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Une vision plus ample de ce qu’est une épidéme... tient compte de
I’existence d’autres organismes qui en constituent le réservoir naturel,
et des transformations dans [’environnement écologique ou le
comportement des populations humaines qui sont susceptibles de créer
de nouvelles niches pour la bactérie ou le virus, et de nouvelles voies de
propagation.

M. Morange, Les secrets du vivant : contre la pensée unique en biologie
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Partie

Synthese

Circulation d’agents pathogénes en populations naturelles :
approches éco-épidémiologique chez le Goéland leucophée
(Larus michahellis)






Introduction générale

Dans les populations humaines, animales et végétales, la diversité
spécifique des agents pathogénes n’est pas distribuée de manicre
aléatoire (Guernier et al. 2004). Elle montre une distribution
géographique assez proche de celle que I’on connait pour de nombreux
groupes d’animaux et de végétaux en biogéographie (Holt ez al. 2005) :
les agents pathogénes sont plus diversifiés dans les zones
intertropicales. Cette diversité maximale s’explique sans doute par la
richesse exceptionnelle en especes animales, représentant autant d’hotes
et de vecteurs pour des microorganismes potentiellement pathogénes
pour I’Homme (Guernier et al. 2004). Mais de nombreuses
perturbations souvent liées aux activités humaines, ont provoqué le
déplacement géographique de certains agents pathogénes, qui se
retrouvent aujourd’hui au sein de populations démunies de toutes
formes de résistances (Harvell et al. 1999; Patz et al 2004;
Lebarbenchon et al. 2008). L’industrialisation, le développement des
transports (Colizza et al. 2007) ou I’intensification des modes d’¢levage
(Martin et al. 2011), ne sont que quelques exemples de ’étendue des
actions de I’Homme sur les écosystemes (Gauthier-Clerc et al. 2007;
Lebarbenchon et al. 2008).

De telles perturbations ne sont pas nouvelles a 1'échelle de 'humanité.
En effet, depuis le Néolithique, le développement de l'agriculture et des
premiers ¢levages d’animaux sauvages ont induit la transformation de
nombreux habitats (Weiss 2001; Pearce-Duvet 2006). La domestication
a favoris¢ le contact étroit entre les animaux et les populations
humaines, créant ainsi un environnement favorable a la transmission
d’agents pathogenes (Diamond 2002). Ce qui est en revanche
totalement inédit, c’est 'ampleur de ces perturbations pouvant favoriser
I’évolution de la circulation des agents pathogenes (Daszak et al. 2000;
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Gortazar et al. 2007). Pour comprendre leur circulation, il est donc
nécessaire de prendre en compte les relations étroites qui existent entre
les agents responsables de maladies infectieuses, les hotes,

éventuellement les vecteurs et ’environnement (Figure 1 ; Aron et al.
2001).

Agents
pathogenes

4

Figure 1: Relations étroites entre les agents pathogenes, les hotes, les
vecteurs dans |’environnement.

Hlustration schématique montrant les liens possibles entre les agents
responsables de maladies infectieuses, les hotes, les vecteurs dans
I’environnement (en vert) et toutes les composantes interagissent les unes
avec les autres. (Modifié¢ de Thomas et al. 2007)

Pour prendre en compte ces relations, la  synthese
épidémiologie/écologie est indispensable, notamment parce que les
événements d’épidémies évoqués par le premier champ disciplinaire

-4 -



peuvent étre expliqués par le second (Smith et al. 2005). Cette approche
transdisciplinaire est en effet obligatoire pour répondre aux problémes
de santé des populations en déterminant les facteurs, voire les
interactions entre les facteurs, qui favorisent la circulation d’agents
pathogenes. Dans cette introduction, nous allons présenter les différents
facteurs, nommés éco-épidémiologiques, qui sont liés aux interactions
étroites entre 1’agent pathogeéne et 1’hdte dans I’environnement, ou
uniquement liés a 1’écologie de 1’hote, indépendamment de 1’agent
pathogene considéré.



Facteurs éco-épidémiologiques liés aux interactions entre
les agents pathogénes, les hétes et I’environnement

Le cycle de vie d’un agent pathogéne est un systéme complexe, mais
qui peut &tre schématisé par trois étapes majeures et nécessaires : la
transmission et la réplication qui conditionnent la propagation d’un
agent pathogene (Figure 2 Choisy 2010).

Propagation
o

Réplication /
[ )
Transmission

O —> e )
\\A‘o

[
Figure 2 : Cycle de vie d’un agent pathogene.

L’agent pathogene (points noirs) infecte un individu hote (transmission), se
multiplie au sein de cet individu (réplication) et se propage a d’autres
individus hotes (propagation). (Modifié de Guégan et al. 2009)

Pour mieux comprendre les trois étapes du cycle de vie d’un agent
pathogene, il est possible de se placer aux différents compartiments qui
constituent le modele SIR (Encadré 1).



Encadré 1 : Modele SIR

A Parasic |
Ny
S |5~ L=~ LR
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Ce modele décrit 1’état de la population d’hotes en la
compartimentant en groupes d’individus différenciés selon leur
statut vis-a-vis de 1’agent pathogéne : sensibles (S), infectieux (I) et
guéris (R, recovered en anglais).

Les individus sensibles deviennent infectieux (contaminés par un
agent pathogéne et pouvant le transmettre) au taux A,
communément appelé force d’infection. La force d’infection
dépend en partie de la capacité des individus a transmettre
I’infection (B : taux de transmission).

Ces individus infectieux peuvent présenter un taux de mortalité
accrue, traduisant D’effet généralement négatif de la présence de
I’agent pathogene. Ce taux o correspond donc a la virulence de
I’agent pathogene.

Dans ce modele, certains individus infectieux guérissent, c’est-a-
dire produisent des anticorps spécifiques, au taux y.




Un tel modele permet, par exemple, de déterminer si un agent
pathogeéne peut apparaitre et se propager (cf. Etape 3, Figure 2) dans
une population d’individus sensibles. Pour cela, il est possible de
calculer le nombre reproducteur de base Ry qui représente le nombre
moyen d’infections secondaires dues a I’introduction d’un individu
infecté dans une population entierement sensible (Keeling et al. 2008).
Ce parameétre clef en épidémiologie est défini par I’équation suivante :

NP

RO =
vta

Pour qu’une épidémie survienne, il faut qu’un individu infecté
transmette son infection au minimum a un autre individu (R¢>1), sinon
I’agent pathogeéne est ¢liminé de la population (Ro<1). Ce nombre
reproducteur de base Ry dépend de plusieurs parametres :

ro = O
ant!

Le nombre d’individu de la population hote (N)
La densité d’individu est un facteur éco-épidémiologique intrinséque a
I’hote et sera donc présenté dans la partie suivante.



NE)
RO =

'y—|—0L

Le taux de transmission ()

Ce taux dépend en partie du mode de transmission qui peut étre direct
(comme présenté¢ dans le modele SIR, ¢f. Encadré 1) ou indirect
(Woolhouse 2002). Comme son nom 1’indique, la transmission directe
nécessite un contact rapproché entre un individu infectieux (contaminé
par I’agent pathogéne et pouvant le transmettre) et un individu sain. Par
exemple, la transmission de I’agent viral responsable de la varicelle se
fait par contact avec un individu infectieux (Silhol et al. 2010). Les
écoles, favorisant le contact entre les enfants, constituent
I’environnement idéal pour la transmission de ce virus (Silhol et al.
2011). A contrario, la transmission par contact indirect nécessite la
survie de 1’agent pathogeéne dans 1’environnement via 1’intervention
d’un vecteur inerte (e.g. objet contaminé). A titre d’exemple, les
Staphylocoques doré¢ (Staphylococcus aureus) peuvent persister jusqu’a
quelques semaines sur des surfaces contaminées (Boyce 2007). La
transmission indirecte peut également nécessiter un vecteur biologique
(e.g. arthropode piqueur). C’est le cas du paludisme, maladie infectieuse
du a un agent pathogeéne du genre Plasmodium, qui est transmis par
certaines espéces de moustiques (White ef al. 2011).

La transmission d’un agent pathogéne dépend aussi de sa capacité¢ a
infecter un nouvel hote (Woolhouse et al. 2001). Les agents pathogénes
ont en effet une gamme d’hotes trés variable : certains infectent
naturellement une seule espéce d’hote (par exemple, Plasmodium
falciparum chez 'Homme ; Liu ef al. 2010), tandis que d'autres peuvent
infecter des hotes d'ordres taxonomiques différents (par exemple le
virus de la rage qui peut infecter ’Homme, le chien ou encore les
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chauves souris ; Holmes et al. 2002). Les raisons de cette variation sont
souvent mal comprises bien que certains facteurs, comme la voie de
transmission indirecte, soient connues pour €tre associées a un spectre
d'hotes trés large (Woolhouse et al. 2001). Pour les virus, I'un de ces
facteurs est l'utilisation de récepteurs cellulaires évolutivement stables
(Woolhouse ef al. 2005). En effet, pour pouvoir infecter 1’hote, les virus
ont besoin de récepteurs cellulaires appropriés. Lorsque ces récepteurs
sont conservés chez une large gamme d'hote, ils sont alors prédisposés a
lI'infection par les virus qui ciblent ces récepteurs (Woolhouse et al.
2005). Parmi les hotes, certaines especes ou groupes d’especes ont la
capacité d’assurer I’amplification et la transmission de 1’agent
pathogene, on parle alors de réservoir (Encadré 2 ; Haydon et al
2002).

Encadré 2 : La notion de réservoir

11 ne suffit pas d’identifier ou d’isoler un agent pathogéne chez un héte pour
que celui-ci soit considéré comme réservoir. La définition la plus pertinente
est donc qu’un réservoir correspond a une ou plusieurs populations ou
encore & un milieu, dans lequel 1’agent pathogéne persiste de manicre
pérenne et peut étre transmis a d’autres populations. Suivant les agents
pathogenes, des espéces vectrices peuvent étre associées a ce concept
(Haydon et al. 2002).

Cette notion de réservoir peut varier dans le temps et dans I’espace. En
effet, un schéma qui se réalise a un endroit donné avec certaines espéces ne
sera peut-tre pas reproductible ailleurs.

Enfin, la pérennit¢ du cycle de vie d’un agent pathogéne peut parfois
reposer sur une combinaison de réservoirs principaux, bien connus, et de
réservoirs secondaires, minoritaires donc moins bien documentés, mais dont
I’existence, peut permettre le maintien de [’agent pathogeéne dans
I’environnement sur le long terme (Haydon et al. 2002).
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N

RO =

Enfin, la virulence de 1’agent pathogene (a) et le taux de guérison de
I’hote (y) peuvent influencer la capacité de réplication de 1’agent
pathogéne.

La réplication

La réplication d’un agent pathogéne a l’intérieur de son hote est une
¢tape essentielle qui détermine sa propagation a d’autres individus
hotes. Elle est fonction de la virulence de 1’agent pathogéne (o)
(Gandon et al. 2000). L'un des exemples les mieux documentés est le
cas du protozoaire Ophryocystis elektroscirrha, parasite obligatoire du
papillon monarque (de Roode et al. 2008). Les auteurs de cette ¢tude
ont montré que le nombre de spores produites par ce protozoaire est
positivement corrélé a sa virulence. Mais bien qu’un agent pathogéne
vive aux dépens de son hote, il a aussi besoin de lui pour survivre
(Alizon et al. 2009). Se pose alors la notion d’infection de 1’héte : (i)
Etre trés virulent, utiliser au maximum les ressources de I’hote et
produire un grand nombre de formes infectantes ce qui entrainera
rapidement la mort de 1I’hote ? Ou au contraire (ii) évoluer vers
I’avirulence (i.e. I’agent pathogeéne a aucun effet ou un effet limité sur
la valeur sélective de 1’hote) et ainsi peut maintenir son hote plus
longtemps en vie, ce qui favorise alors sa dispersion géographique ? La
virulence joue donc un rdle déterminant dans 1’évolution du statut de
I’interaction entre 1’agent pathogéne et son hote.

Cependant la réplication d’un agent pathogéne pourra également Etre

influencée par la défense de 1’hote, qui détermine son taux de guérison
-11 -



(v). Cette défense repose en grande partie sur I’induction d’une réponse
immunitaire (Frost 1999) qui est une combinaison de mécanismes innés
rapides, généralement non spécifiques et de mécanismes acquis
d’expression plus tardive, mais aussi plus spécifique de 1’agent
pathogeéne (Wakelin 1996). Une partie de cette réponse immunitaire
acquise se traduit par la production de composés immunoactifs, les
anticorps ou immunoglobulines. La persistance des anticorps, autrement
dit la durée de protection qu’elle confere, dépend de 1’agent pathogene
et a des conséquences importantes sur sa dynamique épidémiologique
(Frank 2002; Boulinier et al. 2008). En effet, le maintien d’un agent
pathogene dans une nouvelle population est li¢ au nombre d’individus
qualifiés de « susceptibles », c¢’est-a-dire n’ayant jamais été exposés a
cet agent et donc ne possédant pas d’anticorps correspondants. Ainsi,
une arrivée massive de nouveaux individus dans une population
correspond a une arrivée massive d’individus susceptibles, ce qui peut
favoriser la transmission d’agents pathogénes (Begon et al. 2009).
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Facteurs éco-épidemiologiques lies a I’écologie et aux
propriétés intrinseques de I’héte

Les facteurs éco-épidémiologiques intrinséques aux hotes peuvent Etre
¢évalués a différentes échelles spatiales (Figure 3. Kneitel ef al. 2004).

Individu - Immunité de I’hote
® - Transfert d’anticorps maternel
Population
rY - Gréggrisme .
o0 % - Densité de population
s - Facteur comportementaux

Méta-population

- Aire de répartition
- Dépnlacement des hotes

Meéta-communauté

- Interactions entre les especes
d’hotes

Figure 3. Types d’habitats et facteurs éco-épidémiologiques associés.

(Modifié d’apres Kneitel ef al. 2004)
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A TDéchelle de TI’individu, I'immunit¢ de [’hdte peut varier
indépendamment de 1’agent pathogéne, du fait des facteurs génétiques
propres a chaque individu (Grindstaff er al. 2003). Cependant,
relativement peu de travaux en population naturelle ont abordé ce sujet
(Sorci et al. 1997). Pour donner un exemple, chez un oiseau colonial
comme la mouette tridactyle (Rissa tridactyla), 1’existence d’une
relation positive entre le nombre de tiques [xodes uriae trouvées sur les
poussins d’une génération et celles trouvées sur les poussins de la
génération suivante (i.e. nombre mesuré¢ sur les poussins élevés
plusieurs années apres) a aussi suggéré une variation génétique de la
susceptibilité¢ aux agents pathogenes (Boulinier ef al. 1997). De surcroit,
les conditions environnementales affectent clairement le développement
du systéeme immunitaire (Lochmiller et al. 1993). Ainsi, des contraintes
nutritives fortes peuvent altérer la capacité des individus a répondre aux
agressions des agents pathogénes : certains nutriments, tels que les
caroténoides, peuvent directement affecter I’immunité des individus
(Chew et al. 2004).

Parmi les conditions environnementales, les effets parentaux, c’est-a-
dire les effets non génétiques du a I’'un ou aux deux parents, peuvent
avoir des conséquences importantes sur la dynamique épidémiologique
d’un agent pathogeéne dans une population (Boulinier et al. 2008). Chez
les mammiferes et les oiseaux, les anticorps peuvent étre transmis de la
mere a sa descendance, ce qui permet une protection temporaire des
jeunes lors de la phase critique de maturation de leur propre systéme
immunitaire (Wallach et al. 1992; Smith et al. 1994; Al-Natour et al.
2004; Kariyawasam et al. 2004; Pravieux et al. 2007). La durée de
protection des anticorps maternels est un facteur qui peut contribuer a
modifier la structure de sensibilité de la population en protégeant un
nombre variable de nouveau-nés sur une durée plus ou moins étendue
(Boulinier et al. 2008). Mais le transfert d’anticorps maternels est-il
forcément synonyme de protection ? Certaines études ont montré 1’effet
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positif des anticorps maternels sur le taux de croissance (Heeb et al.
1998) ou le développement de la réponse immunitaire des juvéniles
(Anderson 1995; Gasparini et al. 2006; Grindstaff et al. 2000).
D’autres, en revanche, ont mis en évidence un « effet bloquant » des
anticorps maternels sur la réponse immunitaire des juvéniles limitant
ainsi I’efficacité d’un vaccin (Al-Natour et al. 2004). Cependant, cet
« effet bloquant » pourrait aussi avoir un role protecteur en limitant
I’investissement des juvéniles dans leurs propres réponses immunitaires
a une période critique pour leurs développements(Boulinier ef al. 2008).

A 1’échelle de la population, la structure spatiale des hotes conditionne
les contacts entre les individus et ainsi la transmission des agents
pathogenes (Messinger et al. 2009). Le grégarisme ou la forte densité
des hotes sont donc des facteurs importants qui conditionnent la
transmission d’agents pathogenes en multipliant les contacts potentiels
entre individus (Adler et al. 2008; Smith et al. 2009; Bagamian et al.
2012). Prenons I’exemple des virus H5N1 hautement pathogénes qui
circulent actuellement chez les volailles principalement en Asie (Ito et
al. 2001; Lebarbenchon et al. 2010). Le scénario de ces processus
épidémiques pouvait étre prévisible d’un point de vue écologique. En
effet, d’énormes densités d’individus (ici plusieurs milliards de volailles
estimées en Asie du Sud-Est) sont des hotes potentiels des virus HSN1
hautement pathogenes. La densité favorise ainsi la sélection de variants
plus virulents (Martin et al. 2011) qui ne pourraient peut étre pas se
propager dans des configurations de moindre densité.

Toujours a 1’échelle de la population, les facteurs comportementaux tel
que le comportement alimentaire, influencent I’exposition des hotes aux
sources potentielles d’agents pathogenes. C’est le cas des salmonelles
capables de persister sur des aliments souillés et qui peuvent étre
ingérées par des especes d’oiseaux, tel que le goéland argenté (Larus
argentatus) ou le goéland leucophée (Larus michahellis), se nourrissant
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dans les décharges a ciel ouvert (Monaghan et al. 1985; Ramos et al.
2010).

Au sein d’une méta-population, I’aire de répartition d’un hote et les
déplacements qu’il y effectue conditionnent directement la capacité de
propagation d’un agent pathogéne (Altizer et al 2011). Ainsi
I’épidémie de virus Ebola, qui en 2007 a causé¢ la mort de 186
personnes en République Démocratique du Congo, était lice a la
migration de plusieurs especes de chauves-souris (Leroy et al. 2009).

Enfin, a I’échelle d’une méta-communauté, les interactions entre les
especes d’hotes conditionnent directement la capacité de propagation
d’un agent pathogéne (Buckee et al. 2007). Les zones d’interface, entre
la faune sauvage, les populations humaines et les animaux domestiques,
sont des environnements propices a la circulation d’agents pathogénes
(Jones et al. 2008; Caron ef al. 2011). Prenons 1’exemple de la bactérie
responsable de la tuberculose bovine (Tschopp et al. 2010). Au sud de
I’ Afrique, la transmission de cet agent bactérien s’effectue au niveau de
points d’eau, zone d’interface entre le bétail bovin et la faune sauvage :
buffle d’Afrique (Syncerus caffer) et cobe de Lechwe (Kobus leche)
(Tschopp et al. 2010). La faune sauvage infectée représente alors un
risque de dispersion de la bactérie au travers des frontiéres nationales
(Tschopp et al. 2010). L’Homme peut également étre infecté par cet
agent bactérien par contact avec le bétail ou la faune sauvage, aussi bien
par voie aérogene qu’alimentaire (Addo et al. 2007; Oloya et al. 2008).

Ainsi, en mettant en évidence ces facteurs éco-épidémiologiques
intrinséques aux hotes et en prenant en compte leurs variations
saisonniéres (Altizer et al. 2006), il est possible d’améliorer notre
compréhension de la circulation des agents pathogénes entre et au sein
des populations d’hdtes et ainsi établir une évaluation du risque
d’émergence.
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Qu’est ce que I’émergence d’un agent pathogéne ?

L’émergence d’un agent pathogene se définit par (i) son apparition dans
une population, ou lorsque (if) son aire de répartition géographique ou
I’incidence de la maladie (nombre de nouveaux cas au sein d’une
population en un temps donné) augmentent rapidement. Quels sont les
points communs entre le SIDA, le paludisme, la peste noire, la fievre
Ebola, la dengue, ou encore la grippe aviaire HSN1 ? En plus d’étre
considérées comme des maladies émergentes a risque en termes de
santés humaine et animale, elles ont toutes une origine animale, sauvage
ou domestique (Taylor et al. 2001). On estime aujourd’hui que 60,3%
des maladies infectieuses émergentes chez I’Homme ont une origine
zoonotique (Jones et al. 2008), c’est-a-dire causées par des agents
pathogeénes se transmettant naturellement entre ’Homme et d’autres
especes d’animaux vertébrés (Taylor et al. 2001; Woolhouse et al.
2001; Woolhouse 2002). Enfin, parmi ces agents pathogénes
zoonotiques, 71,8% proviennent d’animaux sauvages (Daszak et al.
2000; Woolhouse 2002; Gortazar et al. 2007; Jones et al. 2008) et la
plupart sont d’origine virale (Figure 4 ; Taylor et al. 2001).

90 -

80 D Toutes les voies de transmission
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Virus Bactérie Champignon Protozoaire Helminthe

Figure 4. Nombre d’agents pathogénes considérés comme émergents.
(Modifi¢ d’aprés Taylor et al. 2001)
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Enjeux de la surveillance en population naturelle

La surveillance des agents pathogenes dans les populations sauvages est

donc cruciale (Morner et al. 2002; Butler 2006) et répond a plusieurs

enjeux :
i- Un enjeu patrimonial, car un agent pathogéne virulent peut
constituer un obstacle a la conservation de la biodiversité. Prenons
comme exemple le cas du loup d’Ethiopie (Canis simensis), dont les
populations comptent moins de 500 individus dans le monde
(Randall et al. 2004). Le loup d’Ethiopie est particulierement
sensible aux virus de la rage, responsable de la mort d'un nombre
considérable d’individus, favorisant ainsi le déclin de cette espece
(SilleroZubiri et al. 1996; Randall et al. 2004).

ii- Un enjeu économique, quand 1’agent pathogene est transmis aux
animaux d’¢élevages. Par exemple les buffles africains sauvages
(Syncerus caffer) hébergent certaines souches du virus de la fiévre
aphteuse (sérotypes SATI1, SAT2 et SAT3). Ils peuvent alors les
transmettre aux bovins domestiques (Ayebazibwe et al. 2010) ce qui
constitue un danger pour les ¢levages (Sutmoller ef al. 2000).

iii- Un enjeu de santé publique, lorsque 1’agent pathogeéne est
transmissible a ’Homme. C'est le cas du virus West Nile, un
flavivirus dont les réservoirs naturels sont les oiseaux sauvages
(Calistri et al. 2010). Ce virus, le plus souvent transmis par des
moustiques du genre Culex, peut aussi infecter ’Homme et le
cheval qui peuvent développer des symptomes cliniques allant d’un
simple syndrome fébrile a des encéphalites graves (Jourdain et al.
2007; Calistri et al. 2010).
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iv- Enfin, un enjeu scientifique, car I’objectif est de comprendre au
mieux la circulation des agents pathogeénes, leurs modes de
transmissions, leurs virulences ou encore leurs répartitions
géographiques, afin de prédire une éventuelle menace de pandémie
ou d’évaluer I'impact des différentes politiques de santé publique
sur la propagation des maladies infectieuses (Artois et al. 2001;
Morner et al. 2002; Butler 2006).

Il est reconnu que les pays qui mettent en place une surveillance des
agents pathogeénes en population naturelle ont une meilleure
compréhension de leur circulation et sont donc plus @ méme de protéger
la faune sauvage, les animaux domestiques et les populations humaines
(Morner et al. 2002). L’effort de surveillance en population naturelle est
donc crucial pour étre capable de décrire la circulation des agents
pathogenes dans ’espace et le temps (Woolhouse 2002; Murphy 2008;
Hoye et al. 2010; Knight-Jones et al. 2010; Krauss et al. 2010; Lee et
al. 2010).
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Réle des oiseaux sauvages dans la dynamique des agents
pathogénes : cas du Goéland leucophée (Larus michahellis)

Les oiseaux sauvages peuvent étre infectés par une grande diversité
d’agents pathogeénes transmissibles a I'Homme et/ou aux animaux
domestiques (Reed ef al. 2003). Les virus influenza aviaires (Webster et
al. 1992; Alexander 2000), les bactéries entéropathogénes tel que les
salmonelles (Hilbert ef al. 2012) ou les campylobacters (Broman et al.
2002), les agents pathogeénes a transmission vectorielle comme le virus
du West Nile (Jourdain et al. 2007) ou encore les bactéries antibio-
résistantes (Bonnedahl ef al. 2009) ne sont que quelques exemples des
agents pathogeénes détectés dans les populations naturelles d’oiseaux
(Reed et al. 2003).

Les oiseaux sauvages effectuent, tout au long de I1’année, des
mouvements plus ou moins importants, allant de la prospection
alimentaire aux migrations sur de longues distances (Reed et al. 2003).
Lors de ces mouvements, les oiseaux transportent et dispersent a la fois
des agents pathogenes (Reed ef al. 2003; Altizer et al. 2011) et des
arthropodes vecteurs d’agent pathogenes (Gomez-Diaz et al. 2012),
favorisant ainsi leurs circulations a différentes échelle spatiales : locale,
continentale ou intercontinentale.

La surveillance des populations naturelles d’oiseaux n’est donc pas a
négliger, en particulier dans les zones ou les interfaces entre les oiseaux
sauvages et ’Homme sont fortes (Jones ef al. 2008; Caron et al. 2011).

Certaines especes de Laridés, comme le goéland leucophée (Larus
michahellis), sont en contact étroit avec les milieux urbains (Sol et al.
1995; Raven et al. 1997; Duhem et al. 2008; Lisnizer et al. 2011) ce qui
accroit les risques de transmission et de propagation de maladies
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zoonotiques aux populations humaines (Bradley et al. 2007). Cette
espéce est, en effet, connue pour s’alimenter de ressources
anthropiques, faciles d'accés et réguliecrement renouvelées
(essentiellement les ordures ménageres déposées dans des sites a ciel
ouvert, mais également les rebuts de la péche industrielle, jetés a la
mer ; Sol et al. 1995; Ramos et al. 2009). Le goéland leucophée peut
¢galement partager divers habitats avec d’autres especes d’oiseaux
aquatiques (Cramp et al. 1983) comme par exemple le canard colvert
(Anas platyrhynchos), principal réservoir des virus influenza aviaires
(Stallknecht ef al. 2007b) et sur lequel il a une action de prédation
(Tamisier et al. 1999) ou encore la pie bavarde (Pica pica) espece
sentinelle du virus West Nile (Jourdain ez al. 2008).

Du fait de son caractére opportuniste et anthropophile, le goéland
leucophée connait une forte expansion démographique dans le bassin
méditerranéen (Beaubrun 1993). Le goéland leucophée est aussi pergu
comme une menace pour des especes sympatriques, tel que le goéland
d’Audouin (Ichthyaetyus audouinii) sur lequel il a une action de
prédation importante (Oro et al. 1994; GonzalezSolis et al. 1997). La
régulation des populations de goéland leucophée, comprenant les
campagnes de stérilisation d’ceufs, facilite donc 1’échantillonnage a des
fins scientifiques (Pearce-Duvet ef al. 2009; Hammouda et al. 2011).

L’ensemble de ces caractéristiques, sa consommation de ressources
anthropiques ou encore la facilit¢ d’échantillonnage, font du goéland
leucophée un modele pertinent pour étudier la dynamique des agents
pathogenes en populations naturelles.
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Objectifs de la thése

L’objectif général de cette theése est de comprendre, par des approches
éco-¢pidémiologiques, la circulation d’agents pathogenes dans des
populations sauvages de goéland leucophée, espece en contact étroit
avec ’Homme.

Les virus influenza aviaires ont un impact économique trés important
sur ’aviculture et représentent une réelle menace en termes de santé
humaine. Les oiseaux aquatiques sauvages (notamment les Anatidés
(canards, oies et cygnes) et les Laridés (goélands et sternes)) sont
considérés comme les réservoirs naturels de ces virus. Cependant, peu
de données sont disponibles sur la circulation des virus influenza
aviaires chez les Laridés car la majorité des études se penchent sur les
Anatidés, réservoir naturel principal. L’Article 1 met donc en lumiére
les connaissances actuelles sur les virus influenza aviaires chez les
Laridés et explique en quoi c’est un réservoir a ne pas négliger dans la
surveillance des agents pathogeénes en population naturelle. L’un des
objectifs de la surveillance des agents pathogénes est de déterminer la
distribution des populations exposées, donc potentiellement a risque. Le
premier chapitre vise donc a mettre en exergue les différentes méthodes
de surveillance des agents pathogenes, ainsi que leurs limites
lorsqu’elles sont menées en populations naturelles. La plupart des
¢tudes se basent sur l'isolement du virus ou encore sur des enquétes
sérologiques. Au travers de 1’Article 2, portant sur les virus influenza
aviaires, nous mettons en évidence que la quantification des anticorps
maternels dans les ceufs est un outil efficace, qui apporte des
informations intéressantes et nécessaires a la compréhension de la
circulation des agents pathogenes.
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La surveillance des maladies infectieuses a besoin d’outils d’analyses
spatiales a large échelle afin de mettre en évidence les facteurs éco-
épidémiologiques qui peuvent influencer la circulation des agents
pathogenes dans et entre les populations d’hotes. L objectif du chapitre
2 est donc d’améliorer notre compréhension de la dynamique des virus
influenza aviaires en étudiant les patrons de prévalence a 1’échelle de
I’ouest méditerranéen (Article 3 et 4). En utilisant les ceufs comme un
indicateur de 1'exposition des adultes a un agent pathogene (cf. chapitre
1), nous déterminons les patrons d’exposition aux virus influenza
aviaires sur plusieurs colonies méditerranéennes, dans le but de mettre
en ¢vidence les facteurs éco-épidémiologiques impliqués dans la
circulation de ces virus.

Les flavivirus, tel que le virus West Nile qui peut étre responsable de
syndromes fébriles ou d’encéphalites graves chez I’Homme et le cheval,
représentent une menace en termes de sant¢ humaine et animale. Le
go¢land leucophée a d’ailleurs été identifi¢é comme potentiellement
impliqué dans introduction du virus West Nile en France.
Contrairement aux virus influenza aviaires (cf. chapitre 2), les flavivirus
nécessitent la présence d’un arthropode hématophage pour étre transmis
d’un hote vertébré a un autre. Il ne suffit plus de prendre en compte les
facteurs éco-épidémiologiques de 1’hote qui favorisent la circulation de
I’agent pathogéne; il faut aussi intégrer les facteurs éco-
épidémiologiques intrinséques aux vecteurs. L’objectif du chapitre 3 est
donc d’améliorer notre compréhension de la dynamique des flavivirus
(Article 5) en déterminant leurs patrons d’exposition dans I’ouest de la
Méditerranée, puis en identifiant le(s) flavivirus correspondant aux
anticorps maternels détectés. Nous déterminons ensuite le ou les
vecteurs potentiellement impliqués dans la circulation des flavivirus. Ce
résultat et la prise en compte des données sur 1’écologie du goéland
leucophée et du vecteur nous permettrons alors de définir les facteurs
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éco-épidémiologiques potentiellement impliqués dans la circulation et
la propagation des flavivirus.

Enfin, les résultats présentés dans les chapitres précités génerent de
nouvelles questions et permettent d'envisager de futurs axes de
recherche, présentés dans la partie conclusion et perspective qui
cloturera cette thése.
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Chapitre 1 : La quantification des anticorps maternels

comme outil de surveillance des agents pathogénes

Introduction

Les virus influenza aviaires (IA) sont une préoccupation mondiale en
raison de leurs impacts économiques et de la menace qu'ils représentent
en terme de santé¢ humaine (Li et al. 2004; Chen ef al. 2005; Ferguson
et al. 2005; De Wit et al. 2008). Ces virus présentent des dynamiques
épidémiologiques complexes (Webster et al. 1992), caractérisées par
leur capacité a étre transmis de la faune sauvage aux animaux
domestiques, ou des mammiféres domestiques/sauvages a 1’Homme
(Olsen et al. 2006; Gauthier-Clerc et al. 2007).

Les virus IA se distinguent par la forte diversité génétique de deux de
leurs protéines de surface, 1'hémagglutinine et la neuraminidase. Ces
deux protéines ont un réle clé dans I’infection et la réplication du virus
et, de ce fait, représentent les principales cibles du systéme immunitaire
de I’hote (Suarez et al. 2000; Subbarao et al. 2007). Différents sous-
types (notés HxNy) sont identifiés selon la combinaison de ces deux
protéines et, pour chaque sous-type, plusieurs souches génétiquement
différentes peuvent étre distinguées. A ce jour, seize sous-types
d'hémagglutinine (H1 a H16) et neuf de neuraminidase (N1 a N9) ont
été décrits (Webster et al. 1992; Fouchier et al. 2005). Le sous-type
H17 a récemment été détecté chez des chauves souris (Tong et al.
2012).

Les oiseaux aquatiques sauvages, en particulier les Ansériformes
(canards, oies et cygnes (Anatidés)) et Charadriiformes (limicoles
(Charadriidés et Scolopacidés) ; goélands et sternes (Laridés)), sont
considérés comme des réservoirs naturels des virus IA (Webster et al.
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1992). Deux formes de virus IA peuvent se distinguer en fonction de
leur pathogénicité chez les volailles. Les virus IA faiblement
pathogenes (IAFP) circulent naturellement dans les populations
d’oiseaux aquatiques sauvages, dans lesquelles ils semblent causer peu
ou pas de symptomes (Webster et al. 1992; Alexander 2000).
Cependant, les virus IAFP dans les populations de volailles
domestiques peuvent évoluer en une forme plus virulente dite
hautement pathogéne (Ito et al. 2001; Lebarbenchon et al. 2010). La
circulation de virus influenza aviaire hautement pathogéne (IAHP) peut
alors causer une forte mortalité¢ dans les €¢levages, pouvant avoisiner les
100% (Swayne 2008). A ce jour, chez les oiseaux, seul les sous-types
HS5 et H7 sont connus pour évoluer vers des formes hautement
pathogenes (Alexander 2000; Fouchier et al. 2007). Mais la grande
variété de sous-types circulant chez les oiseaux sauvages (Webster ef al.
1992; Alexander 2000) et les contact étroit entre les populations
naturelles, les animaux domestiques et I’Homme (Caron et al. 2011)
peuvent conduire a des réassortiments entre virus qui permettent
I'émergence de nouveaux sous-types viraux (Chen et al. 2006a; Van
Poucke et al. 2010).

Pour diverses raisons, notamment leur abondance a travers le monde
(Cramp et al. 1983) et le fait qu’elles représentent le réservoir naturel
principal des virus IA (Stallknecht et al. 2007b), la plupart des études
ont mis l'accent sur la circulation de ces virus chez les especes
d’Anatidés (Figure 1.1.). Cependant, afin d'anticiper I'émergence de
nouveaux sous-types, il est trés important de ne négliger aucun
réservoir (Haydon et al. 2002). La premiére étape de mon travail de
thése a été de faire la revue des connaissances actuelles sur les virus IA
chez les Laridés (Article 1) et d’expliquer en quoi les Laridés
représentent un réservoir a ne pas négliger.
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Figure 1.1. Nombre de publications traitant des virus influenza aviaires
chez les Anatidés et les Laridés entre 1899 a 2011

L’effort de surveillance des virus IA pour I’ensemble des réservoirs est
donc crucial pour étre capable de décrire leurs circulation dans I’espace
et le temps (Haydon ef al. 2002; Woolhouse 2002; Murphy 2008; Hoye
et al. 2010; Knight-Jones et al. 2010; Krauss et al. 2010; Lee et al.
2010). Pour comprendre les méthodes de surveillances des agents
pathogénes et ainsi mieux appréhender leurs limites, il est possible de se
placer aux différents compartiments qui constituent le modele SIRM
(Encadré 3). Actuellement, les efforts de surveillance sont le plus
souvent concentrés au niveau du compartiment des individus infectieux
(I). En effet, la plupart des études actuelles se basent sur l'isolement de
I’agent pathogene ou sur la détection directe du génome viral/bactérien,
ce qui fournit des informations sur la probabilit¢ d’occurrence des
maladies et permet le suivi phylogéographique des souches (Monaghan
et al. 1985; Munster et al. 2007; Pereda et al. 2008; Germundsson et al.
2010). Cette approche s’est avérée utile lorsque la proportion des
individus infectieux est ¢levée sur une longue période de temps.
Cependant, ce n'est pas le cas, par exemple, des virus IA qui n’ont été
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détectés que dans seulement 0,9% de plus de 200 goélands leucophées
échantillonnés en Camargue (France) de Septembre 2006 a Juillet 2007
(Lebarbenchon et al. 2010).

Encadré 3 : modéele SIRM

A parssie
Y,
S|—| | |—| R |——| M
A)\ Y o
1
| o |
1 1
1 1
1 0 1
L e e e e e e e e e e e e e ——————— ]

Comme le modele SIR (¢f. Encadré 1), ce modéle décrit 1’état de la
population d’hétes par groupes d’individus en ajoutant un nouveau
compartiment : sensibles (S), infectieux (I), guéris (R, recovered en
anglais) et enfin protégés par des anticorps maternels (M).

Les individus sensibles deviennent infectieux au taux A. Le taux o
traduit la virulence du pathogene, c’est a dire le taux de mortalité
des hotes du fait de la présence de 1’agent infectieux.

Dans ce modele, certains individus infectieux guérissent en
produisant des anticorps spécifiques, au taux y. Les femelles guéries
peuvent alors transmettre une partie de leur anticorps a leur
descendance au taux §. Cette protection n’étant que temporaire, les
individus retourne a 1’état sensible au taux 6.

Lorsque le niveau de prévalence est trop faible pour mener des suivis
fondés sur ces méthodes directes, il est possible de se placer au niveau
du compartiment des individus guéris (R). Des enquétes sérologiques
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peuvent alors étre mises en place, afin de détecter la réponse
immunologique spécifique de 1'exposition a un agent pathogene (Kuno
2001). La détection d’anticorps spécifiques a un agent pathogene n’est
utile que si la réponse immunitaire de 'hote est détectable pendant une
période de temps relativement longue (Kuno 2001). En effet, si la
persistance des anticorps est courte, les tests sérologiques ne
permettront pas de détecter [’exposition aux agents pathogenes.
Cependant, les données concernant la persistance des réponses
immunitaires en populations naturelles sont trés peu disponibles
(Garnier et al. in prep.). L’une des raisons de la faible disponibilité est
probablement la difficult¢ a estimer la décroissance des réponses
immunitaires, notamment car cela nécessite d’échantillonner de maniére
répétée les mémes individus, ce qui peut étre compliqué en milieu
naturel. Cependant, la durée de vie des Laridés (environ 30 ans ; Cramp
et al. 1983) peut favoriser le développement de réponses immunitaires
acquises qui perdurent longtemps (Lee 2006). La plupart des
échantillonnages d’enquétes sérologiques, sont réalisés sur des adultes,
ce qui complique I’acquisition de données. En effet, certains oiseaux
sauvages sont difficiles a capturer et sont sensibles au stress
qu’engendre la capture (Arnold et al. 2008). C’est le cas du goéland
leucophée, pour lequel la détection d’anticorps maternels dans les ceufs
peut alors se révéler un outil utile. L’objectif de ce chapitre est de
mettre en évidence I’intérét de la quantification des anticorps maternels
au travers d’un exemple portant sur les virus IA. Pour cela, dans
I’Article 2, nous avons déterminé 1’exposition aux virus IA de deux
colonies de goéland leucophée en mesurant les niveaux de prévalence
en anticorps présents dans les ceufs et en les comparant aux niveaux
d’anticorps circulant dans le plasma des femelles.
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Matériel et méthode

Echantillonnage

L'échantillonnage a eu lieu dans le golfe de Gabes, au sud-est de la
Tunisie, sur deux colonies, a Sfax et sur I'lle de Djerba (Figure 1.2.).
Afin de comparer le niveau d’anticorps maternels entre les ceufs d’une
méme couvée, certain nids choisis aléatoirement ont été visités
régulicrement afin de collecter I’ensemble des ceufs de la couvée.
L’ordre d’échantillonnage des ceufs a définit le rang de la ponte.

Afin de déterminer si la quantité d’anticorps détectée dans le sang des
meres ¢€tait corrélée positivement a la quantité¢ d’anticorps dans ses
ceufs, le plus grand nombre possible de parent a été capturé lors de
I'incubation des ceufs en utilisant un piege placé sur le nid. Un
¢chantillon de sang (1 ml) a été prélevé pour chaque adulte dans des
tubes d’héparine maintenu dans une glaciére a 4°C. Chaque individu a
ensuite été « sexé » par analyse du plasma selon le protocole décrit par
Griffiths ef al. 1998.

Analyses sérologiques

Les jaunes des ceufs récoltés ont été séparés de I'albumen et les
anticorps contenus dans le jaune extraits au chloroforme et conservés a -
20°C (Gasparini et al. 2001).

Les extraits d'ceufs et les plasmas ont été testés pour détecter la présence
en anticorps dirigés contre la nucléoprotéine des virus A en utilisant un
kit ELISA commercial (ID Screen® Influenza A Antibody Competition
Multi-Species, ID VET, Montpellier, France). Les résultats ont été
interprétés selon les instructions du kit.
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Figure 1.2. Carte du Golfe de Gabes.

Les étoiles déterminent la localisation des deux colonies échantillonnées.

Analyses des données

Toutes les analyses ont été effectué¢es avec le logiciel SAS (SAS 1998).
La comparaison des niveaux de prévalence en anticorps entre les deux
colonies (Sfax vs. Djerba) et entre males et femelles ont été effectués
par un test du y2. Une approche de capture-recapture (MacKenzie et al.
2002; MacKenzie et al. 2003) a été utilisée pour vérifier si la probabilité
de détection des anticorps maternels dans un nid varie avec le rang de
ponte (ordre de prélevement des ceufs d’'un méme nid). Enfin, en
utilisant les résultats du sexage moléculaire des adultes, nous avons
réalisé une régression lin€aire entre la quantité d’anticorps circulant
dans le sang des meéres et la quantité d’anticorps maternels dans leurs
ceufs. Pour normaliser les données, une transformation logarithmique
leur a été appliquée. Lorsque plusieurs ceufs avaient été récoltés pour
une méme femelle, la valeur moyenne de la couvée a été utilisée.
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Résultats et discussion

Intérét de la quantification d’anticorps maternels...

L’objectif principal de cette étude ¢était de déterminer si la
quantification d’anticorps maternels dans les ceufs pouvait étre un outil
rapide et efficace de surveillance des agents pathogeénes. Nous avons
constaté qu'il y avait une forte corrélation entre la quantité d’anticorps
contre les virus IA présente dans le plasma des meres et la quantité
d’anticorps maternels présent dans le jaune d'ceuf (Figure 1.3.). Cette
corrélation positive en anticorps mere/ceuf avant déja était mise en
évidence pour 1’agent responsable de la maladie de Lyme (Borrelia
burgdorferi) chez une autre espéce de Laridés, la mouette tridactyle
(Gasparini et al. 2002). Cependant, la détection de cette corrélation dans
notre ¢étude montre qu’elle peut étre transposable a d’autres agents
pathogenes et que la quantité d’anticorps détectée dans les ceufs reflete
bien 1’exposition présente et passée des femelles a un agent pathogene.

Cependant, nous avons constatés des différences de prévalence en
anticorps contre les virus TA entre le sérum des adultes et leurs ceufs
(Tableau 1.1.). En effet, le niveau de prévalence détecté chez les meres
¢tait significativement plus élevé que dans les ceufs. Cependant, la
détection d’anticorps maternels reste une bonne estimation de
I’exposition des meres a un agent pathogene car la quantité en anticorps
contre les virus IA détectée chez la mere est corrélée positivement a la
quantité détectée dans les ceufs.
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Figure 1.3. Régression linéaire entre la quantité d’anticorps circulant dans
le sang des femelles et la quantité d’anticorps maternels dans leurs ceufs.

Tiré de I’Article 3, cette régression présente les résultats pour les 36
femelles et leurs ceufs.

Tableau 1.1. Prévalences en anticorps contre les virus influenza aviaires
détectées dans le plasma des adultes, dans les ceufs et dans les ceufs de la
méme couvée.

Stax (N ; %) Djerba (N ; %) Total (N ; %)

Plasma d’oiseaux 20 (22;91) 28 (42;67) 48(64; 75)
Males 5(6; 83) 14(22 ; 63) 19(28 ; 68)
Femelles 15(16 ; 94) 14(20 ; 70) 29(36 ; 81)

Echantillons d’ceufs 84(127 ; 66) 87 (206 ; 42) 171 (333 ; 51)

Echantillons d’ceufs du méme nid 32(45;71) 43 (90 ; 48) 75 (135 ; 56)
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Cette ¢tude a également permis de détecter une prévalence élevée en
anticorps contre les virus IA dans les deux colonies de goélands
échantillonnées (Tableau 1.1.). Qu'une forte proportion de la population
soit exposée aux virus IA n’est pas surprenant puisque les goélands ont
une durée de vie relativement longue (survie annuelle des adultes > 0,8,
durée de vie = 30 ans; Cramp et al. 1983) ce qui favorise le
développement de réponses immunitaires acquises (Lee 2006). De
surcroit, ce résultat concorde avec ceux précédemment détectés chez les
go¢lands adultes au Canada (Velarde e al. 2010), en Norvege
(Toennessen et al. 2011) et au Etats-Unis (Graves 1992). Cette
concordance suggere que notre technique donne des résultats
biologiquement cohérents.

Enfin, I’approche de capture-recapture utilisée dans cette étude permet
de mettre en évidence que la probabilité¢ de détection des anticorps ne
differe pas significativement selon le rang de ponte. Ce résultat suggére
qu'échantillonner un seul ceuf par nid, de quelque rang qu’il soit, est
suffisant pour étudier la prévalence en anticorps au sein de la nichée.

... pour mettre en évidence les facteurs éco-écologiques qui

peuvent influencer la circulation des virus influenza aviaires.

La transmission des virus [A peut se faire par I'intermédiaire de
réservoirs abiotiques. En effet, les virus excrétés dans I’eau demeurent
infectieux plus ou moins longtemps, en fonction de différents
paramétres, tels que la température, le pH ou le niveau de salinité
(Stallknecht et al. 1990; Brown et al. 2009). Or, les deux colonies
étudiées sont des iles entourées d'eau salée, peu favorable a la
persistance des virus IA (Brown et al. 2009). En supposant que
I’infection se fait au sein du site de reproduction et sachant que les
goélands leucophées nichent en colonies treés denses (Sol ef al. 1995), la
transmission des virus IA serait alors plutot favorisée par le contact
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direct entre individus, ou via les fientes (Ellstrom et al. 2008; Costa et
al. 2011). Cependant, les fortes densités de population ne se retrouvent
pas qu’au sein des colonies. Les goélands leucophées se nourrissent
dans les décharges a ciel ouvert (Sol et al. 1995) sur lesquels
l'agrégation des individus est susceptible de conduire a des taux élevés
de contact favorable a la transmission des virus [A (McCallum et al.
2001). Ceci peut également expliquer les niveaux de prévalence élevés
observés pour les deux colonies (Bin Muzaffar et al. 2006). D'autres
investigations sont donc nécessaires notamment pour déterminer si la
transmission se fait sur le site de reproduction. Il serait alors intéressant
de tester une éventuelle auto-corrélation spatiale des ceufs positifs (par
analyses ELISA). Enfin, une étude a plus large échelle permettrait
d’évaluer les patrons d’exposition aux virus IA au sein et entre les sites
de reproduction, afin de mettre en exergue les différents facteurs
favorisant la circulation des virus IA (présence d’eau douce a proximité
de la colonie, de décharge a ciel ouvert ou encore d’autres espéces
d’oiseaux réservoir de virus [A).

Nos résultats montrent également que la prévalence en anticorps ne
différe pas entre sexes (femelles: 81% ; males: 73%; x2=0,4830 ;
p=0,4871). Chez cette espece, male et femelle incubent les ceufs,
partagent les mémes aires de reproduction et d'alimentation. Ils
pourraient donc partager les mémes risques d'expositions aux virus [A.
Les prévalences en anticorps détectées a la fois dans le plasma et dans
les ceufs étaient significativement plus élevées a Sfax (95%) qu’a
Djerba (68%) (3°=5,7676 ; p=0,0163). Ce résultat pourrait étre une
conséquence des différences de densité de population entre les deux
colonies. En effet, sur la colonie de Djerba, le goé¢land leucophée est la
seule espece de Laridés présente, qui partage ce site de reproduction
avec une petite colonie d'aigrettes (Egretta spp.). A contrario, la colonie
de Sfax est considérée comme l'une des plus importantes d’Afrique, en
terme de diversité et de nombre d'oiseaux (Fishpool ef al. 2001). Elle se
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compose en effet d’une riche et dense communauté d’oiseaux
aquatiques partageant les mémes habitats, dont plus de 30 000 individus
de 49 especes migratrices et 8 500 individus de 9 especes résidentes
(Chokri et al. 2008). Cette densité et cette diversité d’especes pourrait
ainsi favoriser la transmission des virus IA.

Conclusion

Nos résultats mettent en évidence que la quantification d’anticorps
maternels est un outil pertinent pour étudier la circulation d’agents
pathogenes et ouvre ainsi de futurs axes de recherche. Dans cet article,
les analyses immunologiques permettent ainsi de détecter les anticorps
spécifiques aux virus IA en ciblant la nucléoprotéine commune a tous
les sous-types. En conséquence, nous ne connaissons pas l'identité des
sous-types auxquels les goé¢lands ont été exposés, et nous ne savons pas
si des infections simultanées avec plusieurs sous-types pourraient se
produire. Il serait donc intéressant d’identifier les différents sous-types
qui circulent au sein de ses colonies, et tout particuliérement les sous-
types H13 et H16 détectés presque exclusivement dans les populations
de Laridés (Fouchier et al. 2005; Olsen et al. 2006; Fouchier et al.
2007). Les goélands sont également infectés par d’autres sous-types.
Ainsi, la premicre épizootie de virus IAHP documentée en faune
sauvage ¢tait due au sous-type HS5N3, détecté chez les sternes
pierregarins (Sterna hirundo) (Becker 1966; Alexander 2000), un
groupe taxonomique (la famille Sternidae) proche des goélands (famille
des Laridés) (Van Tuinen et al. 2004).
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Chapitre 2 : Etude a large échelle des virus influenza

aviaires circulant dans I'ouest du bassin méditerranéen

Introduction

La surveillance en faune sauvage a pour but de déterminer la répartition
des populations exposées aux agents pathogenes, donc potentiellement
a risque (cf. Chapitre 1 ; Morner et al. 2002). Ces populations a risque
n’étant, a priori, pas réparties de facon homogene, il est primordial de
disposer de la distribution et du statut des individus dans I’espace
(Hudson et al. 2002). L’une des premiéres études a avoir analysée la
répartition des cas portait sur 1I’épidémie de choléra survenue a Londres
au XIX® siécle (Snow 1855). Le simple fait de reporter les cas sur un
plan de quartier a permis a John Snow (i) d’identifier le lieu de la
contamination : I’une des pompes a eau du quartier, (i) d’améliorer les
connaissances sur le mode de transmission de [’agent pathogene :
Vibrio cholerae est transmis via 1’eau (iii) et enfin, d’intervenir
efficacement pour arréter I’épidémie : en retirant la poignée de la
pompe a eau (Newsom 2006). Cet exemple, illustre parfaitement le
besoin d’intégrer les outils d’épidémiologie spatiale dans la surveillance
de maladies infectieuses.

L’épidémiologie spatiale se définie comme I’analyse de la distribution
et de la dynamique spatiale des prévalences d’un agent pathogene (Real
et al. 2007). Cette discipline se concentre sur les facteurs éco-
écologiques qui peuvent influencer la circulation des agents pathogenes
dans et entre les populations d’hotes (Real ef al. 2007; Messinger et al.
2009). En utilisant les ceufs comme un indicateur de l'exposition des
adultes a un agent pathogéne (cf. Chapitre 1), il est possible de mettre
en évidence les patrons de prévalence au sein d’un grand nombre de
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populations d’hotes. Ceci permet de déterminer, rapidement et a
moindre colt, les zones de fortes prévalences et d’y établir des analyses
complémentaires pour définir les facteurs ¢éco-épidémiologiques
influencant la circulation d’agents pathogénes (Rutten et al. 2012).

L’objectif de ce chapitre est donc d’améliorer notre compréhension de
la dynamique des virus influenza aviaires (IA) en étudiant les patrons de
prévalence a une échelle spatiale plus large : 1’ouest du bassin
méditerranéen (Article 3 et 4). Pour ce faire, nous avons étudié¢ la
variation spatiale de la présence en anticorps contre les virus A dans
les ceufs de goéland leucophée échantillonnés en 2009 (Article 3) et
2009/2010 (Article 4). Deux études antérieures, menées chacune sur
deux colonies de goélands leucophées, en France (Pearce-Duvet et al.
2009) et en Tunisie (cf. Chapitre 1), ont permis de détecter une
prévalence ¢€levée en anticorps maternels contre les virus IA dans les
ceufs. Cependant, les résultats de ces deux études sont contradictoires en
ce qui concerne la variation spatiale des prévalences entre colonies. Une
¢tude menée dans 1’ouest du bassin méditerranéen, nous permettra donc
de déterminer les niveaux de prévalence a plus large échelle et de
clarifier la variation spatiale entre colonies.

Les connaissances actuelles sur 1’écologie des virus [A semblent
indiquer que les plus forts taux d’infections chez les oiseaux aquatiques
sont observés principalement en périodes de regroupement, par exemple
lors des rassemblements pré-migratoires (Krauss et al. 2004;
Lebarbenchon et al. 2007; Wallensten et al. 2007; Hanson et al. 2008).
Sachant que les Goélands leucophées nichent souvent en colonies dense
(Sol et al. 1995), le taux de contact entre les oiseaux peut favoriser la
transmission virale entre les individus de la population. Nous avons
donc étudié I’agrégation spatiale en anticorps contre les virus [A au sein
des sites de reproduction.
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Pour finir, afin d'évaluer le role joué par les goélands leucophées dans
la circulation des virus IA, nous avons caractérisé certains des sous-
types correspondant aux anticorps maternels détectés. Sachant que des
¢tudes antérieures avaient montrées de fortes prévalences des sous-
types H13 et H16 dans des populations de Laridés (Fouchier et al.
2005; Olsen et al. 2006; Fouchier et al. 2007), nous nous attendions a
un résultat similaire. Nous avons également cherché la présence
d’anticorps spécifiques aux sous-types HS5 et H7, seuls sous-types
connus pour évoluer en forme hautement pathogenes chez les volailles.
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Matériel et méthodes

Echantillonnage

En 2009 et 2010, au cours de la saison de reproduction (Mars/Avril),
1568 ceufs (entre 8 et 127 ceufs par colonie et par année) ont été
échantillonnés. Ce prélévement a ¢été effectué sur 14 sites de
reproduction en 2009/2010 situés en France (n = 7), en Espagne (n = 3),
en Algérie (n = 1) et sur 3 colonies en 2009 situés en Tunisie (Sfax et
Djerba) et en France (Grau du roi) (Figure 2.1.). Un seul ceuf par nid a
¢été échantillonné (cf. Chapitre 1).

France

Algeria

Figure 2.1. Carte des colonies échantillonnées dans [’ouest de la
Meéditerranée

France (n = 8), Espagne (n = 3), Algérie (n = 1) et Tunisie (n = 2)
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Le nombre de couples reproducteurs par colonie a été estimé en
examinant la littérature et en discutant avec des chercheurs ou des
responsables gouvernementaux qui ¢étudient le goéland leucophée
(Tableau 2.1.). Dans 3 colonies en 2009 (iles Riou, Villeneuve et
Correge) et dans I'ensemble des colonies de 2010, I'emplacement des
nids prélevés a été enregistré par GPS afin de vérifier I'auto-corrélation
spatiale des échantillons porteurs d’anticorps maternels au sein des
colonies.

Tableau 2.1. Données disponibles sur le nombre de couple reproducteur
(taille de colonie) des sites échantillonnés.

Colonie Taille de colonie Source d’information
1-Riou 8000 Duhem 2004
2-Frioul 8000 P. Mayet comm. pers.
3-Carteau 400 P. Mayet comm. pers.
6-Villeneuve 400 P. Mayet comm. pers.
7-Gruissan 350 P. Mayet comm. pers.
8-Correge 4000 P. Mayet comm. pers.
9-Medes 6500 Ramos et al. 2009
10-Ebro Delta 6000 Ramos et al. 2009
11-Isla Grosa 1400 D. Oro comm. pers.
13-Sfax 100 Hammouda comm. pers.
14-Djerba 2500 Hammouda comm. pers.
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Analyses sérologiques

La longueur et la largeur des ceufs prélevés en 2009 ont été mesurées
afin d’estimer leurs volumes, indicateur de la qualité des parents (Hoyt
1979). Les jaunes d'ceufs ont ensuite été séparés de l'albumen et les
anticorps contenus dans le jaune extraits au chloroforme (Gasparini et
al. 2001) et conservés a -20°C.

Les extraits d'ceufs ont été testés pour détecter la présence des anticorps
dirigés contre la nucléoprotéine des virus IA en utilisant un kit ELISA
commercial (ID Screen” Influenza A Antibody Competition Multi-
Species, ID VET, Montpellier, France). Les résultats ont été exprimés
selon les instructions du Kkit.

Identification de certains sous-types de virus IA

A l'exception de quelques échantillons, I’ensemble des ceufs porteur
d’anticorps maternels contre les virus IA ont été testés pour définir si
ces anticorps sont spécifiques aux sous-types HS et H7 (ELISA
commerciaux ; ID Screen® Influenza H5 and H7 Antibody
Competition, ID VET, Montpellier, France). Comme précédemment, les
résultats ont été interprétés selon les instructions du kit.

Ces échantillons ont aussi été testés pour chercher la présence en
anticorps hémagglutinants spécifiques aux sous-types H13 et H16 par
test d’inhibition d'hémagglutination (TIH) en suivant la procédure
standard (Kuiken et al. 1998; WHO manual on animal influenza
diagnosis and surveillance 2002). Les titres de TIH > 1:20 ont été
considérés comme positif.

Analyses statistiques
Toutes les analyses ont été effectuces a l'aide R.2.15.0 (R Development
Core Team 2012). L'importance des facteurs dans nos modeles a été
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déterminée en utilisant une comparaison de modéles basée sur
I’¢élimination de la derniére variable.

Nous avons utilis¢ des modeles linéaires généralisés (GLM) pour
déterminer si les prévalences en anticorps contre les virus IA étaient
différant entre les colonies.

Nous avons utilis¢ un mod¢le linéaire généralisé mixte (GLMMPQL
avec distribution binomiale, avec comme effet aléatoire la variable
« colonie », bibliotheque MASS) afin d'évaluer si les niveaux de
prévalence different au fil du temps.

Un test de Mantel (bibliotheque ade4 dans R) a été utilisé pour évaluer
si les échantillons positifs en anticorps IA sont répartis de fagon
homogene (Vicente et al. 2007) sur les trois colonies choisies
aléatoirement : Delta de 'Ebre (Espagne), Corrége (France) et le Frioul
(France). Ce test a été utilisé ici pour calculer la corrélation linéaire
entre deux matrices de distance (géographique et de prévalence en
anticorps contre les virus IA). Nous avons controlé les comparaisons
multiples en utilisant la correction du « false discovery rate » q* = 0,05
(Benjamini ef al. 1995). Cette approche contréle la proportion des
hypotheéses qui seraient rejetées par erreur, ce qui augmente la puissance
statistique du test par rapport aux méthodes traditionnelles de
comparaisons multiples (Garcia 2003).

Enfin, les relations entre le volume des ceufs et la prévalence de chaque
ceuf ont été déterminés avec une régression logistique binomiale. La
différence du volume moyen des ceufs entre colonies a été testée en
utilisant un mod¢le linéaire avec I’effet colonie comme effet prédictif et
le volume des ceufs comme effet réponse.
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Résultats et discussion

Circulation des virus IA chez le goéland leucophée dans l'ouest
du bassin méditerranéen

Au cours des deux années d'études, des niveaux de prévalence €levés
ont ¢été détectés dans chaque colonie (Tableau 2.2.). Les goélands
leucophées sont donc exposés aux virus IA. Les niveaux élevés de
prévalence confirment les résultats antérieurs obtenus sur les ceufs de
goé¢land leucophée (cf. chapitre 1; Pearce-Duvet et al. 2009).
Cependant, notre ¢tude a 1’échelle de I’ouest méditerranéen, permet de
clarifier la variation spatiale entre les colonies.
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Tableau 2.2. Prévalences en anticorps contre les virus influenza aviaires
détectées dans les ceufs de goéland leucophée.

Pays Colonie Année Taille d’échantillonnage Nombre d’échantillons positifs
0,
|-Riou 2009 127 42 (33%)
2010 8 4 (50%)
0,
2 Frioul 2009 79 38 (48%)
2010 51 17 (33%)
0,
3 _Carteau 2009 102 57 (56%)
2010 56 25 (45%)
4-Besson 2009 79 34 (43%)
France 2010 59 35 (59%)
5-Grau du Roi 2009 50 17(34%)
6-Villeneuve 2009 70 20 (29%)
2010 64 34 (53%)
0,
7-Gruissan 2009 99 33 (33%)
2010 91 49 (54%)
0,
8-Corrége 2009 70 15 (21%)
2010 54 27 (50%)
0,
9-Medes 2009 38 11 (29%)
2010 49 27 (55%)
0,
Espagne 10-Ebro delta 2009 33 12 (22%)
2010 29 15 (52%)
0,
11-Isla Grosa 2009 66 13 (20%)
2010 50 16 (32%)
0,
Algerie  12-Chetaibi 2009 >3 17 G1%)
2010 33 11 (33%)
. 13-Sfax 2009 45 21 (47%)
Tunisie
14-Djerba 2009 89 23 (26%)
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Différence de prévalence entre les colonies

Les différences significatives des niveaux de prévalence entre colonies
suggerent que le risque d’exposition aux virus IA n’est pas homogene.
Ces différences sont positivement corrélées a un gradient Sud/Nord
(Figure 2.2. ; modele linéaire généralisé mixte: Estimation = 0,1, Erreur
std. = 0,5, t = 2,8, p = 0,021). Ce résultat confirme la variation de
prévalence précédemment détectée dans les deux colonies en Tunisie
(cf- Chapitre 1). Bien que nous n’ayons pas récolté de données
détaillées sur les conditions environnementales ou sur 1’écologie des
hotes, nos données préliminaires permettent néanmoins de poser

certaines hypotheses explicatives.
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Figure 2.2. Prévalences des anticorps contre les virus influenza aviaires.
Pour les colonies échantilonnées en 2009/2010 en a) France ; b) Espagne et
c) Algérie
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Ces différences significatives de prévalence pourraient étre dues a des
différences entre des facteurs environnementaux qui suivent un gradient
Sud/Nord. En particulier, les canards colverts, principal réservoir
naturel des virus IA (Stallknecht et al. 2007b), ne sont que
marginalement présents en Algérie (Cramp et al. 1983; Samraoui et al.
2008; Samraoui et al. 2011). En revanche, ils sont de plus en plus
abondants vers le Nord, notamment dans les zones humides telles que la
Camargue (Lebarbenchon et al. 2010) ou le delta de I'Ebre (Mateo et al.
1998). La différence de proximité avec les canards colverts pourrait
expliquer les différences de prévalence entre les colonies.

Ces patrons d’exposition pourraient également étre liés a I'age moyen
des individus. En effet, chez les oiseaux marins, les femelles agées et
expérimentées ont tendance a pondre de plus gros ceufs (Amundsen et
al. 1996; Christians 2002) et a nicher sur des sites de meilleure qualité
(acces a la nourriture facilité ; Pugesek ef al. 1983). Les différences
significatives du volume moyen des ceufs entre les colonies, détectées
en 2009, pourraient donc suggérer une variation de qualité des sites de
reproduction et donc un investissement plus important dans la
production d’anticorps (Grindstaff et al. 2003). Toutefois, la quantité
d’anticorps détectée dans les ceufs et le volume de 1’ceuf ne sont pas
corrélés : ce qui signifie que méme si un ceuf est gros, il n’est pas plus
susceptible de contenir des anticorps maternels contre les virus [A
qu’un petit ceuf. Par ailleurs, le volume moyen des ceufs au sein d’une
colonie et la prévalence en anticorps contre les virus IA de cette colonie
ne sont pas corrélés. Cela pourrait suggérer que :

i- I'exposition est indépendante de 1'age, sachant que des anticorps
contre les virus IA ont été détectés aussi bien chez des adultes que
chez des poussins de Goéland a bec cerclé (Larus delawarensis) agés
de 3 a 5 semaines (Velarde ef al. 2010). A cet age, les anticorps sont
peu susceptibles d’étre d’origine maternelle sachant que la quantité
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d’anticorps maternels décroit rapidement chez les espéces de Laridés
(Garnier et al. 2012).

ii- le patron d’exposition li¢ a 1’dge est masqué par la longue
persistance des anticorps chez les femelles. La persistance des
anticorps spécifiques aux virus IA n'a jamais été évaluée chez les
Laridés. C’est donc un axe de recherche qui reste a développer.

Un autre facteur qui pourrait expliquer la différence des patrons
d’exposition, est taille des colonies. Le nombre important d’individus
dans les grandes colonies (Cramp et al. 1983) et I’espace limité sur les
petits sites de reproduction (Duhem et al. 2007) favorisent
I’augmentation de la densité d’individu. Les virus IAFP sont excrétés
par les selles (Olsen et al. 2006) ou les voies respiratoires (Costa et al.
2011) des individus infectieux et transmis, a des hotes sensibles, par
ingestion des feces (Olsen et al. 2006) ou par contact rapproché (Costa
et al. 2011). La taille des colonies pourrait augmenter le risque
d’exposition aux virus [A soit en favorisant la rencontre entre individu,
soit par I’accumulation de matieres fécales, donc de virus (Muller et al.
2004; Fouchier et al. 2007).

Différences de prévalence au sein des colonies

Cette hypothese est supportée par les résultats obtenus sur la répartition
spatiale des ceufs contenant des anticorps au sein de la colonie. En effet,
le fait qu’aucune auto-corrélation spatiale n’ait été détectée dans les
colonies testées (Villeneuve Corrége et Riou en 2009, Delta de 1'Ebre,
Correge et Frioul en 2010) suggere que les oiseaux ne sont pas infectés
au sein des site de reproduction (Keeling et al. 2002). Les goélands
leucophées peuvent s'infecter durant 1’hiver, lorsque les conditions de
température sont plus favorables a la persistance de virus IA dans
I'environnement (Brown et al. 2009). Le goéland leucophée peut aussi
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étre infecté dans les zones ou la densité des individus peut favoriser la
transmission des virus TA (Krauss et al. 2004; Lebarbenchon et al.
2007; Hanson et al. 2008), sur les sites d'alimentation (notamment les
décharges a ciel ouvert ; Duhem et al. 2003) ou encore les sites de repos
(McCallum ef al. 2001; Bin Muzaffar et al. 2006).

Patrons temporels

Les niveaux de prévalence augmentent significativement entre 2009 et
2010 (modgele linéaire généralisé mixte: Estimation = 0,6 ; Erreur std. =
0,2;¢t=33;p=0,009). Ce résultat suggere que le goé¢land leucophée
est régulierement exposé a ces virus. En effet, si ce patron était di a la
transmission passée de virus IA, il faudrait s’attendre a ce que les
facteurs démographiques (mortalité naturelle, recrutement d'individus
sensibles...) conduisent a une stabilisation ou a une diminution des
niveaux de prévalence, ce qui n’est pas le cas ici. Bien que ce résultat
ne soit que sur deux années et doit donc étre confirmé par une étude a
plus long terme il démontre I’importance fondamentale de mettre en
ceuvre des études épidémiologiques sur le long terme, afin de mieux
comprendre la dynamique virale au sein des populations. Des axes de
recherche restent donc a développer comme, par exemple, déterminer le
taux de transmission au sein des populations, nécessaire pour maintenir
de tels niveaux de prévalence.

Sous-types spécifiques des anticorps détectés chez les goélands
leucophées dans le bassin méditerranéen

Aucun des anticorps spécifiques aux sous-types HS et H7 n’est détectés,
résultat cohérent avec d'autres études suggérant que ces sous-types ne
sont que ponctuellement détectés chez les espéces de Laridés (Muzinic
et al. 2010; Savic et al. 2010). Au contraire, sachant que les sous types
H13 et H16 circulent fréquemment dans les populations de Laridés

-52 -



(Fouchier et al. 2005; Olsen et al. 2006; Fouchier et al. 2007), il était
attendu que la détection de fortes prévalences en anticorps contre ces
sous-types soit observée, ce qui n’est pas le cas (Tableau 2.3.). En effet,
en comparaison avec les prévalences établies en Norveége sur les
mouettes tridactyles (Toennessen et al. 2011), nos deux années d’études
ne permettent de détecter que de faibles niveaux de prévalence en
anticorps pour I’ensemble des colonies échantillonnées. Ces différences
de prévalence peuvent étre lies au fait que le goéland leucophée et la
mouette tridactyle sont deux espeéces avec des écologies qui leurs sont
propres.

Tableau 2.3. Prévalences en anticorps contre les sous-types H13 et H16
détectées dans les ceufs de goéland leucophée par inhibition
d’hémagglutination.

Pays Colonies Année  Positif en IA (N;%) H13 (%) H16 (%)
|-Riou 2009 40 (127 ; 31%) 9 (22.5%) 0
2010 4 (8;50%) 2 (50%) 1 (25%)
> Frioul 2009 37(79 ; 47%) 11 (30%) 0
2010 17 (51 ;33%) 2 (12%) 1 (6%)
3-Carteau 2009 55 (102 ; 54%) 8 (15%) 0
2010 25 (56 ; 45%) 8 (32%) 2 (8%)
. 0, 0,
France 4-Besson 2009 34 (79 ; 43%) 12 (35%) 0
2010 35 (59 ; 59%) 12 (34%) 2 (6%)
. 0, 0,
6-Villeneuve 2009 20 (70 5 29%) 10 (50%) 0
2010 34 (64 ; 53%) 22 (65%) 3 (9%)
7-Gruissan 2009 32 (99 ;5 32%) 5 (16%) 1 (3%)
2010 49 (91 ; 54%) 21 (43%) 4 (8%)
8-Corrége 2009 14 (70 ; 20%) 12 (86%) 1 (7%)
2010 27 (54 ; 50%) 7 (26%) 0
9-Medes 2009 10 (38 ;26%) 5 (50%) 1 (10%)
2010 27 (49 ; 55%) 6 (22%) 2 (7%)
. 0, 0,
Espagne  10-Ebro delta 2009 12 (55 ;22%) 3 (25%) 0
2010 15 (29 ; 52%) 9 (60%) 2 (13%)
11-Isla Grosa 2009 13 (66 ;20%) 7(54%) 4 (31%)
2010 16 (50 ; 32%) 4 (25%) 4 (25%)
. 0, 0, 0,
Algeric  12-Chetaibi 2009 17 (55;31%) 6 (35%) 1 (6%)
2010 11 (33 ;36%) 5 (45%) 0
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Cette variabilit¢ de prévalence peut également s’expliquer par des
différences de protocole entre notre étude et celle de Tonnessen et al.
(2011). Le protocole mis en place par Tonnessen ef al. (2011) utilise
des antigenes H13/H16 et le méme seuil de positivité (titre > 1:20) que
dans notre étude. Par conséquent, la seule différence notoire est que
I’é¢tude en Norvege porte sur du sérum prélevé sur des adultes et des
poussins de 3 semaines (assez agés pour ¢liminer la présence potentielle
d’anticorps d’origine maternelle ; Garnier et al. 2012). Le fait
d’échantillonner les adultes et les poussins permet de détecter a la fois
des immunoglobulines de type M (IgM) et de type Y (IgY). Chez les
oiseaux, la réponse immunitaire acquise est principalement médiée par
les IgY (qui est un équivalent fonctionnel des IgG chez les
mammiferes ; West et al. 2004). 11 s'agit de la seule immunoglobuline
capable d’étre transférée dans le jaune d'ceuf (West et al. 2004). Par
conséquent, les tests d’inhibition d’hémagglutination effectués sur des
ceufs prélevés dans notre étude ne peuvent déceler les anticorps IgM, ce
qui peut expliquer les différences de prévalence observée entre
Tonnessen et al. (2011) et notre étude. Cette différence de prévalence
entre sérum et ceuf avait déja été observée dans 1’ Article 2 (¢f. Chapitre
1) mais comme la quantité d’anticorps contre les virus A détectée chez
la mere était corrélée positivement a la quantité détectée dans les ceufs,
la détection d’anticorps maternels reste une bonne estimation de
I’exposition a un agent pathogene.

Enfin, seulement 1% de tous les échantillons testés en inhibition

d’hémagglutination (TIH), contenaient des anticorps spécifiques aux
sous-types H13 et H16 (Tableau 2.4.).
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Tableau 2.4. Titres d’inhibition d’hémagglutination observés pour les ceufs
contenant des anticorps contre les deux sous-types H13 et HI6.
Pays Colonie Année  Titre H13 Titre H16

1-Riou 2010 1:80 1:40
3 Cart 5010 1:320 1:30
“arteau 1:40 1:40

1:4 1:2
4-Besson 2010 0 0
1:20 1:20
1:80 1:20

France N
6-Villeneuve 2010 1:320 1:20
1:320 1:160
1:80 1:20
7-Gruissan 2010 1:40 1:20
1:80 1:20
8-Corrége 2009 1:40 1:20
2009 1:20 1:30
9-M. : :
edes 2010 1:160 1:40
. 1:20 1:20
PN T 0-Ebro Delta 2010 1:40 1:80
1:20 1:20
11-Isla Grossa 2009

1:80 1:30
Algérie 12-Chetaibi 2009 1:160 1:20

Ce pourcentage est relativement faible en comparaison des 37,5%
détectés en Norvege (Toennessen et al. 2011). Ce trés faible
pourcentage pourrait étre lié a un probleme de détectabilité des
anticorps maternels : comme des réactions croisées entre anticorps de
sous-types différents (Sharp et al. 1997). Pour vérifier la détectabilité de
la quantification des anticorps maternels, nous avons testé, par TIH, 12
¢chantillons de jaune d’ceufs de mouettes tridactyles récoltés sur la
méme colonie de Norvege (Horngya) que Toennessen et al. (2011). Les
anticorps dirigés contre les sous-types H13 et HI16 ont été observés
respectivement pour 7/12 et 2/12 des échantillons. Méme si la quantité
d’échantillon est insuffisante pour conclure, les résultats obtenus
montrent une prévalence en H13 relativement ¢élevée, comme trouvé en
Norvege. Pour H16, les prévalences sont plus faibles ce qui pourrait
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s’expliquer par le fait que les 12 ceufs testés n’ont pas été échantillonnés
la méme année que dans 1’étude de Toennessen et al. (2011). Ces
résultats suggerent que les faibles prévalences détectées dans notre
¢étude pour les sous-types H13 et H16 ne sont pas liées a un manque de
détectabilité par les anticorps maternels.

Conclusion

Cette étude rigoureuse permet la surveillance simultanée de 1’exposition
aux virus [A dans différentes colonies d’oiseaux sauvages de 1’ouest
méditerranéen. Nos résultats montrent que les goélands leucophées sont
exposés a certains sous-types de virus IA tel que H13 et H16 qui
circulent donc en Méditerranée. Ce résultat est intéressant car la grande
diversité de sous-types circulant chez les oiseaux sauvages (Webster et
al. 1992; Alexander 2000) associ¢ aux contact étroit de cette espece
avec ’Homme et les animaux domestiques peuvent conduire a des
réassortiments entre virus qui permettent 1'émergence de nouveau sous-
types viraux (Chen et al. 2006a; Van Poucke ef al. 2010). Cependant,
sachant qu’on détecte de fortes prévalence en anticorps dans les ceufs
mais que relativement peu de ces échantillons ont des anticorps
spécifiques aux sous-types H13 et H16, on peut présumer que d’autre
sous-types, qui n’ont pas ¢té identifiés dans ces travaux, circulent dans
la population de goélands leucophées. Sachant que les goélands
leucophées partagent certains habitats avec les canards (Cramp et al.
1983), ils peuvent peut étre s’infecter avec des sous-types circulant chez
les Anatidés. Leur indentification pourrait alors améliorer nos
connaissances sur les sous-types circulant en Méditerranée. Enfin, il
serait intéressant d'étendre cette étude a d'autres agents pathogenes
d’intérét en santé humaine et animale, aux modes de transmission
différents et pour lesquels les oiseaux sauvages représentent le principal
réservoir.
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Chapitre 3 : Circulation d’agents pathogénes a transmission

vectorielle : les flavivirus

Introduction

Au cours des dernieres décennies, les changements climatiques et les
activités humaines ont conduit a I'émergence de nombreux arbovirus
chez ’'Homme et les animaux (Gould et al. 2009). Les arbovirus
(« arbo » pour arthropod-borne en anglais) sont des virus nécessitant la
présence d’un arthropode hématophage pour étre transmis d’un hote
vertébré a un autre (Gubler 1996). Ils sont classés en cinq familles
(Bunyaviridae, Flaviviridae, Reoviridae, Rhabdoviridae et Togaviridae)
en fonction de leurs morphologies, leurs mécanismes de réplication et
leurs relations antigéniques (Porterfield 1975). Chez I’Homme, la
plupart des arboviroses sont asymptomatiques mais certains flavivirus
peuvent causer des maladies du systéeme nerveux pouvant entrainer la
mort (Weaver et al. 2004).

Le genre flavivirus comprend environ 70 virus antigéniquement
apparentés, largement distribués dans le monde (Gaunt et al. 2001).
Une parfaite compréhension du réle des réservoirs naturels de ces virus
est essentielle pour évaluer et prédire les risques de transmission des
flavivirus a I’ Homme ou aux animaux domestiques. Pour les flavivirus,
dont certains circulent en Europe (Chastel ef al. 1985a; Hubalek et al.
2008), les oiseaux sauvages représentent l'un des plus important
réservoir naturel (Weaver et al. 2004). C'est le cas du virus West Nile
(WN), transmis par des arthropodes hématophages, le plus souvent des
moustiques du genre Culex, et dont les oiseaux sauvages sont le
réservoir naturel (Calistri e al. 2010). Si I’'Homme et le cheval peuvent
étre infectés, ils ne sont habituellement pas capables de transmettre le
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virus aux moustiques et sont donc considérés comme des « culs-de-
sac » épidémiologiques (Kulasekera et al. 2001). Ils peuvent cependant
développer des symptomes cliniques allant d’un simple syndrome
fébrile a des troubles neurologiques mortels (Calistri et al. 2010). En
Europe, depuis les années 1960, la circulation du virus WN chez
I’Homme et les chevaux a été signalée a intervalles irréguliers (Calistri
et al. 2010). En 2010, de multiples foyers ont réapparus dans plusieurs
pays européens, en particulier dans le pourtour méditerranéen (EpiSouth
2010). De méme, le virus Usutu (USU), un flavivirus
phylogénétiquement proche du virus WN, est transmis par des
moustiques et a pour réservoir naturel des oiseaux sauvages (Calzolari
et al. 2010). La circulation des virus USU a été rapportée pour la
premiére fois en 2001 en Autriche, causant la mort de plusieurs especes
d’oiseaux, en particulier des passereaux (Weissenbock et al. 2003). Le
virus est ensuite détecté dans différents pays européens (Calzolari et al.
2010) mais tres peu de données sont disponibles sur I’impact de ce virus
en sant¢ humaine. En 2009, des symptomes liés a la présence du virus
USU ont été signalés chez deux patients immunodéprimés dans la
région d'Emilia-Romagna en Italie (Cavrini et al. 2009). Toujours en
Italie, le virus USU a également été détecté¢ dans le sérum de deux
donneurs d'organes testés pour un dépistage du virus WN (Capobianchi
et al. 2010).

D'autres flavivirus transmis par les tiques sont connus pour circuler en
Europe dans les populations d'oiseaux sauvages. Ainsi, le virus de
Tyulieniy a été isolé pour la premiere fois en 1969, chez des tiques
Ixodes uriae échantillonnées dans une colonie d'oiseaux de mer a I'Est
de la Russie (Karabatsos 1985; Dobler 2010). Ce virus a ensuite été
détecté et isolé chez les mémes especes de tiques sur la cote atlantique
en France (Chastel et al. 1983; Chastel et al. 1985b), sur les iles
Lofoten en Norvege (Saikku et al. 1980) et sur la cote ouest des Etats-
Unis (Clifford ef al. 1971). Les données sérologiques suggéraient alors
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que le virus Tyuleniy serait bénin pour ’Homme (Chastel et al. 1983).
D’autres flavivirus moins connus ont également pu étre détectés, tels
que le virus Meaban isolé en 1985 sur la cote atlantique francaise, a
partir de tiques Ornithodoros maritimus échantillonnées dans des nids
de goélands argentés (Larus argentatus) (Chastel et al. 1985a). Des
anticorps dirigés contre ce virus ont également été¢ détectés dans ces
colonies (Chastel et al. 1985b). Ce flavivirus n'a jamais été isolé nul
part ailleurs (Dobler 2010) et trés peu de données sont disponibles sur
sa pathogénicité chez 'Homme ou chez d'autres especes animales. A4
contrario, le virus de I’encéphalite a tiques (VET) est un flavivirus
hautement pathogéne, qui circule également en Europe (Mansfield et al.
2009). Le VET peut affecter 'Homme et causer des infections
neurologiques fatales (Mansfield er al. 2009). Le principal vecteur du
VET est la tique Ixodes ricinus, largement distribuée en Europe
(Mansfield et al. 2009). Cette liste, loin d’étre exhaustive, démontre
I’intérét de mettre en évidence les facteurs éco-épidémiologiques
affectant la circulation d’une telle diversité de flavivirus pour certains
agents pathogenes et pour d’autres dont la pathogénicité n’est pas bien
définie.

L’objectif de ce chapitre est d’améliorer notre compréhension de la
dynamique des flavivirus en étudiant les patrons de prévalence a
I’échelle de I’ouest méditerranéen (Article 5). Pour cela, nous avons
recherché la présence d’anticorps maternels spécifiques aux flavivirus
dans les jaunes d'ceufs de goélands leucophées sur 19 colonies de 4 pays
méditerranéens. Certaines especes de goéland, dont le goéland
leucophée, ont été¢ identifiés comme potentiellement impliqués dans
introduction du virus WN en France (Jourdain et al. 2007). En
supposant que cette espece est effectivement sensible au virus WN et
sachant que ce virus a récemment circulé dans le bassin méditerranéen
comme en Espagne (Figuerola et al. 2007b; EpiSouth 2010), en Afrique
du Nord (Amraoui et al. 2012) et dans le Sud de la France (Calistri et
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al. 2010), notre prédiction était de détecter des prévalences élevées des
anticorps contre ce flavivirus dans les colonies de goéland proches des
cas équins ou humains, notamment dans le delta de I'Ebre en Espagne
(Bofill et al. 2006) et en Camargue (Jourdain et al. 2007).

Dans une seconde étape, afin de documenter plus précisément la
circulation des flavivirus, un échantillonnage de vecteurs potentiels,
tiques et moustiques a €té réalis¢ dans 1’ensemble des colonies ou les
anticorps contre les flavivirus ont été détectés. Certaines colonies
comme en Camargue ou dans le delta de I’Ebre sont relativement
proches de points d’eau douce ou d’eau saumatre, nécessaires au
développement des moustiques. D’autres colonies comme Isla Grossa
ou Medes en Espagne sont entourées d’eau de mer et ne présentent pas
de points d’eau douce a proximité, limitant ainsi le développement des
moustiques. Si le vecteur de flavivirus s’avere étre une espéce de
moustique, on pourrait donc s’attendre a des patrons d’exposition
relativement hétérogenes. En revanche, les tiques sont présentes dans
les nids de nombreuses colonies de goélands échantillonnées
(EstradaPena et al. 1996 ; K.D. McCoy et R. Garnier, observations
personnelles) ce qui augmente la probabilité de rencontre avec I’hote.
Des patrons d’exposition plus homogenes entre les colonies devraient
étre observés. Dans le cas contraire, des facteurs environnementaux,
intrins€éques aux colonies ou de fortes expositions en flavivirus sont
détectées, pourraient favoriser le développement viral.

Apres avoir identifié le vecteur potentiel, nous nous sommes penché sur
I’écologie du goéland et du vecteur afin de définir les facteurs éco-
épidémiologiques impliqués dans la circulation et la propagation des
flavivirus. Sachant que le goéland leucophée est présent en milieu
urbain (Sol et al. 1995; Duhem et al. 2008), il est d’autant plus
important de connaitre la propagation des flavivirus si ce virus est
pathogene de I’Homme ou si sa pathogénicité n’est pas bien définie.
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Pour finir, nous avons identifi¢ par test de neutralisation les flavivirus
correspondant aux anticorps maternels détectés. Sachant que des études
antérieures ont montré que des especes de Laridés sont porteur du virus
WN (Komar et al. 2003; Marra et al. 2004), notamment en Espagne
(Figuerola et al. 2007a), du virus Meaban (Chastel et al. 1985a) ou
encore du virus Tyuleniy (Chastel et al. 1983; Chastel et al. 1985b)
notre prédiction était de détecter un ou plusieurs de ces flavivirus.
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Matériel et méthodes

Echantillonnage

De 2009 a 2011, au cours de la saison de reproduction (Mars/Avril), un
ceuf par couvée a été échantillonné dans chacun des 19 sites de
reproduction situés en France (n = 9), Espagne (n = 5), Tunisie (n = 2)
et Algérie (n = 3). Au total, 1 098 ceufs (de 8 a 50 ceufs par colonie) ont
¢été analysés. Un échantillonnage supplémentaire a également été réalisé
dans les colonies ou les anticorps spécifiques aux flavivirus avaient été
détectés. Ainsi, du sérum de poussins de goéland leucophée a été
échantillonné pendant les trois années consécutives (2009 a 2011). Pour
cela, jusqu'a 2 ml de sang ont été prélevés par poussin afin de déceler la
présence d’anticorps spécifiques aux flavivirus. Comme la
concentration en anticorps maternels diminue avec 1'age (Garnier et al.
2012), chaque poussin a été pesé¢ et mesuré afin d’estimer son age.

En paralléle, des tiques Ornithodoros maritimus ont été échantillonnées
sur les poussins de goéland leucophée. Enfin, 34 piéges lumineux a CO,
ont ét¢ mis en place pendant 24h en aolt 2011, afin de capturer des
moustiques de la famille des Culicidae.

Analyses sérologiques

Les jaunes d'ceufs sont séparés de 1'albumen et les anticorps contenus
dans le jaune extraits au chloroforme (Gasparini et al. 2001) et
conserves a -20°C.

Les extraits d'ceufs et le plasma de poussin ont été testés pour détecter la
présence d’anticorps dirigés contre la protéine d'enveloppe (protéine E)
du virus WN. Le kit ELISA commercial (ID Screen® West Nile
Competition, ID VET, Montpellier, France) a été utilisé conformément
aux instructions du fabricant.
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Des tests de neutralisation des anticorps ont été réalisés par Sylvie
Lecollinet (ANSES, UMR1161 INRA, Maisons-Alfort, France) pour
détecter :

i- la présence d’anticorps neutralisants spécifiques aux virus WN
dans certains des ceufs positifs en ELISA choisis aléatoirement
(souche IS-98-ST1 ; n = 74) et dans tous les échantillons de plasma
positifs en ELISA (souche Eg101 ; n = 13) (Figuerola et al. 2007b).

i1- la présence d’anticorps neutralisants spécifiques aux virus
USU (souche SAAR-1776) dans certains échantillons d’ceufs positifs
en ELISA choisis aléatoirement (n = 15).

iii- la présence d’anticorps neutralisants spécifiques aux VET
(souche PRNT90) pour les mémes 15 ceufs que pour le virus USU.

iv- Et enfin la présence d’anticorps neutralisants spécifiques aux
virus Meaban sur un échantillon de 61 ceufs choisis aléatoirement.

Analyses génétiques

Ces analyses ont été effectué¢es par Elena Gémez-Diaz (Institut de
Biologia Evolutiva CSIC UPF, Barcelona, Spain). Les tiques et les
moustiques ont été testés par « reverse-transcriptase nested polymerase
chain reaction » (RT-nested PCR) congu pour détecter le génome a
acide ribonucléique (ARN) (Sanchez-Seco et al. 2005). L’ARN a été
extrait a l'aide d’un kit (Qiagen, Valencia, CA, USA) suivant le
protocole du fabricant. La transcription inverse de 'ARN en ADNc et
I’amplification ont été réalisées en utilisant Access RT-PCR System
(Promega, Madison, WI, USA). Un fragment du géne viral NS5
(143bp) a été amplifié en utilisant des amorces dégénérées dans les
conditions décrites précédemment (Sanchez-Seco er al. 2005). Les
produits de PCR ont été soumis a une €lectrophorese sur gel d'agarose
2% et révélés au bromure d'éthidium. Les produits d'amplification ont
été séquencés par un sous-traitant (Macrogen, Inc.).
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Les chromatogrammes obtenus par séquencage ont été vérifiés
manuellement, puis assemblés a 1'aide du logitiel Geneious v 5.3.6
(Biomatters Ltd). Enfin, une analyse de similitude a été effectuée avec
l'outil Basic Local Alignment Search Tool (BLAST), afin de trouver la
meilleure correspondance avec les séquences publiées dans GenBank
(http://www.ncbi.nlm.nih.gov/).

Analyses statistiques

Les analyses ont été effectuées en utilisant le logiciel R 2.15.0 (R
Development Core Team 2012). L'importance des facteurs dans nos
modeles a été déterminée en utilisant une comparaison de modele basée
sur I’élimination de la derniére variable.

Nous avons utilis¢ des modéeles lin€aires généralisés (GLM) pour
déterminer si la prévalence des anticorps contre les flavivirus differe
entre colonies et entre années.
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Résultats et discussion

Au cours des trois années d'étude, nous avons constaté que les goélands
leucophées ont été exposés a des flavivirus, mais que de fortes
différences de prévalence des anticorps existaient entre les colonies
(Figure 3.1.).

France

Figure 3.1. Carte des colonies échantillonnées dans ['ouest méditerranéen
France (n = 8), Espagne (n =4), Algérie (n = 3) et Tunisie (n =2)

Les croix représentent les colonies ou aucun anticorps contre les flavivirus
n’est détecté ; les ronds signalent les colonies qui présentent des anticorps
contre les falvivirus.

A Tl'exception de la colonie de Medes en Espagne (colonie numéro 10
sur la Figure 3.1.), les niveaux de prévalence observés des anticorps
dirigés contre la protéine E des flavivirus étaient toujours faibles, voire
nuls (Tableau 3.1.).
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Tableau 3.1. Prévalences en anticorps contre les flavivirus détectées dans
les ceufs de goéland leucophée.

Pays Colonie Année  Taille échantillonnage ~ Nombre de postif
1-Plane 2010 20 0
. 2009 32 0
2-Riou
2010 8 0
2009 32 0
3-Frioul
2010 32 0
2009 32 0
4-Carteau 2010 32 0
2011 30 0
France 2009 32 0
5-Besson
2010 32 0
6-Grau-du- roi 2009 32 0
. 2009 32 0
7-Villeneuve
2010 32 0
. 2009 32 0
8-Gruissan
2010 32 0
2009 32 1
9-Correge
2010 32 1
10-Escala 2010 6 4
2009 38 14
10-Medes 2010 49 24
2011 49 33
2009 32 0
11-Ebro delta 2010 29 0
Espagne
2011 30 0
12-Columbretes 2010 50 0
13-Dragonera 2010 39 0
2009 32 0
14-Isla Grosa 2010 32 0
2011 30 0
15-Jijel 2010 31 1
16-Skikda 2010 17 0
Algérie
. 2009 32 0
17-Chetaibi
2010 32 0
Tunisie 18-Djerba 2009 32 0
19-Sfax 2009 32 0
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Sur I’ensemble des 19 sites de reproduction, seule 1’lle de Medes en
Espagne présente un niveau de prévalence élevé des anticorps contre les
flavivirus. En effet, nous avons détecté un grand nombre d’ceufs positifs
en ELISA sur cette ile soit 37%, 49% et 67% respectivement pour 2009,
2010 et 2011. Le niveau de prévalence des anticorps augmente entre
2009 et 2011 (modele linéaire généralisé: Pente = 0,6 ; Erreur std. =
0,2; Z=128; p = 0,004) ce qui suggére une circulation locale des
flavivirus au sein de la colonie.

Les anticorps dirigés contre des flavivirus ont également été détectés
dans 13 des 256 échantillons de plasma de poussin échantillonnés sur
I’1le de Medes. Comme la plupart des poussins étaient agés d’au moins
15 jours, les anticorps détectés sont peu susceptibles d'étre d'origine
maternelle car la concentration de ces derniers décroit rapidement chez
les poussins de Laridés (Garnier et al. 2012). Bien que les tests de
neutralisation n’aient pas détecté d’anticorps contre WN, ces résultats
suggerent une exposition des poussins aux flavivirus apres leur
naissance.

L’ensemble de ces tests ELISA reposent sur la détection d’anticorps
dirigés contre la protéine E des flavivirus. En raison de sa capacité
antigénique a déclencher une réponse immunitaire a I’infection, cette
protéine est couramment utilisée comme antigéne cible pour les
sérodiagnostiques du virus WN (Setoh et al. 2011). Cependant, un des
inconvénients important des tests utilisant la détection de cette protéine
E, est le degré ¢levé de réactivité croisée observée avec d'autres
protéines de flavivirus antigéniquement proches (Cardosa et al. 2002).
Du fait de ces réactions croisées, il est possible de confondre deux
flavivirus antigéniquement proches et il est méme souvent impossible
d’identifier précisément le virus infectant sans test de neutralisation
(Cardosa et al. 2002).
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Afin d’identifier le(s) flavivirus, des tests de neutralisation ont été
réalisés sur les échantillons d'ceufs pour lesquels la circulation
d’anticorps avait ¢été révélée par les tests ELISA. Or, contrairement a
nos prédictions, 1 seul des 74 jaunes d'ceuf testés (Tableau 3.2.)
présentait un effet de neutralisation faible contre le virus WN sur Iile
de Medes (au titre de 1:10). Ce résultat suggere, soit une exposition
passée de la femelle reproductrice a ce virus, soit plus probablement a
une réaction croisée avec un autre flavivirus, sachant que le titre détecté
est faible. Enfin, aucun échantillon ne présente d'effets neutralisants
contre les virus USU et VET. Ces résultats montrent donc que les
go¢lands leucophées adultes de 1’ouest méditerranéen n'ont pas été
récemment exposés aux virus du WN, USU et VET.

Tableau 3.2. Identification des anticorps par test de neutralisation contre
les virus West Nile, Usutu, Encéphalite a tique et Meaban.

Pavs Colonic  Année West Nile Usutu Encéphalite a tique Meaban
Y N (positifs) N (positifs) N (positifs) N (positifs)
. 2009 1(0) 1(0) 1(0) 1(1)
France  9-Correége 2010 100) 1(0) 100)
10-Escala 2010 2(0) 2(0) 2(0) 2(2)
2009 14(0) 2(0) 2(0) 13(13)
Espagne 1 Nedes 2010 22(1) 3(0) 3(0) 22(22)
2011 33(0) 3(0) 3(0) 26 (26)

Afin d'identifier le flavivirus circulant sur la colonie de Medes, nous
avons ¢échantillonné des arthropodes potentiellement vecteurs.
L’analyse des séquences d'ARN extraites des tiques d'oiseaux de mer,
Ornithodoros maritimus, a montré la présence d’une séquence d’ARN
ayant 95% d’homologie avecle géne NS5 décrit comme le virus
Meaban. A partir de ces résultats, des tests de neutralisation contre le
virus Meaban ont été effectués sur 61 échantillons d’ceufs de 1’ile de
Medes. Ce test a montré qu’un effet neutralisant contre le virus Meaban
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est détecté pour I’ensemble des 61 échantillons d’ceufs (Tableau 3.2.),
confirmant que ce virus est bien celui détecté par le test ELISA.

Ce flavivirus n’avait jusqu'alors été détecté et isolé que sur la méme
espece de tique O. maritimus échantillonnée sur la cote atlantique
francaise (Chastel et al. 1985a). Cette tique infeste 90% des nids de
goélands dans sur I’ile de Medes (EstradaPena et al. 1996), elle est
aussi présente sur plusieurs autres colonies échantillonnées, et pour
lesquelles aucun anticorps spécifiques aux flavivirus n'a été détecté (par
exemple, Riou, Porquerolles et Leucate; K.D. McCoy et R. Garnier,
observations personnelles). Par conséquent, d'autres facteurs
environnementaux spécifiques aux iles Medes pourraient favoriser
l'exposition des goélands leucophées au virus Meaban. La détection
ciblée des niveaux de prévalence d’anticorps détecté sur I’ille de Medes
ne peut étre expliquée que par les mouvements limités des vecteurs
infectés et/ou les goélands virémiques. De récentes études ont montré
que la dispersion des O. maritimus peut se faire sur de longues
distances via les mouvements des oiseaux marins (Gomez-Diaz et al.
2012). Bien que le goé¢land leucophée soit relativement fidele a son site
de reproduction (Oro 2008), les adultes peuvent effectuer des
mouvements hivernaux le long de la cote atlantique et dans le bassin
méditerranéen (Cramp et al. 1983). Ils peuvent également effectuer des
mouvements plus limités de prospection alimentaire ou entre colonies
(Oro et al. 1995). L’ensemble de ces mouvements peuvent permettre la
dispersion des O. maritimus et du virus Meaban (McCoy et al. 2005;
Gomez-Diaz et al. 2012). La dispersion du virus Meaban n’est donc pas
a négliger sachant que sur les trois échantillons détectés positifs en
anticorps contre les flavivirus : un échantillon sur la colonie de Jijel en
Algérie en 2010 et les deux autres sur la colonie de Corrége en France
(un en 2009 et un en 2010 Tableau 3.1.), les tests de neutralisation ont
permis de détecter la présence d’anticorps neutralisant contre le virus
Meaban pour 1’un des échantillons de Correge(Tableau 3.2.).
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Enfin, en ce qui concerne les quatre échantillons de I’Escala détectés
positifs en anticorps contre les flavivirus, deux d’entre eux (les deux
seuls testés) présentaient des anticorps neutralisant contre le virus
Meaban. Les ceufs échantillonnés au village de I'Escala pourraient donc
refléter la colonisation urbaine par les goélands originaires de I’ile de
Medes (a seulement 11km). Cependant, si la persistance des anticorps
maternels contre le virus Meaban est longue (plus d’une année), les
ceufs positifs détectés dans le village de 1’Escala pourrait étre liée a une
exposition pass€¢ des femelles sur I’ile de Medes et non pas a la
présence du vecteur. Dans ce cas de figure, le virus ne circulerait peut-
étre pas en milieu urbain. Dans les deux cas, des axes de recherche
restent & explorer, comme déterminer le temps de persistance des
anticorps contre le virus Meaban ou encore mettre en place des
échantillonnages de tiques dans les nids de goé¢land de 1’Escala afin de
comprendre les implications de la circulation des agents pathogenes
dans les habitats urbains. En effet, il est crucial de comprendre les
implications de la dispersion en milieu urbain sachant que peu de
données sont disponibles sur le potentiel zoonotique du virus Meaban
(Chastel et al. 1983). L’¢étude de Chastel et al. 1983 n’a pas permis de
détecter d’anticorps neutralisant contre le virus Meaban dans
I’ensemble des 562 sérums collectés chez des humains vivant en
Bretagne. Cependant, ces données ne sont pas suffisantes pour conclure
sur la capacité zoonotique du virus Meaban.

Conclusion

Notre étude rapporte la premiere détection du virus Meaban dans le
bassin méditerranéen. En dépit d'un effort d'échantillonnage a large
échelle (19 colonies dans 4 pays), les anticorps contre ce flavivirus n'ont
été détectés que sur I’ile de Medes en Espagne. Nos résultats suggerent
donc que les goélands leucophées peuvent localement favoriser la
circulation des flavivirus, y compris le virus Meaban dont le potentiel
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zoonotique est inconnu (Chastel et al. 1985a). Afin de déterminer les
hétes potentiellement impliqués dans la circulation du virus Meaban et
d’évaluer plus précisément sa dispersion en Méditerranée, de futures
investigations pourraient cibler d’autres especes d'oiseaux nichant a
Medes et la structure génétique des populations de tique.

-71 -



-72 -



Conclusion générale et perspectives

Les anticorps maternels, un outil de surveillance efficace

Le premier objectif de ma thése était de mettre en exergue la
quantification des anticorps maternels dans les ceufs comme un outil
efficace pour comprendre la circulation des agents pathogénes (Article
2). Pour optimiser la surveillance en population naturelle, cet outil
pourrait étre utilisé en complément de méthodes de détection directe ou
d’enquétes sérologiques (Pearce-Duvet et al. 2009). Cette approche
pourrait, par exemple, étre intégrée aux études portant sur des especes
sentinelles comme le suivit du canard colvert en France, espéce
sentinelle des virus IA (Hars ef al. 2011) ou de la pie bavarde, espece
sentinelle du virus WN (Hars et al. 2005; Jourdain et al. 2007; Jourdain
et al. 2008). L’enquéte sérologique présentée dans 1’Article 6 met en
évidence la circulation récente chez la pie bavarde du virus WN et
potentiellement d'autres flavivirus étroitement apparentés, bien
qu’aucun cas humain ou équin n’ait été signal¢ en Camargue depuis
2004 (Calistri et al. 2010). Cette ¢étude démontre |’'importance
fondamentale de mettre en ceuvre des suivis épidémiologiques sur le
long terme, afin de mieux comprendre la dynamique virale au sein des
populations naturelles (Krauss et al. 2012; Rutten et al. 2012).
Cependant, les suivis sur le long terme impliquent un travail et des
colits importants. La quantification d’anticorps maternels pourrait alors
permettre de cibler, rapidement et & moindre colt, les populations a
risque et d’y établir des analyses complémentaires pour appréhender les
facteurs éco-épidémiologiques influencant la circulation d’agents
pathogenes.
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Dynamique des agents pathogénes en population naturelle

Le second objectif de ma these était d’améliorer notre compréhension
de la circulation des agents pathogeénes en mettant en évidence les
facteurs éco-épidémiologiques pouvant influencer leurs dynamiques.
Pour cela, nous avons déterminé les patrons d’exposition a 1’échelle de
I’ouest méditerranéen pour les virus IA (Article 3 et 4) et le virus
Meaban (Article 5).

Les virus TA présentent des patrons d’exposition élevés sur I’ensemble
des colonies. La densité de population ou la proximité avec les canards
colverts sont potentiellement des facteurs favorisant la circulation des
virus IA (Articles 3 et 4). Pour ce qui est de I’age des individus de la
population, aucune corrélation entre le volume moyen des ceufs au sein
des colonies (indicateur de I’age et de la qualité de la mere) et les
prévalences d’anticorps n’a été détectée, ce qui suggere que (i)
l'exposition est indépendante de 1'dge, ou que (i7) le patron d’exposition
li¢ a I’age est masqué par la persistance relativement longue des
anticorps au cours du temps. La persistance des anticorps spécifiques
aux virus IA n'a jamais été évaluée chez les Laridés. Ceci est sans doute
li¢ a la difficulté¢ de contrdler I’exposition des individus en population
naturelle (Staszewski et al. 2004). Des expériences de vaccination des
goélands pourraient donc étre mises en place sur des populations
captives. Pour déterminer le temps de persistance des anticorps, il
faudrait alors, aprés vaccination, échantillonner de fagcon répétée les
individus sur un temps relativement long. Les individus pourraient
également étre vaccinés avec différents sous-types de virus IA pour
déterminer si le temps de persistance varie en fonction du sous-type.

Pour le virus Meaban, sachant que la tique O. maritimus est présente
dans les nids de nombreuses colonies de goélands leucophées
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¢chantillonnées (EstradaPena et al. 1996 ; K.D. McCoy et R. Garnier,
observations personnelles), notre prédiction était donc de détecter des
patrons d’exposition homogenes entre les colonies. Or, sur ’ensemble
des sites de reproduction échantillonnés, seule 1’ile de Medes présente
une forte prévalence en anticorps contre le virus Meaban. Il serait donc
nécessaire de déterminer s’il existe des facteurs physico-chimiques (e.g.
la température, I’hygrométrie, efc.), intrinséques a cette colonie, qui
pourraient favoriser le développement du virus sur I’ille de Medes. La
présence d’autres réservoirs pourraient aussi €tre impliqués dans la
circulation localisée du virus. La tique O. maritimus a été détectée sur
d'autres espéces aviaires tel que le cormoran huppé d’Europe
(Phalacrocorax aristotelis) qui niche sur les cotes de la péninsule
ibérique (Nuttall er al. 1984). Ces investigations sur les hotes
potentiellement impliqués dans la circulation du virus Meaban
permettraient d’évaluer plus précisément la dispersion de ce virus en
Méditerranée.

Dans les études menées sur les virus [A et Meaban, les prévalences en
anticorps  augmentent  significativement entre les  années
d’échantillonnage ce qui suggere que le goéland leucophée est
régulierement exposé a ces virus. Cependant, ces résultats se basent sur
deux a trois années d’échantillonnage, et restent donc a confirmer sur le
long terme (Krauss et al. 2012; Rutten et al. 2012). De telles
investigations permettraient notamment de déterminer, a I’aide d’outils
de modélisation mathématique, le taux de transmission nécessaire pour
maintenir les niveaux de prévalence observés. Pour cela, il faudrait
connaitre au préalable le temps de persistance des anticorps contre les
virus IA et Meaban.

Plus spécifiquement pour les virus IA, sachant qu’on détecte de fortes
prévalences des anticorps dans les ccufs mais que relativement peu de
ces échantillons ont des anticorps spécifiques aux sous-types H13 et
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H16, on peut présumer que d’autre sous-types, qui n’ont pas ¢été
identifiés dans ces travaux, circulent dans la population de goélands
leucophées. Leur identification pourrait améliorer nos connaissances sur
les sous-types circulant en Méditerranée. Le sous-type HION7 a, par
exemple, été détecté chez les canards colverts en Camargue (Vittecoq et
al. 2012). L’une des souches de ce sous-type est responsable d’une
épizootie dans des ¢levages de dindes aux Etats-Unis (Karunakaran et
al. 1983) et d’infections bénignes chez 'Homme notamment en Egypte
et en Australie (Alvarado de la Barrera ef al. 2005). Cette souche fait
partie du méme cluster que celle détectée chez les canards en Camargue
(Vittecoq et al. 2012). Or, le goéland leucophée est connu pour partager
les méme habitats que le canard colvert (Cramp et al. 1983) sur lequel il
a une action de prédation (Tamisier ef al. 1999). Le goéland peut donc
étre infecté par le sous-type HION7 ou tout autre sous-type circulant
chez les Anatidés, via I’eau douce contaminée par les feces (Hinshaw et
al. 1982; Brown et al. 2009), par contact direct avec un canard (Costa et
al. 2011) ou par la consommation de canards contaminés (Brown et al.
2008).

La mise en évidence des facteurs éco-épidémiologiques permet
d’améliorer notre compréhension de la circulation des agents
pathogénes entre et au sein des populations de goélands et ainsi établir
une évaluation du risque d’émergence. Ces connaissances sont d’autant
plus importantes que le goéland leucophée est une espéce en contact
avec I’Homme (Sol ez al. 1995; Duhem et al. 2003).
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Le goéland leucophée, modéle pertinent pour étudier la
dynamique des agents pathogénes en population naturelle

Le goéland leucophée est trés présent dans les milieux urbains (Sol et
al. 1995; Duhem et al. 2003). Dans I’Article 4, nous avons détecté la
présence d’anticorps maternels contre les flavivirus dans les ceufs
¢échantillonnés au village de I'Escala. Cependant, détecter la présence
d’anticorps maternels contre ce virus ne refléte peut-étre pas sa
circulation en milieu urbain. En effet, suivant le temps de persistance
des anticorps chez la mere, elle pourra transférer des anticorps
maternels pendant une durée plus ou moins longue. Les anticorps
maternels contre le virus Meaban pourraient donc provenir d’une
exposition passée des femelles sur I’ile de Medes, qui auraient ensuite
colonisé le milieu urbain. Le virus ne circulerait alors pas dans le
village de I’Escala. Pour mettre en évidence la circulation du virus
Meaban en milieu urbain et I’implication du goéland leucophée dans
cette circulation, il faudrait donc déterminer le temps de persistance des
anticorps chez la meére contre ce virus. La mise en place un
échantillonnage de tique dans les nids de goé¢land du village de I’Escala
pourrait également permettre de confirmer la présence du vecteur. Ces
tiques pourront ensuite étre analysées afin de rechercher le virus
Meaban. Sachant que la capacité zoonotique du virus Meaban n’est pas
bien documentée (Chastel ef al. 1983), il est d’autant plus intéressant de
rechercher sa présence en milieu urbain.

Le goéland leucophée peut également étre porteur de bactéries
résistantes aux antibiotiques (Dolejska et al., 2007; Gionechetti et al.,
2008; Bonnedahl et al., 2009). Dans la région méditerranéenne, dont la
France, l'utilisation des antibiotiques en médecine humaine et
vétérinaire est a un niveau relativement ¢élevé (Goosens et al., 2005).
L’¢étude de Bonnedahl et al. (2009) a permis notamment de détecter un

-77 -



niveau important de résistance aux antibiotiques chez des E. coli isolés
de goéland leucophée, notamment sur la colonie de Carteau
échantillonnée dans notre étude. Les goélands peuvent alors jouer un
role non seulement de réservoir mais aussi de vecteurs disséminant des
bactéries antibio-résistantes au gré de leurs déplacements (Reed et al.
2003; Bonnedahl et al. 2009). D’autres bactéries zoonotiques, telles que
les salmonelles ou les campylobacters, connues pour persister sur les
aliments souillés dans les décharges a ciel ouvert (Ramos et al. 2010) et
résistantes suite a une exposition prolongée a des antibiotiques dans les
¢levages intensifs (Perron et al. 2008) pourraient également Etre
recherchées chez le goéland leucophée. Le goéland pourrait alors étre
utilisé comme un bio-indicateur d’agents pathogénes et/ou de génes de
résistance (Bonnedahl et al., 2009).

Enfin, le goéland leucophée est une espéce connue pour s’alimenter
dans les décharges a ciel ouvert ou par les rebuts de la péche industrielle
(Sol et al. 1995). L'abondance et la nature des ressources alimentaires
d'origine anthropique peuvent avoir des impacts variés sur les
populations de goélands. En effet, ces ressources déterminent souvent le
choix des sites de nidification (Scarton et al. 1999) et conduisent donc a
une augmentation des taux de recrutement liés a un meilleur succes
reproducteur (Pons et al. 1995; Duhem et al. 2008). Ce recrutement de
nouveaux individus correspond a ’arrivée d’individus susceptibles ou
porteurs de nouveaux pathogenes, favorisant ainsi la circulation
d’agents pathogenes (Begon et al. 2009). Le nombre d’individus
susceptibles au sein d’une population va donc déterminer la capacité du
parasite a circuler. L’immunité est, par conséquent, un parametre
important a ne pas négliger.
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Réle des facteurs intrinséques de I'immunité

La wvariabilit¢ du systtme immunitaire est une notion clé pour
comprendre la circulation des agents pathogénes car elle explique en
partie les différences de charge et de susceptibilité entre les individus
(Frank 2002; Boulinier ef al. 2008).

Le transfert d’anticorps maternels est probablement coliteux car il est
associ¢ a la production d’une réponse immunitaire chez la mere
(Lochmiller et al. 2000). Son évolution pourrait donc conduire a des
stratégies d’allocations différentes entre les individus (Ricklefs et al.
2002). C’est peut étre pour cela que sur la régression linéaire présenté
dans I’Encadré 4, certaines femelles qui ont beaucoup d’anticorps
circulants en transmettent beaucoup dans les ceufs (points entourés d’un
cercle rouge) tandis que d’autres n’en transmettent que trés peu (points
entourés d’un cercle noir). La variabilité génétique entre les femelles
pourrait en partie expliquer ces différences de tendance a transférer des
anticorps maternels. De tels travaux en population naturelle sont
difficiles car ils doivent étre réalisés sur le long terme (Charmantier et
al. 2008) pour suivre et échantillonner des individus sur plusieurs
générations et qu’il faut connaitre 1’apparentement entre les individus
(Kruuk 2004). Cependant, aucun programme de sélection n’a encore été
mené pour déterminer si la capacité de la mére a transmettre ses
anticorps au jaune d’ceuf a bien une base génétique.
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Encadré 4. Régression linéaire entre la quantité d’anticorps circulant dans
le sang des femelles et la quantité d’anticorps maternels dans leurs ceufs.

Les femelles qui ont un fort taux d’anticorps circulant, peuvent en transférer
beaucoup (cercle rouge) ou treés peu (cercle noir).
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Enfin, les conditions environnementales affectent clairement le
développement du systéme immunitaire (Lochmiller ef al. 1993). Outre
les besoins quantitatifs en termes d’énergie associée a sa mise en place,
a son maintien en activité et au développement de réponses spécifiques
(Lochmiller et al. 2000), des besoins qualitatifs en termes de nutriments
vont aussi rendre le systéme immunitaire tributaire de I’environnement
dans lequel vivent les individus. Les contraintes nutritives peuvent
altérer la qualité du systéme immunitaire mais aussi modifier la quantité
d’anticorps maternels transmis a la descendance (Lochmiller et al.
1993). Comparons une femelle qui a accés a une grande quantité de
nourriture a une autre femelle vivant dans un environnement qui ne lui
fournit pas les apports nutritionnels suffisants. Contrairement a la
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femelle dite de mauvaise qualité, celle qui peut avoir un accés a une
grande quantit¢ de nourriture devraient avoir 1’énergie nécessaire a la
synthése d’une plus grande quantit¢ d’immunoglobuline et en
transmettra plus a sa descendance (Grindstaff et al. 2003; Grindstaff et
al. 2005). La qualit¢ des femelles est souvent estimée par le niveau
d’asymétrie fluctuante c’est-a-dire I’incapacit¢ de I’individu a se
développer normalement du fait d’un acces plus limité aux ressources
alimentaires (Moller 2006). Dans 1’Article 6, nous avons mis en
évidence que la quantité d’anticorps maternels détectés dans les ceufs de
go¢land leucophée dépend de la qualité de la mere, estimée par son
asymétrie fluctuante.

Cette thése apporte des éléments pour comprendre la circulation de
certains virus en populations naturelles et le réle potentiel du goéland
leucophée dans la dynamique virale. Les approches éco-
épidémiologiques abordées dans les différents chapitres ne sont pas
limitées aux virus [A ou au virus Meaban mais peuvent étre
transposables a d’autres agents pathogenes. Les résultats obtenus dans
cette theése permettent d'envisager d’autres axes de recherche
nécessaires pour évaluer plus précisément la dispersion de ces virus en
Méditerranée. Ces travaux futurs pourront alors étre optimisés par
différentes disciplines : écologie, ¢épidémiologie, immunologie ou
encore ornithologie. En effet, seule une approche intégrée des
problémes de santé permettra une parfaite compréhension de la
dynamique des agents pathogenes.
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Abstract

Highly pathogenic avian influenza viruses remain of great concern
worldwide due to their economic impacts and the threat they represent
to human health. Anatidae and Laridae are two taxa that contain the
main natural reservoir hosts of avian influenza viruses (AIVs). Species
belonging to these families may act as important epidemiological links
between wildlife, domestic birds, and humans. They represent key
interfaces between their epidemiological compartments: wildlife,
domestic birds and humans. In order to prevent and control emerging
infectious diseases, it is very important to address all potential
reservoirs. However, the potential relevance of Laridae to AIV
dynamics has remained unexplored. Here, we aim to shed light on
current knowledge about AIVs in Laridae using an evolutionary
approach, and explain why this group may represent a reservoir that
should not be neglected. We focus on the three main steps of all
parasitic cycles: transmission, multiplication and propagation. We point
out the ecological differences that exist between Laridae and Anatidae
and that could explain the preferential transmission route differences
detected and the evolution of specific AIV subtypes in Laridae. Second,
we stress the variability in temporal patterns of AIV exposure in
Laridae and discuss the role of immunity in shaping these patterns.
Third, we highlight the important role Laridae may play in
intercontinental exchanges of AIVs. Fourth, we emphasize that Laridae
occupy an important epidemiological position at the interface between
wildlife, domestic birds, and humans. We conclude by encouraging
transdisciplinary research and propounding the need for further progress
in understanding AIV dynamics.

Keywords

Gull, terns, evolutionary ecology, life history traits, dispersal.
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I. Introduction

Over the last decades, human activities including animal rearing
practices, land use changes, and commercial transport have given
pathogens more opportunities to infect new hosts (Harvell et al. 1999;
Patz et al. 2004; Lebarbenchon et al. 2008; Lebarbenchon et al. 2010).
Such opportunities have led to the emergence of numerous infectious
diseases in domestic animals and humans, most of which were
originally circulating in wildlife (Daszak et al. 2000; Gortazar et al.
2007). As an example, at the beginning of the century, SARS Heymann
et al. 2004; Peiris et al. 2004; Wang et al. 2007 and Ebola (Leroy et al.
2005; Pourrut et al. 2005) were pathogens of fruit bats yet caused
outbreaks in humans in Asia and Africa. These emergences were
eventually linked to anthropogenic activities, in particular the
consumption and trade of bushmeat. Thus, understanding pathogen
dynamics in natural reservoirs is a critical part of protecting the health
of humans and domestic animals.

Highly pathogenic avian influenza viruses (HPAIVs) provide a good
example of pathogens emerging from wildlife that are of great concern
worldwide due to their economic impacts and the threat they represent
for human and animal health (Li et al. 2004; Chen et al. 2005; Ferguson
et al. 2005; De Wit et al. 2008). Avian influenza viruses (AIVs) are
classified into different subtypes of the form HxNy based on their
combination of two surface proteins, Hemagglutinin (H1-17) and
Neuraminidase (N1-9), which are important targets for the immune
system (Webster et al. 1992; Earn, Dushoff & Levin 2002; Olsen ef al.
2006; Tong et al. 2012). Low pathogenic avian influenza viruses
(LPAIVs) that circulate in poultry can evolve into more virulent
HPAIVs; one example includes HSN1 HPAIV strains, which cause high
mortality rates in poultry (Toshihiro Ito et al. 2001; Camille
Lebarbenchon 2010). To date, only HS and H7 subtypes are known to
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be able to evolve from low to high pathogenicity in this system
Alexander 2000; Banks et al. 2001; Fouchier et al. 2007.

Wild waterbirds, in particular Anseriformes (mainly Anatidae:
ducks, geese, and swans) and Charadriiformes (Charadriidae and
Scolopacidae: waders; Laridae: gulls and terns), are the natural
reservoirs of LPAIVs, which generally cause no or few symptoms in
their hosts Webster e al. 1992; Alexander 2000. Nevertheless, their
impact may be exacerbated by other infections or environmental
conditions, potentially resulting in delayed migration or weight loss
(Latorre-Margalef et al. 2009). Most combinations of the two surface
proteins have been found in Anseriformes and Charadriiformes
(Webster et al. 1992; Earn, Dushoff & Levin 2002; Olsen et al. 2006),
except for H17, which was recently discovered in bats (Tong et al.
2012). Phylogenetic analyses suggest that influenza viruses have
evolved from an initial aquatic bird reservoir into host-specific lineages
(Horimoto & Kawaoka 2001). Because they host a high diversity of
virus subtypes, wild waterbirds have been and are still a source for
viruses that can evolve specificity for domestic species and humans.

For various reasons, including the ease with which hunted species
can be sampled as well as high contact rates between wild ducks and
poultry, most epidemiological studies have focused on AIV circulation
in Anatidae, whereas much less attention has been given to
Charadriiformes (Fig. 1). Nevertheless, in order to anticipate and
respond to the emergence of new viruses, it is essential to be better
informed about virus circulation within wild reservoirs, without
neglecting any key species (Haydon et al 2002). Among
Charadriiformes, waders (Charadriidaec and Scolopacidae) can be
distinguished from gulls and terns (Laridae) (IOC 2012). Surveillance
activities performed at other geographical locations, such as in Europe,
Alaska, and Australia, found AIV circulation in wader populations to be
limited (Hurt et al. 2006; Munster et al. 2007; Winker, Spackman &
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Swayne 2008; Hanson et al. 2008; Munster & Fouchier 2009).
Knowing that AIV circulation in waders appears to be restricted
(Stallknecht & Brown 2007), we focused in this review on the Lariae
group.

The Laridae family comprises 102 species, some of which are
present on every continent and ocean, e.g., the Arctic tern (del Hoyo
1996)(I0C 2012). In the Laridae family, there is variability in species
ecology (Table 1). Some Laridae species that may carry AIVs are long
distance migrants, abundant in freshwater habitats which are favourable
to AIV persistence (Brown ef al. 2009), and in contact with humans and
domestic animals, which highlights the potential value of this group in
veterinary and public health. The aim of this review is to shed light on
the current knowledge about influenza viruses in Laridae using an
evolutionary approach and explain why they represent an AIV reservoir
that should not be neglected. To achieve this goal, we focused on the
three main steps of all parasitic cycles: transmission, multiplication and
propagation (Choisy 2010).

I1. Preferential transmission routes

Transmission of LPAIVs in wild waterfowl is mainly fecal/oral,
individuals are infected when they ingest water contaminated by feces
(Webster et al. 1992). Aerial transmission may also occur (Costa et al.
2011). To enter host cells and then replicate, LPAIVs need to attach to
receptors displayed at the surface of target cells. Most receptors are
glycans terminating in sialic acids (SAs) (Suzuki 2005; Nicholls et al.
2008). Two main types of SA receptors are distinguished depending on
the linkage between the terminal SA and the glycan chain: the a2,3-
linked SA, which is known to be present in the mallard trachea and
colon, and the 02,6-linked SA, which is present in the human upper

respiratory tract. Virus histochemistry studies suggest that a2,3-SA-
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linked receptors are present in both the intestinal and respiratory tracts
of some Laridae species. Furthermore, mallard H6N1 virus has been
shown to attach to both Herring (Larus argentatus) and Franklin’s gull

(Leucophaeus pipixcan) intestinal and respiratory tract cells (Ellstrom et
al. 2009; Jourdain et al. 2011).

However, LPAIV replication appears to take place in different sites
in the two groups and shedding patterns are different, which may
subsequently impact the likelihood of transmission between them. In
mallards, LPAIV replication predominantly occurs in the intestinal
tract, and high concentrations of infectious virus are shed in feces
(Webster et al. 1978; Ellstrom et al. 2008), even if oropharyngeal
excretion is also observed (Ellstrom et al. 2008; Fereidouni ef al. 2010;
Jourdain et al. 2010; Costa et al. 2011). In contrast, in laughing gulls
(Leucophaeus atricilla), LPAIVs are primarily shed via the oropharynx,
suggesting that viral replication in the upper respiratory tract should not
be neglected in Laridae (Costa et al. 2011). In Franklin’s gulls (Larus
pipixcan) and laughing gulls (Leucophaeus atricilla), experimental
infection revealed that virus was shed via the oropharynx for up to 24
days (Bahl & Pommeroy 1977; Costa et al. 2011).

There are also important ecological differences between Laridae and
Anatidae. Because the two groups often share wetlands, they
theoretically could become infected through direct contact or
contaminated fresh water (del Hoyo 1996). However, Laridae
alimentation is distinct from that of Anatidae, which are herbivorous or
granivorous and forage in freshwater to feed on plants. Laridae feed on
invertebrates and fish, and some opportunistic species can even eat sick
or dead birds, thus favoring the direct transmission of AIVs (Brown et
al. 2008). Also, for Laridae species that feed exclusively in saltwater,
the transmission through water may be impaired since high salinity is
unfavorable to LPAIV persistence (Stallknecht ef al. 1990; Brown et al.

2009).
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As a consequence of these ecological differences, an alternative AIV
transmission route for AIV may be evolutionarily maintained in this
group. Because of the high density of individuals in breeding colonies,
contact rates may also be higher, facilitating direct aerial transmission
of viruses. In contrast, because of the adverse effects of salinity on
LPAIV persistence, orofecal transmission could be infrequent in coastal
habitats in which gulls and terns forage.

The maintenance of differential transmission routes could explain the
evolution of different subtypes in the two taxonomic groups. Indeed,
specific AIV-subtypes H13 and H16 are almost exclusively maintained
in gull populations (Hinshaw et al. 1983; Kawaoka et al. 1988;
Yamnikova et al. 2003; Fouchier ef al. 2005; Olsen et al. 2006), while
accounting for a small proportion of the AIVs found in other avian taxa,
including Anatidae (Sivanandan ef al. 1991; Munster et al. 2007). Gull
viruses H13 and H16 have gene segments that are genetically distinct
from those of other AIV viruses that circulate in different wild bird
hosts, which suggests that these subtypes diverged from other LPAIVs
relatively recently (Webster et al. 1992), although long enough ago to
allow genetic differentiation (Munster & Fouchier 2009).

Although available data are consistent with this scenario, further
investigations are clearly needed to confirm these hypotheses.
Whenever possible, both cloacal and oropharyngeal swabs should be
collected, which will provide information about the respective
importance of these transmission routes in Laridae and Anatidae.
Further experimental studies are also needed to directly examine AIV
transmission in wild birds. In particular, future work on birds should be
guided by already published work on influenza virus transmission
between mammals in controlled conditions (e.g., [22-24]). Studies
should investigate aerial, water-borne, and contact transmission
dynamics of the strains associated with both Anatidae (e.g., H4 or H7)

and Laridae (H13 or H16).
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III Temporal variability in AIV infection patterns

Phylogenetic analyses suggest that influenza viruses have evolved
from the aquatic bird reservoir into host-specific lineages (Horimoto &
Kawaoka 2001). Within this bird reservoir gull specific lineages (H13
and H16) have evolved into a distinct group.

In Anatidae, AIV dynamics follow a clear seasonal pattern. Infection
peaks are observed in the late summer or at the beginning of fall in both
North America and Europe (Webster et al. 1992; Wallensten et al.
2007; Lebarbenchon et al. 2010). These peaks are thought to be
primarily linked to the presence of large numbers of juveniles, which
gather during and after their migration to wintering grounds and are
immunologically naive (Olsen et al. 2006). These infection peaks
detected in Anatidae could also be predicted to occur in Laridae.
However, current data do not support the existence of a parallel
temporal infection pattern. For example, in the Delaware Bay (North
America), where a large AIV surveillance program is in place (877
Laridae sampled), most positive samples have been collected during the
breeding period in May (Hanson et al. 2008). In contrast, in Northern
Europe, infection rates in the 2,602 Laridae sampled were highest from
June to August, and AIVs were not detected at all in many colonies
during the breeding season (Munster ef al. 2007). Furthermore, punctual
infection peaks are seen in gull chicks but not in duck chicks, for which
no data exist concerning natural LPAIV infection (Fouchier et al. 2005;
Velarde et al. 2010). Infection rates reported in Laridae are generally
lower than those detected in Anatidae. Olsen et al. (2006) reported a
mean AIV prevalence level of 1.4% in gulls (n = 14505) and 9.5% in
ducks (n = 34503). Considering these low prevalence levels in Laridae,
sample sizes need to be very large to detect seasonal patterns, which
could explain why no similar infection peak has yet been detected in
this group. The infection peak detection may also depend on the

species, the virus subtype, or the environment studied.
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The average life span of birds in the two families, and thus the
chance to acquire immunity, may explain the differences in temporal
infection patterns. Laridae are generally long-lived birds, while the
lifespan of Anatidae is usually short. This difference is even greater for
duck and goose species that are hunted, such as the mallard (4nas
Platyrhynchos), which is the main natural host species for AIVs
(Stallknecht & Brown 2007). As an example, mean annual survival
rates in North American and European adult Mallards are about 50%
Schekkerman et al. 2008 while they usually reach 90% in adult gulls
(Altwegg et al. 2007; Breton, Fox & Chardine 2008).

This difference in life spans might influence the immunity developed
in Anatidae and Laridae populations and consequently modify AIV
dynamics. On one hand, a long lifespan favors the development of
acquired immune responses, and the protection afforded by these
responses is supposed to last longer than in short-lived birds (Lee
2006). On the other hand, the establishment of a strong acquired
immune response in adults may have an impact on the offspring by
inducing a strong transfer of maternal antibodies in chicks through egg
yolks (Gasparini et al. 2001; Boulinier & Staszewski 2008). Thus, the
low prevalence levels of AIV observed in Laridae could be due to
stronger/longer immune responses, linked to longer lifespan. This
pattern could be reinforced by the fact that only two AIV-subtypes
(H13/H16) are predominant in Laridae, potentially reducing the
diversity of antibodies needed, while subtypes are much more diverse in
Anatidae (e.g.Munster et al. 2007). Indeed, AIV antibodies seem to be
subtype specific in birds even if cross-immunity exists between related
subtypes (based on the molecular sequencing of the hemagglutinin and
neuraminidase genes; Latorre-Margalef 2012; Fereidouni et al., 2010)
or non-related subtypes (Jourdain ef al. 2010).

Although few data on immunity in Laridae are available, serological

studies thus far support that the idea that immunity may be play a more
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important role in gulls. AIV seroprevalence levels are high and
infection rates are low in Laridae populations (De Marco et al. 2005;
Velarde et al. 2010). The few studies that have sought to determine the
duration of antibodies persistence tend to confirm that they last longer
in Laridae than in Anatidae. A study of pink-footed geese (Anatidae:
Anser brachyrhynchus) showed, using ELISA tests, that LPAIV-
specific antibodies persisted 343 days on average (Hoye ef al. 2011).
Experimental infection of mallards with different LPAIV strains
demonstrated, using ELISA tests, that a strong immune response is
detectable after viral inoculation, but that this response lasted less than a
year in 88% of the ducks studied (Fereidouni ef al. 2010). The duration
of any anti-influenza antibodies in Laridaec has yet to be assessed.
However, a study focusing on another pathogen naturally circulating in
Laridae colonies, Borrelia burgdorferi, showed an interannual
persistence of detectable antibodies levels in a wild population of black-
legged kittiwakes (Rissa tridactyla) (Staszewski et al. 2007b). Indeed,
this species are primarily inhabit marine environments, which may limit
their re-exposure to AIVs. Additionally, one year after vaccination
against Newcastle disease (a pathogen not naturally encountered by the
study population), 13 black-legged kittiwakes still had high levels of
NDV-specific antibodies (Staszewski et al. 2007a). Moreover, a strong
correlation between antibody titers in egg yolks and maternal plasma
was observed (Staszewski et al. 2007a). Furthermore, the detection of
AIV specific antibodies in 14% of the eggs sampled in French yellow-
legged gull colonies (Larus michahellis; n = 466) tend to confirm that
such transfers could influence AIV infection dynamics in Laridae
populations (Pearce-Duvet et al. 2009).

Knowledge about AIV immune responses in wild birds remains
scarce, and we are still a long way from fully understanding the
mechanisms underlying AIV dynamics. Experimental infection studies
are needed to clarify the course of AIV-specific immune responses at
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the individual scale. An adapted study design, that includes the rearing
of Laridae chicks in the lab, should allow reveal the duration of
protection afforded to chicks by maternal antibodies, which appears to
play an essential role in temporal dynamics of AIVs. Long-term
experimental infections would allow us to assess the persistence of
antibodies against AIVs and their variability across Laridae and
Anatidae species after single or successive LPAIV infections. AIV
studies designed to follow host populations throughout their annual
cycle should be implemented and include both virological and
serological sampling to shed light on the temporal dynamics of both
infection and immunity.

IV Spatial patterns of AIV dynamics

It is possible that some Laridae species maintain a circulation of
AlVs due to their ecology, which limits contact with other species. Yet,
data are too scarce to confirm the existence of such an independent
cycle. Indeed, AIV studies generally target a few species. For the 102
Laridae species known, epidemiologic data on AIV circulation is only
available for 20 of them (Tab. 2).

Most existing studies tend to show that LPAIV dynamics emerge at
the community rather than the population level. Indeed, previous
studies investigating the effect of host species, geographic location, and
sampling time on AIV prevalence levels across broad geographic areas
and time scales found weak support for a species effect but evidence for
phylogenetic clustering by space and time (Chen & Holmes 2009;
Pearce et al. 2009; Ramey et al. 2010). As a result, transmission and
reassortment of AIVs between species may be frequent (Chen &
Holmes 2009; Pearce et al. 2009; Ramey et al. 2010; Reeves et al.
2011).
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In North America, Anatidae migration flyways seem to represent
important barriers to geneflow among LPAIVs (Lam et al. 2012).
Similarly, molecular analyses of LPAIVs isolated from waterbirds
(mostly Anatidae) revealed substantial levels of sequence divergence
between Eurasian and North American strains due to the geographic
separation (Ito ef al. 1991; Kawaoka ef al. 1998; Suarez & Perdue 1998;
Widjaja et al. 2004; Olsen et al. 2006). A few Anatidae species, like
Northern pintails (Anas acuta) and Steller’s eiders, (Polysticta stelleri)
have been identified as potential agents of exchange for Eurasian and
American AlV strains, due to their migration routes and the isolation of
intercontinental AIV reassortants in some individuals (e.g Pearce et al.
2009; Ramey et al. 2010). In contrast, numerous Laridae species
undergo intercontinental migration, not only between Eurasia and North
America, but also from North America to South America and from
Eurasia to Oceania (del Hoyo 1996; Elphick 2007; Winker & Gibson
2010). Such movements appear to result in intercontinental AIV
exchange. Most of the intercontinental reassortants that have been
identified to date have been found in Laridae (e.g Pereda et al. 2008;
Lebarbenchon et al. 2009; Wille et al. 2011), which seem to be the
main carriers of AIVs, followed by Anatidae and shorebirds (Krauss et
al. 2007; Ramey et al. 2010).

These studies suggest Laridae migratory patterns have a major role
in mediating AIV intercontinental exchanges (Winker & Gibson 2010;
Wille et al. 2011). Genetic exchanges are concentrated at key sites,
where migratory flyways overlap and birds wintering in different
continents gather in high densities. Alaska (Ramey et al. 2010),
Delaware Bay (Wille et al. 2011), and the Camargue (Lebarbenchon et
al. 2009) have all been shown to serve as intercontinental exchange
hubs. In Alaska, where birds from up to six continents come to breed
(Winker et al. 2007), reassortant Eurasian/North American LPAIV
strains represent up to 85% of those isolated from both Anatidae and
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Laridae (Ramey et al. 2010).

To date, few studies have been conducted on other potential AIV
exchanges. Efforts should concentrate more on the Southern
hemisphere as data on AIV circulation in wild birds from this region,
apart from Southeast Asia, are lacking. Researchers could take
advantage of readily available ornithological knowledge and focus on
species known to undergo intercontinental migrations, as well as on
habitats situated at the crossroads of several waterbird migratory routes.
For example, the Kamchatka region is the Eurasian counterpart of
Alaska (Wille et al. 2011). The few studies that detected AIVs in both
Laridae and Anatidae in Africa, Oceania, and South America were
mostly conducted in IBA, such as the Djoud;j delta in Senegal (Gaidet et
al. 2007), the coast of Tasmania (Haynes et al. 2009), and the Parana
River basin in Argentina (Pereda ef al. 2008). These studies will allow
us to assess the relative role of Laridae and Anatidae in AIV
intercontinental exchanges.

Such studies are the first steps toward a better understanding of AIV
spatial dynamics, which are a crucial part of modelling AIV dispersion
risks. In particular, an understanding of the timing and occurrence of
infection within the annual cycle of migratory populations is required
(Hoye et al. 2011). Studies focusing on the role of Northern pintails
have shown that this migratory species can bring new strains from
Eurasia to North America, which can then be spread into populations of
sympatric species (Koehler et al. 2008; Pearce et al. 2009, 2010). Given
such findings, it also appears essential to expand studies to include
species that are sympatric with long-distance migratory birds during
part of their life cycle.
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V. AIV exchanges between Laridae and other host groups

At least one LPAIV epizootic in poultry was linked to a LPAIV
subtype found in wild gulls (Sivanandan ef al. 1991), which highlights
their potential capacity to exchange AIVs with domestic birds. Few
other data exist that attest to such exchanges. However, virus
histochemistry studies shows that a mallard H6N1 LPAIV stain was
capable of attaching to both herring gull and domestic chicken (Gallus
gallus) receptors (Jourdain et al., 2011). Moreover, Laridae species
sometimes share wetlands with domestic species, which can favor AIV
exchange (del Hoyo 1996).

Laridae species and humans can and do share viruses. Laridae
species can be infected by LPAIV subtypes that are known to cause
mild infections (asymptomatic to mild conjunctivitis) in humans, such
as H9 and H7 (Sandrock, Kelly & others 2007). Moreover, Ellstrom et
al. (2009) showed the presence of 02,6 SA receptors using lectine
studies (Jourdain et al. 2011). Accordingly, H3N2 human influenza
virus can attach to the trachea of the herring Gull (Larus argentatus)
and the Franklin's gull (Leucophaeus pipixcan; (Lindskog et al. In
Prep.). Additionally, H16N3, which is most commonly found in gulls,
can attach to human upper respiratory tract (Lindskog et al., in prep.).

What is more worrisome is that Laridae can host highly
pathenogenic subtypes. At least 6 species of Laridae can be infected by
H5N1 HPAIVs under natural conditions (Tab. 3). HSN1 HPAIVs have
occasionally been isolated from dead or severely sick birds (Ellis et al.
2004; Liu et al. 2005), but also from apparently healthy birds (Muzinic
et al. 2010; Savi¢ et al. 2010). Experimental infection studies have
shown that laughing gulls (Leucophaeus artricilla) and herring gulls
(Larus argentatus) can serve as healthy carriers of H5SN1 HPAIVs,
although sometimes the infections were fatal (Perkins & Swayne 2001;
Brown et al. 2006; Brown, Stallknecht & Swayne 2008). Additionally,
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it has been demonstrated that laughing gulls can get infected by H5SN1
HPAIVs through the consumption of contaminated meat, which they
are likely to encounter in nature due to their scavenging habits (Brown,
Stallknecht & Swayne 2008).

Contact between humans and Laridae as a result of hunting is
limited. Nevertheless, it may occur. For example, terns are regularly
trapped on West African beaches (Boere & Dodman 2011). Contact
between humans and Laridae is more commonly due to habitat sharing.
Indeed, during the past decades, several large gull species have
dramatically increased in abundance, especially in Europe and North
America (Blokpoel & Spaans 1991). These species have colonized
urban areas worldwide, taking advantage of anthropogenic resources
such as garbage and trawling discards (Raven & Coulson 1997; Duhem
et al. 2008; Lisnizer, Garcia-Borboroglu & Yorio 2011). They exist at
the interface between pathogens circulating in humans and wildlife,
which is emphasized by antibiotic-resistant bacteria originating from
human populations being found in gulls (Dolejska et al. 2007;
Gionechetti et al. 2008; Bonnedahl er al. 2009). Laridae might
hypothetically mediate AIV transmission from wild birds to humans
and, occasionally, to domestic birds. This factor seems crucial to
consider, especially knowing that Laridae can carry HPAIVs (Krauss et
al. 2007; Suarez et al. 2004; Winker & Gibson 2010). Finally, as
antiviral-resistant influenza strains have already been isolated from
mallards (Jarhult ef al. 2011; Orozovic et al. 2011), Laridae might also
favor the dispersal of this antiviral-resistant that start to spread in some
human populations. Thus, future studies should focus on
opportunisitically urban Laridae species that live in close contact with
humans to gain insight into the AIV exchanges that may take place at
this interface.
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VI. Conclusion

This review highlighted the potentially crucial role of Laridae
species in all steps of AIV cycle. The study of epidemiological systems
must not neglect any reservoir and should not focus on the most
frequent host group only. Further research is clearly needed to progress
toward the understanding of AIV dynamics and should be optimized by
taking advantage on evolutionary ecology approaches and
ornithological knowledge.
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Table 1. Variability in Laridae species ecology.

Life history Implications
traits
Demography  Abundant Rare Parasite
(e.g., American (e.g., lava gull; transmission more
herring gull; Larus Leucophaeus or less important
smithsonianus) Sfuliginosus)
Habitat Live in marine Live in both Prefer Parasite
environments marine and freshwater transmission
(e.g., black-legged freshwater habitats through abiotic
kittiwake; Rissa habitats (e.g., ring-billed reservoir
tridactyla), (e.g., yellow-legged  gull; Larus
gull; Larus delawarensis)
michahellis)
Migration Intercontinental Slightly dispersive Sedentary Parasite
and migration migration (e.g., black- transmission over
Movements  (e.g., Arctic tern; (e.g., black-tailed bellied tern; more or less long
Sterna paradisaea) gull; Larus Sterna distances
crassirostris) acuticauda)
Contacts Direct contacts Share habitats Very limited Interface between
(e.g., kelp gull; (e.g., European contact pathogens
Larus dominicanus). ~ herring gull; Larus (e.g., common circulating in .
argentatus) tern; Sterna humans, domestic
hirundo). animals, and

wildlife
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Table 2. Laridae low pathogenic avian influenza (LPAI) subtypes.

This table presents the different subtypes of LPAIV and the different

Laridae species in which they were detected.

Speci Haemagglutinin Neuraminidase Refi
pecies Influenza Virus Influenza Virus clerences
o r’;f;z;g?aea HS N3 (Obenauer ef al. 2006)
(Zakstel’skaja et al. 1972;
Black-backed Gull Hinshaw et al. 1982;
Larus fuscus H7.HI3 N2 GenBank 2012;
NIAID 2012)
(Gresikova et al. 1979;
Janout et al. 1979;
BCIZ;le'.headez (l}““ Héfgigli}llg’ NI,N3N5, Fouchier ef al. 2003;
; ?;fgzz’;u‘: us A N6,N4,N8 Munster ef al. 2007;
i Spackman et al. 2009;
Germundsson et al. 2010)
Bla%jff%fi‘;ﬁ;}jake H4H13,H16 N2,N3,N6 (Toennessen et al. 2011)
. (Slepuskin et al. 1972;
Jlaclctailed Gull HLHE NI.N2,N3.N6 Tsubokura et al. 1981;
arus crassirosiris N Otsukl et al. 1987)
(Munster et al. 2007;
CL"mm"“ Gull HHISZ:I}{& N1,N4,N6,N8 Germundsson ef al. 2010;
arus camts ’ Kohls et al. 2011)
Common Tern (Becker 1966;
Sterna hirundo HI,H2,H4,H7 NLN7 Rohm et al. 1995)
., (Bahl & Pomeroy 1977;
Lopirankdins Gull H6,HI13 N2,N6,N9 Hinshaw ef al. 1982,
pracUs pip Hinshaw et al.1983)
Glaucous Gull H3,H5,H6, (Ramey et al. 2010;
Larus hyperboreus HI13,H16 NI,N3,N8,N9 USDA 2012)
(Munster et al. 2007,
Greaﬁiﬁ};};";ﬁ;‘j Gull H4,H6,H13,H16 N2,N6,N8 Germundsson ef al. 2010;
’ ’ Wille e al. 2011)
Great Black-headed Gull s
Ichthyaetus ichthyaetus H5,H9,H13 N2,N3,N6 (L’vov et al. 2001)
. . (Widjaja et al. 2004;
ALmeman I_j}fm“.g Gull HAlto13 NA1to9 Obenauer et al. 2006;
arus smithsonianus NIAID 2012)
(Zakstel’skaja et al. 1972;
Hinshaw et al. 1982;
Kawaoka et al. 1988;
European Herring Gull H1,H2,H5,H6,H7, N1,N2,N3,N4, L’vov et al. 2001;
Larus argentatus H10,H13,H14,H16 N5,N6,N8 Munster et al. 2007,

Germundsson et al. 2010;
Marchenko et al. 2010;
Kohls et al. 2011)
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Kelp gull

> H13 N9 (Pereda et al. 2008)
Larus dominicanus
(Lee et al. 2001;
Laughing Gull Widjaja et al. 2004;
Leucophaeus atricilla HATto 13 NATto9 Obenauer et al. 2006;
NIAID 2012)
Mediterranean Gull
Ichthyaetus HO N2 (Lebarbenchon et al.
2007)
melanocephalus
Relict Gull
Ichthyaetus relictus H2,H9,H10 N2,N7 (Chen et al. 2006)
(Graves 1992;
Ring-billed Gull Ho6,H11, N6 Gaidet et al. 2010;
Larus delawarensis H13,H16 Velarde et al. 2010,
USDA 2012)
Sabine’s Gull H5 N3 (Obenauer et al. 2006)
Xema sabini
Silver Gull
Chroicocephalus HI3 N6 (NIAID 2012)
novaehollandiae
Slaty-backed Gull H4 N8 (NIAID 2012)
Larus schistisagus
Slender-billed Gull H4,H16 N2,N3 (L'vov et al. 1978)
Chroicocephalus genei
Sooty Tern (Mackenzie et al. 1984;
Sterna funcata H7.HI5 N2,N6,N9 Obenauer et al. 2006)
Vega Gull H13 N6 (Spackman et al. 2009)
Larus vegae
Yellow-Legged Gull (Lebarbenchon et al. 2007,
Larus michahellis HO,HI13 N2 Lin et al. 2009)
Whiskered Tern
Chlidonias hybrida H6 N2 (NIAID 2012)
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Table 3. Laridae highly pathogenic avian influenza (HPAI) subtypes.

This table presents the different HPAIV subtypes detected naturally or

experimentally in different Laridae species.

Influenza

Species virus Infection Infectious status References
type
subtypes
Black-headed Gull
Healthy carrier and (Ellis et al. 2004;
Chroicocephalus H5NI Natural fatal disease Savié et al. 2010)
ridibundus
Brown-headed Gull (Liu et al.
Chroicocephalus H5N1 Natural Pathology 2005)18/09/2012
brunnicephalus 14:18:00
Common Gull
HS5N1 Natural Healthy carrier (Sharshov 2010)
Larus canus
Common Tern H5N1 Healthy carrier, (Becker 1966; L*vov
Natural pathology and fatal 1 2006
Sterna hirundo H5N3 disease etai )
Great Black-headed Gull
HS5N1 Natural Pathology (Liu et al. 2005)
Ichthyaetus ichthyaetus
European Herring Gull
H5NI Experimental Patholo_gy and fatal (Brown, Stallknecht
Larus argentatus disease & Swayne 2008)
Laughing Gull H5N3, Healthy carrier, (Perkins & Swayne
Experimental pathology and fatal 2001; Brown et al.
Leucophaeus atricilla H5N1 disease 2006)
Slaty-backed Gull
H5NI1 Natural Healthy carrier (Kou et al. 2009)
Larus schistisagus
Slender-billed Gull
H5N2 Natural Healthy carrier Lvov et al. 1978
Chroicocephalus genei
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Figure legends

Number of epidemiological studies that have focused on AIV

circulation in Anatidae versus Laridae from 1899 to 2011.
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Abstract

Wild waterbirds are natural reservoirs for low pathogenic avian
influenza A viruses. These viruses can be transmitted to domestic birds
and/or humans and subsequently become highly pathogenic. Although
the risk of transmission may be influenced by the prevalence of
influenza virus in wild birds, little is known about this pathogen’s
dynamics in natural populations. We investigated influenza A exposure
in nature by measuring the prevalence of anti-influenza A antibodies in
the eggs and adults of an abundant and anthropophilic waterbird species
common around the Mediterranean sea, the yellow-legged gull (Larus
michahellis). Sampling took place on two colonies located in the gulf of
Gabes in southern Tunisia: Sfax and Djerba. Antibodies were detected
in the two sites, with a higher prevalence at Sfax (95% of adults and 67
% of eggs) than Djerba (57% of adults and 43% of eggs). Across both
colonies, clutches that were laid later in the season, and thus more likely
by younger parents, showed lower prevalence. Using patch occupancy
modeling applied to egg clutches, we found that it is unnecessary to
sample all the eggs in a given nest; nest status (antibody positive or
negative) can be reliably estimated from a single egg. Differences in the
richness and density of birds between the two sites may explain the
observed differences in prevalence. The higher concentration of
waterfowl in the Sfax colony could favor the transmission of influenza
A viruses between individuals and species. This study highlights the
importance of further developing ecological-based approaches to the
factors determining the circulation of infectious agents in species like
the yellow-legged gull, which exist at the interface between diverse
biological communities and human activities.

Running head: AV antibodies in the yellow-legged gull

Keywords: Avian Influenza, maternal antibodies, patch occupancy
modelling, North Africa, waterbirds.
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Introduction

Avian flu is an infectious disease caused by type A influenza
viruses. It represents a serious threat to bird and human populations
because of its impact on global health and economy (Webster et al.
1992, De Wit and Fouchier 2008). Low pathogenic subtypes of avian
influenza A viruses, which are characterized by the full range of protein
types in a wide variety of combinations, are commonly found in wild
waterbirds. However, they are not evenly distributed across species or
locations (Webster et al. 1992, Fouchier et al. 2005, Olsen et al. 2006).
In particular, waterfowl and shorebirds, Anseriforms (ducks, geese,
swans) and Charadriforms (gulls, terns and waders), are considered to
be their natural host reservoirs (Webster et al. 1992, Olsen et al. 2006).
Most previous studies and monitoring efforts of AIV in the wild have
directly identified the viral agent using molecular detection methods
(Wallensten et al. 2007, De Marcoa et al. 2004, Gaidet et al. 2007,
Lebarbenchon et al. 2007a, Lebarbenchon et al. 2007b), but other
approaches can be useful.

Antibody detection methods have repeatedly shown their
efficiency in monitoring natural avian influenza A prevalence (Webster
et al. 1992, De Marco et al. 2004, Velarde et al. 2010, Fereidouni et al.
2010, Perez-Ramirez et al. 2010). The presence of detectable anti-
influenza A antibody in bird plasma indicates that the individual has
been exposed to the virus in the past, but does not require the bird to be
currently infected (Brown et al. 2009). Furthermore, the presence of
antibodies in egg yolks can reflect the past exposure of mothers to
infectious agents without the need to capture adults (Gasparini et al.
2001, Grindstaff et al. 2003, Trampel et al. 2006, Boulinier and
Staszewski 2008, Pearce-Duvet et al. 2009). The antibody
quantification approach is especially useful when the proportion of
individuals shedding virus at any point in time is low, which is common
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in the case of avian influenza (e.g., detection of viruses in only 0.5% of
more than 300 yellow-legged gull (Larus michahellis) droppings
sampled; Lebarbenchon et al. 2010). Thus, when used on long-lived
birds, the antibody detection approach enables one to detect antibodies
that may have persisted following exposure to a virus several years
prior, providing a powerful tool for investigating factors affecting bird
exposure to AIV in the wild and for identifying high-risk zones. These
issues are paramount to understanding the spread and dynamics of AIV
in the wild, as well as for prevention purposes.

Spatial variation in bird exposure to AIV is commonly linked to
bird migratory behaviour; it is supposed that bird migratory routes and
stopover sites constitute particularly important high-risk zones (e.g.,
Gilbert et al. 2006, Jourdain et al. 2007). Within these sites, high
numbers of migrant birds of different origins aggregate in mixed flocks
with resident birds, thus increasing the probability of AIV transmission
between birds and among species, especially as the viruses can be easily
and broadly transmitted via the fecal-oral or the respiratory route
(Webster et al. 2006, Munster and Fouchier 2009, Roche et al. 2009).
However, even at the scale of a given migratory route (landscape scale),
bird exposure to AIV could be hypothesized to vary among local
stopover sites due to possible differences in the diversity and turnover
rates of their bird assemblages, which may be due to differences in local
habitat conditions and attractiveness. Higher exposure to AIV is
expected to occur in the most attractive sites for birds with different
phenologies (resident, wintering and crossing migrants).

In this paper, we investigated these issues using data on anti-
AIV antibodies in the plasma and eggs of yellow-legged gulls (Larus
michahellis) breeding in the gulf of Gabes, in south-eastern Tunisia.
This species nests in large colonies and is a predator and scavenger,
both behaviors that could enhance disease transmission. Moreover,

because it is a long-lived bird, the yellow-legged gull offers a suitable
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model for investigating bird exposure to pathogens through antibody
detection. In the gulf of Gabeés, this bird species breeds in three distinct
sites (Isenmann et al. 2005). One of these sites, namely the Sfax salina,
is considered the most important bird area in Tunisia (Fishpool and
Evans 2001, Isenmann et al. 2005) and has been listed as a “wetland of
international importance” under the RAMSAR convention since 2007
(Ramsar Convention Secretariat 2007). It hosts an exceptional diversity
of resident, wintering and spring migrant waterbirds (Chokri et al.
2008). The commercial exploitation of this salina has resulted in stable
levels of water and food, as well as a constant protection against
disturbance, which make it particularly attractive for waterbirds
compared to natural wetlands in the same region. The remaining two
breeding sites, namely Kneiss and Djerba islands, correspond to natural
wetlands hosting relatively lower diversities of waterbirds.

Because the gulf of Gabes is at a migratory crossroad for
palearctic birds moving between two epizootic areas of AIV, sub-
Saharan Africa and Western Europe (Olsen et al. 2006, Gaidet et al.
2007, Jourdain et al. 2007), and given its importance as an
overwintering area (Van dijk et al. 1986, Isenmann et al. 2005), it may
be one of the most important high-risk zones in the Mediterranean; anti-
A1V antibody prevalence in yellow-legged gulls breeding in this area is
thus expected to be high overall. In particular, anti-AIV prevalence
should be highest in the Sfax salina, as it is the most attractive site for
waterbirds within this gulf and thus expected to be a hotspot of bird
exposure.

We also investigated factors affecting the detection and
occurrence of AIV antibodies in yellow-legged gull clutches. In
particular, we test if the detection probability of antibodies in a given
egg varies with its laying order and if the occurrence probability of
antibodies in a given clutch varies with laying date. Antibody detection

probability was hypothesised to vary with egg rank because of possible
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differences in antibody quantity among eggs of the same clutch, due to
earlier suggestions of differential antibody transmission rates from the
mother to the eggs reported in other bird species (Groothuis et al. 2006,
Hargitai et al. 2006). Moreover, given the fact that the laying date of
females is likely related to their ages (older ones laying earlier;
Sydeman et al. 1991) and could thus be related to their history of risk of
exposure to virus, we predicted a decrease in antibody occurrence
probability with laying date. The latter hypotheses were tested by
considering eggs from the same nest as sampling replicates of the same
subject (i.e., the nest) and by using a capture-recapture-like approach
specifically conceived to estimate site occupancy rate by a given
species from count replicates while accounting for the effects of various
sampling and site parameters on both detection and occurrence
probabilities (see Mackenzie et al. 2002, Mackenzie et al. 2003). The
use of this approach has recently been expanded to various ecological
and epidemiological fields, such as the estimation of parasite prevalence
in host populations (e.g. Thompson 2007, Gomez-Diaz et al. 2010) and
its application may prove especially useful in disease ecology
(McClintock et al. 2009).

Methods
Study species

The yellow-legged gull is a colonial seabird of the family
Laridae. Tt is long-lived and shows strong interannual breeding site
fidelity (Cramp and Simons 1983). It lays one clutch of 1-3 eggs per
season, although females can lay replacement clutches. As in other gull
species (Sydeman et al. 1991), individuals that lay earlier in the season
are often older/more experienced than individuals that lay later. In the
Mediterranean region, the yellow-legged gull is a common and
widespread species, where it is locally regarded as a pest and subject to
population control measures (Bosch et al. 2000, Vidal et al. 1998, Oro
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and Martinez-Abrain 2007). This species is an opportunistic feeder; it
forages at sea but also predates upon other birds, eats earthworms, and
feeds on refuse dumps (Ramos et al. 2009). As this bird is
anthropophilic, often nesting in urban areas and feeding on trash dumps,
it may be more likely to exchange pathogens with humans and domestic
birds (Bonnedahl et al. 2009). Furthermore, its wide distribution and its
feeding behavior make it an important species for monitoring the
environment (Abdennadher et al. 2010).

Study area

Our work was conducted during the spring of 2009 in two
yellow-legged gull breeding sites situated 100 km apart in the gulf of
Gabes, in southeastern Tunisia (Fig. 1). The yellow-legged gull is a
common and abundant resident in this area, where it is often seen
feeding on open air rubbish dumps and discards of commercial
fisheries. The sampled colonies are located on opposite sides of the
gulf: Sfax salina to the north (34°4228"N-10°45'02"E) and Djerba
island (33°39'10"N-10°58'5S9"E) to the south (Fig. 1). Sfax salina
extends 15 kilometers south from Sfax city, along the Mediterranean
coast, and is bordered on the west by Sfax suburbs. It is formed by more
than 200 ponds interspersed with artificial silty dykes that are used as
breeding sites by a great diversity of waterbird species. In this salina,
the yellow-legged gull breeds in two distinct subcolonies, composed of
approximately 100 pairs each and situated 10 km apart. Due to
logistical and time constraints, we only sampled the subcolony situated
in the northern part of the salina close to Sfax city. The Djerba site
consists of a small natural islet (of approximately 50 ha) partly covered
by Salicornia tuffs and situated between Djerba island and Zarzis
peninsula to the south. At the time of sampling, this colony was
constituted of approximately 500 pairs of yellow-legged gulls. Other
colonies were established on the neighboring islets, but could not be

sampled for practical reasons.
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Data collection
Egg and blood sampling

In order to estimate the prevalence of anti-AIV antibodies in the
studied colonies, we sampled both adults and entire clutches of a given
group of nests. In each study colony, randomly selected nests were
marked with a small wooden pole placed nearby. The nests were then
checked every 1-2 days and egg(s) were collected. Each egg was
marked according to its rank and laying date and then replaced by a
dummy egg to prevent females from abandoning their nests. The eggs
were brought to the laboratory on the day of collection for processing.
Collected eggs were thus 1 to 2 days old and their yolk composition
was not yet affected by embryonic development. The yolk of each egg
was separated from the albumen, homogenized and frozen at -20°C.

After clutch completion, we trapped as many of the incubating
parents as possible by means of noose-carpet traps that we placed on the
nests. Each captured bird was marked with a patch of paint on the head
to avoid resampling. Upon capture, a 1-ml blood sample was taken
from the brachial vein using a sterile syringe. We measured the head,
bill, wing and tarsus length (£0.1 mm) using a caliper. We also
determined body mass (£20 g) with a spring scale (PESOLA®,
Switzerland) before releasing the bird. The blood sample was
immediately transferred to heparinized tubes and maintained in a cooler
while in the field (4°C). Once in the laboratory, it was centrifuged at
2500 rpm for 15 min. The plasma and blood cells were frozen
separately at -20°C until immunological analyses could be performed.
The sampled birds were sexed following the protocol described by
Griffiths et al. (1998). DNA was extracted from blood using a DNeasy
Blood & Tissue Handbook 07/2007 kit and used in PCR with primers
2550 Forward and 2718 Reverse to amplify introns from the CHD-Z
and CHD-W genes (Fridolfsson and Ellegren 1999).
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Immunological analyses

Plasma samples were used directly in the immunological assays.
However, yolk antibodies first had to be extracted (Mohammed et al.
1986, Gasparini et al. 2001). Egg yolks were thawed and homogenized;
a subsample of 800 mg was then taken. The yolk subsample was diluted
1:1 in phosphate-buffered saline (PBS) and the solution was vortexed
after adding glass beads. An equal volume of reagent-grade chloroform
was added to the mixture. The yolk chloroform mixture was then
centrifuged at 16 000 rpm for 15 min and the clear supernatant was
used in the immunological assays.

We detected anti-AIV antibodies in gull plasma and yolk using a
commercial competitive enzyme-linked immunosorbent assay (ELISA)
developed for use in birds (ID Screen® Antibody Influenza A
Competition, IDVET, Montpellier, France). The assay is designed to
detect antibodies directed against the internal nucleocapsid of the AIV
and thus it will pick up all AIV subtypes. Plasma and egg yolk samples
were diluted 1:100 and were incubated at 37°C (£ 2°C) for one hour.
After a washing step, a conjugate solution was added to each well, and
incubated 30 min at 21°C (= 5°C). The plates were then washed again;
the substrate solution was added to each well and was incubated 10 min
at 21°C (= 5°C) in the dark. Finally, a stop solution was added to each
well in order to stop the reaction. Optical density (OD) was read at 450
nm using an ELISA plate reader. A subset of samples was tested several
times, both within and across plates. Repeatability tests showed that OD
measurements were highly repeatable within ( = 0.913, F2930) = 22.84,
P <0.0001) and across (r = 0.85, F33241 = 9.56, P < 0.0001) plates.

According to the kit instructions, the results were expressed as
the percentage competition (PC) between the OD of the sample being
tested and the mean OD of a negative control sample (NC), such that
PC=(ODspecimen/ODNc)x100. The percentage competition values were
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then transformed into percentage inhibition values (PI) using the
formula: PI=100-PC. According to kit instructions, plasma samples
with a PI greater than or equal to 50 % are considered positive, those
with a PI less than or equal to 45% are considered negative and those
with a PI between 45% and 50% are considered as doubtful. Doubtful
samples were excluded from the data in the statistical analyses. The
same threshold of positivity was applied to the yolks, although the PI
obtained for the eggs cannot be directly compared (in absolute terms)
with those of the plasma as the ELISA was developed for bird plasma.
However, we did verify that there was a strong correlation between the
values obtained for eggs and that for the plasma of the female that laid
these eggs (Hammouda et al. unpublished results).

Data analyses

First, plasma data were used to estimate the overall prevalence
of anti-AIV antibodies in the study population (the proportion of
positive birds relative to the total number sampled). We then compared
antibody prevalence between the two colonies (Sfax vs Djerba) and
between males and females by means of x? tests. Within breeding pairs
for which both adults were sampled, we tested if male and female
serological status was related. This was done using a Fisher exact test
(appropriate for small sample sizes). All statistical tests were carried out
using SAS software (SAS 1998).

We used yolk data to estimate the occurrence of anti-AIV
antibodies in the sampled nests. Our sample units were not the
individual eggs but rather the nests. Given that imperfect antibody
detection in the yolk samples could lead to biased estimates of antibody
prevalence in the corresponding nests, we used an estimation approach
that takes into account this detectability issue. We used the capture-
recapture-like methodology developed by Mackenzie et al. (2002, 2003)
and implemented in program PRESENCE (available for download from
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http://www.proteus.co.nz/). It takes into account the possible effects of
different parameters on both occurrence and detection probabilities by
incorporating them as covariates in the estimations. Each nest was
considered as a sampling unit and eggs from the same nest were
considered as sampling replicates of the same subject. This provided us
with a list of detection/non-detection of anti-AIV antibodies from each
sampled nest (doubtful eggs were considered as lacking information).
The obtained lists (one list per sampled nest) were then used to estimate
the prevalence of anti-AIV antibodies in the studied nests and to
investigate (1) the effect of laying rank on antibody detection
probability in a given egg (p) and (2) the effects of both laying date and
colony on antibody occurrence probability in a given nest (y).

We employed a two-step process in our analyses. We first
selected the best model for detectability by holding occurrence
probability constant (y(.)) and evaluating two models: 1) one that
assumed antibody detectability was constant within a nest (p(.)) and 2)
one that assumed that antibody detectability varied within a nest
according to egg rank (p(Rank)). In a second step, we used the best
detectability model to estimate antibody occurrence probability. We
defined a set of a priori models we believed might explain antibody
occurrence probability in our nests. The simplest model assumed that
antibody occurrence probability was constant throughout the nests
(w(.)). We then developed candidate models accounting for the possible
effects of colony (Sfax vs Djerba) and laying date. Given that the laying
period extended over two weeks, we classified the nests as early or late
(early = laid the first week vs late = laid the second week). The
competing models were ranked according to their Akaike’s Information
Criterion (AIC), and Akaike weights were applied to estimate the
relative support of the models from the data (Burnham and Anderson
2002). In order to account for model selection uncertainty (Burnham
and Anderson 2002, Wintle et al. 2003), we used a model averaging
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technique for estimating covariate effects (averaged ) and their 95%
confidence intervals (Burnham and Anderson 2002). The relationship
between a given covariate and antibody occurrence probability was
significant if the estimated 95% confidence interval of the
corresponding averaged 3 included zero. We also computed odds ratios
so as to interpret the effects of covariates on antibody occurrence.

Results

A total of 64 birds were captured and sampled across our two
study colonies: 22 birds from Sfax (16 females and 6 males) and 42
birds from Djerba (20 females and 22 males). Only two birds were of
doubtful serostatus and excluded from the analyses (one Sfax male and
one Djerba male). Anti-AIV antibody prevalence in plasma was 77%
(48 birds out of 62). It was not related to bird sex (females: 81 %;
males: 73%; x’np = 0.4830, P = 0.4871). It did, however, differ
significantly with location; prevalence was higher at Sfax (95%) than
Djerba (68%) (xz[l] =5.7676, P =0.0163). There was no association of
antibody status within breeding pairs (Fisher’s test: P =0.2727, n=11).

We sampled a total of 135 nests, corresponding to a total of 333
eggs (45 nests and 127 eggs at Sfax and 90 nests and 206 eggs at
Djerba). Clutch size ranged from 1 to 3 eggs, with a modal clutch size
of 3 eggs in both colonies (86% at Sfax and 53% at Djerba). Fifteen
eggs were classified as having doubtful serostatus and were excluded
from the analyses (5 Sfax eggs and 10 Djerba eggs). The total number
of nests with at least one positive egg was 75 (32 nests in Sfax and 43
nests in Djerba), which represents a naive antibody prevalence of 56 %
(71% at Sfax and 53% at Djerba).
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In our first step of capture-recapture model selection, we found
that both detectability models showed a similar fit to the data (AAIC
less than 2) and a relatively high antibody detection probability; it did
not matter if antibody detectability was assumed to be constant or if it
varied with egg rank (Table 1). In the constant detectability model, the
estimated detection probability of antibodies in a given nest was 0.9015
(95% CI: 0.8467 - 0.9381). When egg rank was included as a covariate,
antibody detection probability tended to decrease with egg rank, but the
trend was not significant (B+SE = -0.231+0.32; Table2).

The constant detectability model was used for modeling
antibody occurrence in nests. Our results gave less support to the
constant occurrence model (y(.)), as it was the last ranked one (lowest
weight) (Table 3). Conversely, the model including both colony and
laying date as nest covariates was the most supported model, with an
Akaike weight of 72% (Table 3). Using the model averaging technique,
we found that the occurrence probability of antibodies in a given nest
differed significantly between the two colonies and also according to
laying date. The 95% CI associated with the B estimates of both
variables did not overlap 0 (Table 4). The occurrence probability of
antibodies in a given nest was almost 3 times lower in Djerba compared
to Sfax (odds ratio = 0.36) and almost twice as high in early clutches
compared to late ones (odds ratio = 1.84). These results suggest a higher
circulation of AIV in the Sfax colony compared to the Djerba colony,
which is consistent with the results obtained from the bird plasma data.
They also support the fact that early-laying females, which are likely to
be older on average, may have had a longer time of risk of exposure to
the virus than later-laying ones. Overall, the estimated antibody
prevalence varied between 35% (late clutches in Djerba) to 79% (early
clutches in Sfax) (Table 5).
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Discussion

We found a high prevalence of detectable antibodies against
AIV in the two yellow-legged gull colonies we sampled, which
underlines the potential importance of the yellow-legged gull in the
epidemiology of AIV. This also confirms that the monitoring of
antibodies against AIV in the eggs can provide an easy and powerful
tool for monitoring AIV circulating in wild birds (see Trampel et al.
2006, Pearce-Duvet et al. 2009). The prevalence of anti-AIV antibodies
found in the two yellow-legged gull colonies was relatively higher than
those commonly reported in other bird studies (e.g., Olsen et al. 2006).
The observed difference may be due to differences in the species
sampled and specificities of the laboratory diagnostic used (Alexander
2003, De Marco et al. 2003, Sala et al. 2003). As gull species are
relatively long lived (e.g., annual survival of adults > 0.8), it is not
unexpected that a high proportion of the population shows signs of
having been exposed to AIV if anti-AIV antibodies persist over long
periods in these species. A recent study on ringed-billed gull (Larus
delawarensis) in Southern Ontario, Canada, also reported a high
seroprevalence among breeding individuals (Velarde et al. 2010).

The yellow-legged gull nests in dense colonies and can feed on
open air rubbish dumps. The aggregation of individuals at nesting and
feeding sites is likely to lead to high rates of contact between
individuals (McCallum et al. 2001), which could facilitate the
transmission of AIV between individuals and lead to a high prevalence
of viruses in the population (Bin Muzaffar et al. 2006). Further
investigations of the aggregative behavior and interactions among birds
at their feeding and nesting sites would tell us more about this issue
(Munster and Fouchier 2009). Interestingly, our results show that
antibody prevalence in the eggs of yellow-legged gulls nesting in the
gulf of Gabes was higher than that reported for the same species nesting
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in the northern border of the Mediterranean (Pearce-Duvet et al. 2009).
However, such a difference could simply be due to possible differences
in the competitive ELISA tests used and the threshold used for positive
values. Both kits provided highly correlated results in terms of relative
amounts of detected antibodies, but the ID Vet ELISA kit used in our
study can detect more positive samples (Pearce-Duvet pers. comm.).

Our results also show that antibody prevalence did not differ
between sexes. In the yellow-legged gull, males and females incubate
eggs, rear offspring and frequent the same feeding areas, and thus likely
share the same risk of exposure to AIV. In contrast, antibody prevalence
in plasma and also in nests was significantly higher in Sfax than in
Djerba. This result gives support to our main prediction and could be
interpreted as a possible consequence of the great difference between
the two sites in terms of the diversity and density of their avifaunas.
Sfax salina is considered as one of the most important bird areas in
Africa (Fishpool and Evans 2001). It hosts the most rich and dense
community of wintering and nesting waterbirds in Tunisia (Chokri et al.
2008). Over 30,000 birds belonging to 49 migrant species and 8,500
birds from 9 resident and breeding species are known to regularly
inhabit this area and to share the same feeding and/or breeding sites
every year (Chokri et al. 2008). During our field work, we clearly
noticed a greater waterbird density and diversity in Sfax salina
compared to Djerba islets. In the latter area, the yellow-legged gull
shares the breeding sites with a small colony of Little egrets (Egretta
garzetta). The higher concentration of nesting and migratory waterbirds
in the Sfax salina compared to Djerba islets is likely to result in higher
frequencies of contacts, and, hence, to higher transmission rates of AIV
among individuals and among species (Olsen et al. 2006, Munster and
Fouchier 2009).

The difference in antibody prevalence between Sfax and

Djerba’s colonies could notably be explained by the variety of AIV
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subtypes that are circulating in each site (Munster and Fouchier 2009).
The role of migratory waterbirds as main reservoir and carrier for AIV
of several subtypes has been well known for a long time (Alexander
2003, De Marco et al. 2003). Sfax salina being an important stopover
site lying on the cross-road of many migratory routes of waterbirds,
viruses subtypes exchanges between species could be responsible for a
higher prevalence of infected birds in Sfax colony than in Djerba’s.
Furthermore, in Sfax salina, the large populations of waterbirds may be
more capable of sustaining a large variety of different AIV subtypes.
Conversely, the smaller population sizes near Djerba might limit the
maintenance of multiple AIV subtypes and allow only a limited number
of AIV subtypes to co-circulate within these populations. Further
exploration of the prevalence of antibodies against different sub-types
of AIV could thus be revealing.

The capture-recapture approach we used allowed us to ensure
that the detection probability of antibodies did not differ among eggs
from the same clutch, although there was a tendency for decreasing
detectability with increasing egg rank. This result would suggest that
the sampling of only one egg per nest, of whatever rank, is efficient to
provide unbiased results regarding the prevalence of antibodies in the
nest population. Furthermore, the approach we used allowed us to
indirectly assess the relevance of female age as a predictor of the
occurrence probability of anti-AIV antibodies in its nest. Our results
support our prediction and would suggest that in the two studied
colonies, the older is the female (i.e., the earlier the laying date), the
higher is the occurrence probability of anti-AIV antibodies in her nest.
Older females are likely to have been exposed to the infection for a
longer time than the younger ones.

Mounting and maintaining an immune response is assumed to be
energetically and nutritionally costly (Sheldon and Verhulst 1996).

Consequently, to boost their immune system, birds have to reallocate
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some of their resources from other demanding functions, such as
growth, development, molting and reproduction (Ilmonen et al. 2000).
The immune system may be adversely affected when such reallocation
of energy or nutritional conditions are not ideal. In this context, AIV
prevalence may be affected by different factors such as food supply, the
age and the sex structure in a colony and individual immunocompetence
(Weber and Stilianakis 2007) and it should be possible to investigate
such processes by monitoring the incidence of exposure in the young
birds of the population.

In conclusion, our study suggests that the yellow-legged gull has
the potential to play a major role in the epidemiology of AIV. It also
suggests that even at the relatively small geographic scale of the studied
area, there can be important variation in the level of exposure of
individuals. We hypothesize that this spatial variation is related to
differences in avifaunal density and diversity between the two studied
breeding sites. Further investigations of the ecology of the yellow-
legged gull and its interactions with sympatric waterbird species on
series of comparable sites are needed to test our predictions.
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Table 1. Summary of the numbers of collected samples and the

obtained results.

Sfax colony Djerba colony Total
Blood samples Number of sampled birds 22 42 64

Males 6 22 28

Females 16 20 36
Range of PI (%) 29-95 00-98 00-98

Males 45-95 00-97 00-97

Females 29-95 08-98 08-98
Number of positive birds 20 28 48

Males 5 14 19

Females 15 14 29
Number of doubtful birds 1 1

Males 1 1

Females 0 0

Egg samples Number of sampled eggs 127 206 333

Number of sampled nests 45 90 135
Range of PI (%) 47-100 32-98 32-100
Number of positive eggs 84 87 171
Number of doubtful eggs 5 10 15
Number of positive nests 32 43 75
Number of doubtful nests 0 2 2
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Table 2. Summary of AIC model selection for antibody occurrence

probability in the studied nests.

Model K AIC  AAIC w
w(Colony,Laying date),p(.) 4 29420 0.00 0.7213
w(Colony),p(.) 3 296.64 244 02129
w(Laying date),p(.) 3 300.06 5.86 0.0385
w().p() 2 30075 655  0.0273

Table 3. Parameter estimates for variables explaining variation in

antibody occurrence probability in the studied nests.

Averaged Odds ratio
Covariate Relative weight  Estimate 95% CI Estimate 95% CI
Colony
) 0.9342 -1.01 [-1.76 ; -0.26] 0.36 [0.17;0.77]
(Djerba =1 vs Sfax = 0)
Laying date
0.7598 0.61 [0.03;1.19] 1.84 [1.03;3.28]

(Early = 1 vs Late = 0)
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Table 4. Estimated antibody occurrence probabilities and 95%
confidence intervals in early and late nests in the two studied colonies.

The estimates were obtained under model yw(Colony,Laying date),p(.).

Djerba colony Sfax colony

y estimate 95% CI y estimate 95% CI

Early laying date  0.5515  [0.4304; 0.6668]  0.7898  [0.6314; 0.8918]

Late laying date 0.3534 [0.2158 5 0.5204] 0.6254 [0.4429 ; 0.7781]
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Figure legend

Figure Map of the gulf of Gabés showing the location of the two

studied colonies.
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Abstract

The monitoring of emerging diseases is important in the
characterization of host-pathogen dynamics in natural wildlife
populations, but it is not always easy to accomplish. Avian influenza
viruses (AlIVs) are an example of emerging infectious pathogens of
concern that need continual surveillance. Maternal antibody transfer
may be useful in monitoring AIVs, as well other emergent diseases.
Using Mediterranean yellow-legged gulls as our study system, we
determined if eggs can serve as proxies for adults in estimating
pathogen prevalence and reveal information about avian influenza
ecology. In the spring of 2009, we first sampled blood and eggs from
adult females in two colonies in Tunisia. Second, we collected eggs
from an additional eight yellow-legged gull colonies along the
Mediterranean coast (France, Spain, and Algeria) to examine
prevalence patterns. The levels of anti-AIV antibodies found in a
female’s plasma correlated with those found in the yolks of her eggs;
the relationship allowed us to establish a separate ELISA positivity
threshold for the egg yolks (70%). Antibody prevalence was
heterogenous across colonies, suggesting AIV exposure varies
according to location. Egg volume was not correlated with antibody
status, suggesting female quality and/or age does not explain this
pattern. Nor was there much spatial autocorrelation of status within
colonies (i.e. positive or negative eggs were not clustered together). In
contrast, prevalence was higher in both small and large colonies. Taken
together, these results suggest that AIV exposure is linked to factors
outside the colony and linked to colony size; foraging behavior, such as
trash dump feeding, should be examined further. We propose that egg
sampling may be incorporated into surveillance efforts as an easy and
less expensive means of a) revealing pathogen “hot spots” worthy of
further characterization b) divulging valuable information about host-
pathogen ecology.

Keywords: Avian influenza, maternal antibody transfer, serology,
surveillance, yellow-legged gull
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Introduction

Over the past fifty years, the number of plant and animals
disease emerging in natural populations has increased Daszak et al.
2000; Jones et al. 2008. This increase is not simply due to differences in
reporting patterns over time Jones et al. 2008 but more likely represents
a shift in ecological conditions Woolhouse 2002, resulting in a
pathogen either increasing in incidence in its host species or infecting
novel hosts Woolhouse et al. 2001; Woolhouse et al. 2005. Many
diseases classified as emerging come from pathogens with long
antecedents in natural reservoirs. While the monitoring of emerging
diseases is important in the characterization of host-pathogen dynamics
in natural wildlife populations Grenfell et al. 1995; Hudson et al. 2002,
it is not always easily accomplished.

Avian influenza is an example of an emerging infectious disease
of concern. AIV first emerged in domestic poultry in Asia in 1996 Xu et
al. 1999 and has since shown the ability to jump from its poultry hosts
to wild birds as well as to wild and domestic mammals, including
humans, causing significant ensuing mortality Olsen et al. 2006;
Gauthier-Clerc et al. 2007. Wild birds may contribute to the emergence
of highly pathogenic strains because they are the hosts of a variety of
low pathogenic (LP) strains Alexander 2000; Alexander 2007; Fouchier
et al. 2007 that they transfer to domestic poultry Boyce et al. 2008, in
whom the strains transform to high pathogenic (HP) subtypes, likely
because of dense living conditions Gauthier-Clerc et al. 2007. Indeed,
all known subtypes of influenza A have been found in birds and most
appear to circulate asymptomatically Olsen et al. 2006. Anseriformes
(ducks, geese, and swans) and Charadriiformes (gulls, terns, and
waders) have been identified as the main reservoirs of LP strains and
their viral subtypes appear to be genetically distinct Kawaoka et al.
1988; Stallknecht et al. 1988; Stallknecht er al. 2007; however, natural
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transmission cycles in these groups remain to be explored Caron et al.
20009.

Monitoring efforts are a crucial part of revealing the ecological
epidemiology of avian influenza and studies continue to call for
improved surveillance e.g., Hoye ef al. 2010; Knight-Jones et al. 2010;
Krauss et al. 2010; Lee et al. 2010. Currently, surveillance efforts most
often involve sampling via cloacal and respiratory tract swabbing and
then testing for virus presence using RT-PCR. While this approach
yields quality information about actual infection and immediate risk, it
1s nevertheless costly and time-consuming for the limited
epidemiological information acquired Caron et al. 2009; for instance,
intensive sampling efforts may reveal little to no viral prevalence e.g.,
Haynes et al. 2009; Pannwitz et al. 2009; Lebarbenchon et al. 2010; Ip
et al. 2012. This result is not surprising given that animals may not be
actively infected for very long. Because the antibody response remains
even after infection clears, serological surveys are as a useful
complement to approaches that emphasize virus detection and are
increasingly being used Haynes et al. 2009; Marché¢ et al. 2010; Han et
al. 2012; Redig et al. 2012. Furthermore, samples are most often
acquired from adult birds, which is not a trivial process. Wild birds are
difficult to capture and susceptible to significant stress as a result
Arnold et al. 2008.

We propose that maternal effects and, specifically, maternal
antibody transfer may provide a useful tool in avian influenza
monitoring efforts. Maternal effects are an adaptive response in which
mothers can selectively tailor the embryonic environment so as to
enhance growth and immunological protection in their offspring relative
to perceived risk Mousseau et al. 1998; Grindstaff et al. 2003; Boulinier
et al. 2008. In bird species, adult females that have been exposed to
pathogens will mount an immune response and the antibodies produced
as a consequence will be transferred to their young, in the yolk of the
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eggs they produce, a pattern that has been observed in avian host-
pathogen systems in nature e.g., Gasparini et al. 2002; Gibbs et al.
2005; Gasparini et al. 2006; Hammouda et al. 2011 as well as in
domestic species Beck et al. 2003; Trampel et al. 2006; Gharaibeh et al.
2008; Rutten et al. 2012; Sa e Silva ef al. 2012. By using eggs as a
proxy for adult exposure, prevalence patterns within numerous
populations and/or species could be ascertained rapidly and at reduced
cost, and locations with high levels of exposure could then be targeted
for more in-depth sampling Rutten et al. 2012. Given that
environmental transmission has recently been recognized as playing a
role in epidemics Bradley et al. 2008; Rohani et al. 2009, egg sampling
could also help identify pathogen hot spots, in which ecological
conditions, whether behavioral or abiotic, promote pathogen
transmission.

We used yellow-legged gulls (Larus michahellis) as a model for
studying the feasibility of characterizing avian influenza exposure in
natural populations using egg sampling. This gull species is infected
with at least two unique LP subtypes that have not been found in any
other bird species Fouchier et al. 2007 and do not readily infect ducks
(following experimental infection), even though ducks sustainably host
a range of strains Hinshaw et al. 1985; Fouchier et al. 2005. This
pattern suggests co-evolution between host and pathogen Fouchier et al.
2005 and hosts would demonstrate corresponding immunological
responses Pearce-Duvet 2009; Hammouda et al. 2011; Hammouda et
al. 2012. Lab studies suggest LP strains may cause minor clinical
effects Jourdain et al. 2010, and the latter may translate into the
detrimental, costly effects observed when hosts are in their natural
environment van Gils et al. 2007; Latorre-Margalef et al. 2009. Thus
infection may incur a real ecological cost that organisms may mediate
via an adaptive immunological response.
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Low pathogenic viruses in yellow-legged gulls are an ideal
system not only because they should provide an excellent source of
observational data but also because they potentially involve human
epidemiological issues. L. michahellis is an extremely abundant species
whose historical numbers have increased dramatically in response to the
anthropogenic modifications of the environment, especially the
presence of trash dumps Bosch ef al. 1994; Duhem ef al. 2007; Duhem
et al. 2008. Additionally, because of their association with humans,
their colonies are often located in close proximity to urban areas,
leading to their classification as a “nuisance” bird Belant 1997. They
are opportunistic omnivores and will eat other bird species Oro et al.
1994, both alive and dead, increasing the probability of pathogen
infection. Overall, the yellow-legged gull represents a pathogen
reservoir of significant concern, by being a numerical abundant species
at high risk of infection and highly affiliated with human populations,
yet little to nothing is known of its transmission dynamics
Lebarbenchon 2008; Roche et al. 2009; Lebarbenchon ef al. 2010.

Using the gull-avian influenza study system, we wished to
determine the utility of egg sampling to disease surveillance programs
as well as gather some initial data on avian influenza ecology in yellow-
legged gulls. First, we determined whether there was a strong and
reliable correlation between antibody levels in maternal sera and their
egg yolks. Second, we characterized spatial patterns of influenza
exposure using eggs gathered from across the Mediterranean coast. We
looked at both broad-scale patterns, by asking if antibody prevalence
was heterogeneous across colonies and examining the relationship
between colony prevalence, egg volume, and size, and local patterns, by
determining if egg serostatus was spatially correlated within a
subsample of colonies.
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Methods
Data Collection

We conducted two complementary sampling efforts in the spring
of 2009. First, we concurrently collected eggs and blood samples from
gulls in the context of study aimed at clarifying evolutionary ecology of
yellow-legged gulls see Hammouda et a/. 2011; Hammouda ef al. 2012
for more details. These data were used to determine the correlation
between adult serum and egg yolk antibody levels. Sampling took place
in the gulf of Gabés, south-eastern Tunisia, specifically in the Sfax
salina and the small islets between Djerba island and the Zarzis
peninsula (Table 1). Randomly selected nests from these colonies were
marked with stakes and checked every 1-2 days for egg collection.
Multiple eggs were collected per nest to verify that eggs from the same
nest had correlated antibody levels Hammouda ef al. 2011. The eggs we
collected were replaced by dummies to prevent nest abandonment and
immediately returned to the laboratory for processing (see below).
Adults were trapped once their clutches were completed. We captured
as many of the incubating parents as possible using noose-carpet traps
placed on the nests. A 1-ml blood sample was taken from the brachial
vein of each captive adult using a sterile syringe, and the bird’s head
was marked with paint to avoid resampling. The blood sample was
immediately transferred to a heparinized tube and maintained in a
cooler at 4°C while in the field.

Second, we sampled eggs from a wide diversity of yellow-
legged gull colonies along the Mediterranean coast to characterize
spatial patterns of influenza exposure. In addition to the two colonies in
Tunisia, eight colonies were located in France, three colonies in Spain,
and one colony in Algeria (Table 1). Whenever possible, we determined
the approximate number of breeding pairs per colony (rounded to the
nearest 500) by examining the literature and contacting researchers or
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government officials who study the associated yellow-legged gull
populations (Table 2). In three of the French colonies (Riou Islands,
Villeneuve-Les-Maguelones, and Correge), nest spatial locations were
determined using GPS in order to test for spatial autocorrelation within
colonies. The Riou Islands consisted of two separate subcolonies, Plane
and Riou, each located on a different islet.

Eggs were collected by sampling along transects, with the
number of transects and their length depending on the spatial
configuration of the colony. The observers walking the transects
collected one egg from any nests they perceived; antibody levels in a
nest can be reliable predicted from a single egg Hammouda ez al. 2011.
In smaller colonies, transects traversed the whole colony and a majority
of nests were sampled. For larger colonies, transects were performed
within a randomly chosen subsection of the colony. At least 50 eggs
were collected from each site with the exception of Medes and Sfax,
where sample size was limited by small colony sizes and sampling
constraints. The freshness of the eggs was determined in the field using
a float test; we preferentially collected the freshest egg in a nest to
control as much as possible for differences in laying date. We limited
the time spent on the colony so as to not overly disrupt the incubation
process. However, at many of these sampling locations, eggs were
collected immediately prior to governmental sterilization efforts aimed
at reducing yellow-legged gull population size.

Laboratory Analyses

Upon our return from the field, blood samples were centrifuged
at 2500 rpm for 15 min, generating plasma and blood cells. For the
eggs, we noted length and width and then separated out the yolk from
the albumen. Egg volume, a potential correlate of parental quality
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and/or environmental conditions, was calculated Hoyt 1979. Plasma,
blood cells, and yolks were kept frozen at -20°C until further analyses
could be performed.

We sexed birds molecularly Griffiths et al. 1998. DNA was
extracted from the blood cells using a DNeasy Blood & Tissue kit
(Qiagen Inc., Valencia, CA) and used in PCR with primers 2550
Forward and 2718 Reverse to amplify introns from the CHD-Z and
CHD-W genes, located on the avian sex chromosomes Fridolfsson et al.
1999. PCR fragments were then separated on an electrophoresis agarose
gel. In this method, a single band of DNA on the gel indicated that a
bird was a male, while two bands were present for females.

Plasma samples were used directly in our immunological
analyses. In contrast, antibodies were extracted from frozen egg yolks
using an adaptation of a standard protocol Mohammed et al. 1986;
Gasparini et al. 2001. Yolks were first thawed and homogenized. They
were then diluted 1:1 in phosphate-buffered saline and the solution was
shaken in a mill until it formed a homogenous emulsion. Equal volumes
of the emulsion and chloroform were vortexed together and the
resulting mixture was centrifuged at 6,000 g for 15 minutes. The
resulting supernatant was sequestered and frozen at -20°C until its use
in the immunological assay.

The presence of antibodies against avian influenza type A was
determined using a competitive enzyme-linked immunosorbent assay
(ELISA) test using a kit that detected antibodies against any avian
influenza A subtype (IDVet, Montpellier, France); the influenza A
nucleoprotein (NP) is fixed in the wells and will form a complex with
antibodies present in the samples. The test was performed according to
kit instructions. The samples were diluted in the buffer provided in the
kit (dilution 1/10) and 100 pl were transferred to the ELISA plate wells.
The plates were incubated for 1 hour at 37°C. They were then washed 5
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times using the kit’s rinsing solution (dilution 1/20). The furnished anti-
NP peroxydase conjugate was diluted in a second buffer and 50 pl was
added to each well. The plates were covered with aluminium foil and
incubated for 30 minutes at 21°C. They were then washed 3 times and,
in low-light conditions, 50 pl of the TMB substrate was added to the
wells. The plates were then incubated for 10 minutes at 21°C in the
dark. Fifty ul of the stop solution (0.5 M H,SO,4) was added to the wells
and the optical density (OD) of the samples was read at a wavelength of
450 nm. Intra- and interplate repeatability of sample OD were high
(intraplate: r=0.93; interplate: r=0.85) Lessells et al. 1987. The
percentage of competition was calculated as follows: ODgample/ODregative
control X 100. The kit that we used considers that a sample is positive for
avian influenza when its competition value is 45% or less. However, as
this methodology had been developed using plasma and not yolk
extracts, it was necessary to determine if the same positivity threshold
was applicable for egg samples. This was done by examining the
correlation between antibody levels in adult females and their
corresponding eggs.

Statistical Analyses

All statistical analyses were performed in R 2.15.0 R Development
Core Team 2012.

Female-Egg Antibody Correlation

Using the results of the molecular sexing of adult gulls, we were
to identify and associate the results for female gulls with their eggs. A
linear regression was performed with female plasma competition values
as the predictor and egg yolk competition values as the response. The
data were first transformed using the natural log. When multiple eggs
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were available for a given female, the mean competition value for the
nest was used.

Broad and Local Scale Prevalence Patterns

The significance of different factors in the following analyses
was determined using model comparison employing backwards term
elimination starting from a full model. The prevalence of anti-AIV
antibodies across different colonies was compared using a generalized
linear model with a binomial distribution. The response variable was
contained the combined number of antibody positive and negative eggs.
Due to sampling issues, egg characteristics were not available for some
colonies. Consequently, a subset of the data was used to examine the
influence of egg volume. In this subset, the relationship of colony and
egg volume (predictor variables) and the likelihood of being antibody
positive (response variable) was determined using binomial logistic
regression. To determine if autocorrelation in egg volume within
colonies could affect the results, a generalized linear mixed model was
also performed, incorporating colony as a random effect as opposed to a
fixed factor. The difference in mean egg volume among colonies was
tested using a linear model with colony as the predictor and egg volume
as the response.

The relationship between colony size, colony mean egg volume,
and egg antibody prevalence was examined using a generalized linear
model with quasibinomial error. The number of antibody positive and
negative eggs was the combined response variable and colony size (the
number of breeding pairs) was the predictor. We also initially included
colony mean egg volume after finding that it was not correlated with
colony size (F=3.96, df=1,6, p=0.09). Because of non-linearity in the
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relationship between prevalence and colony size, colony size was
included as a quadratic term in the model.

Estimates of spatial autocorrelation within colonies were
performed using the spdep package Bivand 2012. Using Join count tests
and a matrix of weights based on nearest neighbor distances, we sought
to determine whether eggs found closer together were more likely to
have the same antibody status (0 or 1). This analysis was performed
separately for VLM, Correge, and each of the Riou Islets (Plane and
Riou).

Results
Correlation between female serum and egg yolk antibody levels

The levels of anti-AIV antibodies found in a female’s plasma
correlated with those found in her eggs as indicated by the significant
relationship between female and egg percentage competition (n=37
pairs; F=36.1; df=1,35; p<0.001) (Fig. la). Using the equation
describing this relationship (log egg competition = 0.78 * log female
competition + 1.26), the seropositivity threshold of 45% described for
plasma approximates to a back-transformed positivity threshold of 70%
for egg yolk. The frequency distributions of female and egg yolk
competition values further support these thresholds for both plasma
(Fig. 1b) and egg yolk (Fig. 1c); although somewhat irregular, they
show evidence of a bimodal frequency distribution within positive and
negative serostatus categories. If we consider eggs with competition
values of 70% or less to be positive, there are nonetheless five eggs for
which the mother is seropositive but the egg yolk is antibody-negative.
In contrast, there are no false positives (mother negative but egg
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positive). This result signifies that we will have a tendency to
underestimate prevalence by 13%.

As a consequence of this finding, we considered that the eggs
from our broader sampling of the Mediterranean were antibody-positive
for AIV when they had a competition value of 70% or less.

Spatial patterns of influenza exposure revealed by egg yolks
Broad-scale patterns

Antibody prevalence was not homogenous across the
Mediterranean coast (Figure 2); it ranged from 31-74% (Table 1).
Interestingly, all colonies demonstrated some exposure to avian
influenza. Colonies contained significantly different proportions of
antibody-positive eggs (retention of colony id: p<0.001) (Table 1).
Colony importance was confirmed in the analyses that included egg
volume. In the best-fit model predicting an egg’s antibody status, only
colony was retained (p<0.001); an egg’s volume did not make it more
or less likely to be antibody positive (p=0.98), even though mean egg
volume was found to differ among colonies (linear model: F=8.5;
df=10, 782; p<0.001). The generalized linear mixed model showed
limited support for autocorrelation of egg volumes within colonies
(correlation=0.015), supporting the use of the simpler generalized linear
models.

The proportion of antibody positive eggs was non-linearly
related to colony size (retention of quadratic term: p<0.001). Prevalence
was higher at both small and large colony sizes (Figure 3). Colony
mean egg volume did not significantly contribute to explaining model
variance and was thus dropped (p=0.65).
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Within-colony patterns

There was no spatial structuring of antibody status in the
majority of the colonies examined (p>0.05 for Correge, Villeneuve, and
the Riou islet). On Plane, however, antibody-negative nests were more
likely to be located near other antibody-negative nests (standard deviate
= 1.96, p=0.02) although antibody-positive nests were freely scattered
throughout the colony (p=0.2).

Discussion

The primary goal of this study was to determine if egg sampling
could be a useful technique in broad-scale disease surveillance, thus
allowing researchers a rapid and easy way to identify regions of interest
and eliminating the need for the more challenging and costly sampling
of adults. We found that there was indeed a strong correlation between
maternal sera and egg yolks. We were able to use this relationship to
estimate and examine AIV antibody prevalence in yellow-legged gull
colonies all along the Mediterranean coast. Based on our results, it
seems likely that exposure to AIV is influenced less by processes such
as colony demography and interactions at the nest level and more by
factors contributing to colony size.

The strong relationship that we found between antibody values
in maternal sera and egg yolks (Figure la), as well as the serostatus
frequency distributions (Figure 1b,c), support the utility of this
approach in surveillance. It demonstrates that eggs can indeed serve as
proxies for the adults that laid them, as has previously suggested
Pearce-Duvet 2009. More importantly, the specific nature of the
relationship allows us to establish a new, different threshold for
seropositivity. Since commercial competitive ELISAs are developed so
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as to be used with blood, not egg yolk, it was necessary to determine if
the same level of seropositivity would apply. Instead, we found that the
kit’s threshold of 40% to be inappropriately low and thus likely to
severely underestimate prevalence. Using the regression equation, we
calculated that a threshold of 70% was more accurate. This finding
emphasizes the need to either develop ELISAs that have been validated
using egg yolk samples or establish the threshold individually for a
given host-pathogen system, if this technique is to enter more general
use.

The proxy assumption is not completely accurate. Using the new
threshold, five eggs coming from seropositive mothers were classified
as seronegative. This result may reflect variability in a female’s ability
or choice to transfer antibodies to her eggs Hammouda et al. 2012.
However, there were no false positives, thus the primary risk is that
prevalence will still be slightly underestimated. Given that the intention
is that this approach would occur in tandem with others and that overall
prevalence is relatively high, it does not seem that this level of
underestimation should be of major concern.

We found that all of the colonies we sampled showed evidence
of past or present avian influenza exposure. The fact that they also
differed widely in prevalence, ranging from 31% in the Ebro Delta of
Spain to 74% in the French colony of Carteau, suggests two things.
First, yellow-legged gulls, in general, are frequently exposed to AIVs in
nature. This result concurs with previously published findings on gulls
from Canada Velarde et al. 2010, France Pearce-Duvet 2009, Norway
Toennessen ef al. 2011, Tunisia Hammouda et al. 2011, and the eastern
coast of the U.S. Graves 1992; this also suggests that our technique
provides biologically reasonable results. Second, the significant
differences between sites suggest that the risk of AIV exposure, either
the likelihood of encounter or transmission, is not homogenous.

Although we did not collect detailed data on environmental conditions
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or individual birds that allow us to address the reason for these
differences, our preliminary data nonetheless permit some speculation.

Bird demography does not appear to play a decisive role in
determining prevalence. We might predict that likelihood of exposure
could be linked to age. In birds, including marine birds, older and more
experienced females tend to lay larger eggs see Amundsen ef al. 1996;
Christians 2002 and older gulls are found nesting at higher quality sites
Pugesek et al. 1983. Different colonies had significantly different mean
egg volumes, suggesting that their age structures and perhaps their
quality were also likely to be different. However, egg antibody status
was not correlated with volume: larger eggs were not more or less likely
to contain anti-AIV antibodies than smaller eggs. Furthermore, a
colony’s mean egg volume was not correlated with its prevalence. This
suggests either that exposure is age-independent, indeed chicks have
been found to be infected Velarde ef al. 2010, or that the age-linked
pattern of exposure gets washed out because antibodies are retained
over time. The longevity of anti-AIV antibodies is a topic that remains
to be explored.

In contrast, colony size was a significant predictor of colony
prevalence. Both smaller and larger, but not intermediate, colonies
contained a greater percentage of birds that had been exposed to avian
influenza. In large colonies, it could be that a density-dependent effect
is involved. Gulls nest in large, dense colonies. Low pathenogenic
viruses in birds are shed in the feces of infected individuals and are
transmitted to susceptible hosts upon ingestion Olsen et al. 2006, via
drinking or filtering of contaminated water Hinshaw et al. 1979; Brown
et al. 2009, or perhaps both Roche et al. 2009. Larger colony sizes
could result in a greater accumulation of feces and virus, higher
encounter rates, and thus greater disease risk Miiller et al. 2004;
Fouchier et al. 2007. Density-dependence could equally be at play in

small-sized colonies. For instance, one of the smallest colonies,
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Carteau, had the highest prevalence value. It has been found that the
small colonies have extremely high densities, perhaps because suitable
nesting substrate is limited on the small islands where they are found
Duhem et al. 2007.

The fact that some colonies achieve large sizes can reflect their
access to urban trash dumps Duhem ef al. 2007; Duhem et al. 2008.
This foraging behavior may present an even greater disease risk because
it further concentrates gulls in a food-rich area while facilitating fecal-
oral transmission because they are defecating where they are eating.
Although we do not have data available for all of our colonies, it is
known that gulls from some of the larger colonies forage in trash dumps
Frioul, Riou: Duhem ef al. 2003; Duhem ef al. 2005; Ebro, Medes:
Ramos et al. 2009; Ramos et al. 2010. The fact that we found limited
evidence for spatial clustering of antibody status within colonies tends
to support this hypothesis; it suggests that exposure is taking place
outside of the colony, perhaps as a consequence of trash foraging or
other as yet unidentified factors.

We recognize that this study only represents an initial effort in
understanding AIV dynamics in nature, and future studies should clarify
additional facets of this system that are relevant to surveillance. For
instance, we detected general AIV antibodies by wusing an
immunological approach that targets the nucleoprotein common to all
subtypes. As a consequence, we don’t know the identity of subtypes to
which the gulls were exposed nor if concurrent infection with several
subtypes could have taken place. It could be that we are detecting gull
exposure to the two taxon-specific subtypes, characterized by H13 and
H16 Fouchier et al. 2005; Fouchier et al. 2007. However, they may also
have been infected with other subtypes and as well as being cross-
infected. It should be recalled that the first recorded isolation of an
influenza virus in the wild was found in terns (Sterna hirundo) Becker

1966, a sister taxonomic group (family Sternidae) to the gulls (family
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Laridae) van Tuinen et al. 2004. The HP subtype, H5N3, resulted in
serious outbreak in South Africa Becker 1966; Alexander 2000. The
unpredictable dynamics of avian influenza have taught us that we
should not underestimate its potential for emergence and re-emergence
Landolt ef al. 2007; Neumann et al. 2009.

Based on the results of this study, we recommend that egg
sampling be incorporated into the suite of techniques currently
employed for avian influenza surveillance. Indeed, its utility in
domestic, farm settings has already been suggested Beck et al. 2003;
Trampel et al. 2006; Gharaibeh et al. 2008; Rutten et al. 2012; Sa e
Silva et al. 2012. The ease of sampling eggs contrasts sharply with that
of capturing adults. As demonstrated here, the antibodies present in egg
yolk can reveal the locations of interest, allowing researchers to narrow
in on pathogen “hot spots”, areas that may present the greatest concern
either because of their high prevalence levels or their proximity to
human urban environments. Once such locations are identified, a more
precise pathogen characterization of the pathogen (virus presence and
type) and the factors that contribute to infection risk as well as disease
emergence can take place. We consider this approach could be
advantageous not only in the surveillance of avian influenza but in
monitoring other pathogens as well. Further work could and should
examine its tractability in other systems.
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Table 1. Prevalence of anti-AIV antibodies in yellow-legged gull eggs
sampled from across Mediterranean coast. Colonies are ordered counter
clock-wise, starting in southeastern France and ending in southeastern
Tunisia, and their longitudinal and latitudinal coordinates are provided.
Note that Plane and Riou are islets within the complex of islands called
Riou. GDR stands for Grau du Roi and VLM stands for Villeneuve-les-
Maguelone. Total Eggs are the number of eggs that were collected from
the colony, Ab+ Eggs the number whose yolks were found to contain

anti-AlIV antibodies, and Prevalence is Ab+ Eggs/Total Eggs.

Country Colony Location Total Eggs Ab+ Eggs Prevalence
Riou (overall) 127 65 51%
Plane (islet) 43°11'14"N, 5°23'10"E 60 30 50%
Riou (islet) 43°10'35"N, 5°23'08"E 65 65 54%
Frioul 43°16"27"N, 5°18'15"E 79 55 70%
France Carteau 43°22'40"N, 4°5127"E 102 75 74%
Besson 43°29'15"N, 4°27'47"E 79 47 59%
GDR 43°30'52"N, 4°08'36"E 50 33 66%
VLM 42°02'50"N, 3°1321"E 70 31 44%
Gruissan 43°06'36"N, 3°06'25"E 99 54 55%
Correge 42°51'15"N, 3°0121"E 70 24 34%
Medes 42°02'50"N, 3°1321"E 38 16 42%
Spain Ebro Delta 40°34'17"N, 0°39'37"E 55 17 31%
Isla Grosa 37°43'40"N, 0°4227"E 66 26 39%
Algeria Chetaibi 37°05"79"N, 7°17'53"E 55 26 47%
Tunisia Sfax 34°42"28"N, 10°45'02"E 45 28 62%
Djerba 33°39'10"N, 10°58'59"E 89 36 40%
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Table 2. Available data on the number of breeding pairs (colony size)

at our sampling locations as well as their source. VLM stands for

Villeneuve-les-Maguelone.

Colony Size  Information Source
Riou (islet) 6000  Duhem 2004

Plane (islet) 2000  Duhem 2004

Frioul 8000 P. Mayet pers. comm.
Corrége 4000 P. Mayet pers. comm.
Gruissan 350 P. Mayet pers. comm.
VLM 400 P. Mayet pers. comm.
Carteau 400 P. Mayet pers. comm.
Medes Islands 6500  Ramos et al. 2009

Ebro Delta 6000  Ramos et al. 2009

Isla Grosa 1400  D. Oro pers. comm.
Sfax 100 Hammouda pers. comm.
Djerba 2500 Hammouda pers. comm.
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Figure legend

Figure 1: a) Linear regression between ELISA percentage competition
values for female plasma (x-axis) and corresponding egg yolk (y-axis);
values have been log-transformed b) Histogram of ELISA percentage
competition values for female plasma b) Histogram of ELISA

percentage competition values for egg yolk

Figure 2: Antibody prevalence patterns estimated from eggs in a)
France; b) Spain; c¢) North Africa. The locations of the colonies sampled
are indicated by black dots. The pie charts represent the number of eggs
found seropositive (in black) and seronegative (in white) for anti-AIV

antibodies; details are provided in Table 1.

Figure 3: Non-linear regression between colony size and egg antibody

prevalence
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Abstract

Highly pathogenic avian influenza viruses (AIVs) remain of great
concern worldwide due to their economical impacts. To date, most
epidemiological studies have focused on AIV circulation in Anatidae,
while less attention has been given to Laridae. In order to better
understand the circulation of AIVs in Laridae, we studied the
prevalence and subtype specificity of antibodies against AIVs in eggs
sampled from an abundant and anthropophilic seabird species, the
yellow-legged gull (Larus michahellis). Sampling took place over 2
years in 11 breeding colonies across 3 western Mediterranean countries.

We found that yellow-legged gulls are exposed to AIVs and that
antibody prevalence was high across all colonies. No spatial
autocorrelation within the colonies was detected, suggesting that
individuals do not necessarily become infected within the colony.
Prevalence levels were heterogeneous across colonies and positively
correlated along a south/north gradient. We detected the presence of
antibodies specifically against H13 and H16 AIV subtypes, which
commonly occur in Laridae species. In contrast, we did not find any
evidence of gull exposure to subtypes H5 and H7, which can evolve
from low to high pathogenicity in poultry.

This study reports the prevalence of specific AIV antibodies in yellow-
legged gull eggs across the western Mediterranean. Our results show
that the yellow-legged gull, a species that is in close contact with
humans and inhabits urban areas, is exposed to AIVs and may
potentially play a role in the circulation of some AIV subtypes. A
multisite survey of gull colonies may help further clarify the
involvement of this species in the epidemiology of AIVs.

Keywords

Avian influenza, Laridae, disease ecology, colonial waterbird, maternal
antibody transfer, serology.
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Introduction

Over the last two centuries, advances in hygiene, the
development of many vaccines, and the discovery of penicillin in 1929
resulted in the impression that the battle against infectious agents had
been won Anker et al 2002. However, many anthropogenic
environmental disturbances have contributed to pathogen emergence
Lebarbenchon ef al. 2008. Indeed, rearing practices and the expansion
of international air traffic are just some factors that have increased
opportunities for infectious agents to transfer to new hosts Patz et al.
2004; Lebarbenchon et al. 2008. These new infection opportunities
have led to the emergence of numerous infectious diseases in domestic
animals and humans, most of which originally circulated in wildlife
Daszak et al. 2000; Gortazar et al. 2007; Jones et al. 2008. Studying
infectious agent circulation in wild reservoirs is essential to describe,
understand, and predict potential outbreaks in humans and domestic
animals.

Avian influenza viruses (AIVs) well illustrate that knowledge
about wild animal reservoirs of human and livestock pathogens is
essential to understanding transmission dynamics. AIVs remain of great
concern worldwide due to their economic impacts and the threat they
represent to human health Chen et al. 2005; De Wit et al. 2008. These
viruses have complex epidemiological dynamics Webster et al. 1992,
characterized by the ability to jump from wild birds to domestic hosts as
well as to wild and domestic mammals, including humans Olsen et al.
2006; Gauthier-Clerc et al. 2007.

Wild waterbirds, in particular Anseriformes (mainly Anatidae:
ducks, geese and swans) and Charadriiformes (Waders and Laridae:
gulls and terns), are considered to be the natural reservoirs for AIVs
Webster ef al. 1992. Two forms of AIVs can be distinguished according
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to their pathogenicity in poultry. Low pathogenic avian influenza
viruses (LPAIVs) naturally circulate in wild waterbirds, in which they
seem to cause no or mild clinical symptoms Webster et al. 1992;
Alexander 2000. While highly pathogenic avian influenza viruses
(HPAIVs) do not seem to have wild reservoirs, the introduction of
LPAIVs strains from wild animals into poultry can result in the
evolution of more virulent forms (HPAIVs) Ito et al 2001;
Lebarbenchon et al. 2010. To date, H5 and H7 are the only subtypes
that have been able to evolve from low to high pathogenicity Alexander
2000; Fouchier et al. 2007. However, a wide variety of subtypes
circulate in wild birds Webster et al. 1992; Alexander 2000. This
diversity, as well as the close contact between wild birds, domestic
animals, and humans can induce reassortment between viruses that
allows the emergence of new subtypes Zhou et al. 1999.

For various reasons, including the fact that Anatidae species
represent the main natural host reservoir for AIVs Stallknecht et al.
2007b, given the global distribution of the taxon Cramp et al. 1983,
most studies have focused on AIV circulation in Anatidae and given far
less attention to Laridae Arnal ef al. in prep.. However, studies that
have investigated AIV dynamics in Laridae have shown that several
species are regularly infected by LPAIVs Becker 1966; Wille et al.
2011 and may be healthy carriers of HPAIVs Olsen et al. 2006;
Muzinic et al. 2010; Savic et al. 2010. Moreover, specific subtypes
such as H13 and H16 are essentially maintained in gull populations
Yamnikova et al. 2003; Fouchier et al. 2005; Olsen et al. 2006,
although they are also occasionally detected in other avian taxa,
including the mallard (4nas platyrhynchos) Munster et al. 2007, the
domestic turkey (Meleagris gallopavo) Sivanandan et al. 1991, or the
American white pelican (Pelecanus erythrorhynchos) Lebarbenchon et
al. 2010.
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Some Laridae species, such as the yellow-legged gull (Larus
michahellis), are colonial seabirds that nest in large and dense colonies
Oro et al. 2007, creating good opportunities for virus spread through
aerial and feacal transmission Markwell et al. 1982; Webster et al.
1992. Yellow-legged gulls breed in various habitats and may share the
use of wetlands with Anatidae, which can promote AIV circulation
through direct bird-to-bird transmission or through contact with
contaminated fresh water Brown et al. 2009; Costa ef al. 2011. Yellow-
legged gulls are also predators for ducks Tamisier ef al. 1999, and it has
been shown that Laridae species can be infected with HPAI H5N1
through the consumption of contaminated meat Brown et al. 2008.
Finally, they have colonized some urban areas and can exploit resources
resulting from human activities Duhem et al. 2008; Lisnizer et al. 2011,
thus promoting the risk of transmitting and spreading zoonotic diseases.

Different methods may be used to assess whether a wild bird
population is exposed to AIVs. Most of the studies are based on virus
isolation or direct detection of the viral genome, which provides
information about immediate infection status and allows the
phylogeographic tracking of strains Munster et al. 2007; Germundsson
et al. 2010. This approach is useful when the proportion of individuals
shedding pathogen at any point in time is high, which does not seem to
be the case for AIVs in yellow-legged gulls. Indeed, AIVs were
detected in only 0.9% of more than 200 yellow-legged gulls sampled in
the Camargue wetlands (France) from September 2006 to July 2007
Lebarbenchon et al. 2010.

When prevalence is too low to conduct surveys based on direct
methods, serological surveys may be used to detect the host’s specific
immunological response following exposure to the infectious agent
Kuno 2001. A limitation of serological methods is that they are only
useful if the host’s immune response is detectable for a relatively long

period of time Kuno 2001. The persistence of antibodies against the
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influenza nucleoprotein has never been assessed in gulls. However,
field studies performed on a natural population of black-legged
kittiwakes (Rissa tridactyla) showed that antibodies against both a
naturally circulating infectious agent and a vaccine antigen were
detectable for at least one year Staszewski et al. 2007a. Moreover, the
long lifespan of Laridae Cramp et al. 1983 could favor the development
of persistent acquired immune responses Lee 2006.

In wild bird species for which adults are difficult to catch,
detecting maternal antibodies in eggs may prove a useful tool. Indeed,
the amount of antibodies detected in the egg yolk correlates with the
amount detected in the plasma of breeding females at the time of laying
Gasparini et al. 2002; Hammouda et al. 2012; Pearce-Duvet et al. in
prep. and therefore reflects a female’s prior exposure to infectious
agents Pearce-Duvet et al. 2009; Hammouda ef al. 2011; Pearce-Duvet
et al. in prep..

In this study, we aimed to improve the understanding of AIV
dynamics in Laridae in the western Mediterranean basin. Using the
yellow-legged gull as a model species, we investigated spatial variation
in the presence of AIV-specific antibodies in eggs sampled over a 2-
year period. Two previous studies, conducted on pairs of yellow-legged
gull colonies in France and Tunisia, detected a high prevalence of AIV
maternal antibodies in eggs Pearce-Duvet ef al. 2009; Hammouda et al.
2011, but found different results with regards to spatial variation
between colonies. We conducted a study at the scale of the western
Mediterranean basin in order to better estimate prevalence levels and
clarify spatial variation among colonies.

Current knowledge on the ecology of AIVs suggests that the
highest rates of infection in waterbirds are observed mainly during
gathering periods, for example during pre-migration gathering Krauss et
al. 2004; Lebarbenchon et al. 2007; Wallensten et al. 2007; Hanson et
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al. 2008. Knowing that yellow-legged gulls breed in dense colonies Sol
et al. 1995, we hypothesized that the high contact rate between breeding
females within a colony could increase viral transmission. We therefore
investigated the spatial aggregation of AIV antibodies present among
nests in a subsample of colonies.

We characterized the AIV subtypes targeted by the antibodies
we detected. Knowing that previous studies had found high proportions
of HI3 and H16 AIV subtypes in Laridae populations Fouchier et al.
2005; Olsen et al. 2006; Fouchier et al. 2007, we expected a similar
result. We also tested for antibodies against HS and H7 subtypes, in
order to assess the role played by yellow-legged gulls in the dispersal of
these viruses known to evolve from low to high pathogenicity in
poultry. However, we did not expect high levels of H5 or H7-specific
antibodies because these subtypes are not frequently reported in gulls
Muzinic et al. 2010; Savic et al. 2010.

Material and methods
Sampling

In 2009 and 2010, during the breeding season (March/April), we
sampled 11 breeding colonies located in France (n=7), Spain (n=3), and
Algeria (n=1) (Figure 1). In total, 1,384 eggs (8-127 eggs per colony)
were collected (Table 1). One egg per clutch was collected from a sub-
sample of nests within each colony, given that nest status (antibody
positive or negative) can be reliably estimated from a single egg
Hammouda et al. 2011.
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Serological analyses

In the laboratory, the egg yolk was separated from the albumen,
homogenized, and frozen at -20°C until analysis. Antibodies were
obtained using chloroform extraction, as previously described Gasparini
et al. 2001, and stored at -20°C.

Egg extracts were screened for antibodies directed against the
influenza A virus nucleoprotein using a commercial ELISA kit (ID
Screen” Influenza A Antibody Competition Multi-Species, ID VET,
Montpellier, France) in accordance with the manufacturer’s
instructions. Results were expressed as a percentage of competition
(PC), using the optical density (OD) of the sample and the mean OD of
the negative controls (NC) of the kit as follows: PC = (ODsampie/ODnc)
x 100. According to kit instructions, samples with PC <45% were
considered positive, those with PC >50% were considered negative, and
those with PC between 45% and 50% were considered doubtful.

Characterization of specific influenza subtypes

With the exception of a few samples, all of the ELISA-positive
eggs were screened for antibodies against HS and H7 subtypes using
two commercial ELISA kits (ID Screen® Influenza H5 and H7
Antibody Competition, ID VET, Montpellier, France) in accordance
with the manufacturer’s instructions. As described above, results were
expressed as PC. According to kit instructions, samples with PC < 50%
were considered positive, those with PC > 60% were considered
negative, and those with PC between 50% and 60% were considered
doubtful.

These same extracts were tested for the presence of
hemagglutinating antibodies specific for H13 and H16 subtypes using
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Hemagglutination-Inhibition Tests (HIT) following standard procedures
Kuiken et al. 1998; WHO manual on animal influenza diagnosis and
surveillance 2002. A HIT titer of > 1:20 was considered positive.

Statistical analyses

All analyses were performed using R.2.15.0 (R development
Core Team 2012). We used generalized linear models (GLM) to assess
whether influenza antibody prevalence differed among colonies. The
significance of factors in our models was determined using model
comparison following backwards elimination of terms. The most
parsimonious model was selected by AIC criterion Burnham et al.
2002. We used a generalized linear mixed model (GLMMPQL;
binomial; with colony as a random effect, library MASS) to evaluate if
the prevalence levels differed over time. Mantel tests (library ade4)
were used to assess if AIV-positive samples were homogeneously
distributed Vicente et al. 2007 within three randomly chosen colonies:
Ebro Delta (Spain), Corrége (France), and Frioul (France). We
controlled for multiple comparisons using the false discovery rate
correction, which employs ¢* = 0.05 Benjamini et al. 1995. This
approach controls the proportion of erroneously rejected hypotheses as
opposed to the possibility of a single false rejection, thus resulting in
more power than in traditional multiple comparison methods Garcia
2003.
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Results

ELISA detection of influenza A virus circulation

Over the two years of study, high prevalence levels were found
in each colony (Table 1), with averages (+Standard Error, SE) of 33.2
% £11.5 in 2009 and 47.2 % £9.4 in 2010. Prevalence levels varied
significantly between the two years of the study (Generalized linear
mixed model: /£SE = 0.6+0.2, t-value = 3.3, I = 0.009). Differences in
prevalence levels were detected among colonies and were positively
correlated along a south/north gradient (Generalized linear mixed
model: fSE = 0.1+0.05, tz-value = 2.8, P = 0.021). No spatial
autocorrelation was detected within the colonies of Ebro Delta (P =
0.2), Correge (P =0.2), or Frioul (P =0.3).

Detection of antibodies specific for H5, H7 (competitive ELISA) and
HI13, H16 (HIT) influenza subtypes

No H5 and H7 specific antibodies were detected using ELISAs.
The prevalence of antibodies specific for HI13 or HI16 influenza
subtypes is presented in Table 2. Average prevalence levels (+SE) over
the two years were 14.5 % +7.9 and 6.7 % +3.4 for H13 and H16,
respectively. Nineteen samples, i.e. 1% of all samples tested by HIT,
contained antibodies with an hemagglutination inhibition effect for both
H13 and H16 viruses; the titer observed for the H16 AIV-subtype was
generally lower than that for the H13 (Figure 2, Table 3).
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Discussion

Our rigorous study used the same protocol to simultaneously
survey AIV exposure in several breeding colonies of a common wild
bird species across the western Mediterranean basin.

We found that yellow-legged gulls are exposed to AIVs, and
that all the breeding colonies showed a high prevalence of antibodies
against the AIV nucleoprotein (Table 1). These high levels of AIV
antibody prevalence confirm previous results obtained using yellow-
legged gull eggs sampled locally in the western Mediterranean basin
Pearce-Duvet et al. 2009; Hammouda et al. 2011; Pearce-Duvet et al. in
prep.. They are also consistent with serological results observed in
adults of black-legged kittiwakes (Rissa tridactyla) living in Norway
Toennessen et al. 2011. Our large-scale study allows us to more broadly
assess yellow-legged gull exposure to AIVs in a spatial context, both
within and between breeding colonies.

No spatial autocorrelation within the colonies of Ebro Delta,
Correge or Frioul was detected. The absence of ELISA-positive patches
of nests Keeling et al. 2002 suggests that breeding females did not
become infected within the colony.

Because antibodies in the plasma are believed to persist at least
a year in Laridae Staszewski et al. 2007a, seropositive yellow-legged
gull females may have been exposed to AIVs at any time of year.
During the breeding season, yellow-legged gulls may become infected
on feeding sites, where aggregation is likely to lead to AIV transmission
between individuals McCallum et al. 2001; Bin Muzaffar et al. 2006.
During the winter, when temperature conditions are favourable to the
persistence of AIVs in the environment Brown et al. 2009, gulls also
nocturnally gather in resting areas; such aggregation can also favor AIV
transmission.
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This study does not allow us to assess if there is potential
transmission within the colony after laying. It would be interesting to
analyze the presence of antibodies against AIVs in the plasma of
yellow-legged gull chicks older than 15 days. Such chicks no longer
have antibodies of maternal origin and could thus reveal transmission
within the colony Garnier ef al. 2012.

Prevalence levels are not homogeneous among colonies. This
result confirms the variation in prevalence previously detected in two
colonies in Tunisia Hammouda et al. 2011. However, our study shows
an increase in prevalence along a south/north gradient (Figure 1). This
trend could be due to differences in environmental factors following the
south/north gradient. For instance, mallards (Anas platyrhynchos),
which represent the main natural reservoir host for AIVs Stallknecht et
al. 2007b, are only marginally present in Algeria Cramp et al. 1983;
Samraoui et al. 2008; Samraoui ef al. 2011, as opposed to certain areas
of France (Camargue; Lebarbenchon et al. 2010) or Spain (Ebro Delta,
Mateo et al. 1998). The differences in the proximity between gulls and
mallards could potentially explain the differences in prevalence among
our colonies.

We detected an increase in the proportion of nests with antibody
positive eggs between 2009 and 2010. This result suggests a local,
continued circulation of AIVs. Indeed, if the pattern had been due to
past transmission events, we would expect demographic factors (natural
mortality and recruitment of susceptible individuals) to have led to
stable or reduced local antibody prevalence. However, this result must
be confirmed by a longer term study.

Antibodies against H5 and H7 subtypes were not detected. This
finding is consistent with other studies suggesting that AIV subtypes
containing these hemagglutinins are rarely detected in Laridae species
Muzinic et al. 2010; Savic et al. 2010.
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Knowing that H13 and H16 AIV subtypes are common in gull
populations Fouchier et al. 2005; Olsen et al. 2006; Fouchier et al.
2007, we expected to find antibodies against HI3 and HI6
hemagglutinins. HI13 and H16 specific antibodies were detected, but
their prevalence levels varied from low to null depending on the study
site and year, a result that contrasts with the high prevalence detected by
studies conducted in Norway on black-legged kittiwakes Obenauer et
al. 2006; Toennessen ef al. 2011. These differences in prevalence may
be linked to the fact that yellow-legged gulls and black-legged
kittiwakes are two species with different ecologies that live in different
environments. The H13 AIV-subtype prevalence levels detected in our
study also differed from those reported for ring-billed gull (Larus
delawarensis) colonies in Canada Velarde et al. 2010, where 92% and
80% of the adult had antibodies against HI3 AIVs in 2000 and 2004
Velarde et al. 2010.

Serological analyses are classically performed on adult or chick
serum, using H13 and H16 antigens and the same HI positivity
threshold (titre > 1:20) as in our study Toennessen ef al. 2011. These
methods can detect both Immunoglobulin type M (IgM) and
Immunoglobulin type Y (IgY, which is a functional equivalent of the
mammalian IgG West et al. 2004). In birds, the acquired immune
response is mainly mediated by IgY, which is the only immunoglobulin
that can be transferred into the egg yolk West et al. 2004. Therefore,
HIT analyses carried out on eggs can only detect IgY antibodies, which
may partly explain the difference between our results and those from
studies that analyzed Laridae serum Toennessen et al. 2011. In order to
verify that the lower prevalence levels observed in our study were not
due to a problem of maternal antibody detectability, we tested 12
kittiwake eggs sampled in 2010 from the same Norwegian colony
(Horneya) as in the Toennessen et al. study Toennessen ef al. 2011.
Antibodies against H13 and H16 subtypes were detected in 7 of 12 and
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2 of 12 samples, respectively. One sample contained antibodies able to
inhibit the hemagglutination of both H13 (titer = 1:20) and H16 (titer =
1:40) AIVs. Although we tested only a few eggs, this result suggests
that the lower HI3 and H16 prevalence levels observed on yellow-
legged gull eggs are unlikely to be linked to detectability issues.

Finally, only 1% of all the samples tested by HIT contained
antibodies able to inhibit the hemagglutination of both H13 and H16
AlVs. This percentage is relatively low as compared to the 37.5%
(18/48) of kittiwake samples found positive for both H13 and H16
antigens in Norway Toennessen ef al. 2011. Seropositivity for both H13
and H16 antigens may be explained by a possible co-exposure to
different AIV subtypes Sharp et al. 1997 or, at low virus titer, HIT
cross-reactions. Indeed, a cross-reaction was observed between the H13
and H16 reference serum at the lowest titer levels 1:20 and 1:40 (Table
3).

Conclusion

This study reports a high prevalence of antibodies against AIVs
in yellow-legged gull eggs across the western Mediterranean basin. Our
results indicate that yellow-legged gulls are exposed to AIVs and that
H13 and H16 subtypes are present in the Mediterranean basin. This is a
notable result because the circulation of diverse AIV subtypes in wild
animals that occur in close proximity to urban and farm animals may
potentially be responsible for the emergence of new virulent subtypes
Chen et al. 2006; Van Poucke et al. 2010. It would be useful to extend
this study to other host-pathogen systems with different patterns of
transmission and circulation, including pathogens of humans or
domestic animals for which wild birds represent the main reservoir.
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Tables

Table 1. Prevalence of antibodies directed against the nucleoprotein of AIVs in yellow-legged gull eggs

Number of positive ~ Number of doubtful

Country Colony Year Sample size samples samples

Riou 2009 127 42 (33%) 10
(43°10'39"N-5°23'04"E) 2010 8 4 (50%) 0
Frioul 2009 79 38 (48%) 9
(43°16"27"N-5°18'15"E) 2010 51 17 (33%) 3
Carteau 2009 102 57 (56%) 6
(43°22'40"N-4°5127"E) 2010 56 25 (45%) 5
Besson 2009 79 34 (43%) 2

France
(43°29'15"N-4°27'47"E) 2010 59 35 (59%) 5
Villeneuve 2009 70 20 (29%) 6
(42°02'50"N-3°13"21"E) 2010 64 34 (53%) 3
Gruissan 2009 99 33 (33%) 12
(43°06'36"N-3°06"25"E) 2010 91 49 (54%) 3
Correge 2009 70 15 (21%) 5
(42°51'15"N-3°01"21"E) 2010 54 27 (50%) 1
Medes 2009 38 11(29%) 2
(42°02'50"N-3°1321"E) 2010 49 27 (55%) 0
Ebro delta 2009 55 12 (22%) 0

Spain
(40°34'17"N-0°39'37"E) 2010 29 15 (52%) 1
Isla Grosa 2009 66 13 (20%) 6
(37°43'40"N-0°42"27"0) 2010 50 16 (32%) 1
Chetaibi 2009 55 17 (31%) 4

Algeria
(37°05"79"N, 7°17'53"E) 2010 33 11 (33%) 1
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Table 2. Prevalence of antibodies against H13 and H16 subtypes by inhibition of
hemagglutination test

Country Colony Year AV positive (N;%) H13 (%) HI16 (%)
Riou 2009 40 (127 ; 31%) 9 (22.5%) 0
(43°10'39"N-5°23'04"E) 2010 4 (8;50%) 2(50%) 1(25%)
Frioul 2009 37(79 ; 47%) 11 (30%) 0
(43°16'27"N-5°18'15"E) 2010 17 (51 ;33%) 2 (12%) 1 (6%)
Carteau 2009 55(102 ; 54%) 8 (15%) 0
(43°22'40"N-4°51"27"E) 2010 25 (56 ; 45%) 8(32%)  2(8%)
Besson 2009 34 (79 ; 43%) 12 (35%) 0
France
(43°29'15"N-4°27'47"E) 2010 35 (59 5 59%) 12 (34%) 2 (6%)
Villeneuve 2009 20 (70 5 29%) 10 (50%) 0
(42°02'50"N-3°13"21"E) 2010 34 (64 ; 53%) 22 (65%) 3 (9%)
Gruissan 2009 32(99 ;32%) 5 (16%) 1 (3%)
(43°06'36"N-3°06"25"E) 2010 49 (91 ; 54%) 21 (43%) 4 (8%)
Correge 2009 14 (70 5 20%) 12 (86%) 1 (7%)
(42°51'15"N-3°01"21"E) 2010 27 (54 ; 50%) 7 (26%) 0
Medes 2009 10 (38 ;26%) 5(50%) 1(10%)
(42°02'50"N-3°13"21"E) 2010 27 (49 ; 55%) 6(22%) 2 (7%)
Ebro delta 2009 12 (55 ;22%) 3 (25%) 0
Spain
(40°34'17"N-0°39'37"E) 2010 15 (29 ; 52%) 9 (60%) 2 (13%)
Isla Grosa 2009 13 (66 ; 20%) 7(54%) 4 (31%)
(37°43'40"N-0°4227"0) 2010 16 (50 ; 32%) 4(25%) 4 (25%)
Chetaibi 2009 17 (55 ; 31%) 6 (35%) 1 (6%)
Algeria
(37°05"79"N, 7°17'53"E) 2010 11 (33 ;36%) 5 (45%) 0
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Table 3. Neutralizing antibody titers for eggs containing antibodies that
inhibit the hemagglutination of H13 and H16 subtypes

Country Colony Year Titer H13 Titer H16
Riou 2010 1:80 1:40
Carteau 2010 1:320 1:80
1:40 1:40
Besson 2010 1:40 1:20
1:20 1:20
France . 1:80 1:20
Villeneuve 2010 1320 120
1:320 1:160
. 1:80 1:20
Gruissan 2010 120 120
1:80 1:20
Corrége 2009 1:40 1:20
2009 1:20 1:80
Medes =010 1160 1:40
Spain 1:20 1:20
Ebro Delta 2010 1:40 1:80
Isla Grossa 2009 1:20 1:20
1:80 1:80
Algeria Chetaibi 2009 1:160 1:20
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Figure legends

Figure 1: Prevalence patterns of antibodies against AIVs estimated

from eggs in a) France; b) Spain; c) Algeria.

The locations of the study colonies are indicated by black dots. The pie
charts represent the number of eggs found to be positive (in black) and
negative (in gray) for anti-AIV antibodies; details are provided in Table

1.

Figure 2: HI titer observed for AIV-subtypes a) H13 and b) H16.
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Abstract

In recent years, flaviviral zoonoses, whose reservoirs include wild birds,
have emerged worldwide. We characterized flavivirus presence in the
Mediterranean basin, using yellow-legged gull eggs obtained over 3
years from 19 breeding colonies; chick sera and soft ticks were also
collected from the Medes Islands colony (Spain). At Medes and the
nearby village of L’Escala, significant numbers of eggs and chicks had
antibodies against the flavivirus E-protein. However, eggs were
negative for West Nile, Usutu, and tick-borne encephalitis neutralizing
antibodies. Other colonies had, at most, one egg containing antibodies
against the flavivirus E-protein. Soft ticks screened for flaviviral RNA
carried a virus that was 95% similar to a fragment of Meaban virus’
NS5 gene. All antibody-positive eggs sampled from Medes Islands
neutralized Meaban virus. This study is the first to detect Meaban virus
in the Mediterranean basin and highlights the utility of maternal
antibody detection in flavivirus surveillance.

Running title
Meaban virus in gulls and seabird ticks in Spain

Keywords

Arboviruses, Epidemiology, Spain, Charadriiformes, Maternally-
Acquired Immunity
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Introduction

Over the last decades, climate change and human activities

including international air traffic expansion, increase in world
population, commercial transportation, urbanization and deforestation
have led to the emergence of numerous human and animal arboviruses
(). Arboviruses are transmitted from one vertebrate host to another via
hematophagous arthropods (2). They are classified into 5 families
(Bunyaviridae,  Flaviviridae, — Reoviridae, = Rhabdoviridae, and
Togaviridae) according to antigenic relationships, morphology and
replicative mechanisms (3). In humans, most arboviral infections may
be asymptomatic. In particular, several flaviviruses are human
pathogens that, while generally asymptomatic or resulting in mild
illness, can also cause central nervous system diseases, coma, or death
(3.
The genus Flavivirus consists of about 70 antigenically related viruses
that are geographically widespread (3). A full understanding of the role
of the natural reservoirs of these viruses is critical to assess and predict
the risk of disease transmission to humans and domestic animals. Wild
birds represent one of the most specific animal reservoirs (3) for
flaviviruses that present the greatest risk to public health, some of
which are present in Europe (4,5).

West Nile virus (WNV) is one such re-emerging flavivirus that
is most often transmitted by mosquitoes of the genus Culex (6). Wild
birds are the natural reservoirs for WNV; humans, horses, and other
mammals are considered dead-end hosts in whom infection may
nonetheless lead to febrile illness or fatal neurological disorders (6). In
Europe, WNV transmission to humans and horses has been sporadically
reported since the 1960s (6). However, in 2010, multiple outbreaks
occurred in North Africa, and some FEuropean countries, which
triggered renewed concern about the potential economic and public
health impact of this virus (7). Usutu virus (USUV) is a mosquito-borne
flavivirus that is closely phylogenetically-related to WNV and whose
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natural reservoir is also wild birds (§). USUV has been reported in
different European countries (8,9). Unlike for WNV, the medical
relevance of USUV for humans is not fully understood. In 2009,
USUV-related illnesses were reported in two immunocompromised
patients in the Emilia-Romagna region of Italy (/0).

Tick-transmitted flaviviruses are also known to circulate in
Europe in wild bird populations. Tyuleniy virus was isolated in 1969
from Ixodes uriae collected in a seabird colony on the Tyuleniy Island,
which is located in the Okhotsk Sea in of eastern Russia (/7). Tyuleniy
virus was later detected in the same tick species on the French Atlantic
coast (12,13), the Lofoten Islands in Norway, and the western coast of
USA (/7). Based on serological data, it was been suggested that
Tyuleniy viruses might be mildly pathogenic in human (73). Tick-borne
encephalitis virus (TBEV) is a highly pathogenic flavivirus known to
circulate in Europe (/4). TBEV can affect humans and cause fatal
neurological infection (/4). The principal vector of TBEV is the hard
tick Ixodes ricinus, which is widely distributed in Europe (/4). Finally,
Meaban virus was isolated in 1985 from soft ticks Ornithodoros
maritimus sampled from herring gulls (Larus argentatus) nests on the
west coast of France (4). Antibodies against this virus were also found
in colonies of this seabird host species (/2). This flavivirus has never
been reported in any other parts of the world (/7). Its potential
occurrence and pathogenicity in humans and other domestic and
wildlife species are unknown.

The yellow-legged gull (Larus michahellis) is a relevant biological
model when investigating the detection of flaviviruses in wild bird
populations for several reasons. First, they also have colonized some
urban areas and can exploit resources resulting from human activities
(15), thus increasing the risk of pathogen transmission to human. They
can breed in various habitats, which may be more or less shared with
other seabirds. Because they are colonial and nest in large and dense
colonies (/6), the sharing of infectious agents between individuals may

- 258 -



be facilitated. Although non-breeder birds may traverse large areas (/7),
breeding adults show relatively restricted movements and high breeding
site fidelity, which means this long lived species is potentially useful in
detecting the local circulation of infectious agents.

Secondly, this species belongs to the Laridae family, a
taxonomic group that host several flaviviruses. For instance, white-eyed
gulls (Ichthyaetus leucophthalmus) were found to be exposed to WNV
in nature (/8). Yellow-legged, Mediterranean (Larus melanocephalus)
and black-headed (Larus ridibundus) gulls were identified as species
potentially involved in the introduction and spread of WNV in the
Mediterranean basin (/9). USUV-specific antibodies have been
detected in black-headed gulls (5) and Meaban virus has been isolated
from soft ticks (Ornithodoros maritimus) sampled from herring gull
nests (4).

Lastly, research on yellow-legged gulls is facilitated by local
regulations. Population control efforts, including egg sterilization
campaigns, are implemented because this species is perceived as a
nuisance and threat to other species on which it can prey (/6). The
sampling of eggs for epidemiological purposes (20,21) is therefore
straightforward.

Different methods may be used to assess whether a bird
population has been exposed to a particular infectious agent.
Serological methods can detect pathogen-specific antibodies
synthesized by the host immune system following infection (22). In
wild bird species for which adults are difficult to catch, detecting
maternal antibodies deposited in eggs may prove a useful tool. Indeed,
the amount of antibody detected in the egg yolk correlates positively
with the amount detected in the plasma of breeding females at the time
of laying (23) and therefore reflects their prior exposure to infectious
agents (20,21).

A drawback of these indirect methods is that they are only
useful if the host immune response is detectable for a relatively long
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period of time (22). A study of the duration of flavivirus-specific
antibodies in wild birds suggests that antibodies remain detectable for at
least one year (24). Because cross-reactivity with antibodies directed
against phylogenetically related pathogens may occur (25), direct
detection of a virus or its genome are necessary to precisely identify the
flaviviruses responsible for the serological reactions observed.

Objectives

This study aimed to characterize the exposure of wild birds to
flaviviruses in the western Mediterranean basin. We screened egg yolks
of yellow-legged gulls from 19 colonies in four countries for flavivirus-
specific antibodies. In tandem, nestlings, soft ticks found on hosts and
mosquitoes were sampled from a colony in which antibodies against
flaviviruses were detected, so as to elucidate potential transmission
pathways in this system.

Materials and methods
Sampling

From 2009 to 2011, early during the incubation period
(March/April), one egg per clutch was collected from a sub-sample of
nests within each of 19 breeding colonies located in France (n = 9),
Spain (n = 5), Tunisia (n = 2), and Algeria (n = 3) (Figure). In total,
1098 eggs (8-50 eggs per colony) were sampled. In the laboratory, the
egg yolk was separated from the albumen, homogenized and frozen at -
20°C until analysis. Antibodies were extracted from egg yolks using
chloroform as previously described (26), and the product was stored at -
20°C.

In addition to the egg survey, additional sampling of chick
blood, ticks and mosquitoes was performed in Medes Islands where
significant flavivirus antibody prevalence had been detected. Yellow-
legged gull chick plasma was collected over three consecutive years
(2009 to 2011). For each chick, up to 2 ml of blood (for chicks more
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than 15 days old) was drawn from the tarsal or brachial vein using a
sterile syringe. Each sample was immediately transferred into
heparinized tubes and maintained in a cooler while in the field. In the
lab, the blood was centrifuged at 2500 rpm for 15 min and the resulting
plasma was stored at -80 °C until analysis. Because maternal antibody
concentration decreases with age (27), each chick was weighed and its
bill measured so that its approximate age could be estimated. In
parallel, soft tick (O. maritimus) nymphs were sampled directly from
yellow-legged gull chicks following visual inspection, and maintained
alive until they could be returned to the laboratory. Ticks were then
placed in 36 groups (mean size of 5-6), with each group corresponding
to one individual chick. In addition, 4 CDC light traps baited with CO,
were set out over 24h in August 2011 in order to capture Culicidae
mosquitoes. The captured mosquitoes were morphologically identified
and pooled by species into 10 groups containing up to 13 mosquitoes.
Both ticks and mosquitoes were kept frozen at -20°C until analysis.
Serological analyses

Egg extracts and chick plasma were screened for antibodies
directed against the WNV envelope protein (E-protein), which contains
epitopes shared with other viruses of the Japanese Encephalitis
serocomplex (28,29). We used a commercially available ELISA kit (ID
Screen® West Nile Competition, ID VET, Montpellier, France) in
accordance with the manufacturer’s instructions. Results were
expressed as a percentage of competition (PC) calculated using the
optical density (OD) of the sample and the mean OD of the negative
control (NC) of the kit as follows: PC=(ODgumpi/ODnc) x 100.
According to kit instructions, samples with PC < 40% were considered
positive, those with PC > 50% were considered negative, and those with
PC between 40% and 50% were considered doubtful. For statistical
analyses, doubtful samples were grouped together with negative
samples.

- 261 -



A sample of randomly selected ELISA positive eggs (n = 74)
and all the ELISA positive plasma (n = 13) were further screened for
neutralizing antibodies against WNV [S-98-ST1 strain for egg samples
(analyses performed in France) and EglO1 strain for plasma samples
(analyses performed in Spain) using 96-well plate neutralization tests as
previously described (30). The presence of neutralizing antibodies
against USUV (SAAR-1776 strain) was also assessed by a similar 96-
well plate neutralization test for 15 eggs negative for WNV neutralizing
antibodies. A plaque reduction neutralization test (PRNTyy) was
performed on the same 15 eggs to detect antibodies against TBEV, as
well as on a sample of 71 ELISA-positive eggs to detect antibodies
against Meaban virus.

Briefly, 6-well plates were seeded with 8x10° Vero (TBEV) or
SW13 cells (Meaban virus) per well 1 day before the neutralization
assay. Serially diluted egg extracts (1/20 to 1/320) were incubated with
TBEV (Hypr strain) or Meaban virus (Brest ART707 strain) as a
suspension containing 400 plaque-forming unit per mL of Dulbecco's
Modified Eagle's Medium (DMEM, Invitrogen) for 1h30 in a CO,
incubator at 37°C. Then, the culture medium was removed from the
wells and 0.5 mL of the virus-serum mixture was added to the wells and
left for 1h30 at 37°C. One mL gelosa obtained by mixing equal
volumes of carboxymethylcellulose (VWR) (TBEV) or Agarose
Seaplaque (Lonza) (Meaban) and DMEM with 2% fetal calf serum was
added. After 5 days of incubation at 37°C, the cells were rinsed twice,
fixed with paraformaldehyde 4%, and stained with crystal violet for
easy plaque counting. The extract was considered positive if it
prevented the formation of viral plaques, i.e. if the number of viral
plaques was less than 10% the number counted in the control well
(without plasma or egg extract).

Genetic analyses
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The 36 tick pools and 10 mosquito pools were analyzed using a
generic nested reverse-transcription polymerase chain reaction (RT-
nested PCR) previously designed to detect flavivirus ribonucleic acid
(RNA) genome (37). Total RNA was extracted using a QlAamp Viral
RNA Mini Kit (Qiagen, Valencia, CA, USA) following the
manufacturer’s protocol. Reverse transcription of RNA to ¢cDNA and
subsequent amplification were carried out using the Access RT-PCR
System (Promega, Madison, WI, USA). A fragment of the viral NS5
gene (143bp) was amplified using degenerate primers and conditions as
previously described (37). PCR products were electrophorezed on 2%
agarose gels and visualized with ethidium bromide. Amplification
products were sent for direct sequencing (Macrogen, Inc.).

Sequence chromatograms were checked manually and
assembled using Geneious v. 5.3.6 (Biomatters Ltd.). We then
performed a similarity analysis against published sequences in
GenBank (http://www.ncbi.nlm.nih.gov/) using the Basic Local
Alignment Search Tool (BLAST) to find the best match (E-value <
107%).

Statistical analyses

We used generalized linear models (GLM) to assess whether
flavivirus antibody prevalence in the Medes colony differed among
years. The most parsimonious model was selected by Akaike
information criterion (AIC). The analyses were done using R software
version 2.12.0 (R development Core Team, 2010).

Results
Antibodies against flaviviruses in eggs from western Mediterranean
vellow-legged gull colonies

We found a high number of ELISA-positive eggs in the Medes
Islands, Spain. The proportion of antibody-positive nests increased over
time, with 37%, 49% and 67% respectively in 2009, 2010 and 2011
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(Generalized linear model: slope=0.6, Std. error = 0.2, Z value = 2.8, p
= 0.004). In addition, in 2011, 6 nests were sampled, from gulls
breeding on terraces and roofs of the L’Escala village (11 km from
Medes); of these 6 eggs, 4 were also ELISA-positive. The observed
prevalence of antibodies against flavivirus E-protein was low to null in
the other study sites (Table 1). Only 3 eggs were ELISA-positive: 1
from the Jijel colony in Algeria in 2010 and the other 2 from the
Correge colony in France (1 in 2009 and 1 in 2010).

Only 1 of the 74 eggs tested by neutralization tests (Table 2)
presented a low neutralization effect against WNV at titer 10. No egg
presented neutralizing effects against USUV or TBEV. Conversely,
neutralizing antibodies against Meaban virus were detected in the 71
ELISA positive-eggs tested (Table 2).

Antibodies against flaviviruses in the plasma of Medes Islands chicks

Antibodies against flaviviruses were found in 13 out of 256
plasma samples tested by ELISA (5.1%; binomial Clysy: 2.4-7.8). All
of them were negative for WNV neutralizing antibodies.

Detection of a Meaban virus RNA in soft ticks sampled from Medes
Islands

Flavivirus RNA was detected in one of the 36 tick pools tested.
BLAST sequence analyses in GenBank indicated a 95% similarity to
the NS5 gene fragment of a flavivirus first described as Meaban virus
and isolated from O. maritimus ticks (32). No flaviviral RNA was
detected in the mosquito pools.

Discussion
Flavivirus exposure in several yellow-legged gull colonies across the
western Mediterranean basin

Our study is unique in that we used the same protocol to
simultaneously survey flavivirus exposure in several breeding colonies
of a common wild bird species across the western Mediterranean basin.
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Using ELISA, we found that there are strong differences in flavivirus
exposure among yellow-legged gull colonies.

With the exception of one colony in Spain, the prevalence of
antibodies against flavivirus E-protein was low to null. The presence of
a few positive eggs in the colonies of Jijel (Algeria) and Corrége
(France) might reflect past on-site flavivirus exposure or be explained
by the rare dispersal of gulls among colonies (6,7,19).

Our ELISA screening procedure detects antibodies against the
flavivirus E-protein, an antigen commonly used in WNV serodiagnosis
(29). This E-protein mediates both receptor-binding and fusion
activities after virus uptake by receptor-mediated endocytosis and,
because of these functions, is the major target for virus-neutralizing
antibodies (29). However, a significant drawback of current immune
assays utilizing the E-antigen is the high degree of cross-reactivity
observed with other antigenically-related flaviviruses (2§). These
flavivirus cross-reactive responses can confound the interpretation of
serological tests, and it is often impossible to truly determine the
infecting virus without performing neutralization tests (28).

In this study, neutralization tests were conducted on egg samples
to identify the flavivirus(es) against which exposure had been revealed
by ELISA. Neutralization tests showed that the flavivirus-specific
antibodies detected by ELISA did not neutralize USUV or TBEV,
which suggests that these two flaviviruses are not present on the Medes
Islands. One egg sample from Medes Islands was positive for WNV
neutralizing antibodies at a very low titer, suggesting either past WNV
exposure of the breeding female or cross-reaction with another
flavivirus. Because WNV has recently been detected in the
Mediterranean basin, notably in Spain (7,30), north Africa and southern
France (6), higher flavivirus antibody prevalence might have been
expected, particularly in the Ebro Delta in Spain (33) or in the
Camargue in France (/9). However, our results suggest that adult
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yellow-legged gulls from the western Mediterranean basin have not
recently been exposed to WNV, USUV, or TBEV.

First detection of a Meaban virus in the Mediterranean basin: the
Medes Islands

Out of the 19 breeding colonies sampled, the Medes Islands and
the nearby village of L’Escala (Spain) were the only ones to show a
high prevalence of flavivirus-specific antibodies as detected by ELISA.
The increasing proportion of nests with antibody-positive eggs from
2009 through 2011 suggests a local flavivirus circulation. Indeed, if the
pattern had been due to a past epidemic event, demographic effects
(natural mortality and recruitment of naive individuals) would likely
have led to a decrease of local antibody prevalence.

Antibodies against flavivirus were also detected in the plasma of
yellow-legged gull chicks sampled from the Medes Islands. As most
chicks were > 15 days old, the detected antibodies were unlikely to be
of maternal origin if one assumes a similar decay rate for maternal
antibodies among gull species (27). This result suggests that the chicks
were likely exposed to flaviviruses after birth.

In order to identify the flavivirus(es) present in the Medes
colony, potential arthropod vectors were collected and tested for
flaviviral RNA. All mosquitoes tested were negative, suggesting that
mosquitoes did not play a major role in flavivirus transmission to gulls
at the time of sampling. Conversely, sequence analyses of RNA
extracted from seabird ticks (Ornithodoros maritimus) on yellow-
legged gull chicks were 95% similarity to a fragment of the NS5 gene
of a seabird tick-borne virus first described as Meaban virus (4). The O.
maritimus tick has been reported to infest 90% of gull nests in the
Medes Islands (34) and it is from this same seabird host species that
Meaban virus was previously isolated in France (4). Given these results,
Meaban virus neutralization tests were conducted on a subset of
ELISA-positive egg extracts and all were able to neutralize Meaban
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virus (Table 2). This result confirms the flavivirus’ identity and
represents the first detection of a Meaban virus in the Mediterranean
basin. Neutralization of Meaban virus was also detected for one sample
from the Corrége colony (France) and two samples from L’Escala
(Spain). This result might reflect dispersion of this virus by gulls
respectively between colonies and in urban area.

O. maritimus ticks are known to be present on several of the
yellow-legged gull colonies where antibodies against flaviviruses were
not detected (e.g., Riou, Frioul, Porquerolles and Sidriere colonies,
southern France; K.D. McCoy and R. Garnier, pers. obs.). High
antibody prevalence may be explained by the fact that infected vectors
and viremic adult gulls show restricted movements. Yellow-legged
gulls are relatively faithful to their breeding sites (35), and adults on the
Atlantic coast and Mediterranean basin do not move much during the
winter (36), which may restrict Meaban virus dispersal. Furthermore, O.
maritimus dispersal is likely restricted because of its biology and
because prospecting movements of yellow-legged gulls among colonies
are limited (37). Recent work, however, reports that Ornithodoros ticks
may be able to disperse long distances via the movements of the seabird
hosts (38).

The possibility that the virus may be slowly dispersed to novel
locations should not be overlooked, notably because yellow-legged
gulls are known to colonize urban areas (/5). In this study, the
antibody-positive eggs from L’Escala might reflect urban colonization
by gulls originating from the Medes Islands, which is only 11
kilometers away. It is crucial to understand the implications of this
dispersal to urban habitats because there is little knowledge about the
zoonotic potential of Meaban viruses. Chastel et al. (13) did not detect
any neutralizing antibody against Meaban virus in 562 sera collected
from human beings living in Brittany. However, other tick-borne
flaviviruses associated with wild birds are either demonstrated human
pathogens (e.g., WNV, TBEV) (5) or suspected human pathogens

- 267 -



(Saumarez reef and Tyuleniy viruses) (/3). Data on the diversity,
distribution, and pathogenicity of the virus for seabirds and its potential
risk for humans are still lacking.

Conclusion and perspective

Our study reports the first detection of Meaban virus in the
Mediterranean basin. This flavivirus was only detected in samples from
the Medes Islands (Spain) despite a widespread sampling effort that
included 19 breeding colonies in 4 countries. Our results suggest that
Meaban virus, whose zoonotic potential is unknown, is locally present
(4). The seabird tick O. maritimus has also been reported on other avian
species such as European shags (Phalacrocorax aristotelis) (39) which
breed on the coasts of the Iberian Peninsula. Whether this tick in the
Medes Islands or in other colonies shows differential feeding
preferences for certain host species is not known (38) but would be
important to determine because tick-vector specialization may lead to
seabird-specific virus transmission and disease risk (40). Further
investigations targeted on other bird species nesting on the Medes
Islands, a more comprehensive analysis on the ticks, vector
competence, infection rates and population genetic structure, should
help clarify the risks of Meaban virus spread within the Mediterranean
basin. This study also highlights the utility of eggs, which contain
maternal antibodies, in broad-scale surveillance procedures aimed at
detecting potential and known pathogens.
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Table.1. Prevalence of antibodies directed against the flavivirus

envelop protein found in yellow-legged gulls for all colonies sampled

Count Colon Year  Sample size Number of Number of
Y Y P positive samples  doubtful samples
1-Plane 2010 20 0
. 2009 32 0
2-Riou
2010 8 0
. 2009 32 0
3-Frioul
2010 32 0
2009 32 0
4-Carteau 2010 32 0
2011 30 0
France 2009 32 0
5-Besson
2010 32 0
6-Grau-du-roi 2009 32 0
2009 32 0
7-Villeneuve
2010 32 0
. 2009 32 0
8-Gruissan
2010 32 0
2009 32 1 1
9-Correge
2010 32 1
10-Escala 2010 6 4
2009 38 14 6
10-Medes 2010 49 24 1
2011 49 33 3
2009 32 0
. 11-Ebro delta 2010 29 0
Spain
2011 30 0
12-Columbretes 2010 50 0
13-Dragonera 2010 39 0
2009 32 0
14-Isla Grosa 2010 32 0
2011 30 0
15-Jijel 2010 31 1
16-Skikda 2010 17 0
Algéria
. 2009 32 0
17-Chetaibi
2010 32 0
Tunisia 18-Djerba 2009 32 0
19-Sfax 2009 32 0 1
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Table.2. Results of virus neutralization tests to identify if the antibodies

were specific to West Nile, Usutu, Tick-borne encephalitis, and Meaban

viruses

West Nile . Tick-borne .
. Usutu virus . Meaban virus
virus . encephalitis .
Country  Colony  Year . sample size sample size
sample size (positive) sample (positive)
(positive) size(positive) P
2009 1(0
France Correge © 10 10 1)
2010 1(0) 1(0) 1(0)
L’Escala 2010 2(0) 2(0) 2(0) 2(2)
Spain 2009 14(0) 2(0) 2(0) 13(13)
P Medes 2010 22(1) 3(0) 3(0) 22 (22)
2011 33(0) 3(0) 3(0) 26 (26)

-278 -



Figure Location of colonies sampled in the western Mediterranean
Circles indicate colonies that had at least one egg positive for antibodies
against the flavivirus E-protein while crosses indicate antibody-negative

colonies.
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Abstract

In recent years the number of West Nile cases reported in horses and
humans dramatically increased throughout the Mediterranean basin.
Besides, the emergence of Usutu virus in Austria in 2001 as well as its
subsequent expansion to Hungary, Spain, Italy, Switzerland, UK and
Germany raised further concern about the impact of flavivirus spread on
human and animal health in Western Europe. Despite frequent West
Nile and Usutu cases detection in neighbouring countries, no West Nile
case has been detected in France since 2006 and Usutu virus has never
been reported. Yet, recent investigations aiming at detecting the
circulation of flaviviruses in France were missing.

We investigated the circulation of West Nile and Usutu viruses in
wild birds in southern France through a serological survey conducted on
a sentinel species, the magpie (Pica pica), in the Camargue area. We
detected West Nile virus neutralizing antibodies at a high titre (160) in a
two-year-old bird showing recent exposure to WNV although no West
Nile case has been detected in human or in horse since 2004 in the
Camargue. Additionally, we observed low titres (10 or 20) of Usutu
virus specific antibodies in 5 magpies among which 2 were also
seropositive for West Nile virus. Because cross-reactions at low titres
may occur between closely antigenically related flaviviruses, such low
titres do not allow concluding that these birds had been exposed to
Usutu virus. Yet, these results urge for further investigations about
flavivirus circulation in Southern France and emphasize the need of
implementing epidemiological studies on the long term, rather than
during short periods following sanitary crises, to gain insight into viral
dynamics within natural reservoirs.

Running title
Circulation of flaviviruses in Southern France

Keywords
West Nile virus, Flavivirus, Serology, Birds
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Text
Introduction

In recent years veterinary and medical scientists recognized
numerous (re)emergences of flaviviral zoonoses worldwide
(Weissenbock et al. 2010). In Western Europe there were numerous
reports on the multiplication of West Nile cases in horses and humans
(ECDC 2012) and the emergence of Usutu virus (USUV) in Austria in
2001 as well as its subsequent expansion to Hungary, Spain, Italy,
Switzerland, UK and Germany (Becker et al. 2012). USUV and West
Nile virus (WNV) are maintained through enzootic cycles implying
wild birds as reservoir hosts and ornithophilic mosquitoes as vectors.
WNYV principally infects wild birds but spillover infections occasionally
occur in humans and horses, sometimes leading to severe neurological
problems (Weissenbock et al. 2010). Besides, a large diversity of
flaviviruses has recently been identified in Spain in birds and
mosquitoes (Vasquez et al. 2012).

In Southern France, WNV infections were reported in horses,
humans and birds in the 1960s and between 2000 and 2006 (Jourdain et
al. 2007 and 2008; Balanga et al. 2009). Since 2006, no WN case has
been detected, although multiple outbreaks have occurred throughout
Southern Europe (ECDC 2012). Despite frequent detection of WNV
and USUYV in neighbouring countries, the French flavivirus surveillance
network has been limited since 2007 to reporting important mortality
events in wild birds and clinical cases in horses and humans. Therefore,
two major issues remain unresolved: a) Does WNYV regularly circulate
in Southern France in the absence of human and equine cases? b) Do
other flaviviruses circulate in Southern France without being detected?
We aimed at investigating these questions through a serological study
conducted on wild birds in the Camargue area.
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We chose to focus on magpies (Pica pica) because this species is a
sensitive sentinel to detect WNV enzootic activity (Jourdain et al. 2008)
and because USUV has already been isolated in this species (Savini et
al. 2011). Additionally, the sedentarity of the magpie ensures that
positive individuals have been infected in the study area or a few
kilometers away from it. We chose the Camargue as a study area
because WNV circulation has repeatedly been reported there, the last
local WN case detection dating from 2004 (Jourdain et al 2008; Balanca
et al. 2009). Moreover, this region is a hotspot for the potential
introduction of bird pathogens due to its situation at the crossroads of
several bird migration routes.

Materials and Methods

The study was conducted from November 2009 to December 2010 in
two sites, 1.e. A1, which includes dry and wet habitats, and A2, which is
a wetland area. WNV had been reported in both sites in 2004 (Jourdain
et al. 2007) in horses (A1) or wild birds (A2), and seropositive magpies
had been detected in 2005 (A1 and A2) (Jourdain et al. 2008). Circular
multi-catch magpie traps were set every working day during three
capture sessions: November—December 2009, May-June 2010 and
November—-December 2010. Using plumage criteria magpies were
classified as juveniles (i.e. born in the preceding spring), ond year (i.e.
born in spring of the previous year) or adults (Svensson 1992). They
were ringed and sampled for blood before being released. Blood
samples were centrifuged and resulting serum samples were stored at -
20C°. Neutralizing antibody (NAb) titres for WNV (IS-98-ST1 and
France00 strains) and USUV (SAAR-1776 strain) were determined
using a 96-well plate neutralization test as described (Figuerola et al.
2007). All strains were provided by the National Reference Centre for
arboviruses of the Institut Pasteur of Paris. Serum samples with a
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neutralizing activity (absence of cytopathic effect) at dilution >1:10
were considered positive. To assess the specificity of the methods, we
tested serum samples collected on magpies in the Camargue area during
and after the 2004 WN epizootic in horses (Jourdain et al. 2008), for
which we strongly expected seropositivity for WNV. These samples
were tested for antibodies against WNV, USUV and Tick-borne
encephalitis virus (TBEV, Hypr strain), a flavivirus belonging to the
tick-borne flavivirus group which is not closely related to WNV.

Results

Among the 63 magpies sampled, a ond year bird trapped in spring
2010 on site Al was seropositive for WNV with NAb at titre 160
(Table 1). Additionally, three adult magpies, trapped in June 2010 and a
1* year bird trapped in December 2009, both in site A2, were
seropositive for USUV with NAb at low titre (10 to 20; Table 1).
Finally, two adult birds caught in site A2 presented NAb for both WNV
and USUV. It remained unclear whether USUV seropositive birds had
been exposed to USUV, WNV, both, or a closely related virus. Indeed,
cross-reaction between WNV and USUV antibodies can be visualized at
low titres in virus neutralization tests since WNV and USUV are
closely antigenically related.

The tests implemented on samples collected in 2004-2005 aimed at
investigating this cross-reactivity. Out of 51 sera, 12 were seropositive
for WNV only and 24 were seropositive for both WNV and USUV
(Supplementary material). In the latter, WNV NADb titres were superior
or equal to USUV Nab titres, while in 5 of our 2009-2010 samples
USUV NAD titres were higher than WNV Nab titres. No sample was
positive for TBEV showing that, although cross-reactivity can occur
between WNV and USUYV, our seroneutralization tests were specific for
flaviviruses antigenically close to WNV.
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Discussion/Conclusions

This serosurvey shows that WNV and potentially other closely
related flaviviruses have recently circulated in the Camargue area,
although no human or equine cases have been reported since 2004.
These results urge for further investigations of flavivirus circulation in
Southern France and highlight the fundamental importance of
implementing epidemiological studies on the long term, rather than
during short periods following sanitary crises, to gain insight into viral
dynamics within natural reservoirs. They also confirm that the magpie
is a sensitive indicator species for the detection of WNV circulation.
We suggest that a long-term multi-focus serosurvey implemented on
magpies throughout the Mediterranean basin would be an efficient tool
to provide an overview of WNV dynamics in the region and would
greatly help predicting and facing future outbreaks linked to
flaviviruses.
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Tables

Table 1. Neutralizing antibody titres against West Nile virus (WNV) and Usutu virus (USUV)
observed in serum samples from 7 out of 63 magpies tested in the Camargue, France.

Sampling

Sampling

Neutralizing antibody titres

date site Age

WNV (IS-98)* WNV (Fr00)+ USuv
09/12/2009 A2 Juvenile <10 <10 10
31/05/2010 Al 2 year 160 160 <10
03/06/2010 A2 Adult <10 <10 20
09/06/2010 A2 Adult <10 <10 20
23/06/2010 A2 Adult 20 10 20
23/06/2010 A2 Adult <10 <10 10-20
25/06/2010 A2 Adult 10 10 20

*1S-98, IS-98-ST1 WNV strain. 1Fr00, France00 WNV strain
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Supplementary material

Supplementary material. Neutralizing antibody titres against West Nile virus (WNV), Usutu virus

(USUV) and Tick-borne encephalitis virus (TBEV) in serum samples from magpies collected in

2004-2005, Camargue, France.

. Neutralizing antibody titres
Sampling date WNV (Fr00)t USUV TBEV

21/10/04 160 10 ND
28/07/05 160 20/40* <20
02/09/04 80/160* 20 ND
29/09/05 80/160° 10 <20
12/08/05 80 20/40° <20
22/09/05 80 10 <20
27/09/05 80 10 <20
29/09/05 80 20 <20
18/08/05 80 (40 with IS-98) 10 <20
11/08/05 40 10 <20
02/09/05 40 10/20* <20
02/09/05 40 <10 <20
22/09/05 40 10/20* <20
29/09/05 40 20 <20
29/09/05 40 40/80° <20
09/08/05 20/40* <10 <20
09/08/05 20/40* <10 ND
15/07/05 20 20 <20
22/07/05 20 10 <20
28/07/05 20 <10 <20
04/08/05 20 <10 <20
11/08/05 20 10 <20
23/08/05 20 <10 <20
01/09/05 20 <10 <20
01/09/05 20 <10 <20
15/09/05 20 10 <20
22/09/05 20 <10 <20
29/09/05 20 20 <20
07/07/05 20 10 <20
20/09/05 20(40 with 1S-98) 40 <20
28/07/05 10 (20 with IS-98) 20 <20
11/08/05 10 (20 with IS-98) <10 <20
29/09/05 10 (20 with IS-98) <10 <20
22/07/05 <10 (10 with IS-98) <10 ND
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Abstract

Female birds transfer antibodies to their offspring via the egg yolk, thus
possibly providing passive immunity against infectious diseases to
which hatchlings may be exposed, and affecting their fitness. It is
nonetheless unclear whether the amount of maternal antibodies
transmitted into egg yolks varies with female quality and egg laying
order. In this paper, we investigated the transfer of maternal antibodies
against type A influenza viruses (anti-AIV antibodies) by a long-lived
colonial seabird, the yellow-legged gull (Larus michahellis), in relation
to fluctuating asymmetry in females, i.e. the random deviation from
perfect symmetry in bilaterally symmetric morphological and
anatomical traits. In particular, we tested whether females of greater
asymmetry transmitted fewer antibodies to their eggs, and whether
within-clutch variation in yolk antibodies varied according to the
maternal level of fluctuating asymmetry. We found that asymmetric
females were in worse physical condition, produced fewer antibodies,
and transmitted lower amounts of antibodies to their eggs. We also
found that, within a given clutch, yolk antibody level decreased with
egg laying order, but this laying order effect was more pronounced in
clutches laid by the more asymmetric females. Overall, our results
support the hypothesis that maternal quality interacts with egg laying
order in determining the amount of maternal antibodies transmitted to
the yolks. They also highlight the usefulness of fluctuating asymmetry
as a sensitive indicator of female quality and immunocompetence in
birds.

Running title: Fluctuating asymmetry and maternal antibodies

Key-words: female quality, fluctuating asymmetry, laying order,
maternal antibodies
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Introduction

Most organisms face a dangerous world, in which parasitic
species outnumber host species [1], and vertebrates have evolutionarily
responded to this threat by developing a complex immune system in
which antibodies provide tailored protection against the particular
pathogens encountered. In vertebrates, antibodies are known to be
maternally transferred, thus conferring passive immune protection
against parasites faced by the offspring after birth or hatching and
potentially impacting offspring growth and survival [2, 3, 4]. In birds,
as the production of immunoglobulins and their transfer are
energetically costly [5, 6, 2, 7], the degree of immunity provided by a
mother to her offspring should be strongly affected by her quality.

Female quality may affect maternal antibody transfer in two
ways: through the overall capacity to produce and deposit antibodies
and their distribution within the clutch. Overall, higher quality females
should be more capable of synthesizing immunoglobulins and
depositing them in egg yolks than lower quality ones [2, 7, 8]. At the
level of the clutch, patterns become more complicated and have
received far less attention. The quantity of maternal antibodies
deposited is known to vary among eggs according to egg laying order,
but the directionality of this relationship depends on the reproductive
strategy adopted [9, 10, 11].

In altricial birds, two opposite reproductive strategies evolved in
response to asynchronous egg hatching in circumstances of
unpredictable food availability [see 12]. In many species, females may
seek to improve whole brood survival by increasing their investment in
the last-laid egg, thus reducing the effect of hatching asynchrony on
nestling competition and improving the survival probability of the
youngest hatchling [13, 14]. However, species more commonly
demonstrate adaptive brood reduction. In this system, females may
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improve the survival probability of the first nestlings by allocating more
resources to the first-laid eggs, which are likely to have the highest
reproductive value, and thus sacrifice the ones that hatch last [15, 16].
In both systems, the ability of females to maintain a differential
antibody transmission to eggs according to their laying order, and thus
the extent of the laying order effect, would reflect their quality. In the
case of a brood reduction strategy, two opposite trends could be
predicted. First, lower quality females may be less able to control
antibody deposition into egg yolks in accordance with laying order,
resulting in a reduced laying order effect. Alternatively, because lower
quality females could have a lesser amount of antibodies to deposit in
their eggs, they may transmit most of this amount to the first eggs, at
the cost of the last ones. This would result in a more pronounced laying
order effect.

Female quality is often estimated by determining the level of
fluctuating asymmetry (FA), i.e. the random deviation from perfect
symmetry in bilaterally symmetric morphological traits [17, 18]. FA
reflects deficiency in the early-life developmental processes, i.e.
developmental instability, due to stressful conditions such as food
limitation, parasitism and other challenges [19, 20, 21, 22]. It is
generally negatively correlated with fitness-related traits [23] and is
increasingly viewed as a reliable morphological indicator of individual
quality [23, 24, 25]. In general, more asymmetric birds have lower
survival and breeding success than symmetric ones. Using this line of
reasoning, FA could be wused as an indicator of female
immunocompetence and one could expect females with greater
asymmetry to produce fewer antibodies and to transmit lower amounts
of antibodies to their eggs than do the more symmetric ones.

We investigated the extent to which maternal quality, as
estimated through fluctuating asymmetry, contributes to within-clutch

variation in yolk antibodies using avian influenza in the yellow-legged
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gull (Larus michahellis) as a model. The yellow-legged gull is a
suitable model for such an investigation as it is a long-lived species,
demonstrates asynchronous egg hatching [26, 27], and appears to adopt
the brood reduction strategy [28].

Methods

Ethics statement

This study complies with the current Tunisian laws regarding
ethics and animal use for scientific purposes. It was approved by the
“Forest Department” in the Tunisian Ministry of Agriculture, which is
the relevant authority in charge of wildlife use and conservation in
Tunisia, through the permit number 518-28/02/2009.

In the Mediterranean region, the yellow-legged gull is an
abundant species, and is subject to population control measures [29, 30,
31], which makes it amenable to adult capture and egg sampling. Upon
capture, birds were kept in a safe position as is standard practice in bird
ringing studies. Blood samples were taken from the brachial vein using
a sterile syringe and the puncturing site was accurately disinfected. All
individuals were released as soon as possible. After being released, the
sampled birds behaved normally and resumed their normal breeding
activities.

Study species and area

The yellow-legged gull is a socially monogamous and
semicolonial bird of the family Laridae. It is long-lived and shows
strong interannual breeding site fidelity [32]. It typically lays one clutch
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per season, with a modal clutch size of 3 eggs, although replacement
clutches are possible. Eggs are laid at 1-3 day intervals and hatching is
typically asynchronous. Egg volume decreases along the laying
sequence, with markedly smaller last-laid eggs [26, 27]. Chicks are
semiprecocial and remain around the nest for the first few days of life,
after which they become highly mobile. In Tunisia, the yellow-legged
gull is a common and abundant resident bird that nests on the numerous
small islands along the coast, as well as in some coastal wetlands [33].
Our work was conducted during the spring of 2009 in two breeding
colonies situated in the gulf of Gabe¢s, in south-eastern Tunisia: Sfax
salina (34°42"28"N-10°45'02"E) and the small islets between Djerba
island and the Zarzis peninsula (33°39'10"N-10°58'59"E). The yellow-
legged gull in this area is often seen feeding on open air rubbish dumps
and discards of commercial fisheries.

Data collection
Egg and blood sampling and morphological measurements

Randomly selected nests were marked with small wooden
stakes. The nests were checked every 1-2 days and any eggs were
collected. Each egg was marked according to its rank and laying date
and then replaced by a dummy gull egg to prevent females from
abandoning their nests. The eggs were brought to the laboratory on the
day of collection for processing. Collected eggs were thus 1 to 2 days
old and their yolk composition was not yet affected by embryonic
development. The yolk of each collected egg was separated from the
albumen, homogenized, and frozen at -20°C. Only the results from
nests containing three eggs were considered in this study.

Following clutch completion, we trapped as many of the
incubating parents as possible by means of noose-carpet traps we placed
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on the nests. Each captured bird was marked with a patch of paint on
the head to avoid resampling. Upon capture, birds were weighed (+ 20
g) with a spring scale (PESOLA®, Switzerland). Four bilateral
morphological traits were then measured with a digital caliper ( =0.01
mm) on both the left (1) and right (r) sides: (1) Nalospi length (N),
defined as the distance from the tip of the bill to the nostril, (2) lower
mandible length (B), defined as the distance from the tip of the lower
mandible to the corner of the mouth, (3) tarsus length (T), defined as
the tarso-metatarsus length, and (4) middle toe length (P), defined as the
distance from the first scale to the base of the nail of the middle toe. All
measurements were carried out by the same observer (A. Hammouda).
In order to assess measurement repeatability, each measurement was
performed 3 times on each side.

Before releasing the bird, a 1-ml blood sample was taken from
the brachial vein using a sterile syringe. The blood sample was
immediately transferred to a heparinized tube and maintained in a
cooler at 4°C while in the field. Once in the laboratory, a subsample of
blood (50-70ul) was placed in microcapillary tubes, and centrifuged at
11 500 r.p.m. for 10 min. The haematocrit value was defined as the
proportion of the microcapillaries that were occupied by red blood cells.
Haematocrit value was regarded as an index of the health status of the
bird [34, 35]. Whole blood was centrifuged at 2500 rpm for 15 min. The
plasma and blood cells were frozen separately at -20°C until
immunological analyses could be performed.

Sex determination

The sampled birds were sexed following the molecular method
[36]. DNA was extracted from the blood using a DNeasy Blood &
Tissue Handbook 07/2007 kit and used in PCR with primers 2550
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Forward and 2718 Reverse to amplify introns from the CHD-Z and
CHD-W genes, located on the avian sex chromosomes [37]. PCR
fragments were then separated on an electrophoresis agarose gel. In this
method, a single band of DNA on the gel indicated that a bird was a
male, while two bands were present for females.

Immunological analyses

Anti-AlV antibodies in plasma and yolk samples were measured
using a commercial competitive enzyme-linked immunosorbent assay
(ELISA) developed for use in birds (ID Screen® Antibody Influenza A
Competition, ID VET, Montpellier, France). The assay is designed to
detect antibodies directed against the internal AIV nucleocapsid and
thus it will detect all AIV subtypes. Plasma samples were used directly
in the immunological assays. However, yolk antibodies were first
extracted [38, 39]. Egg yolks were thawed and homogenized. A
subsample of 800 mg of yolk was then diluted 1:1 in phosphate-
buffered saline solution (PBS) to which a few glass beads were added.
The solution was shaken in a mill until a homogenous emulsion was
obtained and an equal volume of reagent-grade chloroform was added
to the mixture. The yolk-chloroform blend was then centrifuged at 16
000 rpm for 15 min and the clear supernatant was used in the
immunological assays.

Plasma and yolk supernatant samples were diluted 1:100 and
incubated at 37°C for one hour. After a washing step, a peroxidase-
marked conjugate was added to each well and the samples were
incubated for 30 min at 21°C. The plates were then washed again, a
substrate solution was added to each well, and the samples were
incubated for 10 min at 21°C in the dark. Finally, a stop solution was
added to each well in order to stop the reaction. Optical density (OD)
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was read at 450 nm using a spectrophotometer. A subset of samples
were repeated, both within and across plates and we found that OD
measurements were highly repeatable (within: » = 0.913, Fpo30; =
22.84, P <0.0001; across: r = 0.85, F[3324) = 9.56, P < 0.0001).

According to the kit instructions, the results were expressed as
the percentage competition (PC) between the OD of the sample being
tested and the mean OD of a negative control sample (NC), such that
PC = (ODgpecimen / ODnc) x 100. The percentage competition values
were then transformed into percentage inhibition values (PI) using the
formula: PI = 100 - PC. The PI was used as measure of anti-AIV
antibody concentration.

Data analyses
Fluctuating asymmetry and body condition

For each measured bilateral trait (B, N, T and P), we calculated
the signed difference between the left and right sides (/ — r), the
absolute difference between left and right (|/ — 7|), and the average size
[({l + r) / 2]. To evaluate the possibility of anti-symmetry (i.e. a
tendency away from bilateral symmetry), we checked for departures
from normality of the distribution of the signed differences (/ — r) using
the Shapiro-Wilk test. To test for any directional asymmetry (i.e. biased
to one side), a Student’s 7-test was used to determine whether the mean
of signed differences between left and right sides (/ — ») was
significantly different from zero [40]. If no directional asymmetry is
present and the distribution of signed differences is normal, then the
variation in these differences represents classical fluctuating asymmetry
[40]. For all the four traits (B, N, T and P), we calculated a size-
corrected index of fluctuating asymmetry: FA; = [(|I—r|) / ((l +7)/2)].
We then calculated a composite fluctuating asymmetry index FA for

-303 -



each female, by summing the FA; values across the four traits: F4 =
FAp+ FAy+ FAr+ FAp.

In order to obtain one composite measure of female body
condition, a Principal Components Analysis was carried out on the
following parameters: hematocrit value (%), clutch volume (cm?),
average egg volume (cm’), and the residuals of the regression of body
mass (g) on tarsus length (cm) as a measure of size-corrected female
mass. Only factors whose eigenvalues exceeded 1 were retained (see
results). Egg volume was calculated using the following formula: egg
volume (cm®) = 0.000476 x length (mm) x width? (mm) [41]. Larger
eggs and clutches are supposed to be laid by females with better body
conditions [42].

Body condition, fluctuating asymmetry and patterns of maternal
antibody transfer

The relationship between female body condition index (BCI), as
a response variable, and fluctuating asymmetry score (FA), as an
explanatory variable, was assessed by means of simple linear
regression. We also used separate linear regressions to investigate the
relevance of female BCI and FA as possible predictors of female anti-
A1V antibody levels. In the latter regressions, female anti-AIV antibody
level was arcsin-transformed to ensure the normal distribution of model
residuals. Furthermore, in order to check if females with higher
antibody levels transmitted higher amounts of antibodies to their eggs,
we calculated the average antibody level (average PI) for each clutch
and then regressed these average egg antibody levels (arcsin-
transformed) on the plasma antibody levels of the corresponding
mothers (arcsin-transformed). We also regressed the average egg
antibody levels on the fluctuating asymmetry scores of the
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corresponding mothers to verify whether more symmetric females
transmitted more antibodies to their eggs. As we were also interested in
testing whether yolk antibody level varied within clutches according to
egg laying order, we conducted a repeated-measure ANOVA on yolk
antibody level as a function of nest identity and egg laying order
(categorical variable with three classes: eggs 1, 2 and 3). A Duncan
post-hoc test was conducted to identify significant differences.
Moreover, in order to determine if the extent of intra-clutch variation in
yolk antibody level varied according to the level of fluctuating
asymmetry in the corresponding mothers, we calculated the coefficient
of variation of yolk antibody levels (intra-clutch CV) for each clutch,
and then tested for the significance of female fluctuating asymmetry
score as a predictor of intra-clutch CV (log-transformed) by means of
simple linear regression. Finally, we calculated the difference in
antibody level between the first-laid and the last-laid egg in each clutch,
and we checked whether this difference (log(x+10)-transformed) was
related to maternal FA by means of linear regression. All statistical
analyses and tests were carried out using SAS software [43]. All means
are reported in the text are =1SE.

Results

We were able to obtain complete data (blood and yolk antibody
levels, morphological measurements, hematocrit values, and clutch and
egg volumes) on a total of 18 anti-AIV antibody positive females. Anti-
AIV antibody level (%) varied between 75 and 97 (mean = 90.96 +
1.21) in plasma samples and between 34 and 100 (mean = 80.58 + 2.03)
in egg yolk samples. Female hematocrit (%) ranged from 39 to 59, with
an average of 46 = 1. Clutch and egg volumes (cm’) ranged respectively
from 223 to 306 (mean = 256.22 + 4.74) and from 74 to 102 (mean =
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85.41 + 1.58). Female weight (g) ranged from 936 to 1100, with an
average of 1005.17+11.28.

Female fluctuating asymmetry, body condition and plasma anti-AIV
antibody level

Descriptive statistics of signed (/ — r) values for each of the four
measured morphological traits are shown in Table 1. No trait had an
average (/ — r) that significantly departed from zero (P > 0.05 for all
comparisons, Table 1). Furthermore, for all traits, the signed (/ — r)
values showed a normal distribution (P > 0.05 for all traits, Table 1).
Overall, these results would suggest that in all traits the observed
asymmetry was fluctuating and that no problem of directional
asymmetry or antisymmetry occurred in the data. The composite
fluctuating asymmetry index (FA), obtained by summing the calculated
size-corrected fluctuating asymmetry values across the four traits,
ranged from 0.016 to 0.087, with a mean value of 0.046 = 0.005.

In order to obtain a single estimate of female body condition, the
Principal Component Analysis conducted on the four original variables
(i.e., the hematocrit value, clutch volume, average egg volume and size-
corrected weight) allowed us to summarise these variables into one
factor accounting for 66% of the original variance. This factor had an
eigenvalue of 2.62, while the eigenvalue of the second factor did not
exceed 1 (0.97). The first factor derived from this PCA provided one
composite index of body condition (BCI) that is positively correlated
with female hematocrit value (» = 0.502, P = 0.033), clutch volume (» =
0.928, P < 0.0001), average egg volume, (» = 0.928, P < 0.0001) and
size-corrected body weight (» = 0.802, P < 0.0001). Females with the
highest BCI values thus had the highest hematocrit values, the largest
egg- and clutch sizes, and greatest size-corrected mass.
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The results of the regression analyses show that female BCI was
negatively associated with FA (#?=0.28, f = SE =-23.44 + 9.36, F) 1=
6.27, P=0.0235, Fig.1-A). We also found that anti-AIV antibody levels
in female plasma were negatively related to FA (»? = 0.26, f + SE = -
2.50 + 1.05, F1,16 = 5.63, P = 0.0306, Fig.1-B), but were not correlated
with BCI (2 = 0.06, # + SE = 0.03 £ 0.03, F 16 = 0.95, P = 0.3449).
These results would suggest that females demonstrating greater
asymmetry are also characterized by poorer body conditions and lower
plasma levels of anti-AIV antibodies than the more symmetric ones.

Egg antibody level in relation to female FA and laying order

A positive relationship between the average level of anti-AIV
antibodies in egg yolks and the level of anti-AIV antibodies in the
plasma of the corresponding mother was found (= 0.26, f + SE=1.17
+0.49, F; ;6 = 5.80, P = 0.0285, Fig. 2). Clutches laid by females with
higher levels of anti-AIV antibodies in their plasma received more
antibodies than those laid by females with lower levels of anti-AIV
antibodies. Furthermore, we found that the average level of anti-AIV
antibodies in egg yolks was negatively related to maternal FA (r? =
0.36, f £ SE =-379.77 £ 124.68, F; ;s=9.28, P = 0.0077, Fig. 1-C), yet
no significant correlation was found between female FA and the
residuals of the regression of average egg antibody level on female
antibody level (n = 18, » = -0.40, P = 0.10). Taken together, these
results suggest that the eggs of more asymmetric females contain fewer
antibodies because they are less competent at producing antibodies.

Within a given clutch, yolk anti-AIV antibody level varied
significantly according to egg laying order (Table 2). The level of anti-
AIV antibodies in the yolk decreased with the order in which an egg
was laid (average values (%): 83 + 3 for egg 1, 80 + 4 for egg 2 and 78
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+ 4 for egg 3). However, only the difference between the first and the
third egg was significant (post-hoc Duncan, P < 0.05). These results
would suggest that, within a given clutch, the amount of antibodies
received from the mother decreased gradually from the first-laid to the
last-laid egg. Finally, we found that the extent of within-clutch variation
in yolk anti-AIV antibodies (intra-clutch CV) was positively correlated
with mother FA (2 = 0.26, f = SE = 38.83 + 15.98, Fj 6 =243, P =
0.027, Fig. 1-D), but the positive relationship between the difference in
antibody level between the first and the last egg and mother FA was
marginally significant (= 0.17, § £ SE = 10.39 £ 5.72, F, 16 = 3.30, P
=0.0881). Overall, the latter results would suggest that the laying order
effect was more pronounced in the clutches laid by the more
asymmetric females.

Discussion

The aim of this study was to investigate the interaction between
female quality, as estimated by fluctuating asymmetry, and egg laying
order with regards to maternal antibody transfer using the yellow-
legged gull model. Little attention has previously been paid to the link
between a female’s morphological asymmetry and her capacity to
produce and transmit antibodies into the eggs. Overall, our results
support the hypothesis that clutches laid by asymmetric females
received fewer antibodies and exhibited a more pronounced laying
order effect than those laid by the more symmetric ones.

Both female body condition and plasma antibody level were
found to be negatively correlated with the degree of fluctuating
asymmetry. As fluctuating asymmetry is generally associated with a
reduced ability to satisfy nutritional needs and face environmental
challenges [44, 45, 18, 24], the negative relationship we found between
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fluctuating asymmetry and body condition was expected. Furthermore,
because individuals facing stressful conditions may be unable to mount
an efficient immune response [46], the negative relationship found
between female fluctuating asymmetry and plasma antibody level was
also expected. The latter result stresses once more that higher amounts
of plasma immunoglobulins often characterize females of higher
phenotypic quality [6]. Surprisingly, no significant correlation was
found between female body condition and plasma antibody level. This
result seems to be in contradiction with the findings of some previous
studies showing that humoral immucompetence is strongly related to
female body condition during egg production [e.g., 47]. This result may
signify that fluctuating asymmetry provides a better predictor of female
quality and thus plasma antibody levels because it takes into account
the longer term developmental history of the females studied; in
contrast, the simple measure of body condition may instead reflect a
shorter term snapshot of current breeding conditions. Diminished body
condition and limited humoral immunocompetence should both be
viewed as consequences of developmental instability due to stressful
conditions during the early life stages.

Our results show that the level of antibodies in the eggs was
positively correlated with the level of antibodies in their mother’s
plasma. This finding is consistent with the general trend that females
with higher levels of antibodies in their plasma transmit more
antibodies to their eggs [48, 7], whether passively or actively.
Moreover, our results show that eggs laid by asymmetric females
contained fewer antibodies than those laid by the more symmetric ones.
Under the hypothesis that antibody transfer is a passive mechanism,
such a pattern could be a direct consequence of differences among
females in their capacity to produce antibodies. Alternatively, it could
result from differences in antibody transmission capacity, i.e.
asymmetric females transmitted fewer antibodies than predicted by the
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levels in their plasma. Our results support the former rather than the
latter argument: when female antibody level was controlled for, the
correlation between egg antibody level and female fluctuating
asymmetry disappeared. Our results thus suggest that eggs laid by
asymmetric females contained fewer antibodies than those laid by more
symmetric females because of maternal differences in antibody
production.

These findings highlight the fact that the stressful developmental
conditions that females suffer during their early life stages can not only
negatively affect their phenotype, but also those of their offspring.
Asymmetric females may face a greater selective disadvantage
compared to more symmetric ones because, in addition to their own
diminished body conditions and immunocompetence, their offspring
also receive lower immune protection and are, consequently, exposed to
higher mortality risks. Indeed, maternal antibodies are known to
provide the young with a protection against pathogens during critical
life stages [49, 50]. Low passive immune protection is generally
associated with high chick mortality in birds [51, 9, 52].

Our results also show a strong laying order effect for yolk
antibodies within clutches. The amount of antibodies in the yolk
gradually decreased with egg laying order. This result is consistent with
previous findings from related gull species [e.g., 10, 11]. It also
supports the hypothesis that the yellow-legged gull adopts the brood
reduction strategy [28]. By allocating less immunity to the last-laid egg,
females may be enhancing the survival of earlier hatched, more
reproductively valuable nestlings while lowering the survival prospects
of the nestling with the lowest reproductive value (the last nestling) [15,
16]. More interestingly, we found that the degree to which yolk
antibodies decrease with laying order within the clutch increases with
maternal fluctuating asymmetry. Differences in antibody transmission

seem to be more pronounced in the more asymmetric females compared
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to the symmetric ones. This result supports the hypothesis that because
asymmetric females have fewer antibodies to deposit in their eggs, the
majority of their antibodies may be transferred into the first eggs to the
detriment of the last ones. The brood reduction strategy seems thus to
be more acutely manifest in clutches laid by the more asymmetric
females. Further investigations of how egg laying order and female
fluctuating asymmetry relate to chick immunocompetence, growth, and
survival in other species and other reproductive systems would tell us
more about this issue. In particular, an experimental approach that
includes a controlled exposure of females to an antigen would help
confirm the causal nature of the reported relationships.

In conclusion, the results of our work show the great complexity
of factors affecting the transmission of maternal antibodies to eggs in
birds. In particular, they stress the need to consider female
developmental history when dealing with the ecology and evolution of
immunity transfer. They also highlight the usefulness of fluctuating
asymmetry as a measure of individual quality and immunocompetence.
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Table. 1. Statistical properties of signed differences between the right
and left sides of female yellow-legged gulls for the four measured
morphological traits and results of tests of normality and mean

difference with zero. N = sample size.

Trait N  Mean=SE  Skewness Kurtosis Student t-test for Shapiro-Wilk
« mean =0 » normality test

t P w P
Lower mandible 18  0.09+0.18 -0.29 -0.65 0.50 0.6218 0.97 0.7045
Nalospi 18 0.13+0.07 -1.02 3.02 1.80 0.0899 0.91 0.0648
Tarsus 18 -0.11+0.22 -0.34 1.10 -0.50 0.6243 0.95 0.4818
Middle toe 18 -0.58+0.30 1.12 2.99 -1.96 0.0661 0.92 0.1135

Table 2. Results of repeated-measure ANOVA on the yolk level of
anti-AIV antibodies as a function of egg laying order. Model R? = 0.89,

F19,34 = 1487, P <0.0001.

Effect DF  TypeIII SS F P

Nest identity 17 10268.155 16.23  <0.0001

Laying order 2 242.267 3.26 0.0509
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Figure legends

Figure 1. Relationship between female fluctuating asymmetry and (A)
female body condition index, (B) anti-AIV antibody level in female
plasma, (C) average yolk anti-AlIV antibody level, and (D) intra-clutch

CV of yolk anti-AIV antibody levels.

Figure 2. Mean egg antibody level as a function of plasma antibody

level across all females sampled.
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Résumé

Les modéles mathématiques qui permettent de produire une description
simplifiée de la réalité apparaissent comme des outils importants de
I’épidémiologie moderne. En effet, en épidémiologie, le probléme
majeur est de chercher a comprendre comment les pathogenes se
transmettent d’un individu a ’autre afin de prédire les épidémies, leur
ampleur dans le temps et I’espace. Les modeles ont ainsi le potentiel a
la fois de servir de fil conducteur aux praticiens en santé publique en
comparant différentes stratégies de gestion de la maladie, mais aussi
d’améliorer notre compréhension de la transmission du pathogene.

Le but de cet article est de se concentrer sur quelques exemples de
modeles pour souligner leur utilité pratique dans la compréhension de la
circulation des virus Influenza. Nous nous intéresserons tout d’abord a
des modeles épidémiologiques simples permettant de comprendre la
démarche a adopter pour formaliser un modé¢le. Puis nous verrons
comment utiliser ces modeles simples pour comprendre des processus
épidémiques a une échelle plus globale. Enfin, nous discuterons en quoi
la modélisation peut permettre de répondre a des questions aussi larges
et variées que: dans quelles mesures un agent pathogéne peut
déclencher une épidémie ou encore quels sont les effets des mesures de
santé publique sur 1I’évolution des virus grippaux.

Mots clefs : modélisation, éco-épidémiologie évolutive, virus Influenza.
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Abstract

The mathematical models used to produce a simplified description of
reality appear as important modern epidemiology tools. Indeed, a goal
in epidemiology is to understand how pathogens are transmitted
between individuals. This would predict epidemics and their extent in
time and space. The models can provide a guide to public health
practitioners, through comparison of different strategies in disease
management. Also it improves our understanding of pathogen
transmission.

Here, I focused on some of these models to emphasize their practical
value in understanding the influenza viruses’ circulation. First, I present
a simple epidemiological model that provides an understandable
approach to follow in order to build a model. Second, I show how to use
such simple models to include the epidemic process in a more global
scale. Finally, I explain how modeling can help investigate the extent to
which a pathogen can trigger an epidemic or the effects of public health
measures on evolving influenza viruses.

Keywords: modelling, evolutionary eco-epidemiology, Influenza
viruses.
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Introduction

Les maladies infectieuses, provoquées par la transmission de
micro-organismes (virus, bactéries), constituent une des causes
majeures de mortalité chez I’homme avec environ 15 millions de déces
pas an dans le monde Fauci ef al. 2005. Au cours des deux derniers
siecles, les progrés enregistrés en matiere d’hygieéne, le développement
de nombreux vaccins (contre la variole, le choléra, la rage, le tétanos...)
ainsi que la découverte de la pénicilline en 1929 ont fait penser, au
milieu des années 1970, que la bataille contre les micro-organismes
allait étre gagnée. C’était sans compter sur les nombreux facteurs
écologiques et évolutifs impliqués dans 1’émergence, la réémergence ou
la persistance des maladies infectieuses dans le monde. En particulier,
leur capacité d’adaptation permet ’apparition continue de nouvelles
souches ou variants €échappant au systtme immunitaire de leur hdte ou
encore 1’acquisition de propriétés de résistance aux traitements. Cette
faculté d’évolution constitue une des principales causes d’émergence ou
de réémergence de ces agents pathogénes.

Dans les populations humaines (ensemble des individus qui
occupe simultanément un méme environnement), il apparait que la
diversité spécifique en agents pathogeénes et parasitaires n’est pas
distribuée de maniere aléatoire Guernier et al. 2004. Elle montre une
distribution géographique assez proche de celle que 1’on connait pour
de nombreux groupes d’animaux et de végétaux en biogéographie
Blondel 1995: les pathogeénes sont concentrés dans les zones
intertropicales et en particulier sur le continent africain. Cette diversité
maximale s’explique sans doute par la richesse exceptionnelle en
espeéces animales, représentant autant de réservoirs et vecteurs de
microorganismes potentiellement pathogeénes pour ’homme.
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Mais des changements écologiques survenus dans de nombreux
endroits de la planéte ont provoqué le déplacement géographique
d’agents pathogeénes, qui se retrouvent aujourd’hui au sein de
populations démunies de toutes formes de résistances. Par exemple, le
virus du Nil Occidental, a été introduit en 1999 aux Etats-Unis, ou il a
induit une épidémie majeure chez les chevaux, les humains et les
oiseaux. Le déplacement des agents pathogenes est de plus favorosié
par le développement des transports qui permet une diffusion
extrémement rapide et efficace des micro-organismes a travers le
monde Colizza et al. 2007.

L’ensemble de ces facteurs contribue au maintien des agents
causatifs de maladies infectieuses et peut étre méme a leur
diversification. Mais d’autres facteurs aggravants, directement
connectés a la distribution géographique et aux mouvements des agents
pathogenes, peuvent favoriser la diffusion d’une épidémie. En effet, la
taille de la population mondiale augmente continuellement, induisant
I’accroissement du nombre d’individus sensibles, ce qui peut
potentiellement accroitre I’importance et la durée des épidémies.
L’étude de Jones et coll. Jones et al. 2008 montre d’ailleurs que parmi
les quelques facteurs explicatifs d’émergences d’agents pathogénes
utilisés dans leur analyse, la densit¢ humaine est incontestablement
celui qui présente le pouvoir explicatif le plus important.

Dans la plupart des cas, ces émergences sont associées a la
capacité des pathogenes a passer de populations d’animaux domestiques
et/ou sauvages aux populations humaines Cleaveland et al. 2001. On
parle alors de zoonose émergente. Cette dynamique de transmission
dépend en partie des mécanismes de défense de 1’hote Thomas et al.
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2007 mais aussi des caractéristiques de 1’agent pathogeéne. Or il est
souvent difficile de connaitre la transmissibilité, le pouvoir pathogeéne
ou encore le potentiel pandémique d'un agent émergent. Il peut alors
étre utile de comparer différentes situations théoriquement plausibles.
De plus, devant les problémes de santé publique globale associés a la
circulation d’agents infectieux, il est important de développer des outils
performants permettant a la fois de prédire une éventuelle menace de
pandémie et d’évaluer I'impact des différentes politiques de santé
publique sur la propagation de maladies infectieuses. Ces outils doivent
étre suffisamment souples pour étre adaptés a un large éventail de
situations. IlIs doivent notamment pouvoir représenter divers types de
caractéristiques démographiques des populations ou permettre de tester
différents types d'interventions (vaccination, antiviraux, confinement
des individus malades, interventions de masse...). Dans ce contexte,
outre 1’acquisition de données sur le terrain et en laboratoire, le
développement et [’'utilisation de modeles mathématiques peut se
révéler tres utile Hethcote 2000.

Les virus influenza, agents de la grippe, apparaissent comme de
bons candidats pour illustrer 1’utilit¢ des modeles mathématiques. En
effet, ils sont a la fois responsables d’épidémies annuelles mais aussi
sont régulierement cités comme potentiels agents de pandémies.
L’origine des virus pandémiques humains proviendrait de
recombinaisons a partir de virus Influenza A circulant naturellement
dans les populations d’oiseaux sauvages et domestiques. De plus, le
virus de la grippe possede une capacité a évoluer rapidement pour
contourner la réponse immunitaire de 1’hdte, comme I’illustre la
nécessité de réactualiser le vaccin contre ce virus a chaque nouvelle
épidémie annuelle (OMS WHO. 2009 ). Différents facteurs, et en
particulier des facteurs sociaux, écologiques et évolutifs sont

responsables de ces dynamiques complexes d’émergences de nouvelles
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souches pandémiques et de persistance de souches en constante
modification. L’évolution rapide des virus grippaux contribue a la
complexité de leurs dynamiques épidémiologiques, d’autant plus qu’il
est difficile de séparer écologie et évolution d’un point de vue temporel.
Le but de cet article n’est pas de proposer une présentation exhaustive
des modeles mathématiques utilisés en épidémiologie, mais plutdt de se
concentrer sur certains de ces modeles pour mettre en avant leur utilité
pratique dans la compréhension de la circulation des virus Influenza.

Qu’est ce qu’un modéle mathématique ?

Le recours aux modeles mathématiques est assez ancien en
épidémiologie Kermack ef al. 1927; Anderson ef al. 1978 mais depuis
quelques années, on observe une augmentation trés importante du
nombre de publications utilisant des modeles mathématiques (Fig. 1).
Ce phénomeéne est en partie associ¢ au fait que I’on comprend de mieux
en mieux l'utilit¢ du langage mathématique pour produire une
description nécessairement simplifiée mais utile de la réalité. Il est
irréalisable de construire un mod¢le parfait puisqu’il restera toujours par
définition une simplification de la réalité, mais I’inclusion d’un plus ou
moins grand réalisme permet d’aborder des questions générales, ou au
contraire plus précises. Il est important de comprendre que la
complexité mathématique n'est pas un critére suffisant pour juger de la
pertinence d’un modele Hethcote 2000. Or en général, pour bien faire
coller un modele a la réalité, on a tendance a augmenter le nombre de
parametres pour capturer le maximum d’aspects qui semblent
importants dans le systétme. Par exemple dans les modéles
épidémiologiques, il peut paraitre important d’intégrer de nombreux
parametres en rapport avec la transmission et le contréle de la maladie.
Mais cette complexification rend difficile la compréhension générale du
comportement du modele et pose le probléme de la qualité des données
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utilisées pour fixer les parameétres. Dans de nombreux cas, il est
important de commencer avec un modele parcimonieux,
compréhensible, et surtout de s’assurer qu’il est adapté a la fois aux
questions posées et aux données épidémiologiques dont on dispose.
Nous verrons plus loin que certaines ¢tudes essayent de construire des
modc¢les fortement réalistes Colizza et al. 2006; Colizza et al. 2007.

Un modéle simple d’épidémie ?

En ¢épidémiologie, le probléme majeur est de chercher a
comprendre comment les pathogeénes se transmettent d’un individu a
I’autre afin d’étre capable de décrire les épidémies, leur ampleur dans
le temps et 1’espace. On comprend donc I’'importance d’utiliser des
modeles mathématiques, a la fois pour servir de fil conducteur aux
praticiens en santé publique en comparant les performances attendues
de différentes stratégies de gestion de la maladie, mais aussi pour
améliorer notre compréhension de la transmission du pathogene.

Nous nous intéresserons dans ce chapitre a un des modéles
compartimentaux les plus simples, le modele SIR (Fig. 2). Ce modele
décrit 1’état de la population d’hdtes en la compartimentant en groupes
d’individus différenciés en fonction de leur statut vis-a-vis de 1’agent
pathogéne : sensibles (S), infectieux (I) et guéris (R, « recovered » en
anglais). Les individus sensibles deviennent infectés (contaminé par le
pathogéne, mais ne pouvant pas le transmettre) et infectieux (contaminé
par le pathogéne et pouvant le transmettre) au taux A communément
appelé force d’infection. Ces individus peuvent présenter une mortalité
accrue, traduisant I’effet généralement négatif de la présence du
pathogeéne. Le taux o traduit la virulence du pathogéne soit la
surmortalité des individus infectés. Enfin, les individus infectés

-335-



guérissent au taux y. Ces différents compartiments sont donc reliés entre
eux par des flux reflétant soit la biologie de 1’hdte (taux de mortalité,
taux de guérison), soit celle du pathogene (force d’infection, virulence)
Anderson ef al. 1991; Hethcote 2000; Keeling et al. 2008.

L’¢lément crucial de ce modéle en compartiment est
indubitablement le processus de contagion (A) : comment un individu
sensible devient-il infecté ? Comme ce processus de contagion rend
compte du passage du pathogéne d’un individu infectieux a un individu
sensible, on comprend que le nombre de nouveaux malades dépend non
seulement du nombre d’individus sensibles, mais également du nombre
d’individus déja infectieux présents dans la population Keeling et al.
2008. La force d’infection est donc proportionnelle a la fois a la
capacité des individus a transmettre 1’infection (3, taux de transmission)
et soit a la densit¢ d’individus infectieux I dans la population
(transmission densité dépendante, A = BI) ou la fréquence des individus
infectieux I/N dans la population (transmission fréquence dépendante, [3
= A I/N) Cette écriture de la force de I’infection implique que tout
individu exposé est immédiatement infectieux. Prendre en compte un
temps de latence entre 1’exposition et le stade infectieux va donc
directement jouer sur la force de I’infection en modifiant la densité et la
fréquence des individus sensibles. En particulier, dans le cadre des virus
Influenza A, on peut tenir compte d’une période de latence (1 a 2 jours),
apreés ’infection, durant laquelle les individus exposés ne sont pas
encore infectieux Potter 2001. Dans ce cas, il faut ajouter un
compartiment au modele contenant les individus en état de latence (fig.
3). Aprés cette période de latence, les individus présentent les
symptomes grippaux et sont donc considérés comme infectieux
(environ 3 a 4 jours apres infection) Ferguson et al. 2005. Enfin aprés
cet intervalle d’infection, les individus guérissent et acquic¢rent une
immunité a vie au variant infectant et aux variants antigéniques proches.
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Mais cette immunité n’est en réalité que temporaire, compte tenu de
I’importante diversité génétique du virus grippal et de son évolution
génétique rapide au cours du temps. On peut donc modéliser ce
processus de perte d’immunité en imposant aux individus guéris (R) de
perdre leur résistance acquise et de repasser dans le compartiment des
individus sensibles (S) apres quelques années Dushoff et al. 2004.

A Taide d’un tel modele simple, la premiére question qu’un
acteur en santé publique peut se poser est de savoir si I’épidémie d’une
maladie donnée peut apparaitre et se propager dans une population
naive (i.e. qui n’a jamais connu de maladie). Répondre a cette question
peut se faire aisément en calculant le nombre reproducteur de base Ry
du pathogéne. Il représente le nombre moyen d’infections secondaires
dues a Ilintroduction d’un individu infect¢ dans une population
enticrement sensible Keeling et al. 2008. C’est un parametre clef en
épidémiologie puisque sa valeur renseigne sur la possibilit¢ d’une
épidémie. En effet, pour qu’une épidémie survienne, il faut qu’un
individu infecté transmette son infection au minimum a un autre
individu (Rp>1), sinon le pathogéne est éliminé de la population (Ro<1).
La valeur du Ry de la grippe est variable selon la souche. Par exemple,
elle est comprise entre 1.25 et 1.38 pour le virus pandémique A/HINI
Tuite et al. 2010 ou encore entre 1.4 et 2.8 pour le virus A/HINI1 de la
grippe espagnole de 1918 Bootsma et al. 2007. Ces valeurs restent
relativement faible lorsqu’on les comparent aux Ry de la coqueluche ou
de la rougeole compris entre 16 et 18 Anderson et al. 1982, mais cela ne
signifie pas que la grippe doit étre négligée par les acteurs en santé
publique. En effet, ce parameétre reste informatif et ne décrit ni la
virulence de la maladie ou la dynamique épidémique exacte de la

grippe.
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Comprendre la dynamique des épidémies de grippe nécessite de
prendre en compte les variations de la population exposée au virus, tant
dans le temps que dans [’espace. Ceci nécessite de décrire la
démographie de la population qui va influencer la disponibilité des
hotes sensibles pour le virus. Ainsi, a la fin de 1’épidémie, la majorité
des hotes a développé une immunité et le redémarrage de 1’épidémie va
dépendre a la fois (i) de la reproduction qui produit de nouveaux
individus accessibles au parasite et (ii) de la perte d’immunité des
individus guéris. Bien que nous n’ayons pas traité de cela ici, les
modeles S(E)IR  permettent de modéliser les caractéristiques
démographiques de 1’hote et d’en ¢étudier les conséquences
épidémiologiques. En revanche, la prise en compte des dynamiques
spatiales nécessite de faire appel a d’autres types de modeles dont un
exemple fait I’objet de la section suivante.

Modélisation de processus épidémiques a 1I’échelle mondiale

Une des questions fondamentales dans 1’é¢tude de la dynamique
des virus grippaux concerne les conditions spatio-temporelles favorisant
la diffusion d’une épidémie. Pour répondre a cette question, nous allons
a présent nous intéresser a une des grandes familles de modéles
mathématiques : les graphes Bergé 1983. Un graphe est la donnée de
deux objets : une liste de nceuds et une liste de liens. En épidémiologie,
un nceud schématise un hdéte ou une population d’hétes. Un lien
conceptualise le chemin entre deux nceuds : c’est le chemin d’infection
que peuvent emprunter par exemple les virus Influenza. Donc d’apres le
schéma (Fig. 4), a partir du site a du graphe, le virus ne peut atteindre
directement que les hotes qui y sont reliés par un lien. Autrement dit,
I’évolution de I’état des sites b et d entre deux pas de temps ne dépend
que de I’état initial (infecté¢ ou non) du site a. L hypothése qui est faite
dans cette approche est que I’agent infectieux se propage d’un hote vers

- 338 -



un petit nombre d’autres hotes. C’est ce que 1’on appelle une
propagation «par contact». Ce cadre est donc bien adapté a
I’épidémiologie humaine ou chaque individu a effectivement des
contacts avec un petit nombre d’individus auxquels il peut
potentiellement transmettre la maladie.

L’utilisation des graphes en épidémiologie n’est pas restreinte a
I’échelle de I’individu : elle peut s’étendre aux populations humaines. I1
est ainsi possible de modéliser la diffusion mondiale d’une épidémie.
Pour cela, il est utile de distinguer deux échelles a laquelle la maladie se
diffuse. La premiere échelle permet de comprendre la dynamique locale
du virus, pour laquelle un modéle de type SEIR (vu précédemment) est
classiquement utilis¢ Anderson et al. 1991. La deuxiéme échelle
concerne la diffusion mondiale entre villes via le transport aérien. En
effet, a I’heure actuelle, 1’expansion du transport aérien permet de relier
les pays du monde entre eux. Il n’est donc pas surprenant de voir de
plus en plus d’études s’intéressant a I’impact de la structure du réseau
aérien mondial sur la diffusion planétaire de maladies telles que le virus
de la grippe A/H5N1 Hufnagel et al. 2004; Colizza et al. 2006; Colizza
et al. 2007.

Les données concernant le réseau aérien mondial ont été
obtenues aupres de 1’Association Internationale du Transport Aérien
(AITA). Cet organisme regroupe 3880 aéroports qui font office de
nceuds dans le modele, et de 18 810 connexions aériennes qui
représentent les liens entre les aéroports. Ces données ont permis a
Fraser et coll. Fraser et al. 2009 d’analyser la diffusion de la nouvelle
souche Influenza pandémique A/HINI a partir du Mexique. Sur une
échelle plus large, Colizza et coll. Colizza et al. 2007 ont étudié a I’aide
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de simulations comment une maladie se propage au niveau mondial via
le réseau aérien. La question primordiale qu’ils se sont posé est de
déterminer quelles sont les zones et les périodes les plus a risque de voir
débuter une épidémie. Comme les zones les plus touchées par le HSN1
ont été I’Asie WHO. 2009 et I’Europe de I’est Cox ef al. 2000, il était
cohérent de choisir le point de départ de 1I’épidémie a I’intérieur de ces
régions (Hanoi et Bucarest). De méme pour considérer les débuts de
I’épidémie, les mois d’avril et octobre ont été retenus.

L’¢étude de Colizza et coll. Colizza et al. 2007 confirme qu’il
existe des conditions spatiales et temporelles qui semblent trés
défavorables a la diffusion d’une épidémie grippale. Ceci permet
d’identifier les zones et les périodes qui sont les plus a risque pour le
déclenchement d’une ¢épidémie et d’y concentrer les efforts de
surveillance. Elle permet également de mettre en évidence [’utilité
d’associer des modeles simples, de type SEIR, a la notion de graphe,
qui permet de formaliser différents chemins d’infection. Ces mode¢les
sont cependant plus difficiles a analyser que les modeles non spatiaux
ou non structurés. Mais ils trouvent tout leur intérét dés que les contacts
au sein d’une population sont hétérogenes.

Emergence d’une nouvelle épidémie humaine

Apres avoir étudié les conditions spatio-temporelles favorables a
la diffusion d’une épidémie, il semble intéressant de se demander dans
quelle mesure un agent pathogéne peut déclencher une épidémie chez
I’Homme. En effet, certains agents pathogénes, tels que le sous-type
H5N1 de la grippe aviaire, provoquent des infections sporadiques chez
I’Homme mais semblent peu capables de s’établir dans la population
humaine (impasse épidémiologique), tandis que d'autres réussissent a
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surmonter cette barriére inter-espéces (par exemple, le virus responsable
du Syndrome Respiratoire Aigu Séveére SRAS). Arinaminpathy et coll.
Arinaminpathy et al. 2009 étudient I’épidémiologie associée a
I’établissement d’un pathogéne dans un nouvel héte. Comme discuté
par Antia et coll. Antia et al. 2003, méme un pathogéne avec une faible
transmission inter-humaine, c’est a dire capable seulement de cas
sporadiques, peut acquérir des adaptations pour devenir capable de se
transmettre a ’Homme. D’autres adaptations peuvent se produire en
réponse a des pressions de sélection exercées par de nouveaux
environnements. Les changements dans les contacts interhumains et les
facteurs environnementaux peuvent avoir le méme effet en améliorant
la transmission du pathogéne. Par exemple, le sous-type HSNI1 de la
grippe aviaire a causé plus de 400 cas de déces chez I’Homme (World
Health Organization 2009), principalement suite a des contact étroits et
prolongés avec des volailles infectées Beigel er al. 2005. Bien qu'il ait
montré pas ou peu de transmission inter-humaine, la possibilité de son
adaptation ultérieure a I'homme ne peut étre exclue. Arinaminpathy et
coll. Arinaminpathy et al. 2009 se sont donc demand¢ dans quelle
mesure un agent pathogéne qui provoque des centaines de cas mais ne
se transmet pas entre humains serait effectivement incapable de
s'adapter a la transmission chez 'Homme. Plus précisément, combien de
cas humains 'manqués' devraient se produire pour conclure qu’une
émergence peut étre considérée comme improbable ? Pour répondre a
cette question, ils utilisent un modele mathématique simple pour étudier
les marqueurs potentiels de I'adaptation.

Pour cela, ils s’intéressent a la probabilité d’émergence, en
considérant chaque événement de cas sporadiques comme une tentative
d’émergence. Cette probabilité dépend fortement du Ry du pathogene :
si le Ry d’un pathogene est €levé, lors d’une infection sporadique, un
individu infecté a une probabilité plus forte de transmettre la maladie au
sein d’une population et donc de provoquer une épidémie. Cette
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augmentation du Ry nécessite une adaptation du pathogeéne a son hote.
L’évolution du virus est ici modélisée par une augmentation graduelle
d’un Ry peu élevé a un Ry élevé. A partir de ce modele, ils montrent
qu’indépendamment du nombre de cas consécutifs ou le pathogene a
échoué¢ dans son émergence, il n'est jamais possible de conclure que
cette probabilité d’émergence est nulle (Fig. 5). De plus, la probabilité
d’émergence est diminuée de 98% apres les 100 premiers cas
d’émergence ratée. Autrement dit, apres 100 cas sans émergence, il y a
alors une treés faible probabilité d'émergence. Au-dela de ce point, le
nombre de cas d’échec d’émergence par le pathogeéne ne fournit que peu
d’informations sur l'adaptabilité de I'agent pathogene. Dans I'exemple
de l'influenza H5N1, ce compte a été obtenu dés le 8 Juin 2005 WHO.
2009 . Quantitativement, selon ce modele, des cas sporadiques humains
postérieurs a cette date ne nous apprennent pas beaucoup plus
d’information sur comment cette souche de virus pourrait s’adapter a
I’homme.

Ce type de modele mathématique peut fournir des
renseignements précieux sur la mise en place de potentiels scénarii
d'émergence. Mis entre les mains des acteurs concernés, ces modeles
mathématiques peuvent jouer un role important dans notre boite a outils
pour la préparation et 1’établissement de politiques en matiére de santé
publique.

Modélisation de I’évolution d’un pathogéne : influence d’une
protection hétérogéne de la population

Apres avoir fourni les outils nécessaires a la mise en place d’une
politique de santé publique, il faut anticiper et comprendre 1’impact de
ces politiques sur les populations humaines. Or jusqu’ici, nous avons
considéré des populations homogénes, dans la mesure ou tous les
individus ont les mémes caractéristiques démographiques et
épidémiologiques. Il s’agit d’une hypothése simplificatrice puisque les
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populations humaines sont hétérogénes. Cette hétérogénéité peut étre
déterminée génétiquement (les différents génotypes sont plus ou moins
résistants aux pathogenes), liée a I’histoire des individus (certains
peuvent avoir été infectés auparavant et n’ont pas le méme statut
immunologique), ou encore résulter de mesures de santé publique
(comme la vaccination).

Pour comprendre au mieux I’impact d’une politique de santé
publique et dans le but de I’améliorer, il serait donc intéressant
d’étudier les effets épidémiologiques de cette hétérogénéité de la
population d’héte induite par une mesure de santé publique comme la
vaccination. En effet, une couverture vaccinale n’étant jamais totale, on
distingue dans la population les individus vaccinés et non vaccinés
(appelés naifs). De plus, en supposant que la vaccination n’est pas
totalement efficace, un individu vacciné pourrait étre infecté (avec une
fréquence moindre qu’un individu naif), transmettre la maladie voire en
mourir.

Gandon et coll. Gandon et al. 2001 ont montré qu’un vaccin
imparfait peut aboutir a la sélection de pathogeénes plus virulents. Le but
de ce type de modéles est de définir la valeur de la virulence qui
maximise la transmission du pathogene (soit son Ry). La virulence (au
sens théorique du terme) est la mortalité induite par la présence d’un
pathogéne autrement dit la surmortalité¢ des hotes infectés. Certains
vaccins peuvent limiter la croissance du pathogéne dans 1’hdte
diminuant ainsi les risques de mortalité suite a I’infection (vaccin anti-
croissance ) Gandon et al. 2007. Des pathogenes plus virulents peuvent
alors étre sélectionnés et les hotes naifs de la population peuvent subir
une mortalit¢ accrue (en considérant que les hotes vaccinés sont
potentiellement protégés). Ainsi, méme si ['utilisation d’un vaccin anti-
croissance peut limiter a court terme la mortalité induite par la maladie,
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a long terme (en prenant en compte que le pathogéne évolue) la
mortalité totale induite par le pathogéne augmente du fait d’une
vaccination imparfaite.

Le modele présenté ici n’a pas €té paramétré pour des virus
Influenza mais illustre I’utilité de prendre en compte ce type de modele
dans les politiques de santé publique. En effet, cet exemple nous montre
que la vaccination peut avoir d’importants effets sur 1’évolution des
pathogenes : le bien de I'individu (étre soigné et guérir) peut alors
entrer en conflit avec le bien de la population (éviter 1’évolution du
pathogene, et une mortalité accrue).

Conclusion

Cet article permet d’illustrer par quelques questions
biologiques I’intérét des modeles épidémiologiques dans la
compréhension de la dynamique des virus de la grippe. Cet article n’est
cependant pas limité aux virus grippaux est peut étre étendu a d’autres
micro-parasites. Nous sommes donc partie d’'un modele des plus
simples (SEIR) qui nous a permis de comprendre la démarche suivie
par le modélisateur : toujours étre guidé par une question biologique
centrale qui doit guider le choix et la mise en place d’un modele aussi
simple que nécessaire pour répondre a cette question. La qualité et la
quantité croissante des données épidémiologiques disponibles va aussi
permettre le développement de modeles de plus en plus complexes pour
répondre a des questions biologiques de plus en plus précises Ferguson
et al. 2003. Ainsi le modele SEIR introduit au début de ce mémoire
peut étre complexifi¢ a Dl’infini suivant la question posée. Cette
complexification se traduit, par exemple, par 1’utilisation de modéles
individus-centrés qui permettent de tenir compte de la variabilité
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individuelle ou encore par la prise en compte de différentes formes
d’hétérogénéité. Cependant, cet article n’est pas exhaustif et les
exemples présentés ici ne sont qu’un échantillon réduit de I’ensemble
des modeles épidémiologiques existants et de leurs utilités.

Les modeles ¢épidémiologiques sont donc des outils
particuliérement intéressants a utiliser pour comprendre au mieux la
circulation des virus Influenza mais également d'autres agents
pathogenes, prédire les épidémies ou encore servir de fil conducteur
pour les acteurs en santé publique Moghadas et al. 2009. 11 ne faut donc
pas percevoir les modeles comme des mathématiques pures, mais
essayer de voir au travers des formules la question biologique sous-

jacente.
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Légendes des Figures

Fig. 1 Modifi¢ de Keeling et coll. (2008) Keeling et al. 2008. Une
indication de I’importance croissante de 1’utilisation des modeles
mathématiques dans la littérature épidémiologique. Les barres blanches
représentent le nombre approximatif de publications dans I’ensemble de
la littérature scientifique utilisant les modeles de maladies infectieuses
(données obtenues via ISI Web of Science). En gris et noir, le nombre
de ces publications trouvées, respectivement, dans Nature et Science

donnant une indication du fort impact de ces travaux.

Fig. 2 Mod¢le SIR. Les individus hdtes sont compartimentés selon leur
¢tat infectieux en individus sains (S), infectieux (I) et guéris (R). Les
fleches entre les compartiments représentent les flux d’individus selon
le taux indiqué au-dessus des fléches. Le taux A représente le processus
de contagion, a traduit la virulence du pathogéne soit la surmortalité des

individus infectés, enfin y décrit le taux de guérison.

Fig. 3 Mode¢le SEIR. Les individus hotes sont compartimentés selon
leur état infectieux en individus sains (S), exposé (E), infectieux (I) et
guéris (R). Les fleches entre les compartiments représentent les flux

d’individus selon le taux indiqué au-dessus des fléches. Le taux Bl = A
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représente le processus de contagion (B, taux de transmission), a traduit
la virulence du pathogene soit la surmortalité des individus infectés,

enfin y décrit le taux de guérison.

Fig. 4 Graphe. Les ronds représentent les noeuds, annotés de a a d. Les
droites représentent les liens entre nceuds. En épidémiologie, ils
conceptualisent le chemin d’infection que peut emprunter un agent

pathogéne.

Fig. 5 Modifi¢ de Arinaminpathy et coll. (2009) Arinaminpathy et al.
2009. Probabilité d’émergence d’un pathogene en fonction du nombre

d’introduction ne produisant pas d’émergences.
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Annexe 2

Poster in international WDA conference

Lyon, France, July 2012
Flavivirus antibodies in yellow-legged gull (Larus

michahellis) eggs in the western mediterranean basin.

Audrey Arnal, Elsa Jourdain, Jessica Pearce-Duvet,
Sylvie Lecollinet, Marion Vittecoq, Jacob Gonzalez-Solis,
Hammouda Abdesslem, Samraoui Boudjéma, Romain Garnier,

Slaheddine Selmi, Michel Gauthier-Clerc et Thierry Boulinier
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Flavivirus antibodies in yellow-legged gull (Larus michahellis) eggs
in the western Mediterranean basin

Audrey Arnal*, Elsa Jourdain, Jessica Pearce-Duvet, Marion Vittecoq, Jacob Gonzélez-Solis, Hammouda Abdesslem,
Samraoui Boudjéma, Romain Garnier, Slaheddine Selmi, Michel Gauthier-Clerc & Thierry Boulinier
*Centre d’Ecologie Fonctionnelle et d’Evolution de Montpellier - Tours du Valat de Camargue
audrey.arnal@cefe.cnrs.fr

In recent years, an unexpected number of flaviviral zoonoses have emerged
worldwide and wild birds represent the most important reservoir
Objectives
Investigating wild bird exposure to flavivirus at a large spatial scale

Screening of the egg yolks of yellow-legged gulls (Larus michahellis) BEES
sampled from different colonies of the western Mediterranean

for detecting the presence of flavivirus-specific antibodies (Ab)
ey
Materials and Methods “%3
Breeding season from 2009 to 2011 x
19 colonies; 1 098 eggs collected (8 to 50 eggs per colony) L
Competitive ELISA to detect Ab against Flaviviruses ‘

West Nile Virus (WN) epvelop protein (ID-Vet) 5% @ X E

ELISA positive eggs screened for neutralizing Ab specific for & {omsi]
WN, Usutu (USU), Tick-borne encephalitis (TBE) viruses | - . L
— — X

Results

1 and 2: three eggs ELISA-positive (lijel in Algeria and Corrége in France)
3: High number of ELISA-positive eggs in Medes Island, Spain
37%, 49% and 67% for 2009, 2010 and 2011 (n > 38 each year)
In addition, 4/6 eggs ELISA-positive from the village of I'Escala (11 km from Medes Island)

No detection of neutralizing antibodies specific for WN, USU and TBE viruses

Soft ticks sampled in Medes = Detection of virus that share 95% similarity with Meaban
(See the poster of Elena Gomez-Diaz et al.)
Conclusion and perspectives
Gulls are exposed to flaviviruses but differences in antibody prevalence among colonies:
Flavivirus was only detected on Medes Island and the nearby village of L'Escala (Spain)
despite a large sampling effort conducted in 19 breeding colonies in 4 countries.

Our results suggest that gulls may be locally important in flavivirus circulation.

Maternal antibody detection : powerful way to detect the circulation of other pathogens

© & & M R G w — m
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Abstract: The emergence of zoonotic diseases is directly linked to the
noise generated by humans on the natural environment to a greater or
lesser extent. Of all the emerging zoonoses in humans, the majority
comes from wild animals. The study of the role of wildlife in the
circulation of pathogens is crucial, especially when wildlife/human
interfaces are prominent. The aim of this thesis is to understand, using
large scale eco-epidemiological approaches, the circulation of
pathogens in a close to human population of wild bird, the yellow-
legged gull (Larus michahellis). The first chapter presents the different
methods used in the monitoring of pathogens and their limitations when
they are conducted in natural populations. This chapter further
highlights, through a study of avian influenza viruses, that the
quantification of maternal antibodies in eggs is an effective tool. The
second chapter expands the spatial scale of the study to highlight the
finer eco-epidemiological factors influencing the transmission of avian
influenza viruses within and between populations of Western
Mediterranean yellow-legged gull. Finally, the last chapter is based on
the comparison of exposition patterns obtained for vectorial
transmission mode pathogens: flaviviruses. This thesis highlights
patterns of exposure for certain pathogens (avian influenza virus and
flaviviruses) and enables the understanding of the eco-epidemiological
factors potentially involved in their circulations. The results allow to
consider future areas of research needed to more accurately assess the
dispersion of these viruses over the Mediterranean.

Keywords: Eco-epidemiology, infectious diseases, avian influenza
virus, flaviviruses, Meaban virus, Laridae, quantification of maternal
antibodies, western Mediterranean



Résumé : L'émergence des zoonoses est a relier directement avec les
perturbations générées par 'Homme sur son environnement naturel a
plus ou moins grande échelle. Sur I’ensemble des zoonoses émergentes
chez I’Homme, la majorité provient d’animaux sauvages. L’étude du
role de la faune sauvage dans la circulation des agents pathogénes est
donc cruciale en particulier quand les interfaces faune sauvage/Homme
sont fortes. L’objectif de cette thése a été de comprendre par des
approches éco-épidémiologiques a large échelle, la circulation d’agents
pathogenes dans les populations d’un oiseau sauvage en contact étroit
avec I’Homme, le goé¢land leucophée (Larus michahellis). Le premier
chapitre présente les différentes méthodes utilisées dans la surveillance
d’agents pathogenes ainsi que leurs limites lorsqu’elles sont menées en
populations naturelles. Ce chapitre met en évidence au travers d’une
¢tude portant sur les virus influenza aviaires, que la quantification des
anticorps maternels dans les ceufs est un outil efficace. Le second
chapitre consiste a €largir 1’échelle spatiale de 1’é¢tude afin de mettre en
¢vidence plus finement les facteurs éco-épidémiologiques influencant la
transmission des virus influenza aviaires dans et entre les populations
de goéland leucophée de 1’ouest méditerranéen. Enfin, le dernier
chapitre repose sur la comparaison des patrons d’expositions obtenus
pour des agents pathogeénes au mode de transmission vectoriel : les
flavivirus. Cette thése permet de mettre en évidence les patrons
d’exposition de certains agents pathogenes (virus influenza aviaire et
flavivirus) et d’appréhender les facteurs ¢éco-épidémiologiques
potentiellement impliqués dans leurs circulations. Les résultats
permettent d'envisager de futurs axes de recherches, nécessaires pour
évaluer plus précisément la dispersion de ces virus en Méditerranée.

Mots clés: Eco-épidémiologie, maladies infectieuses, virus influenza
aviaire, flavivirus, virus Meaban, Laridés, quantification d’anticorps
maternels, ouest méditerranéen



