans ce
type d’hote, sauf pour les helminthiases intestinales. Le traitement et/ou la vaccination de ces
hotes est une stratégie tres étudiées pour la rage et 1’échinococcose, ce qui est logique puisque
ce sont deux maladies dont ’homme ne contribue pas ou trés peu a la transmission, et puisque
dans le cas de I’échinococcose I’homme est un hote intermédiaire. Le contrdle de ces hotes
non-humains est aussi tres étudié pour la leishmaniose. Comme pour la rage, il s’agit le plus
souvent d’un contréle des populations de chiens (et de renard pour la rage) par euthanasie
massive, ou par euthanasie limitée aux individus infectés. Les helminthiases intestinales font
exception ici malgré I’existence d’hotes définitifs non-humains (chien, chat) pour certains des
agents pathogenes. Ceci est néanmoins en accord avec le fait que ces hotes ne sont pas les
cibles des stratégies de contrdle communément utilisées pour lutter contre cette maladie.

Education des populations. 11 existe bien sr des résultats pour les stratégies de
controle s’appliquant au niveau des hotes humains pour toutes les maladies sauf la rage. Une
de ces stratégies consiste a éduquer les populations a risque afin qu’elles réduisent par elles-
mémes les risques d’exposition aux pathogenes. Cette stratégie est ¢tudiée pour quelques
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maladies seulement: la schistosomiase, la dengue et I’échinococcose. Dans le cas de
I’échinococcose, il s’agit justement d’une des stratégies de contréle communément utilisées
(tableau 2). Dans le cas de la schistosomiase, c’est une stratégie trés étudiée car elle permet
notamment de réduire les risques d’exposition des enfants, dont 1’attrait pour les jeux
aquatiques peut favoriser la mise en contact avec les larves infectantes.

Traitement des hotes humains. Les effets du traitement des hotes humains sont étudiés
pour la plupart des maladies considérées, ce qui est en accord avec I’usage fréquent de cette
stratégie dans la lutte contre les NTD (tableau 2). Il s’agit méme de la stratégie la plus étudiée
pour la schistosomiase, 1’onchocerciase et les helminthiases intestinales. Pour ces 3
helminthiases le mode de traitement considérée est le plus souvent I’administration de
médications telles que le praziquantel pour lutter contre la schistosomiase, ou I’ivermectine
contre I’onchocerciase et les helminthiases intestinales. Les résultats produits visent souvent a
répondre a des questions communes a ces 3 maladies : la distribution des médicaments doit-
elle se faire de maniere sélective ou massive ? Dans ce cas, quel pourcentage de la population
doit-on traiter ? A quelle fréquence ?

Vaccination des hotes humains. Enfin, il est intéressant de constater que, bien que
seule la lutte contre la rage bénéficie de I’utilisation d’un vaccin pour les humains (tableau 2),
il existe pourtant des résultats pour la schistosomiase, la dengue, la leishmaniose et les
helminthiases intestinales. Ce sont la des travaux trés minoritaires mais qui illustrent pour
certaines NTD I’existence de résultats théoriques sur 1’utilisation éventuelle de stratégies de
contrdle qui n’en sont encore qu’a 1’état de projet (ex : dengue).

A T'image des problématiques écologiques, les stratégies de controle étudiées
dépendent donc surtout du cycle de vie des pathogenes et des moyens de lutte existants et
utilisés dans la réalité. Néanmoins il existe aussi quelques résultats théoriques pour des
stratégies encore peu communes au sein des NTD, comme I’introduction d’insectes stériles
comme moyen de contréle des vecteurs, voire inexistantes pour la plupart de ces maladies,
comme |’utilisation de vaccin.

Les résultats se limitent-ils aux zones tropicales ?

Aujourd’hui les maladies tropicales négligées touchent essentiellement des
populations habitants les zones tropicales ou sub-tropicales mais certaines d’entre elles,
comme la rage ou I’échinococcose, ont existé sous la forme d’endémisme historique dans des
zones tempérées (Vitasek 2004 ; Moro & Schantz 2009), et nombreuses études théoriques
décrivent les risques futurs de voir une NTD toucher des pays riches et tempérés (de Wet et
al., 2001 ; Gonzalez et al., 2010). Dans le cas des travaux théoriques sur 1’écologie,
I’évolution et le controle des NTD on peut donc se demander si les résultats se restreignent a
des zones tropicales, ou si certains d’entre eux concernent des pays riches et tempérés ?
(tableau 12). Selon une liste de pays choisis arbitrairement (Australie, Canada, Corée du Sud,
Etats-Unis, pays européens, Japon et Nouvelle-Zélande), on peut voir d’apres le tableau 10
que des résultats s’adressant explicitement a un pays riche et tempéré ont été produits pour 7
NTD, et qu’ils représentent 14% des travaux examinés pour I’ensemble des NTD.
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Tableau 12. Travaux théoriques sur 1’écologie, I’évolution et le controle des NTD : résultats
faisant références aux pays riches et tempérés. (Voir le tableau A.3 dans 1’annexe A pour les
références bibliographiques par maladie et par stratégie de controle)

. | . . Mal. de
Rage Echinoc. | Lépre Fasciol. | Leishm. Chagas Dengue | NTD

Pays riches o o 0 o 0 0 0 o
et tempérés 22 (58%) | 12 (55%) | 2(33%) | 2(33%) | 2 (13%) 1 (8%) 2 (3%) 43 (14%)

Les maladies les plus concernées par ces pays riches sont I’échinococcose (55%) et la
rage (62%). Ceci n’est pas surprenant car elles persistent aujourd’hui encore a des niveaux
problématiques pour la santé publique de certains de ces pays, notamment a cause de la
présence d’hotes réservoirs domestiques ou sauvages (Vitasek 2004 ; Moro & Schantz 2009).
Ce dernier point est d’ailleurs reflété par le fait que la plupart des modeles retenus pour ces
maladies concernent justement des hotes non-humains. Néanmoins, il peut paraitre surprenant
que pour ces deux maladies qui sont pourtant parmi les plus étudiées des NTD (voir tableaux
4, 6 et 7), plus de la moitié¢ des modeles font référence a des contextes de pays riches et
tempérés, ce qui s’apparente a une forme supplémentaire de la négligence dont pourraient
souffrir les populations les plus touchées par les maladies tropicales négligées.

4. Conclusion générale

Si les maladies tropicales négligées font 1’objet de beaucoup moins de travaux
scientifiques que les Big three, elles n’apparaissent néanmoins pas négligées par les
scientifiques lorsque I’on met en perspective la quantité de publications produites avec
I’impact sanitaire des maladies en questions. Il existe d’ailleurs une quantité assez importante
de résultats théoriques sur 1’écologie et le controle de certaines d’entre elles, notamment la
schistosomiase, la dengue et, a moindre titre, la rage.

Néanmoins plusieurs constats s’imposent a 1’issu de ce chapitre 1. Premi¢rement, la
plupart des autres maladies font 1’objet de trés peu voire aucun travail théorique, alors que le
fardeau sanitaire ou économique qu’elles représentent n’en demeure pas moins un probléme
pour de nombreuses populations a travers le monde. Deuxiémement, il existe trés peu de
résultats théoriques sur I’évolution des maladies tropicales négligées en général, ce qui pose la
question de notre capacité a anticiper les conséquences a long terme des stratégies employées
pour lutter contre ces maladies. Nous sommes par exemple aujourd’hui dépourvu de bases
théoriques spécifiques aux maladies tropicales négligées sur lesquelles appréhender les
risques de développement de résistance des pathogenes ou des vecteurs. Il est tout a fait
probable que ceci contraigne fortement 1’optimisation de 1’utilisation des stratégies existantes,
et le développement de stratégies de controles alternatives. A 1’évidence, ceci invite a
développer des approches théoriques éco-évolutives pour 1’étude des maladies tropicales
négligées.
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Chapitre 2

Emergence et prévalence des maladies vectorielles
humaines transmises dans des populations de
vecteurs puits

2.1 Introduction

Beaucoup de maladies tropicales correspondent a des maladies vectorielles, transmises
par une ou plusieurs especes d’insectes. Parmi les maladies tropicales négligées (NTD), on
compte la leishmaniose, la maladie du sommeil, le trachome et 1’onchocerciase qui sont
transmises par des mouches, la dengue et la filariose lymphatique qui sont transmises par des
moustiques, et la maladie de Chagas qui est transmise par des punaises.

Les connaissances expérimentales et théoriques que nous avons sur la transmission de
ces maladies vectorielles ont été obtenues principalement pour des populations « sources »
(Pulliam 7988 ; Dias 1996) de vecteurs, c’est a dire des populations capables de persister
indépendamment de tout phénoméne d’immigration. Pourtant en de nombreuses
circonstances, ou les populations de vecteurs constituent des « puits » caractérisés par de
relativement faibles abondances d’insectes, ces maladies vectorielles sont néanmoins
transmises a ’homme dans des proportions tout a fait significatives. C’est le cas par exemple
pour la malaria (Baber et al. 207/0), la maladie de Chagas (Gourbicre et al., 2008) ou la
maladie du sommeil (Rogers et al., 7/984). Les études de la transmission dans de telles
populations sont bien moins nombreuses, notamment car les faibles densités de vecteurs
typiquement observées dans ces populations rendent difficile I’obtention de données de
terrain (Dumonteil et al., 2009 ; Abad-Franch et al., 20/0). La transmission des maladies
vectorielles dans les populations puits demeure donc peu sinon pas étudiée.

Déterminer les facteurs clés affectant la transmission dans ces conditions est essentiel
car les parasites sont trés vraisemblablement transmis dans des populations puits bien plus
souvent que la littérature ne le porte a croire. Ces populations puits se trouvent en effet a 1’état
naturel aux limites des niches écologiques des vecteurs. Identifier ces facteurs permettrait
donc de mieux comprendre la transmission des parasites aux bords des aires de répartition des
vecteurs, ce qui est évidement important dans un contexte ou ces aires de distributions
évoluent avec le réchauffement climatique (Githeko et al., 2000 ; Kovats et al., 2001). En
outre, a l’'intérieur méme de leurs aires de répartition, les vecteurs se développent
généralement dans des habitats hétérogénes constitués des mosaiques de zones sources et de
zones puits. Comprendre la dynamique de transmission des parasite nécessite donc de
comprendre ses déterminants dans ces deux types d’environnements. Finalement, par essence,
le contrdle vectoriel a pour objectif de transformer des populations de vecteurs sources en
populations puits. Mieux connaitre les dynamiques de transmissions de parasite par des
populations puits de vecteurs doit donc également permettre de mieux comprendre les
phénomenes de persistance et/ou ré-émergence des pathogénes lorsque le contrdle échoue.

L’objectif de ce travail était donc d’obtenir des résultats théoriques sur les conditions
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d’émergence et des niveaux de persistance de maladies vectorielles transmises dans des
populations de vecteurs puits. L’idée était d’identifier quels étaient, dans ces conditions
entomologiques, les parametres clés de la transmission des principales maladies vectorielles
affectant ’homme, et ainsi d’identifier des objectifs prioritaires pour les travaux empiriques,
particulierement difficiles dans ces situations de faible abondance vectorielle.

La stratégie de modélisation employée dans ce chapitre est celle du développement d’
« core model », comme utilisé par Wonham et al. (2006) pour 1’étude de la transmission des
arbovirus. Cette stratégie consiste a construire un modele sur la base du plus petit
dénominateur commun aux modeles existant pour différentes maladies vectorielles. Elle
comporte deux principaux avantages : celui de pouvoir utiliser un modeéle commun pour
plusieurs maladies et ainsi faciliter les comparaisons entre elles, et celui d’offrir la perspective
de développements futurs plus spécifiques a partir d’une référence commune. Le modele
construit est un modele a compartiments de type SIRS (« Susceptible-Infectious-Recovered-
Susceptible »), et considere la transmission a des hotes humains et non-humains. Le modéle
est appliqué a 6 maladies vectorielles : la malaria, quatre NTD (la dengue, la maladie du
sommeil, la leishmaniose et la maladie de Chagas), et I’encéphalite japonaise. Le modele est
paramétré a I’aide d’une large revue de la littérature ayant permis de collecter les estimations
répertoriées au sein de la littérature.

Les prédictions obtenues pour la probabilité¢ d’émergence et la prévalence au sein des
populations humaines confirment que les niveaux de transmission au sein de ces populations
peuvent potentiellement €tre préoccupants pour chacune des 6 maladies puisqu’ils sont
typiquement de 1’ordre de quelque pourcents pour la dengue, la leishmaniose et 1’encéphalite
japonaise, et peuvent atteindre des valeurs supérieures a 15% pour des maladies a plus longue
durée d’infection telles que la malaria et les trypanosomiases américaine et africaine. Les
analyses de sensibilité montrent que la démographie et le comportement des vecteurs sont les
facteurs clefs expliquant les probabilités d’émergence et les niveaux de prévalences des 6
maladies. Ces résultats soulignent I'intérét de prendre en compte les dynamiques de
transmission des maladies vectorielles au sein de meta-populations de vecteurs, et par la suite
de réfléchir aux interventions de contrdle dans le contexte de dynamiques spatialisées.

2.2 Emergence and Prevalence of Human Vector-Borne Diseases in Sink

Vector Populations (article accepté pour publication)
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Abstract

Vector-borne diseases represent a major public health concern in most tropical and subtropical areas, and an emerging
threat for more developed countries. Our understanding of the ecology, evolution and control of these diseases relies
predominantly on theory and data on pathogen transmission in large self-sustaining ‘source’ populations of vectors
representative of highly endemic areas. However, there are numerous places where environmental conditions are less
favourable to vector populations, but where immigration allows them to persist. We built an epidemiological model to
investigate the dynamics of six major human vector borne-diseases in such non self-sustaining ‘sink’ vector populations. The
model was parameterized through a review of the literature, and we performed extensive sensitivity analysis to look at the
emergence and prevalence of the pathogen that could be encountered in these populations. Despite the low vector
abundance in typical sink populations, all six human diseases were able to spread in 15-55% of cases after accidental
introduction. The rate of spread was much more strongly influenced by vector longevity, immigration and feeding rates,
than by transmission and virulence of the pathogen. Prevalence in humans remained lower than 5% for dengue,
leishmaniasis and Japanese encephalitis, but substantially higher for diseases with longer duration of infection; malaria and
the American and African trypanosomiasis. Vector-related parameters were again the key factors, although their influence
was lower than on pathogen emergence. Our results emphasize the need for ecology and evolution to be thought in the
context of metapopulations made of a mosaic of sink and source habitats, and to design vector control program not only
targeting areas of high vector density, but working at a larger spatial scale.
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Introduction efficient control strategies [26]. These studies typically focus on
highly endemic areas, where pathogens are transmitted by large
self-sustaining ‘source’ populations [27,28] of key vectors of
human diseases; mosquitoes (Anopheles, [29], Aedes, [30], or Culex,
responsible for the transmission of the well-known malaria, West- [31]), flies (Glossina, [32], and phlebotomines, [33]), or triatomines

Nile virus, yellow fever, Japanese encephalitis, as well as a cluster (Triatoma infestans, [34,35], and Rhodnius prolixus, [36]).
of so-called ‘neglected tropical diseases’ such as dengue, leish- ;

maniasis, human American and African trypanosomiasis [3]. All

Vector-borne diseases represent one of the biggest challenges to
the current and future human wellbeing [1,2]. Various insects are

However, vector populations can also be ‘sink’ populations
wherever the environment does not provide suitable conditions for
reproduction or survival of individual vectors, so that such ‘sink’
populations cannot sustain themselves and have to be sustained by
10% of human deaths [4-7], and contribute substantially to immigration [27,28]. Sink populations have been described for the
impoverishment by imposing annually a burden of more than 50 vectors of human African trypanosomiasis [37], Chagas disease

million of disability-adjusted life years (DALYs) [4-9]. Vector- [38], and malaria [39]. Although much less attention has been
borne diseases are also becoming a serious health-concern for

these diseases have severe impacts on many tropical and
subtropical countries, where they are responsible for around

paid to such populations, they are likely to play a significant role in

more developed countries [10-13], because of the expansion of the transmission of vector borne diseases. In highly endemic areas,
vectors geographic distribution in response to climatic changes vector control is a key strategy to lower the impact of those diseases
[14-19], or the accidental introductions of vectors or pathogens on humans [3,40] through chemical [41-43] or biological control
through increasing international migration and commercial [44-46]. However such campaigns are unavoidably restricted in
exchanges [20-23]. their local efficacy and/or spatial coverage [47,48], so that

A large body of empirical and theoretical studies on human partially controlled populations effectively constitute ‘anthropic’
vector-borne diseases has contributed to our understanding of the sinks sustained by immigration from wild or non-targeted areas
importance of vectors ecology and evolution in disease transmis- [49-54]. Vector populations can also be ‘natural’ sinks either in

sion (e.g., [24]), pathogen evolution (e.g., [25]) and the design of the core of their niche, when the habitat is heterogeneous, or at the
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border of the niche [37,55-57]. Such populations will be the
typical pathogen environment where vectors spatial distributions
are expanding following environmental changes [17-19]. A better
knowledge of pathogen transmission in sink vector populations is
thus critically needed to address two main challenges to human
health associated with vector-borne pathogens: the persistence of
transmission in highly endemic areas despite ongoing vector
control programs [35,58], and the prediction of the risk of disease
emergence in areas where vectors are expanding because of
environmental changes [14,59,60].

The spread of vector-borne pathogens is commonly thought to
critically rely on vector demography and feeding rates (e.g., [61]).
In sink populations, vector immigration and local (negative)
growth rate will undoubtedly be two key demographic processes,
since species abundance has repeatedly been demonstrated to
depend on the balance between them [27,28]. In such populations
one can also anticipate that, given the low vector abundance, the
number of contacts each individual is able to make with hosts will
have a critical impact on transmission. A quantitative assessment
of such qualitative predictions requires to tightly link transmission
and the two main determinants of vector feeding; the minimal
amount of time elapsing between two blood-meals (e.g., [61]), and
the host availability and accessibility (e.g., [62]). Clearly, the fate of
vector-borne pathogens in sink vector populations will also depend
on the ease of the transmission when contacts are established, and
on the within-host dynamics of the pathogens. Critically, those last
two determinants of disease dynamics show significant variations
among human vector-borne diseases (e.g., [24]). Unfortunately,
the typically low vector abundances encountered in sinks make it
difficult to set up field experiments to look at these different
components of vector transmission in such populations [63,64].

In the present work, we aim to produce theoretical insights into
key human pathogens’ transmission in sink vector populations.
Our general objective is to identify the key processes determining
the emergence and subsequent prevalence of pathogens in such
vector populations to help specifying priority targets for future field
studies. We adopted an approach inspired from [65] that consists
of developing a unique ‘core model” including the main processes
described above and involved in the transmission of major human
vector-borne diseases, not accounting for the more disease-specific
processes, such as seasonal forcing, host or pathogen diversity and
heterogeneity, which would divert from drawing general conclu-
sions and limit cross comparisons between diseases [65]. We
developed a SIRS model (‘Susceptible-Infected-Recovered-Sus-
ceptible’, e.g., [66] p. 247), which provides a simple description of
the key processes of vector demography and feeding that we
identified above, as well as of pathogen transmission and virulence.
This ‘core model’ includes human and alternative hosts, thereafter
generically referred to as ‘non-human hosts’, as these non-human
hosts can have profound effects on discase dynamics when the
pathogen is not specific to humans (e.g., [67]). Since a systematic
analysis of the model would be rather cumbersome, and irrelevant
in most of the highly dimensional parameter space, we focused on
six human diseases that, not only represent major public health
concerns, but also show contrasted patterns regarding the
existence or absence of non-human hosts, their vector’s life-history
and feeding rate, and the transmission and within-host dynamics
of their causal agents.

Importantly, there are two different ways for vector immigration
to influence the pathogen transmission [68]. When immigrating
vectors carry on the pathogens, they can have a direct effect not
only on vector abundance, but also on pathogen transmission.
Such a situation has been documented when tsetse flies [69],
sandflies [53] or triatomines [70-72] infest human habitat
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bringing in the pathogens. Immigration of non-infectious vectors
can also contribute to build-up a susceptible vector population,
where pathogens can subsequently be introduced by the arrival of,
e.g. mammals, hosts from endemic areas. It has indeed been
shown that both human [73,74] and non-human hosts [23,75]
have been the cause of pathogens’ introduction or re-introduction.
We thus investigated separately these two epidemiologically very
different situations within our ‘core model’.

Materials and Methods

Human Vector-borne Diseases

We considered three diseases with only human hosts; malaria
(MAL), dengue (DEN), and the Gambian form of human African
trypanosomiasis (HAT), which all together affect over 250 millions
people and kill around 900,000 humans every year [4,5,7]. We
also included three diseases with non-human hosts; Japanese
encephalitis (JE), American trypanosomiasis, often called Chagas
disease (CD), and visceral leishmaniasis (VL). Those additional
diseases are responsible for more than 50,000 human deaths a
year, and incapacitate several hundred thousands people [4,7].
Detailed descriptions of these diseases can be found in specialized
books (see [76-81] for MAL, DEN, HAT, JE, CD and VL,
respectively). Below we provide a brief summary of the main
differences in the characteristics of their vectors, non-human hosts
and pathogens, which were quantified by reviewing the literature.
S1 provides a detailed description of the origin of the data and
procedures used to obtain estimates of all parameters appearing in
Table 1.

Diseases with only human hosts. MAL and DEN are two
diseases transmitted by mosquitoes, while the vectors of HAT are
tsetse flies. Mosquitoes and tsetse flies have similar average
frequency of feeding (around 3 days), but tsetse flies tend to have
longer adult life-expectancy than mosquitoes (around 2 vs. 6
weeks) so that individuals can bite around 15 times vs. 5 for
mosquitoes, during the hematophagous stage of their life-cycle. On
the contrary, the transmission potential is lower for tsetse flies
(around 0.008) than for mosquitoes transmitting MAL (0.003-0.03
depending on the status of human host, see below) and DEN
(around 0.3). This transmission potential was defined as the
product of the probabilities of transmission from vector to host and
from host to vector, and was calculated from the median of the
range of parameter values that appear in Table 1. These three
diseases also differ in the way pathogens afflict their hosts. For
MAL and DEN, individuals first go through an infectious state,
which can last from a few days for DEN and up to several months
for MAL. Individuals infected with DEN can then recover and
acquire a life-long immunity, while hosts infected with MAL enter
a state of reduced infectivity [82,83] and eventually return to a
susceptible state after a few months or years. The course of HAT is
more singular. Infected hosts first enter an asymptomatic state,
usually called ‘phase 1°, followed by a symptomatic state, called
‘phase 2°, both of which lasting several months. Individuals in
phase 1 are infectious, while those in phase 2 are usually
considered as non-infectious, all the more as they may be under
treatment. Further, phase 2 is eventually fatal for humans not
pursuing treatment, and those surviving this phase do not acquire
immunity but return to the susceptible pool. Finally, disecase-
induced mortality is higher for HAT than for MAL and DEN.

Diseases with Non-human Hosts. JE, CD, and VL show
significant differences in their vector and pathogen’s within-host
dynamics. Sandflies have similar feeding frequency (around 3 days)
and life-expectancy (around 2 weeks) to mosquitoes, but
triatomines are very unusual vectors. Although they feed less
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frequently (around 1-4 weeks), adults live for several months so
that they can bite 10-30 times. The transmission potential
between vectors and human hosts is larger for VL (around 0.08)
than for JE (around 0.007) and for CD (around 0.002 and 1.10>
for human hosts with acute and chronic infection, respectively).
The transmission potential between vector and non-human hosts
shows a similar trend, with larger probabilities for JE (around 0.28)
than for VL (around 0.05) and for CD (around 0.002 and 4.10*
for non-human hosts with acute and chronic infection, respective-
ly). The course of the disease in hosts also differs between the three
diseases. Human hosts affected by VL and JE go through an acute
and infectious state that last a few days for JE, or up to several
months for VL. Once they have recovered, individuals are
immune for the rest of their life. Disease-induced death rate during
the infectious state can be very high for both diseases, and humans
suffering from VL will eventually die if not treated. JE, CD and
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Table 1. Parameters definition and range of values.

Parameter definition Symbol Dimension MAL DEN HAT VL JE cD

Vector demography and feeding

Vector life expectancy 1/Ay days 1-15 1-15 1-45 1-15 1-15 1-210

Number of immigrants iy ind.day™' 10, 67] 10, 671 10, 22] 10, 671 10, 67] 10, 51

Fraction of infectious immigrants in, Jiv - 10, 0.02] 10, 0.02] 10, 0.02] 10, 0.02] 10, 0.02] 10, 0.35]
Minimal delay between blood-meals Ty days 12, 6] 12, 6] 12, 6] 12, 6] 12, 6] 17, 28]

Finding rate a day™’ 10, 1] 10, 1] 10, 1] 10, 1] 10, 1] 10, 1]

Host demography

Human abundance Ny ind. 1000 1000 1000 1000 1000 1000
Non-human hosts abundance Np ind. - - - 1000/6 1000/6 1000/6

Human natural life expectancy 1/dy years 60 60 60 60 60 60

Non-human natural life expectancy  1/dj, years = = = 3 1 3

Pathogen transmission

From vector to human hosts PHi - 0.01-0.13 0.50-1 0.50-0.70 0.20-0.40 0.01-0.04 0.6e >-3.8¢ 3
From vector to non-human hosts Phi - - - - 0.20-0.40 0.27-0.45 0.6e 3-3.8¢ 3
From infectious human to vector PVRy - 0.24-0.64 0.15-0.73 1.7e 3-25¢ 73 0.21-0.29 0.14-0.38 0.90-0.99

From ‘recovered’ human to vector P - 0.024-0.064 0 0 0 0 42e 7362073
From infectious non-human hosts i, - - - - 0.05-0.28 0.55-1 0.90-0.99

to vector

From ‘recovered’ non-human hosts PVR, - - - - 0 0 0.05-0.31

to vector

Pathogen within-host dynamics

Infectious human death rate @ dy, day™! 0.4e *-49e % 04e *-67.8¢ % 0.4e™* 27e %-43e7? 37.1e %026 0.4e *-11.9¢*
‘Recovered’ human death rate dr, day ™! 0.4e 0.4e 733e °-38¢ 2 04e * 0.4e 0.4e *-64.0e 4
Infectious human rate of recovery 1, day™’ 159e *-1.7e72 6.6e 2-033  12.8e “-83.3e * 55.6e ‘-1.1e7? 7.1e7?-0.50  1.7e 2-22e
Human rate of loss of immunity Ir, day ™! 0-1.1e 2 0.4e* 13.7e *-833e % 0 0 0

Infectious non-human hosts death dj, day ™! - - - 51.2e %461 27.4e *-461 9.1e *-20.5e *
rate @

'Recovered’ non-human hosts death  dp, day~’ - - - 9.1e™* 27.4e"* 9.1e *-12.8¢7*
rate

Infectious non-human hosts rate of day™’ - - - 9.1e %1 0.14-1 13e 2-22e 2
recovery

Non-human hosts rate of loss of Ir, day ™" - - - 1 0 0

immunity

Myector, human and non-human hosts natural death rates were estimated as 1/individual longevity. The range of variation of longevity (i.e. 1/death rate parameter
defined in the model), as those are the raw data found in the literature (see sections ‘Vector local growth rate’ and ‘Human and non-human hosts natural death rates’ in
;I;;eéteasgh)'rates were calculated as the sum of the natural death rate of human (dy) or non-human (d),) hosts and additional mortality imposed by the pathogen to
infectious and ‘recovered’ individuals (as calculated in section ‘Human and non-human hosts mortality induced by the pathogen’ in Text S1).
doi:10.1371/journal.pone.0036858.t001

VL’s pathogens are known to circulate in various non-human
hosts, although an understanding of the pathogens’ development
in those hosts remains limited. Here, we focused on emblematic
domestic hosts, dogs for VL and CD and swine for JE, as they are
claimed to be key actors regarding transmission, and they are
central to control strategies set up to limit the impact of these
discases. The course of VL in dogs or JE in swine is roughly
similar, except that infected dogs do not usually recover and
remain infectious until death, which can be natural, induced by
the disease, or due to euthanasia. The progress of CD in (human
or dog) hosts is different from the course of VL and JE (in humans,
dogs and swine). An acute phase, lasting several weeks, is followed
by a chronic and life-long phase and hosts are infectious in both
phases, although parasitemia is significantly lower in the chronic
stage of the disease [80].
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Modelling

The SIRS model. We developed a SIRS model ([66] p. 247)
to study the vector transmission of a pathogen between human
and non-human hosts. The complete model was used to
investigate diseases with non-human hosts (JE, CD, and VL),
and the number of such hosts was set to 0 when considering
diseases with only human hosts (MAL, DEN and HAT). In our
complete model, human and non-human hosts can be susceptible
(Su,Sp), infectious (Iy7,1) or belong to a last category (Ry,Ry),
whose exact meaning varies with the modelled disease. Human
hosts falling in this last category are thought to be recovered and
immune when considering DEN [84]. When modelling MAL and
HAT individuals with status Ry still carry the pathogen, but are
removed from the infectious category as they become much less able
[82,83] or unable to transmit [85]. For JE and VL, human (Ry)
and non-human (R}) individuals are thought to have recovered and
be immune to new infection [31,86]. Finally, when considering
CD, infectious human and non-human hosts are individuals in the
acute phase of the disease, while Ry and R; individuals have
entered the chronic phase, where there are fewer circulating
pathogens but hosts remain able to transmit [67]. Effectively, for
all diseases, individuals thereafter commonly referred to as
‘recovered’, are thus either not or much less able to transmit the
pathogen than when they are infectious.

Human host population size is assumed to be constant, and
equal to Npg, so that only the numbers of infectious and
‘recovered’ are modelled explicitly. Infectious humans die at rate
dy, (which includes natural death, dy, and discase-induced
mortality of infectious human hosts, v,), become ‘recovered’ at
rate 77, , and are gained through contacts of susceptible individuals
with infectious vectors (Iy) at rate Cyp (see section ‘Modelling
transmission with respect lo vector feeding’ for a formal expression). This
leads to a first ordinary differential equation:

dl,
7f=_(le+r1H>1H+CHVSHIV (1)

‘Recovered” humans die at rate dg, (which includes natural
death, dy, and disease-induced mortality of ‘recovered’ humans,
VR,), and can re-join the pool of susceptible by losing their
immunity (for MAL and DEN) or after treatment (for HAT) at
rate /g,. This leads to a second ordinary differential equation:

dR
d—;{Z_(dRH+lRH)RH+r1HIH (2)

The non-human host population is also assumed to be constant
(Np), and is modelled exactly in the same way as the human host
population, although demographic and transmission parameters
are allowed to take on specific values. This leads to define two
additional ordinary differential equations:

dl
7: =— (dlh +r1,l) I+ Gy Siply (3)
dRh

= (dRh +1Rh) R+, (4)

where d’h (which includes non-human hosts natural death, dj,, and

disease-induced mortality of infectious non-human hosts, vy,), r,,
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Chy, dRh (which includes natural death, dj, and disease-induced
mortality of ‘recovered’ non-human hosts, th), and / r, are
defined as for the human host population.

By contrast to human and non-human hosts, both the number
of susceptible and infectious vectors are modelled explicitly. Since
we are interested in sink vector populations, the local growth rate
of vectors is assumed to be negative (—Ay). Such a local growth
rate actually represents the net balance between vector’s births,
deaths and emigration, and 1/Ap corresponds to the average time
spent in the sink, or vector ‘longevity’ in the sink. Vector
population is sustained by immigration of individuals (iy), some
being susceptible (i, ), while others are infectious (i7,). Neglecting
vertical transmission, susceptible vectors become infectious only by
contact with infectious and recovered human and non-human
hosts at rate Cyy,,, Cyr,, and Cyy,, Cyg,, respectively (see section
‘Modelling transmission with respect to vector feeding’). The two ordinary
differential equations describing the temporal variations of the
vector population then read:

ds .

TIV:lSV_AVSV_CVIHSVIH_CVRHSVRH )
—Cyp, Syl —Cygr, Sy Ry

di .

7;/ =ir, —Avly + Cyiy Syly + Cyry Sy Ry

(6)
+Cyp, Sy i+ Crr, Sy Ry

Altogether equations 1-6, where Sy=Ny—Iy—Ry and
Sy =N;,—1I;,— Ry, define our SIRS model.

Modelling transmission with respect to
feeding. Key ingredients of any infectious disease model are
the rates of transmission of the pathogen (noted C in our model).
For vector-borne diseases, they usually are taken to be frequency-
dependent, assuming that each vector bites at a constant rate
[25,24]. In this contribution, we aim to look at the importance of
the vector feeding in determining this biting rate. We took
advantage of an original function of transmission [87], which links
explicitly the biting rate of the vector to two key ingredients of
vector feeding through a couple of parameters. First, the
proportion of the host population that has been found by a vector
within a given time period, thereafter referred to as ‘finding rate’
of the vector (a), which accounts for various features of vector
feeding behavior and host accessibility and availability. Second,
the minimal amount of time between two consecutive blood-meals
(Ty). Using this function one can write the rate at which vectors
become infected by contact with infectious humans:

vector

a
CVIH =Dviyg m (7)

where pyr,, stands for the probability of transmission (per contact)
from an infectious human host to a vector. Interestingly, when
considering a long delay between blood-meals (7;) or a high
finding rate (@), the Antonovics et al.’s function [87] tends towards
a frequency-dependent function of transmission, while in case of a
short delay (74) or a low finding rate (@), it becomes density-
dependent. All the other rates of contact (CHV;CVRH, Cuy, CVI,,,
Cyr),) can be expressed exactly in the same way, but changing the
probability of transmission (pyz,, above) and the number of hosts
(Nu above), with respect to the type of human or non-human hosts
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being considered. This function of transmission does not account
for any host preference. Such preferences have been documented
for most vectors of human pathogens, although the pattern of
vector feeding plasticity are still hard to measure and there is no
general understanding of their ecological and evolutionary
determinants [88]. Although host preference can have effects on
transmission [89] and control [90] of multi-host pathogens,
looking at these effects thus falls far behind the goal of this paper.

Analysis

Dynamical properties of the model. We first investigated
the dynamical properties of our model to determine conditions on
vector demography and feeding rates as well as on pathogen
transmission and virulence that allow for the spread and
persistence of vector-borne diseases in sink vector populations.
We identified the basic reproduction rate of the parasite, noted Ry
(e.g., [91]), the steady states of the model, and evaluated their
properties of local stability. The expression of the equilibrium
levels of susceptible/infectious/recovered humans and alternative
hosts were derived from basic methods to analyse second order
polynomial equations, and Cardan’s method to solve cubic
equations. The stability properties of these steady states were
established using standard Routh-Hurwitz criterion [92].

Quantitative investigations of the spread and persistence
of the pathogens. The expressions of the Ry or the level of
prevalence of the pathogens in human populations derived from
these analyses were then investigated quantitatively. Because
studies on sink vector populations are rare (see introduction), we
would not find estimates of all relevant parameters in a given field
site (as it can be for well documented source populations, e.g.,
[30,34]). This precluded us from performing standard sensitivity
analysis in the vicinity of a trustable set of parameter values
estimated on a specific population (e.g., [93]). Instead we used an
approach developed by [94], which consists of generating random
combinations of parameter values within the biologically plausible
range of these parameters (rather than around specific estimates).
In this way, we aimed at reproducing a representative set of
biologically sensible conditions that could be encountered by
different pathogens in various sink vector populations. We thus
used the estimates of the parameters of the model that could be
gained from our review of the literature (Text S1) to specify the
biologically relevant subset of the parameter space to be looked at
(Table 1).

We performed sensitivity analysis to identify which of the
parameters most strongly influence the value of Ry, and the
prevalence in humans. For each modelled disease, we generated
10,000 sets of parameter values by randomly sampling each
parameter within its identified range of plausible values according
to a uniform distribution. The assumption that parameters are
uniformly distributed has been used to model transmission in other
contributions (e.g., [95,96]). Potentially, considering alternative
distributions could change the quantitative details of the results,
though qualitative trends are likely to be robust as they reflect the
basic features of the source-sink situation we modelled (see
discussion). A uniform distribution is the simplest non-informative
assumption that can be made according to the principle of
‘insufficient reason’ [96] in the absence of data supporting a
specific pattern of variability, We then calculated the value of R
and the prevalence in humans for each of the 10,000 sets of
parameter values and used this to draw, for each disease, the
distribution of the expected values of Ry and of human prevalence
(Ig/Nyg and Ry /Np) in sink vector populations. A great value of
this approach is that the effect of a given parameter is quantified,
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while all other parameters are varied randomly within their range,
rather than when they take on given estimated values.

The effect of a given parameter on R can then be quantified by
a posterior: comparing the subsets of its values that were associated
with Rp>1 and with Ro<<1 in the 10,000 virtual populations that
we generated by sampling the plausible range of parameter values
[94]. If a parameter has a small effect on Ry, one expects this
parameter to take on similar values in populations where the
pathogen spreads (Ro>1) and in populations where it does not
(Rp<<1). In the opposite situation, whereby a parameter has a
strong effect on Ry, small changes in its value will be sufficient to
switch from a situation where the pathogen spreads to a situation
where it gets extinct. Accordingly, the larger the effect of a
parameter on Ry, the lower the overlap between the distributions
corresponding to the two subsets is expected to be. We thus
calculated the proportion p of the two distributions that
overlapped, and use 1—p as a measure of the effect of the
parameter being considered.

The effect of a given parameter on the percentage of human
individuals being infectious or recovered cannot be quantified as
its effect on Ry. As a matter of fact, in this case, one cannot define
two subsets of values corresponding to two qualitatively different
dynamical outcomes (such as, in the previous case, ‘spread’
corresponding to Ry>1, vs ‘extinction’ corresponding to Ro<<l).
Instead, we thus simply correlated the values of these percentages
(calculated while sampling in all the range of parameter values)
with the sampled values of the parameter being considered. We
then used the coefficient of determination of the regression to the
mean as a measure of the effect of the parameter on the
percentage of infectious or recovered individuals, since it typically
gives the proportion of the total variation of the dependent
variable that is accounted for by the explanatory variable. The
analytical expression of the equilibrium levels of susceptible/
infectious/recovered human and non-human hosts were evaluated
numerically for any given set of parameter values using
Mathematica [97].

Results

Conditions for the Spread of Vector-borne Pathogens in
Sink Vector Populations

The stability analysis of our model confirmed that the two
epidemiological situations presented in introduction, whereby
pathogens are introduced by immigrating vectors, or independently
ofvectorimmigration (i.c. via the accidental arrival of infected human
or non-human hosts in the sink population), are very different from a
dynamical system point of view. The dynamical behaviour of the
model in these two situations is briefly summarized below.

Introduction of pathogens via immigrating
vectors. Because a fraction of the immigrating vectors is

infectious, both vector and pathogen will persist as soon as vector
immigration into the sink population is present. As expected, there
is then only one stable positive ‘endemic equilibrium (thereafter
referred to as EE), where the pathogen infects human hosts and,
when they are present, non-human hosts. A more formal way to
express the conditions for pathogen persistence is to phrase it in
term of Ry, where Ry=1+ip, which indicates that the vector
immigration threshold for the parasite to spread is 0. In this first
situation, the spread of the pathogen thus does not depend on the
various other parameters of the model.

Independent introduction of vectors and pathogens. In
this second situation, there are two equilibria; a discase-free
equilibrium (thereafter referred to as DFE) and the endemic
equilibrium EE. As for most vector-borne disease models, we found
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a transcritical bifurcation, whereby 1) the DFE is unstable when the
EEisstable (and vice versa), and 2) the DFE is unstable when the basic
reproduction rate of the parasite Ry is larger than 1 (e.g., [91]).
However, as the transmission process is modelled by using the
Antonovics etal.’sfunction [87], an expression of R can be proposed
that, according to the minimal amount of time between two blood-
meals (7T4) and the vector finding rate (), will be associated to either a
density- orafrequency-dependent function of transmission [87]. The
general expression of R in sink vector population then reads:

isy Corr 5 Nor X (dry +1ry) Crviy +r1, Crry
e (d[H+rIH) (dRH+lRH)

(d ©)
R, +1Rh> Cyy, +711,Crr,

+ Chy X Njy x <dlh+r’h> (dR/1+lR/1>

Straightforward calculations show that when considering long
time between blood-meals or high finding rate (which makes the
function of transmission frequency-dependent, as commonly
modelled for vector-borne diseases), the Ry in sink vector
population simplifies to:

(dRH +IRH)[7V1H +ryPvRy
(d[H +VIH) (dRH +1RH)

_ Isy |pnv
=— il
AT | Ny

Ry

(10)
Phv ( dry + th) Py, TIR,PVR,,

Ni (g, +ry,) (i, 1,

We note that substituting the immigration term (is,) with a
constant reproduction rate, this expression is similar to those
derived for a source vector population (e.g., [25] page 16). From
equation 9 (or 10) it is obvious to show that the persistence of a
pathogen in a sink population sustained by the arrival of non-
infectious vectors requires immigration to exceed a threshold, so
that Ry>1. This threshold depends on all other parameters
describing vector demography and feeding rates, host demogra-
phy, transmission and within-host dynamics (see Table 1) in
various non-linear ways. The sensitivity analysis presented in the
next paragraph will allow identifying which of these parameters
play a key role in the spread of the 6 diseases considered in this
study.

Identification of the Key Processes Determining the
Emergence and Prevalence of Vector-borne Pathogens in
Sink Vector Populations

Rate of spread of pathogen in disease-free sink vector
populations. The previous section has made explicit that,
obviously, when some immigrating vectors are infectious, the
pathogen will always persist in the sink population. Here, we will
only look at the condition for the pathogen to spread when it is not
introduced by immigrating vectors but by the incidental arrival of
infected hosts (see equation 9). To determine the typical rates of
spread in this second case, we generated the distribution of R for
the six diseases considered by randomly sampling into each
parameter range of plausible values (Table 1).

All the distributions of Ry look very similar (figure 1). They all
are right-skewed distributions with, unsurprisingly, a majority of
R values being lower than 1. However, all pathogens remain able
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to spread (Rp>1) in 15-30% (and up to 55% for MAL) of cases
following their incidental introduction. In addition, the tails of the
distributions include large values of Ry, suggesting a true potential
for strong outbreaks for all these diseases. To identify the key
processes determining the spread of pathogens in such sink vector
populations, we then looked at the effect of the various parameters
of the model on Ry,

Our sensitivity analysis showed that vector-related parameters
have the largest effects on Ry (figure 2). Demographic parameters,
namely the local growth rate, representing the net balance
between births, deaths and emigration (—Ay), and the immigra-
tion (iy) rate, are highly influential. Vector local growth rate has
the largest effect because it determines both vector population
abundance (which is equal to i)y /Ay), and the average time spent
in the sink (which is equal to 1 /A ), while immigration only has an
effect on vector abundance. Variations in the time spent in the sink
have an important impact on transmission, since they obviously
influence the number of opportunities for vectors to encounter
hosts. Vector feeding is another well-recognized factor in
determining the rate of contact between vectors and hosts.
Remarkably, by using the Antonovics et al’s function of
transmission [87], we were able to look at relative effect of the
time delay between two blood-meals (7}), and the vectors finding
rate (@). An interesting outcome is that the minimal amount of time
between two blood-meals has a significant effect, similar to the
impact of immigration, or even larger for the two trypanosomiases
(HAT and CD). On the other hand, quite surprisingly, the vectors
finding rate (a) has virtually no impact on R, whatever the disease
being considered. This suggests that the spread of the pathogen is
more limited by temporal constraints associated to the reproduc-
tive biology of the vector, than by its dispersal ability.

Parameters related to pathogen transmission and within-host
dynamics typically have smaller and much more disease-specific
effects. Still, the spread of DEN and HAT is significantly
influenced by the human recovery rate (ry,). This is because at
the typically low abundances encountered in sink vector popula-
tions, it is important that human hosts remain infectious for the
pathogen to be transmitted back to the vectors. The spread of
diseases with non-human hosts tends to be more sensitive to non-
human hosts-related parameters, than to human hosts-related
parameters. For similar reasons as explained above, the most
important parameters are the rate of non-human hosts recovery
and the probabilities of transmission between vectors and non-
human hosts. Mostly, the non-human hosts recovery rate (r7,) has
a noticeable effect on the spread of JE, and the transmission
probability from vectors to non-human hosts (p,r,, ) has an effect on
CD. Finally, all the remaining parameters have lower effect, or
virtually no impact on Ry.

Prevalence of pathogens in
populations. Results of the previous sections have clarified
the conditions for the pathogens to spread in sink populations.
While such spread relies only on vector immigration when
pathogens are immigrating vectors (since
Rg=14ip), it is influenced by vector local growth rate (—Ay),
and the minimal amount of time between blood-meals (7), when
pathogens are introduced independently of immigrating vectors.
To determine if the same processes were also the key determinants
of pathogen’s prevalence when it becomes established in the
population, we looked at the distribution of the percentage of
infectious and recovered humans obtained while randomly
sampling into the range of plausible parameter values (Table 1).

Independent introduction of vectors and pathogens in the sink
vector population. The distribution of infection in humans shows
that, when no immigrating vectors is infectious, the percentage of

sink vector

introduced  via
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Figure 1. Distribution of the pathogen’s basic reproduction
number (R,) for each of the six vector-borne diseases
considered. (A) Diseases with only human hosts: human African
trypanosomiasis (HAT), dengue (DEN) and malaria (MAL). (B) Diseases
with non-human hosts: Chagas disease (CD), Japanese encephalitis (JE),
and visceral leishmaniasis (VL). Distributions were obtained from 10,000
simulations for each disease.

doi:10.1371/journal.pone.0036858.g001

humans being infectious (/g) or ‘recovered’ (Rp) are lower than
5% in most conditions obtained from our random sampling
(figure 3). For DEN, JE and VL, the percentage of infectious
humans is systematically less than 5%, while the percentage of
immune ‘recovered’ individuals can be more than 5% in roughly
20% of cases of pathogen’s introduction for each of these diseases.
For MAL, the percentage of infectious humans can be significantly
higher, since 19% of prevalence values are larger than 5%.
Concomitantly, the percentage of immune ‘recovered’ individuals
is also larger, with around 35% of the predicted prevalence larger
than 15%. The higher prevalence of humans infectious with MAL
is explained by a longer duration of infection (generated by lower
rates of death and/or recovery of infected individuals) than for
DEN, JE or VL. This, in turn, results in a higher prevalence of
‘recovered’ (and reduced infectivity) individuals in MAL than in
these 3 other diseases. For HAT and CD, infectious and
‘recovered’ human hosts are both infected with the pathogen
since they correspond to the two different phases of the disease.
The percentage of infected human hosts (in either one or the other
phase of the diseases) can, as for MAL, be larger than 5%.
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Typically, 10-15% of simulations lead to more than 15% of
humans affected by HAT, and around 10% of simulations lead to
more than 15% of individuals chronically infected with CD.
Again, the higher rates of infection for these two trypanosomiases
than for DEN, JE and VL, are mostly due to longer durations of
infection, which result in larger accumulations of human cases
despite low vector abundances. Overall, although all prevalence
values are expectably lower than observed in typical vector source
populations, ‘anthropic’ or naturally occurring sink vector
populations can thus represent serious potential threats. If the
pathogens is to be accidently introduced in such populations by
the arrival of infected hosts, one expects 0-5% of the population to
be affected by DEN, JE and VL, and even a larger fraction of the
population to be suffering from diseases with longer duration of
infection such as MAL, HAT and CD.

Introduction of pathogens via immigrating vectors. The
distribution of prevalence in humans is modified when some
immigrating vectors are infectious (figure 4). For DEN, JE, and
VL, the percentage of infectious humans remains always lower
than 5%. However, it is rather clear that the pathogen has infected
many more individuals. The percentage of cases with more than
5% of immune ‘recovered’ individuals is indeed 3-6 times higher
than when no immigrant is infectious (figure 3), and there is now
more than 90%, more than 70% and 35% of simulations where
more than 15% of individuals are immune to DEN, VL and JE,
respectively. Similar changes were observed for MAL, though in
smaller proportion. The percentage distribution of Iy individuals
remains virtually the same as when no immigrant is infectious
(figure 3), but the transmission of the pathogen has also increased
since the proportion of cases where more than 5% of individuals
are ‘recovered’ raises from 34% to 74%. It is clear that
transmission of HAT and CD was also much higher. For HAT,
this manifested by a shift of the distribution of prevalence of the
two stages of the diseases, with 4-5 more simulations where the
prevalence of infectious and ‘recovered’ individuals were more
than 5%. By contrast, for CD, only the prevalence of the second
chronic phase of the disease markedly raised with 5-6 more
simulations leading to more than 5% of chronically infected
individuals. The difference between the two trypanosomiases is
consistent with the much longer duration of the chronic stage than
the acute phase of CD. Overall, the percentage of people currently
suffering from DEN, JE, MAL, and VL, ie. ‘infectious’
individuals, is not significantly higher when some immigrants are
infectious, although the circulation of the pathogens in human
hosts has been increased. This suggests that the within-host
dynamics of the pathogen plays a critical role in determining the
prevalence of infection for these diseases. On the contrary, the
prevalence of individuals affected by HAT or CD, ie. both
‘infectious’ and ‘recovered’ individuals, increased significantly
when some immigrants are infectious. Such an increase for CD is
clearly due to the high prevalence of infectious triatomines
(resulting from their long life expectancy). For HAT, such an
increase 1s rather explained by the very low probability of
transmission from infectious humans to vectors, which strongly
constrains the circulation of the pathogen. Compensating for this
low probability, by introducing already infectious vectors, strongly
facilitates the spread of the disease.

To identify the key parameters determining those variations in
the level of pathogen prevalence in humans, we performed a
sensitivity analysis summarized in figure 5 (and figures S1 and S2).
For DEN, JE, and VL we focused on the ‘recovered’ individuals
since the prevalence of infectious individuals remains lower than
5% in all simulated conditions (see figures 3 and 4). Prevalence of
‘recovered’ provides a better picture of the overall transmission of
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Figure 2. Sensitivity of the basic reproduction number (Ry) to vector's demography and feeding rates, and to pathogen’s
transmissibility and virulence. All six vector-borne diseases appear on the same graph. Squares correspond to diseases with only human hosts:
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pathogens to humans, especially because individuals in this
category had long lasting immunity to DEN, JE or VL. We also
focused on ‘recovered’ humans for CD since there are much more
individuals in the chronic than in the acute stage of the disease.
For MAL and HAT, both percentages of infectious and
‘recovered’ individuals reached higher levels, and we thus
accounted for these two categories.

Sensitivity analysis for the independent introduction of vectors
and pathogens. The vector-related parameters are no longer
systematically the key parameters in determining the percentages
of infectious or ‘recovered’ individuals (figure 5A and S1), as they
were in influencing Ry (figure 2). The influence of vector- and
pathogen-related parameters now varies from one disease to
another. For DEN, VL and JE, there is no key parameter. The
sensitivities of prevalence to each of the parameters were indeed
roughly similar and lower than 10%. On the contrary, for the
other three diseases, 2 to 4 parameters had marked effects
exceeding 10%. The prevalence of infectious individuals with
MAL was critically influenced by two parameters related to the
within-host dynamics of the pathogen. First, the rate of recovery
from infection (r7,), which determines how long individuals stay in
the pool of highly infectious individuals. Second, the rate of return
to a susceptible state (/g,,), which directly influences both the pool
of individuals that can be infected and the number of hosts from
which the pathogen can be uploaded by vectors. On the contrary,
vector-related parameters were the most influential on the
percentage of individuals chronically infected with CD. These
included, the minimal amount of time between two blood-meals
(Ty4) and immigration (iy), as well as the probability of transmission
of the disease from vector to humans (pgy), which all together
determine the force of infection to humans. Interestingly, the
analysis for HAT showed an intermediate pattern as key
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parameters were both vector- and within-host dynamics-related.
Understandably, the human rate of return to the pool of
susceptible (/g,) and the virulence to individuals in the second
phase of the disease (dg,,) had a major impact on the loss, and thus
on the prevalence of ‘recovered’ individuals. Similarly, the rate of
transition to the second phase of the disease (r7,) had a direct
significant effect on the prevalence of individuals in the first phase
of the diseases, i.e. ‘infectious’. However, the vector local growth
rate (—Ay) and the probability of transmission to humans (pgy)
also had an impact on the prevalence of both ‘recovered’ and
‘infectious’ individuals.

Sensitivity analysis for the introduction of pathogens via
immigrating vectors. When some immigrating vectors were
infectious (see above), the key factors allowing for disease’s
emergence and shaping the epidemiological dynamics that follows
the initial spread of the pathogen could be identified from the
sensitivity analysis of R (figure 2) and prevalence (figure 5A),
respectively. The factors influencing the two stages of the
dynamics can no longer be disentangled here since the pathogen
spreads systematically. Accordingly, the parameters now influenc-
ing prevalence values (figure 5B and S2) are a combination of
those that were shown to influence the Ry and prevalence in the
previous situation. The most influential parameters are vector-
related parameters (previously determining Rg), eventually fol-
lowed by additional parameters with smaller but noticeable effects.
Interestingly, the latter are then the parameters that influenced
prevalence when pathogens and immigrating vectors were
introduced independently in the sink population. For all diseases,
vector demography (Ap and ip) had the most influential effect,
although the differences with the effect of other parameters were
typically lower than what they were for Ry (figure 5B to be
compared to figure 2). Only for individuals highly infectious with

May 2012 | Volume 7 | Issue 5 | 36858



100
> - 80
S &
g g 60
L g
g g 40
L g
w [T 20
0
0-5 5-10 10-15 15-100
Prevalence in human hosts (%)

100 DEN 100
g 80 < 80
g 60 g 60
g g
g 40 T 40
2 :

20 20
0 i 0
0-5 5-10 10-15 15-100
Prevalence in human hosts (%)

100 MAL 100
9 80 Q 80
g 60 § 60
g 40 5 40
o o
0 |
- 20 - 20

0

0-5 5-10  10-15 15-100
Prevalence in human hosts (%)

Vector-Borne Diseases in Sink Vector Populations

cD
12
0-5 5-10 10-15 15-100
Prevalence in human hosts (%)
JE
20
0-5 5-10 10-15 15-100
Prevalence in human hosts (%)
VL
22
0-5 5-10 10-15 15-100

Prevalence in human hosts (%)

Figure 3. Distribution of the prevalence of infectious and recovered humans when no immigrant vector is infectious (i;, =0). Black
and grey bars give the prevalence of infectious (/};) and recovered (Rj;) humans, respectively. Numbers above bars give (if any) the percentage of
simulations leading to prevalence larger than 5%. Distributions were obtained from 10,000 simulations for each disease.
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MAL (Iy), the rate of recovery (r,) and the rate of return to the
pool of susceptible (/g,) had a similar influence as vector
demography (Ap and iy). This is very consistent with the results
obtained when no immigrating vector was infectious since the
exact same parameters describing the within-host dynamics were
already determining the prevalence of infection with MAL
(figure 5A). Similarly, the parameters that were shown to influence
the prevalence of HAT (i.e., ry,, g, and dg,) and CD (T, and iy)
in the previous situation (figure 5A) are still playing a significant
role in determining the rate of human infections (figure 5B).
Finally, it is worth noting that the percentage of infectious vectors
has low influence on human prevalence, except for DEN. This is
mostly explained by the very low prevalence of infection in
humans (figure 4) combined with the absence of non-human hosts.
Opportunities for a susceptible vector to get infected are thus very
limited, and can be substantially raised by the arrival of infectious
immigrants, which makes the dynamics of the pathogen in the sink
sensitive to the prevalence in dispersing vectors.
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Discussion

The concepts of ‘source’ and ‘sink’ have played a pivotal role in
ecology by improving our understanding of species persistence out
of their fundamental niche [27,28], coexistence between compet-
itive species (e.g., [98]) and predator-prey relationship (e.g., [99]).
Such advances underline many decisions in today’s conservation
biology (e.g., [100]). Surprisingly, those concepts have not been
applied to improve our understanding of the transmission of
human vector-borne diseases, and our ability to control such
diseases, while many populations of transmitting vectors actually
are ‘natural’ (e.g., [37,70,101,72]) or ‘anthropic’ (typically
generated by partially effective control intervention, [49,50
54,35,58]) ‘sinks’. We aimed at identifying the key factors
determining the possibility of emergence, and subsequent preva-
lence of infection, of six major human vector-borne diseases in
such ‘sink’ populations. The approach intended was to design a
unique ‘strategic model’ as a tool for qualitative and quantitative
reasoning [102]. Such a ‘core’ model [65] does not allow
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accounting for disease specific processes, c.g. strong spatio-
temporal heterogeneities or host feeding preference [88], which
clearly are of fundamental importance to make predictions about
the distribution and control of any particular pathogen [103]. The
main results discussed below thus provide general insights that
should now be contemplated and challenged by disease-specific
models relying on detailed quantitative knowledge of particular
systems.

Emergence of Vector-borne Diseases in Sink Vector
Populations

A first interesting outcome of our analyses is that all six human
diseases were able to spread in about 15-30% (and up to 55% for
MAL) of cases when pathogens are introduced accidently in a
susceptible sink vector population, with potentially high repro-
ductive ratio (Ro) despite low vector abundance. The sensitivity
analysis of Ry to the different parameters of the model showed that
vector-related parameters (longevity, immigration, and feeding
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frequency) had the strongest influence on disease emergence. This
pattern was very consistent across all six diseases, which suggests
that it is a robust conclusion regardless of the existence of non-
human hosts, and of the specificity of the transmission and within-
host dynamics of the pathogens. More specifically, vector longevity
is the key parameter in determining whether or not a pathogen
would spread, and it has a larger effect on Ry than immigration
and feeding frequency. Interestingly, while vector immigration (iy)
and longevity (1/Ay) play a symmetrical role in determining
vector abundance in a sink population since the latter is formally
given by their product (iy/Ay), these two components bring
different contributions to the emergence of pathogens in such
populations. The rationale behind this differential sensitivity is
quite simple and consistent with our understanding of factors
influencing emergence in vector source populations (e.g., [61]).
While different combinations of vector longevity and immigration
can lead to identical vector abundance, the larger the longevity the
smaller the turnover of the population. This, in turn, favours
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Figure 5. Sensitivity of the prevalence of infectious (/};) and ‘recovered’ (R;;) humans to vector’'s demography and feeding
rates, and to the pathogen’s transmission and within-host dynamics. (A) No immigrant vector is infectious (i, =0). (B) Some
immigrant vectors are infectious (i;, >0). All six vector-borne diseases appear on each of the two graphs. Squares and diamonds correspond to the
prevalence of infectious and recovered humans, respectively, for diseases with only human hosts: human African trypanosomiasis (HAT), dengue
(DEN) and malaria (MAL). Circles and triangles correspond to the prevalence of infectious and recovered humans, respectively, for diseases with non-
human hosts: Chagas disease (CD), Japanese encephalitis (JE), and visceral leishmaniasis (VL). Larger symbols correspond to the key determinants of
the variations of prevalence in humans (see main text for comments). Sensitivities were calculated from 10,000 simulations for each disease.
doi:10.1371/journal.pone.0036858.g005
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disease emergence since it requires vector individuals to live long
enough to get infected and to infect a host back. To reinforce this
conclusion, it is worth noting that the importance of vector
longevity in the sink is undoubtedly underestimated here since we
did not account for any development time of pathogen within the
vector. Such delay would reduce the number of potentially
infective contacts, and thus make the time spent in the sink
population even more critical, especially for the emergence of
diseases transmitted by short-lived vector such as DEN, MAL and
JE. Similar effects of the interaction between the extrinsic
incubation period and the survival rate of the vector have been
demonstrated on the ground of general models [104], and more
specific modelling of dengue [105] and malaria [106]. One must
also point out that outbreak cycles of dengue are known to be
influenced by the epidemiological status of the populations [107],
so that, along with the above parameters, the transmission history
in a given place is expected to have a strong influence on the
spread of pathogens. The asymmetrical role of immigration and
vector longevity has implications for pathogen transmission in a
mosaic of vector habitats. One can indeed assume that as the
distances or the ‘impermeability’ of the matrix between sources
and sinks (e.g., [108]) increases, individuals reaching sinks will not
only be fewer but also older, which will contribute (even more than
the reduction in the number of individuals) to prevent the spread
of the pathogen. Although this could be mitigated by the increase
in the prevalence of infection with the age of the vector, the level of
fragmentation of the landscape (i.e., many small and nearby
patches instead of a few large and distant patches) is thus expected
to favour disease emergence, not only because it increases the
number of dispersers [109,110], but also because it changes the
age-structure of the immigrants. The differential effect of longevity
and immigration may also be relevant in the context of ‘anthropic’
sinks if control had an impact on the age-structure of the
immigrants. Indoor insecticide spraying is indeed known to induce
dispersal of individuals receiving sub-lethal doses [111], or to select
for exophilic individuals at the population scale [50]. If such effects
were biased towards the youngest individuals, either because of an
age-dependent behavioural response to chemicals, or because
genotypes dispersing earlier in life would be selected for, the
spread of the pathogen in surrounding sinks could then be
favoured. Finally, given the importance of vector longevity, one
would have expected HAT and CD to spread more easily than
other diseases, since tsetse flies and triatomines have longer life-
expectancy. On the contrary, the values of Ry were found very
similar for all diseases. This implies that other disease specificities
are balancing against the risk factors associated to vector life-
history. Indeed, HAT and CD are both characterized by very low
transmission probabilities between vectors and humans, which
undoubtedly lowered the rates of spread of these two trypanoso-
miases. Thus, although vector life-history and feeding were critical
to explain variations in pathogen’s reproductive rate for each of
the diseases considered, they did not induce significant in-between
diseases differences in the risk of emergence. Thus one cannot
point out human vector-borne pathogens that would be more
prone to emerge in vector sink populations. Vector sink
populations appear to be a real threat of emergence or re-
emergence of all six human vector-borne diseases considered here.
As expected, vector control in the source will have an important
effect on the rate of spread of the pathogen in the connected sink
populations. Interestingly, control interventions in the source that
would reduce vector longevity in the sink appear to be as relevant
as interventions that would directly reduce the number of vector
individuals migrating from the source into the sinks.
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Prevalence of Vector-borne Diseases in Sink Vector
Populations

Our analyses show that even in a disease-free sink vector
population (sustained by the immigration of non-infectious
vectors), the spread of the pathogen (when introduced accidentally
by infected hosts) can potentially represent significant health
concern. Prevalence of infection larger than 5% is observed in up
to 11-34% of cases for diseases with long duration of infection
such as MAL, CD and HAT. In addition, when the prevalence of
infection remains lower than 5%, such as for DEN, VL and JE, the
pathogens actually spread through a more substantial part of the
population since the percentage of ‘recovered’ individuals is larger
than 5% in about 20% of cases. When pathogens are regularly
introduced by immigrating vectors, the spread of the pathogens
was expectably facilitated. However for DEN, VL and JE the
prevalence did not significantly increase. This is mostly because
vectors have a short life expectancy, so that the prevalence of
infection hardly exceeds 2% among immigrants. In any case, the
percentage of humans afflicted by any of the six diseases typically
remains lower than 15%. These figures are consistent with the few
estimates available from areas where vector populations are known
or expected to be sinks. In the Yucatan peninsula, Mexico, sink
populations of non-domiciliated triatomines [38,112,113] are
responsible for human sero-prevalence rates of 5-18% [71].
Similarly, wild sandflies species are responsible for 2-3%
prevalence of leishmaniasis (calculated from incidence in [114]),
and transmission by sylvatic species of glossines leads to less than
5% of the Gambian form of sleeping sickness in West and Central
Africa [115]. Finally, the prevalence of highly infectious individ-
uals with MAL is consistent with the less than 10% of infection
typically observed in areas where the transmission of the pathogen
is associated with vector dispersal. Examples include dispersal in
urban areas representing a fragmented habitat for Anopheles, or
dispersal from sites located at lower or most suitable altitudes
[116-118].

Prevalence values that could be reached if a pathogen was to be
introduced in a sink population of susceptible vectors are overall
influenced in a much more comparable way by vector’s
(demography and feeding) and pathogen’s (transmission and
within-host dynamics) parameters, than R, was in the same
epidemiological situation (see first part of the discussion). No
important parameter could be identified for the transmission of
DEN, VL and JE, and key parameters were disease specific for
CD, HAT and MAL. For CD, prevalence was mostly determined
by vector-related parameters, which is best explained by the
strikingly low probability of ‘stercorarian’ transmission of the
pathogen to mammals [101,119]. On the contrary, the prevalence
of humans suffering from MAL and HA'T was mostly influenced
by parameters related to the pathogen-humans interaction; rate of
recovery, loss of immunity and disease-induced mortality, as it is
usually the case when there are only human hosts for the pathogen
[24]. However, when pathogens were introduced through vector
immigration, the importance of vector longevity and immigration
was again prominent, although the transmission and within-host
parameters still  had influence on
prevalence. Overall, this confirms that vector demography and
feeding rates are the key determinants of disease dynamics, apart
for HAT and MAL for which variations in pathogen’s interaction
with its human host also is influencing its prevalence.

Such a conclusion reinforces the idea that the key determinants
of epidemiological dynamics are roughly similar for all the
pathogens that we considered in sink vector populations. The
primacy of vector-related parameters has implications for the
control of transmission to humans. Essentially, reducing vector

mentioned above some
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presence in human habitat could readily be efficient even if vector
abundance is already typically low. In such situations, public
health policies promoting drug administration should thus not
undermine vector control programs. Clearly, control intervention
in source populations are expected to have an impact on
prevalence in the connected sink populations. Another implication
of our results is that, even if human transmission is reduced
through vector control programs in source populations, small
residual level of infection in vectors can still be responsible for the
spread of the pathogen in surrounding sink populations. This
corroborates the previous conclusion that, when implementing
control strategies, interruption of transmission should be targeted
at larger scale rather than in areas of high transmission [120].

Conclusion and Potential Guidelines for Field Studies

Our analyses indicate that sink vector populations can represent
serious threats to human health, with 1-15% prevalence of key
vector borne diseases. Such ‘residual’ transmission is expected to
be especially noticeable for diseases with long duration of
infection, such as the African and American trypanosomiasis,
but also appears relevant to other diseases. Our results thus have
potential implications for future theoretical and field studies of
vector-borne diseases.

First, to understand pathogen transmission and evolution will
require to account for sink vector populations (within a typical
mosaic of vector habitats), and then to properly disentangle local
growth from immigration since these two processes have different
effects on the Ry and prevalence of the pathogens. Estimates of
local vector abundance provided by population or genetic studies,
which represent the combined outcome of local growth and
immigration, will thus only be worth collecting if they provide
enough information on spatial structures that allow inferring about
local adaptation and immigration, possibly through an approach
of model selection [113,121]. Second, incomplete interruption of
transmission in areas of high vector abundance will still allow for
the pathogen to spread in surrounding sink populations, which
implies that vector control programs should be considered a meta-
population context [122], and implemented at larger scale than
areas of high vector densities. Third, as pathogen transmission and
within-host dynamics have low influence on disease dynamics,
different strains are expected to spread similarly in sink vector
populations and, accordingly, selection on virulence is expected to
be weak in such habitat. Although evolution in a mosaic of source-
sink habitats has been investigated for non-pathogenic species (e.g.,
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Text S1: Estimates of Parameters

This appendix provides a review of the estimates of the parameters defined in table 1, that we
have been able to gather from the literature. Most papers we are referring to are empirical

research papers with data from experimental lab work or field studies.

Demography and feeding rates of the vectors

Vector local growth rate (A, ). The range of variation in vector growth rate was

determined according to variations in vector longevity, neglecting the typically low reproduction
of maladapted vectors in sink populations (see, e.g., [1]). Since the modelled vectors are thought
to live shorter in sink populations, we used the values of longevity typically estimated in source
populations (Table S1), as a clue of the maximum vector life expectancy in the sink. The minimal

value of vector life expectancy in the village was set to one day. The range of A, values to be

used was then calculated assuming A, =1/vector life expectancy.

Table S1. Vectors adult longevity.

Vector (Disease) Estimates (days) Reference
Mosquitoes (MAL — DEN) 5.8 -20 2]
Mosquitoes (JE) 2-29 [3]
Sandflies (VL) 6-27 [4]

Tsetse flies (HAT) 45 (20 - 60) [5]
Triatomines (CD) 210 (102 - 338) [6,7]

Because the estimates found in the literature for mosquitoes (transmitting MAL, DEN and JE)
and sandflies (transmitting VL), were roughly similar, they were given the same standard value
of 15 days corresponding to the median of their ranges. According to the other estimates
collected, tsetse flies (transmitting HAT) were considered to live up to 45 days (the median of the
observed values), while the longevity of triatomines (transmitting CD) was fixed to 210 days (the

median of the observed values).
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Vector immigration (i, =iy +1i, ). The maximal rate of vector immigration was set for the ratio
of vector to human densities N, /N, to be < 1. Since the total number of vectors at equilibrium
equals N, =i, /A, , the maximal immigration rate was given by A, N, with N, /N, =1, that
is A, N, . Using the maximal values of A, specified above and the estimate of the number of

human hosts N, (see below), the maximal daily rate of immigration was found to be
approximately 67 individuals for mosquitoes (transmitting MAL, DEN and JE) and sandflies
(transmitting VL), 22 individuals for tsetse flies (transmitting HAT), and 5 for triatomines
(transmitting CD). The minimal rate of immigration was set to 0 immigrants per day for all

vectors.

Prevalence of infection in immigrant vectors (i, / i, ). Prevalence of infection is typically low in

mosquitoes (e.g., 2.1% in Anopheles - MAL, [8], 0.097% in Aedes - DEN, [9], and 1.67% in
Culex - JE, [10] and flies (0.18% in Glossina - HAT, [11], and 1.56% in phlebotomines - VL,
[12]). We thus let the prevalence in immigrant vectors of MAL, DEN, JE, VL, and HAT takes on
small values within a common range: 0 to 2%. Levels of prevalence of Trypanosoma cruzi found
in triatomines are much higher, typically of the order of 20-50% (e.g., [13-17]), and we thus used

an upper limit of 35% that corresponds to the median of the observed values.

Minimal amount of time between two blood-meals (T,). The length of the gonotrophic cycle is

commonly thought to be the main determinant of the time elapsed between 2 consecutive
contacts made by a vector individual with its host. For dipterous species, such as of mosquitoes
or flies, blood-feeding on vertebrate/human hosts, this time interval is on average 3-4 days (see

e.g., [2] for Anopheles, [18] for Glossina, [19] for phlebotomines). We thus let parameter 7, vary

in a typical range of 2 to 6 days for the five diseases transmitted by dipterous insects: MAL,
DEN, JE, VL, and HAT. However, for the triatomines vectors of CD, this amount of time is
significantly larger and have been shown to last from 6 days [20] to 13-26 days [21].
Accordingly, the minimal amount of time between two blood-meals for CD transmitting bugs

was varied between 1 and 4 weeks.
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Vector finding rate (a). There is virtually no estimate of vector finding rate in the literature (but
see [22]). We thus choose to set up the limits of parameter a to allow for a daily rate ranging

from 0 to 100% of the modelled human population.

Demography of human and non-human hosts

Human and non-human hosts population size (N,,, N,). Human population size (N, )

was set up to 1000 individuals to model a standard village or a small town. Key domestic non-
human hosts of the diseases considered in this study are dogs (for CD and VL) and swine (for
JE). [23] recently reviewed dog populations in 23 locations over 14 developing countries. The
number of dogs per hundred inhabitants in rural areas typically ranged from 9 to 33.6, with an
average of 16.9. A similar estimate could be derived from a study of domestic swine in rural
provinces of Lao [24]; the number of swine per hundred inhabitants there varied from 9.5 to
197.3. The corresponding ratio of dogs or swine to humans equals 5.9 (95% IC: 4.9-7.5) and 5.2
(95% IC: 4.0-6.3), respectively. In our model, this ratio was then set up to 1/6, and the number of
non-human hosts ( N,) calculated accordingly, N, =1000/6 =167 .

Human and non-human hosts natural death rates (d, , d,). Natural mortality rates were

calculated as 1/longevity. They constitute the mortality rate of susceptible human and non-human
hosts, and the baseline to which a disease-induced mortality (see ‘Human and non-human
mortality induced by the pathogen’) was added to obtain the mortality rate of infectious and
recovered human and non-human hosts. Human hosts natural life expectancy was set to 60 years.
The longevity of domestic swine (transmitting JE) was set to 12 months, considering that animals
are raised for humans meat-consumption and slaughtered at that age. The life expectancy of dogs,
non-human hosts of VL and CD, was set to 3 years, in agreement with [23] and [25] who found

that dogs’ longevity ranges from around 2.5 to 4 years.
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Probabilities of transmission of the pathogens

Transmission probability from an infectious vector to a human host ( p, ). Estimates of

those probabilities appear in table S2. As we could not find any estimate of the probability of
transmission from an infectious sandfly to a human host, we used the estimate of the probability
of transmission from a sandfly to a dog (see ‘Transmission probability from an infectious vector

to a non-human host’).

Table S2. Probability of transmission from vector to human host.

Vector (Disease) Range Reference

Mosquitoes (MAL) 0.01-0.13 [2]

Mosquitoes (DEN) 0.5-1.0 [26,27]

Mosquitoes (JE) 0.01 -0.04 [28]

Sandflies (VL) 02-0.4 same values as for dogs (see text)
Tsetse flies (HAT) 0.5-0.7 [29]

Triatomines (CD)  0.6e™ -3.8¢”  [30, 31]

Transmission probability from an infectious vector to a non-human host (p,, ). The only value

of the probability of transmission of VL from vector to non-human hosts that we found came
from an earlier model of VL in dogs [32]. This probability was equal to 0.32 per bite, and we thus
considered values in the range 0.2 to 0.4 per bite. For JE, we used estimates of the ability of
mosquitoes (dedes albopictus) to transmit the virus to susceptible mice, which ranged from 0.27
to 0.45 per bite [33]. Finally, we assumed vector transmission of CD to dogs to be equivalent to

vector transmission to humans (see Table S2.).

Probability of transmission from infectious or recovered humans to vector (py, , p, ). Values

of the probability of transmission from infectious humans to vector we used appear in table S3.
While estimates of this probability were available for MAL and DEN, we used estimates obtained
from other mammals, that is hamster, mice and dog, for JE, VL, and CD, respectively (see

‘Probability of transmission from infectious or recovered non-human hosts to vector’). Glossina
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female flies (transmitting HAT) are considered to be susceptible only while taking their first
blood-meal. The susceptibility of such ‘teneral’ females to Trypanosoma brucei gambiense
ranges from 0.05 to 0.14 per bite [34,35]. We did not explicitly model this age-dependent
susceptibility in tsetse (as, e.g., in [36]), but weighted the infectiousness of humans in early phase
of HAT by the probability for a biting tsetse fly to be a ‘teneral’ individual. Such probability was
estimated by considering that ‘teneral’ individuals have their first blood meal on their first day of
life. Assuming a constant natural death rate of 1/45 per day (see table S1), and considering a
stable age-structure, this probability (that equals the fraction of 1-day old individual in the
population) was found to be equal to 0.034.

Table S3. Probability of transmission from infectious humans to vector.

Vector (Disease) Range Reference
Mosquitoes (MAL) 0.24 - 0.64 [2]
Mosquitoes (DEN)  0.15-0.73 [37]
Mosquitoes (JE) 0.14-0.38 [38]
Sandflies (VL) 0.21-0.29 [39]

Tsetse flies (HAT)  [0.05-0.14] * 0.034  to limit susceptibility to teneral flies (see text)
Triatomines (CD) 0.90 - 0.94 (0.99) same values as for dogs (see text)

Recovered humans were assumed to have cleared the pathogen for DEN, JE and VL (see section
‘Modelling’ in the main text), so that their ability to transmit to vector was set to 0. While
modelling HAT, ‘recovered’ individuals are in the second stage of the disease. Though
circulating pathogens could potentially be transmitted to vectors, it is commonly assumed to be
unlikely because of the typically low pathogen concentration in the blood [40]. We thus set the
probability of transmission from humans in the second stage of the disease to vector to 0. On the
contrary, infectiousness of MAL ‘recovered’ individuals (which are thought to be able to transmit
but with reduced infectiousness), and CD ‘recovered’ individuals (which are thought to be in the

chronic phase of the disease), was considered positive. This infectiousness p,, was considered

to range from 0.024 to 0.064 for MAL, that is, a probability ten times as small as p,, , following

[41], and from 4.2¢> to 6.2¢” for CD, following [42].
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Probability of transmission from infectious or recovered non-human hosts to vector (py, , py )-

Estimates of the probability of transmission from infectious non-human hosts to vector appear in
table S4. Since estimates for CD were obtained on bugs’ larvae, and because adults are thought to
be even more susceptible [42], the maximal transmission probability was increased from 0.94 to

0.99.

Table S4. Probability of transmission from infectious non-human hosts to vector.

Vector (Disease) Range Reference
Mosquitoes (JE)  0.55-1.00 [43]
Sandflies (VL) 0.05-0.28 [44]

Triatomines (CD) 0.90 - 0.94 (0.99) [45]

Because we assumed that no dog recovered from VL, and that swine recovered from JE have
cleared the pathogen (see section ‘Modelling’ in the main text), the only ‘recovered’ non-human
individuals able to transmit pathogens to susceptible vectors were dogs chronically infected with

CD. We then considered probabilities of transmission ranging from 0.05 [45] to 0.31 [42].

Within-host dynamics of the pathogens

Human and non-human mortality induced by the pathogen (v,H , a’,H s Ve s dp sV, d,h ,

H H h

Vg, » dp ). The virulence of the different pathogens to infectious or ‘recovered” human hosts was

calculated from fatality rates collected in the literature (Table S5). The additional mortality

100 — fatality rate
100

induced by the pathogen was calculated as —%log[ J, where T stands for the

period of time over which the fatality rate was reported. 7 was 365 days for MAL, since this
disease fatality rate was evaluated on an annual basis. 7 was set to the duration of the infectious

stage (i.e., 1/ r,, ) for all other diseases, since their fatality rates were evaluated per case.
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Table SS. Rate of fatality for infectious humans and pathogen-induced mortality.

Disease  Fatality rate Reference  Pathogen-induced mortality (v 1)
MAL 0% - 15% per year [2] 0 —4.5¢™ per day

DEN 0% - 2% per case [46] 0-6.7¢" per day

JE 5% to 40% per case [47] 3.7¢> - 0.26 per day

VL 4% - 98% per case [48,49] 2.3¢™ —4.4¢7 per day

HAT 0% per case [50] 0

CD 0% - 5% per case [51] 0—1.1¢” per day

We further considered an additional mortality for ‘recovered’ humans. Individuals in ‘recovered’
stage of the African and American trypanosomiasis, though they are no longer in the pool of
infectious, are still at risk of death because they are in a second phase of the disease. For HAT,
the fatality rate in the late phase of the disease can drop down to 2% if people are given drugs
[52], while it can potentially reach 100% in absence of such treatment. Accordingly, the range of
pathogen-induced mortality was set to 2.7e” - 3.8¢™ per day. For CD, up to one third of
individuals in the chronic phase of the disease can die [51]. We thus varied the fatality rate from

0% to 33%, and the pathogen induced mortality from 0 to 1.8¢™ per day.

The virulence of JE, VL, and CD’s pathogens to infectious or ‘recovered’ non-human hosts were
calculated from fatality rates in the same way as for virulence to human hosts. Fatality rates of
infected swine that are non-human hosts of JE, can vary from 0 in adults to 100% in new-borns
[53,54]. We considered this whole range of variation so that the additional mortality due to the
diseases was varied from 0 to 4.61. Infected dogs that are non-human hosts of VL are typically
killed through culling program. The fatality rate of infectious dogs was set to 99%, assuming that
a small fraction of infected dogs was not killed because of inefficient detection, failed diagnosis,
or non-participation of dog-owners [55,56]. The additional mortality due to the pathogen was
then varied from 4.2¢” to 4.61 per day. We could not find estimates of the fatality rate for

infected dogs hosts of CD. We then assumed the fatality rates in both the acute (/,) and chronic

(R,) stage of CD to be the same as in humans. Dog is indeed viewed as the best experimental

model for studying CD pathology, because the course of the disease is very similar to what is

observed in human hosts [57]. Accordingly, additional mortality induced by the pathogen was
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varied from 0 — 1.1e™ per day in the acute stage, and from 0 — 3.6¢™ per day in the chronic stage

of the disease.

Human recovery and loss of immunity (r, , I, ). The rates of human recovery and loss of

immunity were calculated as the inverse of the duration of infectious and ‘recovered’ stages, i.e.

1/r, —and 1/I, =, respectively. Duration of the infectious state in human hosts used for the

calculation of the recovery rates are reported in table S6.

Table S6. Duration of the infectious state in human hosts 1/7, .
Disease 1/ r, (days) Reference

MAL 60— 630 2]

DEN  3-15 [58,59]
JE 2-14 [60]
VL 90 - 180 [61]
HAT 120-780  [36,62]
CD 45 - 60 [63]

For MAL, the rate of return to a susceptible and non-infectious state was calculated for the
duration of reduced infectivity to range from 3 months to life-long, following [2]. For HAT, the
rate at which individuals leave the pool of ‘recovered’ was calculated from the average duration
of the late phase of the disease (state R, ), which ranges from 4 [36] to 24 months [62]. We
assumed long-life immunity for JE, and VL, and considered that CD chronic infection also lasts

for life.

Non-human recovery and loss of immunity (r, , I, ). As for human hosts, the rates of recovery

and loss of immunity of non-human hosts were calculated as the 1/duration of the 7/, and R,

stages, respectively. We varied the duration of infection in swine hosts of JE from 1 day [64] to 7
days [65], and assumed long-life immunity for ‘recovered’ individuals. For VL, we considered a
dog population where infection can be cleared by natural death or by cull-and-replacement

program, as typically done in other modelling attempts, [55,66]. We let the possibility for the
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infection to be life-long in absence of control program, and reduced it to a unique day to mimic
extremely timely interventions. Additionally, the rate of return to the susceptible stage was
assumed to be infinitely large since in both cases, natural death or cull-and-replacement, dogs die
(rather than recover) and are then typically replaced by a susceptible individual. In agreement
with [57], we varied the duration of the acute phase of CD in dogs from 45 to 75 days, and

assumed a life-long chronic stage of the disease, i.e. no return to the susceptible stage.
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Chapitre 3

Compétition et diversification intra-hote
des macro-parasites

3.1 Introduction

Les especes parasites sont d’une trés grande diversité et représentent entre 30 et 50%
de la biodiversité actuelle (Poulin & Morand 2004). Depuis 30 ans de nombreux auteurs ont
tenté d’expliquer les origines de cette diversité (Price, 7/980). Une des hypotheses
couramment proposées est que les espeéces parasites seraient dotées d’un fort potentiel
adaptatif (de Meets et al., 1998 ; Giraud, 2006). Ceci expliquerait notamment de plus grands
taux de spéciation sympatrique que pour les especes non-parasites.

Jusqu’a présent cette hypothése s’appuie sur un certain nombre de résultats empiriques
étayes par des modeles verbaux. C’est le cas par exemple lorsque la diversité des especes
hotes, la taille des hotes, ou encore 1’hétérogénéité de I’environnement intra-hote, sont
présentés comme autant de facteurs favorisant la diversification des niches écologiques des
parasites (Emelianov, 2007). A D'opposé, il n’existe toujours pas de travaux théoriques
fournissant des prédictions quantitatives sur I’influence de ces caractéristiques du mode de vie
parasite sur les taux de spéciation sympatrique et les niveaux de diversité en résultant. Ceci
est d’autant plus surprenant que la théorie de la spéciation adaptative, qui analyse la facon
dont les interactions biotiques peuvent induire des processus de diversification et d’isolement
reproducteur, a connu d’importants développements au cours des derni¢res décennies chez les
especes non-parasites (Coyne & Orr, 2004 ; Dieckmann et al., 2004 ; Gavrilets, 2004
Weissing et al., 2011). Ces travaux théoriques ont partiellement remis en cause 1’idée selon
laquelle la spéciation sympatrique serait trés improbable, et ont ainsi stimulé de nombreuses
¢tudes empiriques permettant de mieux comprendre I’évolution d’organismes aussi variés que
des plantes (Savolainen et al., 2006 ; Gavrilets & Vose, 2007), champignons (Giraud et al.,
2010 ; Giraud & Gourbiere, 2011), algues (Jancek et al., 2008), poissons (Barluenga et al.,
2006 ; Gavrilets et al., 2007), et d’autres encore (Gourbiere & Mallet, 2010).

L’objectif du chapitre 3 est donc d’adapter la théorie de la spéciation adaptative
développée dans un premier temps pour les espeéces non-parasites, afin d’apporter les
premiers éléments de réponses théoriques a la question « le mode de vie des especes parasites
influence-t-il leurs probabilités de spéciation adaptative et leur diversité ? ». Le type
d’interaction le plus étudié¢ dans le cadre de la théorie de la spéciation adaptative chez les
especes non-parasites est la compétition intra-spécifique. Celle-ci conduit a un type particulier
de spéciation adaptative: la spéciation compétitive (Dieckmann et al., 2004, pages 8-9). Or il a
été suggéré que la compétition intra spécifique puisse expliquer 1’évolution de la diversité de
plusieurs espeéces de parasites sympatriques, notamment parmi des groupes de macro-
parasites tels que les monogenes parasites des branchies de poissons (Lo & Morand, 2000 ;
Simkova et al., 2004), et les nematodes parasites des intestins de vertébrés (Poulin, 7999).
Dans ce chapitre, je me focalise donc sur la spéciation compétitive chez les macro-parasites,
et je me limite au plus simple des scénarios envisagés dans le contexte de la théorie de la
spéciation adaptative; le scénario dit « pléiotropique » (Dieckmann & Doebeli, 1999). Dans
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ce scénario, le caractere écologique qui se diversifie sous 1’effet de la sélection naturelle
engendrée par les interactions compétitives est aussi celui qui guide le choix du partenaire
sexuel. La divergence écologique conduit donc instantanément (pléiotropiquement) a
I’isolement reproducteur. L’étude de ce scénario est une étape indispensable avant d’étudier
des scénarios plus complexes impliquant la coévolution d’un trait écologique et de regles
d’appariements.

L’approche adoptée consiste a construire un modele décrivant la dynamique de
population de macro-parasites a cycle directe au sein d’une population hote, en tenant compte
des spécificités de ces parasites, et notamment du caractére agrégé de leur distribution parmi
les individus hotes. La population modélisée est polymorphe pour un trait quantitatif dont les
valeurs déterminent le type de ressource utilisée, et par suite I’intensité¢ de la compétition
entre individus au sein des hotes. Ce modele de compétition intra-hote permet de dériver une
expression générale de la fitness d’invasion d’un individu de phénotype mutant (pour le trait
écologique considéré), au sein d’une population de résidents. L’analyse évolutive réalisée a
partir de cette fonction de fitness permet de définir les conditions de branchement évolutif en
faisant appel aux méthodes de « dynamique adaptative » utilisées précédemment pour
développer la théorie de la spéciation compétitive chez les especes non-parasites (Dieckmann
& Doebeli, 1999 ; Doebeli & Dieckmann, 2000).

Lorsque mutant et résidents infectent les mémes individus hotes, la fitness invasive
obtenue pour les macro-parasites est de la méme forme que celle classiquement obtenue pour
les espéces non-parasites, et ne dépend pas du degré d’agrégation des parasites. L’expression
de cette fitness différe par contre lorsque mutant et résidents sont distribués de maniére
indépendante ou que le mutant tend a éviter les hotes au sein de la population hoéte, et dépend
alors du degré d’agrégation des parasites. De fagon inattendue, malgré ces différences dans la
forme des fonctions de fitness, leur analyse évolutive prédit que les conditions de spéciation
compétitive sont elles identiques a celles des especes non-parasites quelle que soit I’hypothese
faite sur la co-distribution des mutant et résidents ou le degré d’agrégation des parasites. Cette
prédiction est testée a 1’aide de données sur la phylogénie et 1’agrégation d’espéces con-
génériques de monogenes parasitant les branchies de poissons d’eau douce. Les taux de
spéciation intra-hote sont dans ces groupes effectivement indépendants des degrés
d’agrégation observés.

Ce chapitre 3 pose donc les premiers fondements d’une théorie permettant de faire des
prédictions testables sur I’influence du mode de vie des macro-parasites sur leur probabilité
de diversification adaptative et de spéciation sympatrique. Cette théorie sera complexifiée
dans le chapitre 4, ou I’on tiendra compte de 1’éventuelle virulence des macro-parasites et des
ses effets sur leur diversification intra-hotes.

3.2 Within-host competition and diversification of macro-parasites (article
accepté pour publication)
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Although competitive speciation is more and more regarded as a plausible mechanism for
sympatric speciation of non-parasite species, virtually no empirical or theoretical study has
considered this evolutionary process to explain intra-host diversification of parasites. We
expanded the theory of competitive speciation to parasite species looking at the effect of
macro-parasites’ life history on the conditions for sympatric speciation under the so-called
pleiotropic scenario. We included within-host competition in the classical Anderson and
May’s framework assuming that individuals exploit within-host resources according to a
quantitative trait. We derived the invasion fitness function of mutants considering different
distributions of individuals among hosts. Although the mutant fitness depends on parameters
describing the key features of macro-parasites life history, and on the relative distributions of
mutant and residents in hosts, the conditions for competitive speciation of macro-parasites
are exactly the same as those previously established for free-living species. As an interesting
by-product, within-host competitive speciation is expected not to depend on the aggregation
level of the parasites. This theoretical pattern is confirmed by comparing the speciation rate

of weakly and strongly aggregated monogenean parasites.

Keywords: sympatric speciation; competitive speciation; parasite duplication;
aggregation; adaptive dynamics; monogenean parasites

1. INTRODUCTION

Parasites are regarded as good biological models for evol-
utionary studies, mainly because of their high species
diversity [1], adaptive potential [2] and because most of
their biotope—the host—is also a living and an evolving
entity [3]. The different modes of parasites’ speciation are
defined with respect to the level of interaction between
parasite evolution and host diversification. While ‘host-
switch’ implicitly requires previous host diversification,
and ‘co-speciation’ literally emphasizes the contem-
poraneous diversification of a host and its parasite,
‘duplication’ that is speciation of parasites within a
single host species, does not require host to diversify. Lit-
erature on parasites’ diversification is overwhelmingly
dominated by studies of host-switch and co-speciation
events, which are believed to be the main modes of
evolution of parasites species diversity [4,5].

Events of duplication have yet been shown to con-
tribute to enhance parasites diversity of monogenean
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flatworms colonizing fish gills [6], Plasmodium species
responsible for avian malaria [4] to Trypanosoma
cruzi, the causal agent of the human American trypa-
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nosomiasis [7]. There are also more and more studies Q2107

revealing the importance and variety of ecological
interactions between parasites at the scale of the host
body [8,9], including competition [10], facilitation
by immuno-suppression [11] and inhibition by the
elicitation of non-specific immune response [12]. With
the concurrent theoretical and empirical realization
that biotic interactions can lead to adaptive diversi-
fication in plants [13], fungi [14], algae [15], fishes
[16] and various other taxa [17], one expects more
adaptive duplication events to be reported as more
attention would be given to this overlooked source of
parasite diversity.

An important mechanism that could cause adaptive
duplication is within-host competition for resources, as
it can potentially lead to ‘competitive speciation’ [18].
Under such a scenario, competitive interactions at
the host individual scale, i.e. within a parasite ‘infra-
population’, lead to parasite diversification inside a
population of con-specifics and sympatric host
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individuals. Several lines of evidences point at the
potential significance of such adaptive speciation in
macro-parasites: within-host intraspecific competition
has an impact on parasite life history [19], infra-popu-
lations are often genetically diverse [20], several con-
generic species can live on the same host individual
[21] and within-host competition influences the patterns
of associations between such species [10]. Hypotheti-
cally, within-host competition could also contribute to
micro-parasites diversity because infra-populations
also are genetically diverse [7,22], and competition
between strains is an important force-driving parasite
life-history evolution [23].

The theory of competitive speciation has been broadly
extended in the last 10 years, using a wide range of models
typically assuming that a quantitative trait is under
disruptive selection generated by frequency and den-
sity-dependent intraspecific competition [24,25]. Some
models consider that the ecological trait pleiotropically
affects mate choice [26—28], while others explicitly
describe the evolution of mating preferences according
to the ecological trait under natural selection [26—30] or
an additional neutral trait [26,31]. Despite criticisms
[32], these studies have contributed to attract attention
on the potential of intraspecific competition to induce
adaptive diversification of non-parasite species. Surpris-
ingly, no attempt has been made to account for the
specific features of the parasite lifestyle, while parasites
may represent 30 to 50 per cent of species diversity [1].

The main goal of this study was to investigate
how conditions for competitive speciation depend on
the typical features of macro-parasite life history by
identifying when within-host competitive interactions
can induce adaptive duplication. In this first attempt
to expand the theory of competitive speciation to
macro-parasites, we focused on the simplest case, the
‘pleiotropic scenario’ [33], whereby a ‘magic trait’ [24]
under disruptive natural selection also contributes to
non-random mating. Such ‘magic traits’ have been
shown to be produced by a great variety of mechanisms
in non-parasite species [34] and have been suggested to
contribute to several events of within-host macro-
parasites speciation [35]. We considered the exploitation
of a gradient of resource, as the theory of competitive
speciation is deeply rooted in the ecological literature
on character displacement along such a gradient [28].
Examples of gradient of resource at the host body
scale include fishes gill arches exploited by monoge-
neans [36], or nutrients exploited by gut helminths
[37]. The scenario of speciation considered assumes
that macro-parasites with different morphological or
physiological phenotypes can exploit different parts of
the gradient and that local competitive interactions
contribute to shape the phenotypic distribution.
According to the theoretical results developed for
non-parasite species, one then expects the phenotypic
distribution to become bimodal if local competition is
strong enough [26]. We shall here identify whether or
not comnsidering key features of macro-parasites life
history influences the conditions for such competitive
processes to induce adaptive duplication, by comparing
the theoretical results existing for non-parasite species
[26,27] with the conditions identified from a general
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model that we shall design to include a description of
the typical macro-parasite life history.

2. THE THEORY OF WITHIN-HOST
COMPETITION AND ADAPTIVE
DIVERSIFICATION OF
MACRO-PARASITES

2.1. General approach

We expanded the theory of competitive speciation to
macro-parasites using the model of Anderson & May
[38,39]. To bridge the gap between this influential
model and the theoretical literature on competitive
speciation, we included within-host competition by
assuming that individual competitive abilities depend
on a quantitative trait, such as body mass or size
[26—-28]. We first established the population dynamic
equations for the change in the number of individuals
of two competing phenotypes. Considering these two
phenotypes as mutant and resident, we then derived
the fitness function of a mutant individual competing
with residents already established in the host population.
We finally performed an evolutionary analysis to reveal
the condition for adaptive duplication of parasites,
using the ‘adaptive dynamics’ approach previously
applied to look at adaptive diversification of non-parasite
species [26,27]. Importantly, we considered three hypoth-
eses about the distributions of mutant and resident
individuals among hosts, as such distributions were
obviously anticipated to affect the fitness of the mutants.
We assumed that mutant individuals tend to (i) colonize
hosts at random, (ii) colonize the same hosts as the resi-
dents, or (iii) colonize hosts that are not already
infected by the residents. These distributions are three
simple alternatives to explore the role of spatial segre-
gation in competitive interactions. They can potentially
describe the distribution resulting from heterogeneities
in host exposure/susceptibility to parasites or in patho-
logical effects. For instance, heterogeneity in the spatial
or temporal distribution of infective stages can determine
the aggregated distribution of parasites in hosts ([40],
p. 98), which would lead to a positive correlation between
mutant and resident distributions. Alternatively, infec-
tion by resident individuals can lead to a pathological
reduction of host mobility, and thus a lower susceptibility
to infection by mutants, which would generate a negative
correlation between mutant and resident distributions.

2.2. The extension of the Anderson and May’s
model to a polymorphic parasite population

We denoted H,, ,, () the number of hosts at time ¢ that
harbour n; and n; parasites with phenotype 7 and j. We
also let w(7), m( ) be the natural mortality rates of
the two phenotypes, and B(i), B( j) their colonization
rates. We described competition using two additional
parameters; «(4,j) = a( j,7), the strength of within-
host symmetrical competition between two individuals
with phenotype 7 and j, and K{(7), K( j), the carrying
capacities for individuals with phenotype 7 and 7.

For simplicity, we disregarded host demography and
described transmission as a parasite pure immigration
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death-process using standard modelling methods ([41],
p. 140). Keeping n; as a constant, variations in the
number of hosts with n; parasites are given by

dH, ni,1;

di = _M(i)((ni)Hm,nj (t) - (ni+ 1)Hm+l,n, (t))

n;

+B(i) (Hy, 1,0, (t) = Hy, (1))

— a(iv Z) (%Hnﬂnj (t) _%Hnﬁrl,nj (t)>

- a(ihj) (%thnj (t) _%HerLm(t)) .

(2.1a)

Competition is described here as in the existing theory of
competitive speciation; its effects are assumed to reduce
parasite within-host mortality and we did not consider
alternative impacts that competition may have in reducing
the rate of parasite establishment or reproduction.

A similar equation can be derived for the variations
in the number of hosts with n; parasites while keeping
n; as a constant

dH, ni,1;

() (() Hy g, ()= (1) 1 (1)

+:B(j>(Hm,nrl (t) - Hn“n_y (t))
n2 it 1)2
- a(jv]) (WJ.].)HHMHJ (t) _(;(%H717,n7+1(t)>

i) (g (0=, (0.

(2.10)

Summing over n; and n; one can derive two
equations for the change in the number of parasites
with phenotype 7 and j

dP(i) B dH,, », B ' ] ‘
et Tar | T —r()P() + BG)H
n2
a(i7 Z) FZ-)Hn“nj(t) (220’)
a(27]) W,;)H/M,n](t)
and
drP(j) _ dH,, ,, _
TR ;m | = HPG) +BUHH
2
. n;
- a(j,])ZK(J ) n;,ﬂ_,( )

(2.20)
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where P(i) and P(j) are the numbers of parasites with
phenotype i and j, and H is the number of hosts. Under
the usual assumption of a fast equilibrium in the free-
larval stage dynamics [41]:  B(i)H = AOP(i)H/
/(0H + v) and B(j)H = AOP(4)H/(6H + v), where A,
v and 0 stand for the rates of production of larvae by
adults, death of larvae and of host infection,
respectively.

To further describe the competition between individ-
uals a(i,5) and K(i), K( j) have to be specified. We used
standard assumptions of the theory of niche competition
and competitive speciation [26—-28]. A Gaussian distri-
bution allows describing that competition is more
intense between individuals with similar phenotypes

a(i,j) = e ((i*j>2)/(2tf§>’ (2.3)

where o2 quantifies the intensity of competition: the
lower o2, the stronger the competition for any given
pair of phenotypes. A Gaussian distribution describes
the carrying capacity of individuals with phenotype i

K(i) = K(sp)e~(=))/ %) (2.4)

where sy is the intermediate trait value associated with
the maximal phenotypic carrying capacity K(sp), and
o7 specify the width of the carrying -capacity
distribution according to individual phenotypes.

2.3. The tnvasive fitness function of competing
mutant macro-parasites

To analyse the evolution of the quantitative trait
determining the use of resources by competing macro-
parasites, we searched for the fitness function of a
mutant with phenotype (m) invading a population of
residents with phenotype (7). Such fitness function can
be derived from equations describing the ecological
interactions between mutant and resident individuals
[26—28]. We used equations (2.2a) and (2.2b) to describe
the dynamics of such interactions, assuming that mutant
individuals are rare, and that residents are at their popu-
lation dynamics equilibrium. The first assumption allows
neglecting competition between mutants and simplifying
the description of competition between mutant and resi-
dent individuals. Indeed, the number n,, of mutants in
any given host can only be 0 or 1, and further considering
that, at all time, H,, (t) = H,, , the sum S(m,r) in equation
(2.2a) becomes

S(m7 T) - Z nmnanm.n,

T, T

~ P(m) ZMHZTP(M% (2.5)

Ny

where p(n,) is the probability for a mutant parasite to
enter a host already infected with n, resident parasites.
This approximation involves that the number of hosts
harbouring n,, and n, mutant and resident parasites is
proportional to the number of mutants, because this
number is the limiting factor in the co-occurrence of
both types within a host.

Using equation (2.2a) and the earlier-mentioned
assumptions, one can derive a general expression of
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Table 1. Fitness functions under different assumptions of distribution of mutant and resident individuals. py(n,) is the
probability for a mutant individual to parasite, an host already harbouring n, resident individuals. Sy(m,r) is the sum
describing interaction between resident and mutant individuals as defined by equation (2.5). Fy(r) is defined as in equation
(2.10). pa(ny), Sa(m,r) and F,(r)are given for three distributions of mutant individuals: a random distribution (d=1), a
co-aggregated distribution (d=2) and an inversely aggregated distribution (d=3). The standard theoretical result for

non-parasite species [26,27] appears in the last row of the table.

mutant distribution pa(n:) Sa(m,r) Fy(r)
_ 1 P(r k
random (d=1) i P(m)( i k+1(cK(r) —1)
. _ y P(r)" (k+1
co-aggregation (d = 2) PO) P(m)( i (_k ) +1 cK(r)
. ‘ . B 1—(n/P(r)") P(m) . _P(r)* k+1Y\ H((k/k+1))(cK(r) —1) — cK(r)
inverse-aggregation (d = 3) 71 71 P(r) 7\ 1 71
non-parasite (d=4) — — cK(r)
the invasion fitness of a mutant m in a population  and is given by
of residents r
k
_ dp(m) _ AOH P(r) = H<—> (c(rK(r)—1)  (2.9)
Jmr) = pimar = ™ g k+1
(2.6)
_ alm,r) S(m, 1) with ¢(r) = —u(r) + (\0H)/(6H + v).
K(m) P(m) Substituting P(r)* into S(m,r), the fitness functions

Specifying the probabilities p(n,) appearing in
S(m,r) would thus allows us to complete the definition
of the fitness function.

We used the traditional assumption that the aggre-
gated distribution of residents is described by a
Negative Binomial Distribution [38]. We then worked
out three expressions of p(n.), noted py(n,), whereby
mutant and residents distributions are either indepen-
dent (d=1), positively (d=2) or negatively (d=3)
correlated. When d= 1, the probability for a mutant
to enter a host harbouring n, resident parasites is pro-
portional to the frequency of hosts carrying n,
residents. When d = 2, this probability is proportional
to the number n, of residents. When d = 3, the prob-
ability is inversely proportional to the number n, of
residents. Normalizing these probabilities, we found
the expressions py(n,) appearing in table 1. Since resi-
dents are assumed to be distributed in hosts according
to a Negative Binomial Distribution

> nmH (1) = P(H” (’%1) + P(r),

s

2.7)

where k is the usual aggregation parameter [38].
One can then express S(m,r) with respect to P(r)*,
the number of resident parasites at their population
dynamic equilibrium in absence of mutant (table 1).
This equilibrium level, P(r)*, can be derived from
equation (2.2a), which now reads

= ()P + 5o P()

- afg?r? <P(H?“) (k—]: 1) L p (T)>7 28)
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defined for the three mutant distributions, can be
re-written (from equation (2.6)) in the general form:

a(m,r)

fd(m? 7’) = C(’f’) - K(m)

Fy(r),  (2.10)

where F,(r) are as defined in table 1.

Interestingly, the mutant fitness function derived
for non-parasite species [26,27] can also be written in
that form:

a(m,r)
K(m)

film,r) =c— [cK(r)], (2.11)

where ¢ is usually thought not to depend on the individ-
ual phenotype. We thus assumed that cis a constant for
the three fitness functions defined for parasite species,
to ease the comparison with non-parasite species.

A first conclusion (from equation (2.10) and defi-
nitions of Fy(r) in table 1) is that, when the mutant
and residents distributions are positively correlated (d
= 2), the fitness functions for parasite and non-parasite
species are equivalent. The only difference between
them lies in the definition of ¢, which is related to par-
ameters reflecting parasite or non-parasite life histories.
On the contrary, when mutant distribution is random
(d=1) or negatively correlated (d = 3) with the distri-
bution of residents, the mutant parasite fitness
functions depend on the aggregation level of the resi-
dents. It can also be shown that Fy(r) = Fy(r) >
Fi(n) > Fy(r) so that  f() = fi(r) < () < (1),
which means that, as expected, the more segregated
the mutant and resident are, the fittest the mutant
since it suffers less competition from resident.
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2.4. Fvolutionary dynamics and adaptive
duplication of macro-parasites

The ‘adaptive dynamics’ approach [42] allows identify-
ing evolutionary singularities; that is trait values where
the selection gradient vanishes. Four evolutionary prop-
erties of these singularities are usually assessed:
evolutionary stability, convergence stability, invasion
potential and mutual invadibility. These properties
are assessed using rules on the derivatives of the fitness
function with respect to m and r. We thus worked out
these derivatives and properties using the general
form of the fitness function equation (2.10), assuming
that ¢ does not depend on the individual phenotype
(as usually done for non-parasite species [26]), and
describing competition according to equations (2.3)
and (2.4). Later, we report the conditions for the evol-
utionary singularity of the four fitness functions to
have the different properties evocated earlier. Details
of the mathematical derivation of these results as well
as numerical illustrations of the analytical results are
given in the electronic supplementary material.
Evolutionary singularities can be identified by solving

Sfa(m, ) _ Fu(s) (8= s _
da = K(S*)< 0%() 0. (212)

om

Since Fy(s*) # 0 (V d € [1; 4]) (see the electronic
supplementary material ), there is only one evolutionary
singularity: s* = sy, which is exactly the same for all
macro-parasite fitness functions (d=1,2,3), and for
the non-parasite species (d =4 and [26,27]). It simply
corresponds to the value of the trait providing the maxi-
mal amount of resource (K(sp)), and it is worth
mentioning that this evolutionary singularity does not
depend on the distribution of the mutants nor on the
level of aggregation of the residents.

Such an evolutionary singularity is evolutionary
stable if

62fd(m, T)
&m

m=r=s*

_R) (11
=K (Ui 0§(> <0. (2.13)

Since Fy(s*) >0 (V d € [1; 4]) (see the electronic
supplementary material ), whatever the fitness function,
the condition for the evolutionary singularity s* = s, to
be an evolutionary stable strategy is 02 > o%. This con-
dition is biologically meaningful as large o, means that
residents §* = sy compete with (mutant) individuals
having different phenotypic values, which can prevent
invasion. Instead, if O'Z is small, residents do not exert
any competition pressure on mutants, which can then
invade. Again, the results we obtained for macro-para-
sites (d=1,2,3) are similar to the one obtained for
non-parasite species (d =4 and [26,27]).

The evolutionary singularity is a convergent stable
strategy (CSS) if

m=r=s*

82fd(m, T) _82fd(m7 T)
0 ’ r M=T=5% 0 ’ m m=r=s*
1 Fd(S*) 82Fd(7') >
= — > 0. 2.14
K(s*)( % %1 |y 214)
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Evaluating this inequality according to the different
function F; and their second derivative with respect to
r, we obtained the conditions for the evolutionary
singularity to be a CSS for each of the four fitness func-
tions (see the electronic supplementary material).
When the mutant distribution is positively correlated
with the resident distribution (d=2), the expression
of this condition is exactly the same as for non-parasite
species (d = 4) and, remarkably, it does not depend on
the aggregation parameter. On the contrary, for the
other two types of mutant distribution, these
expressions depend on the details of the parasite life his-
tory and, especially, on the aggregation level. Despite
these differences, s* remains always an evolutionary
convergent strategy (see the electronic supplementary
material), which means that s* can be gradually
reached through a sequence of adaptive mutations
with small phenotypic effects.

The evolutionary singularity is an invasive strategy if

0% fy(m, ) 1 {Fd(s*) _82Fd(r) }
827’ K(S*) 0% 82T m=r=s*
(2.15)

m=r=s*

> 0.

Evaluating this inequality for the different functions
F4(r), one obtains the conditions for the evolutionary
singularity s* to be able to invade in a non-gradual
way (see the electronic supplementary material).
Again, those conditions are exactly the same when the
mutant distribution is positively correlated with the
resident distribution (d=2) and for non-parasite
species (d=4). When mutant and residents distri-
butions are different (d=1 and 3), the conditions
depend on the parameter related to macro-parasite life
history (see the electronic supplementary material).
These conditions are analogous to the conditions for
s* to be convergent stable, except that, in the first term,
a2 is replaced by o2. Again, those conditions are always
verified (see the electronic supplementary material).
Evolution can thus lead to the establishment of s* in
a non-gradual way, typically by the fixation of a
mutation of a large effect.

Finally, a protected polymorphism (PP) could
appear in the vicinity of the singular strategy if

%fi(m, 1) 0%fi(m, 1)
1 <2Fj(s*) _0%F(r) B Fj(s*)>
K(s*)\ o3 0*r lporey Ok
> 0.

(2.16)

Not surprisingly, these conditions are exactly the
same when the mutant distribution is positively corre-
lated with the resident distribution (d=2) and for
non-parasite species (d = 4), and they are always satis-
fied (see the electronic supplementary material). When
mutant and resident distributions are different (d=1
and 3), the condition also always holds (see the elec-
tronic supplementary material). A pair of mutations
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with larger and smaller trait values than s* can then
invade each other, so that a PP can potentially gets
established, leading to two sets of individuals exploiting
two opposite parts of the resource gradient.

2.5. Branching point

Branching points are paradigmatic features of the
adaptive dynamics background, especially when looking
at adaptive diversification and speciation. They are
points around which a monomorphic population can
become polymorphic because frequency- and density-
dependent ecological interactions generate a disruptive
selection pressure. In addition, when the ecological
trait under disruptive selection pleiotropically affects
pre-zygotic isolation, adaptive ecological diversification
almost systematically leads to adaptive speciation
[26,27]. Conditions for adaptive diversification under
such scenario are thus identified by identifying the
range of parameter values where s* is a ‘branching
point’. For s* to be a ‘branching point’, it has to be
CSS with the potential to invade (IP) in a non-gradual
way, and to be a non-evolutionary stable strategy (non-
ESS) around which a PP can appear. The first two
properties (CSS and IP) ensure that evolution can
lead to s*. The last two properties (non-ESS and PP)
allows for diversification around this strategy after it
has been reached.

Whatever the assumption about the mutant distri-
bution among hosts, the conditions for the singular
strategy to be convergent stable, to be able to invade
and for a PP to appear always hold. Thus, the only
requirement for s* to be a branching point is not to be
an evolutionary stable strategy, which, as previously
stated for non-parasite species, requires oi < o%( [26,27].

The conditions for adaptive duplication owing to
within-host competitive interactions are thus the same
as the conditions for competitive speciation of non-para-
site species. An important by-product of this conclusion
is that, despite the variations of the fitness function
with the mutant distribution and the aggregation level
of the residents (see the definition of parameter ¢ and
function Fy(r), and numerical results in the electronic
supplementary material), these changes do not affect
the properties of the evolutionary singularity. Accord-
ingly, the conditions for adaptive diversification around
a branching point do not depend on the level of aggrega-
tion of the parasites. This is a key prediction since
aggregation has been shown to have a strong influence
on many features of macro-parasite ecology [1,38,43,44],
which we decided to test.

3. TEST OF THE ‘AGGREGATION-FREE’
ADAPTIVE DUPLICATION HYPOTHESIS

Monogeans are good candidates to test our theoretical
prediction that within-host adaptive diversification
does not depend on the level of aggregation of macro-
parasites. The monogenean genus Dactylogyrus indeed
represents a group of fish gills ecto-parasites highly
diversified (a high number of species often live on the
same cyprinid species) and highly host-specific, which
fits the assumption of our model. In addition, parasite
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duplication is a major mode of speciation in this group
[6] and has been proposed as a case of the ‘pleiotropic
scenario’ [24,33] we investigated. Phylogenetic recon-
struction indeed showed that speciation event is linked
with change of at least one parameter of the parasite
niche, i.e. the micro-habitat position of the parasites on
the fish gills. The most important adaptation of those
gills ecto-parasites is a special attachment organ called
haptor, and monogeneans living on the same micro-
habitat (position on the gills) show similar haptor
morphology. Because individuals reproduce within their
micro-habitat, mating tends to be assortative with
respect to the morphological trait under natural selection
[45]. The morphology of attachment organ is considered
being related to parasite speciation and host specificity
[46] and typically is a quantitative trait involved in
both the evolution of pre- and post-zygotic isolations
between incipient species as considered in the modelling
of the pleiotropic scenario of competitive speciation
[26—28] and in this contribution.

We investigated the effect of aggregation on diversi-
fication across the Dactylogyrus species (Monogenea)
parasitizing six fish species of Cyprinidae using field
data collected from July to August 2000 and from
May to September 2001 from the selected localities
belonging to Morava river basin (Czech Republic). On
the basis of the phylogenetic study of Simkové et al.
[6], we separated 20 species of intra-host speciation’s
origin and six species originated from other types of spe-
ciation (figure 1). Intra-host speciation or duplication
events were depicted using host-parasite tangle tree rep-
resentation, and the robustness of the intra-host
speciation (duplication events) was tested by bootstrap
percentage on randomized parasite and host phyloge-
nies (see Simkova et al. [6] for details). We then used
MacroCAIC program [47], derived from CAIC [48] to
test our prediction of independence between the aggre-
gation level and speciation of parasites. MACROCAIC is
designed specifically for studies of diversification and
uses a basic approach based on phylogenetically inde-
pendent contrasts. MAcrROCAIC allows using species
richness as a variable in a comparative analysis to esti-
mate whether a trait (here aggregation) is associated
with high speciation rates [49]. We used a widely
acknowledged measure of the aggregation level of para-
sites [50]; the ratio of the variance of abundance [V(M)]
of a parasite’s distribution to its mean abundance (M).
We used this measure instead of the parameter k of
the negative binomial as the latter can be biased when
estimated on different species with obvious different
sample sizes [51].

We regressed the natural log of the CladeBigX/
CladeSmallX ratio where CladeBigX is the species rich-
ness of the sister clade with larger aggregation, for each
node of the phylogeny, and CladeSmallX is the species
richness of its sister clade with lower aggregation.
The In(CladeBigX /CladeSmallX) was regressed against
standardized contrasts for Var(M)/M, and we found no
significant correlation between monogenean aggrega-
tion and diversification (p = 0.40, n = 16; figure 2). In
other words, clades with higher species richness are
not characterized by smaller or larger aggregation
than their sister clades. Despite the potential bias
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Figure 1. Phylogeny of the Dactylogyrus species (Monogenea), with indications of cospeciation and intra-host speciation events,
and with the name of fish hosts. Intra-host speciation or duplication events were obtained using host—parasite tangle trees and
were tested by bootstrap procedure (see Simkova et al. [6] for details). Tree rooting was done using phylogenetic information and
taxonomic knowledge on the family Ancerocephalidae [6]. Open rectangles, speciation by host switch; filled rectangles, intra-host

speciation; stars, co-speciation.

when using parameter k, we performed the same com-
parative analysis on k estimates and found a similar
pattern, suggesting that this conclusion is robust.

4. DISCUSSION

We investigated the conditions for within-host adaptive
diversification by expanding the theory of competitive
speciation to macro-parasites species, and by confront-
ing our theory to a comparative analysis of speciation
rates in monogenean parasites.
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Although the invasion fitness depends on para-
meters describing key features of the macro-parasites
life history, we showed that it is typologically equivalent
to those previously derived for non-parasite species as
long as the mutants tend to colonize the same hosts
as the residents. On the contrary, when mutants ran-
domly colonize host individuals, or when they tend
to colonize less infected hosts, the fitness function of
parasites and mnon-parasites are no longer similar.
As expected, differences between the distribution of
mutants and residents promote mutants’ invasion. This
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Figure 2. Lack of relationship between aggregation, estimated
by the ratio of the variance of the mean parasite abundance
V(M) to the mean parasite abundance M, and the rate of
species diversification, estimated by ratio of the most diversi-
fied sister clade (CladeBigX) to the less diversified
(CladeSmallX) (in Ln).

is consistent with the well-known effect of spatial hetero-
geneity to promote coexistence between competitive
species of mammals [52], birds [53], plants [54], fungi
[55] as well as macro-parasites [56].

Regardless of differences in fitness functions obtained
for various distributions of the mutant among hosts,
the conditions for within-host adaptive diversification
remain the same and are exactly the same as for com-
petitive diversification of non-parasite species [25].
This suggests that previous results on the influence of
intraspecific competition on non-parasite species diver-
sity are robust to the life history of the organisms being
considered. This leads to the unanticipated conclusion
that within-host adaptive diversification of macro-para-
sites does not depend on the level of aggregation among
hosts. Such a conclusion contrasts with the recognized
effects of aggregation on population dynamics [38,44]
interspecific competition [43,57], and the evolution of
both host and parasite [40]. Interestingly, the compari-
son of speciation rates between clades of monogeneans
with low and high level of aggregation was consistent
with this theoretical prediction. Although the failure of
detecting an effect of aggregation may entail a lack
of statistical power, this finding is consistent with
those of Simkova et al. [58] and suggests that intra and
interspecific aggregation affect the strength of population
regulation of monogeneans, but with no incidence on
their diversification through competitive speciation.

We used a simple strategic ‘core’ model [59] that allows
accounting for general features of macro-parasite lifestyle
to specify the conditions for within-host competition to
cause adaptive diversification. Although the description
of the parasite life history was consistent with the lifestyle
of the monogeneans used to confront our theory to exist-
ing phylogenetic studies, there are several lines along
which to improve our theory and our understanding of
the role of within-host competition in parasite diversity.

Our evolutionary analysis relied on a phenotypic
approach, which does not account for sexual reproduc-
tion. The conditions for the population to split into
subpopulations of different phenotypes might thus not
strictly correspond to the conditions for within-host
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duplication [28]. However, when considering a ‘magic’
trait, whereby assortative mating between phenotypi-
cally similar individuals appears as a by-product of
ecological specialization, the conditions for competitive
speciation established by individual-based models
(including sexual reproduction and the genetic under-
lying the ecological trait) do match the conditions
for the ecological phenotype diversification [26,27].
Because the size of the haptors used by monogeneans
to attach on gills is thought to be such a magic trait
[35], our results indeed inform on duplication events.
For parasites developing within the host body, such as
intestinal nematodes, chemical communication can
influence encounters between con-specific individuals
as well as encounters between individuals of different
species [60,61]. Such chemical communication has also
been observed for non-parasite [62] and plant parasite
[63] species closely related to nematodes. Poten-
tially, such communication could thus evolve to limit
hybridization between incipient species of intestinal
nematodes, as observed in the plant—parasite nematode
Radopholus similis [64]. According to the general
theory of reinforcement [24], the conditions for para-
site duplication involving the evolution of assortative
mating based on such chemical communication are
likely to be more limited, even if the post-zygotic iso-
lation owing to intraspecific competitive interactions
provides the required selective pressure [26]. It would
thus be worth expanding the theory to account for
the evolution of such ‘mating trait’ as previously
done for non-parasite organisms [26]. Identifying the
condition for such mating clue to evolve would
undoubtedly provide new insights into the idea that
the present chemical signalisation between con-specific
individuals represents the ghost of a past competition.

The theory we developed does not consider any effect
of macro-parasites on their hosts. Such an assumption is
consistent with the common view that macro-parasites
are less virulent than many micro-parasites, such as
bacteria [65], virus [66] or protozoan [67]. Nevertheless,
macro-parasites can affect their host survival and
reproductive rates either on their own [68] or through
co-infection with micro-parasites [69]. To expand the
theory to account for parasite virulence is likely to
produce further stimulating results, especially about
the role of aggregation. Indeed, as the most heavily
infected hosts are where the intraspecific competition
is the highest, they also are where disruptive selection is
the strongest. If such hosts were to die because of their
heavy rate of infection, aggregation would have an
adverse effect on adaptive diversification. Potentially,
the virulence of the resident population could thus
freeze further evolution. Such a possibility of ‘frozen evol-
ution’ has been widely overlooked, while it could be
relevant to the evolution of any other life-history trait of
macro-parasites. We thus anticipate that accounting for
virulence would limit adaptive diversification and dupli-
cation induced by within-host competition, a conclusion
that is likely to depend on the level of co-distribution
between mutants and residents.

The model we used provides a proper theoretical
background to better understand the origin and evol-
ution of ‘species flocks’ observed in single host species,

968
969
970
971
972
973
974
975
976
977
978
979
980

982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008



1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071

Within-host competition R. Guilhem et al. 9

such as fish gills monogeneans [70,71] or gastrointesti-
nal helminths [21,70] that interact along a gradient of
resource. However, some macro-parasites show much
stronger spatial segregation as they colonize different
locations within the host body. For instance, adult flat-
worms such as Schistosoma settle in various parts of the
blood vessels network [72], while adults of the filarial
roundworms Onchocerca are found in tissues such as
the skin, muscles, joints or blood vessels [73]. Here
again, expanding the theory of competitive speciation
to macro-parasite could stimulate research on parasite
evolution. In a recent attempt, Thibert-Plante &
Hendry [74] have explored adaptive diversification
when individuals compete for a bimodal resource distri-
bution. They looked at how competition and mate
choice interact with the discreteness of the environment
to allow for sympatric speciation. Although the initial
phenotypic distribution used mimicked the coloniza-
tion of a new host with different potential locations
and no initial adaptation to any of them (rather than
the adaptation to a new location within the host
body), this framework could allow questioning how
within-host interactions can promote or impede adaptive
diversification. This would imply to account for the
specificity of macro-parasites, and could lead to an
original scenario of competitive speciation as parasites
using one of the peaks (or locations) are undoubtedly
eliciting an immune response. Such a response to macro-
parasites typically involves the TH2 immune response
[75] and is likely to be non-specific [76]. It would then
impose a negative density-dependent effect on mutants
trying to colonize a new location, and therefore increase
selection against mutants that are already likely
to suffer from rare phenotype mating disadvantage
[28,77]. The indirect interactions owing to the non-
specific immune response may then impose an additional
form of stabilizing selection opposing within-host
adaptive diversification.

In conclusion, this study is the first attempt to
expand the theory of competitive speciation to macro-
parasites and to better understand duplication as an
adaptive response to within-host competition for
resource. We have enlightened how expanding the exist-
ing theory to macro-parasites can enhance the general
theory of adaptive speciation and provide new con-
ceptual insights into our nascent understanding of the
origin of macro-parasites’ diversity [71]. Hopefully,
this will help parasitologists to overcome difficulties in
looking at the variability of life-history traits and inter-
actions at the intraspecific level, where the selective
pressures explaining parasite diversification can be
identified. To improve predictions about the adaptive
evolution of macro-parasites require developing more
specific models corroborated by a fine understanding
of their life-history and interactions with the host.
Importantly, most theoretical contributions about the
ecology, evolution and control of macro-parasites infect-
ing wild animals, livestock or human, were obtained
using Anderson & May’s model [39]. The theory we
developed, and the improvements we discussed, thus
provide the natural framework to understand the
influence of within-host competitive interaction on
life-history evolution and speciation of macro-parasites,
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as well as to design evolutionary-proof control to reduce
their impact on livestock and human populations [78].

This work has been supported by the GDR ‘COMEVOL’
project ‘Dynamics of parasite community’ (2008-2009); and
by the EU-FP7-PEOPLE-Intra-European Fellowship for
career development (IEF) grant no. 253483.
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The differences between our four fitness functions are encapsulated in function F,(r)

provided in table 1 (main document). In this supplementary material, we first summarize simple

mathematical results about these F,(r) functions (section 1), which are needed to produce the

evolutionary analysis. We then proceed to the evolutionary analysis (section 2) through the usual

derivations of the adaptive dynamics background [1].

1. Sign of functions F,(r)

F,(r)y=F,(r)=cK(r)>0 since both ¢ and K(r) must be positive; and clearly,

P(r)

F (r)= > 0. To show that F,(r)>0, it is convenient to define 4=H [Lj so that

k+1

(A-DcK(r)— 4

P(r)" = A(cK(r)—1) and F,(r)= T

. According to the expected order of

magnitude for £ and H, then 4 must be much larger than 1. In the same time, cK(r) is also

likely to be much larger than 1. These two conditions ensure that F,(r) > 0.

We can then conclude that F,(r) >0 (V d e [1;4]).

2. Evolutionary analysis

The evolutionary analysis allowed by the adaptive dynamics background relies on the first
and second derivatives of the fitness function with respect to the mutant phenotype, and on its
second derivative with respect to the residents phenotype. These three derivatives allow
identifying evolutionary singularities (the so-called ‘evolutionary fixed points’) and their
evolutionary properties [2,3]. We first performed these derivations on the general form of the

fitness function (equation 10 in the main text), which does not specify the function F,(r).

Accordingly, the derivatives we obtained are themselves functions of the derivatives of

F,(r). We then evaluated the derivatives of the four different fitness functions by specifying

the function F, (7).
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The three derivatives of the general form of the fitness function (as required evaluated at a

singular strategy s*) are:

4 (m,r) _ E, G (5*=s0)
om |, _._. T K(s%) o ’
a2fd(mar) _F,(s%) 1
im | K(s%) ol o)

and —azf"(m’r)
o%r

R AR AG)
m=r=s* K(S*) 0-2 ar2 ‘m:r:s* ’

Singular strategy. The singular strategy is obtained when the first derivative with respect to
the mutant phenotype equals to 0. Since F,(s*)#0 (V d € [1;4]) as shown in section 1, the

only solution and the unique singular strategy is the same for all the four fitness functions:

s*=gy.

Evolutionary stability. The singular strategy is an evolutionary stable strategy if the second

derivative with respect to the mutant strategy is negative. Since F,(s*)#0 (V d e [1;4]),

the condition for s* to be an evolutionary stable strategy is the same for all the four fitness

: . 2 2
functions : ¢, >0}

Convergence stability. The singular strategy is a convergent stable strategy if the second
derivative with respect to the residents is larger than the second derivative with respect to the
mutant phenotype. It is straightforward to show that such a condition is equivalent to:

Fy(s*)  9'F,(r)|
o d%r

For the second and fourth fitness functions, this inequality is equivalent to
cK (s%*)

2
%

>0

which is always satisfied since cK(s*)>1 for P~ to be positive (see equation 9 in the main

text).

For the first fitness function this inequality can be written as:
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1 k
02[ 5% k+1

K

cK(s*)j >0

which holds since F|(s*) >0 and cK(s*)>1.

To evaluate the above inequality while using the third fitness function, it is useful to re-write
F,(r)as a function of 4 (defined in section 1):

(A-DcK(r)— A4

Fi(r)= -1

Tedious but straightforward calculation then leads to:

0 F,(r) _cK(s*) 1-4
9’r o, H-1

m=r=s*

It then comes that s* is a convergent stable strategy if:

Fi(s*) cK(s*)1-4 S

0
o o, H-1

which holds since F;(s*)>0 and 4 >>1.

Accordingly, for all the four fitness functions, s* is always a convergent stable strategy.

Invasion potential. A singular strategy is an invasive strategy if the second derivative with

respect to the resident is positive. This is equivalent to:

F,(s%) 9F,(r)|
o’ o%r

o

Interestingly, the second derivatives (with respect to the residents strategy) are negative for

the four fitness functions:

2 2
RG] F;Z(r) =—a F}(r) :—chK(s*)<0,
a r m=r=s* a r m=r=s* O-K
d°F,(r) __cK(s*) k <0,
Fr | . oy k+1
2 *) 1
and O k() _ K 1-4 <0 (since 4>>1).
or | .. og H-I

As F,(s*)>0 (V d e [1;4])., we can conclude that s* is obviously always invasive.
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Protected polymorphism. A protected polymorphism can arise around the singular strategy,
when the second derivative with respect to the residents phenotype is larger than the opposite

of the second derivative with respect to the mutant. This condition is equivalent to

2F,(s%) _OF, (| F)
o’ d°r ‘ o;

a m=r=s*

0

For the second and fourth fitness functions, this condition is equivalent to:

*
2667
o

This condition always holds since F,(s*)=F,(s*)>0.

For the first fitness function, it can be shown, wusing the two equalities

2 *
J le(r) = _CK(;S‘ ) _k_ and F(s*)= k (cK(s*)—1), that the above condition
ar | . o, k+1 k+1
becomes:
&
2, (),
o, ox \k+1

This condition always holds since F,(s*)>0.

For the third fitness function, it is convenient to re-write the above condition as a function of

A=H ke , which gives:
k+1

2 [(A—l)cK(s*)—Aj_ 1 (cK(s*)(l—A)—(A—l)cK(s*)+Aj>0

o, H-1 o H-1

o

Considering A4 >> 1, this is roughly equivalent to:

24 A

= (K (s*) = 1)+ —(2cK (s*)-1)> 0

O-a O-K

This condition holds since c¢K (s*) is expected to be much larger than 1.

Thus, for all the four fitness functions , a protected polymorphism can emerge around the

singular strategy.
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Figures captions

Figure ESM 1. Evolutionary properties of the singularity s*=s, with respect to the
distribution of the mutants, and to the level of aggregation of the resident parasites. Panels A
to D corresponds to the four evolutionary properties of s*, as evaluated in the adaptive
dynamics approach; evolutionary stability, convergence stability, invasion potential and
mutual invadability. The panels show the value of the quantities to be calculated to evaluate
each of these properties (i.e. the left hand side of equations 12, 13, 14 and 15, respectively)
with respect to the distribution of the mutant (d=1,2,3 as defined in the main text) and the
level of aggregation of the resident (k). In each panel, the variations in function of k£ are
displayed as a solid line for d=2, a dashed line for d=1, a and dotted line for d=3. The value of
those quantities vary with respect to d and k£ (except for d=2, as expected from the analytical
results), but they always remain positive illustrating that s* is a CSS, IP, PP, but not an ESS,
and confirming that such a conclusion is independent of the distribution of the mutants and
the level of aggregation of the residents. The values of parameters are H =10,000; c=I;

¢,=0.1; 6, =0.9; K, =100 (=10 for d=3).
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Chapitre 4

Diversification compétitive des macro-parasites :
virulence, distribution et taux évolutifs

4.1 Introduction

Le modele utilisé dans le chapitre 3 prend en compte deux caractéristiques essentielles
des systemes hote-macro-parasites : le fractionnement de la population parasite et son
agrégation au sein de la population héte. Par contre, la théorie développée dans ce chapitre ne
tient pas compte des conséquences éventuelles de la virulence des parasites. Comme discutée
alors, ceci rend compte du fait que les macro-parasites ont souvent un faible pouvoir
pathogene sur les individus hdtes qu’ils infectent (Thomas, 2002; Brooker, 2010). Néanmoins
cette virulence, bien que faible pour de nombreuses especes, existe et peut, pour certaines
especes, affecter significativement la survie ou la reproduction de leurs hotes. C’est le cas
notamment de certaines especes d’helminthes affectant la santé de ’homme, telles que les
schistosomes, ou d’animaux a forte valeur économique, comme certains parasites de poissons
(Knudsen et al., 2002)

De nombreux travaux traitent de 1’interaction entre la virulence et la compétition intra-
hote chez les micro-parasites (Alizon & van Baalen, 2008). Dans le contexte de la spéciation
compétitive des macro-parasites, la virulence pourrait influencer les interactions entre
parasites et entre hotes et parasites, et par voie de conséquence les pressions de sélection
disruptive et les conditions de spéciation. En effet si les hotes viennent a mourir du fait de la
virulence de leurs parasites, la disparition des hotes les plus infectés doit se traduire par la
disparition des portions de la population de parasites (les « infra-populations ») au sein
desquelles les interactions compétitives sont les plus fortes. Ceci doit donc se traduire par une
réduction de la pression de sélection disruptive, et donc limiter les phénomenes de
diversification. Autrement dit la virulence doit, a priori, constituer un frein a la spéciation
compétitive.

L’objectif du chapitre 4 est donc d’¢largir le cadre théorique proposé dans le chapitre 3
pour étudier I’influence du mode vie des macro-parasites sur leurs conditions de spéciation en
considérant un trait d’histoire de vie parasite supplémentaire, & savoir la virulence, et son
interaction avec I’agrégation des parasites et la compétition intra-hote. Le premier pas dans
cette direction consiste a identifier la fonction de fitness d’invasion de parasites mutants, et
d’en analyser les variations en fonction de I’agrégation et de la virulence.

Contrairement a ce qui avait ét¢ montré pour des parasites non-virulents, 1’expression
générale de la fitness du mutant est qualitativement différente de celle dérivée pour les
especes non-parasites. En outre 1’effet de la virulence sur la fitness dépend du mode de co-
distribution des mutants et des résidents. Comme précisé ci-dessus, la mort d’individus hotes
due a la virulence des parasites entraine la disparition des infra-populations correspondante, et
une réduction de la taille de la population des parasites résidents. Dans le cas ou le mutant
tend a infecter les mémes individus hotes que les résidents, le mutant ne bénéficie pas de la
réduction de la taille de la population de résidents puisqu’il est également pénalisé par la mort
des hotes fortement infectés. Par contre, lorsque mutant et résidents sont distribués de maniére
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indépendante ou que le mutant tend a coloniser des hotes non-infectés, cette réduction du
nombre de résidents, et donc de compétiteurs, bénéficie a I’invasion du mutant car celui-ci
tend a coloniser des individus hotes globalement moins infectés. Dans le premier cas la
virulence a donc toujours un effet négatif sur la fitness du mutant. Mais dans les deux autres
cas, bien que la virulence contribue a réduire la fitness du mutant car celui-ci risque
directement d’induire la mort de son hote, cette effet peut étre compensé par la réduction du
contexte compétitif et avoir, de facon inattendue, un effet bénéfique pour I’invasion du
mutant. Ces résultats constituent un premier pas indispensable pour comprendre 1I’influence de
la virulence sur la compétition intra-hdte entre macro-parasites, mais ne fournissent pas
directement les conditions de spéciation compétitive. Pour obtenir ces dernicres, j’ai donc
procédé a l’analyse évolutive de ces fonctions de fitness par les méthodes standards de
dynamique adaptative.

Les conditions de spéciation compétitive prédites suite a 1’analyse évolutive sont
identiques a celles des parasites non-virulents, et donc des especes non-parasites. Ces résultats
permettent donc de conclure qu’aucun des 3 traits d’histoire de vie considérés — agrégation,
fractionnement de la population et virulence — ne différencie les conditions de spéciation
compétitive des especes macro-parasites et des non-parasites.

Dans I’optique d’une théorie expliquant comment le mode de vie des espéces parasites
pourrait influencer leur taux de spéciation adaptative et leur diversité, I’objectif du chapitre 4
est aussi de mieux quantifier I’influence des traits d’histoire de vie des macro-parasites sur
leurs probabilités de spéciation compétitive. Pour cela je me suis d’abord intéressé a
I’influence de ces traits d’histoire de vie sur le paysage adaptatif des mutants au travers de
« Pairwise-Invasibility Plot » (PIP), comme souvent utilisé pour les espeéces non-parasites.
Ces PIP permettent de représenter graphiquement 1’influence des parameétres sur la probabilité
de remplir les différents critéres nécessaires au branchement évolutif d’apres les méthodes de
dynamique adaptative. Puis j’ai dérivé I’expression générale de 1‘équation canonique
décrivant la vitesse d’évolution du phénotype résident lorsque cette évolution est générée par
une sélection stabilisante. Cette équation permet ainsi de quantifier I’effet des traits d’histoire
de vie parasites sur le temps nécessaire a la population parasite pour accomplir la premicre
étape vers un branchement évolutif: 1’évolution vers la stratégie singuliere prédite par les
résultats de dynamique adaptative. Cette équation a ainsi permis d’apporter des premiers
résultats quantitatifs sur 1’effet du mode de vie des parasites sur le temps nécessaire pour
accomplir cette premicre étape vers le branchement évolutif.

L’analyse des PIP produit des résultats conformes avec les prédictions de 1’analyse
évolutive selon lesquelles les conditions de spéciation compétitive chez les especes macro-
parasites sont les mémes que pour les espéces non-parasites. Néanmoins, les résultats
numériques issus de 1’utilisation de 1’équation canonique montrent que les traits d’histoire de
vie des macro-parasites peuvent influencer leur taux d’évolution vers la stratégie singuliere.
Surtout, ces résultats montrent que, selon le niveau de virulence par exemple, les espéces
macro-parasites peuvent évoluer a des taux supérieurs mais aussi inférieurs a ceux obtenus
pour les espeéces non-parasites. Sans anticiper sur les taux avec lesquels les macro-parasites
accomplissent I’ensemble des étapes nécessaires a I’apparition d’un branchement évolutif, ces
résultats représentent une premieére quantification de la capacité du mode de vie des especes
parasites a leur conférer des taux de spéciation compétitive différents des especes non-
parasites.

4.2 Competitive diversification of macro-parasites: virulence, distribution
and evolutionary rates (article en préparation)
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Introduction

The theory of adaptive speciation has been broadly expanded over the last two decades
[Dieckmann et al., 2004; Weissing et al. 20/1]. These theoretical studies describe how
frequency and density dependent ecological interactions can lead to adaptive diversification,
and they have strongly contributed to challenge the common view that sympatric speciation is
of little importance to explain the observed level of species diversity [Dieckmann et al.,
2004]. The theory of adaptive speciation has stimulated a lot of empirical research which
today provide us with a better understanding of the evolution of a wide range of organisms,
such as plants [Savolainen et al., 2006 ; Gavrilets & Vose, 2007], fungi [Giraud et al., 2010 ;
Giraud & Gourbicre, 2011], algae [Jancek et al., 2008], fishes [Barluenga et al., 2006 ;
Gavrilets et al., 2007]. However, this theory has paid virtually no attention to the
diversification of parasites, even though they represent an important proportion of living
species [Poulin & Morand, 2004], and despite that the origin of their high diversity is
recurrently questioned [Price, /980, de Meels et al. /998]. Such a gap in the theoretical
literature on adaptive speciation is surprising since parasites are thought to have a great
potential for sympatric speciation [de Meels et al., /998; Giraud, 2006], and because the
ecological interactions with their host as well as between them influence their population
dynamics [Pedersen & Fenton, 2006], their micro-evolution [Mideo 2009], and the level of
diversity in their communities [Lo & Morand, 2000].

One particular form of adaptive speciation is ‘competitive speciation’, in which
diversification results from competitive interaction between con-specific individuals
[Dieckmann et al., 2004, pages 8-9]. The potential for intraspecific competition to allow for
sympatric diversification of non-parasite species has been investigated for more than 10 years
both theoretically [Dieckmann & Doebeli., 1999; Weissing et al. 20/1] and empirically
[Dieckmann et al., 2004], and such interactions are central to the evolution and the diversity
of several groups of sympatric parasite species [Gourbiere & Mallet, 20/0]. A fundamental
and still unaddressed question is thus; what is the influence of the parasite lifestyle on the
conditions and rates of competitive speciation ? In the absence of a firm theory quantifying
the effect of the specificities of parasite life histories such as fragmentation of the population
between host individuals, overdispersed distribution of individuals among the host population
(aggregation), or parasite virulence [Combes 2001; Poulin 2006], there is little hope to answer
this question.

In a first attempt to investigate the influence of parasitic lifestyle on competitive speciation,
we adapted the existing theory to account for these key aspects of macro-parasites life-history
[Rascalou et al., 20/2]. We focused on the ‘pleiotropic scenario’ whereby a magic trait
subject to divergent natural selection also contributes to non-random mating [Dieckmann &
Doebeli, 71999]. The proposed theory deals with a quantitative character that determines the
competitive ability of individuals and which pleiotropically serves as a clue for mating choice.
Such a trait typically includes the body mass [Steinauer 2009], or the size of anchors in
monogeans colonizing fish gills [Simkové et al., 2002]. We modelled parasite aggregation
among hosts, parasite reproduction and within-host intraspecific competition as well as larvae
dispersal between hosts according to the standard theoretical literature on the ecology of
macro-parasite [Anderson & May, 71992]. Using the same ‘adaptive dynamic’ approach as
previously used to study diversification of non-parasite species [Dieckmann & Doebeli, 1999;
Doebeli & Dieckmann, 2000], we demonstrated that, although the fitness of individuals
depends on the specific features of the macro-parasites lifestyle, the conditions for
competitive diversification are the same as for non-parasite species.
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The model used in [Rascalou et al., 20/2] did not consider any virulence of macro-parasites,
which is consistent with a common view that many macro-parasite species, do not
significantly affect the survival of their host [e.g., Thomas 2002, Brooker 2010]. However, for
many other species, there are clear evidences that macro-parasites are virulent to their hosts.
These include human helminths such as schistosome flatworms responsible for anemia
[Friedman et al., 2005], as well as many parasites affecting livestocks or wild fauna such as
cattle [Over et al., 1992] and fishes [Knudsen et al., 2002]. Hypothetically, parasite virulence
and aggregation among host, a key feature of macro-parasite lifestyle [Combes 20017; Poulin
2006] could interact to weaken the disruptive selection generated by within-host competitive
interactions between parasites [Rascalou et al., 20/2]. Because the macro-parasites are
typically highly aggregated among hosts [Shaw et al., /1998], virulence induces the death of
the most highly infected host individuals and their parasites [Dobson & Hudson, /992]. In the
context of adaptive diversification associated to competitive interactions, this also means that
wherever competition and disruptive selection manifest themselves at the strongest levels,
their selective effects on parasite evolution will be partially counterbalanced by the effects of
virulence.

We built on the emerging theory of competitive speciation of macro-parasite species
[Rascalou et al., 2012] to account for parasite virulence and to investigate how much the
interplay between aggregation and virulence affects the level of post-zygotic isolation induced
by frequency- and density- dependent selection due to within-host competition, and ultimately
the condition for competitive speciation? We further expand the previous theory to investigate
not only the condition of competitive speciation, but also the time required for parasite
adaptive diversification. There is little consideration to the time required for diversification in
the literature on adaptive speciation (but see [Gavrilets, 2004]). Theoretical predictions focus
on the condition for ecological interaction to produce disruptive selection, and implicitly
assume that such conditions would stay constant over a sufficient time for speciation. While
such an assumption has been criticized, and while theory offers the possibility to make
qualitative predictions on the effect of competition on temporal rates of diversification, it has
never been attempted so far. We give a first quantification of the effect of the features of
macro-parasites life-history on their probability of competitive diversification, by using a
canonical equation describing the temporal dynamics of the average phenotypic composition
of a population of macro-parasites under stabilizing selection [Dieckmann et al., 2004].
Eventually, through the use of this same canonical equation, we also compare the
evolutionary rates predicted for macro-parasite species with those predicted for non-parasite
species.
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Materials and Method

Model for a polymorphic population of macro-parasites

We expanded the model of Rascalou et al. (2012) by accounting for the virulence of
macro-parasites. In this previous model, we considered a polymorphic population of macro-
parasites whereby individuals differ with respect to a quantitative trait determining the part of
a gradient of resource they are able to exploit, and, accordingly, the level of competitive
interaction between individuals with different quantitative trait value [Dieckmann & Doebeli,
1999]. Individuals where distributed among hosts according to a negative binomial law, and
they were competing within each host according to a Lotka-Voltera function. Reproduction
occurred within-host followed by larvae dispersal between hosts, both described according to
typical in the field [Anderson & May, 71992]. All these assumptions were highly consistent
with the theory on ecological character displacement and competitive speciation on one side,
and with the theory of macro-parasite ecology on the other, which we brought together for the
first time.

We introduce here an additional host mortality induced by the parasite, assuming that
virulence V is the same for all parasites, so that such a mortality is proportional to the total
number of parasites present inside a host individual. Those assumptions lead to an infinite
system of ordinary differential equations describing the rate of variation of the number
H, , (¢) of hosts harbouring #, and n, parasites with phenotype r and m, respectively,

keeping n, as a constant:

dH, |,
d; = = (r) (nr )Hnr,nm (t) - (nr + l)Hnr+l,nm (t)
+ (]") Hn,fl,nm (t) - Hn,,nm (t) -V n, + n, Hn,.,nm
2 2
n n. +1
- (l", }") . Hny,nm (t) - r—Hnr-%—l,nm,. (t)
K(r) K(r)
nn n.+1ln
- (rym)| ——H t)-———H t Eq. 1.
( )[K(I") n.,n, ( ) K(}") n.+l,n, ( )j q
where , , V, ,and K are typical parameters of models for host-macro-parasites

systems [Diekmann & Heesterbeek, 2000], as described in table 1.

Describing similarly the variations of H, , () with n, as a constant, and summing over n,

and n_, one derives a couple of ordinary differential equations describing the change in the

m?

number of individuals of two competing phenotypes » and m :
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T _ 3 Sl Y+ OH-VE nn, H,, ()

K() H, , - (rm)zK’(’”)Hnn /)  Eq.2a

dH
chgtm) =2 dz‘ == (m)P(m)+ (m)H -V n +n, H, ()

m>
n,

H,, (t) Eq.2b.

K()” K()

The invasion fitness function of macro-parasites

General expression. The general expression of the invasion fitness f(m,r) of a mutant with

trait value m in a population of residents of trait value » was derived from equations 2a and
2b, assuming that the residents are at their population dynamics equilibrium (see Appendix I):

3 (m,r)
f,(m,r)=c (V+ K(m) jZd(r) Eq3

with Z ,(r) =S,(m,r)/ P(m).

Quantity ¢ is the intrinsic fitness of every parasite in absence of interaction with other
parasites and their host, which accounts for the standard survival and reproduction of adults
within the host as well as dispersal of the larvae stage between hosts as follows;

H

c=— + ,
H+v

where , v and stand for the rates of production of larvae by adults, death of larvae, and of
host infection, respectively.

S,(m,r) is the average number (or average ‘effective density’) of resident individuals with
phenotype r, the mutants of phenotype m are expected to interact with either directly through
competition or indirectly through its effect on the host. Accordingly, Z,(r) stands for the

average number of residents per mutant individual. Those two quantities are functions of
parameters appearing in Eq. 2a and b, whose precise forms depend on the assumption about
the relative distribution of mutants and residents among hosts.

Distribution of mutant and resident. Three assumptions (d=1, 2, 3) can be made to describe a
broad range of potential situations in a simple way. One can assume that mutant infect hosts
at random (d=1), or that they parasitize the same hosts than residents, which we refer to as
‘co-distribution’ (d=2), or that they tend to distribute in the hosts which are not yet been
infected by other (residents) parasites, which we refer to as ‘inverse distribution’ (d=3). Those
are typical assumptions on the spatial co-distribution of interacting species, which have been
extensively used to investigate the condition for coexistence of competitive non-parasitic
species [Anazawa 2(012] or host-parasitoid interactions [Rohani & Ruxton, 7/999]. Under each
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of these three assumptions, the probability for a mutant parasite to colonize a host already
infected with n_ residents can be described mathematically as % for d=1, % for d=2,
r
—
P(r)

and for d=3 [Rascalou et al., 2012].

Direct and indirect interactions between mutant and resident. Combining these probabilities
with the partition of residents among hosts, which we assumed to follow a negative binomial
distribution, one can calculate the average effective density of residents a mutant individual is

expected to interact with, S,(m,r). The mathematical expression of S, (m,r) that we derived

for d=1, 2 and 3, and under the standard assumption of a negative binomial distribution, are
given in table 2. The formulae of Z,(r) then follow from basic algebra, whereby the total

number of resident parasites is replaced by its expression at population dynamics equilibrium.
Such equilibrium value can be found by solving Eq. 2a = 0, and is equal to

P(rY =H k (C(?’)K(V) _lj
k+1{1+VK(r)

where & is the usual measure of parasite ‘aggregation’ among hosts (see Gaba and Gourbiere
2008, for a meta-review of field values). The expressions of Z,(») are given in table 2, and
they allow completing the definition of the fitness functions given in Eq. 3. In order to ensure

that the size of the residents population P(r)* is always positive, one can define a maximal
1

CK()

value of virulence V'™ =¢

An immediate result is that, while the form of the invasion fitness of a non-virulent mutant
was mathematically similar to the fitness function derived for non-parasitic individuals
[Rascalou et al., 2012], to account for virulence leads to a qualitatively different result.
Although the first two terms appearing in Eq. 3 are similar to the invasion fitness of non-
parasites and non-virulent parasites, virulence now adds a negative contribution on fitness as
the parasite induced death of hosts can prevent invasion of the mutant. However, virulence
has an antagonistic effect, which is to reduce parasite abundance itself. This will reduce
Z,(r) and lead to less competitive and host-mediated interactions for the mutant. We shall

investigate the net result of these two effects, and its interaction with the aggregation of
parasites.

Evolutionary analysis.

The three fitness functions defined according to the assumptions described above depend on
the life-history of the parasites (¢, k), their effect on hosts (/) and competitive interaction
with other parasites (), as well as the size of the host population H and the maximal
number of parasites (i.e., the carrying capacity) an individual host can sustain (K ). Despite
their relative simplicity, it remains hard to anticipate the individual and synergetic effects of
these different components on the evolutionary dynamics of the quantitative trait. We thus
first looked in a systematic way at the influence of the distribution of individuals among hosts
(parameter k& and assumptions d=1,2,3), virulence V) and within-host competition
(parameter ) on the invasion fitness function of macro-parasites.
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We then looked at the possible evolutionary dynamics resulting from this fitness functions
using the standard background of Adaptive Dynamics [Geritz et al., /997, 1998]. This method
is well tailored for the objective of this paper as it allows identifying the conditions where
selection switches from directional to disruptive at a so-called ‘branching point’ characterized
by a given value of the quantitative trait under study, referred to as an ‘evolutionary
singularity’ [Geritz et al., 1997, 1998]. Around such branching point, a monomorphic
population can adaptively evolve to a polymorphic one, and this typically leads to the
evolution of two or more phenotypic clusters. Under the pleiotropic scenario, those
phenotypic clusters can readily be interpreted as incipient species since the quantitative trait
determines simultaneously both pre- and post-zygotic isolation [Dieckmann & Doebel,
1999]. Conditions for the existence of such branching point are then equivalent to conditions
for within-host duplication [Rascalou et al., 20/2]. Evolutionary singularities and conditions
for them to be a branching point are routinely determined according to simple rules on the
first and second derivatives of the fitness function of the mutant with respect to variables m
and r [Geritz et al., 1997, 1998]. Specifically, an evolutionary singularity is the value of the
trait (s*) where the gradient of selection vanishes:

fmn)

m

m=r=s*

Such an evolutionary singularity is a branching point, if i) this singularity is not an
evolutionary stable strategy, ii) directional selection leads the trait to evolve towards such a
value, but iii) once the singular strategy has invade the population it can be invaded by
individual with alternative strategies, among which iiii) couples of alternative strategies are
able to invade each other [Geritz et al., /1997, 1998]. The latter condition ensures that some
(protected) polymorphism can emerge around the singular strategy, leading to the coexistence
of two or more phenotypic clusters. Condition 1) requires

*fy(m,r)

m

m=r=s*

2 2
fd(m:r) _ fd(mvr) O
2 2 2
r * m —p=g¥
m=r=s m=r=s
2
Ja(m,r)
2 0 ?
r *
m=r=s
and
2 2
\m,r \m,r
r m=r=s* m m=r=s*

These rules were applied to the three fitness functions (d=1,2,3) to look for the effect of
parasite life-history and parasites direct and indirect interactions on the condition for within-
host adaptive speciation of macro-parasites.
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Rate of adaptive evolution

According to the canonical equation of adaptive dynamics [Dieckmann et al., 2004], the
temporal dynamics of the average phenotype of a population (F(m)) under stabilizing

selection depends on the product of two terms: the evolutionary rate coefficient, and the
selection derivative. The first one describes the rate of evolution of the population towards the

evolutionary singularity, and depends on the rate of mutation of the phenotype ( , ), the
standard deviation of mutations ( , ), as well as the size of the population of residents at

dynamical equilibrium ( P(7)*). The second term describes the direction of the evolution,
which will be towards the evolutionary singularity if the derivative of the mutant fitness with

respect to the mutant phenotype is positive (M>O), or away from the singularity if this
m
)

derivative is negative (M<O). The general expression of the canonical equation thus
m

reads;

Fim) _1

m m

2 iy L 00)
m

and using the expression of the mutant fitness (equ. 3) one can obtain an expression of the
canonical equation for the adaptive dynamics of macro-parasites, which depends on the co-
distribution of mutant and residents among hosts (d):

M—l 2 * (m,r) m—Opt_m—r
;g t ) K(m)( 2 p j

K

Equ. 4

In order to quantify the effect of macro-parasites life history on their rate of adaptive
evolution, we run stochastic simulations of the evolution of the average phenotype of macro-
parasites for different degrees of aggregation and virulence. This enabled us to quantify the
influence of these parameters on the time required for the parasite population to reach the
evolutionary singularity, and thus, to complete the first necessary step before evolutionary
branching can result from divergent selection.

RESULTS

The invasion fitness of macro-parasites
How does the distribution of mutants and residents hosts affect the invasion fitness?

The variation of the fitness functions with respect to the level of aggregation of the residents
in hosts (k) are directly linked to the variation of the number of residents that mutant

individuals have to interact with while attempting to establish in the population (Z,(r)).
Clearly those variations also depend on the hypothesis on the co-distribution of mutant and
resident individuals. Let’s first consider the situation of ‘co-distribution’ (d=2), where mutant

and resident individuals colonize the same hosts. Interestingly, under such assumption, both
the number of residents, and the invasion fitness of the mutant are independent of the level of

88



aggregation (Figure 1B). As a matter of fact, when mutant and residents are co-aggregated
(d=2), a stronger aggregation among the host population means that the mutant is more likely
to colonise hosts that harbour higher amounts of residents, and thus, to suffer stronger
competition. Nevertheless, a stronger aggregation also means that these highly infected hosts
are less numerous. Under the simple assumption that the probability for a mutant to colonise a
n}"

* 9

P(r

host with n, resident is equal to these two opposite effects cancel out. Our model can

then be seen as a neutral model, which will allow investigating the effect of any departure
from the above assumption on the fitness of the mutant.

Under the other two hypotheses on resident and mutant co-distributions, we indeed obtain
different patterns. When mutant and residents are not co-aggregated (d=1,3), then a stronger
aggregation among the host population does not imply that the mutant is more likely to
colonise highly infected hosts. Besides, this still means that these highly infected hosts are
less numerous, which results into a mutant fitness benefitting from a stronger aggregation
(figure 1B). .In both case, as k increases, the distribution of the residents tends towards a
random distribution among hosts, and the level aggregation ultimately has virtually no effect
on the mutant fitness (figure 1B).

Figure 1 also shows that the segregation of mutant and residents lowers the level of
interaction (Z,(r)>Z,(r)>Z,(r) panel A) and in consequence favours the invasion of a

mutant ( f,(m,r) f,(m,r) f,(m,r), panel B), and it can be shown mathematically that

these two inequalities always hold. More importantly, as for non-virulent parasites [Rascalou
et al., 2012], the virulent mutant fitness is independent of the level of aggregation within the
host population when mutant and residents are co-aggregated (d=2, table 2), while it benefits
from stronger aggregation when this co-distribution is random (d=1) or inverse (d=3) (table
2).

How does virulence (V) affects the invasion fitness of macro-parasites?

An immediate result is that, while the form of the invasion fitness of a non-virulent mutant
was mathematically similar to the fitness function derived for non-parasitic individuals
[Rascalou et al., 2012], to account for virulence leads to a qualitatively different result.
Although the first two terms appearing in equation 3 are similar to the invasion fitness of non-
parasites and non-virulent parasites, virulence has a negative impact on the number of
residents Z,(r) a mutant individual interacts with. There is indeed an antagonistic effect to
virulence, which is to reduce parasite abundance itself. This is well reflected by the negative
relationship between Z,(r) and V, and this should lead to less competitive and host-mediated
interactions, and thus, increased mutant fitness.

But there is another additional component explicitly related to V. This term can effectively be
interpreted as the effect of the host-mediated interaction that typically appears between
virulent parasites [Dobson 7/985]. In this case, it describes the lost of mutants, and the
subsequent reduction in mutant invasion fitness, which is associated to the death of hosts
induced by co-infecting residents. It should nonetheless not be concluded that virulence has a
systematically linear and detrimental effect on mutant fitness.

It is straightforward to show that the function Z,(r) is negatively correlated with virulence
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(V). Therefore, we can predict from the general expression of f,(m,r) (equation 3) that the
effect of virulence on the invasive fitness of a mutant is bothly negative (by increasing the
sum of virulence and competition) and positive (by reducing the term Z,(r)). The
coexistence of this two antagonist effects becomes more obvious and intuitive once the
general expression of f,(m,r) has been reformulated:

fimr) = —VZ,(r) - 1%;5) 7, Equ. 5

The negative effect of virulence on the mutant invasive fitness (second term in equation 5) is
due to the fact that if parasites virulence increases, then residents becomes more likely to kill
their hosts, and thus, to kill the host where a mutant parasite emerges. On the other side, the
increased mortality of hosts will also cause an increased mortality of resident parasites, and
thus, a reduction of the size of the residents population at dynamical equilibrium (see equation
S4 in Appendix I). This would benefit to the mutant invasive fitness, because this mutant
would have to interact with fewer competitors (reduction of Z,(r) in the 3" term of equation

5), and fewer residents would be likely to kill the host where this mutant emerges (reduction
of Z,(r) in the 2™ term of equation 5).

Before addressing the global qualitative effect of virulence on the invasive fitness of a mutant
parasite, it should be kept in mind that we are considering here a virulent mutant parasite
emerging within a population of resident parasites who are characterized with exactly the
same level/intensity of virulence. Indeed, the value of virulence in this model is phenotype-
independent (see section ‘Model for a polymorphic population of virulent macro-parasites’
and table 1), and our conclusions on the effect of virulence do not apply to the numerous
models used to study the evolution of parasite virulence [Dieckmann et al., 2002].

It can be shown that when mutant and residents are co-aggregated (d=2), then the mutant
fitness is negatively correlated with virulence (figure 2B and Appendix I). On the other side,
when this co-distribution is random (d=1) or inverse (d=3), then virulence can have a positive
effect on the mutant fitness (figure 2A and 2C). This correlation is positive for any value of

parameter V within the range 0, V'™ [, or only when virulence is beyond a threshold value
V" which depends on the parasites growth rate (c), the residents carrying capacity (K (r)),
the mutant carrying capacity ( K(m) ), and the intensity of competition between one mutant
and one resident individual ( (m,r)) for d=1 and 3; as well as on the size of the hosts
population ( H ) and the level of aggregation of parasites among this population (k) for d=3
(Appendix I).

As the effect of both competition [Rascalou et al., 20/2] and aggregation on the mutant
invasive fitness also differ according to the relative distribution of mutant and residents, these
results reinforce the idea that the influence of macro-parasites life-history traits on the mutant
invasive fitness is closely linked to the of mutant and residents co-distribution.

90



Evolutionary dynamics and adaptive duplication of macro-parasites

Conditions for adaptive diversification. Details of the mathematical derivation of the results
on conditions to be verified (see ‘Evolutionary analysis’ in Materials and method) for
adaptive diversification to occur are given in an Appendix II.

Evolutionary singularities can be identified by solving:
Sa(m,r) :_Zd(s*)(s*_%]:o
m K(s*) .
Since Z,(s*) 0 ( d [1;3]), the only solution and the unique singular strategy is the

m=r=s*

same for all the three fitness functions: s*=s,.

This evolutionary singularity is evolutionary stable (ESS) if:

_Zg6H 1)
CK@EM| 2 2

K

“fa(m,r)
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m

m=r=s*

Since Z,(s*) 0 ( d [1;3]) (see Appendix I), the condition for s* to be an evolutionary

stable strategy is the same for all the three fitness functions : * ..

The evolutionary singularity is a convergent stable (CSS) strategy if:

Sy (m,r)

_Sa(mr)
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an invasive strategy (IP) if:
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and a protected polymorphism (PP) could appear in the vicinity of the singular strategy if:

*fi(m,r)
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m=r=s* m=r=s*

Evaluating these inequalities according to the different function Z,(r) and their second

derivative with respect to r, it appears that these three conditions are always verified for each
of the three fitness functions (see Appendix II). As for non-virulent parasites [Rascalou et al.,
2012], the expression of these conditions when the mutant distribution is independently (d=1)
or inversely (d=3) correlated with the resident distribution depends on the aggregation level.
However, for all the three fitness functions for virulent parasites, these conditions also depend
on another parasite life-history trait; the virulence of the parasite. This means that, unlike for
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non-virulent parasites [Rascalou et al., 2012], such conditions differ from non-parasite species
even if the mutant distribution is positively correlated with the resident distribution d=2).

Pairwise-invasibility plots(PIP). Pairwise-invasibility plots (PIP) are frequently used to study
and illustrate variations of the conditions of adaptive speciation [Dieckmann et al., 2004]. For
each assumption on the mutant and resident co-distributions (d=1 to 3), we used those plots to
confirm or not the conditions of adaptive diversification as predicted by our analytical results
(see previous point).

When mutant and residents are positively co-distributed (d=2), patterns displayed by PIP
(figure 3) are consistent with our analytical results, as well as with PIP typically obtained for
non-parasite species [Dieckmann et al., 2004]. The mutant fitness is positive above the axis

w2 ( fdzz(m,r)|m:r) for values of the mutant phenotype which are less than the evolutionary
singularity, and below this same axis for values greater than this singularity. This confirms
that the evolutionary singularity is convergent stable (CSS) and this property is verified when

© o (figure 3A) but also when - (figure 3B). This singularity is also an invasive

strategy (IP) when . c and c» since it represents a minimum of the mutant
fitness along the axis w3 ( fdzz(m,r)|mzs*). Similarly, a protected polymorphism (PP) can
appear around this singularity in both cases, since the mutant fitness is always positive along
the axis w3 ( fdzz(m,r)|m:_r). As predicted by analytical results, the only property of the
singular strategy that changes with the ratio ./ . is the evolutionary stability (ESS). When

< c» the singular strategy represents a maximum along the axis w/ ( f, d=2(m,r)|r:5*) and

is thus evolutionary stable, while it becomes a minimum along this axis when . .,

which means that the evolutionary strategy is then not evolutionary stable and confirms the
prerequisite for adaptive diversification to occur as predicted by analytical results.

When mutant and resident are segregated (d=1,3), the mutant fitness is always positive (figure
4A) or almost always positive for particular values of parameters (figure 4B) (see figure S1 in
Appendix III for d=3). This means that properties CSS (axis w2) and PP are always verified,
but such PIP do not allow to study the effect of ratio ,/ . on properties ESS and IP.

However, by plotting the variations of f dzl(m,r)|mzs* (axis w3, figure SA), we can verify that

the singular strategy is a minimum along the axis w3, and thus, an invasive strategy (IP).
Similarly, by plotting the variations of (axis w/), we can verify that the singular strategy is a
maximum — and thus evolutionary stable - along the axis w/ when - (figure 5B), and a
minimum — and thus not an evolutionary stable strategy — when - (figure 5C). Similar
results are obtained for d=3 (see figure S2 in Appendix III).

On the basis of these PIP and the complementary plots, analytical results are confirmed and
we can conclude that, as for non-parasite species, adaptive speciation in macro-parasites
requires - » Whatever the assumption on mutant and residents distributions (d).

Evolutionary rate. According to the general expression of the canonical equation (equation

. . . L F,(m
4), both aggregation and virulence can have antagonistic effects on the variations of Fum)
t

when mutant and residents are segregated (d=1,3). On one side, for any hypothesis of mutant
end resident co-distribution, increased aggregation or virulence will reduce the size of the
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residents population at equilibrium P(r)*, and thus, the rate of evolution towards the singular
strategy. But on the other side, increased aggregation or virulence will also reduce the mutant
invasive fitness if mutant and residents are positively co-distributed (d=2), while it can
promote the mutant invasion if it does not infect the same hosts as residents (d=1,3) (see
section ‘The invasion fitness of macro-parasites’ for further explanation). Numerical results
on the average time required to reach the singular strategy s* for different values of parameter
k and V allow quantifying the net effect of these parameters on the evolutionary rate towards
s* (table 4).

When aggregation is increased (from £=0.1 to k=20), the average time to reach s* decreases
for each d. When mutant and residents are positively co-distributed (d=2), the longer average
time (from 1.3 to 16.6) is clearly due to reduction of P(r)* as the mutant fitness f,(m,r) is

independent of parameter k. When mutant and residents are segregated (d=1,3), this longer
average time (from 2.5 to 8.4 for d=1, from d=7 to 12.1 fro d=3) is also due to reduction of
P(r)*, which means that such reduction has a stronger negative effect on the evolutionary rate
than the positive effect due to better mutant invasive fitness. More interestingly, we can notice
that the average time when parasites are strongly aggregated (k=0.1) is shorter for d=1 (8.4)
and d=3 (12.1) than for d=2 (16.6). Despite the fact that such differences are not statistically
significant (see table 4 for p-values), this is consistent with the prediction that aggregation
increases the invasion fitness of the mutant when it does not infect the same hosts as residents
(d=1,3), and thus, confers a shorter time to reach the evolutionary singularity.

Similar trends are observed when considering the effect of virulence (V). Whatever the
hypothesis on resident and mutant co-distribution (d), increased virulence (from 0 to 0.1)
leads to longer average time to reach the singular strategy s*. Once again, this is consistent
with the predictions on the effect of virulence. For d=2, virulence reduces both P(r)* and the
mutant fitness f,(m,r), and thus has negative effect on the evolutionary rate towards s*.

When mutant and residents are segregated (d=1,3), the negative effect of virulence through
reduction of P(r)* seems to be stronger than the positive effect through increased mutant
fitness, and the global effect of virulence on the evolutionary rate is eventually negative.
However, as for aggregation (k), the average time to reach s* is always shorter for d=1,3 than
for d=2 (and this difference is statistically significant for /=0.05 and V=0.1, table 4). Despite
the globally negative effect of virulence on the evolutionary rate, this difference confirms the
prediction that, in comparison with the case when mutant and residents are positively co-
distributed (d=2), virulence generate larger evolutionary rate when mutant and residents are
segregated (d=1,3).

Stochastic simulations also enabled comparison of evolutionary rates between macro-parasite
and non-parasite species. This required the use of a similar canonical equation for non-
parasites species, that is, free of parasitic features, and which reads

Fim) _1

m m

Ny L0
m

where the size of the resident non-parasite population at equilibrium is N(r)* = K(r), and

S (m,r)

where the derivative of the mutant fitness with respect to the mutant phenotype ————
m
takes the same form as for non-virulent macro-parasites in the case when mutant and residents

are positively segregated (d=2, [Rascalou et al., 2072]):
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As the only difference here between non-parasite and macro-parasite species relies on the
significance of the carrying capacity K(r) [Rascalou et al., 2012], we calculated the average
time to reach the evolutionary singularity s* in non-parasite species for different values of
K(s,), that is, the size of the residents population at the optimal strategy sy (table 5) Four

increasing values were chosen: the size of N(s,)* would be equal to the size of a residents
population of macro-parasites at equilibrium 1) within one single host individual, (= K(s,));

1) within a whole host population with aggregation (k=0.1) but no virulence (V=0)
(= P(s,) *|V: ,)> 1) within a whole host population with aggregation and virulence (/=0.01),

(= P(sy) *|V: o0y )5 111) and within a whole host population but with homogeneous distribution

and no virulence, (= H.K(s0)|V=0 ).

As expected, variations of the carrying capacity has strong effect on the average time to reach
the evolutionary singularity, as it ranges from 2857 for the smallest value of K(s,) - when it

is equal the parasites equivalent within one single host individual, to 0.5 when for the largest
value - when K(s,) = H.K(S0)|V:0 .

When comparing the average time between non-parasites and non-virulent macro-parasites
aggregated among their hosts (third line in table 5), macro-parasites appear to reach the
evolutionary singularity s* within a shorter time (4.7, 5.8 and 4.4 for d=1,2,3 respectively)
than non-parasites (7.6). However, this difference is statistically significant. On the other side,
when comparing the average time between non-parasites and virulent macro-parasites
aggregated among their hosts (fourth line in table 5), macro-parasites appear to reach the
evolutionary singularity s* within a longer time (8.4, 16.6 and 12.1 for d=1,2,3 respectively)
than non-parasites (4.5). And this difference is statistically significant for the case when
mutant and residents are positively segregated (d=2).

Non virulent macro-parasite species can thus reach the evolutionary singularity within shorter
time than non-parasite species, but virulence can slowdown such evolution to the extend
where it takes actually more time longer than for non-parasite species.
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Discussion

We expanded the theory proposed in Rascalou et al. (20/2) to account for the
virulence of macroparasites to contribute further to set up the first theoretical framework for
the study of adaptive speciaton in macro-parasites. This background is rooted in the standard
modelling of the ecology of macro-parasites [Anderson & May, 7/992] and in the theoretical
literature of ecological character displacement and competitive speciation [Geritz et al., /1997,
1998; Dieckmann et al., 2004]. It describes typical life history traits of macro-parasites, such
as the fragmentation and aggregation of the parasite population among hosts, and virulence of
the parasite, to allow investigating their influence and interaction during competitive
diversification of macro-parasites. Within this framework, we produced neutral predictions
under the null assumption that mutant and residents tend to infect the same host individuals,
and we considered two schematic departures from this standard situation; one where mutants
colonize hosts randomly and one where mutant tend to avoid hosts already infected by
residents.

The conditions for competitive diversification of macro-parasite species were found to
be similar to those obtained for non-virulent parasites under the null assumption on parasite
distributions (d=2) as well as under the two alternative distributions (d=1,3). This suggests
that the deleterious effects of the parasites on their hosts do not have an impact on the rate of
parasite adaptation to the exploitation of a resource gradient. This confirms that key
differences in the life-history of macro-parasites and non-parasite species, such as the level of
aggregation [Rascalou et al., 207/2] and, here, the level of virulence, are somewhat irrelevant
to the condition for competitive diversification. Our analytical predictions, made by the
adaptive dynamics machinery, have been confirmed by the use of pairwise invisibility plot
and ongoing simulations of competitive speciation in macro-parasites using (even more
robust) individual-based models are also supporting our analytical conclusions.

Although the assumption about the co-distributions of mutant and residents has no
effect on the condition for the existence of a branching point, it can be anticipated that it will
have some importance for further development of the theory of competitive diversification in
macro-parasites species, especially if one is to include sexual reproduction more explicitly.
Indeed, according to the theory developed for non-parasites species, competitive speciation
then also involves the evolution of assortative mating [Dieckman & Doebeli, 71999]. In the
case of macro-parasites species, if mutants tend to infect hosts which are less infected, then
they would have to face a limited availability of sexual partners. Such ‘rare phenotypes
disadvantage’ has been predicted to have great impact on the population genetics of nematode
species [Galvani & Gupta, 7/998], and it is of primary importance during adaptive
diversification along a resource gradient [Gourbiere 2004; Gourbiere & Mallet, 2005]. In
other words, while basic features of macro-parasites are predicted not to have an effect on the
condition for a branching point to exist, and a genetic polymorphism to emerge around such
point of diversification, they are still likely to influence the polymorphic evolution once such
genetic polymorphism has been established. The condition of speciation through non-
pleiotropic scenario, which involves the co-evolution of sexual traits, would thus be likely to
lead to qualitatively different conclusions. This remains to be explored, and would probably
require more specific modelling as sexual clue and recognition mechanism differ between
parasite taxa [Boag et al., 2001]

A second important result of this contribution was gain from the use of the canonical
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equation of the adaptive dynamics. This equation is usually confined to highly mathematical
papers, and not used by adaptive dynamics practitioners, despite it can potentially gives
important information about the time required to reach a branching point, whereby the
population diversify. Such pieces of information clearly are valuable additions to the
knowledge typically gained about the conditions required for such a point to exist. We
derived the canonical equation for macro-parasites species, and used it to look at the influence
of macro-parasites life history traits on their rate of evolution towards a branching point. We
then showed that, although they do not have effect on the condition for adaptive
diversification, both aggregation and virulence had an effect on the time required to reach a
branching point. Aggregation was shown to increase the time to reach branching point
because it lowered the evolutionary rate by reducing the size of the residents population at
dynamical equilibrium. Virulence had also a negative impact on the rate of adaptive evolution
since it not only reduced the size of the residents population, but also, in the case of the
neutral model, reduced the mutant invasive fitness. Interestingly, combination of strong
aggregation and low virulence could result in higher rates of evolution in parasites than in
non-parasite species, while evolution could be faster under opposite condition. Although such
an approach needs to be expanded over a wider range of biological conditions with larger
number of simulation for each combination of parameters to allow for more powerful
statistical tests, there are clear tendencies. Besides, PIP obtained for non-neutral model
(d=1,3) show that the evolutionary singularity is a convergent strategy, but also that mutation
towards a phenotype that is further away from this singularity can also invade. This suggests
that the conclusion on the rate of competitive diversification can also depend on the
distribution of mutation effects. A very natural and promising follow up to this study would
thus be to compare the distribution of the effects of mutations between parasite and non-
parasite species, and to look for their consequence on the rate of competitive diversification.
Finally, the canonical equation enables to investigate the time required to complete the first
stage of adaptive diversification; reaching an evolutionary branching point. However, as
pointed out in the previous paragraph, a complete picture also require a quantification of the
influence of macro-parasites features on their rate of divergence between incipient species,
which is likely to involve the evolution of sexual trait.

These developments would contribute to take the development of a theory of adaptive
evolution of parasites a step further by looking at the co-evolution between ecological trait,
such as the quantitative trait considered in this study, and sexual mating traits, whose
phenotypic and genetic evolution makes the core of the theoretical and empirical studies of
speciation.
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Tables and figures captions

Table 1. Parameters symbol and definition.

Symbol Definition
(r), (m) Natural mortality rate of parasite individuals with phenotype 7 and #7, respectively
r)y, (m) Colonization rate of parasite individuals with phenotype 7 and m , respectively
(r,m)=(m,r) Strength of within-host competition between parasite individuals with phenotype 7 and 2.

K(r), K(m) Carrying capacity of parasite individuals with phenotype 7 and m1, respectively

V Host induced-mortality due to parasite virulence, independently of phenotype » orm .

.k Standard deviation of the strength of competition and the carrying capacity, respectively

K(s,) Maximal phenotypic carrying capacity

S, Intermediate trait value associated with the maximal phenotypic carrying capacity

c Parasites growth rate, independently of phenotype 7 orm

H Size of the host population

k ‘Clumping’ parameter of the law of negative binomial distribution [Shaw et al., /998]

Table 2. Definition of function Z,(r) under different assumptions of the respective

distribution of mutant and resident individuals. This distribution (d) can be random (where the
mutant distributes irrespectively of the number of residents), co-aggregated (where mutant
distributes among the hosts as the residents do) and an inversely aggregated (where mutant
preferentially colonizes hosts harbouring a few individual residents).

Mutant distribution (d) Function Z,(r)
Random (d=1) k ( cK(r) _ l]
k+1\1+VK(r)
Co-aggregation (d=2) k() _
1+VK(r)
H( k j[ cK(r) lj K1)
Inverse-aggregation (d=3) k+1 \1+VK(r) 1+VK(r)
H-1

Table 3. Influence of macro-parasites life-history traits on the mutant invasive fitness. Results
for the influence of mutant and residents co-distribution and the influence of aggregation
apply for both virulent and non-virulent macro-parasites.

Life-history traits

Mutant and resident co-distribution (d)

Random (d=1) ‘

Co-aggregated (d=2)

Inverse (d=3)

Spatial segregation

fZ(mar) .fl(mar) .f3(mar)

Stronger aggregation Positive

Null

Positive

Positive for ¥ within ]0, | [
Stronger virulence .,
or within [ Vlt ", | [

Negative

Positive for V" within ]0, | [

- h
or within [ V; ", |2 [
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Table 4.. Average time to reach the evolutionary singularity s*, for different mutant and
residents co-distribution (d), and different levels of aggregation (k) and virulence (V). Time
unit is generations. For each combination of parameters values, average times were calculated
for a total of 10 simulations. P-values calculated using a student test are given between
parenthesis, and average time statistically different (p-value<0.05) from those obtained for the
neutral model (d=2) are indicated by ‘***’. For each simulation, the phenotype of the resident
population at initial time was set as r = 0.5, and could evolve within values ranging from 0 to
2, with r = 1 being the evolutionary singularity. When not mentioned in the table, values used

for parameters were , =0.001,  =1/20, H=10000, #=0.1, c=1, K(s,) =100 , =04 ,
¢ =0.6, 1=0.01.
d=1 d=2 d=3
Agregation (k)
k=0.1 8.4 (0.068) 16.6 12.1 (0.436)
k=1 4.5 (0.263) 3.1 3.9 (0.403)
k=20 2.5 (0.074) 1.3 7.0 (0.014)***
Virulence (V)
V=0 4.7 (0.632) 5.8 4.4 (0.523)
1=0.01 8.4 (0.068) 16.6 12.1 (0.436)
1=0.05 40.8 (0.003)***  137.6 39.0 (0.003)***
1=0.1 43.9 (0.001)***  517.2 71.7 (0.002)***

Table 5. Average time to reach the evolutionary singularity s*, for non-parasite species, and
different values of K(s,). Time unit is generations. For each combination of parameters

values, average times were calculated for a total of 10 simulations. P-values calculated using a
student test are given between parenthesis, and average time statistically different (p-
value<0.05) from those obtained for non-parasite species are indicated by “***’. For each
simulation, the phenotype of the resident population at initial time was set as r = 0.5, and
could evolve within values ranging from 0 to 2, with r = 1 being the evolutionary singularity.

Values used for parameters were ,=0.001,  =1/20, H=10000, £=0.1, c=1, , =04 ,
¢ =0.6, V=0.01.
Value of N(s,)* Non-parasite species |— Macro-par_asite species (p-vilue)
d=1 d=2 d=3

= K(s,) =100 2857.4
= P(s,) *|V: , = 44,545 7.6 4.7 (0.934) 5.8 (0.319) 4.4 (0.947)
= P(So)*|V= 0o = 90,000 45 8.4 (0.777) 16.6 (0.021)***  12.1 (0.362)
= H.K(s,)|,_, =1,000,000 | 0.5
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Figure 1. Variations of function Z,(r) (A) and f,(m,r) (B) in function of aggregation (k).
Solid line: d=2, dashed line: d=1, dotted line: d=3. Values used for parameters are H=10000,
c=1, K(s,) =100, ,=0.9, V=0.01.
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Figure 2. Variations of function f,(m,r) for d=1 (A), d=2 (B) and d=3 (C), in function of
virulence (V) and aggregation (k=10: solid line, i=1: dashed line, £=0.1: dotted line). Values
used for parameters are H=10000, c=1, K(s,) =100 (=50 for d=3), =0.1 , =09,
V=0.01, m=0.5, r=0.4.
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Figure 3. Pairwise-invasibility plot for d=2. ¢ (Ayand , . (B). Grey and white
areas correspond to positive and negative mutant fitness, respectively. Values used for
parameters are H=10000, £=0.5, c=1, K(s,) =100, =0.4 (A) or 0.6 (B), ;=0.6 (A) or

0.4 (B), V=0.01.
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Figure 4. Pairwise invasibility plot for d=1. £&=0.5 (A) and 4#=1,000,000 (B). Grey and white
areas correspond to positive and negative mutant fitness, respectively. Values used for

parameters are H=10000, c=1, K(s,) =100, =04, ,=0.6,/=0.01.
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Figure 5. Plot of f dzl(m,r)|mzs* (axis w3 in figure 4) in function of resident phenotype (A),
and plot of f,_ (m,r)|rzs* (axis w! in figure 4) in function of mutant phenotype for c
(B) and ¢ (C©). Values used for parameters are /=10000, c=1, K(s,) =100, =04
(A& C)or 0.6 (B), ,=0.6(A&C)or0.4(B), V=0.01, i=0.5.

A
107
\\ rad
#
[E of
\ /
\ '3
f“{nrﬂ_ﬂ. 08 - \. J;,
'l
07 - /'.’
06 T T T 1
o 08 g 15 20
Eesident phenotype
B
S
08
a— _‘—--\_._\_H
il // b
/ \
fﬂ(m’r)L-d:' !
04 = J'( ‘-.\
032
0o - T T T n
0o 0% o* 15 z0
Iutant phenotype
C
S
08 T _‘_,_,--'"H_H =
0E -
fd—l(mr)L_G-
04 -
02
00 T T T 1
oo GE o 15 20
Mutant phenstype

106



Appendix I: the invasion fitness function of macro-parasites

The general expression of the mutant invasion fitness

According to equation 1 in the main text, one can derives a couple of ordinary
differential equations describing the change in the number of individuals of two competing
phenotypes » and m :

dH
dilg‘r) =Y = (PO H -V Y mtn, H, 0

I/l% nn
r.rY. %H - (r,m)Y] @H (t) Eq.Sla.

dH
W) _ 5 e P+ H -V Y e, H, 0

n}‘ > nm

K( ) H,, 0)- (rm)z ”"H . (1) Eq. S2b.

with parameters being defined in table 1.
Using the same assumptions as for non-virulent parasites [Rascalou et al., 20/2], the sum
within the last competition term of equation S2b can be approximated as

S(m,r)= Y nn,H, , =Pm)Y nH, pn,)

where p(n,) is the probability for a mutant parasite to colonize a host already infected with

n_ residents (see main text for the expression of p(#n ) in function of the form of the mutant
and residents co-distribution).

Considering that the mutant is rare, we can expect n, to take only two possible values: 1 or 0,
with probability P(m) and 1- P(m), respectively. The virulence term in equation S2b can
then be approximated as follows:

> n+n, H, , =Pm)Y nH, pn)+1-Pim)> nH, pn)

However, the second term here does not contribute to the variations of

(equation

dP(m)
dt

S2b), therefore we only keep

Z n+n, H, = P(m)z nrH:’_p(nr) = S(m,r)

Including the sum S(m,r) within equation 2Sb, one can derive a first expression of the

mutant fitness within a resident population as

Py = BP0 _ o H () Son)
P(m)dt H+v K(m) ) P(m)

Eq. S3
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Using the ordinary differential equations describing the change in the number of resident
individuals (r) without mutant (2 ):

daP(r) _ H B (r,r) \ P(r)* (k+1
= (r)P(r)+ H+vP(r) (V+ X0 ]( o ( . )+P(r)]

(see table 1 for definition of parameters), we can obtain the expression of the size of the
resident population at dynamical equilibrium:

P(r) = H( k j[ k() _ 1j Eq. S4
k+1 \1+VK(r)

Finally, by introducing P(r)* as well as the different expressions of p(n.) into the sum
S(m,r) of equation S3, we can obtain a general expression of the mutant invasion fitness of
macro-parasites depending on the form of the co-distribution of mutant and residents (d):

(m,r)
mr)y=c—|V+ Z,(r Eq. S5
Ja (m,r) ( K(m) 4 (1) q
. . S(m,r) . ) .
where functionZ,(r) is equal to T , and is described in table 2 for each mutant and
m

residents co-distribution (d).

The sign of function Z,(r)

Clearly, Z,(r) 0. As the size of the residents population P(r)* requires L(r)>
1+ VK(r)
to be positive (equation S4), then Z,(r) is necessarily always positive. For d=3, we first take
k 1 dril(; ) A
A=H (ﬁ)’ and Z,(r) can then be re-expressed as al (2 1 . Assuming that
+ -

cK(r)
1+VK(r)
In conclusion, the function Z,(r) is always positive for mutant and residents co-distribution:
Z,(ry 0(C d [1;3]).

A>>1, and given that >1, then Z,(r) is always positive.

The effect of virulence on the mutant invasion fitness

Mutant and residents positive co-distribution (d=2). Introducing Z,(r) into the general
expression of f,(m,r) (equation S5) for d=2, it comes
(m,r)
© K(m)
1+ VK(r)
Therefore f, (m,r)is an inverse function of virulence V. Clearly, increased virulence has a

negative effect on the mutant fitness when this mutant is co-aggregated with residents (d=2).
Thou virulence reduces the size of the resident population P*(r) by killing hosts, a co-

aggregated distribution means that dying hosts are also those colonised by the emerging

cK(r)

fo (m,r) =
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mutant. As a result, only the negative effect of virulence remains within the function of
mutant fitness f, (m,r).

Mutant and residents independent co-distribution (d=1). The effect of virulence 7 on

f, (m,r) can be investigated through the study of the sign of fl(—};’r) in function of V.

£ omr)
V

The general condition for — that is, for a positive effect of virulence - is

V2K(r) + 2VK (r) +1—cK (r) + [é’?m)) cK(r): 0.

Sy (m,r) _ (m,r)
V >0 depend on the sign of 1-cK(r) +———— X(m) cK(r)?

Therefore, solutions ¥ such as

fiomr)
V

and/or on the sign of A, the discriminant of

A= 4cK(r)3(l —IE’Z’—H’:))K(;»)J

Given that K(r)> 0, we know that the shape of in function of V' is concave. The,

Sy (m, 1)
Vv

as a result of graphic analysis, we know that :

-if A 0 then no value of V' is a solution for =0, which means that

fi (m,) fi(mr)
14 14
always positive, and thus, that the virulence has a positive effect on f, (m,r) for any value of
K (m)
K@)

V' (within ]0,” ™ [ ). A general condition for A 0 is (m,r)

-if A 0, then L’W:O has two solutions

_-2K()-VA and ¥ 2K (r)+A
2K(r)? ? 2K(r)?
It can be easily demonstrated that V| is strictly negative.

1

We know by graphical analysis that V, 0 if 1—-cK(r)+ [E( )) cK(r)*>0, and V, O if
m

(m,r)

1-cK(r)+ ——— K(m) cK(r)*<0, but there is no general condition giving a strict sign to
m

1—cK(r)+ Igz% ’;) cK(r)?. Similarly, if we try to resolve the inequality ¥, 0, this gives:
m

(m,r) K(m)(l— ! j
K(r) cK(r)

J, (m,r)

Regarding the sign of the derivative function if A 0, this means that Y is positive

only beyond a threshold value V' =V,= |c L __mn)_ 1
K(r) K(m) ) K(r)
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Another condition for ¥ to have a positive effect on £, (m,r) is that V" <V™* This is

- (m,r)
equivalent to ¢ — + >0.
K(r)  K(m)
However, a condition for P(r)*>01is c—V — ! 0, thus ¢— 0, which ensures that
K(r) K(r)

the inequality V" <V™ is always verified, and thus, that "/ is always below ™ indeed.

In terms of variations of the fitness f, (m,r) in function of V, this means that if A 0, then
the virulence has a negative effect on f; (m,r) within the range 10; 7/ [, and positive within
Wy,

It can be showed that 1-

1, which means that K(m) (1— ! J K(m)'
cK(r) K(r) cK(r) K(r)

Eventually, we can thus summarise the results on the influence of ' on the fitness f, (m,r) as
in table S1, where this effect depends on the intensity of the competition.

Table S1. Effect of / on the mutant invasion fitness when d=1.

K 1 K 1
Condition (m,r) (m) 1- () 1- (m,r)
K(r) cK(r) K(7r) cK(r)
Effect of ¥ on the fitness | Negative ~within  ]0; V[, .
) . o D Always positive
function f, (m,r) positive within 17,2 ; V™ [

Mutant and residents inverse co-distribution (d=3). As for the independent co-distribution
(d=1), the effect of the virulence V' on f; (m,r) can be investigated through the study of the

sign of ﬂ(—’;m in function of V. The general condition for L’;1’;”)>0 — that is, for a
positive effect of virulence - is
V2XK(r)” +2VXK(r)+ X +cK(r)(X =1) MK(r) —1| 0,with X = HL .

K(m) k+1

Therefore, solutions V' such asLI;’r)>0 depend on the sign of
(m,r) ) o
X +cK(r) (X -1) WK(F) —1| and/or on the sign of A, the discriminant of
m
fimr) .
Vv

A=4XeK(r)® X -1 [1 - gm; ) K(r)j

Given that XK(r)> 0, we know that the shape of in function of V' is concave. As

J (m,r)
4

a result of graphic analysis, we then know that:

filmr)

-if A 0 then no value of V' is a solution for =0, which means that

fy (m,1)
4

always positive, and thus, that the virulence has a positive effect on f; (m,r) for any value of
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Vo (within ]0,V™ [ ). Assuming that X>>1, a general condition for A 0 is
K (m)

(m,r) K0

-if A 0, then L’;’F)ZO has two solutions

. | —2XK(r)-~A T | —2XK(r)+~A
L 2XK(r)? 2XK(r)?

2
It can be easily demonstrated that V| is strictly negative.

We know by graphical analysis that V, 0 if X +cK(r)(X —1)(%1( (r)—lJ >0, and
m
V, 0 if X+cK(r)(X —1)(%K (r) —IJ <0, but there is no general condition giving a
m

strict sign to X +cK(r)(X —1)(1521—’;)K(r)—1j. Similarly, if we try to resolve the
m

inequality V, 0, this gives:

cK(r)(X — 1)[122;:)) K(r)— lj

X
obtained through graphical analysis. Finally, assuming that X>>1, we can approximate this

>1, which turns out be exactly the same condition as

condition to \/cK (r)—%c[( (r)* 1, which is exactly the same as when mutant and
m

residents are independently distributed (d=1).
X 1

It can be showed that l————
X —-1cK(r)

1, which means that

. Eventually, we can thus summarise the results on the

K (m) - X 1 K (m)
K(r) X —-1cK(r) K(r)

influence of V on the fitness f; (m,r) in table S2, as made for f, (m,r) in table S1, where
this effect depends on the intensity of the competition.

Table S2. Effect of  on the mutant invasion fitness when d=3.

K X 1 K X 1
Condition (m,ry Xmf_ ) (m, )
K(r) X —-1cK(r) K(r) X —1cK(r)
Effect of ¥ on the fitness | Negative within ]0; V" [, N
: o o dd 1y max Always positive.
function f; (m,r) positive within ] V"4 ; V™

In conclusion, the influence of virulence on f; (m,r) is the same as on f, (m,r), as

summarised in table S1. The only slight difference is that threshold value V"4 for d=3 is

slightly below V™ since V"= Xolg b o) U nd X210 The main
X K(r) K(m) K(r) X

consequence of this difference is that, given the same value for other parameters, the range |
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yiIsy™ is wider than | V. V™ [. In other words, when mutant and residents are
inversely co-distributed (d=3), the virulence has a positive effect on f(m,r) for a few more
values of V' than when mutant and residents are independently distributed (d=1).
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Appendix II: Adaptive dynamics

The three derivatives to be evaluated for m=r= s* are:

Sa(m,r) _Za(5*)[ (5 —5%)
mo | KU 7 )
* 1, (m,r) _Z,H0 11
mo . K6 L)
2 2
Sa(m,r) 1 Z,(s%) Z,(r)
and 2}" m=r=s* - K(S*) ’ B VK(S*)+1 2}" m=r=s*

Singular strategy. The singular strategy is obtained when the first derivative with respect to
the mutant phenotype equals to 0. Since Z,(s*) 0 ( d [1;3]), the only solution and the

unique singular strategy is the same for all the three fitness functions: s*=s,.

Evolutionary stability. The singular strategy is an evolutionary stable strategy if the second
derivative with respect to the mutant strategy is negative. Since Z,(s*) 0 ( d [1;3]),

the condition for s* to be an evolutionary stable strategy is the same for all the three fitness

2 2
K-

functions :
Convergence stability. The singular strategy is a convergent stable strategy if the second
derivative with respect to the resident is larger than the second derivative with respect to the
mutant phenotype. It is straightforward to show that such a condition is equivalent to:

Z,(s¥) "Z,(r)
—E—=— VK(s%)+1 ——= 0
K m=r=s*
. *Z,(r) . .
It can be easily demonstrated that = 0. For the second fitness function, this
r =r=g*
. o . Z,(s*) S . .
inequality is thus equivalent to 5 0, which is always satisfied since Z,(s*) 0 and
K
2 .
2 2
It can be easily demonstrated that Z; (r) -k Z; (r) = 0. For the first fitness
r m=r=s* k + l r m=r=s*
. .. o . Z,(s%) S : .
function, this inequality is thus equivalent to ——— 0, which is always satisfied since
K
Z/(s*) Oand ; O.
2 2
It can be easily demonstrated that Z; ") _X-l Z; (r) =0, with
r m=r=s* H + 1 r m=r=s*
k . . . o . Z,(s%)
X=H 1 For the third fitness function, this inequality is thus equivalent to ——— 0,
+ K

which is always satisfied since Z,(s*) 0 and ; 0.
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Invasion potential. A singular strategy is an invasive strategy if the second derivative with
respect to the resident is positive. This is equivalent to:

Z,(s%) "Z,(r)
2 2,

0.

— VK(s*)+1

m=r=s*

We know from the analysis of the conditions for the singular strategy to be a convergent

°Z,(r) Z,(s%)
2 2

r

0.

stable strategy that = 0, this inequality is thus equivalent to

m=r=s*

As Z,(s*) 0and > 0, therefore this inequality is always verified for anyd  [1;3].

Protected polymorphism. A protected polymorphism can arise around the singular strategy,
when the second derivative with respect to the residents phenotype is larger than the opposite
of the second derivative with respect to the mutant. This condition is equivalent to

Z,(s*) "Z,(r)

Za 2 — =
K r

It can be noticed that this is exactly the same condition as for the singular strategy to be a

convergent stable strategy (see above). As this condition has been demonstrated to be always

verified for all the co-distribution hypothesis (d), then we can also conclude that a protected
polymorphism can arise around the singular strategy for anyd  [1;3].

— VK(s%)+1 0.

m=r=s*
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Appendix III: Pairwise-invasibility plots (PIP) for d=3

Figure S1. Pairwise invasibility plot for d=3. £=0.5 (A) and =50 (B). Grey and white areas
correspond to positive and negative mutant fitness, respectively. Values used for parameters
are H=10000, c=1, K(s,) =100, =04, ,=0.6,1V=0.01.
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Figure S2. Plot of f,_,(m, r)|m:S* (axis w3 in figure S1) in function of resident phenotype (A),
and plot of f,_; (m,r)| ._..(axis wl in figure S1) in function of mutant phenotype for c
(B) and ¢ (C©). Values used for parameters are /=10000, c=1, K(s,) =100, =04
(A& C)or0.6(B), ,=0.6(A&C)or0.4(B), V=0.01, i=0.4.
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Chapitre 5

Discussion

Afin de contribuer a une meilleure compréhension de 1’écologie, 1’évolution et le
contréle des maladies tropicales négligées j’ai fait appel pendant cette thése a des approches
théoriques comparatives (chapitre 2) et généralistes (chapitres 3 et 4). L’avantage des
approches généralistes est qu’elles permettent d’explorer simplement des interactions
potentielles entre différents processus éco-évolutifs dans le cadre de cette thése. Les
approches comparatives permettent également de mieux comprendre les interactions possibles
entre différents processus en combinant 1’utilisation de modeles empruntés aux approches
généralistes, et des estimations de parametres issues de diverses revues d’expérimentations et
d’observations en milieu naturel. Elles permettent ainsi de proposer des « lois » établies
théoriquement dans des domaines de parameétres réalistes sur le plan biologique, et
contribuent a la fois a créer un lien formel entre les théories les plus abstraites et les données,
et & comparer des situations biologiques, ici le nombre de maladies modélisées, entre elles. La
généralité des lois obtenues dépend bien sir du nombre de situations envisagées. Malgré leur
intéréts respectifs, aucune de ces approches ne fournit de résultats sur le fonctionnement de
systémes particuliers qui permettraient une confrontation fine des prédictions et des données.
Dans cette derniere partie de ma these, j’ai souhaité discuter de la facon dont cette limite
pourrait étre dépassée. Pour chacune des deux thématiques abordées dans ces trois chapitres -
transmission des maladies vectorielles dans des populations puits et diversification
compétitive des macro-parasites - je m’intéresse donc a la généralisation de mes résultats en
les discutant pour d’autres maladies/parasites et en identifiant quelques systémes biologiques
spécifiques dont I’étude par des approches théoriques analogues a celles proposées apporterait
des résultats. Enfin, je profite de ce dernier chapitre pour discuter du lien entre ces
contributions théoriques et le controle des maladies infectieuses, et ce au travers d’exemples
concrets (maladies vectorielles) ou plus abstraits (diversification des macro-parasites).

5.1 Transmission des maladies vectorielles dans des populations puits

Le chapitre 2 a permis de montrer que les probabilités d’émergence et les niveaux de
persistence des maladies vectorielles transmises dans des populations puits peuvent étre
préoccupants, et ce malgré de faibles densités vectorielles. Il apparait aussi que dans ce
contexte, les niveaux de transmission sont avant tout déterminés par la démographie et le
comportement alimentaire des vecteurs. Ces conclusions sont communes aux 6 maladies
vectorielles considérées, mais leur généralisation a 1’ensemble des maladies vectorielles
affectant I’homme, et plus largement les animaux, reste néanmoins a établir. Je vais donc dans
un premier temps essayer d’anticiper si ces conclusions sont susceptibles de s’appliquer aux
autres maladies vectorielles et ceci a la vue des caractéristiques de ces derniéres. Dans un
deuxiéme temps je présente quelques cas d’études de transmission dans des populations puits
pour lesquels le chapitre 2 apporte des résultats supplémentaires. Pour finir, je m’intéresserai
plus particulicrement a 1’un des processus dont j’ai montré qu’il doit avoir une grande
influence sur la transmission des maladies vectorielles dans les populations puits: la migration
des vecteurs. Je conclue donc cette premiere partie du chapitre 5 en discutant de I’intérét de
mieux comprendre les capacités migratoires des vecteurs, ainsi que les liens entre la migration
et les caractéristiques biologiques et épidémiologiques de ces vecteurs.
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5.1.1 La transmission dans des populations puits suit-elle les mémes lois générales pour
toutes les maladies vectorielles ?

Un grand nombre de maladies vectorielles sont dues a I’infection par des arbovirus,
c'est-a-dire des virus qui, comme la dengue ou I’encéphalite japonaise, sont transmis par des
arthropodes hématophages: certaines especes de moustiques, mouches, ou tiques. Les
arbovirus ont souvent beaucoup de points communs: les symptomes causés (encéphalite), la
durée de la phase infectieuse (trés courte), 1’acquisition d’une immunité post-infection et
I’existence d’hdtes animaux domestiques (CDCa; Weaver & Reisen, 2010). Ces
caractéristiques sont celles dont j’ai tenues compte pour modéliser la transmission de la
dengue et de I’encéphalite japonaise (voir notamment « Text S1 » dans le chapitre 2), et ’on
peut donc raisonnablement penser que la transmission des autres maladies arbovirales (ficvre
jaune, chickungunya, virus du Nil occidental, etc), dans des populations puits de moustiques
ou de mouches, a de bonnes chances de suivre les mémes lois générales.

Certaines maladies vectorielles affectent exclusivement des populations animales. Ces
populations animales peuvent avoir de fortes valeurs économiques pour ’homme. Le contrdle
des vecteurs dans les zones d’élevage fait alors partie des stratégies employées pour lutter
contre ces maladies (Peter et al., 2005). Tout comme dans le cas de la lutte contre les maladies
a vecteurs affectant I’homme, lorsque le bétail reste exposé a des vecteurs immigrants depuis
des zones non-traitées, il existe un risque résiduel de transmission. Une telle situation peut se
rencontrer par exemple pour la forme animale de la trypanosomiase africaine, appelée maladie
du sommeil chez I’homme, qui affecte nombreux élevages bovins en Afrique. Une des
stratégies de lutte contre les espéces de mouche tsétsé vectrices de la maladie consiste a
débroussailler les zones de patlirage, afin d’en faire un habitat moins favorable aux vecteurs
(Symeonakis et al., 2007). Néanmoins, la mobilité des mouches et leur fort pouvoir de
réinvasion représentent une limite a ’efficacité de cette stratégie de controle (Hargrove,
2000). La trypanosomiase africaine animale partage de nombreux points communs avec sa
forme humaine, notamment une durée relativement longue de la phase infectieuse (de
plusieurs semaines a plusieurs mois selon 1’espece pathogene (CFSPH, 2009)). La aussi, on
peut donc s’attendre a ce que la démographie et le comportement alimentaire des vecteurs
soient les principaux déterminants de la transmission dans les populations puits. La plupart
des maladies arbovirales humaines sont des zoonoses et sont donc plutdt spécifiques des
especes animales (CDCa; Weaver & Reisen, 2010). Lorsque ces maladies sont transmises par
des moustiques (comme les diverses encéphalites équines par exemple) ou des mouches
(comme la fievre catharrale), on peut anticiper que les mémes conclusions puissent étre tirées
sur les facteurs déterminant la transmission dans des populations puits. Néanmoins, pour
certaines arboviroses par exemples, la transmission dans les populations animales peut se
traduire par de fortes augmentations de la mortalité ou par une réduction de la fertilité¢ des
hotes infectés (CFSPH, 2007). Sous I’hypothése que la virulence des pathogenes entraine une
régulation des populations hotes animales par les populations de parasites, on peut donc
s’attendre a ce que I’effet de cette virulence sur la transmission dans des populations puits soit
plus fort pour les maladies animales que pour les maladies humaines.

Pour d’autres maladies vectorielles au contraire, il existe des différences marquées
avec les 6 maladies considerées, et il est alors fort possible que les conclusions données au
chapitre 2 ne soient plus valables. C’est le cas par exemple des helminthiases transmises par
des mouches, comme 1’onchocerciase, ou des moustiques, comme la filariose lymphatique.
Les pathogenes a I’origine de ces maladies sont des macro-parasites, un type de parasites pour
lequel on sait que la densité¢ des charges parasitaires a de fortes conséquences sur la
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transmission (Churcher et al., 2005). Qui plus est, les temps de maturation de ces pathogénes
au sein de leur hote, et donc le délais avant que cet hote ne devienne infectieux, peut étre
beaucoup plus long que pour les micro-parasites considérés jusqu’a présent (de plusieurs mois
a un an (CDCb)). Comparé aux maladies discutées jusqu’a présent, on peut alors penser que la
transmission dans des populations puits dépend davantage de la virulence et des interactions
hotes-pathogenes. Nombreux pathogénes sont aussi transmis par des tiques: arbovirus
responsable de la fievre Congo-Crimée, bactérie responsable de la borréliose, protozoaire
responsable de la babésiose, etc (Dobler 2070; Estrada-Pefia et al., 207/2). Or les tiques
représentent des vecteurs tres différents des moustiques, mouches ou punaises, et leur
caractéristiques biologiques peuvent avoir de fortes conséquences sur la transmission des
pathogenes. Leur durée de vie et le temps entre deux repas sanguins peuvent durer plusieurs
années, les temps de contacts hématophagiques peuvent durer plusieurs mois, les individus
peuvent intéragir et se reproduire sur leur hote, et leur dispersion sur de grandes distances se
fait typiquement grace au transport par les hotes infestés par le vecteur (Bowman & Nuttall,
2009). Dans le cas ou la probabilité de transmission du pathogéne a I’hote augmente avec la
durée de ce contact hématophagique (Konnai et al., 2007), on peut donc s’attendre a ce que la
transmission de maladies dans des populations puits de tiques soit elle aussi fortement
influencée par la longévité ainsi que le comportement alimentaire des vecteurs. De méme, on
peut s’attendre a ce que cette transmission dépende fortement des capacités migration des
tiques, mais selon des mécanismes différents des moustiques, mouches ou punaises puisque
dans le cas des tiques les taux d’immigration des vecteurs seraient fortement liés aux taux
d’immigration des hotes eux-mémes.

La conclusion du chapitre 2 selon laquelle la démographie et le comportement
alimentaire des vecteurs sont les principaux facteurs influencant la transmission dans des
populations s’applique donc probablement a nombreuses maladies vectorielles.

5.1.2 Quelques cas d’études auxquels le chapitre 2 apporte des résultats supplémentaires

Ré-émergence de la maladie du sommeil dans les foyers historiques d’Afrique de [’ouest et
d’Afrique centrale. Le contrdle des populations de mouches tsétsé a permit dans les années
1960 de contrdler la maladie du sommeil dans nombreux foyers de transmission d’Afrique de
I’ouest et d’Afrique centrale (Artzrouni & Gouteux, /996). En général ce controle vectoriel
s’effectue par I'utilisation d’insecticides ou de pieges disposés en périphérie de 1’habitat
humain (Brun et al., 2010), 1a ou se fait I’essentiel des contacts hommes-vecteurs et donc la
transmission de la maladie. Néanmoins, suite a 1’interruption ou la réduction de I’effort de
controle dans certains foyers, la maladie a ré-émergé au sein des populations humaines. Les
origines de ce phénomene ont fait 1’objet de plusieurs travaux expérimentaux (Bouyer et al.,
2009) et théoriques (Gouteux & Artzrouni, 2000). L hypothese testée par ces travaux est que
la transmission de la maladie du sommeil dans ces foyers se fait par des populations puits de
vecteurs, qui sont alimentées par les populations de mouches épargnées par les efforts de
contréle. D’apres les travaux de Gouteux et Artzrouni (2000), les ré-émergences observées
dépendent de deux facteurs principaux: la forte capacité de ré-invasion des mouches tsé-tsé du
fait de leur comportement de dispersion, et 1’existence d’une transmission « a bas bruit » du
fait d’une longue phase infectieuse et asymptomatique chez I’homme . Les multiples travaux
théoriques testant cette hypothése ne permettent pas de conclure de manicre définitive sur
I’influence relative de ces deux processus. Ceci est peut-€tre du au parti-pris des auteurs de ne
quantifier que I'influence de ces deux mécanismes, sans considérer la sensibilité de leur
systeme aux variations d’autres parametres. Les résultats du chapitre 2 pour la maladie du
sommeil confirment I’effet prépondérant de ces deux processus, mais mettent davantage en
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avant I’effet des vecteurs immigrants que celui de la phase infectieuse. Surtout, I’approche
numérique utilisée dans le chapitre 2 et la paramétrisation du modele selon des valeurs plus
spécifiques permettrait peut-&tre d’apporter des conclusions encore plus robustes.

Invasion des triatomines vectrices de la maladie de Chagas. Un exemple particulierement
bien étudi¢ de transmission par des populations puits de vecteurs est celui de la transmission
de la maladie de Chagas dans la péninsule du Yucatan au Mexique. Dans les villages de cette
péninsule, I’habitat humain est infesté par des populations de triatomines incapables de
s’établir durablement dans cet habitat domestique ou se fait la transmission a I’homme. Ceci
tient au contréle vectoriel qui y est mis en place et/ou au fait que les punaises y sont
incapables de se reproduire (Gourbiere et al., 2008). Ces populations sont donc fortement
alimentées par I’immigration provenant des habitats sylvatique et péridomestique (Barbu et al
2010, 2011). Des situations analogues ont été observées pour d’autres especes de vecteurs de
la maladie, au centre du Mexique (Salazar Schettino et al., 2007), a Belize (Polonio et al.,
2009) et au Brésil (Carbajal de la Fuente et al., 2007). Dans la péninsule du Yucatan, bien que
la dynamique et le controle des populations de ces triatomines - qualifiées de « non-
domiciliées » - aient fait [’objet de nombreux travaux dans les dix dernieres années, la
transmission du pathogeéne n’a pas encore été dtudiée quantitativement. Les résultats du
chapitre 2, et notamment 1’expression du Ry (« reproductive number ») qui y est dérivée,
peuvent donc fournir des informations complémentaire sur ce syst¢éme. Un rapide calcul
réalisé sur la base des données entomologiques et épidémiologiques disponibles, conduit a la
conclusion que le taux d’immigration quotidien nécessaire a 1’émergence de la maladie en
milieu domestique (i.e., Ry > 1) est d’environ 0,7 individu par par jour et par habitation. Ceci
représente I’immigration d’une punaise environ toutes les 2 semaines, et une densité de
punaises d’approximativement 2,8 individus par maison, ce qui est cohérent avec les résultats
obtenus dans le chapitre 2. Dans la mesure ou la densité vectorielle dans cette région évolue
entre 1 et 40 punaises par maison, avec une moyenne de 20 (Nouvellet et al., en préparation),
cela signifie qu’il faudrait des pulvérisation d’insecticides capables de réduire la densité
vectorielle d’environ 86%, un taux légerement supérieur a ceux estimé par Barbu et al. (2011)
sur la base de modeles décrivant uniquement la démographie des vecteurs. Un autre aspect
important de ce résultat est que la transmission domestique via ces triatomines « non-
domiciliées » est vraisemblablement due a I’immigration réguli¢re de triatomines infectées, et
qu’il est trés peu probable qu’un cycle de transmission se maintienne au sein des maisons
uniquement grace a I’immgration de vecteurs dont aucun ne serait porteur du pathogene.
Autrement dit, la transmission domestique serait surtout due a 1’introduction du périodique du
pathogene par des vecteurs immigrants, et ce bien qu’il existe des hotes domestiques infectés
susceptibles de servir de réservoirs. Ceci s’explique notamment par la trés faible probabilité
de transmission du vecteur vers 1’hdte, qui ne permet pas au vecteur de s’infecter ni de
transmettre pendant son temps de transit dans 1’habitat domestique.

Le paradoxe de la transmission de la leishmaniose viscérale dans [’état du Bihar, Inde. L’ état
du Bihar, au nord-est de 1’Inde, habrite une des populations du pays les plus a risque de
contracter la leishmaniose viscérale (Singh et al., 20/0). Ceci est notamment du a la
colonisation de nombreuses zones ripariennes par la mouche Phlebotomus argentipes,
vectrice de la maladie. Suites a de graves épidémies dans les années 1990, les efforts de lutte
contre la maladie ont nécessité¢ la pulvérisation extra-domiciliaire d’insecticides afin de
controler les populations de vecteurs. Depuis, dans le sud du Bihar, la leishmaniose viscérale
est efficacement controlée, et les pulvérisations d’insecticide ont été réduites (Kumar et al.,
2009). Au contraire, dans le nord de I’état, la leishmaniose viscérale continue de représenter
un probléme de santé publique, nécessitant de maitenir I’effort de controle par des
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pulvérisations régulicres. L’usage d’insecticide depuis les années 1990 a donc abouti a une
situation surprenante a ’échelle du Bihar: les densités vectorielles les plus grandes sont
observées dans le sud, 1a ou le contrdle des vecteurs est désormais rare ou interrompu, mais
ou la maladie est sous controle, alors que ces densités sont bien moindres dans le nord en
raison du maintien du contréle vectoriel parce que la maladie y persiste a des niveaux
d’incidence problématiques (Kumar et al., 2009). Il est donc probable que la transmission
dans les régions du nord du Bihar se fasse au sein de populations puits de P. argentipes,
alimentées par des individus migrants depuis les regions du sud de 1’état ou depuis les états
voisins. Cette hypothése pour expliquer la situation entomo-épidémiologique dans la partie
Nord du Bihar est crédibilisée par les résultats du chapitre 2, qui prédisent qu’une faible
population de vecteurs alimentées par des immigrants peut suffir a générer de forts taux de
circulation de ce pathogene au sein de la population humaine. Les prévalences d’infections
observées dans ces zones sont en effet qualitativement comparable a celles prédites sur la base
du modele que j’ai développé. En outre la susceptibilité des hommes au parasite est
généralement réduite par le contact avec la salive des vecteurs (Silva et al., 2005). Dans le
nord du Bihar, les populations exposées a de plus faible densités vectorielles pourraient donc
étre davantage susceptibles au pathogeéne que les populations du sud de I’état. Ces différences
pourraient donc également contribuer a expliquer le maintien d’une forte transmission au
nord. Néanmoins, le chapitre 2 a montré que la transmission de la leishmaniose viscérale
dépend beaucoup plus de la démographie et du comportement des vecteurs, que de la
probabilité¢ de transmission du vecteur a ’homme. Ceci suggere donc que la plus forte
susceptibilit¢ humaine au parasite doit jouer un role secondaire dans le maintien de la
transmission a I’homme dans le nord de cet état. Par la méme occasion ceci confirme qu’il est
nécessaire d’améliorer la lutte contre la leishmaniose par un effort accru et plus efficace du
contrdle vectoriel (Kumar et al., 2009), et ce malgré 1’éventuelle augmentation de
susceptibilités qui pourrait étre liée a une réduction des densités vectorielles.

Les résultats du chapitre 2, et leur possible extansion en intégrant des informations
plus spécifiques aux systémes étudiés, pourraient donc contribuer directement a une meilleure
compréhension de la dynamique épidémiologique observée dans des foyers de transmission
particuliers, ainsi qu’a une meilleure appréciation des effets — possiblement contradictoires
comme dans la cas de la leishmaniose viscérale dans 1’état du Bihar — des controles vectoriels.
Une suite extrémement intéressante a donner aux travaux de cette partie de ma theése serait en
effet de décliner les modeles proposés en incluant des informations sur ces trois systemes
particuliers pour lesquels il existe suffisament de connaissances empiriques. Ceci permettrait
a la fois de faire progresser la connaissance de ces systémes (comme je 1’ai esquissé pour la
transmission de la maladie de Chagas dans la péninsule du Yucatan), mais également de tester
la robustesse des résultats géneraux obtenus ici.

5.1.3 Que sait-on des capacités migratoires des vecteurs, et des éventuels liens entre
migration, biologie et statut épidémiologique des individus migrants ?

Depuis les années 2000, de plus en plus de travaux théoriques s’intéressent a
I’influence de la dispersion des vecteurs sur le degré de connection entre leur populations
(Killeen et al., 2003), et sur ses conséquences en terme d’hétérogénéité spatiale des
abondances de vecteurs (Barbu et al., 20/0), de taux de contacts hote-vecteur et des
probabilités de transmission (Smith et al., 2004). Nombreux travaux expérimentaux tentent
aussi de faire le lien entre la distribution spatiale de données épidémiologiques et le
mouvement des vecteurs (Bhunia et al., 207 /; Himeidan et al., 2011).
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Néanmoins, il existe tres peu de données quantitatives sur les taux de dispersion ou de
migration des vecteurs. Or, d’aprés les résultats du chapitre 2, le taux de migration des
vecteurs est un des facteurs les plus déterminants pour la transmission dans des populations
puits. Il apparait donc crucial d’obtenir davantage d’estimations de ces taux de migration. A
I’échelle populationnelle, des lachés-recaptures donnent une idée des capacités de dispersion
en terme de distance maximale parcourue (Service 1997; Baber et al., 2010), et des études de
génétique des populations permettent (au prix de diverses hypothéses) de quantifier des taux
de migration entre populations (Krafsur 2003, da Costa-Ribeiro et al, 2007). 1l existe
également une riche littérature sur les différentes facteurs influencant le mouvement des
vecteurs, en particulier les moustiques (Service 1997). Selon la distance considérée, la
mobilité des vecteurs peut dépendre notamment du transport par le vent (Molyneux et al.,
1979), par leurs hotes ou par la circulation de marchandises (Tatem et al., 2006), mais aussi
de leur comportement alimentaire ou reproducteur, et de I’intéraction entre comportement et
structure de leur environnement (Service 1997; Pates & Curtis, 2005). D’apres la littérature
théorique et empirique, la relation entre hétérogénéité de I’environnement et comportement
migratoire des vecteurs peut avoir des conséquences sur leur parametres biologiques et
épidémiologiques (Smith et al., 2004). Ainsi, dans le cas par exemple des moustiques vecteurs
de la dengue (Smith et al., 2004), I’age des individus peut étre positivement corrélé a leur
distance de dispersion ou a leur prévalence d’infection. De telles relations sont susceptibles
d’avoir un effet important sur la transmission dans les populations puits, puisque d’apres les
résultats du chapitre 2 la longévité des vecteurs dans la population puit — et donc leur
age/espérance de vie au départ ou a I’arrivée de leur migration — est aussi un des facteurs
déterminants de la probabilité d’émergence et des prévalences attendues.

Dans la mesure ou la mise en place des stratégies de contrdle des maladies vectorielles
suit souvent des critéres relatifs a la dispersion spatiale des vecteurs (Carter et al., 2000; Pates
& Curtis, 2005; Barbu et al., 2011), nul doute que I’étude et le controle des maladies
vectorielles bénéficieraient grandement d’une meilleure connaissance des capacités
migratoires des vecteurs, mais aussi des relations entre migration et parametres biologiques et
épidémiologiques des vecteurs. Il serait ainsi intéressant de compléter les approches décrites
ci-dessus par des méthodes plus fines permettant d’estimer 1’intégralité des « noyaux de
dispersion » par des approches indirectes reposant sur la modélisation spatiale, qu’elle soit
statistique (Levy et al., 2008; Zu Dohna et al., 2009) ou dans le meilleur des cas mécaniste
(Barbu et al., 2010). A terme, il sera aussi indispensable d’étudier la dispersion a 1’échelle
individuelle pour mieux comprendre les effets de ce processus sur la dynamique des
populations de vecteurs, et par la suite I’évolution de ce trait d’histoire de vie en réponse aux
effets du parasites (Nouvellet et al 2011) et éventuellement en réponse aux stratégies de
contréle employées.

5.2 Diversification compétitive des macro-parasites

Les chapitres 3 et 4 ont permis d’adapter une théorie développée pour les especes non-
parasites afin de mieux comprendre la spéciation adaptative des parasites et I’influence de leur
mode de vie sur leur diversité. Ces premiers pas dans le développement d’une telle théorie ont
été effectués au sein d’un cadre théorique tres général et abstrait, qui n’indique pas forcément
de manicre tres intuitive quel type de modele biologique parmi les nombreuses especes de
macro-parasites serait le plus adéquat pour tester cette théorie. C’est pourquoi, dans un
premier temps, je vais décrire les principales caractéristiques requises pour que des modeles
biologiques puissent servir a tester cette théorie, et proposer quelques especes candidates. Un
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second point que je souhaite discuter est le lien entre la théorie développée et lien avec le
contrdle des maladies dues a des macro-parasites, comme par exemple les helminthiases, qui
représentent la moitié des 18 maladies tropicales négligées considérées dans le premier
chapitre de cette these.

5.2.1 Quel modéle biologique pour étudier la diversification compétitive chez les macro-
parasites ?

La premicre condition a remplir pour tout modéle candidat est évidemment 1’existence
d’une compétition intra-spécifique ou inter-générique pour une ressource intra-hote et
limitante. Une telle compétition a été démontrée chez nombreux helminthes parasites de
vertébrés : monogenes parasites des branchies de poissons (Lo & Morand, 2000), nématodes
parasites du tube digestif de vertébrés (Moore & Simberloff, 7990; Stancampiano et al.,
2010). Pour des raisons techniques et éthiques il est beaucoup plus difficile d’étudier ce
phénomeéne chez les helminthes parasites de I’homme, mais il est intéressant de constater que
chez d’autres vertébrés la compétition intra-hote a été¢ démontrée pour des especes ou groupes
d’helminthes intestinaux proches de ceux qui parasitent I’homme, comme certains nématodes
parasites d’oiseaux (Dezfuli et al., 1992). Typiquement, la ressource limitante pourrait étre
distribuée selon un gradient spatial, comme c’est probablement le cas pour monogenes dans
les branchies de poissons (Simkova et al., 2004), ou pour les ressources alimentaires
exploitées par les helminthes parasites des intestins de vertébrés (Stock & Holmes, 1988;
Stancampiano et al., 2010).

Une deuxiéme condition requise est que cette compétition intra-hdte mette en jeu un
caractere quantitatif dont la valeur détermine la quantité de ressources qu’un individu peut
exploiter. Surtout, le caractére en question doit étre impliqué dans une interaction compétitive
dont I’intensité est a la fois densité-dépendante — qui dépend du nombre de compétiteurs - et
fréquence-dépendante — qui dépend de la fréquence des individus porteurs des différents
phénotypes associés au caractére en question. Un tel caractére peut notamment étre d’ordre
morphométrique, comme la taille, la forme du corps, ou le mode de nutrition, qui pour
certains vers intestinaux varient avec le positionnement au sein du tube digestif (Canaris &
Kinsella, 2001); ou de certains organes, comme les pi¢ces haptorales de certaines especes de
monogenes dont la taille peut varier avec le point d’accrochage des vers au sein de la branchie
de leur poisson hote (Simkova et al., 2002). Ce caractére pourrait aussi étre d’ordre
comportemental, comme par exemple les capacités de dispersion intra-hdte. En effet on peut
envisager que, selon sa mobilité, un individu puisse accéder a plus ou moins de ressources
lorsque celles-ci ont une distribution spatiale hétérogeéne, comme c’est le cas chez de
nombreux helminthes intestinaux (Shostak & Dick, 1989).

Tester cette théorie nécessite en outre d’étre capable de comparer la distribution des
ressources et de I’intensité de la compétition entre individus de phénotypes différents.. De ces
deux parametres, la distribution de la compétition semble le plus difficile a estimer. En effet,
I’impossibilité d’observer directement nombreuses especes de macro-parasites telles que les
helminthes intestinaux oblige a sacrifier leurs hotes, ce qui rend alors impossible le suivi de
d’helminthes au sein d’un méme individu hote. Pour contourner cet obstacle, 1’étude de la
compétition chez les macro-parasites passe peut-étre par 1’utilisation d’espéces libres, comme
Caenorhabditis elegans, un nématode dont la biologie (Murray et al., 20/1) mais aussi la
génomique (C. elegans Sequencing Consortium, /998) sont déja tres étudieés.

Enfin, il existe de nombreuses perspectives de développement pour cette théorie, et
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donc de critéres supplémentaires pour I’identification de modéles biologiques candidats.
Toutes ces perspectives viseraient a prendre en compte d’autres caractéristiques susceptibles
d’influencer leur évolution et leur diversité par des processus adaptatifs: types de
reproduction (Kunz, 2002) et donc de scénarios d’isolement reproducteurs (Dieckmann &
Doebeli, 7999), mode(s) de distribution des ressources (celle-ci peut par exemple étre
bimodale, comme lorsqu’elle correspond a deux organes différents au sein de 1’hdte (voir
« Discussion » dans le chapitre 3)), types de compétitions intra-hote (Mideo, 2009).

5.2.2 Quel lien entre diversification adaptative et controle des macro-parasites ?
Evolution de la résistance aux traitements

L’une des questions les plus récurrentes au sujet de 1’évolution des parasites est celle
de I’évolution de la résistance aux traitements chémothérapiques. En effet I’apparition de
résistance a ces traitements a été observée chez des micro-parasites (Goldberg et al., 2012)
comme chez des macro-parasites, tels que les schistosomes ou les nématodes (Geerts &
Gryseels, 2000). Dans le cas des espeéces d’helminthes, ce phénomene est de plus en plus
observé chez les parasites du bétail, mais il devient aussi un probléme important chez les
parasites de ’homme, avec le risque qu’il contraigne les stratégies de lutte mises en place
contre certaines helminthiases humaines (Geerts & Gryseels, 2000; Smits 2009).

Les mécanismes a 1’origine de 1’évolution de la résistance aux traitements chez les helminthes
sont encore mal connus (Geerts & Gryseels, 2000), mais ce processus évolutif est clairement
adaptatif (Jackson, 7/993; Churcher & Basafiez, 2008). Pour mieux comprendre les origines de
cette résistance, la théorie développée au cours de cette theése sur la diversification intra-hote
doit probablement viser a prendre en compte I’ensemble des interactions intra-hdtes
auxquelles sont soumis les macro-parasites. En effet si les hotes fournissent 1’habitat et les
ressources exploitées par leurs parasites, ces mémes hotes participent aussi aux pressions
auxquelles doivent faire face ces macro-parasites puisque ceux-ci doivent lutter contre le
sytéme immunitaire et/ou les traitements employés par leurs hotes. Autrement dit, la diversité
des interactions hote-parasite est telle que ces derniers sont donc susceptibles d’évoluer
simultanément a la fois selon leur capacité a acquérir les ressources intra-hdtes, et selon leur
capacité a échapper ou résister aux mécanismses de défense de 1’hote. Il semble tout a fait
possible que I’évolution de traits liés a 1’exploitation des ressources et 1’évolution en réponse
aux chémotherapies et/ou au systéme immunitaire soient deux processus interagissant..
L’expression de phénotypes résistants peut en effet avoir un colit se répercutant sur d’autres
traits d’histoire de vie des parasites, et éventuellement ceux impliqués dans 1’exploitation des
ressources. C’est le cas par exemple chez certains nématodes tels que Onchocerca volvulus ou
certaines especes de la famille des Trichostrongyloidae , qui lorsqu’ils sont résistants peuvent
également étre moins fertiles ou moins mobiles (Gill & Lacey, /998; Bourguinat et al., 2006,
2007). Sous I’hypothese d’un tel trade-off, les individus investissant dans 1’exploitation d’un
maximum de ressources (par exemple par une mobilité accrue) verraient leur avantage sélectif
réduit du fait d’une moindre capacité de résistance a 1’hote ou au traitement. Or la réduction
d’abundance de ces parasites se traduirait directement par une réduction de I’intensité de la
compétition et donc de la pression de sélection disruptive qui y est associé¢e. Autremement dit,
en réduisant I’abundance des parasite, on réduit aussi le potentiel de diversification. Il est
important de préciser que ceci n’est pas lié¢ a la simple réduction du réservoir de variabilité
génétique (du fait de la plus petite taille de population), mais le résultat d’un changement de
type de sélection qui n’est possible que parce que celle-ci (liée a la compétition) est densité
dépendente. Cependant, dans le méme temps, les individus investissant moins dans
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I’exploitation des ressources, et qui s’adaptent alors générallement a des ressources moins
abondantes afin de réduire les niveaux de compétition intraspecifiques qui leur sont
défavorables, peuvent alors exprimer des capacités de résistance. Dans ce cas ces individus
augmenteraient en fréquence en présence de traitement et/ou de forte réponse immunitaire, et
ceci limiterait les effets déléteres de la sélection sexuelle qui les affecte génerallement en
raison de leur faible nombre (Gourbicre 2004; Kirkpatrick & Nuismer, 2004). L apparition de
tels individus résistants aux traitements pourrait ainsi accélérer les phénomenes de
diversification lies a la compétition intra-hdte. Autrement dit, la balance entre sélection
naturelle et sélection sexuelle qui permet la diversification et la spéciation compétitive
pourrait étre modifiée par les traitement antiparasitaire ou la réponse de I’hdte. En en retour,
cette diversification compétitive pourrait accélérer et contribuer a maintenir une majorité
d’individus résistants au sein de 1’espece ou de la population exposée aux traitements. Bien
entendu ce scénario, qui correspond a un « modele verbal », doit étre testé quantitativement
sur la base d’approches analogues a celles développées dans les chapitres 3 et 4 de cette these,
avant que des hypotheses sur le role des traitements et du syst¢tme immunitaire des hotes
puissent étre retenues et testées expérimentallement.

Diversité des hotes et risques de zoonoses

Comme je I’ai décris dans le chapitre 1 pour les maladies tropicales négligées, la
diversité des hodtes peut avoir de fortes conséquences sur 1’écologie et le controle des
parasites. Cette diversité peut correspondre a différentes especes ou populations d’hoétes, ou
méme a différents types d’individus au sein d’une méme population (par exemple différentes
classes d’age). On sait aussi que cette diversité, notamment la diversité d’espece d’hotes, peut
influencer voir favoriser I’évolution et la diversité des parasites (Emelianov 2007). Lorsque
ces especes d’hotes sont elles-méme sympatriques, cette évolution par changement d’hote
peut se faire par diversification adaptative, comme cela a été démontrée chez certaines
champignons parasites d’arbres (Giraud et al., 20/0). Pour les macro-parasites, une telle
diversification adaptative due a la diversité d’hotes pourrait avoir des conséquences sur les
risques et le controle des zoonoses par exemple. Nombreux helminthes sont ainsi capables
d’infecter a la fois ’homme et d’autres espéces animales, mais pour certains d’entre eux
I’homme ne constitue qu’un hote accidentel auquel ils ne sont, a priori, pas ou peu adaptés.
C’est le cas par exemple de nombreuses espéces d’helminthes dont les hétes les plus
communs sont des especes animales domestiques ou des poissons (Robinson & Dalton, 2009).
Dans le cas d’une lutte contre les helminthes par administration de chémothérapies aux
animaux infectés ou susceptibles de I’étre, les individus capables d’infecter des hotes humains
pourraient posséder un avantage sélectif si ces hdtes humains ne sont pas traités et constituent
donc des refuges. Lorsque ces especes animales, comme les animaux domestiques ou le
bétail, sont sympatriques de 1’homme, ’action des chémothérapies appliquées aux hotes
animaux pourrait donc favoriser I’émergence de parasites mieux adaptés a I’homme selon des
processus de diversification adaptative (Giraud et al., 2010), et donc augmenter les risques de
zoonoses. A une époque ou le traitement des animaux est tel qu’il peut conduire a la rapide
évolution de leurs parasites (évolution de la résistance par exemple), le développement d’une
théorie de la diversification adaptative des parasites prenant en compte la diversité d’hotes
permettrait donc de mieux évaluer si ces risques de zoonoses sont purement spéculatifs, ou au
contraire, représentent des perspectives plausibles et qu’il faut donc chercher a mieux
apréhender.
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Conclusion générale

Que ce soit pour I’étude de la transmission des maladies vectorielles ou de la
diversification compétitive des macro-parasites, les approches développées au cours de cette
these sont enracinées dans la littérature théorique classique en écologie et épidemiologie
(Anderson & May, 1992; Smith et al., 2012). Celle la méme qui a servit a la fois a établir des
principes généraux et a réaliser des travaux plus spécifiques sur 1’écologie et le contrdle de
systemes biologiques particuliers (voir chapitre 1). Malgré le manque d’un certain nombre de
données empiriques (chapire 5), ces théories écologiques ont donc généralement pu étre
testées et exploitées, tout du moins leur principales prédictions. En ce qui concerne plus
spécifiquement les maladies tropicales négligées, il reste néanmoins des domaines trés peu
abordés, notamment 1’évolution de la transmission de ces maladies (voir chapitre 1). L’étude
des maladies tropicales négligées bénéficierait donc grandement de plus grands apports
théoriques, en particulier ceux faisant le lien entre micro-évolution des parasites et vecteurs et
les méthodes employées pour leur contrdle. Il est en effet assez évident que les grands efforts
faits au cours des dernie¢res années voire décennies pour protéger les populations humaines
dans le monde entier ont conduit a des processus d’adaptation de ces derniers. Ceci laisse les
pouvoirs publiques dans des situations tres difficiles, par exemple pour lutter contre les
vecteurs de maladies aussi répandues que la malaria, la dengue ou la maladie de Chagas. Il est
donc prévisible que des situations épidemiques de moins en moins controlables soient de plus
en plus dramatiques. Les approches théoriques ont ici un rdle essentiel a jouer dans
I’optimisation du temps de recherche mobilisé collectivement dans la lutte contre les parasites
qui continuent a nous affecter. En facilitant 1’identification de principes communs et des
spécificités de 1’évolution de la transmission de ces divers maladies, ces approches peuvent
permettrent de mutualiser les efforts de recherche et ainsi de gagner un temps précieux dans
des contextes difficiles sur les plans scientifiques, financiers et éthiques.
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Annexe A

Détails des résultats du chapitre 1

A.1. Mots clefs utilisés dans Pubmed pour la recherche de publications par
maladies.

Sida — HIV

Tuberculose — tuberculosis

Malaria — malaria

Total Big three — (HIV)OR(tuberculosis)OR(malaria)

Rage — rabies

Dengue — dengue

Leépre — leprosy

Trachome — trachoma

Pian — yaws

Ulcére de Buruli — (Buruli)AND(ulcer)

Maladie du sommeil — ((sleeping) AND(sickness))OR((human)AND(African) AND(trypanosomiasis))
Leishmaniose — leishmaniasis

Maladie de Chagas - ((Chagas)AND(disease))OR((American) AND(trypanosomiasis))

Cysticercose - cysticercosis

Schistosomiase - (schistosomiasis)OR(bilharzia)

Helminthiases intestinales - (ascariasis)OR(trichocephaliasis)OR (ankylostomiasis)

Strongyloidose - strongyloidiasis

Echinococcose — echinococcosis

Filariose lymphatique — (lymphatic) AND(filariasis)

Onchocerciase — onchocerciasis

Fasciolase — (fascioliasis)OR(fasciolosis)

Dracunculose — (dracunculiasis)OR((Guinea) AND(worm))

Total maladie tropicales negligees (NTD) — Comme pour les Big three, les noms de toutes les maladies ont été
inclus dans une seule et méme recherche.



Figure A.1. Nombre de résultats Pubmed cumulés entre 1900 et 2011 pour le sida (tirés), les
Big three (pointillés) et les maladies tropicales négligées (trait plein).
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A.2. Publications sur I’écologie, I’évolution et le controle des maladies
tropicales négligées.

Liste et thématique des travaux faisant appel a des modéles de types systémes
dynamiques.

La numérotation attribuée a chaque publication est ensuite réutilisée dans les tableaux
A.1, A2 et A3 . La thématique dans laquelle chaque publication a été classée dans le chapitre
1 est indiquée par une étoile (*) pour Contrdle, deux étoiles (**) pour Evolution, et aucune
étoile pour Ecologie.
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Tableau A.1. Références pour le tableau XX : grandes problématiques étudiées pour
I’écologie des maladies tropicales négligées. Abbréviations: Ch=maladie de Chagas,

De=dengue,

Ec=échinococcose,

HI=helminthiases intestinales, = Le=leishmaniose,

On=onchocerciase, Ra=rage, Sc=schistotmiase, , So=maladie du sommeil.

Problématiques

Diversité des
agents
pathogénes

Densité-
dépendance de
la dynamique
intra-hote

Agrégation au
sein de la
population hote

Vecteurs ou
hotes
intermédiaires

Hotes définitifs
non-humains

Age des hotes
humains et
acquisition
d’immunité

Maladies
De
Ch
HI
On
Sc
So
Ec
HI
On
Sc
Ec
HI
On
Sc
Ch
De
Ec
Le
On
Sc
So
Ch
Ec
Le
Ra
Sc
So
Ch
De
HI
Le
On
Sc

Références
8,9,13,20,26,30-32, 59, 60, 64, 69
143,

107,112,113

169

276

159

81

104

168, 172

239,270

71,75

104, 115

168, 169

227,231,250

139, 143-146, 150

3,6,7,12, 14, 16, 23, 25, 28, 29, 33-35, 41, 43-46, 51-54, 61, 64, 68, 70
76,77, 81, 87, 88, 92

120, 125, 128-130

165,166,172
223-225,238, 245, 246, 255,272,279, 280
152, 155, 156, 159, 160

143, 146

71,72, 75-78, 79-81, 90, 92

118, 120, 125, 129, 130

184-186, 187, 189, 190-192, 197, 198, 201, 202, 207, 209, 211, 215,219
223,239, 265, 274

160, 161

145

8,18, 31,32,57,69

107,116

122

172

226, 240, 281, 283, 288-290



Tableau A.2. Références pour le tableau XX : stratégies de controles des maladies tropicales
négligées étudiées a 1’aide de modeles de type systémes dynamiques. Abbréviations:
Ch=maladie de Chagas, De=dengue, Ec=échinococcose, HI=helminthiases intestinales,
Le=leishmaniose. On=onchocerciase, Ra=rage, Sc=schistotmiase, , So=maladie du sommeil.

Stratégie de contréle

Aménagement de
I’habitat humain

Traitement ou
vaccination des hotes
intermédiaires

Controle des vecteurs
ou hotes
intermédiaires

Traitement ou vaccin
des hotes définitifs
non-humains

Controle des hotes
définitifs non-
humains

Education, campagne
préventive

Surveillance,
traitement des hotes
humains

Vaccin des hotes
humains

Maladies
Ch
De
Sc
So

Ec

Ch
De
Le
On
Sc
So
Ec
Le
Ra
Sc
So
Ch
Ec
Le
Ra
So
Ec
De
Sc
Ch
HI
Le
On
Sc
So
De
Le
HI
Sc

Références
138, 142

50
237,241, 253, 254, 258, 260-263, 268, 269, 277, 284
158

74, 82, 88,91

138, 141, 142, 147

4,10, 11, 21, 22,27, 50, 55, 56, 67

117, 123,

163, 170, 173, 174, 176, 178, 179

237,248, 249, 253, 254, 257-263, 268, 269, 273, 277, 282, 284, 287
151, 154, 157, 158

73,74, 83-85, 88, 91

121, 123, 131

183, 188, 193-196, 199, 200, 203, 205, 206, 208, 212-214, 217, 218, 220-222
237,271, 247

157, 158

142

86

123, 127

183, 194, 196, 203, 204-206, 208, 216-218

158

88,91

11, 50

241, 242, 252, 284

141, 149

100-103, 105, 108-111, 114

126

162-164, 167,170, 171, 175, 176, 180

229,232-237, 241-243, 248, 252-254, 258-264, 267-269, 273, 275, 277, 282, 287, 291, 292
151

36, 63

123

111

285



Tableau A.3. Références pour le tableau XX : travaux théoriques sur 1’écologie, 1’évolution
et le controle des NTD s’adressant a des pays riches et tempérés.

Maladies Références

Rage 183, 186, 189, 190, 192, 195, 197-199, 201, 203, 204, 206-208, 212, 214-218, 221
Echinococcose 73,74, 76-78, 81-86, 92

Lepre 135, 137

Fasciolase 93,95

Leishmaniose 120, 125

Maladie de Chagas 146
Dengue 33,54



