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Fischer Christophe (2015) — Etude des sémiochimiques volatils impliqués dans le
mutualisme fourmis-pucerons (Thése de doctorat). Université de Liége, Gembloux Agro-
Bio Tech, Gembloux, Belgique.

Résumé - Depuis des décennies, les relations mutualistes que peuvent présenter fourmis et
pucerons passionnent les entomologistes, comme en atteste I'abondante littérature sur le
sujet. Le principe de cette interaction est simple : aussi longtemps que leur colonie subsiste,
les pucerons fournissent aux fourmis une source de sucres stable et abondante, le miellat,
en échange de quoi ces dernieres fournissent a leur partenaire entretien et protection
contre divers ennemis naturels. Néanmoins, certains aspects de cette relation restent
méconnus. C'est notamment le cas des facteurs influengant la recherche et de la découverte
d’un partenaire potentiel, étape préalable a toute possibilité d’interaction mutualiste, et du
role que tiennent les messagers chimiques volatils, généralement appelés sémiochimiques
volatils, dans cette relation.

L’objectif de cette these est donc d’améliorer la compréhension du role tenu par les
sémiochimiques volatils au sein de la relation mutualiste, et plus particulierement dans
I’étape de recherche de partenaire, tant du point de vue de la fourmi que de celui du
puceron. La fourmi noire des jardins, Lasius niger L., et le puceron noir de la feve, Aphis
fabae Scop., constituent le modeéle d’étude.

L'impact des composés volatils sur le comportement de recherche de la fourmi a tout
d’abord été investigué. Ces composés sont d’origines multiples, soit directement émis par le
puceron, soit induits par sa présence. Premiérement, la capacité des fourmis a percevoir le
E-B-farnéséne, composé principal de la phéromone d’alarme de nombreux pucerons, et a
s’en aider pour localiser une colonie de pucerons a été mise en évidence. Ce composé s’est
en effet révélé attractif pour les fourmis, méme a de faibles doses correspondant aux
émissions d’une colonie de pucerons non stressée. Ensuite, le réle tenu par les composés
volatils du miellat dans I'attraction des fourmis a été démontré. Ces composés permettent
également aux fourmis de discriminer a distance différentes espéces de pucerons et
d’orienter leurs recherches en conséquence. Ces sémiochimiques sont produits par la
microflore du miellat, et une souche bactérienne particulierement attractive,
Staphylococcus xylosus, a été isolée du miellat d’A. fabae.

Enfin, le rbéle actif du puceron, et plus spécifiguement des formes ailées, les plus
mobiles, dans la recherche d’un partenaire mutualiste a également été étudié. Ces derniers
ne semblent pas s’orienter préférentiellement vers une plante héte fréquentée par les
fourmis ou voisine d’une fourmiliére ; mais restent davantage sur la plante atteinte en
présence de leur partenaire mutualiste.

Cette thése met donc en évidence I'importance des sémiochimiques volatils et de la
microflore du miellat dans les relations mutualistes fourmis-pucerons, complétant ainsi par
un aspect nouveau un modele biologique déja bien documenté.






Fischer Christophe (2015) — Volatile semiochemicals involved in ant-aphid mutualism.
(PhD thesis). University of Liege, Gembloux Agro-Bio Tech, Gembloux, Belgium.

Abstract - For decades, the mutualistic relationship that ant and aphids may present has
fascinated entomologists, as evidenced by the abundant literature on the subject. The
principles of this interaction are simple: as long as their colony remains, aphids provide ants
with a stable and abundant source of sugars, honeydew. In exchange, ants tend aphid
colonies and provide them cleaning and protection against various natural enemies.
Nevertheless, some aspects of this relationship remain misunderstood. This is for example
the case of the factors influencing the search and the discovery of a potential partner, first
step to any potential mutualistic interaction. The role held by volatile chemical cues, called
semiochemicals, in this relationship is also misunderstood.

The objective of this thesis is to improve understanding of the role played by volatile
semiochemicals in this mutualistic relationship, especially during the partner search stage,
both from the perspective of the ant and of the aphid. The black garden ant, Lasius niger L.,
and the black bean aphid, Aphis fabae Scop., constitute our biological model.

The impact of volatile compounds on the search behavior of the ant has first been
investigated. These compounds are from multiple origins, either directly emitted by the
aphid or induced by its presence. First, the ability of ants to perceive E-B-farnesene, the
main component of many aphid alarm pheromone, and to use it to locate aphid colonies has
been highlighted. This compound has indeed shown attractiveness to ants, even at low
doses corresponding to the emissions of an unstressed aphid colony. Then, the roles played
by honeydew volatile compounds in ant attraction have been demonstrated. These
compounds also allow ants to remotely discriminate different aphid species and to direct
their searches accordingly. These semiochemicals are produced by honeydew microflora,
and a particularly attractive bacterial strain, Staphylococcus xylosus, has been isolated from
A. fabae honeydew.

Finally, the active role of winged aphids, which are aphid’s dispersal form, in the
search for a mutualistic partner was also studied. Aphids do not appear to be preferentially
attracted toward a host plant frequented by ants or close an ant nest. Nevertheless, once a
potential host plant reached, they remain longer on it in case of ant presence.

This thesis highlights the importance of volatile semiochemicals and honeydew
microflora in ant-aphid mutualistic relationships, thus completing by a new aspect an
already well documented biological model.
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CHAPITRE 1

INTRODUCTION






[. INTRODUCTION

Depuis des décennies, les relations mutualistes que peuvent présenter fourmis et
pucerons passionnent les entomologistes, comme en atteste I'abondante littérature sur le
sujet. Le principe de cette interaction est simple : aussi longtemps que leur colonie subsiste,
les pucerons fournissent aux fourmis une source de sucres stable et abondante, le miellat,
en échange de quoi ces dernieres fournissent a leur partenaire entretien et protection
contre divers ennemis naturels (coccinelles, syrphes, parasitoides, champignons
pathogenes, ...). Néanmoins, certains aspects de cette relation restent méconnus. C'est
notamment le cas des facteurs influencant la recherche et de la découverte d’un partenaire
potentiel, étape préalable a toute possibilité d’interaction mutualiste, et du réle que
tiennent les messagers chimiques volatils, généralement appelés sémiochimiques volatils,

dans cette relation.

Aprés une introduction du contexte général dans lequel s’insére ce travail et un bref
chapitre méthodologique, le réle des sémiochimiques volatils utilisés par les fourmis pour
s’aider dans la recherche d’un partenaire mutualiste sera étudié au travers de différentes

questions.

Un premier point portera sur les composés volatils produits par le puceron lui-méme,
et plus spécifiguement aux phéromones couramment émises par les colonies de cet insecte,
leur perception par un partenaire mutualiste potentiel, ainsi que leur effet sur le

comportement de ce partenaire.

Ensuite, I'effet des volatils liés a la présence de pucerons, mais non directement émis
par ces derniers, sur le comportement des fourmis sera investigué. En effet, la présence
d’une colonie de pucerons sur une plante hote induit également, outre les pucerons eux-
mémes, deux autres sources potentielles de composés volatils susceptibles de signaler leur
présence: la plante hote elle-méme, potentiellement capable de modifier ses émissions de
composés volatils en réponse a une attaque, ainsi que le miellat, qui s’accumule aux
alentours de la colonie. Une attention particuliere sera portée au miellat, élément clef du
mutualisme par divers aspects, a I'origine des sémiochimiques volatils qu’il émet, ainsi qu’a

leur impact sur I'attraction et la reconnaissance a distance d’un partenaire mutualiste.

Enfin, I’étendue du réle actif du puceron dans la recherche d’un partenaire mutualiste

sera étudiée.

Dans une derniére partie, les réponses apportées au cours de ce travail ainsi que les

nouvelles pistes de réflexion ouvertes seront synthétisées et discutées.
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II. CONTEXTE

Avant-propos

De nombreuses revues et documents de référence couvrent déja de maniére
exhaustive les divers aspects connus de la relation mutualiste fourmis-puceron ainsi que du
role qu’y tient le miellat (El-Ziady and Kennedy 1956; Way 1963; Buckley 1987; Stadler and
Dixon 1998; Stadler and Dixon 2005; Guénard et al. 2007; Stadler and Dixon 2008; Leroy et
al. 2009; Yao 2014; Vilcinskas 2016). S’appuyant sur cette base, ce chapitre constitue une
remise en contexte de la problématique du mutualisme fourmis-pucerons et de I'implication
des sémiochimiques volatils dans la communication entre ces especes. Les différentes
guestions abordées au cours de ce travail seront précédées d’introductions plus ciblées et

complétes.

Le mutualisme : généralités et implications

Le mutualisme est une relation de coopération entre especes, bénéfique pour les deux
partenaires, pouvant aller d’interactions assez diffuses a des relations trés étroites entre
organismes. Ce type d’interaction est ubiquiste tant d’un point de vue géographique
gu’évolutif, étant observé dans I'ensemble des écosystémes, tant marins que terrestres, et
touchant tous les regnes d’organismes vivants (Boucher et al., 1982; Buckley, 1987; Guénard
et al., 2007). A titres d’exemple bien connu peut étre citée la zoogamie, c’est a dire la
pollinisation par le biais d’espéces animales. La plante assure ainsi sa reproduction, et le
pollinisateur y trouve fréguemment une source de nourriture sous forme de nectar. Ce
phénoméne touche environ les trois quarts des espéeces d’angiospermes, ainsi que de
multiples taxa animaux. En effet, insectes, mais aussi oiseaux, chauves-souris et autres
mammiféres peuvent étre impliqués dans ces relations (Kearns et al. 1998; Bronstein et al.
2006; Kremen et al. 2007; Suchet 2010). Autre exemple, dans un autre milieu : la relation
entre anémones de mers et poisson-clowns (Amphiprioninae), les deux partenaires se
protégeant mutuellement. La microflore peut également jouer un role actif dans les
relations mutualistes, comme c’est le cas des Rhizobiaceae pouvant jouer un role majeur
dans la fixation de l'azote chez les légumineuses. La bactérie induit la formation de
nodosités au niveau racinaire, formant un microhabitat favorable a son développement, et

fixe en échange I'azote atmosphérique sous une forme directement assimilable par la
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II. CONTEXTE

plante. Loin d’étre exhaustifs, ces quelques exemples illustrent la diversité des taxa et

milieux concernés par les relations mutualistes.

Les avantages retirés par chaque partenaire peuvent revétir plusieurs formes de biens
ou de services: nutrition, protection, reproduction, mobilité.., mais constituent
généralement un co(t pour I'autre partenaire. Cette relation peut donc étre percue comme
de I'exploitation mutuelle globalement positive. Selon la majorité des modeles évolutifs
actuels, le maintien d’une relation mutualiste ou son glissement vers d’autres types
d’interactions se base sur une approche économique entre les co(ts liés au maintien de la
relation et les bénéfices qui en ressortent pour chacun des protagonistes (Bronstein et al.
2004; Bronstein et al. 2006; Guénard et al. 2007; Oliver et al. 2009; Herre et al. 2016). Dés
lors, en fonction des conditions, cette relation peut se renforcer, ce qui est par exemple
I'effet d’une forte pression de prédation sur un mutualisme fourmis-homopteéres,
s’estomper, ou évoluer vers du commensalisme, bénéfique pour seulement un seul des deux
partenaires, voire du parasitisme (Guénard et al. 2007; Oliver et al. 2009). Outre les
bénéfices et colts directs pour les partenaires, 'importance de la sanction potentiellement
infligée au partenaire qui sortirait de la relation, par exemple, la prédation, ainsi que le codt
de la défection pour le partenaire lui-méme, pouvant aller jusqu’a la mort dans le cas de
mutualismes obligatoires, entrent également en ligne de compte pour le maintien d’une

relation mutualiste (Guénard et al. 2007).

En effet, les différents partenaires peuvent étre plus ou moins dépendants de cette
relation. Le mutualisme peut étre facultatif, lorsqu’il ne conditionne pas directement la
survie des partenaires, ou obligatoire dans le cas contraire. Dans ce cas, I'obligation peut ne
concerner qu’un seul des deux partenaires, I'autre restant dans un cas de mutualisme
facultatif (Bronstein et al. 2004; Guénard et al. 2007). Dans tous les cas, ces relations
mutualistes influencent sensiblement I'organisation des biosystémes et ont un impact sur la

diversité de nombreux taxa (Boucher et al. 1982; Styrsky and Eubanks 2007).

Le mutualisme fourmis-pucerons

Basée sur la production de nourriture en échange de services, la trophobiose est une
forme de mutualisme largement répandue entre homoptéres producteurs de miellat et
fourmis. Ce type de mutualisme, probablement apparu pour la premiere fois durant le

Tertiaire, s’est a de multiples reprises manifesté puis éteint dans des taxa distincts, et a
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probablement commencé par une relation prédateur-proie ayant évolué suite, entre autres,
a la présentation de gouttelettes de miellat a I'assaillant (Stadler and Dixon 2005; Guénard

et al. 2007).

Constituant I'un des principaux modeéles de ce type d’interaction, le mutualisme
fourmis-pucerons est I'une des relations mutualistes les plus étudiées du régne animal. En
échange de la défense des colonies et de leur entretien, les pucerons fournissent aux
fourmis une source de nourriture durable, abondante et appréciée : le miellat (Way 1963;
Dixon 1985). Cette relation découle du mode de vie spécifique de chacun de protagonistes

et des besoins inhérents.

Les pucerons vivent en colonies denses, qui peuvent atteindre un nombre important
d’individus. Parmi les principales raisons expliquant ce mode de vie colonial figurent leur
rapide moyen de reproduction parthénogénétique ainsi que la mobilité réduite des individus
aptéres constituant I'essentiel des colonies. Cette mobilité limitée, couplée a leurs faibles
défenses, les désigne comme des proies faciles pour bon nombre de prédateurs et
parasitoides (syrphes, coccinelles, guépes parasitoides...) (Dixon 1985; Bristow 1991; Stadler

and Dixon 2005; Lohman et al. 2006; Leroy et al. 2009).

Les pucerons se nourrissent de séve phloémienne, trés riche en sucres par rapport aux
autres nutriments nécessaires a leur entretien et leur reproduction. Conséquence de cette
alimentation déséquilibrée, ils excrétent de grandes quantités de carbohydrates sous forme
d’un liquide sucré, le miellat. Tombant a proximité des colonies, ce miellat constitue un
risque pour I'hygiéne et la santé de la colonie s’il s’y accumule. Il constitue en effet une
source potentielle de développement de pathogénes ainsi qu’un signal de la présence de la
colonie perceptible par de nombreux ennemis naturels du puceron tels les syrphes,
coccinelles et guépes parasitoides (Guénard et al. 2007; Leroy et al. 2009; Vilcinskas 2016).
Comme pour toute autre société d’insecte et bien que rudimentaires par rapport a certaines
de ces sociétés, I'organisation sociale et la communication au sein d’une colonie de
pucerons, passe par le biais de la communication chimique (Kunert et al. 2005; Kunert et al.

2010).

Les fourmis, second partenaire, sont quant a elles parmi les insectes aux
comportements sociaux les plus évolués. La communication chimique impliquée dans cette
organisation sociale est également des plus complexes. Organisées, les colonies comportent

une caste d’individus explorateurs, dont la fonction premiere est d’assurer la survie de la
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colonie en explorant I'environnement proche et en y exploitant les ressources disponibles.
Cette exploitation, orientée par les besoins de la colonie et par les ressources disponibles,
peut donner lieu a divers types de marquages chimiques tels que le marquage d’aire, a
caractére territorial ou non, et le pistage (Devigne and Detrain 2002; Mailleux et al. 20033;
Devigne and Detrain 2006; Mailleux et al. 2006; Mailleux et al. 2010; Mailleux et al. 2011).
Parmi les sources principales de nutriments, les plantes (et leurs sécrétions), les insectes et
les fruits occupent une place importante (Wheeler 1926; Sudd 1967). Pour de nombreuses
espéces de fourmis, le miellat excrété par les pucerons est également collecté comme
source de sucres. Certaines espéces de fourmis deviennent alors de véritables éleveuses,
exploitant la ressource miellat, tout en entretenant les colonies de pucerons, en veillant a
leur hygiéne et en les défendant contre leurs ennemis tant pathogénes que prédateurs et
parasitoides. A I'occasion, en fonction des besoins de la colonie, de I'état des colonies de
pucerons entretenues et du comportement individuel de ces pucerons, les fourmis peuvent
prélever des pucerons de cet élevage en tant que source de protéines (El-Ziady and Kennedy
1956; Way 1963; Hélldobler and Wilson 1990; Stadler and Dixon 1999; Fischer et al. 2001;
Yao and Akimoto 2001; Katayama and Suzuki 2003; Renault et al. 2005; Verheggen et al.
2009a; Nielsen et al. 2010). Elles sont également capables de reconnaitre un puceron
entretenu par la colonie d’'un autre puceron, notamment par le biais d’hydrocarbures
cuticulaires transférés au puceron au cours de son entretien (Glinwood et al. 2003; Endo
and Itino 2012). Les pucerons myrmécophiles exploiteraient également les hydrocarbures
cuticulaires, en présentant un profil caractéristique identifiable par les fourmis, pouvant étre

semblable a celui de ces derniéres (Lang and Menzel 2011; Endo and Itino 2012; Yao 2014).

Cependant, bien que constituant un exemple classique fréguemment décrit dans la
littérature (Buckley 1987), certains aspects de cette relation mutualiste restent méconnus, la
grande majorité des données disponibles concernant des situations ou les partenaires
potentiels ou avérés sont déja entrés en contact. Ainsi, certains facteurs importants pour
conserver les soins fournis par les fourmis présentes, tels la concentration et la nature des
sucres contenus dans le miellat, les quantités de miellat produites ainsi que le nombre de
pucerons par fourmis, sont déja bien décrits dans la littérature (Wheeler 1926; Sakata 1999;
Mailleux et al. 2000; Yao and Akimoto 2001; Fischer et al. 2005; Mailleux et al. 2005; Stadler
and Dixon 2005; Detrain et al. 2010). Mais il existe toujours trés peu d’informations portant
sur la recherche et la découverte de nouveaux partenaires potentiels et sur les facteurs

influencant cette recherche.
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La place du miellat dans la relation mutualiste

Source indirecte de composés volatils, et donc potentiellement impliqué dans les
interactions distantes entre partenaires en plus de servir de monnaie d’échange, le miellat
constitue un des éléments clefs du mutualisme fourmis-pucerons a divers égards. Sa
composition ainsi que ses différents roles et impacts sur les relations mutualistes fourmis-
pucerons ont fait I'objet d’'un important travail scientifique, synthétisé de maniere assez
compléte au travers de plusieurs revues successives (Way 1963; Buckley 1987; Stadler and

Dixon 2005; Guénard et al. 2007; Leroy et al. 2009).

Mélange complexe de sucres, d’acides organiques, d’acides aminés et de quelques
lipides ; le miellat est excrété en grandes quantités lorsque les pucerons se nourrissent de
seve phloémienne (Mittler 1958; Hussain et al. 1974; Leroy et al. 2009). Sa composition
varie en fonction de différents facteurs liés entre autres au puceron, tels que 'espece, 'age
et I'état physiologique, et a son environnement, tels que I'état physiologique de la plante
hote et les endosymbiontes du puceron (Fischer and Shingleton 2001; Fischer et al. 2002;
Fischer et al. 2005; Guénard et al. 2007; Woodring et al. 2007; Leroy et al. 2009; Leroy et al.
2011b; Vilcinskas 2016). En effet, la composition de la séve phloémienne se refléte
partiellement dans les sucres et acides aminés du miellat ; bien que d’autres acides aminés,
dont certains essentiels, soient synthétisés par des bactéries endosymbiotiques pour pallier
les déséquilibres et les faibles teneurs en ces composés observés dans la seve phloémienne
(Douglas 1998; Febvay et al. 1999; Leroy et al. 2011b). Les pucerons sont également
capables de produire d’eux-mémes des sucres supplémentaires, dont le mélézitose (Mittler
1958; Kiss 1981; Woodring et al. 2007; Yao 2014; Vantaux et al. 2015). Cependant, d’autres
parameétres peuvent également influencer la composition du miellat. C'est le cas de la
présence de fourmis et de l'occurrence du mutualisme (Kiss 1981; Fischer and Shingleton
2001; Yao and Akimoto 2001; Guénard et al. 2007; Woodring et al. 2007). lllustrant bien la
grande diversité de composition de cette sécrétion ainsi que sa variabilité, Leroy et al. 2009
proposent une revue de la composition du miellat en acides aminés et en sucres en fonction
de I'espéce de puceron et de la plante héte (Tableau 1)(Leroy et al. 2009). Cette composition

en sucres ainsi que sa variabilité affectent les partenaires mutualistes a différents niveaux.

Ainsi, lorsqu’un choix entre plusieurs colonies de pucerons établies a proximité de la
fourmiliére se présente, les fourmis tendent a concentrer leur attention sur les colonies

produisant le miellat le plus profitable, par son abondance, sa composition et sa teneur en
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II. CONTEXTE

sucres (Kiss 1981; Holldobler and Wilson 1990; Mailleux et al. 2000; Mailleux et al. 2003b;
Detrain et al. 2010). Les interactions entre ces facteurs sont également a considérer. Ainsi, la
richesse en sucre d’'une source de miellat, constituée par le volume pondéré par la
concentration, est un élément déterminant I'intensité de I'entretien d’une colonie (Fischer

et al. 2005).

Ces éléments influent sur différents paramétres physiologiques tels I'appétence, la
guantité ingérée, la digestibilité des sucres et I'impact général sur la survie de la fourmi, qui
peuvent étre reliés aux préférences montrées individuellement par les fourmis exploratrices
et aux volumes ingérés (Volkl et al. 1999; Detrain et al. 2010), mais également avoir un
impact au niveau du comportement de la colonie de par I'induction ou non de recrutement
et de dépdbt de pistes (Detrain et al. 2010). Une hiérarchisation des sucres couramment
rencontrés dans le miellat a ainsi été observée chez Lasius niger L. tant au niveau de
I'ingestion que du recrutement; mélézitose, saccharose et raffinose étant préférés aux
glucose et fructose, eux-mémes préférés aux maltose et trehalose, alors que seuls les trois
premiers induisent le dép6t de pistes (Detrain et al. 2010). Le mélézitose semble étre un des
sucres clefs, assez spécifique au miellat et particulierement apprécié par les fourmis (Kiss
1981; Leroy et al. 2009; Detrain et al. 2010; Yao 2014). Sa teneur dans le miellat tend
d’ailleurs a augmenter en cas d’interaction mutualiste (Fischer and Shingleton 2001; Yao and
Akimoto 2001). Ce phénoméne pourrait étre I'un des parameétres liés a une coévolution
visant a produire un miellat apprécié par le partenaire (Detrain et al. 2010). Les sucres
jouent également en rble de régulation de la pression osmotique dans le tractus digestif des
pucerons. En effet, la synthése d’oligosaccharides régule I'osmolalité chez les pucerons
myrmécophiles. Pour ces derniers, I'ingestion de séve phloémienne augmente au-dela des
besoins des insectes en cas d’entretien par les fourmis afin d’assurer une production de
miellat suffisante (Kiss 1981; Fischer and Shingleton 2001; Yao and Akimoto 2001; Guénard
et al. 2007; Woodring et al. 2007). Woodring et al. (2007) ont pu mettre en évidence que la
synthése d’importantes quantités de mélézitose et de moindres quantités de tréhalose par
les enzymes digestives du puceron myrmécophile Metopeurum fuscoviride (Stroyan),
concomitante a la rapide dégradation du saccharose en glucose et fructose, réduit
I'osmolalité de l'intestin de ce puceron jusqu’au quart de ce qu’elle serait en I'absence de
ces synthétases. Ce mécanisme n’est pas observé chez d’autres pucerons non
myrmécophiles, dont Macrosiphoniella tanacetaria (Kaltenbach) et Acyrthosiphon pisum

(Harris), produisant moins de miellat, et ne présentant donc pas la nécessité de synthétiser
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ces oligosaccharides pour réguler leur pression osmotique et attirer les fourmis (Woodring

et al. 2007).

Contrairement a ce qui a longtemps été pensé, le miellat n’est donc pas qu’un simple
déchet pour un puceron mutualiste et tant sa production que sa composition sont
activement modifiées par ce dernier, ce qui représente un colt (Vantaux et al. 2015). Le
mutualisme est une stratégie défensive ou le puceron mutualiste cherche a réduire le colt
global d’'une rencontre avec un ennemi potentiel tel que la fourmi, sans chercher a éviter
ces rencontres (Oliver et al. 2009). Au sein d’une méme espéce, la production de miellat
ainsi que sa composition et concentration en sucres peut significativement varier en
fonction des générations, mais également entre clones (Fischer et al. 2005; Vantaux et al.
2011). Vantaux et al. (2011) ont ainsi observé d’énormes différences entre clones du
puceron myrmécophile Aphis fabae en termes de production de mélézitose. Plus de la
moitié des clones testés se sont révélés déficients en ce composé tant en présence qu’en
absence de leur partenaire mutualiste. Ce type de comportement ne semble pas
directement puni par le partenaire mutualiste qui collecte cependant moins fréquemment le
miellat de ces clones, diminuant de ce fait sa présence a proximité de ces individus, et donc
leur protection, mais également sa demande de miellat et le co(it de cette surproduction
pour le puceron. Les clones tricheurs peuvent ainsi partiellement bénéficier des avantages
apportés par les fourmis attirées par les lignées non déficientes présentes sur la méme

plante sans pour autant en payer le colt (Vantaux et al. 2011; Vantaux et al. 2012).

Du point de vue du puceron, la balance colts-bénéfices liée au mutualisme et aux
modifications dans la production de miellat reste assez discutée dans la littérature, les
résultats observés étant parfois contradictoires. En effet, la olU certains auteurs attribuent
au mutualisme un effet globalement positif sur le développement des colonies, le taux de
reproduction, les capacités de vol et la survie générale de I'insecte (El-Ziady and Kennedy
1956; Johnson 1959; Guénard et al. 2007; Verheggen et al. 2009a), d’autres observent un
co(t lié a I'entretien par les fourmis, notamment sous la forme d’une réduction de taille des
colonies et des insectes eux-mémes, ainsi qu’une diminution des capacités de dispersion et
de reproduction (Stadler and Dixon 1998; Stadler and Dixon 2005; Oliver et al. 2012;
Tegelaar et al. 2012; Vantaux et al. 2015). Le bilan global de cette relation dépend fortement

du contexte dans lequel elle se place (Stadler et al. 2001).
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D’une part, I'effort constitué par la production de miellat en qualités et quantités
satisfaisant une fourmi mutualiste est récompensé par une prédation par la fourmi
fortement réduite ou nulle, ainsi qu’une protection contre d’autres ennemis naturels
(Guénard et al. 2007; Nielsen et al. 2010; Yoo and Holway 2011; Yao 2012). Ceci constitue un
intérét non négligeable, particulierement pour les espéces se nourrissant plus
profondément dans la plante, aux pieces buccales plus longues et plus lentes a rétracter
limitant les possibilités de fuite, ce qui explique la haute fréquence de mutualisme observée
pour ces espéces (Shingleton et al. 2005). Avantage supplémentaire, les fourmis éliminent
les compétiteurs non myrmécophiles de leurs partenaires mutualistes (Verheggen et al.

2009a; Powell and Silverman 2010).

D’autre part, le colt directement occasionné par les modifications dans la production
de miellat liées a I'occurrence et a intensité de I'entretien par les fourmis peut s’avérer assez
lourd : atrophie de I'appareil de vol, réduction de la taille du corps, survie jusqu’a maturité
et longévité réduites a partir d’un certain niveau d’entretien... (Stadler and Dixon 1998;

Stadler and Dixon 2005; Yoo and Holway 2011; Yao 2012; Yao 2014).

Le solde net de la balance des colits et bénéfices liée aux modifications de la

production de miellat est donc lié a I’environnement dans lequel la relation prend place.

Du point de vue de la fourmi, I'impact du miellat est nettement moins contrasté. Il
constitue en effet une source de nourriture abondante et appréciée, impactant
positivement la croissance des colonies par I'augmentation de la production de couvain et
d’ouvriéres liée a I'apport de sucres (Stadler and Dixon 2005; Guénard et al. 2007; Wilder et
al. 2011; Shik et al. 2014). Cette ressource critique fait I'objet d’'une compétition entre
espéces locales, mais également avec certaines espéces invasives. C'est notamment le cas
de la fourmi d’Argentine, Linepithema humile (Mayr), dont les propagules se nourrissant
initialement essentiellement de proies riches en protéines ont évolué en supercolonies se
nourrissant de miellat, ce régime apportant plus de bénéfices en termes de survie de la
propagule et de croissance que les proies, méme a faible densité de pucerons (Shik and

Silverman 2013; Wilder et al. 2013; Shik et al. 2014).

Enfin, du point de vue des espéces gravitant autour de cette interaction mutualiste, le
miellat a également son influence. Source de nourriture pour de nombreux ennemis
naturels du puceron, le miellat agit également a la fois comme source de sémiochimiques

volatils et de contact, pouvant influencer significativement les comportements des ennemis
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naturels du puceron, dont la recherche, la localisation et 'attaque de leur héte ou proie
ainsi que l'oviposition (Leroy et al. 2009). Leroy et al. (2009) proposent un tableau
synthétique reprenant les différents effets du miellat sur divers ennemis naturels du

puceron.

La place centrale du miellat au sein des interactions mutualistes n’est donc plus a
établir, de nombreux aspects de cette problématique étant largement documentés.
Cependant, bien que déja mise en évidence en ce qui concerne les ennemis naturels du
puceron, l'influence des composés volatils émis par le miellat sur le comportement du

partenaire mutualiste reste a étudier.

Implication des sémiochimiques volatils dans la communication intra et

interspécifique chez les partenaires mutualistes

Bien que de complexités différentes, les organisations sociales et la communication au
sein des colonies de fourmis et de pucerons passent entre autres par le biais de la
communication chimique. Bien que la nature et les réles primaires des composés impliqués
soient des plus divers, ils constituent des indicateurs de la présence de I'insecte, voire méme
de son état physiologique ou de stress, potentiellement perceptibles a distance par d’autres,

tant conspécifiques que prédateurs ou partenaires potentiels.

Plusieurs catégories de composés volatils ont déja été identifiées chez le puceron.
D’une part, les différents isomeéres de népétalactone (I-Il) et de népétalactol (llI-VI),
phéromones sexuelles émises de maniére ponctuelle au moment de la reproduction sexuée
de lI'insecte (Fig. 1) (Pickett et al. 1992; Goggin 2007; Pickett and Glinwood 2007; Verheggen
2008; Vilcinskas 2016). Le mélange phéromonal observé chez la majorité des espéces de
pucerons est généralement constitué d’un des énantiomeéres | et Il de népétalactone, et/ou
d’un des énantiomeéres Ill et VI de népétalactol, en proportions variables selon les espéces.
Des stéréoisomeres supplémentaires de népétalactol (IV et V) ont été identifiés chez le
puceron du houblon, Phorodon humuli Schrank. La stéréochimie de ces composés ainsi que
les ratios entre composés constituent des éléments majeurs expliquant la spécificité de
I’action de ces mélanges phéromonaux (Vilcinskas 2016). Du fait de leur émission éphémere
et intervenant en fin de saison, ils constituent des indicateurs de présence probablement

peu intéressants dans le cadre d’une recherche de partenaire mutualiste.
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Figure 1 | Structure de sémiochiochimiques observés chez le puceron
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(Francis et al. 2005; Vilcinskas 2016)
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II. CONTEXTE

D’autre part, les pucerons peuvent produire une large gamme de terpénes, au sein de
laquelle le E-B-farnéséne (EBF) (VII) occupe une place prépondérante (Fig.1, Tableau 2).
Cette molécule a en effet été identifiée dans 21 des 23 espéeces étudiées par Francis et al.
(2005), et constitue le composé majoritaire pour 16 d’entre elles. Le germacréene D (VII), I'a-
pinéne (IX) et le B-pinéne (X) sont les autres terpénes majoritaires observés par ces auteurs
(Francis et al. 2005). Le E-B-farnéséne constitue donc un sémiochimique clef, aux roéles
multiples, et largement répandu chez les pucerons. Impliqué dans ['évaluation de
I’environnement social d’un individu lorsqu’il est relaché continuellement en faible dose
constante, I'EBF prend un role de phéromone d’alarme incitant les congénéres a un
comportement de fuite lorsqu’il est émis en pics de forte intensité par un individu soumis a
I’'attaque d’un ennemi naturel (Edwards et al. 1973; Turchin and Kareiva 1989; Francis et al.
2005; Verheggen et al. 2009b). Emis par l'insecte de maniere réguliere, 'EBF constitue
potentiellement un bon indicateur de sa présence. Plusieurs études réalisées en conditions
de laboratoire suggerent d’ailleurs que divers ennemis naturels du puceron, dont des
coccinelles, des syrphes et des chrysopes, sont capables de détecter ce composé et de s’en
aider afin de localiser leur proie ou leur héte (Micha and Wyss 1996; Zhu et al. 1999;
Verheggen et al. 2007; Verheggen et al. 2009b; Durieux et al. 2010; Outreman et al. 2010;
Verheggen et al. 2012). Dans le cadre des interactions avec les fourmis, Nault et al. (1976)
ont démontré la capacité des fourmis a détecter de fortes doses d’EBF et a y réagir. Les
fourmis adoptent alors un comportement agité et agressif, suggérant une réaction de
défense d’un partenaire mutualiste soumis a une attaque (Nault et al. 1976). Cependant, la
capacité des fourmis a détecter de faibles niveaux d’émission d’EBF, correspondant a son
taux d’émission en I'absence d’attaque, et a s’en aider afin de localiser un partenaire

mutualiste reste a démontrer.

Outre ces phéromones directement émises par le puceron, d’autres sémiochimiques
peuvent également étre induits par la présence de I'insecte. En effet, en réponse a I'attaque
de pucerons, diverses plantes peuvent modifier leurs émissions de composés volatils. Ces
changements peuvent étre percus par les plantes environnantes, pouvant alors préparer
leurs défenses contre les pucerons, mais également par les ennemis naturels du puceron
(Kost and Heil 2006; Paris et al. 2010; Staudt et al. 2010). Autre source de composés volatils
induite par la présence de pucerons, le miellat produit par les colonies et s’accumulant aux
abords de la plante héte est également connu pour attirer les ennemis naturels du puceron.

Les volatils qu’il émet proviendraient d’'une part de I'altération chimique (oxydation...) des
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sucres et acides aminés contenus, influencée entre autres par des facteurs abiotiques tels
que la lumiere, 'humidité relative et la température, et d’autre part de I'action de la
microflore sur le miellat (Leroy et al. 2009; Leroy et al. 2011a). Seuls ou couplés aux
constituants non volatils du miellat, ces composés sont connus pour influencer les
comportements de recherche d’h6te ou de proie et d’oviposition de divers parasitoides et
prédateurs de pucerons, incluant a nouveau diverses espéces de coccinelles, syrphes et
guépes parasitoides (Aphidiinae) (Leroy et al. 2009). Néanmoins, bien que I'impact de ces
volatils indicateurs indirects de la présence de pucerons sur leurs ennemis naturels soit déja

bien documenté, leur role dans les relations mutualistes reste encore largement a étudier.

Concernant les fourmis, le nombre, la diversité et les fonctions des composés connus
impliqués dans leur communication intraspécifique sont bien supérieurs, et largement
influencés par I'espéce. Ces sémiochimiques ; sécrétés par diverses glandes telles les glandes
mandibulaires, a poison, sternale, pygidiale, métapleurale, de Dufour... (plus de 75 glandes
exocrines sont connues chez les Formicidae (Billen 2009) ) ; contribuent a des aspects variés
des interactions au sein des colonies, dont les comportements d’alarme, la reconnaissance
et I'appartenance a une colonie, le marquage du territoire et du nid, ainsi que le dép6t de
pistes. Leur nature ainsi que leur degré de volatilité varient également fortement, ces
composés incluant notamment hydrocarbures, cétones, aldéhydes, alcools, acides
carboxyliques et esters de différentes longueurs de chaines, linéaires ou cycliques, ramifiés
ou non ; terpénoides divers ; pyrazines substituées et autres composés azotés cycliques ou
non (Parry and Morgan 1979; Attygalle and Morgan 1985; Morgan 2008; Cardé and Millar
2009; Morgan 2009).

Bien qu’il soit communément admis que le partenaire le plus actif dans
I’établissement d’une relation mutualiste soit la fourmi, il est possible qu’un puceron
myrmécophile, et plus spécifiquement sa forme ailée, la plus mobile, soit capable d’utiliser
ces sémiochimiques afin de s’établir préférentiellement sur une plante hote fréquentée par
un potentiel partenaire mutualiste ou a proximité d’une fourmiliére. Ceci constituerait un
avantage non négligeable pour un puceron myrmécophile obligatoire ou facultatif, qui
représentent chacun environ un tiers des espéces européennes (Stadler et al. 2001). Divers
auteurs rapportent d’ailleurs I'impact des fourmis sur la structure et la répartition des
colonies de pucerons, notant une abondance accrue de pucerons dans les zones

fréqguentées par leurs partenaires mutualistes. La question de savoir si ce dernier
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phénomeéne est lié a un meilleur taux de survie des pucerons dans ces conditions ou a leur
établissement préférentiel dans ces zones reste ouverte (Hopkins and Thacker 1999; Bishop
and Bristow 2003; Stewart-Jones et al. 2008; Minarro et al. 2010; Novgorodova and
Gavrilyuk 2012). Il est a noter que, les possibilités de vol directionnel des formes ailées étant
souvent limitées et que leurs déplacements sur de longues distances étant fortement
influencés par les courants aériens (Stadler et al. 2001; Guénard et al. 2007), la sélection
d’un site pourrait étre significativement influencée par la rétention d’un puceron sur un site

propice plutét que son vol délibéré vers ce site.

Tant pour les fourmis que les pucerons, les sémiochimiques volatils jouent donc un
role de premier plan dans la perception de leur environnement social et leurs interactions
intraspécifiques, ainsi que dans la maniere dont ces insectes sont percus et interagissent
avec d’autres espéces. Au cours de ce travail, le role des composés volatils émis ou induits
par la présence d’un des partenaires mutualistes sur le comportement de I'autre insecte

sera investigué.

Malgré la diversité et le nombre de recherches déja menées sur le mutualisme
fourmis-pucerons, certains pans de cette relation restent peu connus. C'est notamment le
cas des mécanismes impliquant des sémiochimiques volatils dans la recherche a distance
d’un partenaire, auxquels une attention particuliére sera portée au cours de ce travail. Cette
approche originale d’'un modéle biologique déja largement documenté permettra
d’améliorer la compréhension d’aspects importants du mutualisme que sont la recherche de

partenaire et les éléments sur lesquels se base cette recherche.
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II1. OBJECTIFS DE LA THESE

Le contexte général de la présente these vient d’étre abordé. Il met en évidence a la
fois un grand nombre de travaux relatifs au mutualisme fourmis-pucerons et diverses
ombres sur I'implication des composés organiques volatils (COVs) dans I'établissement de

cette relation particuliere entre deux espéces distinctes d’insectes.

Ce travail a comme objectif de mettre en lumiere dans quelle mesure les composés
sémiochimiques émis dans I'environnement proche des insectes mutualistes étudiés, que ce
soit par les insectes eux-mémes, leurs sécrétions ou par les plantes fréquentées, influencent
['association mutualiste. L'essentiel des travaux portera sur le couple formé par la fourmi
noire des jardins, Lasius niger L., et le puceron noir de la feve, Aphis fabae Scopoli, qui
constituent un modele biologique de référence bien répandu dans son milieu naturel et
couramment utilisé pour I'’étude du mutualisme fourmis-pucerons. Les divers aspects de
cette problématique qui seront abordés peuvent se résumer sous la forme des questions

scientifiques suivantes :
e Comment les fourmis s’orientent-elles vers leur partenaire mutualiste ?
- Quel est le réle joué par les phéromones émises par une colonie de pucerons ?

- Quel est le role joué par les composés émis par la plante-héte en réponse a la

présence de pucerons ?
- Quels sont les roles du miellat dans I’attraction et la reconnaissance a distance ?
Ces différentes questions seront traitées au cours du chapitre V.

e La présence de fourmis influence-t-elle la sélection d’une plante-hote par les pucerons

ailés, directement ou indirectement ?

Cette question sera abordée dans le chapitre VI.
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IV. DEVELOPPEMENTS METHODOLOGIQUES

Les protocoles d’élevages des insectes, des tests biologiques réalisés, de méme que
des analyses chimiques qui en résultent sont décrits dans les divers articles qui constituent

le corps de cette thése.

Les méthodes d’élevages et les tests biologiques ont été congus avec pour but de
répondre aux questions (objectifs) préalablement énoncées; et les modes opératoires
analytiques (chromatographie en phase gazeuse et GC couplé a la spectrométrie de masse),
avant d’étre utilisés, ont fait I'objet d’une validation exhaustive. Tous les protocoles
touchant a la manipulation d’insectes ont fait I'objet d’'une standardisation rigoureuse. A cet
égard, et en vue d’éviter tout biais potentiel issu d’'un contact direct entre fourmis et
pucerons ou d’'une exposition prolongée et préalable d’'un des partenaires aux composés
volatils liés a la présence de I'autre, les élevages des pucerons et fourmis ont pris place dans

des locaux séparés

Point critique de toutes analyses, la préparation de I'échantillon conditionne la qualité
du résultat final. Elle inclut fréguemment une étape de broyage qui, selon le type
d’échantillon et l'objectif a atteindre, peut s’avérer plus ou moins complexe ; pertes,

dégradations et contaminations devant étre évitées au maximum.

Ainsi, le broyage d’échantillons en vue d’en libérer sans pertes les composés volatils,
la nécessité de conditions stériles, la présence de composés potentiellement sensibles a
I'air, et le traitement d’échantillons de trés petite taille constituent quelques-unes des
contraintes ou le broyage d’un échantillon peut s’avérer complexe. Au cours de ce travail, de
telles situations se sont fréquemment présentées. La plupart des systéemes couramment
disponibles en laboratoire n’offrent pas de solutions parfaitement adéquates, et les

appareillages plus spécifiques, quand ils existent, sont souvent co(teux.

Dans ce chapitre, une méthode simple, efficace, automatisable et réalisable avec du
matériel de base sera décrite. Elle sera utilisée a diverses reprises au cours du travail de
recherche. Elle a, en outre, été appliquée avec succes a d’autres problématiques (Fischer et

al. 2012; Fassotte et al. 2014; Censier et al. 2014).
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Introduction

A great number of chemical analyses start by grinding and extracting the sample. This
apparently elementary step can become quite tricky when having to deal with small
quantities of air sensitive or volatile organic compounds (VOC) emitting materials. Most
common methods involve manual mortar and pestle or bladed devices. None of those are
easy to get really airtight. Moreover, the first one cannot be automated, and the second one
is often difficult to clean, which could lead to cross contamination and analyte losses.

Furthermore, dedicated grinding systems could sometimes be quite costly.

This article describes a very simple protocol to easily solve this problem using only

common laboratory equipment.

This protocol has been successfully applied to the lossless extraction of insects’
secondary metabolites (Fischer et al. 2012) and to plant VOC sampling, and could be used
for a large number of applications involving the crushing or grinding of VOC emitting or air

sensitive samples.

Material

This method requires only a narrow tightly closing container (ex.: Sovirel-type tube), a
stand with a holder, a magnetic stir bar fitting the inside of the tube and a magnetic stir
plate.

Any kind of narrow strong walled glassware could be used, but best results were obtained
with round bottomed glass tubes, which best fit the end of stir bars, and where sample
particles remain in the center of the tube, where the stir bar action is the strongest. Tubes
should be high enough to let the stir bar move freely. Maximal suitable glassware size is
defined by the couple stir bar / stir plate. Optimal stir bar should fit the inside of the tube,
while not too tightly to avoid being stuck with sample particles. Too large glassware will
require large stir bars, which would become too strong for the stir plate and would slow it
down too much, or even block it depending on the stir plate strength. For hard samples, a
tip of Pasteur pipette (or any fine piece of glass which could be easily broken and reduced to

a fine powder) can be added to improve the grinding.
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Method

Place the sample in the container, if needed with a small quantity of extraction solvent
(total volume should not exceed the third of the container, which would too much slow
down the stir bar). Add the magnetic stir bar and the tip of a Pasteur pipette for the fine
grinding of hard samples. Position this system on the magnetic plate and turn it on (Figure
1). Avoid any space or particles (sand, glass fragments...) between plate and tubes to
prevent them from breaking. When the container is at the right place on the plate, with the
right agitation frequency (both determined by trial and error), the magnetic stir bar will
alternately be propelled upwards and attracted downwards because of the alternating
magnetic field, acting like an automatic pestle. Quickly powdered, the Pasteur pipette tip
will enhance this system efficiency by its abrasive properties. This system is left to extract
until the right grinding is obtained. Using a 45mm stir bar with a IKA labortechnik RCT Basic
magnetic plate (Filter Service, Eupen, Belgium), fine grinding of small insects is completed in
less than two minutes. Figure 2 shows a ladybird beetle after a two minutes grinding in

methanol. The crushing of plants in order to analyze VOC is achieved in a matter of seconds.

Being completely closed, this system avoids any analyte losses. For air sensitive
compounds, the container should be filled with nitrogen prior to extraction. This system is
also suitable for VOC analyses by using septum caps. For passive solid phase micro-
extraction (SPME) sampling, the fiber is simply exposed by piercing the septum. For active
sampling, incoming air has to be cleaned, which can be done using the setup presented in

Figure 3.
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Supporting information

Two videos showing the described system in function are available in annexed files.
Annex 1 shows the grinding in solvent under nitrogen atmosphere of a ladybird in order to

study its secondary metabolites. Annex 2 shows the sampling of crushed Arabidopsis
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thaliana volatile compounds. This material is available via the Internet at

http://pubs.acs.org.
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Figure 1. : Extraction system. (1) magnetic stir plate, (2)
magnetic stir bar, (3) Sovirel-type tube with sample and Figure 2. : Ladybird beetle after a two minutes
extraction solvent if needed, (4) holder grinding in methanol

f

Figure 3.: Adapted system for active
VOCs sampling. Incoming air is
cleaned for example on activated
charcoal maintained in a glass syringe
by two glass wool plugs. In this case,
caps with septa are used. Arrows
indicate the air flow in this system.
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V. RECHERCHE D’UN PARTENAIRE MUTUALISTE PAR LA FOURMI

Préalablement a toute possibilité de mutualisme, les partenaires mutualistes doivent
se rencontrer. Malgré I'évidence de ce fait, les facteurs sémiochimiques influengant la
rencontre entre une fourmi exploratrice et une colonie de pucerons restaient largement
méconnus. Ce chapitre portera sur le role des composés volatils dans l'attraction des
fourmis par les pucerons, et sera divisé en trois sous-questions, qui seront traitées sous

forme de trois publications :

e Quel est le réle du E-8-farnésene, principal composé phéromonal régulierement

émis par le puceron, dans I'attraction des fourmis ?

e Quels sont les effets et I'origine des composés induits par la présence de
pucerons, c’est-a-dire émis par la plante attaquée et par le miellat produit par

I'insecte, dans I'attraction des fourmis ?

e (Ces sémiochimiques permettraient-ils aux fourmis de différencier a distance

diverses espéces de pucerons ?
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Graphical abstract — Aphid alarm pheromone as a cue for ants to locate aphid partners

Abstract: The mutualistic relationships that occur between myrmecophilous aphids and ants
are based on the rich food supply that honeydew represents for ants and on the protection
they provide against aphid natural enemies. While aphid predators and parasitoids actively
forage for oviposition sites by using aphid semiochemicals, scouts of aphid-tending ant
species would also benefit from locating honeydew resources by orienting toward aphid
pheromone sources. The present study aims to provide additional information on the use of
Aphis fabae alarm pheromone, i.e. (E)-3-farnesene (EBF), by ant scouts. The perception and
behavioral impact of EBF on Lasius niger were investigated using electroantennography and
two bio-assays measuring their attraction and orientation towards aphid semiochemicals.

Pronounced electrical depolarizations were observed from L. niger scout antennae to
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stimulations of A. fabae alarm pheromone, while other sesquiterpenes elicited weak or no
responses. L. niger scouts were significantly attracted toward EBF in a four-arm
olfactometer, as well as in an two-choice bioassay. These laboratory results suggest for the
first time that low amounts of aphid alarm pheromone can be used by L. niger scouts as a
cue indicating the presence of aphid colonies and could therefore mediate the aphid-ant

partnership in the field.

Citation: Verheggen FJ, Diez L, Sablon L, Fischer C, Bartram S, Haubruge E and Detrain C (2012) Aphid
Alarm Pheromone as a Cue for Ants to Locate Aphid Partners. PLoS ONE 7(8): e41841.
doi:10.1371/journal.pone.0041841
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Introduction

Aphids (Hemiptera, Aphididae) and ants (Hymenoptera, Formicidae) are the
protagonists of one of the most studied model of mutualistic relationships in the animal
kingdom: the first ones produce a carbohydrate-rich excretion named honeydew, which is
collected by some ant species who provide aphids in return with protection and hygiene

(Way 1963).

The communication between both partners was thought to be essentially tactile, as
ants palpate aphids’ abdomen using alternatively their two antennae to stimulate the
ejection of honeydew droplets. But the interactions between ants and aphids are also
chemically mediated. Nault and co-authors (Nault et al. 1976) have indeed demonstrated
Formica subsericea ability to react behaviorally to the main component of the alarm
pheromone of most aphidinae species. When F. subsericea were attending aphids and
suddenly exposed to huge amounts of (E)- B -farnesene (EBF), they extended their antennae
and opened their mandibles being prepared for attacking potential aphid enemies. Besides,
more recent studies have demonstrated that ants detect specific blends of cuticular
hydrocarbons on aphids’ body what allows them to discriminate myrmecophilous aphids
from potential prey (Lohman et al. 2006). However, nothing is known about the possible
chemical detection of aphids by ants from a distance, the first encounter between both

insect species being usually assumed to occur by chance.

Several laboratory studies have suggested that aphid natural enemies, including
ladybeetles, hoverflies and chrysopids, may be able to detect EBF and use it as a kairomonal
substance to locate their host or prey (Micha and Wyss 1996; Zhu et al. 1999; Abassi et al.
2000; Verheggen et al. 2007; Verheggen et al. 2008a; Verheggen et al. 2009b). Here, we
studied whether ant scouts, i.e. workers mainly involved in exploration and recruitment, are
also able to locate aphids by detecting this sesquiterpene at the lower levels that are usually
emitted by unthreatened aphid colonies outside any alarm context. The perception and
behavioral impact of EBF on Lasius niger were investigated using electro-antennography and

two bio-assays measuring their attraction and orientation towards aphid semiochemicals.
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Materials and Methods

Ants and Aphids

Queenless Lasius niger L. colonies (500 individuals) were collected in Brussels in April
2007 and placed in plastic containers (35x25x8 cm) whose edges were covered with
polytetrafluoroethylen to prevent them from escaping. Test tubes covered with a red
transparent foil were disposed as laboratory rearing nests. Sucrose solutions (1 M), dead
arthropods (cockroaches, aphids and spiders) and water filled test tubes were provided and
renewed every two days. The colonies were kept in an environmentally controlled room
(L16:D8, humidity 65+5%, and 23+1°C). The black bean aphids, Aphis fabae Scopoli, were
mass reared on broad beans (Vicia faba L.) grown in 10 cm® plastic pots filled with a mix of

perlite and vermiculite (1:1) and placed in similar conditions as above.

Electroantennography

L. niger scout antenna was carefully excised from the head. Because of the important
background noise registered from the ant antenna, the scape was removed to improve
electrical contact and subsequently decrease background noise. The antenna was mounted
and stimulated as described in our previous experiments on the perception of aphid alarm
pheromone by beetle and fly antennae (Verheggen et al. 2007; Verheggen et al. 2008a).
Paraffin oil was used to make four EBF solutions with concentrations ranging from 0.1 g/l to
100 g/l (by 10x increments). Stimulation with semiochemical-free paraffin oil was carried out
as a negative control before and after the stimulations with the four EBF solutions cited
above. Thirty seconds elapsed between successive stimulations. Preliminary results indicate
that this length of time was adequate to allow the insect recover its full reactivity to stimuli.
EBF was synthesized from farnesol with a chemical purity of 98% (determined by GC). In
order to compare the scout antenna sensibility to EBF with other sesquiterpenes (but not
associated to aphids), (E)-caryophyllene and a-humulene, both purchased from Sigma-
Aldrich (Chemie Gmbh, Steinheim, Germany) were also tested following the same procedure
as above. A total of 15 different antennae were tested: five per chemical. Each antenna was
tested with the 5 concentrations of one single chemical (paraffin oil control and the four

doses in increasing order: 1, 10, 100 and 1000 mg).
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Four-arm Olfactometer Assays

The four-arm olfactometer was similar to that previously described by Verheggen et
al. (Verheggen et al. 2007) and was adapted to be connected to a L. niger colony. It was
constructed entirely of Teflon® and was closed with a removable glass roof, both cleaned
with n-hexane between each tested ant. Charcoal-filtered air was pushed in each of the four
olfactometer arms through Teflon® tubing, and adjusted to 100 ml/min for each arm with a
digital flowmeter. A pump ventilated the walking arena by removing air from the centre at
400 ml/min. A L. niger colony was placed under the olfactometer and a Teflon® tube allowed
scouts to climb up to the walking arena. A “T” glass piece allowed the connection of the
plastic tube to the olfactometer, and at the same time the aspiration of the outgoing air.
This piece also allowed to close the access to the olfactometer and thus controlled the
entrance of only one scout per replicate. A 0.5 | glass chamber was connected to one of the
four olfactometer arms, and was used to introduce five unwinged A. fabae adults, that were
rapidly crushed inside the glass chamber using a small glass pestle left inside the chamber
(as a natural source of EBF). According to Pickett & Griffiths (Pickett and Griffiths 1980) and
Francis et al. (Francis et al. 2005), the volatiles released by crushed A. fabae consist
exclusively of EBF. Preliminary volatile analysis experiments allowed us to approximate the
amount of EBF released by five crushed A. fabae. Five A. fabae individuals were quickly
crushed in n-hexane and the supernatant was injected in a gas chromatograph. We found an
average amount of 50.9 ng of EBF, which is similar to what a quiet non-preyed M. persicae
colony made of about 75 individuals release (Almohamad et al. 2008). The glass chamber
was randomly connected to one of the four arms of the olfactometer. The olfactometer was
divided into one central 10 cm squared area, and four other areas related to the four odor
sources. The observations were conducted for 3 min, starting when the scout entered the
walking arena. The choice of the tested scout was determined by (a) the first area it entered
and (b) the time spent in each of the four areas. The behavioral observations were

conducted on 30 ant scouts in a laboratory at 22+1°C and under uniform lighting.

Two-choice Bioassay

The setup (Fig. 1) was made of aluminium and consisted in different parts that were
explored by single tested ants: a single ant scout was allowed to climb the access ramp
(length 35 cm, width 1 cm) which was placed near the nest entrance with a 45° incline. (2) A
3-cm section of this ramp was manually removed to avoid additional scouts to reach the

“T”setup. (3) The tested scout was then reaching the “T”setup, which was composed of two
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branches disposed at 90° from the access ramp, and both of a length of 25 cm and a width
of 1 cm. Each branch led the observed ant scout to one of the two tested plants. A small
space (1 cm) was left between each plant and the end of the setup branches to ensure that
ants could not climb upon leaves and stems (4). A rubber septum containing pure EBF was
placed alternatively (with similar number of replicates being conducted on both sides) on
one of the two plants and switched after each observed ant scout. One ventilator was
placed behind each plant to ensure an air flow of 0.6£0.1 m/s, going from the plant to the
bioassay setup. The “T” setup was divided into different sections: the middle part of the “T”
aluminum (8 cm length) was considered as an area of no-choice. The last 1.5 cm of the “T”
foraging branches were considered as areas where the final choice was made by the ants
which were removed after having reached one of these sections. The time spent by each
ant scout in both “T” arms, the final choice and the number of U-turns were recorded.
The walking speed has been calculated by dividing the time spent in one of the two
sections of the bioassay by the length of the section. Ants that changed direction (i.e.
side of the olfactometer) during the test were not taken into account for this calculation.
The setup was surrounded by black plastic sheets to avoid visual bias and disturbances,
and was placed under uniform light provided by three neon tubes. Three different ant
colonies were tested and results were pooled, after having checked the absence of bias.

A total of 43 ant scouts were observed.

Statistical Analyses

To compare EAG responses for the three tested chemicals (EBF; (E)-caryophyllene; a-
humulene) at the 5 different doses (control; 1 mg; 10 mg; 100 mg; 1000 mg), a three-way
ANOVA was conducted with factors being “chemicals” (systematic factor),
“doses”(systematic factor) and “antennae”(random factor). Because every doses were
tested on every antennae, and because only one chemical was tested per antenna, we used
a partially hierarchized model: the factor “doses” is crossed with the factor “chemicals” and
with the factor “antennae”, while the factor “antennae ”is hierarchized with the factor
“chemical”. Observed frequencies related to the final choice of L. niger scouts in
olfactometer assays (four-arm and two-choice bioassays) were compared to corresponding
theoretical frequencies by using a x2 goodness-of-fit test. Paired t-test was conducted to
compare, for each ant scout, the difference between the time spent in the branch leading to

the EBF treated plant and the time spent in the branch leading to the control plant. ANOVA

were conducted to compare the mean durations spent in the different branches of both bio-
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assays. Finally, Fisher’s exact tests were conducted to compare proportions of ants initiating
specific types of behavior in the bioassays. All these tests were conducted with MINITAB v15

(State College, Pennsylvania, USA).

Figure 1. Experimental setup used to study foraging behaviour of individual scouts. (1)
Access ramp; (2) movable section of the bridge;(3) “T” foraging arena, (4) Uninfested Faba

beans. Arows indicate directions of the airflow.

Results

Electroantennography

The highest dose of EBF elicited EAG responses of -0.692+0.197 mV (mean SE). Two
additional sesquiterpenes were also tested and both (E)-caryophyllene (-0.224+0.045 mV)
and a-humulene (-0.036+0.031 mV) elicited weak electrical depolarization from L. niger

antennae (Fig. 2.). A three-way ANOVA was conducted to compare EAG responses for the
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three tested chemicals (EBF; (E)-caryophyllene; a-humulene) at the 5 different doses
(control; 1 mg; 10 mg; 100 mg; 1000 mg). The electrical responses recorded differed
statistically for all three semiochemicals tested (ANOVA, F2,12 = 11.42, P = 0.002). A positive
dose-response relationship in EAG was also observed (ANOVA, F4,48 = 15.68, P<0.001). The
three-way ANOVA highlighted an interaction relationship between the two systematic
factors, namely the chemicals and the doses (ANOVA, F8,48 = 6.07, P<0.001). We have
therefore conducted a two-way ANOVA for each tested chemical. A positive dose—response
relationship in EAG was recorded to EBF (F4,16 = 9.09, P<0.001) and to (E)-caryophyllene
(F4,16 = 14.68, P<0.001), but not to a-humulene (F4,16 = 1.33, P = 0.302). When conducting
a two-way ANOVA separating each tested doses, we found that, at the highest tested dose,
the recorded electrical responses differed statistically between the three semiochemicals

tested (ANOVA, F2,8 =9.30, P = 0.008), with EBF eliciting the highest electrical response.

1000 -
‘ -+ (E)-p-farnesene o

| = (E)-- hyll
800 - (E)-B-caryophyllene
| a-humulene

600 -

400

200 A

o

U T . T 3 T
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Figure 2. Effect of (E)-B-farnesene (aphid alarm pheromone), (E)-B-caryophyllene and a-
humulene on the antennal responses (+SE) of Lasius niger scouts (n = 5). **indicate

significant EAG responses at P,0.01.
Four-arm Olfactometer Assays

According to the first area visited, 53.3% of the scouts were first attracted to the EBF
source. This visitation rate is significantly higher than expected from a random orientation

(25% in the case of a random choice) (x> = 9.63, P = 0.003, n = 30). They also spent most of
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their time in the arena connected to the EBF source, as the tested scouts spent 42.74+6.2% of
the observation time (time spent in the neutral area deducted) in the EBF arm of the

olfactometer (F3,116 = 3.02, P = 0.033, n = 30).

Two-choice Bioassay

Ant scouts preferentially orientated towards the branch leading to the EBF treated
plant (67%) rather than to the branch leading to the control non treated plant (33%) (n = 43,
x*=5.23,P= 0.02). For each ant scout, the time spent on the branch leading to the EBF
treated plant (mean = 8.28 sec, n = 43) was on average significantly higher than the time
spent on the branch leading to the control plant (mean = 3.59 sec, n = 43) (Paired t-test, T-
value = 2.97, P = 0.005). Before ant scouts orient themselves toward one side or the other,
we also recorded the time spent in the neutral area as an estimate of their difficulty to make
a choice, this time being assumed to be shorter for ants being attracted by the EBF treated
side. But, no difference was observed between the mean time spent in the neutral area by
ant scouts choosing the EBF side (3.8+0.6 s) and that for ants choosing the untreated side
(3.8%£0.8 s) (ANOVA, F1,41 = 0.01, P = 0.978). On average, the walking speed were similar for
ants orientating to the control (1.7440.12 cm/s) and the EBF side (1.96%0.23 cm/s) of the
bioassay (ANOVA, F1,41 = 0.94, P = 0.338). Finally, we noted the number of ant scouts
“changing their mind”— i.e. first walking over one branch, then making U-turns and finally
choosing the other side of the setup. Over the ants having finally chosen the EBF side,
only 10% of scouts had initially strolled over the untreated zone. Indeed, a majority (90%)
of scouts orienting themselves towards EBF treated side made this clear-cut choice from
the start of the experiment. As regards ant scouts having finally chosen the untreated
side, we found out a higher, but not statistically significant, percentage (29%) of
“hesitating ”individuals that first initiated a short movement towards the EBF treated

plant before changing side (Fisher’s exact test, P = 0.190).

Discussion

Like most aphid natural enemies that have evolved to adapt their olfactory system to
the perception of aphid-related volatile chemicals and subsequently locate their prey, ants
would have advantage to perceive aphid odorant cues, which would increase their chance to
establish a mutualistic relationship. Our results demonstrate that L. niger have olfactory

receptors perceiving A. fabae alarm pheromone, as shown by the positive dose—-response
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relationship in EAG to EBF. The highest tested EBF dose elicited EAG responses of -
0.692+0.197 mV (mean £SE) statistically higher than the paraffin oil control (Fig. 1.). While
using EBF at the same dose, and with similar equipment and method, Verheggen et al.
(2007, 2008) obtained EAG responses twice lower with the predatory hoverfly Episyrphus
balteatus (Diptera, Syrphidae), and three times lower with the Asian lady beetle, Harmonia
axyridis (Coleoptera, Coccinellidae). Moreover, other sesquiterpenes a-humulene and (E)-
caryophyllene did not elicit pronounced electrical depolarizations. The olfactory system of
foraging ant workers therefore seems to be sensitive and adapted for the perception of
aphid alarm pheromone. We also showed that L. niger scouts detect (E)-caryophyllene, as
low electrical responses were recorded from scouts antennae. As observed for aphid
natural enemies (Abassi et al. 2000) this might serve ants to make the distinction
between pure EBF emitted by aphids and EBF from some plant species that is emitted

along with other sesquiterpenes like (E)-caryophyllene.

Aphid alarm pheromone is known to elicit agonistic behaviour — i.e. raising of
antennae and opening of mandibles — among Formica subsericea ant species (Nault et al.
1976). A field study, where high doses of synthetic alarm pheromone were applied on pea
aphid Acyrthosi-phon pisum colonies, has reported an increase in the number of predating
Lasius niger ants in the treated aphid colonies (Outreman et al. 2010), suggesting that alarm
signaling in aphids is associated with the ecological cost of attracting additional natural
enemies. Presentation of a filter paper impregnated with large amounts of pure EBF also
induced typical alarm and defensive behavior among Lasius niger ants (pers. obs.). That low
EBF levels — i.e. the background level emitted by quiet and non-preyed aphid colonies —
could be perceived by ant scouts, looking for food resources, and thus be used as a cue to
locate their aphid partner has never been demonstrated earlier. Single ant scouts were
clearly attracted by EBF in the four-arm olfactometer. This has been observed also in our
two-choice bioassay. In both cases, none of the observed ant scouts exhibited agressive
behaviour like that observed by Nault et al. (1976). Furthermore, their walking speed (1.7—
2.0 cm/s) were similar to that previously reported for L. niger scouts foraging for food (1.6 to
2.1 cm/s) (Mailleux et al. 2000). This suggests that the conditions of the bioassay (i.e.
exposure to low and constant amounts of EBF) have led to attraction rather than an alarm or
defensive behaviour. The fact that EBF induces quite different behavioural responses among
ant scouts depending on the perceived amounts might have strong ecological implications,

and may explain the increase in ant predation behavior observed in pea aphid colonies
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where additional amounts of alarm pheromone were added (Outreman et al. 2010). Alarm
pheromone is emitted either in case of attacks by natural enemies but is also released, at
very low doses, from non-attacked M. persicae colonies (Almohamad et al. 2008). When
aphids are endangered, the emission of high EBF levels triggers aggressive behaviours
among ants and thus speeds up their chasing and killing of predators/parasitoids. Many ant
species, including Lasius niger, are also known to switch continuously from a “breeder” to a
“predator” behavior according to aphid colony size (Sakata 1995). Indeed, the increased
aphid density per ant led to an increase in the rate of predation(Sakata 1995). The
constant released amount of alarm pheromone by anon-preyed aphid colony informs
natural enemies about the aphid colony density (Almohamad et al. 2008). That the
amount of volatile cues also used by ants to evaluate the aphid density of a colony still
remains to be experimentally investigated. One may however hypothesize that, at high
levels of emission, EBF could facilitate the shift from a “breeder” behavior of tending
ants to a “predator” behavior, when the aphid colony gets crowded EBF is used as
unigue component of the alarm pheromone in most aphid species, including

unattended ones (Francis et al. 2005).

If EBF leads mostly to aphid colonies, and sounds like reliable semiochemical for aphid
presence, one could consider its perception by ants as either an indicator of a mutualism
opportunity, or a source of food. Regarding aphids, they would have strong advantage to
emit low amounts of semiochemicals to attract ants at the first steps of this mutual
relationship. Once this first contact established, ants will assess the profitability of this aphid
colony such as the quality, the amount or the renewal rate of produced honeydew (Mailleux
et al. 2000; Mailleux et al. 2003a; Detrain et al. 2010). Depending upon this food
profitability, a more or less intense trail will be laid by the ant: this trail will recruit
nestmates, guide them to already discovered aphid colonies and acts as the main driver for
collective selection and exploitation of this food resource (Holldobler and Wilson 1990;

Detrain et al. 2010).

Within aphid-ant mutualism, aphid semiochemicals, including the aphid alarm
pheromone, could act as synomones, being beneficial for the releasers (aphids), that will
attract their bodyguards, and beneficial for the receivers (ant scouts), that will likely
encounter a food source. This assumption should however be confirmed by performing field

assays demonstrating that in natural conditions, emissions of EBF attract ant scouts.
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Because the aphid alarm pheromone is not the only semiochemical to be released by an
aphid colony, one should also evaluate the biological activity of other aphid-related volatile
chemicals, including those released by the aphid honeydew (Leroy et al. 2011a), in the

establishement of an aphid-ant partnership.
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Abstract : The mutualistic relationships between certain ant and aphid species are well
known, the primary benefits being protection for the aphids and carbohydrate-rich
honeydew for the ants. Questions remain, however, as to the exact semiochemical factors

that establish and maintain such relationships. In this study we used a series of treatments
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and associated controls placed at the end of a two-way olfactometer to determine the
degree of attractiveness of a complete plant-aphid-honeydew system as well as individual
components of that system. Both the olfactometer branch selected by the black garden ant
(Lasius niger), and the linear speed with which ants moved through the device, were
measured. Study results showed that ants were attracted not just to the complete plant
system and the honeydew itself, but also to the microbial flora in the absence of plant or
honeydew, and specifically to a bacterium from the black bean aphid (Aphis fabae)
honeydew, Staphylococcus xylosus. This bacterium produces a blend of semiochemicals that
attract the ant scouts. This information suggests the presence of a naturally-occurring,
reliable biotic cue for detection of potential aphid partners. This would have to be confirmed

in natural conditions by further field experiments.

Rather than being opportunistic species that coincidentally colonize a sugar-rich
environment, microorganisms living in aphid honeydew may be able to alter emissions of
volatile organic compounds (VOCs), thus significantly mediating partner attraction. A
bacterial involvement in this mutualistic relationship could alter the manner in which these
and similar relationships are viewed and evaluated. Future studies into mutualism stability
and function among macroscopic partners will likely need to transition from a two-partner
perspective to a multiple-partner perspective, and consider the microbial component, with

the potential for one or more taxa making significant contributions to the relationship.

Keywords: ant, aphid, mutualism, bacteria, VOC, honeydew
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Introduction

Food-related mutualisms with ants that are based on sugar-rich production by one
partner are numerous and diverse, ranging from within-insect cooperation, like many
honeydew-producing insects, to inter-kingdom relations, like extrafloral nectaries produced
by several plant species (Beattie 1985; Stadler and Dixon 2005). Aphid-ant interactions have
long been considered the paradigm of mutualism and the subject of considerable historical
and contemporary research. Small and defenseless, aphids are easy prey for numerous
predators and parasitoids. However, some aphid species are frequently found in association
with ants that tend and protect the aphids in exchange for honeydew, which is a reliable and
abundant carbohydrate source (Dixon 1985; Bristow 1991; Stadler and Dixon 2005). It has
been estimated that myrmecophily, i.e. ants tending, is mandatory for one third of aphid

species, facultative for another third, and never observed for the final third (Stadler 1997).

In Europe, three ant genera appear to be primarily involved in these mutualistic
interactions: Lasius, Myrmica and Formica (Stadler and Dixon 1999; Guénard et al. 2007).
Among mutualistic ant species, the black garden ant, Lasius niger L. (Hymenoptera,
Formicidae), is well known to tend several aphid species, including the black bean aphid,
Aphis fabae Scopoli (Homoptera, Aphididae) (El-Ziady and Kennedy 1956). These two
species were selected as model taxa for this research as they are widespread in their natural
environment and are frequently used as model species for the study of mutualistic

relationships.

Honeydew, excreted in large amounts when aphids feed on the plant phloem sap, is a
complex mixture of sugars, organic acids, amino acids and some lipids (Mittler 1958; Hussain
et al. 1974; Leroy et al. 2011b). Its composition varies according to several factors, such as
species, physiological state of the host plant, season and aphid endosymbionts (Fischer and
Shingleton 2001; Fischer et al. 2002; Fischer et al. 2005; Woodring et al. 2007; Leroy et al.
2011b). Phloem sap composition is reflected in honeydew sugars and amino acids, the latter
also being produced by endosymbiotic bacteria to palliate the very low and unbalanced
concentrations of these compounds in the phloem sap (Douglas 1998; Febvay et al. 1999;

Leroy et al. 2011b).

Excreted and deposited on the host plant or falling onto close surroundings,

honeydew constitutes an excellent growth medium for diverse microorganisms, including
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potential aphid pathogens. Volatile compounds found in honeydew, mainly bacterial in
origin, are known to attract aphid enemies such as the hoverfly Episyrphus balteatus (De

Geer)(Leroy et al. 2011a).

Despite the potential negative biotic threats generated by honeydew, its benefits to
the aphids include firming the mutualistic relationship with ant species that utilize the stable
sugar source (Bristow 1991), in exchange for diverse services. Ant attendance is known to
improve aphid fitness by increasing their reproductive rate and fecundity, extending life
span and providing better protection against pathogens and enemies (El-Ziady and Kennedy
1956; Way 1963; Fischer et al. 2001; Stadler et al. 2001; Guénard et al. 2007). Therefore,
while honeydew volatiles may attract aphid enemies, the compounds may also attract the
species that benefit the aphids. Little is known about the specific role or magnitude of the
beneficial contribution of the volatile chemical component to the mutualistic relationship.
This paper describes the results of a study designed to investigate the role of these

compounds in the attraction of potential ant partners and the origins of those relationships.

Material and methods

Plants and insects

In a climate-controlled room (16 h light-8h dark photoperiod; 20 + 2°C), black bean
aphids, A. fabae (Scopoli), were reared for several generations on broad beans, Vicia faba L.,
cultivated on a 1/1 mix of perlite and vermiculite substrate. Plants used in experiments
measured around 15 cm high. All substrates used in behavioral assays were previously
sterilized. Lasius niger (Linne) colonies were collected in the region surrounding Gembloux
(Belgium), and kept under the same climatic conditions, but in separate chambers. Nests
were placed in plastic containers coated with polytetrafluoroethylene (Fluon® Whitford,
U.K.) to prevent escape. Test tubes covered with a red transparent foil were used as
laboratory rearing nests; a water and aqueous brown sugar solution (342 g/L) was provided
in excess, and dead insects (fruit flies and mealworms) were provided weekly as an
additional food source. All nests used in the bioassays were comprised of a queen, brood,

and a minimum of 500 foragers.

Identification of the honeydew volatile compounds
The composition of the volatile organic compounds (VOCs) was determined using 250

uL glass inserts and solid-phase microextraction (SPME, 10 mm fiber with a 50/30 pm
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carboxen-divinylbenzene-polydimethylsiloxane coating — Supelco). The material analyzed
was A. fabae honeydew (10 uL), dripping from aphid-infested V. faba plants, that was
immediately collected on sterilized plastic foil under sterile conditions using 2 plL

microcapillaries. Empty inserts were used for controls. Four replicates were conducted.

For each analysis, the same fibers were conditioned at 250°C for 1 h in a split-splitless
injector before sampling. Volatile collections were performed at 25°C for 24 h. Desorption
and GC-MS analyses were conducted on a Thermo Trace GC coupled with a Trace MS
(Thermo Electron Corporation, Interscience, Louvain-la-Neuve, Belgium) equipped with an
Optima 5 Accent (Macherey-Nagel, Diiren, Germany) capillary column (30 m x 0.25 mm |.D;
0.25 um film thickness) under the following conditions: splitless injector at 230°C; vector gas
was helium, at a 1 mL/min flow rate; oven temperature program: 40°C held for 2 min, raised
at 5°C/min to 150°C, then at 10°C/min to 210°C, and finally at 120°C/min to 280°C held for 1
min; transfer line was at 250°C. Mass spectra were acquired at 70eV on a mass range from
m/z 35 to 450 amu and analyzed using the NISTO5 and Wiley8 libraries. Identifications were
confirmed either by comparison with retention times of synthetic standards (Sigma-Aldrich,
Steinheim, Germany) or by determination of retention indices. The relative proportions of
each of the identified components are expressed in percent of total sample-related peak

area.

Choice tests with two-way olfactometer

The degree of attractive effect on ants was assessed for different samples by using a
two-way olfactometer, consisting of a Y-shaped glass tube (diameter: 1.5 cm, entrance
length: 20 cm; length of each arm: 30 cm). Samples and controls were placed in 4 L glass
jars. Filtered air was forced into the jars at 200 mL/min and delivered to the olfactometer’s

branches via Teflon® tubing.

Ants were starved for three days prior to an assay. The olfactometer’s entrance was
placed in the ant’s rearing box, allowing the insects to enter the system. Only one ant
worker at a time was allowed in the olfactometer; the entrance was closed to prevent
additional ants from entering after the first ant went in. For each tested ant the following
parameters were recorded: (1) the first branch it entered (initial orientation), (2) the choice,
i.e. the branch selected to reach the end of the olfactometer arm and (3) the average linear
speed while passing through the branch. The test ended when the ant reached a point

located 25 cm from where the two arms branched (“choice point”). The linear speed was
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calculated by measuring the time spent to pass through an olfactometer branch, and was
expressed in cm/s. The attractiveness of a sample was expressed by the relative number of

ants (%) choosing the particular sample side as their final choice.

All assays were conducted at 20°C in a dark-walled chamber presenting no visual cues
that may influence ant choices. To prevent ants from laying trails, they were never allowed
to reach the actual samples. Moreover, in order to palliate any potential bias induced by the
environment or by any marking of the substrate by exploring ants, sample and control sides

were switched every five ants. The olfactometer was completely cleaned every 20 ants.

Several sample-control couples were tested following this protocol (Table 1), and
changed every 20 ants. The first group of samples included naturally occurring elements.
The goal was to assess to what extent each element that characterizes an aphid-infested
plant contributes to its global attractiveness to the ants, specifically, the aphids themselves,
the attacked plant and the honeydew. Since those elements cannot be completely
dissociated, assays have been conducted by successive elimination of each element in order
to assess their relative impact on ants’ attraction. The first sample was an aphid infested
plant (a pot holding nine V. faba infested by 50 A. fabae for three days); its attractiveness
was compared to that of a healthy plant without aphids. The second sample was prepared
similarly to the first one, but all aphids were completely removed before the assay. The last
sample consisted of only honeydew collected for three days from a heavily infested plant
onto wet substrate (perlite/vermiculite 1:1) to avoid desiccation. In this case, the control

was a clean pot of substrate with the same humidity.

Table 1| Summary of samples and controls used in the behavioral assays

Sample Control Number of
tested ants

Naturally Aphid infested plant Healthy plant 100
occuring o ]
elements Aphid infested plant, aphid Healthy plant 100
removed
Honeydew, collected on wet Clean wet substrate 120
substrate (perlite/vermiculite 1:1)
Microbial Honeydew-inocculated 863 Sterile 863 medium 60
cultures medium
S. xylosus-inoculated 863 Sterile 863 medium 60
medium
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The second group of samples included only bacterial cultures to assess the degree to
which ants would be attracted to honeydew microflora. The first sample of this group was
an 863 liquid culture medium, containing 20 g of glucose and 10 g of both yeast extract and
casein peptone per liter of distilled water, inoculated with 20 pL of fresh honeydew
collected as previously described and incubated for 2 d at 20°C. Sterile 863 medium was
used as the control for this test. The second sample was the same medium inoculated solely
with Staphylococcus xylosus, which is the only bacterial strain from A. fabae honeydew that
was shown to have a significant attraction potential for the ants. This S. xylosus medium was
incubated under the same conditions as the whole bacterial culture treatment, and the

control was also sterile 863 culture medium. Sample volume for each test was 60 mL.

The significance of the ant preferences were assessed with binomial tests. Average
linear speeds of ants in the two branches were compared, assay by assay, with t-tests.
Global mean speeds observed for naturally occurring samples were compared by Kruskal-
Wallis tests, which were also used to assess significance in the bacterial culture sample
studies. If no differences were observed within a group, values within a group were pooled
for between group comparisons using Kruskal-Wallis tests. Non-parametric tests were used
when parametric assumptions were not observed. Differences were considered significant
at P < 0.05. Statistical analyses were conducted using Minitab 15.1 (State College,

Pennsylvania, USA).

Isolation of honeydew microbial content

Several bacteria which may influence the attractive effect of honeydew were isolated.
Collected Aphis fabae honeydew (20 pL) was diluted and plated on 868 agar medium
(containing, per liter of distilled water, 17 g of agar and 10 g each of glucose, yeast extract
and casein peptone). Colonies were visible after 24 h of incubation at 25°C and the strains
were isolated on the same medium based on morphological growth characteristics. The

isolated strains were screened for their relative attractiveness.

In order to investigate the occurrence of additional fungal microorganisms potentially
hidden by bacteria, the same process was repeated using chloramphenicol-treated plates.
Chloramphenicol is a broad-band antibiotic specific against bacteria but not fungi, thus

leaving only the latter as potentially influencing attractiveness.
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Screening of microbial attractiveness

Once isolated, strains were cultured at 25°C in 863 liquid medium. After 48 h,
attractiveness was tested by the same olfactometry protocol. These preliminary screenings
were run with 20 ants per bacterium. Significance of the observed attractions was assessed

with binomial tests using Minitab 15.1 software.

Identification of the attractive bacterium
For bacterial identification, genomic DNA was extracted from cells grown at 20°C for
48 h on 868 agar plates using a Wizard Genomic DNA purification Kit (Promega, Madison,

WI, USA) according to the manufacturer’s instructions.

The 16S rRNA gene was PCR-amplified using the universal primers PO (5'-GAA GAG TTT
GAT CCT GGC TCA G-3’) and P6 (5’-CTA CGG CTA CCT TGT TAC GA-3’) (Ventura et al. 2001).
The PCR reactions were completed using 1x ReadyMix Taq PCR Reagent Mix (Sigma-Aldrich,
St. Louis, MO, USA), 0.5 uM of each primer and ~ 50 ng of genomic DNA as the template.
The PCR program included a 5 min initial denaturation step at 95°C, followed by 26 cycles of
95°C for 30 sec, 55°C for 30 sec and 72°C for 2 min, and a final extension for 10 min at 72°C.
The PCR product was purified using a GFX PCR DNA and Gel Band Kit (GE Healthcare,
Buckinghamshire, UK), then sequenced using the Big Dye v3.1 Kit and an ABI 3730 DNA
Analyzer (Applied Biosystems/Life Technology, Carlsbad, CA, USA) at the GIGA Center at the
University of Liege. The same PO and P6 primers were also used for sequencing.
Electropherograms of both 16S gene strands were aligned, analyzed and edited with BioEdit

(version 5.0.9; (Hall 1999)) in order to determine the correct 16S sequence.

Strain identification was conducted by comparing the 16S rRNA gene sequence
determined here with all those in the GenBank database, using BLASTN (Altschul et al.
1997). The 16S sequence obtained here was deposited in the GenBank database under

accession number KP668813.

In order to discriminate between the two identified Staphylococcus species, a
diagnostic PCR was performed with primers that were specific for each of the two
Staphylococcus species. Three PCR primer sets were used, one that was specific for S.
saprophyticcus, 5’-TCA AAA AGT TTT CTA AAA AAT TTA C-3’ and 5’-ACG GGC GTC CAC AAA
ATC AAT AGG A-3’ (Martineau et al. 2000), yielding a 210 bp fragment, and two sets that
were specific for S. xylosus, XYL F (5-AAC GCG CAA CGT GAT AAA ATT AAT G-3’) and XYL R
(5’-AAC GCG CAA CAG CAA TTA CG-3’) (Morot-Bizot et al. 2003), yielding a 539 bp fragment,
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and xyIBF (5’-CGT CTC AAG AAG TTG AAG ACA-3’) and xyIBR (5’-CTC CAC CAC CAA TTG ATA
CA-3’) (Blaiotta et al. 2003), yielding a 899 bp fragment. The PCR reactions were prepared as
described above and the PCR program was the same as for amplification of the 16S rRNA
gene, except that the elongation time was 1 min for the 899 bp fragment and 40 sec for the
two smaller fragments. The PCR products were resolved by electrophoresis on 1% (w/v)

agarose gels stained with 1 pg/mL ethidium bromide.

Identification of S. xylosus origin

To determine whether S. xylosus is excreted with honeydew or already present in the aphid
environment, the whole bodies of 20 A. fabae adults were surface-sterilized by dipping into
70% ethanol for three minutes followed by washing in a sterile 9 g/L NaCl solution following
the protocol proposed by Leroy et al. (Leroy et al. 2011a). Surface-sterilized aphids were
crushed under sterile conditions in the same solution (using a previously described method
(Fischer and Lognay 2012)), diluted and plated. Based on the morphology of the colonies,
catalase activity and cell morphology, S. xylosus was isolated and its identification confirmed

using API® Staph galleries (BioMérieux, Marcy I'Etoile, France).

Characterization of the S. xylosus VOC emission profile

In order to determine the contribution of S. xylosus in the emission of honeydew
volatile compounds, SPME and GC-MS analyses were performed on bacterial cultures using
a protocol proposed by Leroy et al. (Leroy et al. 2011a) and successfully applied to
Acyrthosiphon pisum (Harris) bacteria VOC sampling (Table 2).

The bacterium was grown in 863 liquid culture medium at 20°C for 48 h. A 1 mL
aliquot of the culture medium was placed in a 20 mL SPME vial. Control samples were 1 mL
aliquots of sterile medium placed in similar vials. Volatile compounds were sampled by 10
mm DVB-CAR-PDMS SPME fibers (50/30 um film thickness) (Supelco) for 3 h at 25°C. GC-MS
analyses were conducted under the same conditions as previously described. Three

replicates were analyzed.
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Results

Aphid honeydew and ant attraction

Sixty-eight percent of the tested foragers were attracted by the complete infested
plant system (host plant + aphids + honeydew; binomial test, n=100, p<0.001) (Fig 1); 64% of
tested ants were attracted to a broad bean plant covered with honeydew (binomial test,
n=100, p=0.007). Finally, 64% of the tested ants were attracted to honeydew alone
(binomial test, n=120, p=0.002). The attraction toward honeydew alone was not statistically

different from the complete system (x? test, p = 0.391).

While no ant reversed course and tried to leave the olfactometer once they were
inside, there were a few that changed their initial choice (Fig. 1). The proportion of ants that
altered their choices appears to be higher for ants initially choosing the control side. During
all those assays, ants’” mean speed was monitored in both branches of the olfactometer (Fig.
1). No significant differences in speed were observed between sample and control branches
within a test (t-test, all p>0.440), nor between the three tests described above (Kruskal-

Wallis test, p=0.187).
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Attractiveness of honeydew: the role of microorganisms

The biological effects of microbial VOCs (mVOCs) produced by honeydew bacteria
were tested using the same olfactometer. Liquid 863 culture medium inoculated with freshly
collected honeydew attracted a significantly higher number of ants, with 78% of the ant
foragers following the sample branch (binomial test, n=60, p<0.001) (Fig. 1). Microbes were
the only possible emitters of attractive VOCs since the control sample was sterile 863
culture medium inoculated with honeydew filtered through 0.2 um membrane filters. It is
highly unlikely therefore, that honeydew enzymes would have played a role in attracting the

ants.

Once in the olfactometer, some ants left the system before reaching the end. The
proportion of exiting ants appears higher for the control (11%) than for the sample (4%)
branch. Moreover, as previously observed, the proportion of ants changing their choices
appeared higher when the ants initially started down the control arm (36% vs. 7%).
Compared to the earlier experiments, the average linear speed achieved by the ants
decreased significantly (Kruskal-Wallis test, p<0.001), which is due to a more sinuousroute in
the olfactometer with more brief stops. However, there remained no significant difference

between control and sample sides (t-test, p=0.442).

Further behavioral assays performed with S. xylosus (as discussed in the next
paragraph), and conducted using the same protocol as previously described, confirmed the
attractiveness of this bacterium found in honeydew. Indeed, 75% of tested ants showed an
attraction to the bacterium (n=60, binomial test, p<0.001).Tendencies observed with the
honeydew-inoculated medium remained the same. However, the cases where ants reversed
course still occurred more frequently when ants initially chose the control branch. Average
linear speeds toward the bacterial samples were not statistically different (Kruskal-Wallis
test, p=0.275), but were slower than the speeds exhibited by ants moving towards the
complete infested plant system and its components (first three tests described above)
(Kruskal-Wallis test, p<0.001). In addition to a slower (although not statistically slower)
speed, ants were apparently more hesitant, with more brief stops. This speed remained

equivalent for both branches of each assay (t-test, all p>0.360).
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Identification and origin of attractive bacteria identified from honeydew
Six morphologically different bacteria were isolated from honeydew on 868 culture
media. Yeasts and fungi were not present on this medium, either before or after adding the

broadband antibacterial chloramphenicol.

Preliminary attraction potential screening showed a significant attractiveness for
“bacterium 4” only (binomial test, p<0.001) (Fig. 2), with 90% of ants attracted. That
bacterium, found at a concentration of 2x10° CFU/mL of honeydew, was identified as
Staphylococcus sp. (potentially saprophyticcus or xylosus) by 16S ribosomal RNA sequences
based on 100% nucleotide sequence identity with these two species over a 100% sequence
coverage. The diagnostic PCR amplification was negative with the S. saprophyticcus-specific
primers and positive with the two sets of S. xylosus-specific primers, confirming that the

isolated strain was S. xylosus.

The occurrence of the bacterium in surface-sterilized aphid bodies was demonstrated

by an API Staph test (BioMérieux) after isolation of the strain.

Origin of the honeydew attractive VOCs

Twenty-two volatile chemicals, including ketones, esters, alcohols, aldehydes, and
acids, were identified from freshly collected honeydew (Table 2). Most of them were also
detected in S. xylosus cultures and were similar to the mVOCs produced by S. sciuri, an A.

pisum bacterium (Leroy et al. 2011a) (Table 2).
L b
100% — — ™ ] ] Fig. 2 Screening of A.
fabae honeydew bacteria
for their potential to emit
mVOC’s attractive to the

ants
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Table 2| Volatile organic compounds (VOCs) found in aphid-secreted honeydew and
bacterial-inoculated medium

Retention VoC A.fabae S. xylosus- A. pisum S. sciuri-
time (min) honeydew inoculated honeydew* inoculated
863 863
liquid liquid
medium medium*
1.65 Propanone 0.85+0.14  0.98+0.02 9.25+2.99 15.58 + 6.46
1.78 Methyl acetate 6.75+3.83
2.05 2,3-Butanedione 0.45+0.17 0.27 £0.03 2.31+1.26 3.14+1.74
2.22 Ethyl acetate 19.95+15.11
2.39 2-Methylpropanol 0.67 £0.25
2.61 3-Methylbutanal 1.54+0.32 14.01+3.24
2.71 2-Methylbutanal 1.91+0.02 12.92+1.33
2.97 Ethanoic acid 1.47 £0.82 46.36 +0.73
3.50 1-Methylethyl acetate 0.10£0.03
3.57 3-Hydroxy-2-butanone 0.05 £ 0.05 0.78 £0.24 3.19+1.34
3.70 3-Methyl-3-buten-1-ol 0.28+0.13 0.05+0.01 0.89+0.39
3.80 3-Methyl-1-butanol 5.40+3.41 16.45+1.03 12.32+5.58 24.75+12.75
3.87 2-Methyl-1-butanol 1.73+0.35 4.43 +0.12
4.52 2-Methylpropanoic acid 1.20+0.04
4.57 2-Methylpropyl acetate 0.38£0.20
5.51 Butanoic acid 0.05 +0.03 5.43+0.17 6.24 +3.45 12.89 + 4.67
7.06 3-Methylbutanoic acid 1.93+1.13 7.88+0.10 4.56 +0.45 9.53+3.56
7.18 2-Methylbutanoic acid 0.99 £0.70 0.93 £0.00 6.73 £5.55 9.76 £ 2.87
7.28 3-Methyl-1-butyl acetate 1.03 +0.44 0.18 £0.02
7.36 2-Methyl-1-butyl acetate 0.46 + 0.15 <0.01
8.32 2,5-Dimethylpyrazine 1.41+0.03 0.31+0.16 3.10+1.14
9.83 Benzaldehyde 0.14 £0.07 5.18 +0.19
10.58 6-Methyl-5-heptene-2- 4.00+0.49
one
12.04 2-ethyl-1-hexanol 0.17 £0.02
12.42 Benzeneacetaldehyde 0.40+0.13 0.63+0.10
14.18 Linalool 0.37+0.02
14.56 Benzeneethanol 53.12+16.40 0.82+0.15 1.73+£0.50 3.60+1.43
17.81 Phenylethyl acetate 3.65+1.89
2-Methyl-2-buten-1-ol 14.41+1.39
3-Methyl-2-butenal 10.73+2.71 14.46 £ 6.34
Limonene 2.81+0.17

Relative proportions (%ts.e.m.; honeydew: n=4; cultures: n=3) of the volatile compounds collected by solid-phase
microextraction and analyzed by gas chromatography-mass spectrometry.

* Data from Leroy et al. (2011a)
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Discussion

Honeydew is the keystone factor leading to ant-aphid partnerships, strongly
influencing the relationship through its composition and abundance (Way 1963; Kiss 1981;
Volkl et al. 1999; Fischer et al. 2001). The data presented here represent the first evidence
of a distant attraction of ants that is driven by aphid honeydew and mediated by the
associated microflora through release of VOCs, in laboratory conditions. Even though
mVOCs emitted from honeydew have been reported to attract aphid enemies (Leroy et al.
2011a), the potential extent of their role in ant-aphid mutualism was unexpected. Indeed,
when considering the plant-aphid-honeydew system, neither the removal of plants nor the
aphids themselves significantly influenced ant behavior. Honeydew VOCs alone have the
same biological effects as the complete system (Fig. 1). However, previous studies have
shown an effect from diverse concentrations of E-B-farnesene (EBF), an aphid pheromone,
on ant social bebavior (Nault et al. 1976; Verheggen et al. 2012). In combination with our
results, this suggests either that VOCs emitted by the aphid itself (EBF) present a relatively
low attractiveness for the ants compared to honeydew or their effect is not additive with

that of the honeydew; honeydew alone being able to elicit the entire response.

Honeydew-inoculated, as well as S. xylosus-inoculated, culture media remained

attractive, confirming the high importance of honeydew microorganisms.

When comparing results from behavioral assays, two groups can be distinguished: one
composed of naturally occurring samples (the aphid infested plant and its separate
components), and one comprised of bacterial cultures (Fig. 1). While attractiveness remains
constant throughout all assays, for the last group the number of ants leaving the initially-
selected branch was higher and their average speed was lower. Those results suggested a
reduction of the efficiency of ant attraction which is likely a result from the differences of
VOC profiles observed between honeydew and bacterial cultures (Table 2), which probably
originates from the differences between those two groups in terms of bacterial growth

conditions.

When isolated from A. fabae honeydew microflora and from surface-sterilized aphids,
S. xylosus emits a mVOC pattern qualitatively similar to that produced by genuine honeydew
excreted by A.fabae colonies or to that emitted by cultures of S. sciuri (Table 2). The latter,
isolated from the non-myrmecophilous pea aphid Acyrtosiphon pisum, and closely related to

S. xylosus, is known to release mVOCs which guide hoverflies towards their aphid prey
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(Leroy et al. 2011a). Of the 10 compounds described by these authors, nine have also been
found in S. xylosus mVOCs, and 10 new compounds have been identified for the latter
species (Table 2). Several of them have been found in diverse glands of various ant species,
mostly Myrmicinae. The identified compounds include propanone (Attygalle et al. 1983) and
2-methyl and 3-methlybutanoic acid (Wood et al. 2002), which have been found in Dufour
glands as well as in mandibular glands (Cammaerts et al. 1981; Wood et al. 2011). These
glands have also been found to contain 3-methyl-1-butanol, butanoic acid (Wood et al.
2002) and phenylethanol (Wood et al. 2011), the latter having also been found in poison
glands, along with 2, 5-dimethylpyrazine; phenylethanol is involved in recruitment ant trail
laying (Attygalle and Morgan 1984; Liu and Liu 2002; Plowes et al. 2014). Benzaldehyde has
been found in pygidial glands (Holldobler et al. 2013). However, none of these compounds
have previously been found in the genus Lasius, nor identified as semiochemicals for this
genus. Aphid gut microflora is partially acquired during probing by the insect on the host
leaf surface or feeding in vascular tissues. Bacteria are able to pass through the stylets’ food
canal, colonize the luminal surface of intestinal epithelia, and be partially excreted in
honeydew (Grenier et al. 1994; Harada and Ishikawa 1997; Davidson et al. 2000; Leroy et al.
2011a). Since honeydew had been collected in sterile conditions immediately after its
excretion, S. xylosus, found at a concentration of 2x10° CFU/mL of fresh honeydew, can be
considered a host-associated bacterium excreted by the aphid rather than a bacterium
colonizing honeydew after its excretion. Staphylococcus xylosus has been found in surface-
sterilized aphids following a protocol proposed by Leroy et al. 2011a, thus confirming the
host origin of this bacterium. Moreover, S. xylosus is a quite ubiquitous species, found in
various natural environments like soil, beach sand, water, grass and the skin of cattle and
birds (Kloos 1980). Aphids are likely hosts of this bacterium, which is probably acquired during
probing (Haynes et al. 2003). Aphid physical and biochemical mechanisms, as well as the
composition of honeydew, could be effective filters, allowing only a few bacterial taxa to
develop and colonize the gut; similar to what occurs for yeasts in flower nectar (Herrera et
al. 2010). This kind of partner selection is based on the microbes' abilities to survive in this rather
hostile environment (high osmotic pressure, low oxygen, antimicrobial compounds produced
by the host) and on the affinity of the microorganism for its host (Gonzalez-Teuber and Heil

2010; Herrera et al. 2010; Alvarez-Pérez et al. 2012; Kirzinger and Stavrinides 2012).

The volatile compounds identified from plain honeydew or honeydew-isolated

bacteria probably originate from degradation processes and/or modifications of sugars and
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amino acids of the substrate. It has been shown that direct modifications, especially those
made by Staphylococcus sp. on several amino acids such as leucine, isoleucine and valine,
can produce a whole set of C4 and C5 components with different chemical functions, from
aldehydes to their corresponding alcohols, acids and esters (Thibout et al. 1993; Schulz and
Dickschat 2007). This would explain the origin of most identified non-cyclic compounds
reported in Table 2. For example, this pathway is probably responsible for the production of
2-methylbutanal and 3-methylbutanal, as well as their corresponding alcohols (2-methyl-1-
butanol and 3-methyl-1-butanol) and acids (2-methylbutanoic acid and 3-methylbutanoic
acid). Also synthesized by S. sciuri isolated from the aphid A. pisum, these last two
compounds are known to attract and induce egg-laying by the aphid predator hoverfly
Episyrphus balteatus (Leroy et al. 2011a). They may also be potentially involved in ant
attraction, as other species use them to signal the presence of aphids. In situations of amino
acid scarcity, which is the case for honeydew, S. xylosus is also able to form acids from
glucose via another biosynthetic pathway involving pyruvate (Beck et al. 2004). Aromatic
compounds, like benzeneethanol, are produced by degradation of aromatic amino acids.
Along with 3-hydroxy-2-butanone, 2,3-butanedione and 3-methyl-3-buten-1-ol, these are
typical fermentation-associated substances (Thibout et al. 1993; Schulz and Dickschat 2007;
Leroy et al. 2011a). Therefore, despite widespread distribution in the environment, S.
xylosus remains a specific indicator of honeydew presence through its mVOC emissions

modulated by the growth substrate.

The ability to associate these mVOC patterns and quantities with potential aphid
partners is likely to aid ant scouts by providing information about the aphid species, their
location and productivity through the amount of mVOCs and the modifications of mVOC
patterns of ageing honeydew. Ant scouts may then exploit this information to refine their

search patterns and selection of new aphid partners.

Many widespread cases of mutualism are based on the ability of one partner to
produce sugar-rich secretions, exploited by the other. For example, nectaries-bearing plants
attract ants and thus enhance their protection against other insects (Gonzalez-Teuber and
Heil 2010) and flowers that are rich in nectar attract various pollinators (e.g., insects, birds
and small mammals). Sugary secretions, like nectars, also constitute a suitable growth
medium for diverse microorganisms. Indeed, yeasts and bacteria have been repeatedly

isolated from the nectar of flowers pollinated by various organisms including insects, birds
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and small mammals (Wiens et al. 2008; Herrera et al. 2009; Alvarez-Pérez et al. 2012;
Vannette et al. 2013). Microbial presence alters the composition of the nectar and can
modify its VOC production, thus influencing pollination. Effects on the plant (e.g., sugar
modification, ethanol production) are either positive or negative for the relationship,
depending on the extent of these modifications, the microorganisms involved and the
pollinators considered (Herrera et al. 2008; Wiens et al. 2008; Herrera et al. 2009; Vannette
et al. 2013). While yeasts do not seem to be detrimental for plant-pollinator mutualisms at

low infestation levels, bacteria are able to weaken these relationships (Vannette et al. 2013).

The data presented here indicated that, apart from serving as a source of nutrients,
certain microbes in honeydew are attractive to ants. This first evidence of the influence of
microbes in ant-aphid mutualism contributes to an altered perspective of the importance of
bacterial volatiles in animal interactions. Microorganisms can impact mutualistic
relationships through both direct substrate modifications as well as through emissions of
volatile compounds. These results emphasize the importance of investigating the presence

and potential effects of microbes in insect symbioses.
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Graphical abstract - Distant mutualistic partner recognition based on VOC emissions of a

microbial third party

Abstract: Mutualistic interactions between ant and aphid species have been the
subject of considerable historical and contemporary investigations, the primary benefits
being cleaning and protection for the aphids and carbohydrate-rich honeydew for the ants.
Questions remained, however, as to the volatile semiochemical factor influencing this
relationship. A recent study highlighted the role of bacterial honeydew volatile compounds

in ant attraction. Here, ant’s ability to distantly discriminate two aphid species was
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investigated based on bacterial honeydew semiochemical emissions using a two-way
olfactometer. Both the mutualistic aphid Aphis fabae L. and the non-myrmecophilous aphid
Acyrthosiphon pisum Harris were found to be attractive for the ant Lasius niger L. The level
of attraction was similar in both assays (control versus one of the aphid species). However,
when given a choice between these two aphid species, ants showed a significant preference
for Aphis fabae. Honeydew volatiles, mostly from bacterial origins, are known to be a key
element in ant attraction. Using the same olfactometry protocol, the relative attractiveness
of volatiles emitted by honeydews collected from each aphid species and by bacteria
isolated from each honeydew was investigated. Again, ants significantly preferred volatiles
released by Aphis fabae honeydew and bacteria. This information suggests that microbial
honeydew volatiles enable ants to distantly discriminate aphid species. These results
strengthen the interest of studying the occurrence and potential impact of microorganisms

in insect symbioses.
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Introduction

Ant-aphid interactions, as a major model of mutualistic relationships, have been the
subject of considerable historical and contemporary investigations. Small and defenseless
aphids are easy prey for numerous predators and parasitoids. However, some aphid species
are frequently found in association with ants that tend and protect the aphids in exchange
of honeydew, which is a reliable and abundant carbohydrate source. Other aphid species do
not develop such partnerships with ants and are rather considered as preys (Dixon 1985;

Bristow 1991; Stadler and Dixon 2005).

In Europe, it has been estimated that myrmecophily, i.e. ants tending, is observed for
two thirds of aphid species (Stadler 1997). Three ant genera appear to be primarily involved
in these mutualistic interactions: Lasius, Myrmica and Formica (Stadler and Dixon 1999;
Guénard et al. 2007), among which the black garden ant, Lasius niger L. (Hymenoptera,
Formicidae), is well known to tend several aphid species, including the black bean aphid,
Aphis fabae Scopoli (Homoptera, Aphididae) (El-Ziady and Kennedy 1956). These two species
are frequently used in studies on mutualistic interactions. Besides, the pea aphid,
Acyrthosiphon pisum Harris can be reared on the same host plant, Vicia faba L., as the bean
aphid but is never observed in association with ants. For these reasons, these three insect
species, widespread in their natural environment, were selected as model taxa for this

research (Wilson 1955; Holman 2009).

While aphids do not seem to actively search for ant partners, ants are known to
search for their aphid partners and are able to use different volatile cues to orientate this
search, namely volatile organic compounds emitted by honeydew bacteria (mVOCs) and E-B-
farnesene (EBF), an aphid pheromone involved in alarm and social behaviors (Verheggen et
al. 2012; Fischer et al. 2015b; Fischer et al. 2015a). This last molecule is a major component
of the alarm pheromone of numerous aphid species, and is thus not likely to constitute
alone a suitable species recognition cue (Francis et al. 2005). In contrast, honeydew VOCs
emission profiles vary between aphid species, depending on various factors including the
aphid species and its gut microflora, and could thus contribute to distant aphid
discrimination. This paper describes a study designed to investigate the role of honeydew

mVOCs in distant aphid discrimination by ant partners.
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Material and methods

Plants and insects

In climate-controlled rooms (16 h light-8h dark photoperiod; 20 + 2°C), Aphis fabae
and Acyrthosiphon pisum, were reared for several generations on Vicia faba plants
cultivated on a 1/1 mix of perlite and vermiculite substrate. Plants used in experiments were
about 15 cm high. All substrates used in biological tests were previously sterilized. Lasius
niger colonies were collected in Gembloux (Belgium), and kept in separate chambers under
the same conditions. To prevent escape, the nests (test tubes covered with a red
transparent foil) were placed in plastic containers coated with polytetrafluoroethylene
(Fluon®,Whitford, U.K.). Water and aqueous brown sugar solution (342 g/L) were provided
ad libitum. Dead fruit flies and mealworms were provided weekly as a complementary food

source. All nests were composed by a queen, brood, and a minimum of 500 foragers.

Biological tests and chemical investigations.
Choice tests with two-way olfactometer as well as characterization of honeydew’s and
bacterial VOCs emission profiles by SPME-GC-MS were undertaken according to Fischer et

al. (2015a).

Samples and controls used in the behavioral assays are summarized in table 1. For
each modality, samples and controls presented to ants were used to test 20 ants and then
renewed. The first samples were aphid-infested plants (substrate with nine V. faba infested
for three days either by 50 myrmecophilous Aphis fabae or by 50 non-myrmecophilous
Acyrthosiphon pisum respectively); their attractiveness were compared to that of a healthy

plants without aphids.

The following test assessed the relative attractiveness of the two first samples, plants

infested by one of these two species being presented at each side of the olfactometer.

The global attractiveness of an aphid-infested plant relies mostly on volatile organic
compounds (VOCs) released by the honeydew accumulating around aphid colonies, and
more specifically by aphid-associated bacteria present in honeydew (Fischer et al. 2015a).
The relative attractiveness of honeydews was thus assessed for the two tested aphid
species. Sample consisted of Aphis fabae honeydew that was collected for three days from a
heavily infested plant onto wet substrate (perlite/vermiculite 1:1) to avoid desiccation, while

control was Acyrthosiphon pisum honeydew (collected the same way).
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Table 1| Summary of samples and controls used in the behavioral assays

Sample Control Number of tested ants

Aphis fabae infested plant Healthy plant 100

Acyrthosiphon pisum infested

olant Healthy plant 100

Acyrthosiphon pisum infested

Aphis fabae infested plant plant 100
Aphis fabae honeydew, Acyrthosiphon pisum honeydew, 60
collected on wet substrate collected on wet substrate
Staphylococcus xylosus- Staphylococcus sciuri-inoculated 60
inoculated 863 medium 863 medium

The relative attractiveness of two taxonomically close honeydew bacteria known to
be involved in aphid interactions with other insect species was also tested. The first one,
Staphylococcus xylosus, is found in Aphis fabae gut and honeydew and is known to produce
mVOCs attractive for L. niger (Fischer et al. 2015a); the second one, Staphylococcus sciuri, is
found in Acyrthosiphon pisum gut and honeydew and is known to attract Episyrphus
balteatus (De Geer), an aphid enemy (Leroy et al. 2011a). Both these bacteria were found
only in one of the two studied aphid species. Sample and control consisted in 60mL of 868
culture medium (20 g of glucose and 10 g of both yeast extract and casein peptone per liter
of distilled water) inoculated with S. xylosus and S. sciuri respectively and incubated for 2

days at 20°C.

Binomial tests were carried out to assess the significance of the ant preferences. The
significances of differences of attractiveness observed between tests were assessed by 2
test. Average linear speeds of ants in the two branches were compared, assay by assay, with
t-tests. Differences were considered significant at P < 0.05. Statistical analyses were

performed using Minitab 15.1 (State College, Pennsylvania, USA).

Results

VOCs and ant attraction
Plants infested by myrmecophilous and non-myrmecophilous aphid species
significantly attracted ants when tested against healthy plants; respectively 68 % and 65 %

of the tested foragers were attracted towards Aphis fabae and Acyrthosiphon pisum infested
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plants (binomial tests, n = 100, p < 0.001 and p = 0.004 respectively) (Fig. 1). These attraction
percentage towards these two aphid species, tested separately against non-infested plants,

are not statistically different (x? test, p = 0.520).

However, when plants infested with these two aphid species were tested against each
other, plants infested by Aphis fabae attracted significantly more ant foragers (61 %,
binomial test, n = 100, p = 0.035). The same tendency is also observed for honeydews of
these two species, and for cultures of bacteria found in these honeydews. When presented
with honeydews of the two species, 65% of ant foragers chose the Aphis fabae honeydew
branch (binomial test, n = 60, p = 0.027). Facing a choice between cultures of S. xylosus and
S. sciuri, 65% of ant foragers selected the S. xylosus branch (binomial test, n = 60, p = 0.027).
These attraction levels towards Aphis fabae, its honeydew, and a bacterium from its
honeydew, tested against Acyrthosiphon pisum, its honeydew, and a bacterium from its
honeydew respectively, are statistically not different from the attractiveness observed in the

first assay (x? tests, p = 0.133, p = 0.618 and p = 0.618 respectively).

No significant differences in speed were observed between branches of the

olfactometer in any assay (t-tests, equality of variances verified, all p > 0.099).

Characterization of honeydew’s and bacterial VOCs emission profiles
Twenty-eight volatile chemicals, including esters, alcohols, acids, aldehydes and
ketones, were identified from honeydew and bacterial cultures. A comparison with other

data from our former investigations is shown in table 2.

Among the 28 compounds observed in honeydews, 9 were observed in honeydews of
both species. However, the relative amount of these compounds may vary strongly between
species. For example, benzenethanol constitutes 53% of total peak area for Aphis fabae

honeydew VOC, and only 1.7% of total peak area for Acyrthosiphon pisum.

Sixteen of the 28 compounds identified from honeydews were also observed in
Staphylococcus cultures. The mVOCs emitted by both Staphylococcus species are
qualitatively nearly identical, the only difference being linalool solely observed for S. xylosus.

However, strong quantitative differences are also observed (Table 2).
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Fig. 1 - Behavioral response of L. niger to VOCs related to two different aphid species

Five preference tests of L. niger foragers in a two way-olfactometer presented with VOCs
originating from (1) and (3) Aphis fabae infested plants (n=100), (2) Acyrthosiphon pisum
infested plants (n=100), (4) Aphis fabae honeydew (n=60), (5) 863 medium inoculated with
S. xylosus (n=60). Controls for these five treatments were (1) and (2) healthy plants, (3)
Acyrthosiphon pisum infested plants, ( 4) ) Acyrthosiphon pisum honeydew, and (5) 863
medium inoculated with S. sciuri. (I) Ants choice between sample and control branches as
their final destination in the olfactometer (%). () Linear speed (cm/s, X £ SEM) of ants in
each olfactometer branch. * and ** indicate significant differences from the control at
P<0.05 and P<0.01, respectively.
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Table 2| Volatile organic compounds (VOCs) found in aphid-secreted honeydew and

bacteria-inoculated medium

Retentio VOC A.fabae S. xylosus- S. sciuri- A. pisum
n time inoculated inoculated honeydewt
(min) honeydew™ ¢ 3 863
liquid liquid
mediumt medium

1.65 Propanone 0.85+0.14 0.98+0.02 3.65+2.53 9.25+2.99
1.78 Methyl acetate 6.7513.83
2.05 2,3-Butanedione 0.45+0.17 0.2740.03 0.15+0.03 231+1.26
2.22 Ethyl acetate 19.95+15.11
2.39 2-Methylpropanol 0.6740.25
2.61 3-Methylbutanal 1.54+0.32 0.32+0.01 14.01+3.24
2.71 2-Methylbutanal 1.91+0.02 0.57+0.01 12.92+1.33
2.97 Ethanoic acid 1.47+0.82 46.36+0.73 15.73+1.02
3.50 1-Methylethyl acetate 0.1040.03
3.57 3-Hydroxy-2-butanone 0.05+0.05 0.78+0.24
3.70 3-Methyl-3-buten-1-ol 0.28+0.13 0.05+0.01 0.03+0.00 0.89 +0.39
3.80 3-Methyl-1-butanol 5.40+3.41 16.45+1.03 37.93+3.14 12.32+5.58
3.87 2-Methyl-1-butanol 1.734+0.35 4.43+0.12 3.44+0.13
4.52 2-Methylpropanoic acid 1.20+0.04 1.67+0.01
4.57 2-Methylpropyl acetate 0.38+0.20
5.51 Butanoic acid 0.05+0.03 5.43+0.17 1.85+0.22 6.24 £ 3.45
7.06 3-Methylbutanoic acid 1.93+1.13 7.88+0.10 22.30+0.65 4.56 +0.45
7.18 2-Methylbutanoic acid 0.990.70 0.93+0.00 5.79+0.39 6.73 £5.55
7.28 3-Methyl-1-butyl acetate 1.03+0.44 0.18+0.02 0.45+0.10
7.36 2-Methyl-1-butyl acetate 0.46+0.15 <0.01 <0.01
8.32 2,5-Dimethylpyrazine 1.41+0.03 0.34+0.01 0.31+0.16
9.83 Benzaldehyde 0.14+0.07 5.18+0.19 3.15+0.14
10.58 6-Methyl-5-heptene-2-one 4.00+0.49 0.58+0.09
12.04 2-ethyl-1-hexanol 0.17+0.02
12.42 Benzeneacetaldehyde 0.4040.13 0.6310.10 0.19+0.02
14.18 Linalool 0.37+0.02
14.56 Benzeneethanol 53.12+16.40 0.82+0.15 1.85+0.14 1.73+0.50
17.81 Phenylethyl acetate 3.65+1.89

2-Methyl-2-buten-1-ol 14.41+1.39

3-Methyl-2-butenal 10.73+£2.71

Limonene 2.81+0.17

Relative proportions (%ts.e.m.; honeydew: n=4 ; cultures: n=3) of the volatile compounds collected by solid-phase
microextraction and analyzed by gas chromatography-mass spectrometry

t data from Fischer et al. (2015a) ; # data from Leroy et al. (2011)
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Discussion

In order to establish and maintain a mutualistic relationship, ant foragers have first to
find aphid colonies and asses their suitability as partners based on various parameters
including aphid morphology and behavior, honeydew quality and quantity .... However, in
order to asses these criteria, ant foragers must already have found the aphid colony.
Previous studies already showed ants ability to orient their search for aphid colonies using
volatile cues (Verheggen et al. 2012; Fischer et al. 2015a). The data presented here is the
first evidence of distant aphid species discrimination by ants that is driven by aphid
honeydew and mediated by the associated microflora through release of VOCs, in laboratory

conditions.

Using a methodology previously applied to highlight honeydew mVOCs effect on ant
behavior (Fischer et al. 2015a), we observed similar ant attraction toward both
myrmecophilous and non-myrmecophilous aphid species when the aphids were presented
alone. However, when given a choice between the two aphid species, ant showed a
significant preference for the myrmecophilous Aphis fabae with an attraction level similar to
the attraction observed for this aphid presented alone. Moreover, this tendency is
supported by the relative attractiveness of honeydews and bacterial cultures issued of these
two aphid species, confirming both ants ability to distantly discriminate between two aphid
species, and honeydew VOCs involvement in that discrimination. Even though mVOCs
emitted from honeydew have been reported to attract aphid enemies and potential ant
partners (Leroy et al. 2011a; Fischer et al. 2015a), this is the first evidence of ant ability to
use such volatile cues to distantly discriminate two aphid species. Furthermore, the
attractiveness shown by Acyrthosiphon pisum when presented alone, strongly reduced
when Aphis fabae is added in the possible choices, suggests that ants might adapt their

response depending on available resources.

Foraging behavior of ant foragers is influenced by the colony needs, depending on
various parameters including population, brood presence ... (Portha et al. 2004; Buffin et al.
2011; Oliver et al. 2012). For example, in laboratory conditions, ant larval presence
significantly reduces the growth rate of tended aphid colonies, suggesting that ant colonies
balance the flow of two separate resources from aphid colonies, renewable sugars or a
protein-rich meal, depending on demand from ant larvae within the nest (Oliver et al. 2012).

In this context, ant ability to distantly recognize aphid species and discriminate between
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potential mutualistic partners, providing both a stable sugar source and potential preys, and

non-myrmecophilous species, constituting only preys, would be an advantage.

The volatile compounds released by both aphid honeydews and bacterial cultures are
qualitatively very close. They originate mostly from bacterial degradation of diverse
compounds. Potential origins and biosynthetic pathways of each compounds, as well as
their involvement in different ant species communication, have been previously discussed
(Fischer et al. 2015a). Although qualitative VOCs profiles detected are very close, even
nearly identical for the two tested bacterial cultures, ants still shown a preference for Aphis
fabae-related samples, suggesting recognition based on ratios between compounds instead
of the attractiveness of a single molecule or group of molecules. The impact of compounds
ratios on insects communication is a well-known phenomenon which has already been
highlighted for numerous insect species, including ant and aphid species (Castracani et al.

2008; Cardé and Millar 2009; Byers et al. 2013; Han et al. 2014).

Honeydew VOCs seem to play a role in distant aphid discrimination, and their
microbial origins are interesting. Indeed, this signal depends on microbial populations
growing in aphid gut and honeydew, which is shaped by various parameters among which
microbe’s ability to survive in that kind of hostile environment (low oxygen, high osmotic
pressure, potential antimicrobial compounds...) and affinity for the host constitute key
factors (Gonzalez-Teuber et al. 2009; Herrera et al. 2010; Alvarez-Pérez et al. 2012; Kirzinger
and Stavrinides 2012). Thus, while honeydew composition and potential aphid antimicrobial
secretion contribute to select microbial populations and modulate their emissions, they
constitute an aphid-presence signal mostly independent from the aphid itself, which is thus
less likely to be altered by the aphid (mimicry, dissimulation...). It constitutes a reliable

“honest” cue for ant foragers.

The data presented here indicate that, in addition to attraction towards potential food
sources, honeydew microbial volatile compounds enable ant foragers to distantly
discriminate between aphid species. This underlines once more the key role of honeydew in
ant-aphid interactions, adding distant discrimination in its already multiple known effects on
this mutualism. Moreover, these results emphasize the importance of investigating the

presence and potential effects of microbes in insect symbioses.
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S’il est généralement admis que les fourmis jouent un réle actif dans la recherche de
pucerons mutualistes, I'hypothése inverse est plus rarement envisagée et, a notre meilleure
connaissance, n’a pas fait I'objet d’investigations expérimentales. Néanmoins, une plus forte
concentration en pucerons est parfois rencontrée a proximité de fourmiliéres, d’ou la
question déja posée par certains auteurs: les pucerons ailés s’établissent-ils
préférentiellement a proximité de fourmilieres lorsqu’ils se dispersent, ou survivent-ils
simplement mieux en présence de leur protecteur ? (Hopkins and Thacker 1999). Cette
guestion sera développée dans ce chapitre, en s’intéressant d’'une part au potentiel effet
attractif lié a la présence de fourmis dans le choix d’une plante hote par un puceron ailé, et
d’autre part a I'effet de rétention lié a la présence de fourmis une fois le puceron ailé sur la

plante.
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Abstract - The aphid-ant mutualistic relationships are not necessarily obligate for neither
partners but evidence is that such interactions provide them strong advantages in terms
of global fitness. While it is largely assumed that ants actively search for their mutualistic
partners namely using volatile cues; whether winged aphids (i.e. aphids’ most mobile
form) are able to select ant-frequented areas had not been investigated so far. Ant-
frequented sites would indeed offer several advantages for these aphids including a
lower predation pressure through ant presence and enhanced chances of establishing
mutuaslistic interactions with neighbour ant colonies. In the field, aphid colonies are
often observed in higher densities around ant nests, which is probably linked to a better
survival ensured by ants’ services. Nevertheless, this could also result from a preferential
establishment of winged aphids in ant-frequented areas. We tested this last hypothesis
through different ethological assays and show that the facultative myrmecophilous black
bean aphid, Aphis fabae L., does not orientate its search for a host plant preferentially
towards ant-frequented plants. However our results suggest that ants reduce the
number of winged aphids leaving the newly colonized plant. Thus, ants involved in
facultative myrmecophilous interactions with aphids appear to contribute to structure
aphid populations in the field by ensuring a better establishment and survival of newly
established colonies rather than by inducing a deliberate plant selection by aphid

partners based on the proximity of ant colonies.

Keywords: ant, aphid, Aphis fabae, Lasius niger, mutualism, partner research

Citation: Fischer CY, Vanderplanck M, Lognay GC, Detrain C and Verheggen F (2015) Do aphids actively
search for ant partners? Insect Sci 22:283-288. doi: 10.1111/1744-7917.12125
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Introduction

The ant-aphid mutualism is one of the most studied animal relationships (Verheggen
et al. 2012). While aphids provide ants with a stable and reliable food source (i.e. sugar-rich
honeydew), ants improve the overall hygiene of the tended aphid colony and protect it
against various natural enemies (Way 1963; Stadler and Dixon 2005). This relationship,
which can be obligate or facultative depending on the aphid species considered, provides
both partners with strong advantages in terms of global fitness. Therefore ants and aphids
would benefit from behavior favoring the establishment of a mutualism (Verheggen et al.
2009a). Mechanisms enhancing encounters between ants and aphids are thus key elements

in the success of such partnerships.

Ants are known to actively search for aphid partners namely by using volatiles cues
like the aphid alarm pheromone (E-B-farnesene, constantly released at low levels by aphid
colonies) to distantly orientate their search (Verheggen et al. 2012). Once a potential aphid
partner is detected, its suitability for a partnership is then assessed based on multiple
criteria including aphid behavior, aphid morphological adaptation for ant-tending and
overall honeydew quality and quantity (Way 1963; Fischer et al. 2001; Stadler and Dixon
2005; Detrain et al. 2010; Lang and Menzel 2011).

Small-sized aphid colonies such as newly established ones, experience proportionally
the highest level of ant tending (Breton and Addicott 1992). While presenting higher costs in
terms of honeydew production for the aphids, this also increases the protection offered by
ants, which would become particularly profitable for aphids under high predation pressure
(Breton and Addicott 1992; Yao et al. 2000; Yoo and Holway 2011). When the aphid colony
becomes too large, ants invest less in tending behavior whereas they start preying on
aphids, thereby reducing aphid benefits per capita (Breton and Addicott 1992; Sakata 1995;
Sakata 1999).

Ants are also known to structure aphid colonies in the field so that myrmecophilous
aphid species are frequently observed at higher densities in the surroundings of ant colonies
(Seibert 1992; Hopkins and Thacker 1999; Bishop and Bristow 2003; Stewart-Jones et al.
2008; Minarro et al. 2010). Since ants provide myrmecophilous aphids with protected areas
where both enemies and interspecific competition pressure are reduced (non mutualistic
species being considered as preys) (Fischer et al. 2001; Bishop and Bristow 2003; Stewart-

Jones et al. 2008; Minarro et al. 2010) ; one can assume that winged aphids, the dispersal
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morph of most aphids, would find benefits in selecting host plants in such ant-frequented
areas. However, whether such an active search for ants’ proximity occurs in aphids has not

been considered so far.

In this paper, we investigate the impact of ant occurrence on the host plant selection

by winged aphids as well as on the behavior of aphids newly arrived on a host plant.

Material and methods

Study model

We selected the facultative myrmecophilous black bean aphid, Aphis fabae (Scopoli)
and the black garden ant Lasius niger L. as biological models, these insects being common
mutualistic partners. For our bioassays, both colonies of ants and aphids were collected in

the surroundings of Gembloux (Belgium).

The two species were reared in a climate-controlled room (16 h light-8 h dark
photoperiod; 20 + 2 °C (+ SD)). Aphid colonies were fed on broad beans (Vicia faba L.)
cultivated in a mix of perlite and vermiculite (1/1) for several generations. Ant nests
collected in the field were placed in plastic containers coated with polytetrafluoroethylene
(Fluon®,Whitford, U.K.) to avoid escape. Six nests were used during the assays. Laboratory
rearing nests consisted in test tubes covered with a red transparent foil and hosted a queen,
brood and a minimum of 500 individuals. Dead insects were given weekly (flies, mealworms)
in quantities consumed within two days. Both water and aqueous brown sugar solution (342
g/L) were provided ad libitum using dispenser made with a glass tube filled with water or

sugar solution and closed with a cotton wool plug.

Ethological assays

Since winged individuals are the dispersal form of aphids and the most prone to
establish new colonies away from the initial one, only this morph has been studied in the
following bioassays. Two sets of assays have been developed: Y olfactometry and plant

choice in wind tunnel.

Two-ways olfactometry
The attractiveness of ant-visited plants for winged A. fabae has been assessed using a
Y shaped glass olfactometer (internal diameter: 0.5 cm; 7 cm long branches). All assays have

been conducted at 22 + 2 °C in a dark-walled chamber presenting no visual cues that might
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influence aphid choices. Samples and controls were placed in 4 L glass jars. Air purified on
charcoal filters was pushed into those jars at 300 mL/min and then in the olfactometer’s
branches. The sample consisted in a pot of nine V. faba plants and one nest tube containing
100 ants placed with the plants for two days. The control contained only “blank” plants -i.e.
without ants. Sixty winged aphids were collected on heavily infested plants using a soft
brush and placed one by one in the olfactometer. Each test ended when aphids, tested
individualy, reached the end of a branch. For each aphid, the chosen branch and the time

needed to complete the assay were recorded.

Wind tunnel

A second choice test has been performed in a wind tunnel made of Plexiglas (2.4 x 0.8
x 0.6 m). At one side of the wind tunnel, two plastic containers (0.56 x 0.36 x 0.11 m) wall-
coated with Fluon® (Whitford Plastics Ltd., UK) were placed side-by-side (Fig. 1). A pot of
nine V. faba was placed at the center of each plate and one ant colony was added in one of
the plates two days prior to the beginning of the assay. The Fluon coating prevented ant
escape and ensured that aphids could reach the plants only by flight. At the other side of the
tunnel (at 180 cm from the aforesaid plants), 250 winged aphids were introduced on a plant
heavily infested by apterous aphids in order to favor their dispersal flight. The experimental
conditions were as follows: velocity of 0.4 m/s (laminar flow); T =20 + 2 °C; RH = 60-70 %;
illumination = 2.300 lux. After 24 h, newly arrived aphids were counted on each healthy
plant. Preliminary experiments have shown that this delay period was a good compromise
to optimize the number of aphids reaching the plant and to limit its colonization by the
offspring of newly arrived aphids. This assay (aphids counting) has been run in two

replicates.

3 | ' ‘ff =
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w .
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Figure 1 | Wind tunnel used to investigate Lasius niger impact on Aphis fabae alate

choice of host plant

Experimental setup of wind tunnel used to investigate the impact of ant presence on the
choice of host plant by aphids. 1: Fan; 2: Filters; 3: plastic plates containing V. faba
frequented by L. niger and control V. faba; 4: Winged A. fabae; 5: Winged A. fabae release
point (highly infested plant); 6: Wind direction.
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Retention effect of ants

The effect of ant presence on the retention of newly arrived winged A. fabae on a
plant was investigated in a third laboratory assay. Pots of nine V. faba were infested by
groups of five winged aphids. These infested plants were placed either in presence of an ant
colony, so ants could freely access the plants, or absence of ants. The aphids remaining on
the plant were counted after 1, 2, 3, 4 and 6 hours. The tests were runat22+2°Cin3.2x3
m greenhouse chambers. Four pots were placed per chambers at the corner of a 1.5m
square at the center of the room. The two conditions were tested in separate chambers.
Twelve pots were analyzed (aphids counting after 1, 2, 3, 4 and 6 hours) for each

experimental condition.
Statistical analyses

We performed a binomial test to detect significant differences in proportions for the
Y-olfactometer assay. The average linear speeds recorded for the two branches of the Y-
olfactometer were compared using Student t-tests (normality and homoscedasticity
assumptions met, tested with Ryan-Joiner and F-Test respectively). For the aphid retention
assay, the significance of the effect of time and ant presence was assessed using a repeated
measures analysis of variance (ANOVA) with time (1, 2, 3, 4 and 6 hours) as within-subject
factor, and treatment (ant presence versus ant absence) as between-subject factor.
Variables were assessed for distributional properties and degrees of freedom, and were
adjusted with Greenhouse-Geisser correction when sphericity assumption was violated (i.e.
Mauchly’s test with p-value less than 0.05). Repeated measures ANOVA was performed with
R 3.0.2 (R Core Team, 2013); other analyses were computed with Minitab 15.1 (State

College, Pennsylvania, USA). Significance was set at p < 0.05.

Results

Two-ways olfactometry

Among sixty aphids tested in two-ways olfactometer, 29 individuals chose the ant-
visited plant against 31 for the blank plant. Every tested aphid completed the assay and no
choice changes were observed during the assays. The attractiveness of the sample and the
control are not significantly different (binomial tests, p-value = 0.483). Average times spent

in the olfactometer while going on the ant-visited plant branch or the control branch are
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387 + 212 s and 340 + 220 s, respectively and do not significantly differ (t-test, p-value =
0.403).

Wind tunnel

In a wind tunnel, when facing the choice between ant-frequented plants and control
plants, winged A. fabae did not seem to mark any preference. Among the 500 winged aphids
released in the wind tunnel, one fifth flew to one of the two tested plants placed on the
other side of the wind tunnel, with 49 and 51 aphids landing on the ant-frequented plants

and the control plants, respectively.

Retention effect of ants

As expected, there is a main effect of ant presence as it results in a greater aphids
retention (repeated measures ANOVA, p = 0.037), with a non significant time x treatment
interaction (repeated measures ANOVA with Greenhouse-Geisser correction, p = 0.583) (Fig.
2). The time elapsed since aphids release does not significantly influence the number of
aphids remaining on plants (repeated measures ANOVA with Greenhouse-Geisser
correction, p = 0.537) (Fig. 2). The greatest number of aphids leaves the plant within the first
hour following their release. Then, the number of aphids remaining on plants remains quite
stable and higher on ant-frequented plants (Fig. 2). Ants thus seem to limit aphid dispersal

far from the infested plant and to stabilize their partner in their initial location.

Number of aphids staying on plants Figure 2 | Average number
depending on time and ant presence of aphids staying on plants
depending on time and ant
w o
o presence
=
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o |
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o (Mean + SEM). N=12.
2
o
]
| .
4
':( I:I T T T T
1 2 3 4 5]
Time (h)

O Ant-frequented plants O Blank plants
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Discussion

In the field, higher densities of myrmecophilous aphids colonies are observed in the
surroundings of ant nests (Seibert 1992; Hopkins and Thacker 1999). Ants’ presence
enhance aphid survival, especially under a strong predation pressure, offering them diverse
services including cleaning and protection, which can explain these observations. Whether
this phenomenon is reinforced by the preferential establishment of winged aphids in ant-
frequented areas had not yet been studied. The selection of such favorable sites, by an
active orientation towards the area or by an enhanced retention on such ant-frequented
plants, could indeed constitute an advantage for winged aphids, the dispersal morph of

aphids, and for their offspring.

Our results show no significant impact of ant presence on the distant orientation of
winged A. fabae toward host plants. Indeed, both two-ways olfactometry and wind tunnel
assays showed no choice preference for an ant-frequented plant. Moreover, the attraction
level of aphids expressed by their average linear speed in olfactometer was similar in the
two branches of the system. In another assay in greenhouse under semi-natural conditions
undertaken to support the results, only 1% of the 1000 winged aphids (500 aphids,
replicated twice) released in the center of the room reached the plants placed either side of
the chamber (C.Y. Fischer, unpublished data). In contrast with previous studies (Pickett et al.
1992), this suggests that A. fabae attraction towards host plants is not very efficient in case
of isolated plants under these conditions. For other aphid species, like Cryptomyzus
korschelti (Bérner), host plant volatiles induce a positive upwind anemotaxis (Pickett et al.
1992). Thus, the absence of wind in the greenhouse assay might partially explain the low
number of A. fabae aphids reaching plants. Nevertheless, in the wind tunnel assay, the
proportion of aphids reaching their host plant was also relatively low, most of them making
short erratic flights around their release point and struggling against the wind. These two
assays confirm bad flight abilities of the black bean aphid (Dixon and Howard 1986;
Goldansaz and McNeil 2006). Being bad flyers, winged aphids would then benefit from

clinging to a favorable site when they reach it.

Ant presence can have an impact on aphid distribution in the field by providing them
with enemy- and competition-reduced spaces (Fischer et al. 2001; Bishop and Bristow 2003;
Stewart-Jones et al. 2008; Minarro et al. 2010). The extent of that protection depends on

the ant species, its aggressiveness ant territoriality, its affinity for the aphid partner, the
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intensity of the tending and the enemy considered (El-Ziady and Kennedy 1956; Way 1963;
Stadler and Dixon 2005; Guénard et al. 2007; Verheggen et al. 2009a; Novgorodova and
Gavrilyuk 2012). For example, Harmonia axyridis (Pallas) adults and larvae are quickly
attacked and removed from the plant (Herbert and Horn 2008), while other enemies, like
the parasitoid Lysiphlebus cardui (Marshall) or the cecidomyid predator Aphidoletes
aphidimyza (Rondani), are able to prey freely on aphids without being disturbed by ants
(Liepert and Dettner 1996; Guénard et al. 2007). Moreover, ants play a role in structuring
aphid populations, favoring their preferred species and preying on the others (Fischer et al.
2001; Bishop and Bristow 2003; Stewart-Jones et al. 2008; Minarro et al. 2010). They are
also known to limit aphid dispersal in well-established tended colonies by reducing winged
aphids production and affecting their flight abilities (Kleinjan and Mittler 1975; Oliver et al.
2007; Yao 2012). Our results bring one more possible structuring effect of ants on aphid
population. Indeed, while winged A. fabae are not attracted toward ant-frequented areas,
they tend to stay more on ant-frequented plants, and are thus more likely to start new
colonies on these plants. Once detected by ants, newly arrived aphids and their first born
are thus likely to experience high levels of attendance and the related hygienic and
protection benefits. However, A. fabae is a facultative myrmecophile and is thus able to
survive without ant tending. It might be interesting to investigate whether obligate

myrmecophilous species show the same behavior.

Within ant-aphid mutualism, ant seems thus to be the only one actively searching for
partnership. Our results show no attraction of winged A. fabae by ant presence, while ants
are known to orientate their scouting based on aphid-linked volatile organic compounds
(Verheggen et al. 2012). Nevertheless, winged aphids stay significantly more on ant-
frequented plants. Thus, the higher prevalence of aphid colonies in the surroundings of ant
nests observed in the field, primarily linked to a better aphid survival through protection and
reduction of competition, does not seem related to a deliberated flight orientation of
winged aphids towards the ant partner, but could be influenced by a better retention of

winged aphids on ant-frequented plants.
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Conclusion générale — Les fourmis cherchent activement leur partenaire (1) en s’appuyant

sur des composés volatils qu’il émet directement, tels que ’EBF (2), ou indirectement via la
microflore présente dans le miellat excrété (3). Les pucerons ne semblent pas activement
rechercher leur partenaire (), mais sont stabilisés sur la plante héte par sa présence.
Aucune influence de la plante hote en lien avec la présence de I'un ou |'autre partenaire n’a

été observée (5.
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Au cours de ce travail, le r6le des composés volatils dans la perception et la recherche
d’un partenaire mutualiste a donc été mis en lumiere sous divers angles. Durant les tests
éthologiques menés, une attention particuliere a été portée a utiliser autant que possible
des doses de sémiochimiques représentatives de la réalité et obtenues de sources
naturelles. La concentration des sémiochimiques peut en effet fortement influencer la
réponse des insectes. Ce phénomeéne est souligné par certains auteurs, insistant sur
I'importance de [utilisation de doses « naturelles» lors de tests éthologiques et
argumentant sur des résultats de laboratoire obtenus avec des doses massives de composés
de synthése. Ces surdosages peuvent en effet conduire a des résultats intéressants d’un
point de vue pratique, utilisables par exemple dans le cadre de la gestion intégrée des
ravageurs, mais non représentatifs des comportements observés aux doses réellement
émises en situation naturelle et de ce fait non pertinents du point de vue écologique

(Joachim et al. 2015; Joachim and Weisser 2015; Vosteen et al. 2016).

Cette approche originale d’un modele biologique déja bien documenté a permis de
répondre aux questions initialement posées. L'ensemble des travaux publiés conduit a des
conclusions complémentaires les unes aux autres, résumées dans la synthése graphique ci-
dessus. En effet, sur base du modeéle biologique formé par le couple Lasius niger — Aphis
fabae, il a été démontré que la fourmi mutualiste est capable de percevoir des signaux
chimiques liés a la présence de pucerons et de s’en aider dans la recherche d’un partenaire
mutualiste potentiel @. Ces composés, soit directement produits par le puceron ), soit

induits par sa présence 3, sont de diverses natures et origines.

Principal composé volatil émis par le puceron sensu stricto, le E-B-farnéséne (EBF) est
un terpéne régulierement émis par l'insecte lui permettant d’une part d’évaluer son
environnement social lorsque cette émission est faible et continue, et d’autre part de
signaler un danger par de fortes émissions ponctuelles, le composé prenant alors le role de
phéromone d’alarme (Francis et al. 2005; Verheggen et al. 2008b; Verheggen et al. 2009b).
La capacité des fourmis a détecter des doses d’EBF correspondant aux émissions d’'une
colonie de pucerons non stressés et a s’en aider dans 'orientation de leurs recherches de

partenaires a été mise en évidence .

Cependant, étant émis par bon nombre de pucerons tant myrmécophiles que non
myrmécophiles (Francis et al. 2005), ce seul composé ne permettrait pas leur discrimination

a distance par les fourmis, phénoméne pourtant observé au cours de ce travail. De plus,
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malgré la suppression récente d’une colonie de pucerons, et donc de la source d’EBF et
autres terpenes éventuellement associés, une plante précédemment infestée reste
significativement attractive pour les fourmis exploratrices, corroborant I'existence de

parametres attractifs supplémentaires.

L'origine de cette importante attraction résiduelle est donc a rechercher dans les
composés volatils induits par la présence de pucerons, mais non produits par ce dernier.
Deux sources potentielles de volatils sont donc a considérer : la plante héte, capable de
modifier ses émissions en réponse a |'attaque des aphidés, ainsi que le miellat accumulé aux
abords de la colonie. En utilisant une approche par élimination, aucun effet significatif lié
aux volatils potentiels émis par la plante hote n’a été observé (5, tandis que le role
significatif des composés volatils du miellat a pu étre mis en évidence (3. En effet, les
fourmis se sont montrées capables de percevoir ces composés et de s’en aider non
seulement dans 'orientation de leurs recherches, mais également dans la discrimination a
distance de différentes especes de pucerons. Cette reconnaissance donne lieu a une
hiérarchisation de leur choix d’orientation en fonction des espéces disponibles, un puceron
non myrmécophile, constituant une proie potentielle, perdant son attractivité en présence
d’un puceron myrmécophile, potentielle source de nourriture plus stable. De plus, outre
I'information apportée quant a la présence de puceron et I'espéce considérée, les émissions
volatiles du miellat sont susceptibles de renseigner le partenaire fourmi sur |'état général de
la colonie de pucerons et sur sa productivité de par la quantité de volatils émis ainsi que leur
nature, les émissions du miellat se modifiant fortement a la fois qualitativement et
guantitativement au cours de son vieillissement. Il est probable que I'information véhiculée
par le miellat ainsi que son attractivité soient davantage liées a des ratios entre composés
volatils qu’a certains composés en tant que tels, les miellats d’A. pisum et A. fabae étudiés

s’étant montrés qualitativement extrémement proches.

La production de ces sémiochimiques est assurée par la microflore du miellat, celle-ci
produisant une part significative des volatils de cette sécrétion par fermentation et
dégradation de ses constituants (Leroy et al. 2009). En effet, les modifications directes
réalisées par la microflore, et spécialement par le genre Staphylococcus, sur divers sucres et
acides aminés présents dans le miellat peuvent étre a l'origine d’une large gamme de
molécules, dont de nombreux composés a 4 et 5 carbones, aux fonctions chimiques

diverses, allant d’aldéhydes aux alcools, acides et esters correspondants (Thibout et al.

137



VII. CONCLUSIONS GENERALES ET PERSPECTIVES

1993; Schulz and Dickschat 2007; Leroy et al. 2011a). Ceci expliquerait 'origine de la
majorité des composés volatils observés dans les émissions de miellats au cours de ce

travail.

Isolé de la microflore d’Aphis fabae, Staphiloccocus xylosus produit, lorsqu’il est mis
en culture dans un milieu adapté précédemment décrit (Leroy et al. 2011a), un profil en
volatils qualitativement proche de celui du miellat de ce puceron. Ce profil s’est révélé
attractif pour les fourmis, contrairement a ceux émis par les autres souches isolées et
évaluées au cours de ce travail (mais non identifiées vu leur absence d’effet attractif). Il
s’agit Ia de la premiere mise en évidence de l'influence que la microflore peut exercer sur

cette relation mutualiste.

Ces composés organiques volatils émis par la microflore constituent un signal sur
lequel le puceron a peu de prise, réduisant les risques de mimétisme ou de camouflage, et

assurant donc ainsi une certaine « honnéteté » du signal.

Enfin, la question de savoir si un puceron recherche lui aussi activement son
partenaire mutualiste a été abordée @), différents auteurs signalant en effet une abondance
accrue de pucerons a proximité de fourmiliéres mais ne sachant conclure si ce phénomeéne
est lié a un choix délibéré de I'insecte ou a sa meilleure survie en ces conditions (Hopkins
and Thacker 1999; Bishop and Bristow 2003; Stewart-Jones et al. 2008; Minarro et al. 2010;
Novgorodova and Gavrilyuk 2012). Tant en tunnel de vol gu’en olfactométre, les pucerons
ailés testés n‘ont montré aucune attraction significative vers leur partenaire, ni vers une
plante hote fréquentée par ces derniers @®®). Par contre, une fois sur la plante hoéte, les
pucerons ailés y sont significativement retenus par la présence de fourmis. Cette
observation corrobore le constat fait par plusieurs auteurs quant a la réduction de la
mobilité des pucerons entretenus, par le biais de modifications comportementales ou
physiques (Way 1963; Kleinjan and Mittler 1975; Buckley 1987; Holldobler and Wilson 1990;
Guénard et al. 2007; Yoo and Holway 2011; Yao 2012; Yao 2014), et I'étend aux premiers

contacts entre ces insectes.

Ces données nouvelles ouvrent la voie a une nouvelle approche de la relation
mutualiste fourmis-pucerons incluant le réle des sémiochimiques volatils mais également de
la microflore au sein de cette interaction. Sous cet éclairage nouveau, de nombreuses
guestions se posent en effet. D’une part, une étude approfondie de la microflore du miellat

serait a entreprendre dans I'optique de caractériser la variabilité de cette microflore au sein
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des populations naturelles du puceron modele étudié, Aphis fabae, et d’étudier I'impact
d’éventuelles variations sur la composante volatile du miellat et sur I'interaction avec les
fourmis, en tenant compte de la variabilité potentielle liée aux facteurs géographiques et
temporels. Cette étude serait par la suite a étendre a diverses espéces de pucerons, tant
mutualistes que non mutualistes, afin d’investiguer I'existence de souches microbiennes
caractéristiques de ces groupes et de mettre en évidence des patterns chimiques
responsables de I'influence observée sur le comportement des fourmis. Outre leur effet a
présent avéré sur l'attraction des fourmis vers des colonies encore non entretenues, la
microflore ainsi que les sémiochimiques qu’elle produit pourraient également avoir un
impact sur les relations déja établies, point restant a étudier. Ces éléments, couplés aux
sémiochimiques directement émis par le puceron, pourraient en effet renseigner a distance
la fourmi sur divers parameétres liés a I'état général des colonies entretenues, tels que leur
niveau de stress, I'évolution de la population et le niveau d’exploitation de la ressource

miellat.

Aux cOtés des composés non volatils du miellat et paramétres morphologiques,
physiologiques et comportementaux du puceron, dont les réles importants sont déja bien
connus, la composante volatile pourrait donc prendre part intégrante a I'équilibre de la

relation mutualiste, et ce depuis I'attraction et la mise en contact des futurs partenaires.

La question du réle de composés volatils inorganiques, tel le CO, par exemple, dans
I"attraction des fourmis pourrait également étre soulevée. Cependant, ce type de composé
étant trés peu spécifique, il est probable que son effet, s’il existe, soit plus un effet de
synergie avec d’autres volatils plus spécifiques au puceron qu’un effet du composé seul. Ceci

reste au stade d’une hypothése.

Il serait également intéressant de se pencher sur le cas de pucerons myrmécophiles
obligatoires. Les enjeux du mutualisme pour ce type de pucerons étant différents, il serait
possible que tant leurs communications avec leur partenaire mutualiste que leur capacité a

le trouver s’en voient également affectées.

Enfin, I'occurrence des phénomenes observés au cours des recherches effectuées en
conditions de laboratoire serait a confirmer en conditions naturelles. La transposition de
cette étude aux contraintes multiples du terrain, de natures environnementales,
climatiques, biologiques ou techniques, s’avére délicate a mettre en ceuvre. En effet, les

facteurs influant sur I'état général et les besoins des deux partenaires mutualistes ainsi que
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sur leur interaction sont multiples et pratiguement impossibles a dissocier et a contréler
efficacement lors d’essais en conditions naturelles. La modification du comportement de la
fourmi vis-a-vis d’une espéce de puceron, suite a I'ajout d’une seconde espéce dans le
systeme étudié, observée au cours de cette étude donne un apercu de linfluence
considérable que ces interactions croisées peuvent prendre. En effet, en conditions

naturelles, les deux partenaires :

- se retrouvent dans un systéme ouvert, en situation a la fois de compétition pour un
partenariat mutualiste et de choix entre divers partenaires, potentiellement de

différentes espeéces,

- sont soumis a l'influence de I'alimentation disponible ; tant pour le puceron, dont le
type et la qualité de la plante hoéte influencent I'état physiologique général et la
production de miellat, que pour la fourmi, sur laquelle la disponibilité de proies et de
sources de sucres alternatives, telles les nectaries extraflorales, aura un impact

comportemental,

- subissent une pression de prédation ainsi que les aléas climatiques, facteurs pouvant
étre critiques pour leur survie mais également connus pour potentiellement

impacter positivement la relation mutualiste,

- sont soumis aux cycles saisonniers, synonymes d’adaptations physiologiques et
comportementales a I'approche de I'hiver, telles qu’une période d’hivernation pour
la fourmi ou qu’une phase de reproduction sexuée donnant lieux a des oceufs
capables de survivre a la mauvaise saison dans le cas du puceron. Ceci engendre une

cyclicité et une discontinuité dans la relation mutualiste.

Autant de parameétres dont les effets tant isolés que combinés seraient a prendre en

compte dans une étude de terrain.

Néanmoins, ces données apporteraient un complément d’information utile, et
pourraient permettre la mise en évidence d’interactions avec les multiples composantes de
I’écosystéme au sein duquel la relation prendra place. D’'un point de vue pratique, une
premiére approche serait de ramener ce systéme complexe a une situation semi-naturelle
simplifiée, telles que de grandes cages de vol en tulle englobant la parcelle d’étude, ou un
certain controle des populations d’insectes serait possible. Dans un tel systéme, une

attention particuliére serait a porter aux vents, desquels seront tributaires la propagation et
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la dispersion des composés volatils étudiés. La suppression des sources de volatils
potentiellement interférents situées a proximité serait a prévoir dans un rayon suffisant,

ainsi qu’un espacement des cages d’essai limitant les risques d’effets croisés.

En termes de perspectives, I'impact des changements climatiques sur les deux
partenaires mutualistes et sur la relation qu’ils entretiennent serait également a investiguer.
En effet, il semble aujourd’hui évident que la température ainsi que la concentration
atmosphérique en gaz a effet de serre augmentent a |'échelle mondiale, et devraient
continuer dans cette voie pour les décennies a venir. Ces modifications pourraient
influencer le comportement des partenaires mutualistes, directement, ou indirectement par
exemple suite a un impact sur la plante hote. Des travaux en ce sens sont déja en cours et
tendent a démontrer I'impact potentiel de tels changements sur les partenaires mutualistes.
En effet, 'augmentation de la teneur en CO, atmosphérique influencerait significativement
I’émission d’EBF par les pucerons, de méme que leur réponse comportementale a ce
composé (Boullis et al., 2016). Cette premiére piste révélant une modification
comportementale significative dans I'émission et la réponse a un sémiochimique chez I'un
des partenaires serait a poursuivre et a compléter par la caractérisation de I'effet de cette
modification sur la relation mutualiste d’une part; et d’autre part par la recherche d’autres
modifications relatives a I'émission de sémiochimiques et aux réponses qu’ils engendrent,
tant au niveau des partenaires mutualistes eux-mémes qu’au niveau des multiples éléments

annexes contribuant a cette relation tels la plante hote ou le miellat et sa microflore.

En final, I'attraction entre fourmis et pucerons est un phénomene que les travaux de
laboratoire ont permis de mieux comprendre dans sa complexité. Le réle de recherche
active du puceron semble trés limité, ce qui n’est pas le cas de son partenaire mutualiste.
Plusieurs vecteurs d’information ont été ciblés ; que ce soit la phéromone d’alarme produite
par le puceron ou des composés organiques volatils issus du miellat et de sa métabolisation
par des souches bactériennes. Ces données nouvelles compléetent un vide dans un modeéle
biologique déja largement documenté sur d’autres aspects et ouvrent la voie a de nouvelles
pistes de réflexion sur ce modele mutualiste, mais également sur la place de la microflore et

des composés volatils dans les interactions interspécifiques en général.
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