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Avant-propos

Les venins sont des armes chimiques ts&phistiquées, composés de plusieurs
centaines de moléculebioactives qui ont étéprésélectionnéeset pré-optimiséespar la
nature. Parmi ces composé chimiques les peptides sontles toxines mgoritaires qui
posseédentune formidable diversité structurale et pharmacologique De plusces toxines
peptidiqgues sont souvent structurées par des ponts disulfureleur conférant une
remarquable stabilité chimique I A y & A j dzQdzy S 3INF YRS NBaArAadl
enzymatiquesCes peptides bioactifs sont promis a un grand avenir et pourraient trouver de
nombreuses applicationgdans le domaine des biotechnologies et notamment pour
f QAY Rdza G NRA S HokfetNeX peftiedzirdséntzd glusieurs avantages par rapport
aux petites molécules qui constituent les médicangetraditionnels.Le principalatout des
peptides & Is drf?ént souvent une plugrande efficacité et surtoutine plus haute
sélectivie que lespetites molécules. Deurcroit, leur nature protéique leurapporte un
temps de demvietrés courtbien que cela pisseégalement étre une contrainte. De plles
produits de dégradation des peptides sont peu toxiques car ce sont des acides aminés. Tout
OStl 2FFNB f QSalLl2AN RQSY effRpalfoss&indt desSattivilesa Sy G a
tréscibléesS i | @S O YsxdcohdairaRKIng, AL S liewis and Garcia, 2003; Uhlig et
al., 2014]5 QI A plisiBuigpEhtidesissusde venirs ont déja permide développement de
médicaments et de nombreux autres samttuellementen essas cliniques et précliniques.
Le Prial® dérivéR Qdzy' S O2eyle CaptBpki®AS a dz RQdzy @OSyAy RS &$
exemplesremarquablesde médicamerd provenant de venifSmith and Vane, 2003; Staats

et al., 2004]
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La composition biochimique des venins est strictement spécifejudonct QSy aSyof S
desvenins représentent une sourcpresqueinépuisable de peptidebioactifs. Lagrande
biodiversité desrganismes/enimeuxva de pair avecne grande diversité de peptides aux
pharmacologies variéed [ QS y & S Y\vehinS coRsBtueudé inportante librairie de
peptides bioacti$ exploitable pour la recherche de molécul€g3dly G SN G @ ! Ayair f Q
fefisemble de la diversité taxonomique des organismes venimeux est la clé pour la
découverte de nouvelles molécules. Dans cette IppttS > f QS (i dzR Scerifsa @Sy A
groupesR Q| Y A Y | dzE & ke/j&iEpbifrraitipérBedtrela découverte deombreuses
molécules originaleaux propriétés pharmacologiques uniquést NY A f Sa @Sy Aya |
les venins de fourmis reste parmi les mans étudiés en raison de plusieurs désavantages.
Le probleme majeudans I'étude des venins d®urmis e$ la petite taille des animaux,
LI2a&lyd dzy RSTA YIF2SdzNJ L}2dz2NJ ft Q200GSy A2y RQd.
reproductibilité des études biochilmues et pharmacologiques, il est primordial de pouvoir
ARSYGAFASNI RS Floe2y AYRA&OdzilI6fS fS&a SaLisos
F2dz2N¥Aa NBaaGsS fQFLIylFr3aAS RS 1jdzSfljdzSa NI NBa
RQI Nl A3ySSaasz2di ORD aOY YPS R Qdznsicifiqué as toxikeés R2 Yy
LISLIGARAILdzZSa LINRPOSYylFyid RSa ©@OSyAya RS T2dzNXYAa
peptides. Malgré cela, les fourmis (Formicidae) constituent probablement la famille la plus
facilement exploithle parmi les hyménoptéresar ellesoffrent plusieurs avantages. Ce sont
des insectes sociaux qui vivent en colonie allant de quelques individus a plusieurs millions.
9y L dza RS OSfrs fI GFE2y2YAS RS&a ¥F2dawsvraa Sa
les hyménopteres et plusieurs bases de données taxonomiques exjstetweb, 2014b]
[ QAYYSYyaS 0A2RAOGSNERAGS RS&a F2dz2NYAa fl1Aaas S

toxines. En parallele les avaes technologiques en termes de biochimie analytigtiele
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tests RQF QU A GA (S LokrenNNesoOrit B Dérdpedate de travailler avec des
guantités de venin infimg Pour toutes ces raisoriisdevient pertinent deconsidérer que les
GSYAya RS F2dz2N¥Aa 02y al bratideSogsiitoxidey peptidiglzesSce dz OK |

dzA Said tQ202S0 RS OS GNYQ@IAt®
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Introduction générale

1.  Sources de produitsaturels pour la recherche pharmaceutique

[ yIFddzNBE Said dzy NBaAaSNIB2ANI AySLlzi alofS RS
fSa 0A20KAYAadSa SO fQAYRAzZAGNAS LIKI NXYI OSdziA
moléculaire (norpeptidiques), au mie titre que les produits de synthése, sont une source
importante de molécules thérapeutiques en santé humaine. On estime a 60% la part de
YSRAOIFIYSy(Gad Adadza RANBOGSYSyl [CRadg all MeRhaiB O S Y &
2013; Newman and Cragg, 201PJe nombreux squelettes naturels composent une grande
partie des petites molécules de la pharmacopée mondiale et leur structure chimique
2NAIAYEFES yQIFdzNIF AG LI & Llz s iNB dnylardchefcBeS LI NJ
en chimie des produits naturels ne rencontre plus aussi souvestidees et le nombre de
nouvelles moléculethérapeutiques missa dzNJ £ S YI NOKS A&dadz RQdzy LI
OKIFljdzS I'yysSSao / SOA &QSE Lifultélpezdractéisdtlurt riBuvea Hii S
produit naturel biologiquement actif dans de courts délais comparativement au criblage a
haut-débit des chimiotheque composés de milliers de molécules. De nouvelles technologies
sont en cours de développemepbur améliorerf QS OK I Yy i Af f 2 V6RO A ¥sii R B HA
5QlF dziNB LI NI 2y O2yaidlaS 1jdzS fS& LINARYOALI f Sz
sont les plantes et les microorganism&ates, 2001; Zhu et al., 2011Jes plantes sont en
effet & la base de la pharmacé5 S Y2y RALF S RSLWzia Q! yiAldz
fQFr@ryidlF3aS RQs(iNB dzyS NBaaz2dz2NOS NEsypzdeeeSt | 6f S
scientifiques réalisées en microbiologie depuis le début du XXéme siecle ont permis le

développement de midux adaptés a la culture des microorganismes producteurs de
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Y2t SOdzf Sa RQAYUSNBG t fQSOKStfS AYyRdzaAGONRSTE £ &
les plus diversifieés sur Terre (900.000 especes), représeeataiton 60 % de la biodiversité
mondiaBX Yy SIFYyY2Aya Afa& RSYSdNByld QdzyS RSa &z

exploitée [Dossey, 2010 t Sdz RQS(idzRS&a OKAYAIljdzSa t @Aass

QX

métabolites des insectes et un seul médicament mis sur le marché a été identifié a partir
RQdzAyaSOGaSe Lf aQl &A0AdRXdE/ tLISLUBINIRASND R D | £ O RSFYS
[Sidorova et al., 2005].a principale difficulté pour isoler les substances naturelles provenant
RQAyasSoOisSa Sad tIF NBO2tGS Sy 3INI YRS qgijedz YA
une faible quantitt de métabolites, de plust QF 62y Rl yOS RSa Ay a
O2YyaARSNIO6fSYSyld RIya tQSaLIl} oS Si RlIya S
NI} LARSYSyYy(d dzy 3INFrYyR yYy2YONB RQAYRAGARdIzZ RQdzy S
tt E2Yy2YAS RS&a AyasSoisSa RSYSdNB O2yvyLx SES S

délicate[Lupoli, 2010]

5QF dziNB LI NI Af Said adz2NLINBylyd RS O02yail
pour un usage thérapeutique et ils représentent seulein&% des médicaments mis sur le
marché [Bartholow, 2012p h NJ f QAYLIEZ2 NIy OS Rdz NS RSa L.
biochimiques constitutifsRSa 2 NBI yAadYSa @Ay da Sad I NB:
disciplines. Par exemple en physiologie végétale de nombreux peptides aux diverses
fonctions biologiques ont été caractérispaukuda and Higashiyama, 201§ criblage des
pelLJ0 ARSA Yyl GdzNBfta RlIya fQS@Fftda dAz2zy RS £ SdzN
humaine est par conséquent pertinent. Néanmoins la recherche en chimie thérapeutique
continue de cribler majoritairement les petites molécules naturelles sur un grandreode
cibles thérapeutiques alors que le nombre de cibles testées dans le criblage peptidiques est

Y2ZAYEA AYLRNIFYyOGd [Sa LISNELISOGAO®SAE RQFLILX AO
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pourtant nombreuses et les résultats concernant leurs activités analggsigont parmi les

plus prometteurgCraik et al., 2013; Diochot et al., 2012; Yang et al., 2013] Q20 2S OG A ¥
développer des thérapeutiques de substitution aux alcaloides couramment utilisés
actuellementet R2y & f Qdzal 3S Sad | d4a20AS t dzyS I 002«
médicamenteux. Le peptideiconotide (Prialt®), actuellement utilisé pour sa remarghke

activité analgésique ne semble pas créR QlF OO2 dzii dzY yOS OKSI fS
m-f KSdzNBdzaSYSyid €S Y2RS RQFRYAYAAGNI GA2Y LI N
utilisation. La vectorisation estQ dzy¥s figinsmajeur aux développements des peptides a

usage médical. En effet leur stabilité est faible dans les milieux biologiques complexes et la

lyse provoquée par les enzymes, comme par exemple les enzymes digestives présentes dans

f QSaG2YF OZNIDEGYEWH A¥S Y2RS RQI RFouypaligriaNksi A 2 y
limitations, a4 & 0N} 0S3IASEA Ayy20lyiSa aQAyiadSNBaaSyi
exemple RS f SdzNJ f QSy Ol LJadz22b88ay RF IBo (RSSH R/CHAE2S
transporter @S NE f SdzNJ OA6f S G KSNI LISdzi A lj dzS [Supta RQI dzii |
et al., 2013 Pinto Reis et al.]Les résultats prometteurs dans ce domaine de recherche en

pleine expansion justifient pleinement QA Y 1 SN RS NBOKSNODKSNJ R

RQ2NAIAYS yI GdzNBtf So

' TAY RQIFdzZAYSY(iSNJ tSa OKIyOSa RS RSO2dz@NA NJ
il est nécessaire de diversifier les approches méthodologiques, de développer des outils
analytigues maa S3IFfSYSyd RQSEtIFINHBHAN €S aLISOGNB RS:
chimiques recherchées.

t F NYA £S&a adzomaidlyoOoSa yIlFGdaNBSftftSa RQ2NARIAYS

trés prometteur pour la découverte de molécules aux propriétés biglogg intéressantes.
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Lta O2yaidAaddzsSyid RQIFIAffSdzZNE f QdzyS RSa a2 dz2ND!
cocktails complexes de centaines voir de milliers de molécules ont été perfectionnées par la

Yy GdzZNB RdzNI yi RS& YAf { axihesdles ReQihsynier@sSent dRA®D 2 £ dzi
ONRPAAalYy(GS fQAYRAZZGOGNARS LIKI NXYIF OSdziiAljdzS YI Aa S
G2EAYSE LISLIIARAJzSE a2yl RQSEOSttSyida OF yRA
cibler spécifiguement certaines esped® A yaSOiSa NI @ 3SdzNR SiG yS |
pour les vertébrés. Les veninsd. serpents, scolopendres, araignées, scorpions, cénes) ont
RO2NBAa Si RS2t Y2yGNB fSdzNJ LIR2GSYdASt LI dzNJ f
nombreuses applicatns dans les domaines pharmaceutique et agronomique. Les venins

possedent des toxines aux diverses activités biologiques

U Antibiotigues[KuhnNentwig, 2003; Moreau, 2012]

U AntifongiquegGomes et al., 2005; Moerman et al., 2002]

U AnticoagulantegKini, 2006]

U Antidouleurs[Diochot et al., 2012; Staats et al., 2004; Yang et al., 2013]
U AnticancergDeBin et al., 1993]

U AntipaludiqguegConde et al., 2000]

U BionhsecticidegHerzig and Hodgson, 2008; Windley kf 2012]

c:

Outils pharmacologiqug®utertre and Lewis, 2010]

Les venins sont utilisés par de nombreux organismes mais les insectes et en particulier
f QO2NRNBE RSa KeyYSy2LIWis§NBazx O02yaidAddsSyd Sy y?2

venimeuse. Une biodiversitgui demeure cependant largement inexploitée.
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2. Les animaux venimeux

l dz O2dzNAR RS f QS@2tdziAz2y > OSNIFAya 2Bl YA&
tres diversifiés ont élaboréout un arsenal de toxines dans le but de se défendre ou de
capturer des proiedCasewell et al., 2013]Ces substances toxiques produites par des
glandes spécialiséatans le but de perturber les systémes physiologiques des proies et des
adversairessont appelés«<venins». Durant les dernieres décenniggs venins de certains
organismesont été trésétudiés typiqguementen raisonde leur importance médicalé. Q S a
fS OFa RSa @SyAya RaaigdeSshiihgbiges®ner ScesiaQi@aNdJA 2 y & 3
ont la part belle dans les étudésxicologique, O Q Suitdut parce que ce sont les animaux
venimeux quireprésententle plus grand dangetJ2 dzNJ f @YUt la majorité

des déces par envenimation

Lesserpents sont évidement lesrganismes venimeubes plusdangereuxet ceuxqui
occasionnent S LJ dzd R Q| sODD kdRrieyaledviroly 22800 I8 hiombrede déces
chaque année dans le monde ayant pour origine onmgsure deserpent[Kasturiratre et al.,
2008] On dénombre quelques.B300 espéceR Q2 LIK A RAISYIALILR 2NSIA £ OSY A Y
O02YL}RasS RQdzyS 3t lggnBrflementafuh édchieNBuatréNBréupeSde
serpents peuvent étre distinguési St 2y £ QF y I (2 YA SlesRa§lphds BedzNE  ON
LI23a8RSyid LI&a& RS ONROKSGad . ASy | dzgniidDdea aSNL
récentesétudesont tout de mémedémontré la présence de toxines bioactives dans leur
salive notamment chez les ColubriddEery et al., 2003]Les opidioglyphes possédent des
crochets sillonnés situés en @me de la machoirece quirendf QSY @SYA Yl A2y OKS

difficile. Lesophidiensprotéroglyphes ont des crbets canaliculés qui sont figalors que

les crochets des solénoglyphes sont mobiles. Ces deux derniers groupes de serpepés sont
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conséquenf S& LI dz& R y 3 S [@Byfirih andIZhipaux, ORMeY Ve8ns de
serpents sont essentiellement compodeN S y | @eYrBtanEsde haut poids moléculaire
et de peptidesParmi ces peptides, les toxinas« trois-doigts» constituent une famille de
polypeptidescaractéristiqus des venins de serpents. e plateformes moléculairgporte
des activités pharmacologiga¢rés variées puisqelles toxinepeuvent étre neurotoxiqug,

cytotoxigues ou encore anticoagulaes [Kini and Doley, 2010]

Les scorpions sont parrtés animaux terrestres leglus anciensilsa 2 y i R2(1Sa R
aiguillonvenimeux au niveau du telsolp dzA £ SdzNJ LISNY S Re&pepfi@s Ol S NJ
hautement neurotoxiques. Il existe environ 1500 especes de scorpions dans le monde
réparties dans 13 familles et toutes les espéces sont venimdtisdian, 2005] Cependant
G2dziSa fSa SaLIBO0Sa Ré oS NBtdENS FamildtezNBLtHidRK 2 Y'Y S

[Goyffon and Chippaux, 1990]

Dans la classe des arachnidete groupe desaraignéesest f Qdzy grdRes
Rddganisme venimeuxmajeurs en termesR Q| 0 2 YR Heyideksité. Il existeplus de
45.000 espéceR Q| NJ mcuglléngét décritegépartiesdans 110 familleet presque
toutes sont venimeuses.  f Q S EdésSekpigcesppartenant ala famille des Ubboridae
[Platnick, 2013][ QF LILJ NBAf @SyAYSdzE RSa I NIA3I¥sSa Sai
GSYAY RS02dzOKI yid RIFEya fS&a OKStAQsdE&ERitdy RSI
Y2Y0NBE B P&SHIO 8enin réellement dangereux] S&a OSyAy& RQI N
contiennentun grand nombre de peptides neurotigyes de motif ICK kahibitor Cystine

Knotn R2yd f Sa ¥elesSdnaukioniq@sbr Bagable$Escoubas, 2006]

Lesmollusques gastéropodedu geme Conussont de reloutables prédateursnarins

lls sontpourvus RQdzy LINE 0 2 & OA &@ppaieNdeninetixuilidas deS ydents
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radulaires modifiees en forme de harpongour injecter un cocktail depeptides
neurotoxiques capabls RQAYY2 0 Af A a4 SNJ LINEB & lj dz8 pokspr ldésy G | Y S Y
mollusquesou encore des vers marins. Les venites cOnessont tres étudiés poureurs

toxineslj dz8 f Q2y | LIJISttS tSa O2y2G2EAySaod /Sa Oz
par plusieurs pnts disulfure qui possédent une grande diversité de mécanisReQ QUi A 2 y

notamment sur les canaux ioniquisewis et al., 2012]

En marge de ces animaux emblématiguieexiste unemultitude R Q | edniighidismes
venimew beaucoup moins étudiéRdz FF AG RS f SdzNJ NBf | (CBsBS Ayy
organismes sont majoritairement des invertébrés ehstituent une parttrésimportante de

la biodiversité des animaux venimefwon Reumont et al., 2014a]

Ainsi il nefaut pas oublier ¢ groupe descnidairesqui rassemlie environ 10000
espéces decoraux, méduses et anémones de mef. QS LIA RSNXY'S RS edt S dzNA
recouvert de cellules venimeuses spécialisés appelés les cnidocystes, lEessquadiuisent
et injectent un venin paralysanttilisé pourcapturer des proiesmais également poufaire
fuir les prédateursLes venins de cnidairesstentrelativementmal connugRodriguez et al.,

2012]

Chez les myriapodes, les scolopendres et les scutigeres sont de redoutables
LINBRIFGSdzZNB® Lf a & dyissanteehinflarcddésSrdchds@dnyneul appefed dzy
forcipules[Ménez et al., 1990]Bien que leurs venins soient trés neurotoxiques ils restent

néanmoins largement méconn(igang et al., 2012]

Certains poissons produiserdgalementdu venin. Le poisson pierr&ynanceia

verrucosgpar exemple posséde des épines dorsales relééase glande a venin. Ce vemin
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(0p))
A)¢

un réle uniqguement défensif et provoque ugA @S R 2 dzf S dzNJ {[@wvedelj alzQ A f

1994}

Etonnamment il existe quelque rares mammiféres venimeux comme
f Q2 NyyiglieK @midhorhynchus anatin)s [Whittington et al., 2008] Les males
ornithorhynques possedd sur les pattegpostérieuresun aiguillon venimeux leur semba
se défendre. Aux Antillesecsont de petits mammiferes ressemblant aux musaraignes, les

solénodonsqui produisent des toxinedansleurs glandes salivairgBufton, 1992]

Lamajorité des animaux venimeuxppartiennent a la classe des insectés distingue
trois principaux2 NR NB & §ugont dapablgids groduire du veninles hémiptéres, les
Iépidopteres et les hyménoptéres. Parmi les hémipteres certaines famitenme les
reduviidae utilisent un rostre pour injecter une salive neurotoxique afin de paralyser leurs
proies [Sahayaraj and Muthukumar, 2011Chez les Iépidopteres ce sont lgdsenilleset
parfois les papillonde certaines espéceR QK S SNR O8 NB a quilsbnipgbuivis 2 y a4 RS
de poik urticants assimilés ade petites fléchettes et qui sont associés ades glandes
venimeuses. Si beaucoup de ces espéces de papillons de nuit ne stnétssgereusest
ne provoquent seulenent que de simple démangeaischs R QI dzi NSa SalLls O0Sa
chenille delLonomia obliqua(Saturniidae)possédat un venin puissant quperturbe la
coagulation sanguine et provoque de nombresisémorragies internegshez legpersonnes

entrant en contact avec ses paj3arrijoCarvalho and Chudzinskavassi, 2007]
Avec 1200054 1LJ8 OSa | OGdzSt £t SYSyld RSONARGSaeE f Q2 NJ
groupe venimeux le plus vasfean Emden, 2013]l comprendles guépes, les abeilles, les

bourdons, les mutiles et les fourmis. Chez les hyménoptéres le venimjesté par un

FAIdzAt £ 2y &AdGdzS t f QSE G NEwuk deS hyRéopterasst sz Y Sy ¢
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du systéme de reproductioat f Q| A A fdAir WodiRcation d& Q2 @A LJ2 4,A (1 S dzNIb
chez les hyménoptereseuks les femelles possedenin appareil venimeuxLes venins
RQKEYSYRRIEABREY (G (2dzi dzy a@®a MeeeBshdice@atydag YSa |
de puissants allergénegSchmidt et al., 1986] Par exemplef QAy 2 0dzf | G A2y R
RQKe2 Y Sy dpduiiideédeBcaer un cho@naphylactique réaction allergiqueextréme)

pouvant étre mortelLJ2 dzNJ f .Qé&¥epeS possédent également un grand nombre de

petits peptides linéaires tels que des mastopaamui augmentent la perméabilité
membranaire ou des kinineaux propriétésneurotoxiqueset algésiqueqPiek, 199Q] Le

GSYAY RS life@lApiSmeflifdriSst poBrisa part principement composé de deux

peptidesT f I Y S fagatitieAdgnBles Sciivité§ §bnt respectivemertytotoxique et
neurotoxique [Gauldie et al., 1976] Au regard dela formidable biodiversité des

hyménoptéres, leurs venins demeurent cependgunasimentinexplorés.

[ Qdzy #e® SniEaux venimeux est domemarquablementvaste et diversié mais
seule une infime partie de cette biodiversitéa été explorée (Figure 1)principalementen
raisonde la faible quantité de venins disponible dans la majorité des organismes venimeux.
En fait, 90% de la biodiversité est représentée par des animauxnear dont taille est
inférieure & 1 cmLamajorité des toxines animales décrites et caractéisé | dz2 2 dzZNR QK ¢
proviennent des venins de serpents, de mygales, de scorpions et de cones. Celadaisse

de nombreux groupes venimeux inexplor&stamment chez les arthropodes.
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2013]
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3. Lesfourmis

Les fourmis se distinguent des animaux venimeux classiquement étudiés
principalement par le fait quece sont des insectesociaux. Cette socialitieur a permis
RQI Olj dzZSNANJ dzyS AYyONReElofS RA ASNBuimispnt O2f 2 I A
hyménoptéres aculéatephylogénétiquement proches despilae [Johnson et al., 2013]
Toutes les espéces de fourmis sont societemn peutdonclesconsidéer parmiles animaux
venimeux terrestres les plus abondant&n effet malgré leur poids de quelques
milligrammes par individdes fourmis représentent entre 15 et 20 de la biomasse animale
en forét tropicaleet leur masse totale dépasse celle HeQ Sy & S Yhanfaité RI€ssohtQ
de nature ubiquiste et on les retrouve dalpsdzl & A Y Sy (i Gidfopes @rvestresle R S &

la planete[Holldobler and Wilson, 1990; Wilson, 1990]

La diversité des fourmis egnhportante; il existeenviron 13.000 espécesle fourmis
décritesmais 6 S I dzO 2 dzLJ rBsteft & H&&dDBig particulierement danges foréts
tropicales [AntWeb, 2014h] On estime quele nombre total R Q S asLdé @8rmis est
supérieur a25.000 [Ward, 2007] [ QF LILI NBAf @SyAYSdzE RSa& T2 dzNd
glandestubulaires et allongées qui sécretent les différents composés du w&in. La partie
basale de ces glandes est convotusivec la poche a venin de forme ovoide qui sert de
réservoir(Figure 2)CettelLJ2 OKS t @Sy Ay Sididun dakaf ekcgufQrtiz £ QI A 3 c

and Mathias, 2006]
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/ glande de Dufour

4

/ aiguillon

N\

Figure 2{ (i NHzO G dzNB RS f Q lafdudniRBapdnerathvata Y SdzE RS

§RSyYyU o

ax

Les fourmis sont toutes venimeuses, cadtire j dzQSft f Sa LJ2 a
venin. Néanmoinsil faut distinguer lesespéced J2 dzZNIJdzS a R Dielzydéveloppg dth £ 2 v
fonctionnel qui injectent leur venin et les fourmis qy S L12aa8 RSy d LJX dza
fonctionnel et dont levenin non injectable est pulvérisé ou appliquésur la cuticule des
proies Ces venins non injectables sont supposés confeglrde toxines peptidiques car ces
derniéresdoivent étre injecté&s pour étre acties Ains dansles sousfamilles Formicinae,
Dolichoderinae Aneuretinaeet la tribu des Dorylini chez les Dorylinde Quillan=a disparu
(Figure 3)On estime donc le nombre de fourngsii possédat un aiguillonfonctionnela
environ 9100 espéces. Cette diversité est en faitpérieureau nombretotal combiné
R QS asld8 €2&@piong1.454 espéces)de serpenty3.496 espéceskt conesmarins (800
espéces]Hallan, 2005; Olivera, 2006; Uetz et al., 20@3jpendant cetttR A FSNE A UGS y QS:
répartie uniformément dans les soufamilles de fourmis a aiguillon. Par exemples

A

Myrmicinaecomprennentenviron 6500 espéces décriseet répartiesa dzNJ £ QSgla SyYof S



T Introduction générafe

planéte. La deuxieme sodiamille de fourmis a aiguillon elermesde diversité est la sous

famille des Ponerinag1.200 espéces) mais ces especes ont une distribution principalement

équatoriale. En outre les soudamilles néotropicaks; Paraponerinae et Mrtialinae
comprennentchacuneune seuleespece de fourmis

(7]
s 2
£ §
- £
S, g 3§
3 g &
G & ¥
£ $ g &
© z ¥
‘\0
) O
Formicoids

Myrmicinae

~.
~a,
~~

Ecitoninae

~~~~~~~~~~ Cerapachyinae

-
~
..

Ly 5, ;
: ® Zz 7
P RS % ’)‘9@ GQ/;
. . . -\ \
Aenictogitoninae '3, \% %’o o
Ly .
= \5 )
/33 5
Leptanilloids ©

Figure 3 Relation phylogénétiquedes sousF I YA f f S a

RS FT2dz2N¥Aaod ! dz -@gilgsNE RS
ont perdu leur capacité piquer (texte en bleu). Les autresusfamilles représentent les fourmis a aiguillons
(texte en marron). Les clades des fourmis sont représentés en vert (forid&s), rose (ponerades) et en
jaune (leptanilloides).
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Encadré 1Changements taxonomiquegcents chez les fomicidae

Au cours de cette thése, en 2014 deux publications majeures ont bouleversé la classificati
fourmis a aiguillon.

Fractionnement du genr®achycondyla

I fF &dZAGS RQFYL{ &3 Pachybdkdyle AidsBipiseh A9) glades didtirkts |

Bothroponera, Brachyponera, Ectomomyrmex, Euponera, Hagensia, Megaponera, Mesoj
Neoponera, Ophthalmopone, Pachycondyla, Paltothyreus, Pseudoneoponera, Pseudo
Austroponera, Buniapone, Fisheropone, Mayaponera, Parvaponera et Rasfgximaidt and
Shattuck, 2014] Les articles soumis et publiés dans cette these utilisent la dénomina
PachycondylaCependant les articles en préparation ainsi que le reste du mahusidisent les
nouveaux noms de genre. Les espéeces de Guyane frangaise concernées sont listées dans-13
dessous

Pachycondylegoeldii Neoponera goeldii
Pachycondyla commutata Neoponera commutata
Pachycondylanarginata Neoponera marginata
Pachycondyla inversa Neoponera inversa
Pachycondyla villosa Neoponera villosa
Pachycondyla mesonotalis Neoponera mesonotalis
Pachycondyla apicalis Neoponera apicalis
Pachycondyla verenae Neoponera verenae
Pachycondylanidentata Neoponera unidentata
Pachycondyla crassinoda Pachycondyla crassinode
Pachycondyla procidua Pachycondyla procidua
Pachycondyla harpax Pachycondyla harpax
Pachycondyla arhuaca Rasopone arhuaca

Fusion des soufamilles de fourmis Iégionnaires

Les soudamilles Ecitoninae, Cerapachyinae, Leptaiihae, Dorylinae, Aenictinae ¢
Aenictogitoninaeont récemment été regroupées en une seule sfamille dénommée Dorylinag
[Brady et al., 2014]Cette nouvelle nomenclature a été prise en considération dans ce many
YIAa LIa RFEya £Sa FNIAOEfSasx y20F YYSyid € QF N

D

L

L

I
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A cette grande diversité taxonomique il faut égalemajduterf QA y O Nidesité 6 f S
écologique des fourmisgjui a probablement amplement contribué a faconner les venins
gracea desphénoméns RQS @2t dzi A2y F RIF LI (A OSBieBgue RS 02 dz
régime alimentaire de la plupart des fourmis soit omnivadeS I dzO 2 dzLJ st &ea LIS OS &
redoutables prédatriceset peuvent étre considéréesparmi les prédateursmajeurs
RQAYODSNISONBA REya I L} dzSF NAD 24pdeks ReQfQudmise 3 1 8 Y
sont des prédateurs généralisteapablesde capturer et deconsommerun tres large panel
RQA Y @S ddsiSone\dB Petits vertébrésd abtr®s espéces principalement chez les
myrmicines et legponerines sont des prédateurs spécialisés se nourrissant seulenaemxt
dépens din graupe restreintR QA y @ S talniBedldsIvers de terre, les isopodes, les
myriapodes, les collemboles, les termites ou bien encore les autres espéces de fourmis
[Cerda and Dejean, 2011] QS @2 t dzii Aafojf séleigiatnhadd thxinesadaptées a la

capture des ces proiegpécifiques

Les méthodes de chassearient également en fonction desspéces.Beaucoup
R Q S asldi8 fousmis ontdéveloppédes techniqus de chasse collectivee qui augmente
les chances deaptured / S O2YLR NISYSy(d O2tftl 02N OGAT Sai
0 QS & (i chézSesadrim& Iégionnairesjui forment des raidsimpressionnans comptant
plusieursdizaines demilliersR Q A y Rpow khasseen groupe Cependantd A Sy R QI dzii NJ
especesde fourmis prédatricesnt des chasseuses solitairegstamment chezlesponerines
Afin de capturerseuks leurs proies parfois de taille supérieure a ellesgs fourmis ont
développédes arma performantescomme des mandibules hypertrophiées desvenins

trés puissans et neurotoxigues afin de pouvoir maitrisertrés rapidement les proied.e choix
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du site de nidification des fourmis peut également avoir influencé la composition des venins.
Enforét tropicale les fourmis occupent toutes les strat@snsi on retrouve des fourmisux

Y dzdzMduterraines,d0 S I dzO 2 dzLJ R Q SansJa Giraet ad hig@&uydi sol, tandis

i dzS R<sbntiarbgiEoles et occupent les différemtétagesRS 1 @SASHF GA2Y
canopée La chasse en milieu arboricabécessite certaireadaptatiors notamment parce

que les possibilités de fuiteles proiessont supérieues [ QK& LI2 1 K§aS [jdzS f S
prédatrices| dzE Y dZdzNE podsdnéntdiverinplSsipuissant que cellds sol a été

confirmée par une étude portant sula toxicité des venins de plusieurs espéeces arboricoles

et terricolesdansf QI ygedreSPAchycondylgOrivel and Dejean, 2001Bien que la
F2yOilAz2y 2FFSyYyardS a2 Aididu te@npéretttnSIa caftideyddsi A 2 v a
proies, le venin defourmis est également une arme de déferiSehmidt, 2014]Les fourmis

du genre Pogonomyrmexsont exclusivement granivores et utilise¢ur venin pourse

défendre contre de nombreux rongeurs désireux fd@e main basse sur leurs stocks de

graines Ainsi,Pogonomyrmex badius développé un venin qui est essentiellement toxique

pour les vertébrés et qui reste faiblement toxique pour les invertéfpEhmidt and Blum,

1978a, c]

En plus dePogonomyrmexde nombreuses fourmis somiussiréputées pour avoir des
piqires extrémement douloureuses. Par exemple la piqire de la fodtamande
(Paraponera clavata est considérée comme la plus douloureuse parmi tous les
hyménoptéresetf QS F FS (G LIS NR dzNBStark, 3985] @eyfedodrSciéristicEededtS a
RQI A éxpl@tézpah b tribu amérindienne des Wayanavant dans la foréAmazonienne
Les adultesutilisent la pigdre de cette fourmif 2 NI ritR RAZA y A dppeté Naraké
durant lequelles jeuneshommesde la tribudoivent supporterla douleur induite par les

pigaresde parfois plusieurs centaines de fourrfiialée, 200Q]
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Le cas dedourmis de la souftamille des Beudomyrmecinae qui vivent dans les
myrmécophytegi.e., plantes logeant des colonies de fourmis dans des structures creuses)
est une autre illustration du role défensif des venibsins les savanes africameertaines
especes de fourmis du genfetrapmera(Pseudomyrmecinae) viverassociées a des arbres
myrmécophytes du genr&actelia (anciennementAcacig. Ces fourmis sortapablesgrace
a leurpiqare douloureusede fairefuir de gros herbivores tel que des éléphants gssayent
de manger leur plams hotes[Palmer and Brody, 2008] [ QA Y RdzOG A2y RS f I
venins semble é& le principal mécanisme défensif. Cependarthez les fourmis le role
défensif des venins peut prendnene tournure inhabituelle dans certains casLafourmi
Pseudoneoponertaidentata (anciennemenfachycondylaéridentata) esttout a fait capable
Rifeder son venin normalemerdfin de paralyser ses proiddaislorsquelj dzQdzy' S 2 dz@ NJR &
de cette espeéceest menacéepar de petits arthropodeselle produit un venin moussant
(Figure 3)La moussainsi excrété se révele étre umécanisme de défense la foisoriginal

et tres efficace contre les petites fournpsédatrices]Maschwitz et al., 1981]

Figure 3 Certaines especes de ponerinpeoduisentun venin moussant afin de se défendre contre
les petits arthropodesici Pseudoneoponera tridentatgphoto A. Wild).
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4. Les venins de fourmis

Les fourmis se sont remarquablement adaptées a de nombreuses niches écologiques
et en conséquencelles utilisent leur venin pouttes réles multiplesels que la prédation, la
protection contre les prédateursontre les pathogenes, pour la communication chimique et
méme comme herbicideCette importante diversité fonctionnelle des venins de fourmis a
permis la sélectionde nombreuses toxines tres vae®(Figure 4)La glande a venin des
fourmis estdonc capable de produire unéncroyablediversité de moléculeselles quede
f QF OARS T2NXAljdzSE RSa FYAySa o0A238ySas RSa
hydrocartures, desaldéhydes des enzymesdesprotéineset des peptidegMorgan et al.,

2003; Schmidt, 1982]

Figure 4 Diversité des molécules chimiques produites par les glandes a venafaemis.
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[ QF OA RS, oFazitenEthadefqueest le principalcomposéchimiquedesvenins
de la soudamille des Brmicinae. Lesfourmis appartenant a cette soufamille sont
dépourvus R QI A 3 dzhé peRwgnt didc pasnjecter leur venin. Ces fourmis ont
développéun acidoporea laplaceRS QI A Huldedr pemétde pdjSter des jets
RQI Goknitgbe. [ Sa @Sy Ay A& aci@efofrnifuéstni utiliRéd pour saléfendre
contre les prédateurs, pour capturer dgsoies et pour lutter contre les microorganismes.
Cependant ertaines espéces ont également adopieS & dziAf A&l GA2y & 2NA3
formique. Par exemples les fauis du genreMyrmelachistad 2 y i £ f Q2 NAIAYy S R
appelle les jardins du diable. Ces fourtmébitent diverses plantes a fourmis dans les foréts
tropicales sud américainesCes plantesfournissent aux fourmisa la fois un site de
nidification et e ressource alimentaire. En ceftr les fourmis protegent la plante héteen
tuant toutes lesautres plantes aux alentoursilu myrmécophyte Pour cela elles injectent
dans les plantegtrangérest SdzNJ Sy Ay O2YLI2AS R®mmeuRS T2 N
herbicide [Frederickson and Gordon, 2007; Morawetz et al., 1992f autre exemple
R Qdzi A brigidaleR & 2/ Q1 OA BsBceldide NyWahdiyialfdlva Cette fourmiapplique
son venin sur sa cuticule afin de se protéger des attaques des foG@wlemopsis invicta
[ QF OA RS ¥ 2 NI ANylaz&ria Riia p&hBey de WétoRfter levenin deSolenopsis

invictaen dénaturantses alcaloidef_eBrun et al., 2014]

Les amines biogénes sont ur@asse de molécules organiques comprenant un
groupement amine Elles sont souventissites du catabolismeR QF OA R S.aDanks ¥4 y S a
venins de fourmis on peutiter comme amine biogéne Q K A & quilesf ingli§ué dans la

libération de signaux prnflammatoiresMatuszek et al., 1992]
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Dans la plupart des animaux venimeurs venins sont composés de protéines et de
peptidesqui représentent pour plus de 90% du poids sec du véiHervey, 2006; King and
Hardy, 2013; Lewis et al., 2012; Palma, 2006; Possani and Rodriguez de la Veg®e2006]
plus ces composés protéiques portetd majorité des propriétés toxiqeedu venin. Il a
cependant été déterminé chez la four@blenopsis invictque la majeure partie du venin
est de nature alcaloidique €f dz§ f S& (G2EAYyS& LINRGSAldsSa yS
proportion du venin[Baer et al., 1979; Blum, 1992; Brand et al., 1913 slenopsine
(Figure 555& 0 f Qdzy RS a s ktpdddedede Gidhbr@uses lacBv&zNiblogiques
telles que des activités cytotoxiques, hémolytiques, nécrotiques, insecticides,
antibactériemes et antifongiquegBlum et al., 1958; Javors et al., 199Bf nombreux
autres composés alcaloidiques ont été camxisés dans les venins des mycimes des
genres SolenopsisMonomorium Megalomyrmexet méme chez une pseudomyrmecine du
genre TetraponeralJones et al., 1996b; Jones et al., 1991; Jones et al., 2003; Merlin et al.,
1988] Des composés alcaloidiques ont récemment été découverts dans le venin de la

fourmi Oecophylla smaragdin@ormicinae]Das et al., 2014]

H;C

Ir=

Figure 5 Structure chimique de la solenopsine

Il est égalementintéressant derappelert Q2 N&A 3 A y I {CheinafogaRedand Sy NB
lequel certainesespécesgpossedat un aiguillon en formeade spatule qui lui sert a déposer

son venin. Ce venjcomposé de petite mlécules commeles acétates etles aldéhydes agit
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Pl
w»
QX

comme un insecticide de contact et pénétre passivemdntydd € Q2 NEhngnisieY S

desproies[Daloze et al., 1998; Heredia et al., 2005; Marlier et al., 2004]

En ce qui concerne les composeés prgtes, les venins de fourmis contiennerieu
batterie RQSy T & YSa &% SHodpiBpasdisizSphdRphatases, des hyaluronidases,
des lipases ou encore des estéraspsQl Ol A BA (S Sifd I& lyde (ddsljpdedis Sy (i N

cellulaires et agit comme facteur de diffusion tissulaire des autres composeés toxiques.

La présence de nombreux peptides bioactifs a été révélée dans les venins de fourmis
appartenant a difféerentes sousfamilles: Paraponerinae, Ponerinae, yhicinae,
Ectatomminae,Myrmeciinae, et Beudomyrmecinae. Ces toxines peptidiques possedent des
activités insecticides, neurotoxiques, cytotoxiques et antibactérieffmesyaki et al., 2004;
Johnson et al., 2010; Orivel et al., 2001; Pan and Hink, 2000; Piek et al., 1991a; Pluzhnikov et

al., 1994, Rifflet et al., 2012]
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5. Les peptides des venins de fourmis

Parmi les molécules actives présentes dans les venins, les peptides sont les toxines
majoritaires dans la plupart des espéces venimeukes.peptidessont définiscomme de
petites protéines ayant une chaifie QI OA R S éomgrevianyh@irs de 100 résidusl a
été démontré que les venins de mygales, de scorpions, de cbnes et de serpents sont
incroyablement complexesCertains venins peuvent contenir plusieurs centaines de
peptides dfférents pour une seule espéce. Par exemiglerenin dela mygaleaustralenne
Atrax robustusontient plus de D00 toxines peptidiques différentgEscoubas et al., 26Q
/ KST fSa 7Plasidblion geptide§udddtiié trouvé dansle venin deDinoponera

guadricepgCologna et al., 2013]

A ce jour, seul¥2 peptides provenant Wl venin de 11 espéces de fouisnont été
caractérisés etd S1j dzSy 0Sa® / QSad GNB&a LSdz Sy 02YLJ} NI
ASNLISyltas>s RS a02NlA2yas RQOBNbxineswetdiuedndz RS O
été séquencéesa partir de 86 espécefk QI NJ ktIyng @sponible dans la base de
donnéesArachnoServer 2.[Herzig et al., 201]. La principale raison qui explique le nombre
f A YA O SssiR RPepiidesSles/enins de fourmis est leyretite taille et par conséquent
fl RAFFAOMZ (S RMfisanie8ey/veriil QGiyeldant ldztiéyelbppéngntsde
nouvelles technologis de biochimie analytigyeelles que la nanochromatographie oa |
spectrométrie de massa haute résolutior?2 dzONBy G f 1 @2AS RS t QSELJX
fourmis. On peut classifieles 72 peptidesiéja caractérisé dans les veims de fourmis en
trois goupessur la base de leur structurdes peptides linéaires, les peptides dimériques et

les peptides ICK lnhibitor Cystine Knab.
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Figure 6¢ Nombre total cumulé des séquences des toxines peptidiques publiées provenant des
venins de fourmis. Cettdigure montre les trois classes structuraleses peptides linéaires en bleu
clair, les peptides dimériques egriset les peptides ICK en bleu foncé.

5.1. Les peptides linéaires

Les peptides linéaires sodgfiniscomme étant généralement dpetite taille (moins
de 35 acides aminés3ouventpolycationiques etsurtout dépourvus deponts disulfuresCes
peptides sont souvent de nature amphiphile et adoptent typiquement des conformations en
KSt A0S h | dedl  CBldeN QO\20yST s RNGBulyfelicidhe phdsphbipidigue O £ | |
des membranes cellulaires. De ce fait, les peptides linéaires possedent souvent des activités
cytotoxigues, antimicrobiennes et parfois insecticides. Les peptideail@g sontprésents
RIya fSa @SyAya RS aG02ANLAAA2 YIpdzSS IRIREK etY$Sd 2 6
aranéomorphegArgiolas and Pisano, 1984, 1985; BaptStademberg et al., 2011; de Souza

et al., 2004; Favreau et al., 2006; King and Hardy, 20a3plupart des études prédentes
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sur les venins de fourmis ont révéléne grande majorité de petits peptides dépourvus de
ponts disulfure et quiont une massenférieure a4 kDa. Ces peptidesont généralement
F YLIKALIKAE SE S | R2 LI Sy[ColoBné &t al3 A0NFzdvhindeNBBtzal., Sy K

2013; Orivel et al., 2001; Rifflet et al., 2012]

La poneratoxinepremiére toxine peptidique isolée et séquemcdans un venin de
fourmi en 1991est un peptide neurotoxique de Z&cidesaminés provenant du venide la
fourmi néotropicale Paraponera clavatgdParaponerinag [Piek, 1991; Piek et al., 1991a]
[ QF vy btiucduzal® parRMN de la poneratoxine a révélé uf@me enV du peptideavec
RSdzE KSftAOS& h 02y S3ckska stial., 00Nk éd/dérobtdzhidef SO |
cette toxine interagit avec les canaux sodium chez les vertébrés et les inveriBlnéd et

al., 1992; Hendrich et al., 2002]

Les ponericines sont un groupe de 27 peptidasactérisés dans les venins des fourmis
ponerines Neoponeragoeldi, Neoponeraapicalis et Neoponerainversa Les ponericines
L1J23a8RSYyd RSa adNHzOOdzNBa | YLIKALKAf Sa Sy KSf

hémolytiques et antibactérienng®rivel, 2000; Orivel et al., 2001]

Les fourmis géantes du genbénoponerasont des prédatrices qui chassent en solitaire
et qui utilisent leur venin pour paralyser des invertébrés et pour provoquer une vive douleur
chez les vertébréd.es sipeptides les plus abondanths venin deDinoponera australisnt
eteé caracterisédJohnson et al., 2010]Par & suite 15 autres peptides ont été isolés et
séquencés dans le venin @noponera quadriceg€ologna et al., 2018] [ QSy aSyYof S R

peptides forme un groupe de toxines appelées les dinoponeratoxiReseurs de ces

peptides possedent des activités antibactériennes et antifongiques.
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Dans la sous famille dédyrmicinag une étude récente a permide séquencer deux
peptides antimicrobiens a partir du venin detramorium bicarinatumles bicarinalines 1 et

2 [Rifflet, 2012; Rifflet et al., 2012]

La pilosulinel est un peptide allergene isolé du venin de la fourmi australienne
Myrmecia pilosul® Lt & QI 3A G R Quale pdrI@pgiriadexSautieSpeddeds Yy R S
linéaires des venins de fourmis. lluae masse de 6048 Da et possede une forte activité
cytotoxique et antimicrobienne. Le venin de cette fourmi a paaticulierementbien étudié
en Austalie car elle occasionnales problemes allergiquepouvant entrainerdes déces. La
pilosuline 1 a été identifieO2 YYS € Qdzy RS&a I f SNmPavieSet al.yl 2 S dzh

2004; Donovan et al., 1993; Donovan et al., 1995; Wu et al., 1998]

5.2. Les peptides dimériques

Les peptides dimériques sont des complexes formés par deux chaines polypeptidiques
reliées entre elles par un ou plusieurs ponts disulduEans les venins de serpents plusieurs
peptides dimériques ont été décrits. Les désintégrines forment une famille de polypeptides
isolésa partir duvenin de la vipérdchis carinatusCes peptides somapabls R QA Y KA 6 S NJ f
protéines transmembranaires i@grines[Calvete et al., 2003; Marcinkiewicz et al., 1999
venin du cobraNga kaouthia possede également des peptides dimériques qui ont des
activités neurotoxiquegOsipov et al., 2008} ! f QS E O Sedinsh d& erpenSs, 120 S a
structure dimérique des peptides est assez raseen que quelques peptides dimériques
aient étédécritsdans les venins dscorpions[Zamudio et al., 1997R Q | NJ [Sahos$es a
al., 1992]et de cébnes|[Loughnan et al., 2006]Chez les venins de fourmis, la structure

dimérique des peptides semble étre assez comenudans les soufamilles des
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EctatomminadPluzhnikov et al., 2000; Pluzhnikov et al., 1994yrmeciinag{lnagaki et al.,

2004; Inagaki et al., 2008&} Pseudomyrmecinag¢Pan and Hink, 2000]

[ Qdzy RS&a LISLIIARSaE fSa LXdza ySdz2NRPG2EAI dzS&
f QSOGI G YKUz8 S&G dzy LISLIWIARS RAYSHEdajoouBa OF NI C
tuberculatum(Ectatomminae]Pluzhnikov et al., 1994Un autre peptide homologue a été
identifié dans ce venilh f & QF IA G R-8. Cés(p&hdéd: hterotingrigesent
composés daleux chaines polypepigues fortement homologues et reliées par un pont
disulfure intercaténaire[Arseniev et al., 1994 Chacune des cires poséde également un
pont disulfure intracaténaire. La tsucture en trois dimensionslet QS Ol | G12avékéy S 9 (i
déterminéelLJr NJ wab S O2yaArxaasS Sy [Npfde énll®S[Ce RS |j dz
peptide neurotoxique forme des pores membranairesapablesde moduler les courants
calcium[Pluzhnikov et al., 1999; Pluzhnikov et al., 19®Hux autres ectatomineEgl et
Eq2) également dimériqus, ont été isolées a partir dwenin de la fourmiEctatomma
brunneum Ces ectatomines possedent également un pont disulfure “cagEnaire maisils

sont dépourvisde pont disulfure intrecaténaire[Pluzhnikov et al., 2000]

Les myrmexines sont un groupe de six polypeptides identifiés dans le venin de
Pseudomyrmex triplarinuPseudomyrmecinae). Ces peptides sont des complexes hétéro

dimériques stabilise par deux ponts disulfure inteaténairegPan and Hink, 2000]

Un autre groupe de peptidedimériques a été isolé dans le venin ddyrmecia pilosulail
aQlF 3Ald RSa&a4dB L2pilakiire 8 8si un dhéiérodimere et posséde deux ponts
disulfure alors que les pilosulise4 et 5 sont des homodiméres. Bien que les pilosulines
saent les principauxallergénes du venin d&yrmecia pilosulaleur réle biologique reste

encore inconnylnagaki et al., 2004; Inagaki et al., 2008a]
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5.3. Les peptides ICK

La structure ICKI'un peptide estdéfinie O2 YYS RS dzE F-PadalélsiqB doat | | y i
stabilisés par ury dzdzR R Ses»O@etteli siryCture possédau moins trois ponts

disulfure, deux ponts form@ une boucletraversée paie troisieme pont, formanalorsle

y dzdzZR R S's(Fqguré 6)kaysficture ICK apporte aux peptidesme grande stabilité et

une résistance auxiégradations enzymatiquefCraik et al., 2001]Cette structure est
retrouvéeRl ya f S& @SyYyAya RQdzy/svehimkuydiiérgntd[Yhi Ktl., R Q2 NH
2003] telsque les araignéeiiscoubas and Rash, 200k, scorpiongSmith et al., 2011]les

cOneg[Gilly et al., 2011¢t les anémones de m@Rodriguez et al., 2014Tependantde tous

ces organismes, les araignées sont les animaux venimeux qui produisent le plus grand

nombrede peptides ICK ainsi que la plus grande diversité pharmacologique.

A B

Figure 6 Le motif ICK (Inhibitor Cystine Kno®.! 0 { OKSYl RQdzy LISLIIARS L/ Y
numérotées de 1 a 6. (B) Structure 3D du peptide,ICKiexatoxinHvla isolé a partidu venin de
I'araignéeHadronyche versutaCe motif est composé ddeux¥ SdzA t £ SG & d(en brghgejp LI NI f €
aldloAfAAaSa LI NJ dzy ydzzR RS 0Oe & se/cbnipesSo LRgAnedUY S Yy 2
formé par deux ponts disulfure (en vert) pdequel un troisieme pont disulfure (en rouge) passe au

travers.



T Introduction générafe

Dans les venins de fourmis sedeux types de peptides ICK ont étiécritsT At a Ql 3
RQdzyS RAY2LIYSNI G2EAY[SQIYT tRES NSOSYRSE Rzy ai-
glandes a venin di& fourmi Dinoponera quadricepdonerinae) a confirmé la présence et
permis d'établif I  LINBYASNBE &4SljdzSyO0S RQdzy LI§dwésreRS L/ Y
al., 2014] La dinoponeratoxine ICK est un composé minelu venin de Dinoponera

guadricepset son rble est encore inconnu.

Le venin de la fourngtrumigenys kumadocontientaussi des peptidekCK qui ont &
nommés SKTXs. Ces peptides possedee forte homologie avecertains peptides ICK
trouvés dans les venins de mygalesnnus pour leursctivités neurotoxiques. Les peptides
SKTXssont capablesde moduler les canaux ioniques des drosagsiil cependant les
résultats de cette étudene sonttoujours pas publiéset les séquences resté inconnues

[Inagaki et al., 2008Db]

En conclusion, on peuésumerles connaissancexctuelles sur lepeptides des venins

de fourmisen trois points

u Les peptidesaractérisé dans les venins de fourmis sangjoritairement petis et
linéairesavecdes activités cytotoxiques et antibactériennes.

i vdzStljdzSa LISLIWARSa t LRyda RrasguziinigdeM@&t 2 y i S
de peptides dimériques. exceptionR Q geptide ICK.

u Leur pharmacologie reste essentiellement inconnue

la @SYyAya RS TF2dz2N¥Aia O02yaiAiilddsSyd R2y 0O dz
découverte de nouvelles toxines peptidiques aux propriétés originales. Enlaffeande
RAGSNRAGS GlFE2y2YAljdz2S Si f QS poMdifddt dRDASNEA G S

I'nypothéseque la diversité peptidiqudes venins de fourmissttrésimportante.
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La synthése bibliographiquéaliséelors de cetteintroduction a été publie R ya {1QI NI A O

(Annexe 1)

u Article 1. «Diversity of peptide toxindrom stinging ant venoms
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6. Objectifs généraux

- A s 4 ooAa

[ QSGdzRS YSySS RIya t£S OFRNBE RS OSaGGS GKsa
fQlaw 902C2D Si f QSy i NBLINR & ttavak&éé tnargdipar@eK y 2 f 2 =
projet FEDER Blppli (115/SGARDE/2011/05227% et le projet BIOPEPMEdui ont pour
objectif général la découverte et le développement de moléciReQ A Y ihégapdutigue

baséssurlestoxines peptidiques des venins de fourmis.

Les fourmis se distinguent desutres animaux venimeux classiquement étudi@ar
certaines caractéristiques telles que la socialité, une grande diversité spécifigue, une
omniprésence dans tous les milieux tetres, | A Yy dauke étprzéhte diversité écologique
et comportementale.Bien que la composition et les propriétés de leurs venins restent
presque inexplorées,eurs caractéristiques écologiques et taxonomiqusgggérentune
grande diversité bichimique et plrmacologique de leurgoxines. Une investigation
détailléede la composition degenins de fourmign relation avec leGle de ces/enins dans
f QSO2f 2 3A S peftbtia dF dédeidindr dar potentiel pour la découverte de
nouvelles moléculesux propiétés biologiques intéressantes SG 1S GK8§asS Oz2yal
des plusmportantes étudesde protéomiqueet pharmacologiquentreprises sutes venins

de fourmis a ce jour. Ce manuscrit se divisejeatre chapitres:

u Chapitre 1: Biodiversité
u Chapitre 2. Ecologe
u Chapitre 3. Biochimie

u Chapitre 4: Pharmacologie
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[ Qdzy RS anajd@utqd linttell@éEtudessur lessubstances naturelles provenant
RQA Yy a $tOlda $écessi® de collecter les espéces en grand nombrPour cela,
f OARSYGATAOIGA2Y (G E2y 2 ¥ouledzSompitel] Q8 a BI&Pi A §¢ f
travaux décrits dans lehapitre 1était de développerSG RS (S & SRidd QI LILIK
méthode généralede chimiotaxonomie basée sur les profils pepticig des venins de
F 2 dzNJY A & O présénteidphcaionSle cettey S K2 RS BaR $pgtrométrde Sle
masse ades venins bruts de fourmis appartenant aux genrBachycondylaet
Odontomachugyui a servide basepour la suite des étudeealiséeslors de cette these. Le
travail présenté danse chapitrevise adémontrer que les peptides des venins de fourmis

sont de bors marqueurschimictaxonomiques afin dQA RSy G A F A SddJfodrfiset S a LIS O

permetentR2y O R QI LILINB OA S NJddspepti®omeS NB A GS A LISOA T A d:

u Article 2 « Elucidation of the unexplored biodiversity of ant venom peptidomes via

MALDITOF mass spectrometry and ipplication for chemotaxonomy»

'y a une grande variabilité de la composition des verensre des espéeces
phylogénétiquement proch& mais également au niveau intraspécifiqizans ¢ chapitre 2
nous nous sommes intéresses dagteursécologiquesmpliqués dans la diversification des
toxines des fourmis. Pour ceteus avongtudié la composition ela toxicté des venins de
fourmis suivant différerga G NI A G & f A S &especes Dargs Qrik fprRaidveSpartts a
composition du venin de la fourn®@dontomachus haematodus été étudiée en relation
avec le polyéthisme (distribution des &ches dans la coloniepansla seconde partie du
chapitre t |  G2EAOAGS RSde fodn8iy dui/ ént dBsQrégimeeds dlirberres

spécialisés ou généralistasété caractériséafin dedéterminersit QS O2f 23A S  { NB LK
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fourmis a joué un role dans la diversificatides toxinesPour finir, la troisieme partie de ce
chapitre est consacréeaux différences de composition des venins de trois especes de
fourmis du genrePseudomyrmexvec desutilisations principalement offensivesu venin
pour deux espéces et une utiligat uniquement défensive du venin pour la troisieme

espece Ce chapitre rassembles deuxarticlessuivants

u Article 3: « Intraspecificvariation of the venom peptidome of the ant
Odontomachus haematodus
u Article 4: « Venom toxicity and composition in thre€>seudomyrmexant species

having different nesting modes

Les peptides structurés par des ponts disulfaoat des toxinesaractéristiqus des
venins des autres organismes venimeux. Chez les fourmis tres peuptidesea ponts
disulfure sont connsi Une étude biochimiquede grande ampleur portant sur la diversité
structuraledes toxines peptidiques des venins de fourmis aménée et est décritelans le
OKIFLIAGNB oo [ QaédROGENLR dRigdd:sIeptidediads: destvenins
appartenant aux neuf principales sefanilles de fourmis a aiguillon afthe découvrimpuis
de caractériser de nouvelles toxinappartenant a dedgamilles structuralesoriginalesen

recherchanttout particulieranent les peptides structurés par des ponts disulfutes

résultats de ce chapitreont présentésianst afdicles 5:

u Article 5: «The complexity and structural diversity of ant venom peptidomes is

revealed by mass spectrometry profiling
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La recherche de nouvelles molécules possédant des activités intéressantes peut se
faire selon deux approchey dzy & ONBSyAy3d t QI @SdaaAf S &dzN
R QA y:(08 Nibniun guidage bimtionnel qui permet de sélectionner certainesibles
PKI NXYI O2f 23A1jdzSa ol a4SSa adzNJ £ Sa OF Ny OGSNRaGA
du chapitre 2 laissg a penserque les venins de fourmis possedent desurotoxines et
également dedoxinesdéfensivesh Y LI A lj dzSS&a RIya f Qlecam®&4 S RSa
est donc consacréa f QS QI f dd QR @Y A ARASG S LS| pepYide @rifjigadkA |j dzS
(structurés par des ponts disulfurgue nous avonsélectionnés eftcaractérisésdans le
chapite 3 [ Q2062SO0ATFT RS O0OS OKILAGNE SaeétlaRS RS
pharmacologiede ces nouveaux peptidesn particulier sur les canaux ioniques les
récepteurs TRPciblesrécurrentesdes neurotoxineset des nocitoxinesLa découverte de
nouvellesmolécules dotées de propriétés agonistes ou antagonistes pour ces récepteurs
(canaux ioniques, récepteurs TRP) pourrait conduire au développeimemtde molécules
thérapeutiques en lien avecertaines pathologies humaines tellegpie la douleur.Les

résutats de ces études somésumeés dans le chapitre 4 ebnt donné lieua un article en

préparation:

u Article 6 : « Formictoxins: a novel family of disulfiderich, neurotoxic peptides

from ant venon»
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Chapitre 1. Biodiversie
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La diversité des fourmis eshportantex £ S y2YoNB RQS&LI}8 O0Sa RS
décrites dans le monde esR Q Sy A300@ ef beaucoupR Q| dzsispéBesrestent a
découvrir particulierement dansek foréts tropicaleWard, 2007] Ce grand nombre
RQS a L#&nS $yde leur proximité morphologiqueend QA RSY G A FA Ol A2y RSE
fourmis complexe de sorte quecette tachereste réservée aux myrme&ologues averi Les
especes cryptiquesjoutent un problemesupplémentairgBickford et al., 2007¢ui requiert
f Qdzi At Aal (A8 yYompRiBentaiveS deK2 RISLILINE OK S Of I aaAl dzS
morphologie.] QI @8 y S Y &ybtomiR Btégtativequi se base sur la combinaison de
plusieurs approchese(g. morphologie barcode ADN, chimiotaxonon)jgoermet désormais
de pdlier les probléemediés aux especes cryptiqu¢SchlickSteiner et al., 2010]ll a été
nécessaire de développer divessméthodes de taxonomiepermettant de délimiter les
espéceslQ dzii A f AskdchnifjuRs/debiglSgie moléculairdelles que lebarcodingADNa
apportédesoutils simples et efficacgsour identifier lesespécesLa technique du barcaag
moléculaireO2y aAaidS t &Sl dzSy OSN) dpéiraldniSnild géde LI NI A
mitochondrial de la Cytochrom@xydase |) quservira decodebarresspécifigue[Smith et
al., 2005] Dans le contexte actuel di Q S & (i A Y lbiddiversitée® 8evenue une course
contre la montre, le développement de nouvealléechniqgues de taxonomie permet
égalementR QI O O S irapesFiNdedcéhsement des espéceSes derniéres annéesie
multitude dQ I dziiebldBiques a vu le jour En ce qui concerne les fourmis, le caractére
spécifigue desLINE T Wydr@carbB€s cuticuises [SchlickSteiner et al., 2006pu bien

encore la comparaisodes séquences de stridulation chez certagspeces dgonérines

[Ferreiraetal.,200]2 y 0 SU0S dziAf AasSataxebyigus. f S OF RNE RQSH
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1. Taxonomie par spectrométrie de masse

[ ALISOUNRYSONARS RS YlFIraasS Said dzyS (G§SOKyAl
ROARSYGAFTASNI RSa Y2f SOdzZ Sa LI NJ YSadzZNB RS f Sd
ont notamment utiliséla spectrométriede masse MALBIOF pour identifier des especeds
bactéries pathogéneqHsieh et al., 20083t des pollengKrause et al., 2012Cette méthode
de classificatiomeposant sur®@ | y | f &@dffls pép®igues des venirsar spectrométrie
de masse a&galementété utilisée avec succepour identifier diversorganismes venimeux.

Les veims sont des mélanges complexes qui caractérisent les espéces qui les produisent car

ils sonttoujours liés par leur composition peptidique a uegpression directe du génome

t ' NJ SESYLX S t QARSYGATAOFGA2Y Y2 NLKenbugeleh |j dzS R
YSGK2RS RQARSYUGAFAOIGAZY | SO0S LINRBLR2ASSO [
GSYAYy Said OFNIYOGSNRAGAIdZS RS f QS ZEstoubas®t Si O
al., 1997; Escoubas et al., 1999; Escoubas et al., ZD8&ubas et al., 1998b[ette
tecKYAljdzZS§ NBLI2ZAS &dzNJ £ S LINAYOALIS 1jdzS tSa Fya
SELINAYSN) SaaSyidasSttSySyid RSa LISLIWARSaE | SO ¢
composition peptidique va différer entre especes.

Parla suite,cette Y S1 K2 RS Riiomakt® ypplifiued abserpents venimeuen
Y2YONI yi £ QAY(SNE ( -TREnu GIIOEPouUr 13 Bxonomifstoaklia Bt[ 5 L
al,, 2000]/ SLISYRI y i LIS dmiiaQdpamigRrs &té rnebéesSHr Aes serpents en

raison de problemes de taxonomie moins importants que pour les invertébrés.
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(0p))

(i Les peptides des veninsde fourmis f QAy aidl NJ RSa @SyAy,a R a

sont-ils de bons marqueurs taxonomiques afif@A RSY G A FASNI £ S8 RAFFSNBY

2.  Application aux venins de fourmis

[ QF NILN®LEB a5 dzyS YSGK2RS RQF Yyl f & a-BOFIdiksNI & LIS «
venins bruts de fourmijdaquelle pourrait étre utilisé comme un outilde chimiataxonomie.
Chez lesfourmis, la chimiotaxonomie des venins a déja été testée sur les venins
alcaloidiques particulierement sur legyenres Solenopsiet Monomorium Cependant les
venins alcaloidiques ne sont pas majoritaires chez les fournaiguillon La majorité des
venins decesfourmis contiennentun gand nombre de peptides qui pourrant servr de
marqueuss chimiotaxonomique. Ace jour & Sdzf dzy y 2 Y0 NsRorténsyrleés S R QS
peptides des venins de fourmis et utilisant la spectrométrie de masse MKDPlont été
réalisées. De plydrés peu de matrice MALDIlont été testées. Nous avons doneffectué
une étude comparative en testant plusieurs matricaisi quedes additifsk FA Yy RQ2 LJi A Y}
la détection des peptidesCela nous a permis de mettre au point uméthode qui servira
RS o6l &$ LJ2 dzNiatufe @& Bpeptiddriks lds /¢hins de fourmisa seconde
application de cette méthodest sonutilisationLJ2 dzNJ f QA RSY G A FAOlI A2y RS
a aiguillon Nous avons montré une variation presciogale des profils peptidiqusentre les
différentes espécede fourmis alordj dzQdzy S GNBa F2NIS &aAYAfFNRGS
peptidesa été obsevée Néanmoinspour trois especes de fourmisPseudoponeratigma,
Neoponera apicalis et Odontomachus haematodusune variation intraspécifique plus

importante desprofils peptidiquesa été notée entre les échantillonsUne analyse génétique
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menéeen parallelenous a permis de séquencde gene mitochondriatle la cytochrome

oxydase EnO2 YL SYSy G RS  Qdoyf led ééharillors He2c€sKolriis Ij dzS

La congruence @b variations génétigues du COI avec les différeresprofils
peptidiques observées dans les venihNgoponeraapicaliset Pseudoponeratigma nous
permetde conclureque cesS &4 LI O0S&a a2y i RSa O2Yslndndyse RQSAL
plus approfondie par L&IS de deux échantillons de venin d&seudoponerastigma

appartenant aix deux morphes montre quees peu de peptides sont commurgBigure 7).

Les conclusions pour leéchantillons R@dontomachus haematodusont moins
évidentesOF NJ Af yQeé | LI a RS O2y3aNMzSyOS SyiNB fQ
Les variation®bservéeR I y &  0ddatBryashyis hRefatoduivent probablement

étre attribuéest. R Q| dzii N#BIslj d¥FS G (iCR2dyNE2 3 S v A(Boir 2hdpitre 21). 3 S 2 I NI
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Figure 7 Cartographie des peptides pdtCMS des venins des deux morps de Pseudoponera
stigma. Chaque point représente un peptide en fonction de son temps de rétention (min) et de sa
masse /z). Les pointen orange correspondenaux peptides commungntre les deux morphs.
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Article 2

Elucidation of the unexploredbiodiversity of ant venom peptidomes via

MALDFTOF mass spectrometry and its application for chemotaxonomy
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Abstract

The rise of integrative taxonomy, a medfiteria approach used in characterizing species,
fosters the development of new tools facilitating species delimitation. Mass spectrometric
(MS) analysis of venom peptides from venomous animals has previouslydbeemstrated

to be a valid method for identifying species. Here we aimed to develop a rapid
chemotaxonomic tool for identifying ants based on venom peptide mass fingerprinting. The
study focused on the biodiversity of ponerine ants (Hymenoptera: Forngicidanerinae) in
French Guiana. Initial experiments optimized the use of automated rrassisted laser
desorption/ionization timeof-flight mass spectrometry (MALDOF MS) to determine
variations in the mass profiles of ant venoms using several MALDicaesaand additives.
Data were then analyzeda a hierarchical cluster analysis to classify the venoms of 17 ant
species. In addition, phylogenetic relationships were assessed and were highly correlated
with methods using DNA sequencing of the mitochaaldgene cytochromec oxidase
subunit 1. By combining a molecular genetics approach with this chemotaxonomic approach,
we were able to improve the accuracy of the taxonomic findings to reveal cryptic ant species
within species complexes. This chemotaxonoioibl can therefore contribute to more rapid

species identification and more accurate taxonomies.
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Significance

This is the first extensive study concerning the peptide analysis of the venom of both
Pachycondylaand Odontomachusants. We studied the venoms of 17 ant species from
French Guiana that permitted us to fitene the venom analysis of ponerine aniga
MALDITOF mass spectrometry. We explored the peptidomes of crude ant venom and
demonstrated that venom peptides can hesed in the identification of ant species. In
addition, the application of this novel chemotaxonomic method combined with a parallel
genetic approach using COI sequencing permitted us to reveal the presence of cryptic ants
within both the Pachycondyla apatis and Pachycondyla stigmapecies complexes. This
adds a new dimension to the search for means of exploiting the enormous biodiversity of

venomous ants as a source for novel therapeutic drugs or biopesticides.

1. Introduction

Animal venoms are currelyt under intense investigation for their potential as unique
sources of novel therapeutic drugs. The molecular diversity of venoms, particularly peptide
toxins, is linked to a formidable array of targets and pharmacological properties. Several
drugs have lmeady been developed based on the high selectivity and potency of venom
peptides and the irdepth exploration of new venoms will undoubtedly lead to more
discoveriegKing, 2011]

In this context, ant venoms represent an unexplored world of potentially valuable
peptides.Moreover, with~13,000 extant valid taxpAntweb, 2013] among which-9,000 are

stinging species, ants are a hypbverse group accounting for the greatest numbar
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species and ecological richness among social ingeigibdobler and Wilson, 1990As a
complex group of animals where problems of systematics and identification exist, correct
identification of ant specimens is necessdoy reproducibility in the characterization of
venoms. Ants employ venoms for a variety of purposes including the paralysis of prey
species, seltlefense from predators and for communication within color{f@éshmidt, 1982]

Ant venoms are chemically diverse, with peptides, alkaloids or formic acid being the main
molecular classes encountered. They are also often complex cocktails of spe®HT
chemicals that havédeen used as markers for taxonomic purposes. For example, many
alkaloidal components in Myrmicinae ant venoms belonging to the gers8akenopsis
[DeFauw et al., 201dnd Monomorium[Jones et al., 2009; Jones et al., 20B8ye been
identified using gas chromatograptimass spectrometry (GKS) and used as taxonomic
markers to characterize different taxa belonging to closely related spglness et al., 2009;
Jones et al., 2003]Nevertheless, the majority of ant venoms are mainly composed of
proteins and peptidegDavies et al., 2004; Inagaki et al., 2008a; Inagaki et al., 2008Db;
Johnson et al., 2010; Orivel et al., 2001; Pan and Hink, 2000; Piek et al., 1991a; Pluzhnikov et
al., 1994] requiring a different methodological approach to thivestigation.

The advent of modern biological mass spectrometry (MS), using soft ionization
techniques such as matrassisted laser desorption/ionization (MALDS) or electrospray
ionization (ESMS) now permits the true complexity of venom peptidomesbe revealed
and can provide a rapid snapshot of crude venom composition. The MS analysis of venom
peptides and proteins has previously been employed to identify various species of snakes
[Souza et al., 2008; Stocklin, 1997; Stocklin et al., 206fiflers[Escoubas et al., 1997,
Escoubas et al., 1999; Escoubas et al., 2002; Escoubas et al., 1998b; Palaz0£8]aind

scorpions[Dyason et al., 2002; Nascimento et &006] but not cone snaildJones et al.,
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1996a; Krishnamurthy et al., 1998% too much individual variation was obsen&hvis et

al., 2009] Moreover, the peptide mass fingerprinting of venoms represents a simple and
rapid tool for identifying venomous species without biological destruction when the venom
is collected through electricatiswulation [Escoubas et al., 1997]

Chemotaxonomy originated at the end of the"™@entury when secondary plant
metabolites were shown to play a role in plant morphology and evoluffdsbott, 1886,
1887] and was first developed for plant systemati&sby et al., 1980]With the rise of
integrative taxonomy, a mukriteria approach used in characterizing specj8shlick
Steiner et al., 2010]the development of new tools facilitating species identification and
delimitation are needed. Chemotaxonomy can greatly contribute to this apprflaerauw
et al., 2010; Howse and Bradshaw, 1980; Jones et al., 2009; Jones et al., 1988; Vander Meer,
1986] This taxonomic challenge holds true for ants for whicbrphological identification
needs to be finduned to better discriminate specieBalakrishnan and Paterson, 2005;
Bickford et al., 2007]To date, such integrative approaches included DNA barcdieigert
et al.,, 2003; Smith et al., 20Q5%tridulatory patterns[Ferreira et al. 2010] cuticular
hydrocarbon compositiorjSchlickSteiner et al., 2006dnd morphometric analysif~isher
and Smith, 2008]but not venoms. Thus, we aimed to investigate the potential of peptidic
ant venoms as @motaxonomic markers using MAEDDF MS. To this end, we focused on
the optimization of a rapid automated MALDOF MS analysis technique using the
Neotropical ponerine ants of the genem@achycondylaand Odontomachusas models.
Ponerinae are a large andvarse ant sudamily, widespread in tropical habitats, comprising
of ~1100 extant species. These predatory ants are either specialized hunters or generalists
and generally use venom in prey capture. However, their taxonomy, especially that of the

heterogeneous genusPachycondylajs still unclear[Schmidt, 2009] Previous studies of
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ponerine venoms revealed that they are rich in pdpg[Johnson et al., 2010; Orivel et al.,
2001] which makes them suitable models to test the use of MALDF mass spectrometry

in determining ant biodiversity. The combined use of mass spectrometry venom profiling
and a parallel molecular genetics approach, using DNA bamgotin validate the

chemotaxonomic approach, has also revealed the existence of cryptic ant species.

2. Materials and methods

2.1.Ants

Live specimens of worker ants from different species?athycondylaand Odontomachus
were collected from several regisrof French Guiana (Fig. 1). A worker ant specimen from
each colony was also stored in 96% ethanol for later morphological identification according
to the current species classificatigbelabie JHC et al., 2008}nts were stored at20°C

prior to the dissection of the venom glands. Between three and 30 venom glands from
worker ants from each colony were dissected and pooled in 10% acetoiiAdal) water

(v/v). To determine intraspecific variations, single venom glands were collected from
individual ants belonging to the same colony. Samples were centrifuged for 5 min at 14,400
rom (12,000g.,), the supernatant collected and lyophilized pritor storage atc20°C.
Following the dissection of the venom glands, all remaining ant tissues were preserved in

96% v/v % ethanol for subsequent mDNA barcoding analysis.
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Fig. 1cAnt species collection sites in French Guiana. (A) Map showing the locations of the 17
ponerine ant species collected for the present study. (B) Profile viewPRafchycondyla stigma
showing the stinger. Photo by April Nobile. Available from:
http:// www.antweb.org//specimenimages.do?name=casent0178180. Accessed 23 July 2013.
2.2Mass spectrometry (MS)

MS analyses were performed on a VoyagerHd& MALDITOF mass spectrometer (Applied
BiosystemsForster CityCA, USA). In the initial experiments, several MALDI matrices were
evaluated for optimum crystallization and ionization. All matrices tested were dissolved in
Gl 0SNKk! / bk GNATFEd2NRIF OSGAO OAR o6¢C! 0 RAfdSSY
cyana4-hydroxycinnamic acid (CHCA) that was used at 5 mg/ml. The MALDI matrices and
diluent ratios were: CHCBO0/50/0.1; 2,4,6trihydroxyacetophenone monohydrate (THAP)
50/50/0.1; caffeic acid (CA) 60/40/0.1, sinapinic acid (SA) 80/20ferLlic acid (FA)
80/20/0.1; 2,5dihydroxybenzoic acidDHB) 80/20/0.1, and-methoxysalicylic acigsDHB)

80/20/0.1.In order to minimize the influence of salt, ion adducts and improve the quality of
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the spectra, 10mM ammonium phosphat¢Delvolve and Woods, 2009y 100mM serine
[Nishikaze and Takayama, 20Qvére tested as additives to the various MALDI matrices.
Before MS analysis, the ant venom peptides were desalted using ZipTip® C18 (Millipore)
pipette tips. Then, 0.5 pl of the desalted sample was deposited on the Maidet plate, to

which 0.5ul of the matrix was addedEach spectrum was calibrated externally using a
mixture of peptides of known molecular masses in the samerange (Peptide calibration

Mix 4; LaserBio Labs; Sop#atipolis, France). External calibration was performed by
depositing 0.5 pl of the calibration mixture adjacent to each sample along with 0.5the of
matrix. The spectra for all venoms were acqdirith the following parameter settings:
acceleration voltage, 20 kV; 50 shots per spectrum. Spectra were acquired in linear or
reflector mode and calibrated automatically using the sequence module of the Voyager®
control software (Applied BiosystemBorger City, CA,USA). Five spectra of 50 laser shots
each were accumulated based on adequate signal intensity in the desifedange and
acceptance parameters. The initial mass spectra were collected over the rang&05000
m/zin positive ion mode. Sigs below 500n/z were masked by matrirelated ion clusters

[Escoubas et al., 20Q06]

2.3 Specta analysis

Data Explorer® v4.11 software (AB SCIEX) was used to ahalgpectra.The pectra were
subjected to baseline correction with a correlation factor of 0.7 and Gaussian smoothing to
reduce noise with a-point filter width. All mass attributios were verified manually and a
mass list created for each MALDOF MS run. Potential sodium and potassium adducts were
manually removed from all mass lists. The percentage of similarity between venoms from

different species was determined by matching messshat differed by no more than + 1.0
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Da. Following the methodology recently used in the identification of pdkeause et al.,

2012] and humanpathogenic bacterigHsieh et al., 2008]we performed a hierarchical

cluster analysis (HCA) of the presence or absence of every distinct mass collected from all

ant venom samples. Faehe |l / ! = 9dzO0ft ARSFY RAalGlIyOS YSI adzNB3
used and analyses performed with Orange 2.7.1vgarfé (Bioinformatics Laboratory, Faculty

of Computer & Information Science, University of Ljubljana, Sloven&)S Y Ol NEXhe H nnn 6
HCA analysis was performed on mass data and did not take into account the abundance of

the massesas peak intensities varied due to the heterogeneityhefMALDITOF ionization.

2.4Molecular genetic analysis

W5p! oOoFNO2RAYIQ A& | (GSOKyAljdzS dzaSR Ay &LISO
fragment (650 bp) of the mitochondrial DNA (mDNA) geaf cytochromec oxidase 1 (CO1).

This technique is an efficient method for identifying species and has recently been used
successfully in solving taxonomic issues, as well as greatly contributing to assessing
biodiversity[Hebert et al., 2003]We used this approach for all ant samples in the present

study to confirm the validity of the MBased chemotaxonomic method developed for ant
identification. DNA was extracted fronthe tissue of representative worker ants usiig
NucleoSpin® kit 96 Tissk#t (MachereyNalgel; Dueren, Germany) in 9&ll plates as

described inthe user manual. Mitochondrial DNA (mDNA) variation was assessed by
amplifying a~650 bp fragment of theCOlgene[Derocles et al., 2012; Hebert et al., 2003]

using a cocktail of primers (Table 1) as described in Folmer gadiner et al., 1994and

modified as described in Meusnier et fMeusnier et al., 2008]We attached universal M13

Ct -TBTAAAACGACGGCGAGY T2NB I NR YR NBJSNERSQp Ol Af BDI

our forward and reverse primersespectively, to facilitate the high throughput sequencing
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process. These tails did not decrease the PCR success. The primers were synthesized by
Eurogentec. Each PCR reaction was carried out in a volume |gfi8% BieRad thermal

cycler (Hercules, CAS4) using the following thermal cycler profilenih at 94°C followed

by five cycles (36 at 94°C / 48 and 45°C / tnin at 72°C) and a further 35 cycles €38t

94°C / 40s and 51°C / Inin at 72°C) finishing with 1@in at 72°C. The amplified PCR
products were sequenced by GATC Biotech (Konstanz, Germany) usimgppdied
Biosystems ABI 3730XL sequencer (Forster City, CA, USA). DNA sequences were aligned and
phylogenetic trees inferred using Geneious software (Biomatters Ltd, Auckland, New
Zealand) irplementing the Neighbedoining (NJ) algorithm for tree reconstruction. Genetic
distances were calculated using a TamNe (TN93) moddTamura and Nei, 1993Jukes

Cantor (JC69) andasegaw&ishineYano HKY85) models were also applied, but produced
similar results. The robustness of the trees was tested using 1,000 bootstrap replications
with a 50% consensus support thresholle followed the procedure developed by Mallet
[Mallet, 1995]in consideringthe sympatric existence of separate genotypic clades as an
indication of full species status and we employedB% sequence divergence threshold
typically used in DNA barcoding studiesacknowledgedistinct genetic clades as different

valid specie$Song et al., 2008]

Table I List of primers used in this study.

Name Sequencep o Q

1-LCO1490puc_t1 F: TGTAAAACGACGGCCAGTAACWAATCATAAAGATATTGC
2-LCO1490Hem1_t1 FE TGTAAAACGACGGCICAG CAACTAAYCATAARGATATYGC
3-HCO2198puc_t1 R: CAGGAAACAGCTATGABGTATCWGGRTGWCCAAARAAT!
4-HCO2198Hem2_t1 R: CAGGAAACAGCTATGABTATCAGGATGACCAAAAAAYC
5-HCO2198Hem1 t1 R:CAGGAAACAGCTATGABTATCDGGATGBCCAAARAATC
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3. Results

3.1O0ptimization ofthe MALDI matrix and additives for ponerine ant venoms

Sample preparation can greatly influence the qualitytted MALDI ionization of peptides
particularly when analyzing a complex mixture of peptides in venoms. CHCA and DHB are
two of the most commonly used MALDI matrices for peptide mass fingerprint analysis using
MALDITOF MS. Yet, the two studies previously comeldion ant venoms both used DHB
matrix for MALDITOF MS analydi®rivel et al., 2001; Pan and Hink, 2Q0Dherefore, based

on four venoms from thredPachycondylaspecies (i.e.P. laevigata P. goeldiiand two
samples taken froniP. verenag we tested seven matrices to determine whislould best

permit us to most easily detect peptides. The use of CHCA, SA and FA permits the detection
of a greater number of peptides than other matrices, with 52 + 37, 58 + 44 and 46 + 12
peptides (mean = S.D.), respectively (Fig. 2). We also notedhbkatA matrix produced

mass profiles with markedly higher intensities (Fig. 2). DHB and sDHB detected mainly small
peptides with masses below 1,5D@. The remaining matrices CA and THAP detected only an
average of 20 = 6 and 29 + 7 peptides (mean + 3d3pectively. As we wished to develop a
technique that would enable the acquisition of MALIDDF MS spectra in automated mode,

the homogeneity of matrix crystallization leading to faster data acquisition, and more
homogeneous spectra, was an important factto consider. Homogeneous matrix
crystallization leads to more even peptide distribution, therefore avoiding the need to hunt
for a "hot spot" where signal intensity is higher. In turn, this minimizes the acquisition time
as informative spectra can rapydbe acquired from any position on the sample spot.

Therefore, SA was not used further due to the heterogeneity of crystallizfitemaire et
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al., 2006] so that we selected CHCA and FA for the remainder of this study and carried out

all further data acquisitions in automated mode.

20000- -
FA
‘g 15000+ —O—
o
‘9’ DHB SA
<, 100004 1
=
7)) X :[ 1
c | 1
Q I %H
]
£ 5000-
CHCA
CA FI" sDHB
0- THAP
0 20 ' 40 ) 60 ' 80
Number of Peptides

Fig. 2 ¢ Performance of seven different matrices in the detection of peptides from
Pachycondylaant venoms. Symbols represent the average number of peptides detected
(abscissa) and average signal intensity (ordinate) from the venoms of f@achycondyla
spp. Data represent the mean + SEN= 4).

It is also known that ions generated blye MALDI ionization of peptides are often
contaminated by trace amounts of metals resulting in additional adduct peaks in mass
spectra. This leads to spectra that are more complex while lowering signal intensity for each
peptide. This arises because adr@geneous population of ions is formed for each peptide
according to the number of adducts. Previous studies have demonstrated that the use of
matrix additives such as ammonium phosphate or serine can greatly reduce or eliminate
alkali metal adductdNishikaze and Takayama, 2007; Smirnov et al., 20€gl}lting in
substantially increased MALDI MS sensitivity and an improvement in mass accuracy and

signatto-noiseratio. The addition of ammonium phosphate to the CHCA matrix improved

the quality of the MS signals by reducing sodium and potassium adducts (Fig. 3A,B), while
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the addition of serine to the FA matrix improved the intensity of low mass ions (Fig. 3F). We
therefore chose a combination of CHCA/ammonium phosphate or FA/serine for the
remainder of this study. However, only the results obtained using the CHCA/ammonium

phosphate matrix are shown as similar results were obtained with FA/serine.
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Fig. 3¢ MALDITOF mass spectra &f. verenaevenom showing the effect of ammonium
phosphate and serine additives on FA and CHCA MALDI matrix performance. (A) CHCA, (B)
CHCA with 1M ammonium phosphate, (C) CHCA with 18M serine, (D) FA, (E) FA with
10mM ammonium phosphate and (F) FA with 16@M serine. (AC) Note the reduction in

alkali metal adducts with ammonium phosphate. (B) Note the increase in the intensity of

low mass ions with serine.
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3.2Intra-species variation in ponerine ant venom mass plesi

¢tKS AYRAQGARdIzZrt @Sy2Y LINRFTAESE 2F wmn lydgaz f1
P. goeldiiwere compared with a pooled venom sample of eight ant glands from individuals

from the same colony. Although some peptides detected within the pooled sample were not

in certain individual samples, these variations were minor as the individual profiles
preSYiSR 0SG6SSy ctom: o6Fyd W9QU FYR yyiz ol y(
4A). As previously reported for spider venofascoubas et al., 2002; Escoubas et al., 1998b]
guantitative variations in peak intensity (abundance) between individual spectra were more
obvious (Fig. 5). Indeed, venom samples from individuayoeldiiants C, D, E, G and J

showed only two or three major peaks with othpeptides producing only ions of minor

intensity. In contrast, venom from. goeldiants A, B, F, H and | showed 20 major ions while

the pooled sample had an intermediate profile. It thus appears that the MACOM analysis

of pooled venom samples creatashomogenizing effect that is more representative of the

overall mass profile of a given colony.



T Chapitre 1Biodiversité

1204

100+ (&)

(1) 1 )

(1) (1) 1)
1) (1)
@ o)

[=:]
[=]
1

Intraspecific venom variation >
(% Similarity)
[=}]
(=]

20+
0-
PooledA B C D E F G H I J
Pachycondyla goeldii
120
s .
s (2) (2) ) o)
GEJ’ 1004 (6) (5) (3 -
iC = (7 3)
uma:': 80+ — ﬁ (32) 4)
-, o sl
= ug) 60+
28w
2 .
©
— 20-
g
o
© 0- e I
6“ (;a \)a ,aer @ \-' (z; > (“I (‘_,
.0-0"* LR O \\0 W @
& & {(“’e.‘e"q‘@ M
é’p 6‘@‘ & 4 ?(O o "‘\
Pachycondyla spp-

Fig. 4¢ Intra- and interspecific variation inPachycondylaspp. venoms.(A) Intraspecific
BENARIFGA2Y F2N) mn AYRAGDARdIzZ £ @O®@dsvsa ddolotJ Sa o
GSYy2Y FTNRBY SA3IKG lyda owWt22f SRQP. godldii B] O2f d:
Correlation of Pachycondylaant venom mass profiles with theirrespective mass

fingerprint (see Tables 2 and 3). FBr apicalisand P. stigma mass fingerprints for Morph

1 (see Table 3) were utilized in the calculation. Data represent the mean + SEM. Values
above each column represent the number of replicates.(



T Chapitre 1Biodiversité

Intensity (counts) Intensity (counts)

Intensity (counts)

5000+

4000+

3000+

2000+

1000+

5000+

4000+

3000+

20004

1000+

Cc

10000+

8000+

6000+

4000+

2000+

P. goeldii (Pooled) 2500

[M+H]"
25765 e
2599,
0
2565 2590 2615
L] L] L] T T L]
1000 1500 2000 2500 3000 3500
Mass (m/z)
P. goeldii Individual 'E' 250 +
[M+H]* [;sl');g]
2577.3 :
0
2565 2590 2615
N MJ i
T T T T T 1
1000 1500 2000 2500 3000 3500
Mass (m/z)
P. goeldii Individual 'I' 5000 * [M+H]*
[M+H] 2599.
2576.6
0
2565 2590 2615
L H J Ll ) il
1000 1500 2000 2500 3000 3500
Mass (m/z)

Fig. 5¢ MALDITOF mass spectrhighlighting variation inP. goeldiivenom peptide ion

intensity in ants from the same colony. Panels shdle mass spectra of (A) pooled venom
FTNRY SA3IKI
highlight the variation in the two representative masses.

Fydas 6.0

AYRAOARAZ ¢

I i BYERBY A



BN 1 Chapitre 1Biodiversité

3.3 Peptide mass distribution in ponerine ant venoms

Using CHCA and FA MALDI matrices, we analyzed 147 crude venom samples from 17
Pachycondylaand Odontomachusspecies (Fig. 6). In both genera, the mass range of
detected peptides remains quite narrow. Between 73% and 90% of all peptides detected
were found in the mass range of 10BDO0 Da for Pachycondylausing FA and
Odontomachususing CHCA, respectively. Thegsults differ from those noted for other
venomous animals including spiders, snakes and scorpions where masses >5 kDa are
commonly observedEscoubas et al., 2006; Kini and Doley, 2010; Palagi et al., 2013;
Rodriguez de la Vega et al., 20ll@Hdeed, there were no peptides with a mass beyond 5000

Da inOdontomachusspp. venoms, and very few ipachycondylapp. venoms; one using
CHCA (5742.3 Da; 0.24%) and fasing FA (5354.0, 5484.9, 5742.1, 6773.2 and 6896.1 Da;
0.97%; Fig. 6). Consequently, for the remainder of the study, we limited our analysis to a

mass range of 5@®000Da.
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Fig. 6¢ Boxand-whisker plot of the peptide mass distribution for twg@enera of ponerine
ant venoms. Data show all peptide masses from P2achycondyla(Pachy) spp. venoms
and five Odontomachus(Odonta.) spp. venoms determined using both CHCA and FA
matrices. The bottom and top of each grey box represents the first and thguhrtiles,
respectively, while the bar and plus sign inside each box representsitigglian and mean
masses, respectively. The ends of the whiskers represent tigb5ercentile range while
the filled circles represent masses outside the@ percentile range. Note: >99% of all
masses are between 0 kDa.

3.4Ponerine ant venom mass fingerprinting

We then developed a manual identification method based on the peptide mass
fingerprinting of crude venoms belonging to 12 species from the gBagkycondyldi.e.,P.
apicalis, P. arhuaca, P. commutata, P. constri€tagrassinoda, P. goeldii, P. inversa
marginata, P. procidua, P. stigma, P. verenard P. villosy The most frequent and
abundant peaks detected in the MAEDDF mass spectra of venom samples from each
species were used to construct a unique mass fingerprint for each species (Tablee?2).
lowest average similarity was found for the venom sampld3.atigmaand P. inversavith a

70.5 = 2.7% (mean £ SkE= 32) and 65.4 £ 5.0% € 7) similarity, respectively (Fig. 4).
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Venom samples from the species compRxapicalisdisplayed an 80@. + 20.0% 1 = 5)
similarity. However, the high standard error is due to a mismatch betweeapicalis3
venom and the other fouP. apicalisvenom mass fingerprints (see Table 3). Indeed, when
comparing only these latter four samples, the similarity ret 100 =+ 0%. As a
consequence, the overall high similarity of each venom with its corresponding unique
peptide mass fingerprint indicates that the MAEDDF MS approach can readily identify an
ant species based on its venom mass profile, and even pravsiights into the existence of

cryptic species.

Table 2. Specific mass fingerprints of the most common masses in the venoms d¢faapiitondylapecies

showing unique peptide masses. Mass (x 0.1 Da) was measured using-MMEDMS with CHCA
ammonium phosphate matrixGray shaded masses are common to multiple venoms
Pachycondylapp. Peptide Massigerprint (Da)

arhuaca commutata constricta crassinoda goeldii inversa marginata procidua verenae Vvillosa
(h=7) (h=3 (n=19 (h=2) (=6 (h=49 (=2 (h=9 @m=3) (=3
1466.8 1850.1 1939.1 963.7 869.5 1533.8 2055.2 778.4 1474.6 1533.8
1556.9 1864.2 2096.1 1117.7 1104.7 2043.3 2175.8 1198.8 1998.3 2043.3
1606.8 2130.2 2247.2 1133.7 1106.7 2590.8 2192.1 1328.7 2023.4 2599.5
2146.1 2463.2 2645.6 1975.3 1128.4 2604.7 2742.6 1485.7 2052.9 3476.5
2706.5 2479.3 2694.4 2001.0 1130.7 27249 3305.5 1864.9 2069.3 4299.0
3694.0 2726.4 2714.4 2017.3 1144.7 2727.7 3860.1 1888.6 2186.4

4212.3 3260.5 2722.5 2059.1 1246.7 27479 3875.6 1905.0 2210.2

3350.5 2752.5 2075.3 1272.4 2925.8 2543.1 2236.1
3367.7 2834.4 2834.6 1288.7 3194.9 2559.4 22524
3064.6 2850.9 1435.7 3205.9 2920.8 2599.8
4049.1 3347.0 1557.8 3333.0 3000.4 2986.7
1832.0 3339.0 3703.4
1874.0 4662.2 3820.5

2029.3

3161.7

We further validated the potential of the technique by confirming the identification of
several specimens of ants that were not previously identified based on morphological

analysis. The comparison of the venom profilePofconstrictaand P. arhuacatwo species
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that are difficult to distinguish morphologically, revealed the presence of homologous
peptides inP. constrictathat were absent fromP. arhuacavenom (Fig. 7). Therefore, the
MALDIMS approach was able to clearly identify the correct species swoige the
problematic morphologypased identification. The venom profiles Bf arhuacaand P.
constricta are sufficiently dissimilar so that any possible ambiguity in morphological

characters is completely resolved by the biochemical approach.

50007 pachycondyla sp. A
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3000 1939.3 2247.3
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1000 | ] :
0 . . ! el AL
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7500 275 25TEN:
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Fig.7. ¢ Use of MALDITOF MS to identify ants based on tmeass fingerprinting of venom.
The Pachycondyla species in panel A was an unknown species that was not
morphologically identified. (AC) Comparison of its venom (A) with the venom mass profile
of (B) P. constricta and (C)P. arhuacavenoms revealed that it contained a number of
homologous peptides consistent with that oP. constrictathat were absent fromP.
arhuacavenom, particularly those masses highlighted in the shaded area.
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Table 3. Specific ma fingerprints of venoms from t
Pachycondylaspecies complexes showing unique peptide mas
Mass (x 0.1 Da) was measured using the CHCA + amm(

phosphate matrixWorph 1 comprise®. stigmal¢25 while Morph
2 comprised. stigma26¢32. "Morph 1 comprise®. apicalidl, 2, 4
and 5 while Morph 2 compriseB. apicalis3. Gray shaded mass¢
for P. stigmaare common to the two morphs.

Peptide Mass Fingerprint (Da)

"P. apicalis P. apicalis "P. stigma P. stigma
Morph 1 Morph 2 Morph 1 Morph 2
1307.6 1065.6 1065.6
1572.9 1081.7
1615.8 1087.6 1087.6
1630.9 1210.6 1210.6
1646.8 1274.4 1274.4
1671.8 1364.6 1364.6
1687.9 1382.7 1382.7
1701.9 3001.2
1816.9 3017.6
2043.2 3047.4
2065.2 3063.5
2450.6 3096.3
2696.7 3112.4
2747.4 3225.5 3225.5
2894.3
2910.5
3166.4
3930.0

3.5Automated ponerine ant venom identification by hierarchical cluster analysis

We extended our study to additional ponerine species using an automated venom
classification method and a HCA based on the presence/absence of peptides in each venom
sample. The study involved 147 venom samples from the ge@@Eantomachusand
PachycondylaMorphological identifications allowed 17 distinct species to be differentiated.

These consisted of five species@flontomachugi.e., O. biumbonatusO. haematodusO.
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hastatus O. mayj and O. scalptus and 12 species dPachycondyldi.e., P. apicalis, P.
arhuaca, P. commutata, P. constricR,crassinoda, P. goeldii, P. inversa, P. marginata, P.
procidua, P. stigma, P. verenasdP. villosa (Fig. 8)

| P.villosa
| P.inversa

| P.crassinoda

| P.commutata
| P.marginata

SSverenas P.apicalis
] .verenae

O.biumbonatus

P.arhuaca

| P.procidua
| P. apicalis

O.scalptus

O.mayi

O.hastatus

AToe

P.goeldii

O. haematodus

P.constricta

P. stigma

Hﬁmﬁﬁ%ﬁﬁ%ﬁm#

42.42 31.82 21.21 10.61
L | | |

Distance

o
o
3

Fig. 8 ¢ Hierarchical cluster analysis of the venom peptide masses belonging to the
ponerine ant generaddontomachugqO. spp) andPachycondylgP. spp). The black bars in
front of each dendrogram indicatéhe morphological identification of each sample.
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Venom samples from the same species displayed high homology and the samples were
clustered based on morphological identification. Even the closely refspediesP. villosa
and P. inversadespite sharing some common masses, were separated in the HGAianal
We noted just a single outlier in Fig. 8, with one venom sankl@picalis3 (already noted
in section 3.4), which was not grouped within the cluster constituted by the dheapicalis
venom samples. It likely represents a distiRctapicalignorph.

Some clusters displayed greater distances between venoms belonging to the same
morphological species and could be divided into-slisters, highlighting potential cryptic
species. This was the case for clusters corresponding?.testigma (Fig. 9B) aah O.
haematodus(Fig. 10B). This is consistent with the hypothesis fhastigmais a species
complex widespread in Neotropical regions comprising cryptic spd€ieseia, 2010;
Wetterer, 2012]and would indicate thatO. haematodusmay also represent a species
complex. This shows that some species cannot be identified through morphological methods

alone and that the venorbased approach reveals hidden biodiversity.

3.6 Correlation with genetic analysis
Our biochemical approach was validated since the HCA clusters were perfectly correlated
with the clades determined through genetic analysis using the mDNA gene cytoclirome
oxidase subunit 1 (CO1). Moreover, we foundidigtgenotypic lineages iR. apicali@and P.
stigma identified through morphological approaches (Fig. 9A and 12A), whil®.in
haematodughe two clades were only marginally distinct (Fig. 10A).

Further examination of mass spectra showed that Fheapicéis 3 venom was markedly
different from those of otherP. apicaliqFig. 11). Consistent with that observation, the NJ

phylogenetic tree analysis showed that the genetic distances betweeapicali88 and other
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P. apicalissamples accounted for 12.780.1% ( = 5; Fig. 12), consistent with the mass
spectra differences illustrated in Fig. 11 and Table 2. These results are strongly suggestive
that P. apicalishould be spliinto two morphs; Morph 1 containing. apicalidl, 2, 4 and 5

and Morph 2 containigP. apicalis3.

Similar findings were observed for thi®e stigmaspecies complex. The two major sub
clusters displayed in thB. stigmaHCA clusters from the mass spectra matched with the NJ
phylogenetic tree from the mDNA CO1 analysis (Fig. 9) in whiehgénetic distance
between clades is about 14.421.04% § = 32), allowing them to be separated into two
distinct morphs. Although displaying high similarity, a comparison of the mass spectra from
the venom ofP. stigmaMorph 1 . stigmal¢25) withP. sigma Morph 2 . stigma26¢32)
showed mass differences enabling us to assign characteristic masses to each morph (Table
2).

The NJ phylogenetic tree inferred from the mDNA CO1 analysis d@.tl@ematodus
complex displayed two distinct clades geneticalistant by just 3.66: 0.32% 1f = 24; Fig.
10A). The second clade comprissaimplesO. haematodus9, 10, and 11, all collected from
the same location (Chutes Voltaire). However, the separation of clades is poor and not
reflected in the venom peptide mass variations in the HCA dendrograr®.ftiaematodus

(Fig. 10B). This likely reflects intraspeaiiciation rather than morph separation.
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Fig. 9¢ Neighborjoining phylogenetic tree of the mDNA CO1 gene (&rsusthe HCA
dendrogram of venoms (B) for th&. stigmasamples. The tree is rooted using the.
goeldii sequence as an outgroup.
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Fig. 11¢ Alignment of MALDITOF mass spectra from &. apicalisvenoms. Note that the
mass profile ofP. apicalis3 venom (shaded spectra E) is totally different to remainiRg
apicalisvenoms 1, 2, 4 and 5 (B).
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Fig. 12, Neighborjoining phylogenetic trees comparing the mitochondrial DNA CO1
sequence (Alversusthe HCA dendrogram of venom peptides (B) Bf apicalis species
complex samples. Numbers in (A) represent bootstrap valu€le tree is rooted using the
P. goeldiisequence as an outgroup.

4. Discussion

4.1 Ant venom MS analysis

Initial experiments optimized the matrices for the detection of ant venom peptides by
MALDITOF MS analysis leading us to select two mailditive combinations: CHCA
ammonium phosphate and Fgerine. Therefore, in order to obtain optimum MS signals, ant
venom peptides appear to require additional sample preparation techniques that differ from
standard methods. While CHCA is one of the most commonly employed matrices in-MALDI
TOF MS analysis, the addition of ammonium phosphate to suppress alkali metatsaddu
uncommon. Furthermore, FA is rarely used in MALOF MS analysis and its association

with serine has not previously been reported. This latter meddxlitive combination is
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unique and permitted the acquisition of high intensity spectra even forute samples such

as individual ant venom samples. Both combinations therefore made the acquisition of high
quality spectra possible in the automated mode. Using these matiditive combinations,

it was determined that >99% of the peptides in ponering @anoms are in a mass range
below 5000 Da, which is the mass range reported to be ideal for both of these matrices

[Gusev et al., 1995; Szeadt, 1998]

4.2 The chemotaxonomic approach

Most of the ~9,000 extant stinging ant species are thought to contain large numbers of
peptides in their venoms. Given that venom pepdare speciespecific gene products,
they provide a useful tool for determining the genetic relationship between specimens. In
the present study, we optimized the chemotaxonomic method to identify ants based on
their venom peptide profiles. Some minor ajitlative and quantitative venom variations
were revealed betweef®. goeldiindividuals from the same colony, possibly due to factors
such as age and caste. Indeed the role of the worker caste may change ovéFraseecau,
1994] and the composition of their venom may vabgtween ants of the same colony.
Nevertheless, by pooling venom from at least three workers from each colony, we were able
to correctly identify ants based on their venom sample profile. We have shown that MALDI
TOF mass profiles of venoms displayed sefiiocqualitative differences between species and
enough intraspecific similarity to permit taxonomic discrimination even in closely related
species. This chemotaxonomic tool therefore adds a new dimension to biocheianchl
geneticsbased ant taxonomic nikods. The automated MALDIOF MS and HCA analysis of
venom peptides provides a taxonomic tool that permits the rapid analysis of a large humber

of samples. While this method has previously been used for the identification of other
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venomous specie$Escoubas et al., 1997; Escoubas et al., 1999; Escoubas et al., 2002;
Escoubas et al., 1998b; Nascimento et al., 2006; Souza et al., 2008; Stocklin, 1997; Stocklin et
al., 2000] it has never before beetested for any venomous social hymenopteran. Ants
belong to the order Hymenoptera, which also includes social wasps and bees, that forms the
most speciose venomous taxonomic group witt20,000 venomous specig¢gan Emden,

2013] Therefore, MALBTOF MS venom profiling can be envisioned as a general
chemotaxonomic method for hymenopteran classification and coudd dxtended to
thousands of other hymenopteran species because their venoms are mostly composed of
proteins and peptidefArgiolas and Pisano, 1985; Bapti§aidemberg et al., 2011; de Souza

et al., 2004; Vincent et al., 2010; Yamamoto et al., 2007]

4.3Cryptic species

Cryptic species are a major problem in ant taxondBigkford et al., 2007]The taxonomic
challenge posed by cryptic species underlines the importance of using multiple criteria in
delimiting species as the valiilan of a new species requires additional evidence beyond
genetic or morphological data only. The use of venom peptide mass profiles therefore
provides a powerful systematics tool for solving the complex and challenging task of
delimiting ant species. ThHeiochemical approach developed in this study, in parallel with a
genetic analysis, permitted us to reveal cryptic ponerine species and to discover undetected
ant diversity. This was the case for bd®h apicalisand P. stigmaas this study provides
evidene of two valid taxa belonging to the. apicalisspecies complex and also two valid
taxa within theP. stigmaspecies complex present in French Guiana. Venom peptide mass
profiles therefore provide a new and rapid tool for separating morphs among a species

complex.
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However, in some cases, this tool does not provide enough evidence to separate taxa
within species complexes. This was the case Gorhaematoduswvhere the divergence
between clades within the phylogenetic tree was marginally higher than thehBéshold
commonly used for delimiting species in genetic DNA barcostidjes[Song et al., 2008]

This geneticvariation is too weak to anclude that a separation exists, particularly
concerning differences in the composition of venorfike observed differences in the mass
spectrometry data may thus reflect local environmental factors that subtly influence the
expression and levels of pegés in intraspecific analyses of species complepgeskar et al.,
2012]

In conclusion, the large number of studies assessing the current level of biodiversity on
Earth attests to the increasing concern over the rapid loss of that biodiversity. This effort
requires additional tools to improve the accuracy of taxonomic ideatifim to complete an
inventory of all ant species. As ants constitute a hyperdiverse taxonomic group, they are
often difficult to identify through standard morphological means. In the present study, the
determination of mitochondrial DNA variation in COdpgorted the observed venom
peptide mass differences, validating our contention that venom peptides are a useful
chemotaxonomic tool in delimiting ant species. We have developed a powerful tool for use
in ant taxonomy that can reveal true ant biodiversgyen among closely related species
such as cryptic ant species. This is also important if we are to exploit the enormous
biodiversity of ant and other hymenopteran venoms as sources for novel drugs or
biopesticides. Such a chemotaxonomic approach also ®pgesrspectives on the use of
venoms to investigate the phylogenetic relationships between species. Using peptide and

protein sequencing a thorough understanding of the origin and evolution of ant venom
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toxins is possible, as previously employed for snakemns[Fry and Wuster, 2004; Juarez et

al., 2008]
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Les venins sont des cocktails toxines et leur composition varfertement entre les
différentes especesmémesi elles sonphylogénétiquement trés proche&n plus de cette
diversité interspécifiqueil a été observéles variations intraspécifiques de la composition
des veninschez de nombreux organismes venimdeis que les serpents, les cones, les
scorpbns ou les mygale<Ces variations intraspécifiques sont généralement liées au sexe
[Escoubas et al., 1997; Herzig and Hodgson, 2009; Herzig2&Qd;,Herzig et al., 2008} la
géographie[Duda et al., 2009; Nufiez et al., 2009; Shashimarthy et al., 2002] ou

Sy 02 NB t [EstoBbAsierall, 2§02; Suércio et al., 2006]

La duplication des geénesuivie de la nécofonctionalisation sont les principaux
processugvolutifs généralement évoqués pour expliqulerdiversificationrapidedes venins
OY2NRAO YR Ddzo Sy 0S| I HAINsi 3 nodveayxdgénksydRpliquéS t 2 @<
vont accumuler les mutations génétiques non délétéres permettant la genése de nouvelles
toxines et de nouvelles fonctions lesquelles seront sounesessiitea la sélection naturelle
et a la dérive gérnégue. La sélection naturelle va dohcdz FdzNJ SG t Y S&adzNB |
STtAYAYSNI £Sa (2EAySa £Sa&a Y22Aaya STFAOI OSa Si

besoins des espéces venimeufeasewell et al., 2013; Fry et al., 2008]

Les fourmis sont des organismes donmitsade la planétet ellesont colonisépresque
tous lesmilieuxterrestres. Ellesnontrent ainsi une formidableliversité écologiqué¢Lach et
al., 2010; Wilson, 1990]l y a peu de doute que cette diversité écologiqua la sélection

positive a joué un réle important dans la diversification et la sélection des toxines.

u Chez les fourmis quels sont les facteugsologiquesqui ont joué un réle dans la

diversification des venins au niveau intra et interspécifig@e
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Dans céte partie du projet nous avons étudiées différences de composition et de
toxicité des venins de fourmis en fonction de plusieurs aspemtologiqus, leur
polyéthisme,et le réle offensifou défensifdu venin Dans un premier tempsious nous
sommesintéressé aux variations intraspécifiquds): NJ dé @k Salicdmposition peptidique
du venin de la fourmiOdontomachus haematoduen relation avec lepolyéthisne (la
division des taches dans la coloniéa deuxiéme partie de ctavail a porté surles
difféerences decomposition ettoxicité des venins en relation avec légime alimentairedes
F2dNX¥Aaz OSNIFAYySa SaLklsoSa Salyd RSaLalNBRIE G
derniére partieaO2 Y A A a0 S  Sdifférénces dedabtripositod des venins en fonction
du réle offensif ouURSFSYAA T Sy LINBY I y i trol 2P dugedrRs £ S R

Pseudomyrmex

1.  Venin et polyéthisme

Le succes écologigéelatantdes fourmis esen grande partie attribuablé leur mode
de vie eusocial [Holldobler and Wilson, 1990]Les colonies de fourmis sont des
superorganismeg;'esta-dire desunités composés de plusieurs individudans lesquelleta
division du travail est hautement spécialisée (polyéthisfiiéjson and Sober, 1989Cette
vie en sociétées hyménopteéres sociawestf Qdzy S RSa RA Fau&heBwiresSa Y 2
animaux venimeuxyénéralementétudiés (serpents, araignées, scorpi@iscones) etelle
pourrait avoir influencé la composition des venigs effet le rdlades fourmischange entre
f SA& AYRAQDARdIzA ReDdnyf@hctionsdYcBrol)® Qazf A SA &l peuz y Rdz
change. Chez les fourmis la division du travail peut étre assaiec la morphologie et

étre par conséquentcorrélée avecla taille des ouvriéres, connue sous le nom de
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polymorphisme de castdOster and Wilson, 1978] v dzl YR A y Qe | LJ

morphologique, la division du travgieut étre associée avec une caste templaedu un

Pl
(@p))
QX

IANRdzZLIS RQAYRAQGARIzA Said &slsip OAISIxt EGOIGRHisHhé

temporel[Fresneau, 1994; Fresneau et al., 1982]

U Estce que la composition des venins varie dans une colonie de fourmis en fonction

du polyéthisme?

[ aéyiKsaS RSa (2EAYyS& RQdzy @SyAy NB LN
f Q2 NHIQhAéo&f&ost QK@ LI2 1K§asS 1jdzS fSa T2@oNeSA a 2 dz
daA3ySSa dunidionesesimdides ezdonc quidzi At AaSyd LI a fSd
chassey tout comme les reingsvont avoir un venin moins complexeu tout au moins

différent de celui des ouvriéres chasseuses

Afin de tester cette hypothésrous avons étudiéa composition peptidique du venin
RS f QG&dbtdnarBus haematodu=n fonction du polyéthismearticle 3) Dans cette
étude nous avons séparé les ouvrieres de plusieurs colonies en fonction de leur role de
nourricieresou de fourrageuses. Deux autres groupes composeés des reines fécondées et des
reines non fécondéesont venuscomplétert QS i dzZRS @ [y 82 y NS adiaged yira/ i N
différences dans la composition des venims relation avec lepolyéthisme pour cette
espéced dz3aISNI yi jdzS S LRf{e&SGKAAYS yQl.Ddsk & RQ:
études précédents ont néanmoins démontré que les poches a venins egrricessont
moins remplieqque celle des fourrageusehez les especddarpagnathos saltatorfHaight,

2012] et Neoponera commutat§gSchmidt and Overal, 2009]e colt métabolique du venin
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sembledonc étre diminué chez lesourricesen produisant moins de venimais avec la

méme composition queelui desourrageuses.

Chez Odontomachus haematodusdes variations de composition des venins ont
cependantété observéesntre les différentes colonies et particulierement entre les colonies
provenant de zones géographiquesdifférentes De telles observations avaient
précédemment été faites entre des coloniegsographiquement distantes de la fourmi
Dinoponera quadricepg€ologna et al., 20130es auteursexpliquent ces variations pame
adapation aux proieslocales. Les variations intraspécifiquese ccompositiondes venins
pourraient A Y RdZA NB RSa O NAIFGA2Y & RQSDiESt Nidst €&A (S a
variations intercoloniales des veningpparaissent commaein prérequis nécessaire da

sélection naturellest la diversification des toxines
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Abstract

Ant venoms are complex cocktails of toxins employed to subdue prey and to protect
the colony from predators and microbial pathogens. Previous studies have revealed the
presence of numerous bioactive peptides in most stinging ant venoms, although the extant
of ant venom peptide diversity remains largely unexplored. In this study, we investigated the
venom peptidome ofOdontomachus haematodussing L&VS analysis and then verified
whether the division of labor in the colonies and their geographical locatrercarrelated
with venom composition changes. Our results reveal titat haematodusvenom is
comprised of 105 small linear peptides. Venom composition does not differ between the
different castes (i.e., nurses, foragers and queens), but an intraspediiation in peptides
contents was observed, particularly when the colonies are separated by large distances.
Geographical variation appears to increase the venom peptide repertoire of this ant species,

showing intraspecific venom plasticity.
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1. Introduction

There are ca. 9100 stinging species of ants belonging to 16 different subfamilies.
Moreover, ants constitute 1:20% of the animal biomass in tropical foreftlldobler and
Wilson, 1990jwhich makes them one of the most abundant venomous animal taxa on Earth
due to their ubiquity in terrestrial environments. Ants use complex venoms containing a
variety of toxins to paralyze prey, ward off predators and protect their colony from microbial
pathogengOrivel et al., 2001; Schmidt, 198ZAnt venoms therefore represent a promising
source of unique bioactive molecules with original scaffolds and potentially novel
pharmacological activities. Although ant venoraemain little studied, previous work by our
group and otherdAili et al., 2014; Touchard et al., 2014a; Touchard et28115] have
demonstrated that venoms of stinging ants are essentially composed of small peptides,
similarly to spiders, scorpions, and cone snails. Indeed msnfsom ponerine ants have
been shown to be rich in small linear peptidédli et al., 2014; Touchard et al., 2014aid
peptidic toxins from several subfamilies such as the ParaponefiRek et al., 1991a]
Ponerinae[Cologna et al., 2013; Johnson et al., 2010; Orivel et al., 2@xt&atomminae
[Arseniev et al., 1994; Pluzhnikov et al., 2000yrmicinag[Rifflet et al., 2012]Myrmeciinae
[Inagaki efal., 2004; Inagaki et al., 2008&a}d Pseudomyrmecing®an and lhk, 2000]have
been characterized.

One of the major issues in biochemical and pharmacological studies is the
reproducibility of experimentsyhich requires accurate species identification. At the species
level, peptide fingergnts of venoms are reliable chemotaxonomic markensant species
determination and possibly the discrimination of unelucidated species comp[éxeshard

et al., 2014a] However, intraspecific variations can @l®ccur as shown recently in
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Dinoponera quadricepr which only 48 peptides were shared between colonies, out of
more than 300 peptides found in whole vendi@ologna et al., 2013]n other venomous
species such as snakes, scorpions, tarantulas and cone snails, intraspecific variations in the
venom composition has been observed for some species and been linked to geographical
distribution [Nufiez et al., 2009; Shashidharamurthy et al., 20G®]e [Escoubas et al.,
2002pr sex[Escoubas et al., 199Herzig and Hodgson, 2009; Herzig et al., 2002; Herzig et
al., 2008] However, it remains unclear whether such variation is a common denominator of
all venomous animals or remains tested to some speciesThereis abundant debate
among specialists about this key point, since sampling conditions are often limiting and
specieswide broad surveys of venom composition are in general not possible.

Since in hymenopteran colonies only tfeeales are venomous, sex can be excluded as
a factor of variation. Therefore, intracolonial variations in venom composition could possibly
be related to geographical distribution, diet, age or division of labor (polyethism). In ants,
reproduction is cargd out by the queen(s), while all other tasks are performed by the
workers. The division of labor amongst workers is based on physical castes, or most often,
on age[Fresneau, 1994]Usually, the youngest workers are involved in intranidal activities,
whereas older workers aresaigned to tasks outside the nest such as defense and foraging
[da SilvaMelo and Giannotti, 2012; Sendo¥aianks and Franks, 1999; Wilson, 1963]

As the venom is mostly used lworkers performing extranidal activities, one can
hypothesize that polyethism could affect venom composition. To test this hypothesis, we
investigated intracolonial variations in venom composition in the Neotropical ponerine
speciesOdontomachus haematodughe monomorphic workers of this species possess a
peptide-rich venom[Touchard et al., 2014ajsed in colony defense and prey capture. To

assess possible venom variations, we characterized the whole venom pmgtidyy
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combining HPLC chromatographic separation with offine MAIIH mass spectrometry
analysis and explored the putative differences in venom composition between castes (i.e.,
nurses, foragers and queens) and colonies from different geographical losaby

comparing venom peptide fingerprints.

2. Materials and methods

2.1. Ant collection and taxonomy

Odontomachus haematodusolonies were collected from three different areas in
French Guiana: six colonieen collected on theCampus Agronomique<ourou; three in
Sinnamary; and one in Angouléme (Fig. 1). Voucher specimens were deposited in the
Laboratorio de Mirmecologja&Cocoa research Centre, Ilhéus, Bahia, Brazil. In the laboratory,
the ant colonies were conserved in artificial nests madela$tr boxes (11 cm X 11 cm x 6
cm) filled with 2 cm of plaster to create chambers, and covered by a plate of red glass. These
boxes were connected to a foraging arena consisting of a second, similar plastic box without
plaster. Colonies were kept a 25°@daprovided with dead mealworms and honey twice a

week.

2.2. Behavioral observations and ants grouping
To investigate the division of labor between workers, individual ants were marked with
dots of paint on their thoraxes and gasters. Worker tasks weterdened by scan sampling
their behavior (three scans per day at 9 am, 2 pm and 5 pm; 5 days per week over 3
weeks).Each time, the identity of the workers present either in the foraging area or inside

the nest was recorded. Then the percentage of presemcehe foraging area of each
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individual over the three weeks period was calculated to define behavioral groups. Workers

that had either never been seen in the foraging area or been there between 0% to 25% of

the time were considered nurses ([group 0%] ajgtoup 25%], respectively). Those
observed between 25% to 50% of the time in the foraging area were considered
intermediates [group 50%], and those observed between 50% to 75% or between 75% to
100% of the time in the foraging area were considered foragfgn®up 75%] and [group
MNE>83 NBaAaLSOGAGSteod a2NB2@3SNE 6Ay3ISR FSYI €
j dzSSyaé¢ Ay 2NRSN)I G2 RAFTFSNBYUGAFIGS GKSY FTNRY

1).
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Fig. t Sites where the 100dontomachushaematoduscolonieswere collectedin French
Guiana. Table panels show information about each colony, including GPS coordinates,
colony codeand the different behavioral groups. One hundred dissected workers from

colony Kou06 were used for EX@Sinvestigation.

2.3. Venom analysis

Ants were killed by freezing a20°C prior to dissecting their venom glands. The venom
glands were dissected and stored in 10% acetonitrile (ACN)/water (v/v). Then, samples were
centrifugated for 5 min at 14,400 rpm drthe supernatant was collected and lyophilized
prior to storage at-20°C for subsequent biochemical analysis To study -odlanial

variations and the influence of the role of individual ants in the colony, five venom glands
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from each behavioral group f(cFig. 1) were dissected and pooled for each colony.
Furthermore, 100 venom glands from the workers of one colony (Kou06; 3.55mg of dry
crude venom in total) were dissected to carry out ardepth exploraton of the whole

venom by L&/S.

2.4. Chromatogaphic separation

In order to fully explore the peptidome @. haematodusa venom sample pooled from
100 workers was fractionated using C18 reverpbdse high performance liquid
chromatography (RIPIPLC). The separation of venom peptides was performeqlg usi
Waters XterraC18 5um, 2.1 x 100 mm column on an Agilent HP 1100 HPLC system.
Fractionation was achieved using a gradient of solvent A (water / 0.1% trifluoroacetic acid
TFA) and solvent B (ACN / 0.1% TFA). The percentage of solvent B was mothfled/sis
0% for 5 min, 860% for 60 min, 6@0% for 10 min and 90% for 15 min, at a flow rate of
0.3 mL/min. The absorbance of the column effluent was monitored at 215 nm on a-diode
array detector. Signal was monitored in real time, and fractions celientanually for each
eluting peak. Individual fractions were then dried and reconstituted in 50uL of water/0.1%

TFA for subsequent efine MALDITOF MS analysis and disulfide bonds reduction.

2.5. Chemical reduction of disulfide bonds
To map the distribution of disulfide bonds in venom peptides, 5uL of each fraction were
incubated in 10pL of reducing buffer (100 mM Tris, pH 8, 6M guanidine) with 10 mM
dithiothreitol (DTT) for 1h at 56°C in darkness. The reaction was stopped by theadutit
5uL of water / TFA 0.1%. Prior to mass spectrometry analysis, reduced fractions were

desalted using Ziptip® C18 (Millipore) pipette tips. Chemical reduction results in a mass
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increase of 2 Da for each disulfide bond. Comparison of mass shifts bematse and
reduced venom fractions allowed determination of the presence and number of disulfide

bonds for each each peptide.

2.6. Mass spectrometry analysis

Mass spectrometry analyses were performed on a VoyagePMBVIALDITOF mass
spectrometer (Appéd Biosystems; CA, USA) usingyana4-hydroxycinnamic acid (CHCA)
dissolved at 5 mg/mL in a solution of water/ACRA(50/50/0.1 v/v/v) as matrix. Prior to
MS analysis, crude venoms were desalted uiipgip® C18 (Millipore) pipette tips. Then,
1uL of each reconstituted HPLC fraction or desalted crude venom was deposited on the
MALDI target plate followed by 1 pL of the matrix. Each spectrum was calibrated externally
using a mixture of peptides of knowmolecular masses in the samme/z range (Peptide
calibration Mix 4, LaserBio Labs, Sophmipolis, France). External calibration was
performed by depositing adjacent to each sample, 0.5 pL of the calibration mixture co
crystallised with 0.5 pL of CHCAtma All spectra were acquired in reflector mode to
maximise accuracy of mass determination. Spectra were collected oven/th800¢10,000
range in positive ion mode (200 shots per spectrum) and were automatically calibrated using

the sequence module dhe Voyager® control software (Applied Biosystems, USA).

2.7. Data analysis
The spectra were subjected to baseline correction (0.7 correlation factor) and Gaussian
smoothing (5point filter width) using Data Explorer® 4.11 software. Potential sodium and
potassium adducts were manually removed from all mass lists. Masses matching within + 1.0

Da were defined as identical peptides in this study. Identical masses in adjoining HPLC
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fractions, which were interpreted as reflecting an incomplete separation, wels®

removed. TwWeRA YSy aA 2yt aOF GOSN LX20Gazx GSNXSR dus5
using SigmaPlot 12.0 software. All peptide masses detected in the HPLC fraction spectra
were plotted in dot graphs with masses on thaxis and RIFIPLC elution timon the xaxis.

A Principal Component Analysis (PCA) of the relative abundance of peptides from the venom

MS spectra was performed using PAST 3.02 software.

3. Results

3.1 Venom peptidome analysis

LCMS analysis oD. haematodusvenom revealed the presee of 105 peptides (Table
1). All peptides are small, falling within a narrow mass rangef777.49 to 2978.5 (M+Hi
(Fig. 2A and B). We estimated that the number of residues varied between 7 and 27 based
on a theoretical estimate of Myyof 111.1254Da for an average amino acid (Averagine).
The value is derived from the statistical occurrence of amino acids in prqteemko et al.,
1995] and calculated with the formula 4Gssd7 758d\1.357.0417 All the peptides eluted
between 15 % and 45%ACN (retention timeS20min), with the most abundant peptides in
the venom eluting between 35% and 45% of ACN (retention tim&04@in) (Fig. 2C).

Mass analysis of the chemically reduced HPLC fractions did not show any mass shift
between native and reduced peptides, demonstrating that haematodusvenom is

exclusively composed of linear peptides (i.e. devoid of disulfide bonds).
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Table 1. Mashst of peptides ifi/z) from O. haematodusenom collected at Kourou (Kou06)

777.49 800.84 809.31 822.3 877.45 888.6 890.5 932.5
937.4 945.4 950.49 973.73 987.76 1003.5 1008.4 1010.5
1016.43 1044.73 1047.5 1058.75 1064.7 1078.65 1107.79 1283.67
1127.6 1130.56 1134.57 1186.93 1194.65 1248.6 1274.79 1383.67
1316.85 1320.81 1358.8 1360.6 1370.7 1375.7 1376.78 1380.62
1421.7 1429.9 1447.8 1473.87 1497.87 1500.92 1518.84 1522.8
1694.07 1714.04 1725.12 1729.92 1731.93 1756.06 1774.1 1792.07
1803.06 1818.96 1854.07 1857.9 1863.2 1872.07 1906.24 1917.09
1933.01 1963.01 1968.14 1978.03 1979.02 2010.27 2020.02 2044.97
2048.02 2063.09 2078.04 2079.15 2086.73 2088.3 2096.12 2111.17
2117.24 2137.08 2139.08 2157.2 2245.25 2254.22 2272.47 2430.3
2448.2 2461.28 2473.3 2515.39 2590.34 2637.36 2655.33 2766.48
2784.62 2785.8 2789.47 2790.4 2802.38 2805.4 2944.5 2960.52
2978.5
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Fig. 2 Investigation of the wholeOdontomachus haematodugenom peptidome by LG/S.

(A) Twadimensional landscape of the venom. Black spots indicate peptides. (B)dsmk
whisker plot of the peptide mass distribution presented in the 2D venom landscape. The
bottom and top end of the box represent the first anchird quartiles, respectively, while

the line inside each box represents the median mass. The ends of the whiskers represent
the 595 percentile range while the black dots represent masses outside th855
percentile range. (C) C18 RHPLC chromatogram ofheé venom. The black dotted line
shows the slope of thédCN gradient.
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3.2 Venom peptidome variations

We collected 43 venom samples from the ni@e haematodusolonies monitored: 18
venoms from nurses; eight from intermediates, seven from foragers, six festilized
gueens and four from virgin queens. MAIDF MS peptide mass fingerprinting of these 43
crude venoms resulted in the selection of the 20 characteristic peptides masses (i.e. showing
the most abundant signals) which constituted the matrix ugadthe principal component
statistical analysis (PCAZ/g 1842.6, 1861.1, 1916.91, 1962.89, 2019.91, 2044.69, 2062.27,
2086.03, 2095.89, 2117.03, 2219.16, 2245.32, 2387.28, 2473.22, 2515.32, 2590.18, 2679.79,
2784.34, 2789.25, 2802.39).

PCA based on theelative abundance of the selected peptides revealed that the first
two principal components accounted for 68.1% of the variance (Fig. 3).The venoms from
Angouléme, which contained two specific peptidas/4d 1861.1 and 2062.27)were
separated from thosefrom the two other localities, and differed only by the relative
proportions of the mass 2019.91/z(Fig. 3).

PCA showed that the venom composition was not related to castes (Fig. 3). Indeed,
venoms from different behavioral groups showed similar pattermsdicating that
polyethism and reproductive status did not affect the peptidic composition of the venoms

(Fig. 5). Yet, some qualitative intracolonial differences were noted in the nurse caste (Fig. 4).
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Fig. 3 Ordination diagram based on thprincipal components of the relative abundance of
peptides from 43dontomachus haematodusenoms (PAST 3.02 software). Bladled
symbols represent ant venoms from Kourou, empty symbols represent ant venoms from
Sinnamary and grey symbols are venoms frokmgouléme. The 95% confidence ellipses
are displayed. The different behavioral groups and casts are shown by the following
symbol shapes: dot [Nurses]; diamond [intermediates]; square [foragers]; triangle
[reproductive queens] and inversed triangle [vingiqueens].
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highlight major mass variations among the differe@dontomachus haematodusolonies.
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4. Discussion

Ant venoms are complex cocktails of peptides which have evolved to act on multiple
biological targets. By combining MAEBDF MS with chromatographic separation, we have
shown thatO. haematodusenom peptidome is composed of more than one hundred small
and linear peptides in the 768000 m/z mass range. This feature is consistent with a
previous study on five Neotropic&ldontomachuspecies venomgTouchard et al., 2014a]
as well as wasp and cone snail venoms thisually contain less than 35 residyBaptista
Saidemberg et al., 2011; Cologna ¢t @013; de Souza et al., 2004; Gomes et al., 2014;
Johnson et al., 2010; Lewis et al., 2012; Orivel et al., 200X-mtrast, spider, scorpion or
snake venoms possess peptides containing typically between 40 and 100 amino acids
[Olivera et al., 1990]

Because these toxins are associated viite metabolic cost of venom production, we
hypothesized that ants dedicated to tasks inside the nest, typically nurses and queens, would
possess less complex venoms tHiaragers, the latter using theirenomto subdue prey and
deter enemiesYet, our results show that the venom composition does not differ between
nurses, intermediates, foragers and even queen®irhaematodusAs such, the toxicity of
Neoponera commutata(Ponerinae) worker venoms was not related to age or task
specialization, but the workers from different behavioral castes contain different amounts of
venom in their reservojschmidt and Overal, 2009\Iso,Harpegnathos saltatofPonerinae)
callow workers have empty venom sacks, and workers dedicated to tasks inside the nest
have lower amount®f venom than older onefHaight, 2012] Therefore, it is likely than
most Ponerinae, nurses limit the metabolic cost of venom by producing lower amounts, but

with the same peptidic composition as the foragers. These results contrast with the case of
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fire ants whose alkaloid venom composition changes with the size amdfithe workers
[Deslippe and Guo, 2000; Haight and Tschinkel, 20880, Neoponera commutata
(Ponerinae) andPogonomyrmexspp. (Myrmicinae) queens produce less venom than do
workers and their venom is significantly less lethal and paralytic than that of trkens,
suggesting differences in venom compositifdfchmidt and Overal, 2009; Schmidt and
Schmidt, 1985]

The differences in venom composition seem rather associated with geographic
variations. IndeedO. haematodusvenom peptide fingerprints clearly differed between
colonies, particularly if they come from locations separated by large distances. Such inter
colonial variations have previously been reported moponera quadricepéPonerinae)
collected from different areas in BraZiCologna et al., 2013)mong animal venoms,
intraspecific variations related toeggraphy are a common phenomenon and have been
reported in snakegShashidharamurthy et al., 20Q2tone snailsiDuda et al., 2009]
scorpions[Omran and McVean, 2000$piderg[Escoubas et al., 1998ahd both social and
[Dias et al., 2014parasitoid waspgPoirié et al., 2014]In snakes, intraspecific variations
have been shown to exhibit ferential venom effectiveness towards different prey
[Casewd et al., 2013]This may be the result of allelic variationstive genes coding the
peptides as shown irfConusebraeusvenom [Duda et al., 2009]increasing the venom
peptidic diversity in this specieslhis intraspecific diversityvas essential for natural

selection andant venom diversification.
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2. Spécialisatiortrophique

[ QS@2ft dziA2y NI LARS RS& ekgidudeycSnime R3&Sulta@ Sy A v &
R Q dzye&ursd aux armements entre les prédateurs venimeux et leurs pro[€asewell et
al., 2013; Jansa and Voss, 201 Hvariation des proies estoncprésumée étre le principal
facteur affectant la diversificatioret la sélectiondes toxines des animaux venimeux
Plusieurs études ont montrgue chez les serpents et les conés compositionet la toxicité
de leur veninsont parfaitement adaptés a leur écologie trophique[Barlow et al., 2009;

Daltry et al., 1996; Duda et al., 2009; Remigid Buda Jr, 2008]

Les fourmissont parmi les principaux LINB R (0 SdzNB RQI NI KNR L2 RS
écosystemes terrestrest ellesutilisent largement leur venin pour paralyser et captudes
proies appartenant a divers taxgBrady et al., 2006; Maschwitz et al., 1979]a grande
majorité des fourmis prédatrices ont des régimes alimentaires généralistes et consatmme
dzy f 1 NBS LI ySt RQAY S NI SskedpBeasdde fodrmisSxyidzdiNg O S LJ
alimentairesspécialisés qui chassentstrictement un certain type de proiesel que des

termites, descollemboles, defourmis,ou encoredes myrapodes[Cerda and Dejean, 2011]

u Les fourmis qui ont des régimesimdentaires tresspécialiséeont-elles des venins

spécifiguement adaptés a leurs proies naturell@s

Pour répondre a cette questior2ndza | @2y a4 S0dzRAS 1 OBYLRAaAI

de quatre espéces de fourm(Bigure 8jux régimeslimentaires disncts (Tableau )1
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Tableau 1. Liste des especes étudiées et de leur régime alimentaire

Especes Régime Proie
Neoponera commutata Spécialise  Syntermesp.[Mill, 1984]
Neoponera goeldii Généraliste  Divers arthropodes
Odontomachus haematodus  Généraliste  Divers arthropodes
Eciton burchelli Spécialisé Principalement autres hyménopteres

A) Neoponeracommutata avec un termiteSyntermessp. capturé (photo V. Cabrol) B)Neoponera
goeldii qui utilise son aiguillon pour paralyser un grillogphoto J. Orivel) C) Odontomachus
haematodus(photo A. Wild). DEciton burchell{photo A. Wild).
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Figure 9 Cartographie des peptigs des venins des quatre espéces de fournpiar LCMS. Chaque
point représente un peptideen fonction de sa masse moléculaire et de son temps de rétentibes
points noirs correspondent aux peptides linéaires (sans pont disulfurdéds points verts
correspondent aux peptides avec un pont disulfure, les points bleus correspondent aux peptides
avec deux ponts disulfure et les points rouges sont les peptides réticulés par trois ponts disulfure.
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[ QFy I fteasS RS f I uedecedddalr kebids 2 ¢ié diiRtudie par ING
coupléeen paralléle & une expérience de réduction chimique afin de révélgrdpsdes a
L2y iGa RA&dZ FdzNBEP hy 20 a&hdIBsPeptivanasetldeldNideime/ G S &
entre les deux espéces phylogénétiquemingts proches du genré&leoponerales peptigs
dans les veninsarient ennombre (356 poulN. commutata; 288 pourN. goeldii; 105 pour
O. haematodugt 174 pourE.burchell), entaille, enhydrophobicitéet en nombre de ponts
disulfure(Figure 9)

La toxicité de cesenins aensuite été testée sur différentes proies Syntermessp.
(termite), Nasutitermessp. (termite), Acheta domesticuggrillon domestique) Camponotus

atriceps(fourmi) et Tenebrio molitoflarve de coléoptérge
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Tableau 2 Dose effective 50% (3§}, dose létale 50% ([34) et capacité paralysante (CP) des quatre
venins sur les différentes proies. Le poids sec moyen des veninggfzarde a veninest indiqué

entre parenthése pour chaque espéce.

Neoponera commutatg362 g / fourm)
Proie DEo(0.5h) | DEo(2h) | Dlo(24h) | CP(0.5h)| CP(0.5h)
Ho/g Ho/g Ho/g mg/piqQre | proie/piqlre
Syntermessp. 93.11 71.3 - 3890 84
Nasutitermessp. 203.7 88.92 - 1770 78
Camponotusatriceps 282.16 204.18 244.51 1280 945
Acheta domesticus 82.83 79.8 14454 4370 204
Tenebrio molitor 212.52 242.72 328.7 1700 81
Neoponera goeldi{49.6 ug / fourm)
Proie DEo(0.5h) | DEo(2h) | Dls(24h) | CP(0.5h)| CP(0.5h)
uo/g uo/g ug/g mg/piqdre | proie/piglre
Syntermessp. 287.27 128.38 - 172 3
Nasutitermessp. 406.26 - 122 65
Camponotus atriceps 575.3 434.91 462.38 86 6
Acheta domesticus - - - - -
Tenebrio molitor 321.95 330.29 794.32 154 7

Odontomachus haematodu&9.7 g /fourmi)
Proie DEo(0.5h) | DEo(2h) | DLo(24h) | CP(0.5h)| CP(0.5h)
Ho/g Ho/g Hg/g mg/piqdre | proie/piglre
Syntermessp. > 400 > 400 - - -
Nasutitermessp. 595.66 592.92 - 50 27
Camponotus atriceps 656.14 614.75 409.26 45 3
Acheta domesticus - - - - -
Tenebrio molitor 378.18 398.16 267.3 78 4
Eciton burchell{(47.1 g / fourmy)
Proie DEo(0.5h) | DEo(2h) | Dls(24h) | CP(0.5h)| CP (0.5h)
Mo/g Mo/g Ho/g mg/piqare | proie/piglre
Syntermessp. > 800 > 800 - - -
Nasutitermessp. 394.91 378.66 - 120 63
Camponotus atriceps > 1315 > 1315 - - -
Acheta domesticus > 935 > 935 - - -
Tenebrio molitor > 1000 > 1000 - - -
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Figure 10 Doses effectives a 50% (0.5h) des différents venins sur les deux espéces de termites.
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Figure 11 Dose effectives dwenin de Neoponera commutata sur les différentes proies.
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Le venin de la fourmi légionnaite burchellisemble trés faiblement neurotoxique sur
presque toutes les proies testééBableau 2)Ecitonburchelliappartient a la soutamille des
Dorylinae(anciennement EcitoningelLes especes de cette sefamille se caractérisent par
un mode de vie nomade et une méthode de chasse en groupe. Ainsi cette méthode de
chasse en massa! les proies ont peu de chang® S & Q S pokirtait Avit Néfavorisé la
selection de neurotoxing Les fourmis Iégionnaires africaine du gebrerylusadoptant la
YsYS YSGiK2RS RS OKI&aasS yQ2yd YsYS piudai RS &
doncSYSGUNB f QKeLlRRdiKsasS 1ljdzS ¢S @SyAy tk€a T2 dz
pour desfonctionsautresque la capture des proigsllesque la prédigestion des proies ou
encorepour une actionantiseptique(antimicrobieme et antifongique)ou défensive contre
les vertébrés prédateurs de fourmis (fourmiliers) car la piqare dmuloureuse (pour

f Ql 2)YYS

En comparaison des trois autres espéeces de fourMissommutata(termitophage)
possede le venin le mieux adapté pour capturer des terntgasson venin induit un effet
neurotoxique rapid® L f & QI 3 Hdl DR dlus doiblesSvigNE des termites
(Syntermessp. et Nasutitermessp.) si fof2 compare aux valeurs obtenues pour les trois
autres espéces de fourm{fig.10).[ QS @I f dzf GA 2y RS N.tommBaksuOA S R
les différentes proies indique que ceenin est tres efficace pour paralysécheta
domesticugDose effective 50%DE, 82.83 pg/g a 30 min) ebyntermessp. (DEy, 93.11
Mg/g a 30 min) mais moins efficace contdasutitermessp. (D, 203.7 pg/g a 30 min),
Tenebrio molito(DEy 212.52 pg/g a 30 min) e€amponotus atricepDE, 282.16 ug/g a
30 min) (Figll). Le régime termitophage ultra spécialisédirigé uniguementcontre les
termites du genreSyntermegourrait avoir favorise la sélection de toxswdaptées pour la

paralysie de ce genre dermites. Cependantla toxicitety QS a & LI & ceitdéSpede T A |j dzS
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et sembleétre forte sur toutes les proietestées. B plus ila QF IA (0 Rpass&lfla/ Ay |j dz
plusforte diversité de toxines obsereéavec 356 peptidedJne analyse L-®IS utilisant un
spectrometre de masse plus résolutif (Spectrometre de masse MPOQBITOF 5800, AB

SCIEX) a permis de révéler plus de 1000 peptides dans le veNn aenmutata(Aili. S
communication personnelleCela laisse supposer qiiel T2y OGA2Yy 2FFSYyaAro-
LI a f @admukégotirfique affectant la diversificatiates venins déourmis. Bien que

trés spécialisés, les ouvrieresde N. commutatautilisent leur égalementvenin pour se

défendre contre des prédateurs vertéds et invertébrésainsi que RQ I dzi NBa T 2 dzN
compétitrices. Le rble défensif du verandoncprobablement également joué un rotees

importantdans la sélection des toxines.
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3.  Spécialisation défensive

A

IS NrxfS RS I F2yOiAz2y RSTFSyaArAdS mdnga QS
étudié que celuide la fonction offensiv§Casewell et al.,, 2018] 9y STFFSiG € QlF aLISO
généralement un rdle secondaidu venindans la majorité des taxons venimeux étudiés.
Lesquelques études réaligssur les veningléfensifsont montré une plus faible variation et
une moins grande complexitue celledes venins offensif§Fry et al., 2009]Celalaisse
ddzLJLJ2 A SNJ |j dzS  Qun®leiecOndairigns I3 giverkificatiéh2ez8eniokez
la majorité des taxons venimeux étudiés (serpents, cbne venimeux, scorpions, aspignée

Si les fourmis sont de redoutables prédatrices, elles sont également la proie de
nombreux invertébrés et vertébrés. De plliy ia unetres forte compétitionintraspécifique
chez les fourmisEllesse livrent a de véritables guerres pour domrites espéces de fourmis
avoisinants SG & QI (@O lrds#omdesNhlimentaires proximité de leur nid La
coévolution adoncconduitat QS I 6 2 NI U A 2 Y sefRicatedddi Sese ppo@FeS Yy 4 A IS

Les hyménoptéres aculéates ominsi développé des venins puissangin de se
prémunir de la prédation des vertébrésSE @Sy Ay a RQKeYSy2Islats NBa 4
provoquent une vive douleupour mettre en fuiteles prédateursvertébrés (tout au moins
les mammiferesyjui sont entreplusieurs centainede fois jusqu'a plusieumillionsde fois
plusA Y LJ2 & I vy {{ScHmi#Q B#i2f es fourmissont confrontées & une multitude de
prédateurs potentied, intéresséd.JF NJ f QAYLIR2 NI FyiS NB&aaz2dz2NOS vy dzi
RQA y &S Ol BaspressianQde keéttin exercée par les prédateues les compétiteurs
semble donc plus importante chez les hyménoptéres que chez les autres taxons venimeux
communément étudiés (serpents, scorpions, araignées et cones) et dorfonkttion
défensive a indubitablement jouénuréle trés important Rl ya f QS @2f dziA2y |

RQK 2 Y Sy &fihdfemettte au pointdes armes biochimiquedéfensivesfficaces.
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Chez les fourmjgoutes les especes sont socialedaprotection de leur colonigout
particulierement des sexwéet du couvain Sa i f QpPWBO6&upddids majeures des
ouvrigres! FAY RQI 44 dzNBENJ 3 {3550 dBM HiL92 3RSy diixiGHEENzy ySA RL.
envers les invertébrét souvent douloureuse pour les vertébrésout au moins les
mammiféres) Cette armebiochimique estsouventassociée avecan comportement tres
FaAINBaaAT t f QSGedahesiedaBieesRIE fourniisydil gaiBBgbnomyrmex
(Myrmicinae) dont le venin est uniquement défensifont méme développé un venin
particulierement toxique pour k& vertébrés et faiblement toxique contre les invertébrés
[Schmidt and Blum, 1978a..c]
u Le role défensif des venins de fourmistal favorisé la diversificatioret la sélection

de certainesoxines?

Pour savoir si la composante déferesidu venin a joué un rbéle majeur dans

f QAYY 20 GA2y RSa {imisinguS dSomeintiessé afxavening dedly A &
fourmis du genre Pseudomyrmex (Pseudomyrmecinae).Dans la soufamille des
Pseudomyrmecinaealors que quelques rares espéces nidifient au slal, majorité des
especes vivent dans les arbresocetrtainesespecessont méme associéesavec des plantes
myrméecophytes.Ces plantes myrmécophytes sont des especes de plantes associées avec
certaines espéces de famis dans une relation mutualistau cours de laquelléa plante

fournit un abriaux fourmisgrace a certaines structuresreuses nommeéese$ domaties
(poches foliaires, tiges, pétiolesu épines creusest souvent de la nourriturengctaires

extrafloraux ou corps nourriciers)En retour les fourmis protégent la plante héte contre les
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animauxphytophagesles plantes compétitrices ee$ microorganismes pathogenggace a
un venin puissant ed un comportement trés agresdifieil and McKey, 2003]

Nousavons OK 2 A & A  I&sQ8piicizRe’s SdsIveninde trois espéces ul genre
Pseudomyrme: P. termitariusest une espece terricolgui utilise son venin essentiellement
pour capturer de petits arthropodes. graciliest une especerloricole dont le venin @ne
fonction principalement offensive e. penetratorest une especstrictement associée avec
un myrmécophyteTachigalipaniculata[Ward, 1999] Le venin de cettelerniere espéce
possédeun role uniquement défensitar cette espéce refuse tout apport alimeira
extérieur a la plante hétgDejean et al., 2014]

Alors que le venin dé. termitariuscontient un total de 87 peptides linéaires, les
venins deP. graciliset P. penetratorcontiennentrespectivement 23 et 2@eptides dont
certains sont structurépar des ponts disulfureLe veninde P. penetratory QS a d LI & Y 2
complexe que les autres venins biem contraire. Ce venirtontient notamment des
peptides dimériques rétulés par deux ponts disulfu(@Raa, PFob et PPRab). Il existe donc
des différences structurales importantes entre les peptides des trois vergngeptidome
du venin uniquement déhsif posséde unelusgrande diversité de structure que les deux
autres veninsEnsuite une étude de la cytotoxicité du venin bettdes fractions HPLC du
venin deP. penetratorr S0S STFFSOGdzSS & dzMédd? Subopic)S Eaf dzf S &
fraction 6 est la fraction la plus active avec ungQ2le 3.2 pyg/mL a 24 H (Figui®). Une
analyse en spectrométrie de masse des fractions a montré que le peptide khétgérique
PRab était le composéprincipal de la fraction 6. Nous avons nommeé ce peptide, la
penetratineet les chaines peptidiques qui le composent-éP&t PFb) ont été séquenceées et
sont reportées dans le tableau Bans une étude précédentenwgroupe de six polypeptides

hétéro-dimériques aait déjaété découvert dans le venin deseudomyrmekriplarinus[Pan
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and Hink, 2000]Cette espéece de fournjui estégalement associée avec un myrmécophyte,
posséde un venimniquement a vocation défensivées peptides dimériques reembdent
donc pas présentsheztoutes les espéces deseudomyrmeet la sélection deels peptides
pourrait avoir étéassociéeavec ler6le défensifextréme des especes d&seudomyrmecinae
vivant dans les myrmécophyteBans de futures études il serdity 1 SNBE a & | yeffet RS (S

algésiquede ces peptides suesmammiferesou leur toxicité sur les insectes phytophages
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Figure 12. Cytotoxicité a 24 h du venin total et des fractions HPLC actives du venin de
Pseudomyrmexenetratord dzNJ f S& OS{ Aatids SlBopidR hey fastions SELC a, 2, 3
Si n yQ2yid LI & VY aighiiddfive aiScon@itratidns 2ekide Al fiaction 6 a
montré une forte cytotoxicité avec une Ride 3.2 pg/mL.
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Tableau 3. Séquencedes chaines peptidiques de la penetratine (faB). Les deux chaine
sont fortement homologues (en gris) et sont reliées par deux ponts disulfure istaténaires
(Cyst Cyé/ Cyst Cys).

Peptide Espéece Séquence Masse (Da)
PRa P. penetrator KIPNLKGGLKSKHRKYLDKAASNH, 2977.68
PRb P. penetrator IDPLTIUKKGGLK@KHRKYLDI@(\SIGQ 3621.06
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ABSTRACT

We aimed to determine whether the nesting habits of ants have influenced their venom
toxicity and composition. We focused on the gerRseudomyrmeXPseudomyrmecinae)
comprising terrestrial and arboreal species, and, among the latter, jslatg that are
obligate inhabitants of myrmecophytes (i.e., plants sheltering ants in hollow structures).
Contrary to our hypothesis, the venom of the grouteliing speciesP. termitarius was as
efficacious inparalyzing prey as the venoms of the arboreal and the plemtspeciespP.
penetratorand P. gracilis The lethal potency dP. termitariusvenom wasequipotent with

that of P. gracilisvhereas he venomof P. penetratowas less potentThe MALDTOF MS
analysis of each HPLC fraction of the venoms showedPthtgrmitariusvenom is composed

of 87 linear peptides, while botR. gracilisand P. penetratorvenoms (23 and 26 peptides,
respectively) possess peptides with disulfide bonBarthermore, P. penetratorvenom
contains three hetereand homodimeric peptides consisting of two short peptidic chains
linked together by two interchain disulfide bond$he large number of peptides iR.
termitarius venom is likely related to the large diversity of potential prey plus the
antibacterial peptides required for nesting in the grouMihereas predation involves only
the prey and predatorP. penetratorvenom hasevolved in an environment where trees,
defoliating insects, browsing mammals and ants live in equilibrium, likely explaining the

diversity ofthe peptide structures.

Keywords: ants, ant venoms, arboreal and groundsting ants, evolution, peptides,

Psaidomyrmex
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1. Introduction

Venoms are fluid animal secretions consisting of a complex mixture of compounds
produced in specialized glands and secreted through specialized delivery systems (e.g.,
nematocysts, spines, fangs or stingers) or that are spragedisable prey, predators and
competitors. Venoms are mostly composed of proteins, peptides, amino acids, salts,
alkaloids and neurotransmitters (Morgan, 2008; Escoubas and King, 2009; Casewell et al.
2013; Cologna et al2013; King and Hardy, 2013; 8met al, HAMoOo O ® 2 KA f S  WLIN
dSy2vyaQ INB O02YL)X SE YAEGdNBa G(KFG FNB 2F4GS
LIKeaAz2ft23A0rt SFFSOUasx WRSTFSyaawsS oSyz2vyaqs

WAGNBFYEAYSR | YR KAZEfCaseweRefal28ISIPSRQ 0 CNE S |

Ants are venomous animals with diverse terrestrial or arboreal nesting habits.
Compared to groundgiwelling species, arboreal ants have developed innovative hunting
behaviors to efficiently capture insect prey that are able to psday flying away, jumping or
dropping and whose presence is unpredictable in tree foliage. So, the rapid paralysis of prey
after the injection or spraying of venom is primordial for arboreal species (Cerda and Dejean
2011) and hence may influence venownposition. Within the group of arboreal species,
ALISOAL £ ATYSIRa QWLEB AVEIG Ay |y 20t A3FGS Ydzidz £ A&
sheltering plantants in hollow structures). In return for a nesting place and frequently food
rewards, the ant coloy helps protect its host myrmecophyte from enemies such as
herbivores. Depending on the species, plants often feed solely upon resources provided
by the host plant or have evolved elaborate means of prey capture such as the construction

of traps (RiceGray and Oliveira, 2007; Cerda and Deje&il).
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In this general context, we focused the present study on the monophyletic genus
PseudomyrmexXPseudomyrmecinae) that comprises terrestrial and arboreal species, and,
among the latter, plantints (Ward and Bwnie, 2005). Within this genus, nesting habits
influence ant feeding preferences. Thus, groumesting species feed mostly on prey,
arboreal species mostly on sugary substances, while {slanspecies live in a kind of food
autarchy feeding strictly onewards gathered on, or directly produced by, their host
myrmecophyte. Nevertheless, arboreal species are not more efficient at capturing prey than
are groundnesting species, something likely due to the influence of worker size in this group

(Dejean et a.2014).

In this study, we aimed to determine whether the venoms of foraging workers from
three Pseudomyrmexspecies having different nesting habits (i.e., ground, arboreal, or
restricted to a myrmecophyte))(act differently on standardized prey and bave different
compositions. fie venom of the only twd’seudomyrmespecies studied so faP,. pallidus
and P. triplarinus are proteinaceous (Blum and Callahan, 1963; Hink et al., P4 ;and
Hink, 2000 and hence an hdepth peptide mass analysis wperformed. The three species
were carefully chosen to represent each of the three nesting halbit® colonies of the
terrestrial speciesk.termitarius build underground nests up to 80 cm in depth (Jaffé, Lopez
and Aragort 1986); he workers mostly fage diurnally on the ground, hunting or
scavenging for a wide range of arthropods and occasionally exploiting extrafloral nectar on
low vegetation(Mill, 1981;0Orivel and Dejean, 2001a)he colonies of the arboreal spegies
P. gracilistypically nest in dead, hollow twigs or branches (Ward, 1993); the workers are
good hunters and frequently explagixtrafloral nectaDejean et al.2014). The planant, P.

penetrator, is typically associated withmyrmecophytes of the genusTachigali
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(Cesalpiniaceae) (Ward, 1999); its colonies are lodged in hollow, compound leaf rachis,

however, the very aggressive workers do not hudejean et al.2014).

2. Materials and Methods

2.1.Study sites and ant gathering

The present study was conducted in Kaw (5°09'30"N; 52°38'34"W), French Guiana,
between January 2010 and September 2013. Live specimdtseatiomyrmeworkers were
02ttt SOGUSR FNRdzyR t SGAG { I dzita Moptagmeode HngédsT p o
(05°04'20"N; 52°41'43"W). Voucher specimens of the ants were deposited Lratiwatério

de Mirmecologia collection, Cocoa Research Centre, Ilhéus, Bahia, Brazil, and the

Department of Entomology, University of California, Davis, CA 95616, U.S.A.

We chog sandy areas to rapidly unearth termitariusnests using small shovels. The
colonies were immediately placed into plastic boxes whose walls were coated witH”Euon
prevent the workers from climbing out. We cut up dripachia alatastems (Gentianace),
which frequently shelterP. graciliscolonies (Dejean et al.,, 2011), and placed those
containing a colony in separate plastic bags. We used pruning scissors toTathigaliaff.
paniculatacompound leaves containing parts Bf penetratorcoloniesand also placed them
in plastic bagsThe boxes and plastic bags containing the colonies were immediately
transported to the laboratory where the workers were separated and killed by freezimg (12

15 colonies each time).
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2.2. AcutePseudomyrmexenom toxcity

To prevent the degradation of the toxine venom reservoirs of >100 ants from each
species were dissected and pooled in 10% acetonitrile (AGhtilled water (v/v) (see
protocol in Touchard et al., 2014). They were then centrifuged for 5 min at 14,400 rpm
(12,000g,,) to pellet empty reservoirs and membranebhe supernatant wasvaporatedin
a centrifugal concentrator and the dried extract was dissolwednsect salineof the
following composition (in mM): NaCl 270, KCI 3.2; £a6} MgCl 10; 3[N-morpholino]
propanesulfonic acid 10then freezedried and stored at¢20°C To determine the dry
venom weight per worker, the venom from 100 workers peedps was pooled, dried and

weighed using a microscale (MettfekE 260).

To determine the acute insect toxicity of thieseudomyrmexenoms,a series of
sequential dilutionswith insect salinewere injected intoNasutitermes costaligermite
workers usingan EppendoriCellTram ofl micro-injector (mean weight othe individuals:
7.67 £ 0.05mg; n = 50). Note thatthe Pseudomyrmexspecies were previously tested in
different insect prey, including flies, cricket, katydids and different termite species (Dejean et
al., 2014; pers. comm.Each termite was injected with 05[] 2 F RAf dziSR @Sy 2Y
part of its thorax. EacPseidomyrmexvenom dilution was tested on 10 termites and each
doseresponse curve was repeated three times= 3). The number of termites that were
still mobile, knocked down (i.e., on their back, with their legs and antennae continuing to
move or vibrate)pr dead were recorded over a Pdperiod. For each series of experiments,

three lots of 10 control termites were injected with 05 2 F GKS AyasSod al f

negative control. There were no signs of paralysis in any of these control groups.
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2.3.Pseudomyrmexenom biochemistry

Twenty venom reservoirs from eaétseudomyrmesgpecies were dissected, pooled and
centrifuged as described in section 2.2, and the supernatant collected and lyophilized prior

to storage atg20°C before biochemical analysis.

The venom peptides were separated by reverpbdse HPLC using a Waters XteZd8
5pum, 2.1 x 100nm column on an Agilent HP 1100 HPLC system. The venoms were
fractionated using a gradient of solvent A (0.1% v/v TFA) and solvent B (ACN/0.1% v/v TFA).
The percentage of solvent B was modified as follows: 0% foin50c60% for 6amin, 6Q;
90% for 10min and 9@0% for 15min, all at a flow rate of 0.8\IL/min. The absorbance of the
column effluent was monitored at 215 nm on a diedeay detector. We monitored the
signal in real time, collected the fractions manually for each elutirekpand then freeze
dried and reconstituted them in 50L of 50% ACN/0.1% TFA for subsequenliregf MALDA

TOF MS analysis and disulfide bond reduction.

Mass spectrometry analyses were performed on a Voﬁ%@ﬁPro MALDITOF mass
spectrometer (Applied Bsystems; CA, USA) using thatrix h-cyanoe4-hydroxycinnamic
acid (CHCA) dissolved in a solution of water/ABM(50/50/0.1) at Smg/mL. Subsequently,
1 uL of each reconstituted HPLC fraction was deposited on the MALDI target plate followed
by 0.5uL ofthe matrix. Each spectrum was calibrated externally using a mixture of peptides
of known molecular masses in the saméz range (Peptide calibration Mix 2, LaserBio Labs,
SophiaAntipolis, France). External calibration was performed by depositingul0.5f the
calibration mixture cecrystallized with 0.5L of the CHCA matrix, adjacent to each sample.

All spectra were acquired in reflector mode to maximize peak resolution. They were
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collected over the range 5@Q20,000m/z in positive ion mode (200 shots pgpectrum) and
were automatically calibrated using the sequence module of the Voyagetrol software

(Applied Biosystems).

To map the peptide disulfide bond distributionyb of each fraction was incubated in 10
pL of the reducing buffer (10&@M ammonium bicarbonate, p8, 6M guanidine) with 10
mM dithiothreitol (DTT) for b at 56°C. The reduction results in a mass increase of 2 Da for
each disulfide bond as revealed by MAIIDIF MS analysis. When the presence of dimeric
peptides was suspected evsubsequently carried out alkylation of the fraction by the
addition of 50mM iodoacetic acid (IAA) for 30in in the dark. The reaction was terminated
by the addition of 5uL of 0.1% v/v TFA. Prior to mass spectrometry analysis, the
reduced/alkylated frations were desalted using ZiptipC18 (Millipore) pipette tips.
Alkylation with 1AA results in a mass increase of adGor each disulfide bond (+B& for
each alkylated cysteine residue). A comparison of mass shifts between native and
reduced/alkylatedvenom fractions allowed the number of disulfide bonds in each peptide to
be determined. Dimeric peptides were identified by the disappearance of the parent peptide
mass after reduction/alkylation and the appearance of two lower masses in

reduced/alkylatedspectra.

The spectra were subjected to a baseline correction (0.7 correlation factor) and
Gaussian smoothing {Boint filter width) in Data Explor&4.11 software (AB SCIEX).
Potential sodium and potassium adducts were manually removed from all massMiass
matches within £1.@a were defined as identical peptides in this study. Identical masses in

adjoining HPLC fractions, which reflected an incomplete separation, were also removed.

2.4.Data analysis
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The doses required to knockdown @Dor kill (IDsg) half of the termites were
calculated at each time point. These values were obtained by fitting the-cksg®nse data
using the following form of the logistic equation= 1/(1+K]/Dosesp)"" where x is the toxin
dose, my is the Hill coefficient (slope parameter), and Dgde the median inhibitory dose
causing lethality (Ldg or knockdown (K4$9). Nonlinear curvefitting of data was performed
using GraphPad Prism version 6.00c software for Macintosh (GraphPad Sofaar@iego).

The statistical comparisons of the dry venom weights per venom reservoir were carried out
using an ANOVA and a NewrAdaulsposthoc test (GraphPad PrismAreaproportional
Euler plots depicting overlapping peptide masses from multiple venwere constructed

using eulerAPE software (www. eulerdiagrams.org/eulerAPE/).

The effectiveness of venoms in paralysing or killing termites were compared at 1, 5 and
60min, and 2, 4, 8 and 24 Binary data (knockdown or not and dead or not) were analyzed
using the Generalized Linear Model (GLM) procedure with quasibinomial errors to correct
for data overdispersion and logit link. Species and the log of venom concentrations and their
interactions were used as fixed effects. When the species effect wadicagij aTukey's
posthoctest was used to compare species ("glht" function of the "multcomp” package). For
model selection, we used the stepwise removal of terms, followed by likelihood ratio tests.
Term removals that significantly reduced explanatoryvpo (P < 0.05) were retained in the
minimal adequate model (Crawley, 2007). FTRd YSy aA 2yt a Ol GG4SNJ LI 20
@Sy2Y I yRaoOlFILISaés 6SNB O2yaidNHzOGSR F2NJ GKS

(Systat, CA, USA).

3. Results
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3.1.Paralyzing and lethal properties Bseudomyrmexenoms

The knockdown induced by @&kseudomyrmexenoms was always irreversible with no
termites recovering over a 2dperiod at any dose (Fig. 1A, B). The degree of knockdown did
not differ between the thee compared species at 1 and 5 min following the injection (GLM:
species effect at = 1min: F= 1.76;df = 2;P=0.17 and at = 5min: F= 2.39;df = 2;P= 0.09).

The Klg value decreased with time for the two predatory specifs,termitariusand P.
gracilis but this was less evident for the plaant, P. penetrator(Fig. 1B). Bcrosis, which
appeared as a blackish area surrounding the zone of the injection, was noted for low venom

doses even before death of termites.

In terms of lethal effects, allenoms caused limited effects &t 1min with less than 3%
lethality at 2 mg/g or less. However, tat 5min the venom ofP. termitariusis more potent
than that of the two other species (GLM: species efféct: 9.05;df = 2;P < 0.001. Tukey's
posthoctest: P. termitarius vs. P. gracils= 3.66,P< 0.001,P. termitarius vs. P. penetrator
z=3.15P=0.004; and®. penetrator vs. P. gracils= 1.16,P= 0.47; see also Fig. 2).tAt
60min and later, the venom d®. penetratoiis lesgpotent than that of the two other species
(Fig. 2A; GLM at G@in: species*dose effeck = 5.18;df = 2; P < 0.005. Tukey'posthoc
test: P. termitarius vs. P. gracilizs= 1.03,P= 0.54;P. termitarius vs. P. penetrata= 3.81P

< 0.001; andP. penetrator vs. P. gracilig =-3.15,P= 0.003).

The dry venom weight per venom reservoir was 23.39+9.38> T ol & YROPpdp c
+ 0.25> dn =3100) forP. penetratoy P. termitariusand P. gracilis respectively, all of the
differences being signdant (ANOVAF = 591;df = 2; P < 0.0001; Newmai#euls multiple
comparison testP < 0.01 for each comparison). One minute after injection, 4.1% of the

contents of the venom reservoir were necessary fd?.agracilisvorker to knock down 50%
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of the termites (K[, whereas 2.6% was sufficient fBr termitariusand only 0.7% foP.
penetrator (Fig. 1C). The relative quantity of venom resulting in the death of 50% of the
termites (LI3y) after 1 h represented 11.8% of the contents of the venom resefeoia P.

gracilisworker, and 7.3% and 8.3% fer termitariusandP. penetratoy respectively (Fig. 2C).
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3.2.LCMALDITOF MS analysis

The HPLC chromatograms of the venoms of the titseudomyrmespecies showed a
similar pattern of peptide elution where the majority of the components eluted between 40
and 60min, coresponding to 3§55% ACN (Fig. 3). The number of HPLC peaks (fractions)
collected from the venoms d?. termitarius P. gracilisand P. penetratowas 20, 18 and 21,

respectively.

The MALDTOF MS analysis of each HPLC fraction often showed the presence of
multiple peptides ceeluting in the same LC fraction, particularly fortermitarius despite
sharp single LC peaks (Fig. 3). We recorded 87 peptides kh teemitariusvenom, but only

23 and 26 in theé. graciliandP. penetratovenoms, respectivelgTable 1).

Although the masses of most peptides from the venoms of the titseudomyrmex
species are relatively similar, only a few can be considered identical. If we consider that a
mass tolerance of less than D@ indicates identical peptides on tleendition that they do
not differ by the presence of a disulfide bond (Table 1), the same peptide is represented, for
example, by the masses of 1796.92, 3167.80 and 3276 theP. gracilissenom and the
peptides of 1797.84, 3167.89 and 32133inthe P. termitariusvenom (Table 1). All other
peptides found in the three venoms were therefore exclusive, so that only 2.2% of the
peptides were common between the. termitariusand theP. gracilisvenoms, while there
were no common peptides between tlie gracilisand theP. penetratovenoms or between

the P. termitariusand theP. penetratovenoms.
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3.3.Molecular mass distribution

The peptide mapping of the venoms by-MBLDITOF MS revealed a majority of small
peptides (91% in the 10@6000Da massange) (Fig. 4). HowevdPseudomyrmexenoms
also contain peptides in the 5288244 Da mass range. Whie gracilissrenom contains only
one large peptide (5362.72 Da), the venoms of the two ofPsgudomyrmesgpecies contain
five large peptides (Table 1). It must be noted, however, that the MALDI matrix used in this
study (CHCA) is better suited to the ionization of peptides in theS0W0 Da range (Sze et
al., 1998) and thus may not reveal the full extenttbé peptides of a higher molecular
weight. More isoforms or other peptides in the mass range abokB& may therefore be

present inPseudomyrmexenoms.
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Table 1.Peptide mass fingerprint (Da) frorRseudomyrmesspp. venoms following L&MALDITOF

MS. Shaded masses are common between venoms. Masses in a single box are monomeric peptides
with a single disulfide bondMasses surrounded by a double box are dimeric peptides with two
interchain disulfide bonds. * Mte that the masses of 1557.74 and 1557.8@& found in theP.
gracilisand P. penetratorvenoms, respectively, differ due to the presence of a disulfide bond in

the latter case

Mass (Da) Peptide
N . name forP.
P. termitarius P. gracilis  P. penetrator
penetrator
1381.76 2716.23 3167.89 1162.47 1011.52
1521.72 2772.54 3173.22 1288.58 1127.70
1781.94 2783.50 3179.75 1529.77 1250.84
1797.84 | 2786.31 318261  1557.74*
1798.22 2788.58 3200.63 1796.92 1911.05
1813.90 2804.36 3205.80 1809.07 1982.11

1821.03 2864.89 3213.63 1825.04 2004.10
1837.03 2918.41 3339.80 2211.30 2351.30
1852.98 2934.42 3397.84 2240.30 2684.34
1892.38 2946.26 3427.72 2485.60 2706.46

1897.01 2946.40 3497.87 2555.54 2722.41
1913.01 2962.21 3514.12 3002.22 2952.50
1949.38 2991.79 3589.75 3140.97 2980.60
1965.38 3005.00 3603.74 3167.80 3407.94
1997.13 3019.28 3733.09 3195.03 3440.16

2133.42 3021.80 3845.77 3213.76 3621.86 PRb

2184.00  3027.58  3853.80  3214.88 3639.12
2189.04  3033.30  3867.20 3915.95
2205.08  3044.57  4378.00  3250.90 3917.31
221430  3063.82  4510.00  3289.25 4044.44
2220.46  3081.50 455430 | 3477.64 4316.70
244724  3092.60  4673.00 | 3652.74 5239.07

2498.33 3099.46 4714.00 5362.72 5255.58

2593.32 3106.66 4731.20 5956.20 PRaa
2610.41 3116.28 5470.00 6600.94 PRab
2616.48 3142.77 6328.00 7244.30 PRbb

2624.55 3153.83 6339.00
2632.45 3162.53 6563.10

2642.43 3164.65 6569.00
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3.4. Structural diversity

The comparisons of the spectra before and after reduction/alkylation did not support
the presence of dimeric peptides in tlie termitariusand P. gracilissenoms, but resulted in
the detection of three dimeric peptides in tHe. penetratovenom. These dieric peptides
consist of two short peptidic chains linked together by two interchain disulfide bonds (Fig. 5)
that we named PR and PH. Mass analysis demonstrated that tfe penetratorvenom
contains both the homodimeric peptides R and PHb (595620 and 7244.3(Da,
respectively), the heterodimeric peptide, B (6600.9Da) (Fig. 5), as well as the peptide
PRb in its monomeric form (3621.8ba), which is structured by the presence of one
intrachain disulfide bond. Other monomeric peptides with one disulfide bond were found in
the P. penetratorvenom (1557.90, 2952.50, 2980.60 and 3401D@4 as well as in the.
gracilis venom (3218.42, 34784 and 3652.74a), but not in theP. termitariusvenom

(Table 1).
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Fig. 5. Determination of disulfide bonding iR. penetrator venom peptides. Panels show the
MALDK h C YI &a & LJS O RIpendrhk@ Venod abefore 26 and after (B) the
reduction/alkylation (R/A) process. A single disulfide bond was identified in the 3407.94 Da
peptide (A) following the +116 Da gain in mass between the native and reduced/alkylated peptide
(B; 3523.86 Da) consistent with thecarboxynethylation of two cysteines. Comparison of panels A
and B also revealed the presence of the heterodimeric peptided®Pn the P. penetratorvenom.

The heterodimer PRb (6600.94 Da), consisting of the monomers-#Rnd PFb and native
monomeric PFb at 3&21.86 Da, were present before R/A. After R/A, peptide-BP disappeared,
the mass of the monomer RB shifted by +11®a to 3737.86 Da, (reflecting the alkylation of two
cysteines) and the mass of the alkylated monomeric-2P+116Da) at 3094.5 Da alsappeared.

4. Discussion

Although numerous studies examining predatory ant behavior have demonstrated the
paralytic properties of ant venoms (s€&erda and Dejear2011), the present study is only
one of a few that has combined the analysis of @abhom taicity and compositior{Orivel

and Dejean, 2001Hk;ai et al 2012; dos Santos Pinto et al., 2012; Torres et al., 2014).

Consistent with the recent results dPseudomyrmepredatory behavior (Dejean et al.,
2014),the present study has shown that the venonh the grounddwelling speciespP.
termitarius is equieffective at causing rapid (within 5 min) knockdown of prey as venom
from the arboreal species?. gracilisand P. penetrator(Fig. 1B). Indeed thereversible

excitatory paralysis of the prey occudevithin the first minute regardless of the venom
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tested (Fig. 1B)After 5min the KIgy values decreased over time for the two predatory
speciesP. termitariusand P. gracilis but were less evident for the plasint, P. penetrator.
Nevertheless, this slight difference was negated by the fact that the venom vyield is
significantly greater foP. penetratorand hence it may inject larger quantities of venom that
would compensate for the slightly lower activityh support of these finaligs, Orivel and
Dejean (2001b) found that there were no differences in the paralytic doses between ground
dwelling and arboreal species in ponerine ants from the gétachycondylaln terms of the
lethality of the threePseudomyrmexenoms, there were ogl limited deaths in termites
within the first 5 min following injection, and only at doses greater than RO0.
Nevertheless, the lethal activity of the growddvelling speciesP. termitarius was
significantly greater at Bnin than the remaining two venms. After this period the two
predatory antsP. termitariusand P. gracilifoth had significantly lower Lspvaluesthan the
plant-ant P. penetrator Overall, however, the lkpvalues as a proportion of the venom
reservoir showed remarkably similar valuestween all three venoms, suggesting that the
lethal actions are not markedly different. In contrast, Orivel and Dejean (2001b) found that
the lethality of ponerine ant venoms was significantly lower for arboreal species. However
for predatory ants, rapidmmobilization of a prey species is much more important than a
slower lethal action if they are to prevent prey escaping. Thus, the oféémsive effect of
their venoms is paralysis, rather than death, of their target (Schmidt, 1986; Piek E9%il,
Crivel and Dejean, 2001byhe same is true for the plaiaint, P. penetratoy whose venom is
more effective at causing thienockdownof termites, but not in killing them. Indeed, this ant
species, which is not a predator, can therefore eliminate insectdudmg defoliators,

landing in its territory.
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Previous studies orPseudomyrmewenom composition have shown that they are
proteinaceous (Blum and Callahan, 1963; Hink et al., 1994; Pan and Hink, 2000), although a
polysaccharide was noted in the venom of an unidentiffs@udomyrmexgpecies (Schultz et
al., 1979). The venoms of all thr&seudomyrmespecies studied here appear to contain
both neurotoxic and cytotoxic compounds given the rapid paralytic and necedfect
observed following injectionDespite the limited knowledge of ant venom composition,
many other grounedwelling and arboreal ants have been shown to contain peptide toxins
with this type of neurotoxic and cytotoxic activity. For exampleiatomin, from Ectatomma
tuberculatum(a groundnesting, arboreaforaging Ectatomminae), is a powerful neurotoxic
calcium channel blocker that can also cause pores to form in the cytoplasmic membrane
producing a cytotoxic action (Pluzhnikov et &4B94, 1999). éneratoxin, isolated from the
venom of the grounehesting, arboreaforaging predatory specie®araponera clavata
(Paraponerinag)is also known to be a potent insespecific neurotoxin which affects
voltagegated sodium channels and blocks synaptic tmaissions in the central nervous
system, paralyzing the prey (Piek et al., 1991; Duval ¢t @92). Lastly, a wide range of
different ponericins, from the arboreal speci®achycondyla goeldihave already been
shown to possess cytolytic, insecticidaldaantimicrobial properties (Orivel et alk001,

Orivel and Dejean, 2001b).

The three venoms examined in the present study reveal different types of ant peptide
structures: linear peptides, singtghain peptides with intrachain disulfide bonds, and dimeric
peptides. The venom of the groustvelling speciesP. termitarius is composed only of
linear peptides, but in comparatively large numbers {&fsus23 and 26 peptides foP.
gracilisand P. penetratoy respectively)This higher number of peptides caube due to the

necessity of targeting a wider variety of molecular targets in more prey types (e.g., crawling
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and flying insects) or to the presence of antifungal or antibacterial peptides, given that this
species is much more exposed to such microbi#h@gens from the soil than are arboreal

species.

Both the P. gracilisand P. penetratorvenoms contain peptides with disulfide bonds.
These disulfide bondsontribute to the stability of small peptides and providggrong
resistance to proteases (King andrtly, 2013). Such peptides ofteet on ion channels and
receptor targetsand are common in the venoms afwide range of evolutionarily unrelated
predators including sea anemones, cone snails, centipedes, scorpions, spiders and snakes
(Yanget al, 2012;Smith et al.2013; King and Hardy, 2013evertheless, all of the peptides
with disulfide bonds previously described and characterized in ant venoms were dimeric
complexes formed from intrachain disulfidieked monomers or, more commonly, linear
monomess. Here we report for the first time the presende, ant venoms, ofif monomeric
peptides structured by one intrachain disulfide bond (e.g-blPRnd (i) dimeric peptides
comprised of heteroand homomeric combinations of the same peptides-éPénd PH)
structured by two interchain disulfide bondExcept forsnake venoms (Osipov et,a&2008
and papers cited thereinpeptides with a dimeriscaffold ae quite rarein other venomous
animals, although they have occasionally been noted in the venoms of some scorpions
(Zamudio et a).1997), spiders (Santos et,d992) and marineone snails (Loughnan et al.
2006). For ant venoms, heterodimeric peptidEsmed from intrachain disulfidéinked
monomers such as ectatomin frol tuberculatunvenom have been describé@luzhinikov
et al, 1994) Heterodimeric and homodimeric pilosulin peptides formed from linear
monomers with one or two interchain disulfid®nds have also been reported in the venom
of Myrmecia pilosulgdWiese et al.2007; Inagaki et 12008, while heteradimeric peptides

reticulated by two interchain disulfide bondse present ina range of myrmexins ithe
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venom of P. triplarinus(Pan ad Hink, 2000), another plafdint species strictly associated
with the myrmecophyteTriplaris americang@Polygonaceae), but belonging to another group
of PseudomyrmeXwWard and Downie, 2005However, in none of these venoms are there
examples of peptidesvhere both homodimeric (e.g., P& and Pib) and heterodimeric
(e.g., PRab) combinations of the same two peptides exist. Indeed the present study has
shown that at least one of these peptides {PPalso exists as a disulfidd®nded monomer,

adding furter structural complexity.

Ants have thus evolved a biochemically economical way of adding structural and
pharmacological diversity to their venoms by using gestslational modifications of single
chain peptides to form homoor heteromeric dimers. Asdbth monomers and dimers are
found in the venom, the biosynthesis of two single peptide chains can potentially result in
the presence of five mature peptides in the venom, most likely endowed with different
pharmacological properties. This appears to béed#nt to the majority of other arthropod
venoms, such as those from spiders and scorpions, that appear to contain mostly peptide
monomers with 7 intrachain disulfide bonds and often a defined structural motif e.qg.,

inhibitory cystineknot or disulfidedA NJ O-fafpit (Nicholson, 2013).

Using venom potency assays and MS analysis, we have shown that there is likely a
strong difference in the venom composition$eudomyrmesgpecies based on their nesting
mode. In the search for environmentally safeaoscides and peptides with antimicrobial
activities, the diversified venoms of growdavelling species may be a good source of useful
bioactive molecules. Yet, the structural diversity in the venom peptides of the-plar®.
penetrator presents strong imilarities with that of mymexins¢VI from P. triplarinus

another plantant. Because the association with a myrmecophyte requires that it protects
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the host plant from phytophagous insects as well as browsing mammals, the venoms of
plant-ants may be a pmoising source of peptides that modulate both insect and vertebrate
molecular targets. This is exemplified by the presence of peptides with both interchain
disulfide bonds (heterodimeric or homodimeric forms) and intrachain disulfide bonds

(monomeric form)n the plantant venomg a novel class of ant peptides.
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Les pressions de sélectigmour la capture des proies e défense contre les
prédateurs ontainsipermisl dzE F2dzZN¥A & RQSft | 62NBNJ deyii F NBSY
possédent probablemenine variabilité pharmacologiquemportante. Alors quela structure
primaire des peptides varie considérablement dans les venins, les structures tertiaires
restent relativement bien conservées. On retrouve ainsi des motifs structuraux partagés par
un large groupe depolypeptides dont les séquences et les pharomogies différent

[Casewell et al., 2013; Mouhat et al., 2004]

En moyenne sda 3 a4 4 % des acides aminés sont @ugipour le maintienR Q dzy” S

structure protéique fonctionnelle. Cependant poursléoxines animalesune plus large

LINE L2 NI A2Y RQIFOARSA | YAY SenralSdndes cysgioes fodmamt NS> L
les ponts dsulfure qui ont un réle dans ldétermination et la stabilisationdes structures
tridimensionnelles Y 2 NR A O Yy IOY R = .D.egdpé@nts Bisulfure assureaux peptides

une grandestabilité chimiqueet apportent une plus grandeésistance aux dégradations
enzymatiques S { LISNXY SGGSy | dzE LISLIGARSA RQl R2 L
tridimensionnellegZhou et al., 1993]0n retrouve de nombreux peptides riches en ponts

disulfure dans les venins des différents organismes veniméaxtains motifs structuraux

comme les peptides ICKont présentslansles veningde nombreux organismes (araignées,
serpents, scorpions, cnidaireS)i R QF dzi NBa Y20ATFa LISdzd&wed s GNB
unOSNII Ay GeéLIS ROQRINSHeyes soNofxingsd.Yhh -YoSadakine)avec

les conegqOlivera and Teichert, 200du encoreles toxinesa trois-doigts caractéristiques

desvenins de serpenttElapidag [Kini and Doley2010]
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Dans les venins de fourmis peu de structures ont été décetela majorité des
peptides séquencéa ce joursont linéairég @ t 2 dzNIi | Y (divefsife 600lodggddiet v i S
taxonomiquedes fourmis ainsi que la grande diversité fonctionnelle de leur viaigsent

espérer une plus grande diversité structurale dans les peptidomes.

u Quelle est la diversité structurale des toxines dans les peptidomes des venins de

fourmis ?

1.  Diversitéstructurale des peptides

La diversité structurale des peptides dans les venins de fourmis tréstenéconnue.
Seueks trois grandesclasss de peptides ont été découvess: les peptides linéaires, les
peptides dimériques et les peptides ldBans cechapitre nous avons réalisé une étude
extensive de la diversité des peptides dans les venins demfsuen recherchant tout

particuliéerement la présence de ponts disulfure.

[ QF yIf2asS RS%&82@spacdsapgparténbidiziux 9 ppates soudamilles
de fourmis a aiguillon a été effectaépar spectrométriede masse MALBIOF.Dans un
deuxieme temps,une étude plusdétaillée des peptidomes par LOIS couplé avec la
réduction chimique des peptes a également été effectuée sur plusieurs espéces
sélectonnées Les résultat indiquent que les peptidomede fourmissont majoritairement
composés de petits peptides dont taille est inférieure a 4 kDa, soit une estimation de
moins de 35acides aminésOn retrouve cependanteab peptides de taille supérieai(> 4
kDa)principalementdans les soufamilles appartenanau clade des formicioleset ceci est

particulierementvrai dans la sousamille desDorylinae néotropicalesqui produisent un
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groupe depeptides dont la masse est comprise entre 6000 et 8000 LI2a. réductions
chimiques des peptidesont permis de démontrer que la majorité des peptidesdans les
venins étudiésont linéairegdépourvus de ponts disulfurel)es peptides structurés par des
ponts disulfure sont des composés minoritaires des peptidodeefourmist.  f QS E OS LJi A 2y
certains venins qui sembié essentiellement composéde peptides a ponts disulfure
(Prionopeltacf. amabiliset le genreAnochetu¥ Bien que minoritaire dans les venins, on a
retrouvé des peptides a ponts disulfudans les gnins depresque toutes les safamilles
de fourmis étudiés, af QS E O S lalsdugfamilleP&raponerinae Ces peptides & ponts
disulfure sont soit monomeériqus soit dimériques et ils sont structurés par 1, 2u 3 ponts
disulfure.Ces résultats dmis aujour la grande diversité moléculaire dexinesdes venins
de fourmis etils ont permisla découvertede nouvelle familles structurales de toxines qui

possedent probablemerde nouvelles activités biologiques et pharmacologiques.
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ABSTRACT

RATIONALEEompared withother animal venoms, ant venoms remain little explored. Ants
have evolved complex venoms to rapidly immobilize arthropod prey and to protect their
colonies from predators and pathogens. Many ants have retained pepittievenoms that

are similar to othearthropod groups.

METHODSWiIth the goal of conducting a broad and comprehensive survey of ant venom
peptide diversity, we investigated the peptide composition of venoms from 82 stinging ant
species from nine subfamilies using MAIIDIF mass spectrometrWe also conducted an
in-depth investigation of eight venoms using revergathse (RPHPLC separation coupled
with offline MALDITOF mass spectrometry.

RESULT®ur results reveal that the peptide composition of ant venom peptidomes from
both poneroid andformicoid ant clades are comprised of hundreds of small peptides (<4
kDa), while large peptides (>4 kDa) are also present in the venom of formicoids. Chemical
reduction revealed the presence of disulfitieked peptides in most ant subfamilies,
including mptides structured by one, two or three disulfide bonds as well as dimeric
peptides reticulated by three disulfide bonds.

CONCLUSIONShe biochemical complexity of ant venoms, associated with an enormous
ecological and taxonomic diversity, suggests thaigeng ant venoms constitute a promising
source of bioactive molecules that could be exploited in the search for novel drug and

biopesticide leads.
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Introduction
Animal venoms aresophisticated biochemical weapornbat are currently under intense
investigation for their potential development into novel sources or lead compounds for
therapeutic agents and insesktlective biopesticides. The molecular diversity of venoms,
particularly peptide toxins, is linked to a formidable array of molecular targend
pharmacological properties. Several drugs and a biopesticide have already been developed
based on the high selectivity and potency of venom peptides and-depth exploration of
animal venoms will undoubtedly lead to further discoverieS]1

Veroms exhibit an extraordinary biochemical complexity ranging from small molecules
to large proteins that have been firened by nature for greater efficacy and target
selectivity. In most animal venoms, peptides are the predominant class of toxins and have
been investigated intensively in snakigsni and Doley, 2010kcorpiongMa et al., 2012]
cone snailgBiass et al., 2009; Davis et al., 2088 spider§Escoubas et al., 2006; King and
Hardy, 2013; Palagi et al., 2013However, as the venomous animal biodiversity
encompasses ca. 173,000 species, the vast majority of Anvem@ms remain unexplored in
spite of their potential. Several large venomous animal groups have been largely
understudied including centipedg¥ang et al., 2012]ticks [Nicholson et al., 2006]sea
anemonedqRodriguez et al., 2012vaspgBaptistaSaidemberg et al., 201ahd ants. This is
largely die to the small size and difficulty of collecting venoms or glands from these
invertebrates. However, cuttingdge technologies such as transcriptomic and proteomic
approaches now offer the possibility of exploring these venoms in detail, with samples of a
limited size. Many species are also cryptic, difficult to access or can only be identified by

specialized taxonomists. In addition, they may not be seen as a potential health threat to
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humans and therefore have attracted less attention than snakes, smwspspiders and cone
snails that have been responsible for many human fatalities.

Ants (Hymenoptera: Formicidae) are a good example of such a neglected group. Ants
are extremely diverse and ubiquitous in terrestrial environmejiiélldobler and Wilson,
1990] and can be considered one of the most abundant groups of venomous animals on
Earth. Ants are known to use venoms for both offensive and defensive purposes and are also
among the leading predators of other invertebratesmost ecosystemfBrady et al., 2006]
Some ant subfamilies lack stingers and spray secretions containing formic acid from their
venom glands (Formicinae) or deposit small chemicals from their pygidial glands
(Dolichoderinae) onto their targets. Howevea 70% of all ant speciesg 9,000species)
are capable of stinging and inject their venowia an abdominal apparatus including a
stinger connected to a venom glaf@dntWeb, 2014b] Despite this, it is fascinating to note
that although the toal number of stinging ant species is actually higher than the combined
number of snake, scorpion and cone snail species, very little is known about their venom
composition. Apart from those individuals with an allergy to ant stings, this is largely due to
their innocuity and their small size. So far, most work on ant venoms has concentrated on
small organic molecules such as hydrocarbons and alkgBidad et al. 1972; Jones et al.,
1991; Morgan et al., 2003However, ant venoms also contain a variety of peptides and
proteins[Schmidt, 1978; Touchard et al., 2014ald therefore are potentially as complex as
venoms from other groups of arthropods. This variability in the composition of ant venoms
may be further enhanced by differing selection pressures due to their enorracolegical
diversity[Pluzhnikov et al., 2000; Schmidt, 1978]

Recent studies have revedld¢hat stinging ant venoms are rich in peptides, similar to

other venomous animalflouchard et al., 2014aHowever, very few ant venom peptides
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have been characterised and only 72 peptide sequences have beerteépo date. These

are mainly linear peptides lacking disulfide bonds that have antimicrobial, cytolytic and
insecticidal activitiesExamples include poneratoxifPiek et al., 1991a; Szolajska et al.,
2004] ponericingOrivel et al., 2001 ]bicarinalindRifflet et al., 2012hnd dinoponeratoxins
[Cologna et al., 2013; Johnson et al., 20I0je venoms of other arthropods as well as
mollusks and snakes are known to contain disulfidd peptides as their main constituents
[Harvey, 2006; King and Hardy, 2013; Lewis and Garcia, 2003; Possani and Rodriguez de la
Vega, 2006; Ueberheide et al., 2008]though broad coverage of ant peptides have not
been broadly studi¢ so far, some preliminary data indicate that ant venoms may also
contain various types of peptides crdgsked by disulfide bridges. Disulfide bonds constrain
the peptide backbone into rigid thredimensional scaffolds which endow the peptides with

a beter chemical stability, increased resistanceitiovivo proteolytic degradation and form
tightly defined pharmacophores that can be finely modulated by single amino acid
mutations[Zhou et al., 1993] These characteristics make cysteneh venom peptides the
major active components of animal venoms that are behind their pharmacological activities
[King and Hardy, 2013]n particular,the inhibitor cystine knot (ICK) structural motif is
relatively common in smhtysteinerich peptide toxins from a variety of animal venoms and
plants[Gilly et al., 2011; Pallaghy et al., 1994; Rodriguez ,e2@l14; Zhu et al., 2003}Vhile

large numbers of ICHeptide toxins have been reported in other arthropods such as cone
snails, sea anemones, spiders and scorpions, only two such ant venom peptides with a
disulfide connectivity consistent with ICK toxins are currently describeDin@poneralCk

like peptice and SKTX{&agaki et al., 2008b; Torres ait, 2014] Indeed all of the disulfide

rich peptides previously isolated from ant venoms were henamd heterodimeric

complexes such as the myrmexins, pilosulins, and ectatomins found in venoms from the
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subfamilies Myrmeciinaginagaki et al., 2004; Inagaki et al., 20Q8Bkeudomyrmecinae
[Pan and Hink, 200@nd Ectatommina¢Pluzhnikov et al., 1994for a complete review see
[Aili et al., 2014),

In light of the enormous chemical, taxonomical and ecological diversity of ants, we
therefore hypothesized that ant venoms liketgpresent a promising source of unique
peptides with original scaffolds and novel pharmacologies. The study of ant venoms may
therefore open up a new, and largely unexplored, field in toxinology that may hold great
potential in the search for novel drugdds and genetically engineered biopesticides.

In earlier studies, we reported a novel method for the investigation of venom peptides
and have successfully applied it to the chemotaxonomic study of selected ant species
[Touchard et al., 2014aJThe present study embarked on a broader investigation of ant
venoms, with the aim of conducting a wide survey of ant venom peptidomes among nine
different stinging ant subfamilies. The study was designed to provide the commsate
coverage of ant venom peptide composition, particularly focusing on the discovery of
disulfidelinked peptides in these venoms. The MS profiling of these ant venoms has
revealed the occurrence of hundreds of unknown small linear peptides as welmgsnovel
peptides crosdinked by one, two or three disulfide bonds, suggesting the great depth of

structural and probable pharmacological diversity in ant venoms.

Materials and methods
Ant Collection and Taxonomy

Venoms from 82 ant species were invgated in the present study, covering 31 genera
from 9 of the 16 stinging ant subfamilies. Field collections of live worker ants were

conducted in various areas of French Guiana, with additional samples taken from continental



T Chapitre 3Biochimie

France as well as Trinidad amdbago. In order to include the largest possible biodiversity
and phylogenetic range, additional venoms were purchased from a commercial supplier
(Southwest Venoms, Tucson, AZ, USA). The samples included in the present study represent
ca 1% of the total stinging ant species currently described @dl3% of all stinging ant
genera (Table 1 and Fig. 1A). Other subfamilies not included in the study are either rare or
not present in the collection areas accessible to our group (South Ametiustralia and
France), such as African ants. Some subfamilies such as the Amblyoponinae and
Cerapachyinae are difficult to investigate because they are subterranean, which makes
collection work more prone to serendipity. Also the subfamily Myrmicisaeery large and
diversified withca 6,500 speciefAntWeb, 2014bjand therefore it is difficult to obtain a
representative coverage of this subfamily. Phylogenetic analyses were conducted according
to the most recent phylogeny of ants which describes 21 subfamilies and divides ant
subfamilies into three clades: leptanilloid, poneroid and formicfislady et al., 2006;
Moreau et al., 2006]Ants belonging to the leptanilloid clade were not includedhis study.

The complete list of the ant species investigated in the present study is provided in
Supplementary Tables 1 and 2.

Collected ants were stored &20°C prior to the dissection of the venom glands and
specimens from each of the 82 species wersoaktored in 96% ethanol for later
morphological identification. Three to thirty venom glands from worker ants were dissected
for each species, pooled and stored in 10% acetonitrile (ACN) / water (v/v) for whole venom
analysis. For further exploration bigliid chromatography coupled to mass spectrometry
(LC/MS), 80 venom glands per species were dissected and pooled. Samples were
centrifuged for 5 min at 14,400 rpm; the supernatant was collected and the fréaed

prior to storage a20°C. Freezdried venoms ofMyrmeciasp., Diacammasp.,Dinoponera
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grandis Streblognathus aethiopicud etraponerasp. andPogonomyrmex maricopaere

purchased from Southwest Venoms.

Table 1. Genera and extant species of stinging ants
No. of No. of % of No. of No. of % of

Clade Subfamily extant genera genera extant species species

genera studied studied species studied studied
Amblyoponinae 13 1 121 1
Paraponerinae 1 1 1 1
poneroid Pongrihae 28 10 1157 39
Martialinae 1 0 1 0
Proceratinae 3 0 135 0
Agroecomyrmecinae 2 0 3 0
Cerapachyinae 7 1 267 2
Ecitoninae 5 4 151 8
Myrmeciinae 2 1 92 4
Pseudomyrmecinae 3 2 229 4
formicoid  Ectatomminae 4 2 270 10
Myrmicinae 142 9 6443 13
Leptanilloidinae 3 0 15 0
Aenictinae 1 0 174 0
Heteroponerinae 3 0 24 0
leptanilloid Leptanillinae 6 0 59 0

Total 224 31 13.84% 9142 82 0.90%

Mass spectrometry analysis of crude venoms

MS analyses were performed on a Voyager-Hd& MALDITOF (MatrixAssisted Laser
Desorptionlonisation TimeOf-Flight) mass speatmeter (Applied Biosystems, InEoster

City, CA USA). Samples were prepared as previously reported using a ferulic acid (FA) matrix
dissolved in 20% ACN / water (v/v) containing 0.1% v/v trifluoroacetic acid (TFA) at
concentration of 10 mg/mL with the addition of 100 mM serffeuchard et al., 2014aThe
FA/serine combination has previously been shown to be the most efficient matrix for the
analysis of crude ponerine ant mvems by MALBTOF M$Touchard et al., 2014aPrior to

MS analysis, crude venoms were desalted using ZipTip® C18 pipette tips (Millipore, Billerica,
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MA USA). Then 0.5 pL of the desalted sample was deposited oMAhdI target plate
followed by 0.5uL of matribEach mass spectrum was calibrated externally using a mixture of
peptides of known mass values in the samé range (Peptide Calibration Mix 4, LaserBio
Labs, SophiAntipolis, France). Then 0.5 pL of thdilwation mixture was carystallized

with 0.5uL of the matrix, spotted adjacent to each sample and measured separately. All
calibration spectra were acquired in the automated mode, to maximize mass accuracy and
reproducibility, and were calibrated automeally. Spectra of crude venoms were acquired

in linear or reflector mode and calibrated automatically using the sequence module of the
Voyager® Control Softwardgplied Biosystems, Foster City, CA JU$%Ave spectra of 50
laser shots per spectrum were @ammulated for each sample based on the acceptance
parameters and adequate signal intensity in tméz 500¢10,000 range. Mass spectra were
collected in positive ion mode with 20 kHz acceleration. Signals bel\b00 were not
recorded as they were comprideof mostly matrixrelated ion clusterdEscoubas et al.,
2006] All ions observed were singly charged ([M+H+]), as for peptides in the mass range

observed. No doubly charged ions could be observed under the ionisation conditions used.

RRHPLC separation

In order to obtain a representative picture of ant venom diversity, we selected one venom
each from eight different ant subfamilies to be further analysed by LC/MALDI MS. The C18
reversedphase higkperformance liquid chromatography (RFPLC) separation of venoms of

the following species was therefore conducteerionopeltacf. amabilis (Amblyoponinae),
Pachycondyla goeldi{iPonerinae),Acanthostichussp. 1 (Cerapachyinaelciton burchelli
(Ecitoninae), Myrmecia pilosula(Myrmeciinae), Tetraponera sp. (Pseudomyrmecinae),

Gnamptogenys sulcatd@gctatomminae) anilanica rubida(Myrmicinae). Thesselected ant
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venoms were fractionated using an Xte®€d8 5 pum, 2.1 x 200 mm column (Waters, Milford,

MA USA) using a gradient of solvent A (0.1% v/v TFA) and solvent B (ACN/0.1% v/v TFA). The
percentage of solvent B was modified as follows: 0% for 5 @aB0% over 60 min, &90%

over 10 min and 9§0% over 15 min at a flow rate of 0.3 mL/min. The eluate was monitored

by UV absorbance at 215 nm on a dieateay detector. All analyses were performed on an

HP 1100 HPLC system (Agilent, Santa Clara, CARégt##de elution was monitored in real

time and fractions were collected manually for each eluting peak. Each fraction was then
dried and reconstituted in 50 pL of 0.1% v/v TFA for offline MAKH MS analysis and

disulfide bond reduction.

Disulfide bondreduction and alkylation

The presence of disulfideonded peptides in ant venoms was determined through the
chemical reduction of crude venoms and HPLC fractions. 5 pL of crude venom or selected
HPLC fractions were incubated with 10 pL of 200 mM ammotigarbonate buffer (pH 8)
containing 6 M guanidine and 10 mM dithiothreitol (DTT) for 30 min at 56°C. The reaction
was stopped by the addition of 5 pL of 0.1% v/v TFA. Prior to MS analysis, reduced venoms
or fractions were desalted using ZipTip® C18 pepéits (Millipore, Billerica, MA USA).
Chemical reduction results in a mass increase of 2 Da for each disulfide bond. Thus, by
comparing the mass spectra of native and reduced samples, the number of disulfide bonds
in ant venom peptides can be determinddowever, due to the use of a singgeage MALDI

TOF MS instrument, the resolution of the instrument did not permit the detection of +2 Da
mass differences in peptides with masses above 5kDa. Therefore, the venom fractions which
contained peptide masses ové kDa were also alkylated, following DTT reduction, by

incubating the mixture with 50 mM iodoacetic acid (IAA) for 15 min at room temperature in
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the dark. The formation of thé&carboxymethyl derivative of cysteine results in a mass
increase of 116 Da feeach disulfide bond (58 Da for each cysteine residue) that allows the

determination of the number of disulfide bonds in larger venom peptides.

Mass spectra analysis

All mass spectra were processed with Data Explorer® 4.11 software (AB SCIEX, Framingham,
MA USA) and subjected to a baseline correction with a correlation factor of 0.7 and Gaussian
smoothing to reduce noise with apoint filter width. Supplementary [M+Hions resulting

from sodium or potassium adducts were manually removed from all mstss Waluesvithin

m/z + 1.0 of neighbouring HPLC fractions were considered as identical peptides, reflecting
incomplete separation, and were also removed. Twd YSy aA 2yl f & Ol (G SNJI L
@Sy 2Y fIFyRaOlI LISaQs ¢gSNBE Oaftvaréd (SE=atiGARUSAANIY 3 {
peptide masses detected in each HPLC fraction were plotted as a function ahtlzeialues

(x-axis) and their HPLC retention time reflecting their hydrophobigigx(s). Averaged data

represents the mean + S.D. unlesseathise stated.

Results

Crude venom analysis

The crude venoms of the 82 ant species were initially analyzed by MAMDImass
spectrometry and a total of 1396 distinct masses were detected in all venoms after the
elimination of masses consistent with doubly charged ions, or potassium and sodium

adduds. The mean number of peptides detected in crude venom profiles was 17 + 9 (mean *
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S.D) and varied widely, ranging from 4 to 4Zhmalepoxenus muellerian{iglyrmicinae) and

Solenopsis saevissinidyrmicinae) venoms, respectively.

10000

3 Poneroid clade 7 7

[ Formicoid clade

°
8000 b A

N
N
N
N
N

6000

Mass (m/z)

4000 ~

2000

5000

4000

Mass (m/z)

3000

2000

1000 -

vvvvvvvvvvvvvvvvvv

Fig. 1¢ MALDITOF M&nalysis of 82 crude venoms belonging to 9 stinging ant subfamilies
from poneroid and formicoid clades. (A) Diversity coverage (%) of the nine subfamilies of
stinging ants studied from poneroid (filled grey bars) and formicoid clades (filled blue bars).
The white striped bars represent the percentage of genera not studied within each
subfamily. (B) Beandwhisker plot of the peptide mass distribution of all 82 ant venoms
organised by subfamilies. The bottom and top end of each box represent the firghiadd
quartiles, respectively, while the line inside each box represents the median mass. The ends
of the whiskers represent the¢85 percentile range while the black circles represent masses
outside the %95 percentile range. (C) Baxdwhisker plot of he peptide mass distribution

of ant venom peptides in the subfamily Ponerinae. (D)-&uwkwhisker plot of the peptide
mass distribution of ant venom peptides from 16 species of the gBaghycondyla
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The analysis of crude venoms revealed a grederogeneity in the peptide molecular
weight between subfamilies with an overall rangerofz 652.2,8569.4 [M+H)]. The huge
variation in peptide composition between subfamilies is illustrated by the namdmwrange
of Amblyoponinaer(/z 2138.8,;3782.6) as opposed to the broalz range observed in both
Ponerinae and Ecitoninae subfamiliesn/Z 685.76992.0 and m/z 1019.%8569.4,
respectively). The mass analysis of all crude venoms revealed the presence of mostly small
ions with 87% of aln/z values below 4000 (Fig. 1B). However, larger ions mithvalues
>4000 were also observed in specific venoms, notably in subfamilies belonging to the
formicoid clade, where 22.9 + 23.7%%< 41 species investigated) of the ions hav values
> 4000 The proportion of large peptides in ant venoms is even greater in Ecitoninae venoms
with 56.3 + 24.3%n(= 8 species investigated) of ions [M}kh the m/z range 4000.8
8569.4. This finding is consistent with previous reports of large peptides desaifmbd
sequenced from formicoid ant venoms such as ectatorfnseniev et al., 1994myrmexins
[Pan and Hink, 200(nd pilosulinglnagaki et al., 2004; Inagaki et al., 2008a; Wu et al.,
1998] It should be noted that the larger peptide masses are associated with dimeric forms
of peptides, often associating two linear chains linked by interchain disulfide Héuldet
al., 2014] In the range of species studied, the proportion of large peptice& & 4000)
found in ant venoms from the poneroid clade was significantly lower than in the formicoid
clade (ManAWhitney U = 280, n= n, = 41,P < 0.001). Only 3.0 + 6.1% £ 39 speds
investigated) of the peptides of ponerine ants were found to hev/e values > 4000n(/z
range4049.8,6992.0). This result confirms our earlier observations of Ponerinae ant venom
composition, particularly from th@achycondyland Odontomachugenera,where 99% of
all masses detected were in the mass range9.6 kD Touchard et al., 2014aHowever,

despite the narrow range of masses, there are significant differences between genera and
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between species belomgg to the same genus as illustrated by results from ten different
genera in the subfamily Ponerinae (Fig. 1C) and species from the large Rgctuscondyla
(Fig. 1D).

Overall, the examination of crude ant venom peptidomes indicates that ant venoms may
contain primarily small peptides in the mass range @5 kDa with larger peptides
observed mostly in the formicoid clade. We can therefore estimate that the lengths of most
ant venom peptides are below 35 residues. This estimate was determined from & ¢flW
111.1254 Da using the statistical occurrences of amino acids in the proteins of an average
amino acid, averagine, calculated with the formulgydat; 758d\1.357701.4775%.0417[SENKO €t
al., 1995] This finding is similar to those of conotoxins that are typically between 10 and 30
amino acids in lengtifiLewis et al., 2012but is in contrast to spider, scorpion and snake
venom peptide toxins that are normally between 40 and 100 amino d€Misera et al.,

1990]

Disulfide bond mapping in crude venoms

To broadly map the presence of disulfidended peptides in crude venoms, the venoms
were reduced. The comparative MAEDDF MS profiling of native venoms revealed the
presence ofca 50 peptides linked by disulfide bonds. We detected disulfideded
peptides among five distinct ant subfamilies from both the formicoid and poneroid clades
(i.e. Ponerinae, Amblyoponinae, Ectatomminae, Myrmeciinae and Myrmicinae). A
comparison of the spectra before and after reduction permitted us to detect the presence of
peptides with one, two or three disulfide bonds (Fig.-2A These masses are listed in the

supplementary Table 3.
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Fig. 2¢ Identification of disulfiddboonded peptides in ant venoms. Typical MAIDF MS
spectra recorded in reflector mode showifig+H'] ions of peptides increases d@ Da (A;
Pachycondyla unidentafja4 Da (BAnochetus emarginatysand 6 Da (CPachycondyla.
unidentatg) consistent with the presence of one, two and three disulfide bonds,
respectively. Upper panels show native peptide agit clusters, while lower panels show
the same peptide in reduced form obtained after reduction with D{D)) MALDTOF mass
spectra fromél6 of Tetraponerasp. venom before, and after, reduction and alkylation with
IAA (R/A). Comparison of spectra befoend after, R/A revealed the presence of the
heterodimeric peptide Tspb (m/z 5340.75) and the homodimeric peptide Tsp (n/z
5383.65). After R/A, [M+Hions of peptides Tspb and Tsgbb disappeared and the [M+H
ion of the alkylated monomeric Tsp(m/z 2823.46) and Tsp (m/z2866.51) appeared. This
is consistent witts-carboxymethylation of three cysteines in each monomer.

Only 32 peptides with one disulfide bond were detected in 14 crude venams (
Pachycondyla commutataP. mesonotalis P. undentata, Odontomachus hastatysO.

scalptus Anochetus horridusA. cf. diegensis Streblognathus aethiopicug’rionopeltacf.
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amabilis Ectatomma brunneum Myrmecia rufinodis M.. similimg Pogonomyrmex
maricopa andManica rubidd; 17 peptides with twalisulfide bonds were detected only in
venoms from the genudnochetugi.e. A. horridusA. cf. diegensisand A. emarginatuy and

one peptide with three disulfide bonds was detected Rn unidentatavenom. From our
sample survey, more disulfidenked peptides were detected in venoms from the poneroid
clade (42 disulfiddonded peptides) than in the formicoid clade (8 disulfimended
peptides). Overall, 33 disulfidlmonded peptides were found in Perinae venoms plus nine

in Amblyoponinae venoms (all poneroids), whereas only one distiificheled peptide was
found in Ectatomminae, two in Myrmeciinae and five in Myrmicinae venoms (from the
formicoid clade). This may indicate a greater structural dityems the Ponerinae, although a
larger venom sample set encompassing more species is needed for any definitive conclusion
to be drawn.

While disulfidebonded peptides seem to be minor components in most ant venoms,
some venoms appeared to deviate fromglpattern and were composed mostly of disulfide
bonded peptides. Of the 37 peptides detected in the venoms of the thmachetuspecies
(Ponerinae) 54% were structured by one and two disulfide bonds and 90% of the 10 peptides
detected in the venom oPrionopeltacf. amabilis(Amblyoponinae) were structured by one
disulfide bond. This suggests that our study, despite sampling a broad range of ant
subfamilies, cannot reveal the full extent of ant peptidome diversity. The vast number of
stinging ant speciegca. 9,000 species) may reveal other peptide classes, structures and
pharmacological properties. This is because specific generdtfi@ehetusand Prionopelta

may have evolved different venoms based on atypical structural motifs.
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LC/MALDI analysis an2D landscapes

The mass fingerprinting of crude venoms revealed up to a maximum of only 42 peptides, as
seen withSolenopsis saevissimanom. However, this low peptide count is consistent with
results obtained from a series of tarantula venoms where the examination of crude venoms
by MALDITOF MS revealed a maximum of 50 to 70 peptjeissoubas et al., 1997; Escoubas

et al., 1999; Esaas et al., 2002; Escoubas et al., 1998hirther examination of the HPLC
fractions later revealed the full complexity of these tarantula ven¢iscoubas et al., 2006]
Crude venom mass fingerprinting is therefore a suitable tool for preliminary investigation
and for comparing venom profiles in a given taxonomic group. However, it cannot reveal the
full extent of the venom peptidome, most likely due to ion suppressioactffwhere large
numbers of peptides compete for proton capture during the MALDI ionization process.
Consequently, the most abundant peptides, or the ones with the highest proton affinity, are
likely to be overrepresented in the mass spectra, while peptdwith low abundance or
lesser proton affinity may not ionize, or ionize in amounts below the detection limit. This
results in spectra displaying only a subset of the crude venom complexity. The key to
revealing the full extent of a venom peptidome divigrss chromatographic separation of

the venom prior to mass analysis, using hyphenated chromatography either online (LC
coupled to electrospray ionization MS) or offline (LC coupled to sample deposition and
MALDITOF MS). We therefore proceeded to frantte a range of ant venoms into fractions

containing fewer peptides to reveal the true venom complexity.
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Fig. & Representative RAPLC chromatograms of formicoid and poneroid ant venoms.
Venoms were separated by C18-RPLC using an ACN gradient of %/ (black dotted
line). Panels show the chromatographic profile of venoms fronP¢fgnopeltacf. amabilis
(Amblyoponinag)B) Pachycondyla goeldii(Ponerinae) (C) Acanthostichus sp. 1
(Cerapachyinae), (Bciton burchell{(Ecitoninae) (E)Myrmecia pibsula (Myrmeciinae) (F)
Tetraponerasp. (Pseudomyrmecinag)G) Gnamptogenys sulcatéEctatomminae)and (H)
Manica rubida(Myrmicinae)
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The resulting chromatographic profiles showed few similarities between the various
subfamilies (Fig. 3) and varied their complexity. This is reflected by the number of
fractions collected from the chromatograms. A total of 27 fractions were collected from the
least complex venomTetraponerasp.) and 61 from the most complex venor&citon
burchell). The overall compiety and range of elution patterns observed in ant venoms is
parallel to that observed in the RFPPLC profiles of other venomous arthropods such as
Australian funnelveb spiders[Palagi et al., 2013]The eight ant venoms that were
fractionated showed peptides eluting in a broad range of hydrophobicity. The most
hydrophiic fraction eluted at 10.8% ACN (Fract#infrom the venom ofEciton burchellat
15.8 min) and the most hydrophobic fraction eluted at 60% A&B ffom the venom of
Pachycondyla goeldat 65 min). Prionopeltacf. amabilis venom eluted over a narrow
hydrophobicity range (15€85.2% ACN) while botianica rubidaand Pachycondyla goeldii
venoms eluted in a broad hydrophobicity range (571% ACN and £60% ACN,
respectively). This highlights the broad physicochemical diversity among ant venom
peptides, siggesting that peptides with different structural scaffolds or widely differing
amino acid compositions are present.

The chromatographic fractions were then analysed by offline MAIH MS leading to
the construction of BRAYSYy aA 2yl f 3INIVEKWE GISNRFER LISHA5Q AS/
molecular mass of each peptide in a given venom was plotted against the HPLC retention
time reflecting hydrophobicity. The 2D landscapes revealed the enormous peptide
complexity in ant venoms (Fig. 4). The total number of mashetected in the venoms
analysed varied from 31 to 288 fdPrionopeltacf. amabilis and Pachycondyla goeldii
respectively (Fig. 5). Some fractions were highly complex and although they were collected

as single peaks based on signal monitoring, mass sinalgvealed the presence of up to 26



T Chapitre 3Biochimie

peptides in a single fractior#l@ at a retention time 32.6 min frorRachycondyla goeldlii
This clearly demonstrates the power of the 2D analytical approach, as true venom
complexity is not revealed by singlémensional analysis.

Although many more peptides were detected, the mass distribution of peptides from
the LC/MALDTOF MS analysesa® quite similar to that previously observed in the analysis
of the corresponding crude venoms. A total number of 1112 peptides were detected in the
eight venoms by LC/MALDDF MS with 94.4% of all peptides having a mass < 5 kDa and
87.5% < 4 kDa. Howevanost peptides in the venoms of formicoids fall into a broak
range such as ikciton burchellfm/z 592.2;7595.0),Myrmecia pilosuldm/z 679.56246.4),
Tetraponerasp. /z 1012.2;5773.2) andManica rubida(m/z 535.4;6570.0), with many
peptides havig masses >4 kDa, while the other formicoid and poneroid venoms contain
peptides that were almost exclusively lower than 4 kDa (Fig.4). In contrast, some venoms
were mostly composed of peptides in a remarkably narrow mass range. This included
venoms such aBrionopeltacf. amabilisthat contained only 31 peptides ranging fromyz

1411.1 tom/z 4265.2 (Fig. 5).
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Fig. 4¢ 2D Landscapes of ant venoms from formicoid and poneroid antsl) (Representative
species from eight different subfamilies showing the MMBLDITOF MS venom profiles of (A)
Prionopeltacf. amabilis (Amblyoponinae), (Bpachycondyla goeldfPonerinae), (CAcanthostichus
sp. 1 (CerapachyinaeD) Eciton burchell{Ecitoninae) (E) Myrmecia pilosula(Myrmeciinae), (F)
Tetraponerasp. (Pseudmyrmecinae), (Giznamptogenys sulcatéEctatomminae) andH) Manica
rubida (Myrmicinae) Black circles indicatiM+H] ions of peptideswithout disulfide bonds, green
circles represent peptides with one disulfide bond, cyan cirfiésH] ions of peptideswith two
disulfide bonds and red circlg+H] ions of peptideswith three disulfide bonds. Red inversed
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triangles in the 2D landscape @ktraponerasp. (panel F) show the presence [M+H] ions of
dimeric peptideswith three disulfide bonds while theyan inversed triangle in the 2D landscape of
M. pilosula(panel E) represents heterodimeric pilosulin 3 reticulated by two disulfide bonds. Purple
circles highlight previously characterised pilosulins (panel E) and ponericins (panel B) fddind in
pilosub andP. goeldivenoms, respectively.

Disulfide bond mapping
For a more precise characterization of disulflaended peptides in each venom, the
chemical reduction of each HPLC fraction was carried out to map the presence and number
of disulfide bondsWe detected the presence of monomeric peptides with one, two or three
disulfide bonds within all the venoms tested (Fig. 4). Peptides reticulated by one disulfide
bond were found in a wide range of venoms includtrgpnopeltacf. amabilis Pachycondyla
goeldii Tetraponerasp., Myrmecia pilosulaGnamptogenys sulcatand Manica rubida The
m/z values of these ions ranged from 1274Ba¢hycondyla goeldlito 4701.8 Tetraponera
sp.). Peptides with 2 disulfide bonds were identified in the venorgafonburchelliwithin
the rangem/z 6594¢ 7595 (Fig. 4D). Peptides with two disulfide bonds were also identified in
the crude venom analysis dinochetus emarginatyd\. cf. diegensisandA. horridusrenoms.
However, them/z values of these peptides were muchMer compared to those oEciton
burchelli(m/z 1623.6;2709.1), as shown in the supplementary Table 3. This difference in
m/z ranges may indicate that these peptides belong to distinct toxin families. A group of 15
linear ponericins were previously charagged from the venom oPachycondyla goeldii
[Orivel et al., 2001]In the present study, 11 of these ponericine.(G1, G2, G3, G4, G5, G6,
L1, L2, W3 and W5) were also detected within the 2D venom landsc&pegotldi(Fig. 4B).

The disulfide bond mapping of HPLC fractions revealed peptides with three disulfide

bonds in the venoms oPachycondyla goeldiAcanthostichussp. 1, Eciton burchelland
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Manica rubidawithin the broad range oi/z 3651.2;6440.8. Both homeand heterodimeic
peptides (Tsgab and Tsib) were also found in the venom ofetraponera sp.
(Pseudomyrmecinae) with a mashift, after reduction and alkylation, consistent with the
presence of three disulfide bonds (Fig. 2D). It is presently unclear, however,hif Tesac
monomer is linked to its other subunit by three irtenain disulfide bonds or each Tsp
monomer has only one intechain disulfide and an additional intchain disulfide bond.
Myrmexins are dimeric peptides that have been previously reported invéeoms of
Pseudomyrmex triplarinuand P. penetrator(Pseudomyrmecinae)Pan and Hink, 2000;
Touchard et al., 2014bHowever, myrmexin peptides only have two cysteine residues per
monomer, not three. Although the linear pilosulin 1 (and its isoforms’]filesulin 1,
pilosulyY M cplMuvumMH YR LAf2adZ Ay ™M cyMmumHO YR (K
the venom ofMyrmecia pilosula(Fig. 4E), the homodimeric pilosulins 4 and 5 were not
detected, even though these peptides have been previously reporteéd. ipilosulavenom
[Inagaki et al., 2004; Inagaki et al., 2008@}jverall, the percentage of disulfidieked
peptides in venoms ranges from 3 to 20% Kbr pilosulaand Tetraponerasp., respectively
(Fig. 5) highlighted by the dominance of linear peptides in ant venoms. However, the venom

of Prionopeltacf. amabilisstood out with 32.3% of the 31 peptides having 1 disulfide bond

(Fig. 5).
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Fig. 5¢ Total numbers of peptides in eight representative ant venoms revealed using
LC/MALDITOF MS. Orange bars show the proportion of disufideded peptides detected

by a mass shift after reduction of each-RPLC fraction with DTT. The percentagés o
disulfidebonded peptides in whole venoms are indicated above each bar.

Discussion

Ant venoms evolved bioactive peptides in order to disrupt multiple biological targets and
permit the capture of arthropod prey, deter predators, communicate with other members of
the colony and also act as antimicrobials. It is therefore not surprisirtgtiegoresent study

of the ant venom peptidome has revealed enormous variation in the complexity of ant
venoms highlighting the potentially diverse pharmacologies and functions of ant venom

peptides. It is now well established from other taxonomic groiyipavis et al., 2009;
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Escoubas et al., 2006jat venoms are highly complex, containing up to 1000 peptides, and
that many peptide classes as well as numerousorso$ in each class combine into a
complex biochemical cocktail. Our investigation of ant venoms reveals that a wide range of
ants produce venoms with a peptidic composition as complex as those of spiders, scorpions
or cone snails as previously demonstratedthe venom of the ponerine anDinoponera
guadricepgCologna et al., 2013The LC/MALBIOF mass fingerprinting of a wide range of
poneroid and formicoid ant venoms detected total numbers of peptidegirag from 31 to
288 peptides. Indeed, the venoms B&achycondyldPonerinae) ants seem to be particularly
rich in peptide components and the total number of peptides appear to be as complex as the
previously described venom from the related ponerine d@ihoponera quadricepgCologna
et al., 2013] Based on the present study, we would estimate that ant venoms contain on
averageca. 130 unigue peptides. If we assume a totakaf 9,000 stinging anspecies, we
can calculate the total number to be more than 1 million peptides in all stinging ant venoms.
However, this number is probably an unekstimate, as this does not take into account the
intra-species variations observed in ant venoi@slogna et al., 2013Moreover, cryptic ant
species also contribute to a hidden peptide diversity as the venom peptide profile can vary
among cryptic ant specieflouchard et al. 2014a] Indeed, many ant species are still
undiscovered particularly within tropical areas and the total number of ants could reach
25,000 species (currentba. 13,000 species describdifyard, 2010]

Hymenopteran venom peptides have not been extensively investigated to date.
However, past studies on wasp venoms revealed small linear pegBagsistaSaidemberg
et al., 2011; de Souza et al., 2004; Gomes et al., 2014; Mendes et al.,a2@0d4pme rare
single disulfiddinked peptides such as pallipihe-1l and¢lll from the venom of the wasp

Agelaia p. pallipedBaptistaSaidemberg et al., 20114nd sylverin from the venom of
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Protonectarina sylveirafbohtsu et al., 1993]A wide survey of ant venom peptidomes has
never been attempted before and this study therefore constitutes the most extensive
overview conducted to date, providing a broad overview loé¢ tvariability of ant venom
peptide composition. Ant venom peptides appear to be similar in mass to those of wasps as
the majority of their peptides was also less than 4 kDa and devoid of disulfide bonds. We
have also shown that formicoid ants still posse®me large peptides, which is consistent
with earlier studies on ant venoms that showed peptides larger than 4 kDa among the
formicoid subfamilies Ectatomminae, Pseudomyrmecinae and MyrmediD@aeovan et al.,
1993; Inagaki et al., 2004; Inagaki et al., 2008a; Pan and Hink, 2000; Pluzhniko¥/9&t43l.
Given their impressive ecological diversity, formicoid ants may thezefave enhanced
their venom arsenal by developing of more complex and larger peptides that permit them to
modulate novel pharmacological targets.

Disulfidebonded peptides often act on ion channels and receptor targets and are
common and dominant compomés in the venoms of a wide range of evolutionarily
unrelated predators including sea anemones, cone snails, centipedes, scorpions, spiders and
snakes[Ueberheide et al., 2009; Yang et al., 201Phe present study has highlighted the
distribution of monomeric peptides structured by one, two or three disulfide bondswide
range of ant venom peptidomes. Based on the present study, such peptides appear to be
minor components within most ant venom peptidomes except for some venoms such as
Anochetus emarginatysA. cf. diegensis A. horridusand Prionopeltacf. amabilis that are
mostly composed of disulfidéenked peptides. Peptides structured by one disulfide bond
have only been previously identified in the venoms Rdeudomyrmex graciliand P.
penetrator [Touchard et al., 2014b]in the present study, peptides containing a single

disulfide bond were extended to include venoms from five additional ant subfamilies
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encompassig 14 ant species (Supplementary Table 3). In hymenopteran venoms,
monomeric peptides reticulated by two disulfide bonds, such as apamin, were only
described from the defensive venom of the honey fgas melliferdGauldie et al., 1976]
Importantly, the presence of 17 such peptides from three specie&naichetuss the first
report of peptides with two disulfide bonds in ant venoms.

The DinoponeralCklike peptide[Torres et al., 2014is the only monomeric peptide
structured by more than one disulfide bond previously described from ant venoms. Peptides
sharing high homology with an ICK peptide from tarantula venom have been found in the
venom of the myrmecine anttrumigenys kumadofinagaki et al., 2008bJhowever this
data remains unpublished. Importantly, we fourmhe peptide in the crude venom of
Pachycondyla unidentatand several peptides from the venom Bf goeldiireticulated by
three disulfide bonds that had masses within the most common peptide mass range of other
ICK toxins (35@@500 Da). Therefore, thistrongly suggests that this toxin scaffold, which
has evolved many times in unrelated venomous aninfdtsu et al., 2003]may also be
present in many other ant venoms. However, the definitive identification of an ICK structural
motif will require the purification of the pdples and determination of the disulfide linkage
and tertiary structure. All the remaining disulfid®nded peptides identified in ant venoms
were home or heterodimeric complexes formed from monomers linked by one or two
disulfide bonds fromPseudomyrmexspp. (Pseudomyrmecinae) anHctatomma spp.
(Ectatomminae) oMyrmecia pilosulgMyrmeciinae)Pan and Hink, 2000; Pluzhinikov et al.,
1994; Pluzhnikov et al., 2000; Touchard et al., 2014b; Wiese et al.,. 20@6hlso found
dimeric peptides within the venom dlfie related pseudomyrmecinae arnfigtraponerasp.

Except for the heterodimeric peptide pilosulin B/¢ 5603), no other dimeric peptides

were identified in eitherMyrmecia pilosula Ectatomma tuberculatumor E. brunneum
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venoms even though severalifferent dimeric pilosulinsnf/z 81928540) and ectatomins

(m/z 79239419) peptides have been fully characterised from these venjpnagaki et al.,

2004; Inagaki et al., 2008aJhe ability of our MALBIIOF MS method using a FA/serine
matrix to mainly detect ions in then/z rangeca 50;8000 may explain why the dimeric
ectatomins and pilosulins were not detected in our investigation. This shows that the
peptide richness is likely to be even more extensive. The use of complementary analyses,
employing other techniques such as ESI mass spectrometry or using different matrices, may

reveal the presence of larger peptides.

Conclusion

The present work constitutes the most extensive study of ant venom peptidomes and
demonstrates the diversity in massé disulfide connectivity of peptides in ant subfamilies
and species. Ant venoms remain little investigated and the impressive diversity of peptides
from ant venoms highlighted in this work combined with the improvement of mass
spectrometry technology shddi boost future studies on ant venom toxins. Furthermore, the
small sizes of ant venom peptides make the sequencing and synthesis of these toxins
relatively simple therefore facilitating the characterisation of their pharmacological targets.
Ant venoms mayherefore provide a novel source of bioactive peptides to develop drug and

bioinsecticide lead compounds.
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SupplementaryTable 1. List of poneroid ants and their origin

Subfamily Genus Species Origin
Amblyoponinae Prionopelta cf. amabilis French Guiana
Paraponerinae Paraponera clavata French Guiana
Pachycondyla goeldii French Guiana
Pachycondyla stigma French Guiana
Pachycondyla commutata French Guiana
Pachycondyla villosa French Guiana
Pachycondyla crassinoda French Guiana
Pachycondyla procidua French Guiana
Pachycondyla constricta French Guiana
Pachycondyla harpax French Guiana
Pachycondyla apicalis French Guiana
Pachycondyla unidentata French Guiana
Pachycondyla arhuca French Guiana
Pachycondyla marginata French Guiana
Pachycondyla inversa French Guiana
Pachycondyla mesonotalis  French Guiana
Pachycondyla verenae French Guiana
Pachycondyla sp. French Guiana
Odontomachus  hastatus French Guiana
Odontomachus  haematodus  French Guiana
Odontomachus  scalptus French Guiana
Ponerinae Odontomachus  biumbonatus  French Guiana
Odontomachus  mayi French Guiana
Odontomachus  cf.ruginodis French Guiana
Anochetus emarginatus  French Guiana
Anochetus cf.diegensis  FrenchGuiana
Anochetus horridus French Guiana
Centromyrmex sp. French Guiana
Leptogenys unistimulosa  French Guiana
Leptogenys sp. 1 French Guiana
Leptogenys sp. 2 French Guiana
Leptogenys sp. 3 French Guiana
Platythyrea sp. 1 French Guiana
Platythyrea sp. 2 French Guiana
Platythyrea sp. 3 French Guiana
Hypoponera sp. 1 French Guiana
Hypoponera sp. 2 French Guiana
Hypoponera sp. 3 French Guiana
Diacamma sp. Unknown
Dinoponera grandis Brazil
Streblognathus  aethiopicus Unknown
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SupplementaryTable 2.List of formicoid ants and their origin

Subfamily Genus Species Origin
Cerapachyinae Acanthost?chus .1 French Gu?ana
Acanthostichus  sp. 2 French Guiana
Eciton burchelli French Guiana
Eciton mexicanum FrenchGuiana
Neivamyrmex sp. 1 French Guiana
Ecitoninae Ne?vamyrmex sp. 2 French Gu?ana
Neivamyrmex sp. 3 French Guiana
Neivamyrmex sp. 4 French Guiana
Labidus coecus French Guiana
Nomamyrmex hartigi French Guiana
Ectatomma tuberculatum  FrenchGuiana
Ectatomma brunneum French Guiana
Ectatomma edentatum French Guiana
Ectatomma cf. ruidum Trinidad and Tobago
Ectatomminae Gnamptogenys sul_cata French Gu?ana
Gnamptogenys  striatula French Guiana
Gnamptogenys triangularis French Guiana
Gnamptogenys  mordax French Guiana
Gnamptogenys sp.1 French Guiana
Gnamptogenys  sp. 2 French Guiana
Myrmecia gulosa Australia
Myrmeciinae Myrmec?a rl_inr_pdis Austral?a
Myrmecia simillima Australia
Myrmecia pilosula Australia
Manica rubida France
Pogonomyrmex  maricopa North America
Strumigenys sp. French Guiana
Daceton armigerum French Guiana
Solenopsis saevissima French Guiana
Myrmica sp. France
Myrmicinae Myrmica lobulicornis France
Myrmica ruginodis France
Myrmica sabuleti France
Myrmica sulcinodis France
Tetramorium sp. France
Chalepoxenus muellerianus  France
Strongylognathus testaceus France
Pseudomyrmex termitarius French Guiana
. Pseudomyrmex tenuis French Guiana
Pseudomyrmecinae . .
Pseudomyrmex  gracillis French Guiana
Tetraponera sp. Unknown
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Supplementary Table 3. List of monomeric disulfide bonded peptides detected in crude ant venomg

shows presence of one, two and three disulfide bonds detected by shifting of peptide masses (+ 2 Da
disulfide bondafter reduction with DTT.
No of MW oxidised MW reduced

Ss [M+H m/z [M+HT m/z Species Subfamily Clade
2243.34 2245.36 Pachycondyla commutata
3059.45 3061.56 Pachycondyla mesonotalis
2582.36 2584.36 Pachycondyla unidentata
1777.74 1779.70 Odontomachus hastatus
2098.87 2100.92 Odontomachus hastatus
2282.86 2284.95 Odontomachus hastatus
3543.46 3545.62 Odontomachus hastatus
2000.74 2002.72 Odontomachus scalptus Ponerinae
2058.75 2060.72 Odontomachus scalptus
1459.65 1461.52 Anochetus horridus
1702.70 1704.67 Anochetus horridus
2283.06 2285.11 Anochetus horridus .
. . poneroid

1177.59 1179.43 Anochetu<f. diegensis
1493.76 1495.64 Anochetu<f. diegensis
1633.93 1635.91 Streblognathus aethiopicus

1 2138.83 2140.86 Prionopeltacf. amabilis
2154.82 2156.85 Prionopeltacf. amabilis
2403.77 2405.80 Prionopeltacf. amabilis
2658.20 2660.97 Prionopeltacf. amabilis
2665.87 2667.92 Prionopeltacf. amabilis Amblyoponinae
2766.80 2768.91 Prionopeltacf. amabilis
2800.98 2802.97 Prionopeltacf. amabilis
2820.93 2823.02 Prionopeltacf. amabilis
2922.90 2925.00 Prionopeltacf. amabilis
1803.57 1805.52 Ectatomma brunneum Ectatomminae
1391.56 1393.66 Myrmeciarufinodis Myrmeciinae
1494.87 1496.76 Myrmecia simillima
1538.71 1540.62 Pogonomyrmex maricopa formicoid
2052.93 2054.95 Pogonomyrmex maricopa
2489.00 2491.12 Pogonomyrmex maricopa  Myrmicinae
1435.85 1437.89 Manica rubida
2745.30 2747.26 Manicarubida
1687.70 1691.71 Anochetus horridus
1832.80 1836.80 Anochetus horridus
2043.85 2047.89 Anochetus horridus
2709.10 2713.20 Anochetus horridus
1683.67 1687.58 Anochetu<f. diegensis
1702.79 1706.71 Anochetugf. diegensis
1958.88 1962.80 Anochetu<f. diegensis
2134.88 2138.89 Anochetu<f. diegensis

2 1623.60 1627.59 Anochetus emarginatus Ponerinae poneroid
1716.65 1720.59 Anochetus emarginatus
1849.74 1853.74 Anochetus emarginatus
1866.76 1870.70 Anochetus emarginatus
1916.79 1920.71 Anochetus emarginatus
1975.71 1979.69 Anochetus emarginatus
2026.79 2030.77 Anochetus emarginatus
2057.87 2061.82 Anochetus emarginatus
2093.82 2097.80 Anochetus emarginatus

3 4434.29 4440.30 Pachycondyla unidentata Ponerinae poneroid
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2.  Caractérisation de peptides originaux

Parmi les peptides structurés par des ponts disulfure révélés dans ce chapitre, les
peptides monomériqueséticulés parun et deuxponts disulfureconstituentdeux nouvelles
classes structuratde toxines découvertedansles venins de fourmis. Nous avons entrepris
la purification deplusieursde ces peptidegFigure B) afin de lescaractériser. un peptide
avecun pont provenant duvenin deNeoponera commutat&Ponerinae) unsecondpeptide
avecun pont disulfuredu venin deManica rubida(Myrmicinae) un troisieme peptide avec
dzy L2y ({ RA adz DdaMdBnactiRisizhastefugPonerinaR)@t sept peptides
possédantdeux ponts disulfure isolés du @ S Y MyfochBt@semarginatus(Ponerinae) Le
séquencagale ces peptides été effectuéLJr NJ RS I NI R I el eRs¢queR@Dsant | y
présentéesdans leTableau 4. La synthése et le repliemente ces peptidesont permis
R Q2 o (ind yuaritésuffisantede matériel pour déterminer la structure tridimensionnelle
par RMN des peptides A®73 et Ael733 isolés respectivement du venin 8& commutata

S (i A. BrgarginatugFigure #).

Tableau 4 Liste des peptides isolés et séquencés

Peptide Espece Séquence Masse (Da
Pc1973 Neoponera commutata IDKKPHRIIFKCSW 1972.01
Mr-1435 Manica rubida IGRPKKPIGIY 1434.80
Oh1777 Odontomachus hastatu CHFGYKMVNGRPINH; 1776.84
Ae-1733 Anochetus emarginatus WCASGRKKRHGSCNH, 1732.73
Ae-1689 Anochetus emarginatus DVGSSGHKVGGQRCNH, 1689.66
Ae-1790 Anochetus emarginatus GTGSSGHRVGQQROGNH, 1789.70
Ae-1852 Anochetus emarginatus RSVYSNGRPKPFGECNH, 1851.77
Ae-1866 Anochetus emarginatus RSCSNGRPKPFGECNH, 1865.79

Ae-1975 Anochetusemarginatus SFYATNGOWVKPGGGICNH,  1975.76
Ae-1917 Anochetus emarginatus RYCPSGRKKPYGGESCNH, 1915.80
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Figure ¥- Structure RMN des tdresPc1973 (A) et Ael733 (B).
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Chapitre 4. Pharmacologie
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Les fourmis utilisent leur venin pour diverses fonctions biologid@&etimidt, 1982]
I AyaA Rdz2NI yiG € SdzZNE wmn n[Brady etfak, 2006]lesRorinig g S& R Q
développéet sélectionnéde multiples peptides neurotoxiques, insecticides, cytajoes,
antimicrobiens, antifongiques et algésiques. On sait désormais que les venins de fourmis
az2yid SaaSyidASttSYSyl O2YLIRAaSa OBy AAShERIORSE f A
Ces derniers sordgurtout connus pour avoides activités antimicroennes cytotoxiqueset
insecticides(e.g ponericines, dinoponeratoxines, bicarinaipeCependant lgprésence de
nombreux peptidesstructurés par des ponts disulfur@ été démontréebien queleur role

biologique et leupharmacologigestent inconnus.

u Quelle est la fonction biologique et la pharmacologie des peptides a ponts disulfure

dans les venins de fourmid

Les venins de mygales, de scorpions, de serpents, deZ6nd8 Ql ySY2ysa RS
encore de scolopendres possedent de nombreux peptides stréstpar des ponts disulfure
qui sont souvent des neurotoxines ciblant lesnauxioniques[King and Hardy, 2013; Lewis
et al.,, 202; Possani et al., 1999; Rodriguez et al., 2012; Tsetlin, 1999; Yang et al., 2012]
Certains peptides sont égalemeaapablesk Q | Olésingciépteurs desiammiféresafin
RQAY RdzA NB dzy S & [Bafanletiak, 2913; BdhlenRe? alzf 281dzNSiemens and
Hanack, 2014].es peptides structurés par des pontsafuredécouvers dans les venins de
fourmis pourraientdonc agir de la méme facomsur les canaux ioniques et lascicepteurs

afinde paralyser leproies et repousser leprédateurs.
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1. Neurotoxines

[ Sa @SyAya RQI y A&irédzementrhé de petaitiés neudwzigies.
Ces neurotoxines sont capables de moduler une grande diversité de cibles moléculaires
notamment les canauxioniques avec différentes sélectivités, spécificités et efficacités
(Hgure 15). Ainsi de nombreuses toxines peptidiquasdulant les canaux ioniques baté
découveres dans les veninR Q I NI K [BRl&BBNR& al., 2004; King and Hardy, 2013]
Dans les venins de fourmis, uniguement deux peptides neurotoxignésa ce jourété
identifiés etcaractériséR Q dzy’ LJ2 ApHfaiimadel&yiqu dzSponeratoxine isodéa partir
du venin deParaponera clavataest capable de moduler les canasadium(Na) a la fois
des invertébrés et des vertébrgBuval et al., 1992; Piek et al., 199®a] [ QS @i&dt (1 2 YA YV
guant a elle une toxine peptidique dimérique isol@ a partir du venin de la fourmi
Ectatomma tuberculatumqui module lescourantscalcium de type ICg) [Arseniev et al.,

1994]

| FTAY t BASDKE QF OGAGAGS v S pepliBes®pantsldiszfureRsdlésO S NIi |
de nos venins nous avons injectés| peptides synthétiquePc1973, Mr1435 et Ael733
dans le thorax denouches (Lucilia cuprinp Le peptide R&973 a également été injecté dans
la proie naturellede N. commutata(Syntermessp.) puisquecette espéceest un prédateur
termitophage spécialisé Seul le peptide A4733 a montré un effet neurotoxiqusur les

mouchescependant ette paralysieestcompletement réversible aprés 24(%oir article 6)

Nous avons ensuite tesi S f Q He® irehi@sAbigS(Manica rubidaet Anochetus
emarginatug ainsi que ddrois peptides synthétiques (P73, Mr1435 et Ael733)sur ks
canaux ionigueshumains Ca, Na, ainsi quesur le récepteur nicotinique nAChRh T(le

protocole est LINB & Sy (i ®icleRd) §ed cahalx-ioniquetant une cible fréquente des
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neuratoxines animalesainsi que des cibles potentielles pow techerchede molécules

thérapeutiques.

Le veninbrut de Manica rubidaest un puissantactivateur de canaux ioniques et
augmente dramatiquement les flux dee&t* descellulesnerveuseshumaine SEBY5Y (figure
16). Les canaux sodium semblent particulierement activés. Il sera cependant nécessaire
RQSGSYRNB € OF N} OG SN a I Gfih Be/détediineNddel @ de2 3 A |j dzS
canaux ioniquesont affectés. En effet les cellules SB¥5Y possedent de nombreux canaux
A2y AljdzSa Sia f QlF OGA @I (pauplyy RRASNBAERINGIVF Shyyiia LBNP &2 §j &z
des canaux sodium (Nale pegide synthéique Mr-1435, provenantle ce veniny QI | dzOdzy S
activité sur ces canauioniques De mémed peptide Py b1 0 Y QF Y2y i NB | dzO dzy

canaux ioniques NaCg et le récepteur nicotinique NACHRT

Le veninbrut RAhochetus emarginatumhibent les caaux calwm Cal (Figure 16)
Ce venin semble également inhiber le récepteur nicotinigue / K w mdistce résultat
LJ2 dzZNNJ A G0 s UNB dzy ST Fdedl canhuk RAIIB Cetl nédesSitenBUQ A Y K A ¢
caractérisation pharmacologiquétendu uniqguementsur les récepteurs nicotiniquesst
donc nécessaire powonclured dzNJ f QAY KA O A U A 2y RSxaradtErieefdni S dzNE&
pharmacologiquedu peptidesynthétique Ae-1733 a permisie montrer que ce peptide est
un antagonistedes canaux calginde type L (CA)S G y QlF LI & RQSFFSUG & dzNJ

de type N (C) (voir article 6)
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Figure 16 Evaluation des activités pharmacologigsedes veninsbruts de Manica rubida et
RANhochetus emarginatus Les tests ont été effectués avec la lignée cellulaire humaine de
neuroblastome SKEEY5Y comme décrit dafiSousa et al., 2013; Vetter el.a2012]
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CAPTION

Background:Anochetusvenoms, unlike other ant venoms, are mostly composed of disdlifidted
peptides {ormicitoxins).

Results: The formicitoxin FOTXAel is a novel neurotoxin with a novel scaffold targetingyphe
calcium channels.

Conclusion:Anochetusants have evolved small, highlglded peptides targeting ion channels to
capture their prey.

SignificanceAnt venoms are the new frontier in the search for bioactive peptides.

ABSTRACT

Ants have evolved complex venoms to rapidly immobilize their prey and to defend themselves
from predators and pathogens. Although most peptidic venoms from ants consist df lamear
peptides, disulfiddinked peptides are also found as minor components. Unlike other ant venoms,
Anochetusvenoms are mostly composed of disulfilileked peptides. In this study, the venom
peptidome of Anochetus emarginatugas investigated usinBRHPLC and EKIS. A total of seven
disulfidelinked peptides namedbrmicitoxins FOTI'X) were isolated and their amino acid sequences
characterized byoth Edman degradation ande novoMS/MS sequencinglhe toxinFOlxAel was
selected for further analysiand chemically synthesized by Fmoc chemist@. xAel exhibited a
fully reversible paralytic activity on blowflies and also inhibited humaypé calcium channels
(Cql). Interestingly, @erminal amidation was found to be crucial for its activity. The three
dimensional structure oFOINxAel was elucidated by NMR spectroscopy and revealed a compact
structure in which a @ S NJY Ahgikpih is iconnected to the 4&rminal region via two disulfide
bonds which represents a novel toxin scaffold. This study demonstrates that ant venoms are a
promising source of novel ligands for ion channels and a source of structural novelty for drug leads

and biopesticides.
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INTRODUCTION

Venomous animals employ complex biochemical cocktails of small molecules, peptides and
proteins for the dual purpose of capturing prey and defending against predators. Venoms are
typically comprised of a mixture of proteins, peptides, salts, biogenic anaindssmall molecules
such as alkaloids, acylpolyamines other structures The proteinaceous components and
particularly the peptide content are the dominant fractions in most animal venjdimgy and Hardy,
2013] In the main the animal venoms studied so far, such as scorpions, Spi&ka anemones,
shakes and cone snails, are comprised of peptidasare disulfiderich toxins acting on ion channels
or other cellular receptorfHaney et al., 1993; Yang et al., 2012]

The venom composition of other groups such as insects, centipedes, crustaceans or annelid
worms has been the object of less attention, with some of the first investigations performed only
very recently{Cherniack, 2011; von Reumont et al., 2014a; von Reumont et al., 2014b; von Reumont
et al.,2014c; Yang et al., 201Zfurthermore, despite the ubiquity, abundance and diversity of ants
(Hymenoptera : Formicak), with 13,029 species describpshtWeb, 2014b] their venoms remain
largely unexplored. While a number of ant subfamilies rely on smalécule chemical defenses,
many other have retained the ability tailsg, like wasps and bees, and those venoms appear to be
essentially peptideich. To date, a total of 72 peptides have been sequenced from these ant
subfamilies[Aili et al., 2014Jand fall into three different structural classes: lineae.( devoid of a
disulfide ond); dimeric and ICGKke peptides. The recent investigation of 82 stinging ant species
confirmed the prevalence of small linear peptides with less than 35 residues while highlighting the
presence of disulfiddinked peptides in most subfamili§gouchard et al., 2015]

Most interestingly, this study also showed that the venom of spdt@a the genusAnochetus
(Ponerinae) were almost solely composed of peptides with one or two disulfide jdodshard et
al., 2015] Anochetusare predatory ant species that feed on small invertebrates using theirj&nap

mandibles and their venom to rapidly subdue their prey. To date, very little is known about the mode
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of action of antvenom peptides, as there kiabeen only a few pharmacological characterizations of
isolated ant peptides. Poneratoxin, isolated from the venorRPafaponera clavatéParaponerinae),
modulates voltagegated sodium (NA channels used by both vertebratescaimvertebrategDuval et

al., 1992] Ectatomin, from the venom dEctatomma tuberculatunEctatomminae), is both pore
forming peptide and a modulator oftype calcium channelgluzhinikov et al., 1994; Pluzhnikov et
al., 1999] Considering the unusual compositionAriochetusvenoms, we investigated in detail the
peptidome of the Neotropical specied. emarginatusby LGMS prior to the isolation and

characterization of a novel family of neurotoxic peptides, narioedhicitoxins

EXPERIMENTAL PROCEDURES

Ant collectiom LiveA. emarginatusvorkers were collected from both the Nouragues biological
station and Kaw in Ench Guiana, and voucher specimens were deposited inL#tmratorio de
Mirmecologiacollection, Cocoa Research Centre, Ilhéus, Bahia, Brazil. Worker ants were stored at
20°C prior to the dissection. Fifty venom sacs were dissected and pooled in 10%etdnitaile
(ACN)/water. Samples were centrifuged for 5 min at 14,400 rpm; the supernatant was collected and

freezedried prior to storage at20°C for further whole venom analysis.

RRHPLC separation and peptide purificatiohhe A. emarginatusvenom was separated
through reverseephase higkperformance liquid chromatography (FRHPLC) using an Xte/@i8
5um, 2.1 x 100 mm column (Waters, USA). Fractionation was achieved using a gradient of solvent A
(0.1% v/v trifluoroacetic acid (TFA)) and solvent B (ateile (ACN)/0.1% v/v TFA). The percentage
of solvent B was modified as follows: 0% for 5 mi60@ over 60 min, 600% over 10 min and 90
0% over 15 min at a flow rate of 0.3 mL/min. The eluate was monitored by UV absorbance at 215 nm
on a diodearraydetector. All analyses were performed on an Agilent HP 1100 system (Agilent, USA).

Peptide elution was monitored in real time and fractions were collected manually for each eluting
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peak. Each fraction was then dried and reconstituted in 50 pL of 0.1%FAkwater for offline
MALDITOF MS analysis and disulfide bond reduction. Fumlegtide purification was achieved by
subjecting C18 fractions to a second reverpbdse chromatography on a Jupiter C4 5um, 4.6 x 250

mm column (Phenomenex, USA).

Massspectrometry analysisMass spectrometry (MS) analyses were performed on a Voyager
DEPro MALDITOF mass spectrometer (Applied Biosystems, CA, USA). Samples were prepared as
previously reported using a ferulic acid (FA) matrix dissolved in 20% ACN/0.I%AAvater at a
concentration of 10 mg/mL with 100 mM serine as an additive. The FA/serine combination has been
shown to be the most efficient matrix for the analysis of crude ponerine ant venoms through MALDI
TOF MS3Touchard et al., 2014aJrhen 0.5 pL of each sample was deposited on the MALDI target
plate followed by 0.piL of the matrix. Each mass spectrum was externally calibrated using a mixture
of peptides of known molecular masses in the same@ range (Peptide Calibration Mix 4, LaserBio
Labs, Sophi&ntipolis, France). Lastly, 0.5 uL of the calibration mixture wagystallized with 0.5
pL of the matrix and placed adjacent to each sample and analyzed separately. All calibration spectra
were aguired in automated mode to maximize mass accuracy and reproducibility. All spectra were
acquired in reflector mode and sample spectra were calibrated automatically using the sequence
module of the Voyager® Control Software (Applied Biosystems, CA, W@Agpéctra of 50 laser
shots per spectrum were accumulated for each sample based on defined acceptance parameters and
an adequate signal intensity in the 5{i®,000 m/z range. Mass spectra were collected in the
positive ion mode with 20 kHz accelerati®ignals below 5061/ z were not recorded as they were

comprised of mostly matrixelated ion clusters

Mass spectra analygisAll mass spectra were processed with Data Explorer® 4.11 software (AB
SCIEX) and subjected to a baseline correction with a cameltctor of 0.7 and Gaussian smoothing

to reduce noise with a-point filter width. Supplementary masses resulting from sodium (+22 Da)
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and potassium (+38 Da) adducts were manually removed from all mass lists. Masses matching within
+ 1.0 Da in neighbarg HPLC fractions were considered identical peptides reflecting incomplete
separation. Twalimensional scatter plots, termed as "2D venom landscapes"”, were constructed
using SigmaPlot 12.0 software (Systat, CA USA). All peptide masses detected in edchckibC
were plotted as a function of theim/z values x-axis) and their HPLC retention time reflecting their
hydrophobicity y-axis).

The number of residues per peptides was estimated using the averagine value: this theoretical
amino acid average molatar weight (111.1254 Da) is determined using the statistical occurrences of

amino acids in proteins, calculated with the formuladeH; 7589N1 3579 0417

Disulfide bond reduction and alkylatiomhe presence of disulfidinked peptides in ant
venomswas determined through the chemical reduction of crude venoms and HPLC fractions. 5 pL of
crude venom or selected HPLC fractions were incubated with 10 pL of 100 mM ammonium
bicarbonate buffer (pH 8) containing 6 M guanidine and 10 mM dithiothreitol (®5FT30 min at
56°C. Prior to MS analysis, reduced venoms or fractions were desalted using ZipTip® C18 pipette tips
(Millipore, Billerica, MA USA). As chemical reduction results in a mass increase of 2 Da for each
disulfide bond, the examination of massifth in the mass spectra of native and reduced samples
permitted the number of disulfide bonds in the corresponding peptides to be determined. Targeted
disulfidelinked peptides were purified. For further confirmation of the SS bond linkage, they were
alkylated following DTT reduction by incubation in 50 mM iodoacetic acid (IAA) for 15 min at room

temperature in the dark.

Peptide chemical sequencinghe purified peptides were subjected to Edman degradation on
an Applied Biosystems gpbase sequencer moddb2. Phenylthiohydantoin amino acid derivatives
generated at each sequence cycle were identified and quantifietinerwith an Applied Biosystems

Model 140C HPLC system using the data analysis system for protein sequencing from Applied
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Biosystems Model BA. The PTamino acid standard kit was used and reconstituted according to

GKS YI ydzZFlIl OGdzZNENRE AyauNdHzOGA2yad ¢KS LINPOSRdAzNEa
manufacturer. Chromatography was used to identify and quantify the derivatized angiib a
removed at each sequence cycle. The retention times and integration values of peaks were

compared to the chromatographic profile obtained for a standard mixture of derivatized amino acids.

De novo mass spectrometry peptide sequerwiAg aliquot (1/3)of each of the 6 purified
peptides {.e. FOTXAe2; Ae3; Aed; Aeb; A& and Ad) after reduction and alkylation was subjected to
de novosequencing using AB Sciex 5600 TF system. The AB Sciex TripleTOF 5600 System is a hybrid
guadrupole TOF MS equipped with a DuoSpray ionization source coupled to a Shimadzu 30 series
HPLC system. The LC separation was achieved using a Agiléit € 100mm, 1.8mm, 300 A
column at a fast gradient o£80% B (90% acetonitrile/0.1% formic acid (aq)) mith a flow rate of
0.15 ml mirt over 4 min. A cycle of one full scan of the mass range (MS§1800 m/z) followed by
multiple tandem mass spectra (M8S) (861400 m/z) was applied using a rolling collision energy
relative to them/z and charge state of the precursor ion up to a maximum of 80 eV. The full scan
mass spectrometry had a duration of 14 min with a cycle time of 1.15 s (total of 729 c¥tles).
maximum number of candidate ions monitored per cycle was 20 and the ion tolerance was 0.1 Da.
External calibration was applied before the acquisition. All data processing was conducted using

Analyst1.6 software. The target ion spectra were manualgrpreted.

Chemical synthegisProtected Fmo@mino acid derivatives were purchased from Novabiochem
or Auspep (MelbourneAustralia). The following side chain protected amino acids were used:
Cys(Trt), His(Trt), Hyp(tBu), Tyr(tBu), Lys(Boc), Trp(Bo¢RbArgAsn(Trt), Asp(OtBu), Glu(OtBu),
GIn(Trt), Ser(tBu), Thr(tBu), Tyr(tBu). All other Fmoc amino acids were unprotected.
Dimethylformamide (DMF), dichloromethane (DCM), diisopropylethylamine (DIEA), trifluoroacetic

acid (TFA) were supplied by Auspep BMelbourne, Australia) as peptide synthesis gradéli2
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benzotriazoll-yl)-1,1,3,3tetramethyluronium hexafluorophosphate (HBTU), Triisopropyl silane
(TIPS), HPLC grade acetonitrile, acetic anhydride and methanol were supplied by Sigma Aldrich
(Sydney, Astralia). The resin used was FrRimk amide resin (SV = 0.65 mmol/g) supplied by
Auspep P/L. Ethane dithiol (EDT) was supplied by Merck.

Ant peptideFOTXAelis a peptide amide and was synthesized on a Protein Technology (Symphony)
automated peptide syrtesizer using Rink amide resin (0.1 mmol). The carboxyl versk@rofAel

was synthesized using FmGysWang resin (SV =0.5mmol/g). The peptides were assembled using
HBTU/DIEA isitu activation protocol§Alewood et al., 1997{o couple the Fmogrotected amino

acid to the resin (5 equiv excess; coupling time: 5 minutes). Fmoc deprotection was performed with
30% Piperidine/DMF for 1min followed by a 2 min rep&8ashes were performed 10 times after
each coupling as well as after each-plfetection step. After chain assembly and final Fmoc
deprotection the peptide resins were washed with methanol and dichloromethane and dried in a
stream of nitrogen. Cleavage ohd peptide resin was performed at room temperature in
TFA/HO/TIPS/EDT (87.5/5/5/2.5) for 3 h. Cold diethyl ether (30 mL) was then added to the filtered
cleavage mixture and the peptide precipitated. The precipitate was collected by centrifugation and
subsquently washed with further cold diethyl ether to remove scavengers. The final product was
dissolved in 50% aqueous acetonitrile and lyophilized to yield a solid white product. The crude,
reduced peptide wasxamined by reverseghase HPLC for purity arige correct molecular weight
confirmed by Electrospray mass spectrometry (ESMS).

Pure, reduced peptideBOTXAel (amidated and carboxyl version) (1 mg/ml) were oxidized by
stirring at room temperature in 10% DMSO / 0.1M,NBQ pH 8.0, for 16 h. The solatis were
subsequently diluted to a DMSO concentratiorb % prior to RPIPLC purification. A single main
oxidized product was purified to >95% purity and lyophilized.

Analytical HPLC runs were performed using a Shimadzu HPLC system LC10A with a dual
wavelength UV detector set at 214 nm and 254 nm. A reverslealse €18 column (Zorbax 308B €

18; 4.6 x 50 mm) with a flow rate of 2 mL/min was used. Gradient elution was performed with the
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following buffer systems: A, 0.05% TFA in water and B, 0.043% TF# ik@Q in water, from 0% B
to 80% B in 20 min. The crude peptides and oxidized peptides were purified bypregarative
HPLC on a Shimadzu HPLC system LC8A associated with a felasse@l8 column (Vydac-C8,

25 cm x 10 mm) running at a flow rate ®fmL/min with a 1%/min gradient of 5% B to 50% B. The
purity of the final product was evaluated by analytical HPLC (Zorbax 36D8B!I® x 100 mm) with

a flow rate of 1 mL/min and a 1.67 %/min gradient of B4&%). The purity of the synthesized
peptideswere all greater than 95%.

Peptide concentration used durinig vitro screening was calculated based on peak size detected
at 214 nm by HPLC. Peak size was calibrated using a peptide standard with known peptide content
established through amino acid ansily. Molecular extinction coefficients were calculated for the
standard and the peptide of interest by applying increments established by BucRuck et al.,

1989] Usingthe Lambert Beer Law, the peptide concentration was calculated based on absorptions
of standard and samples using calculated extinction coefficients.

Electrospray mass spectra were collected inline during analytical HPLC runs on an Applied
Biosystems API50 spectrometer operating in the positive ion mode with an OR of 20, Rng of 220
and Turbospray of 350 degrees. Masses between 300 and 2200 amu were detected (Step 0.2 amu,
Dwell 0.3 ms).

Insecticidal bioassayThe FOTXAel peptide dissolved in insedaline (for details on
composition, se¢Eitanet al., 1990] was injected into the ventrateral thoracic region of blowflies,
Lucilia cuprina(mass 28.§30.7 mg), using a 1.0 ml disposable syring® (Bltra Fine, Terumo
Medical Corporation, MD, USA) and a fixed 29 gauge needle, fitted to asidAnand micre
applicator (Burkard Manufacturing €ad., England). A maximum volume of 2 pl was injected per fly.
Thereafter, flies were individually housed in 2 ml tubes and the paralytic activity was determined
after 1 h and 24 h. A total of three testss carried out and, for each test, seven doseB@ixAel
(n=10 flies per dose) and the appropriate control (insect saline; n= 20 flies each) were uged. PD

values were calculated as described previo[Bbnde et al., 2013; Herzig and Hodgson, 2008]
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Measurement of intracellular aresponses The C& responses were measured using a

fluorescent imaging plate reader (FLIPR} and Calcium 4 dye(Molecular Devices, Sunnyvale, CA,

USA) and the neuroblastoma cell line-S¥BY as previously described for assaying vetjatgz ion

channels CA, Cg2 and Naand the liganeB | § SR A 2y OK[Bolsa 8tfal., 2013; \fetter ek w

al., 2012] SHSYSY cells were plated at 40,000 cells per well in a 384lavellear bottom black plate

(Corning, NY, USA) and cultured at 37°C in a humidified 5%n¢&®ator 48 h before assay. The
YSRAdzY 61 & NBY2Q0SR FyR (KS OStta f2FRSR gAGK Hn
assay buffer containing (in mMY0 NacCl, 11.5 glucose, 5.9 KCI, 1.4 MdQ NakPQ, 5 NaHC¢)

1.8 CaGland 10 HEPES pH 7.4 and incubated for 30 min at 37°C in a humidified, §%ub&ior.

ForCav | aal X m2 bloakery wad &dded to the dye; forl8a | aal e wNne >a YA
(Cam o0f 201 SND 6Fa IRRSR (2 (GKS R&MSTApHYROTENI A2y JE
added to the dye.

Cd" fluorescence response was recorded at excitation-498 nm and emission 51%75 nm for
10 s to set the baseline, 600 s after the ditai of Anochetus emarginatusrude venom at 10, 1 and
0.1> 3 k ¢ SHOMXAe? pejptide at various concentrations and for a further 300 s after the addition
of the activators 90 mM CaGbrCaga = on >a OK2ftAyS F2NJ h1t yILV Kw 2NJ
assays. Maximum fluorescent responses were corrected against baseline, positive and negative
controls, and used to plot the intraltelar influx of calcium kinetics and curve fitting (nonlinear
regression with lodinhibitor] versusnormalized response ahvariable Hill slope) using GraphPad
Prism Version 6 (GraphPad Software Inc, San Diego, CA, USA).

NMR structure determinatian2D homonuclear NMR spectroscopy was used to determine the
structure of FOTXAel Lyophilized, unlabelled-OTXAel toxin was resusended at a final
concentration of 2 mM in 300 pL of 20 mM sodium phosphate, pH6 containing®%AD additional
sample was prepared by lyophilizing the above sample and resuspending it in 1@0%dectra
were acquired at 298 K on a Bruker AVANCE 6080 $ftdctrometer equipped with a cryoprobe.

Resonance assignments were obtained using a combination 6N2BSQC, 2B’GHSQC (in 100%
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D,O) and 2D TOCSY spectra. hpeaton distance restraints were obtained from 2D NOESY spectrum
acquired using a mixing time of 300 ms. Spectra were processed using Topspin (Version 3.2, Bruker)
and analyzed using CcpNmr Analysis 2[¥rhnken et al., 2005]Dihedralangle restraints were
derived from TALOS+ chemical shift analfSieen et al., 2009%nd the restraint range was set to
twice the estimated standard deviation. The NOESY spectrum was manually peak picked, then the
torsion angle dynamics package CYAN&Gihtert, 2004jwas used to automatically assign the peak

list, extract distance restraints, and calculate an ensemble of structures. During the process of
automatic NOESY spectrum assignment, @QYAdsigned 95.8% of all NOESY gpesks. The final
structure was calculated using a total of 190 interproton distance restraints, 6 disblfioi
distance restraints, and 27 dihedsahgle restraints; 200 structures were calculated and the top 20
were ®lected on the basis of final CYANA penalty function values and stereochemical quality as

judged by MolProbityChen et al., 2010]

RESULTS

2D landscape oA. emarginatusenont Previous investigation gfnochetuspp.crude venoms
revealed the presence of numerous disulfideh peptides structured by one or two disulfide bonds.
The analysis oAA. emarginatusrenom through liquid chromatography (RFPLC) coupled to offline
mass spectrometry (MALDIOF), highlighted seval peculiar features, making it very distinct from
other ant venoms investigated so far.

First, the venom L®IS analysis revealed only 35 masses (Table 1). Second, all of detected
peptides were very small, falling into a narrow mass rangemst)(1462.8-2099.16 (Fig. 1). The
determination of the approximate number of residues using the averagine molecular weight
(111.1254 Da) resulted in an estimate of 13 to 19 residues per peptide. All these peptides were
hydrophilic and eluted between 10 % and 25% Af&ention time 1530 min) (Fig. 2A). Third, it

appeared that after the chemical reduction of each HPLC fraction, a mass shift of + 4 Da occurred for
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almost all masses detected, indicating thaat emarginatusrenom is mostly composed of peptides
with two disulfide bonds. In this venom, only one linear peptide with a mass of 16&858ould be

detected.
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Figure 1.Venom peptidome ofAnochetus emarginatus2D Landscape showing the-MBLDITOF
MS venom profile oA. emarginatusvhich is mostly composed of disulfitbt®nded peptides. Orange
circles indicate peptides structured by two disulfide bonds while the black circle represents the

peptide without a disulfide bond.
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Table 1

Mass fingerprint of Anochetus emarginatusvenom. Bold masses are the sevdarmicitoxins
purified and sequenced. The shaded mass is the linear peptide. All remaining masses are structured
by two disulfide bonds.

Fraction RT (min) m/z [M+H]
T1 15.3 1790.64
T2 16.2 1689.58
-3 16.7 1745.85
T4 17.2 1727.80
T4 17.2 1850.90
-5 18.0 1733.64
T 6 19.2 1917.21
-7 20.0 1770.80
-7 20.0 1926.90
-8 20.8 1975.12
-9 21.3 1689.80
-9 21.3 1828.90
- 10 21.6 1901.05
T 11 22.1 1713.80
T 11 22.1 1852.79
T 11 22.1 2027.08
T 11 22.1 2099.16
T 12 22.7 1716.89
T 12 22.7 1623.58
T 12 22.7 1866.81
T 12 22.7 2081.11
T 12 22.7 2057.92
13 24.1 1609.90
13 24.1 1711.04
13 24.1 1850.15
13 24.1 1853.24
13 24.1 2009.26
T 13 24.1 2027.33
T 13 24.1 1926.10
T 14 25.1 2094.15
- 15 25.9 1462.89
- 15 25.9 2075.18
16 27.0 1909.07
T 17 28.0 1975.74

T 18 29.4 1959.01
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Formicioxin sequenceasA total of seven disulfidénked peptides €.g, Aela Ae2a; A3y
Aeda; Aeba; Aeba Aera) were purified using a combination of C18 and C4HREC. These
formicitoxins EOIN%Ae) are the first peptide toxins isolated and characterized fromAhechetus
The Nterminal Edman degradation of peptidEOTXAel yielded the 1l1éresidue sequence
WCASGCRKKRHGGCSC with the measutzdralue of 1733.64, consistent with-t€minal

amidation (Fig. 2).
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Figure 2.Purification and amino acid sequence &OTXAel. (A) Crude venom fromnochetus
emarginatus was fractiormted using C18 RIRPLC andseven formicitoxin were selected for
purification. (B) Purification of the peptid&el by C4 RIHPLC. (C) The massAei was determined
through MALDITOF MS. (D) The amino acid sequence of the novel E&Xir¥Ael was obtainedby

Edman degradation.
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The six remaining purified peptides were subjectedléonovomass spectrometry sequencing
by high resolution AB Sciex TripleTOF 5600 mass spectrometry. The targeted peptides were
individually selected for MS/MS analysis and fragmdnly collisioAnduced dissociation. Taking
advantage of the small size of the five peptides, sufficient fragments and good coverage have been
obtained for each of the peptides that almost allowed their full sequence characterization. The
sequences were fther completed by Edman degradation (Fig. 3). 3TXAel the six others
formicitoxins were all @erminally amidated and comprised 17 residu€{ XAe7), 18 residues
(FOrXAe2, FOrxAe3,FOrxAe4,FOrxAe6 and 19 residued-0rxAe5) andshares betweed1.2 %
to 70.6 % sequence identity with tHeEOTXAel. TheFOTX Ael, Ae2, Ae3 and Aphave between
61.1 % to 94 % identity and are very basic (pl between 17.22 to 17.27). The two pesiesnd
Ae7have a 76.5 % identity. The |d3DT XAe5is the mosthydrophobic and the less basic peptide (pl

10.36) and shares no more than 55.6 % sequence identity withBOIxAe3 and FOT xAe4.

Peptide Sequence identity \ Mass [M]
FOTX-Ael WCASGCRKKRHG 100 % 1732.73 Da
FOTX-Ae2 RYCPSGCRKKPYG 70.6 % 1915.80 Da
FOTX-Ae3 RSVCSNGCRPKPFG 62.5% 1851.77 Da
G
G

*

*

*
FOTX-Aed| RST.CSNGCRPKPF * 62.5% 1865.79 Da
FOTX-Ae5 | SEYACTNGCWVEKPG * 50.0 % 1975.76 Da
FOTX-Ae6| GTGCSSGCHR VG G 41.2% 1789.70 Da
Fotx-Ae7| DVGCSSGCHK VG *

*

52.9% 1689.66 Da

Figure 3 Alignment of thefomicitoxins. Gaps were introduced to optimize the alignment. Identical
residues are boxed in yellow and the red stars indicate an amidatedh@inus. Percentage identity

is relative to the first peptidd=OTXAel. Theoretical monoisotopic masses were calculated using
GPMAW 10.0 software.
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Insecticidal activities The synthetic peptid&OTXAel exhibited a paralytic activity against the
blowflies, L. cuprinawith a Plg, (after 1h) of 8.9 + 3.1 nmol/g (Fig. 4). However the activity of the
toxin was fully reversible, as all flies recovered within24ollowing the injection. So, no lethal

effects ofFOTXAel were observedvithin the dose rangdested

FOTXAelinjectedinto L.cuprina
100

801

60 .
PDsy (1h) =8.9N3.1 nmol/g

401

% Paralysed

201

1011 1010 107° 108 1077 106
Dose (mol/g)

Figure 4Doseresponse curve fotucilia cuprinablowflies injected with FOTXAel Seven doses of
FOTXAel were injected and the percentage of paralyzed blowflies was determined after 1 h. The
error bars indicate SEM values. The median paralytic dosg) (RBsdetermined as the average +

SEM of three experiments.
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lon channel activity Crude venom fronA. emarginatusvas screened in a FLHBRsed assay to
identify its activity against voltaggated calcium channels (§avoltagegated sodium channels (a
andtheligant3 G SR A2y OKIyySt h 1 y-8Y5Kaels.didithey attivafiGhdenP 0 f | &
inhibition was observed forN& YR h 1t y! / Kw ORFGl y20i aK2gyouz o dz
response of GA channels (Figure 5A). SynthetOr XAel abolished the Cd response in
neuroblastoma SIBY5Y cells with ansf@f 4.6 M (Figure 5B). Interestingly, the activity BOTX
Ael in Cal channels was detected only in the amidated peptide, suggesting that -leemihal

amidation plays a crucial rola the pharmacology dFOTXA€l on this ion channel.



T Chapitre 4Pharmacologie

A

A.emarginatuscrudevenom

S 1004 — 10pg

g s M9

SQ_) — 0.1pug

E 604 — Positive control

=) Negativecontrol

E 401 ?

3

2 20_
G I I 1 1
0 200 400 600 800

Time (s)

B FOTXAel

S

hog

0

C

o

o

(%)

o

IS

>

E

3

=

(UM)

Figure 5.Screening ofAnochetus emarginatusrude venom and dose response of peptidOTX

Ael in the neuroblastoma SEBY5Y cell ling(A) TheA. emarginatucrude venom was reconstituted

AY Ly laale o0dzZFFSNI YR | LILX ASR [|SY5YnelEloaded Wiy R 1 dwm
/£ OAdzy n Re&S Ay (K S2bloikd)asrftef G0SningnEubation avith the veBomo / |

the cells were activated wit 90 mM KCI and 5 nM Ca@hd the intracellular Calcium responses

recorded. This venom was able to reduce thglQasponsdo 60 and 40% at concentratiord 10

FYR M >3kgStfs NBALSOGABStEEs FyR O2 VFOKALwE &8 f 2aid
evaluated in a G& assay as described in Figure 4A. This peptide was able to inhibit the Ca
responses with an g2 ¥ ndc >a® b2 ! Ol AX(heilréblastoma SSRYcBIOG SR A
G6SNB f2FRSR SAGK /I f OA doYNifedipfep 8 Ay GKS LINBASyOs 2
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NMR structure oFQTXAelt An ensemble of 20 conformers representing the structur&Of X
Aela (from a total of 30 structures calculated) is shown in Figure 6A. The disulfide connectivity for
FOTXAel was determined by performing threseparate structure calculations with the three
possible disulfide isomers.€., CyéCys¥/Cy<cCys® CyscCyS/Cys“cCys® and CyX Cys%Cy<c
Cy2%. Only the CygCys¥CysScCys° connectivity was consistent with the pattern of NOEs seen in
the NOESY spectrum and this connectivity was the only one to yield no restraint violations in the
structure calculations. We therefore infer this to be the native disulfide connectivitly@xAel.
Structural statistics for the ensemble BOTXAel are summarized in Table 2. The structure is highly
precise, with a backbone rmsd of 0.17 + 0.04 A over resid¢k8. The stereochemical quality of the
structure is also very high, with MobProbityaysis revealing a complete absence of steric clashes
and 93.6% of the residues in the most favored region of the Ramachandran plot.

FOTXAel forms a compact structure in which at€@minal b-hairpin is connected to the N
terminal regionvia the two disulfde bonds. This twalisulfide structure appears to be a novel fold
that has not been previously reported for other toxins. A DALI comparison with the PDB was not
possible because of the small size of the toxin (theoffisize for DALI analysis is 20 dess).
Mapping the electrostatic potential onto the surface BOTXAel (Figure 6B) reveals that the- C
terminal b-hairpin is highly cationic, with two positively charged residues emanating frstrand 1
(Ard/Ly<) and three from theb-hairpin loop (Ly¥Arg*/His"). It remains to be determined whether

this surface facilitates the interaction of the toxin with the target ion channels.
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A

>
WQASGQRKKRHGGQS?

Figure 6 Solution structure of FOTXAel (A) Sequence dFOTXAel. The secondary structure of
FOrxAel mostly consists of random coils and twestrands (cyan arrows). The cysteine and
disulphide connectivity are highlighted in red. @greo view of an overlay of 20 structuresF@TX

Ael shown in cartoon representation. Thestrandsare colored in cyan and the two disulfide bonds
are shown as red sticks. (C) Electrostatic surfacEQFXAel. The positivelycharged regions are
shown in blue and the negativetharged regions are shown in red on the surface. Residues that

contribute tothe blue surface are highlighted as sticks.
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Table 2

Statistical analysis of FD<Ael structures..

Experimental restrainfs

Interproton distance restraint3 otal 190

Intraresidue (|gj| <0) 50

Sequential (|gj| =<1) 64

Medium range (1 < §j| <5) 35

Long range (fgj| >=5) 41

Disulfidebond restraints 6

Dihedralangle restraints.( X - © 27

Total number of restraints per residue 11.9
R.m.s. deviation from mean coordinate structure (A

Backbone atoms (residueg6) 0.17+0.04

All heavy atoms (residue26) 0.93+0.14

Stereochemical qualify
Residues in most favored Ramachandran region ( 93.6+ 2.2

Ramachandran outliers (%) 0+£0
Unfavorable sidechain rotamers (%) 42+4.3
Clashscore, all atorhs 0+0
Overall MolProbity score 1.3+04

!All statistics are given as mean + S.D.

“Only structurally relevant restraints, as defined by CYANA,
included.

3According taviolProbity fittp://molprobity.biochem.duke.edl
“Defined as the number of steric overlaps >0.4 A per thous
atoms
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DISCUSSION

Altogether our results showed tha. emarginatusrenom and potentially the otheAnochetus
venoms have unique features compared to most animals and ants in particular. Besides being almost
only composed of disulfidénked peptidesA. emarginatussenom can be viewed as a more simple
venom compared to ther ant venoms as it contains only 35 peptideserndas more than 300
peptides were found iDinoponera quadricepgenom[Cologna et al., 2013Moreover, it is mostly
comprisedof formicitoxins, which are anovel family of small toxinsvith a novel 3D structure
stabilizedby two disulfide bonds. Thimrmicitoxins appear to be specific to the genisochetusas
in Odontomachusthe sister genus, the venom peptidome is very different and only contains linear
peptides as well as some peptides with one disulfide bond as minor compofiemtehad et al.,
2014a; Touchard et al., 2015These closely related ant genera share morphological and behavioral
features: they both used their trap jaws to capture their prey, followed by a paralyzing sting. This
suggests the rapid diversification Ahodetusvenoms.

The formicitoxins characterized here present original sequences with no homology with any
other ant venom peptides sequenced so far. Sdomeicitoxins are highly homologous with only a
few differences in the sequenceqFOTXAe3 and FOTXAe4 differ from only one residue) , while
others have qui different amino acid compositiong .. FOTXAe5). Presumablythis will support a
broad range of potency, selectivity or diverse modes of action among these toxins.

Except for cone snails venome.d. "-Conotoxins[Terlau and Olivera, 2004]small venom
peptides (< 30 aa) structured by two disulfide bonds are quite rare in other venomous animals,
although they have been occasionally noted in the venoms of some hymenopteranapgamine,
tertiapin, MCDHArgiolas et al., 1985; Gauldie et al., 1976; Hider angnRason, 1981; Palma,
2006) and snakde.g. SarafotoxindTakasaki et al., 1988]Very few homologies can be observed
between formicitoxins and these known small peptides reticulated by two disulfide bomalsing

formicitotoxins quite unigue amongnimal toxingTable 3)
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Table 3

Sequences of small peptide toxirfelded by two disulfide bonds from venomous animals.
Percentage identity (% 1) is relative to the first peptiBer(mictoxin-Ael).

Peptide Specie Sequence %1 Target

. -FormicitoxinAel Anochetus emarginatus WCASGRKKRHGEC* - Ca channel
Apamin Apis mdlifera ONCKAPETAIARRQQH 15 K channel
Tertiapin Apis mdlifera ALONCNRINIPHMWKKOGKK  23.8 K, channel

MCLP Apis mdiifera IKONCKRHVIKPHRKOGKN  22.7 K, channel
Sarafotoxin 6b Atractaspis engaddensi CSSKDMTDKE.TEHQDVIW 15  Endothelin receptor
h-Conotoxin AulB  Conus aulicus GCSYPBPFATNPD* 17.6 Nicotinic receptor
h-Conotoxin EI Conus ermineus RDOCCYHPTNMSNPQI* 17.6 Nicotinic receptor
h -Conotoxin Gl Conus geographus ECONPAOGGRHYS 18.8 Nicaotinic receptor
h-Conotoxin IMI Conus imperialis GCSDFAWRC* 17.6 Nicotinic receptor
h-Conotoxin Ml Conus magus GCSNPYHLEHSNI 17.6 Nicotinic receptor
h-Conotoxin PnIB  Conus pennaceus GCGSLPPAANNPDY 17.6 Nicotinic receptor
h-Conotoxin PIA Conus purpurascens RDFE.GNPYZTVHNPT* 17.6 Nicotinic receptor
h-Conotoxin SlI Conus striatus ICONPAGPKTS 25.1 Nicotinic receptor
“-Conotoxin TIA Conus tulipa FNWRCIPARRNHKKE 23.5 Nicotinic receptor
. -Conotoxin MrlA  Conugnarmoreus NGV CGYKIHOC 18.2 Nicotinic receptor

* Amidated Gterminus

Formictoxin FOTXAel was investigated in detailand showed medium to high insecticidal
potency when compared to therange of potency spanning six orders of magnitude for the
insecticidal activity of spider venom peptidp&/indley et al., 2012]Thus, the fact thaFOTXA€el
caused fully reversible paralysis in blowflies would imply that other toxins in this venom are
responsible for the irreversible paralysis of termite prey (A.T. pers. dbsgccordance with the
cases of cone snail and spideenoms[Herzig and King, 2013; Olivera and Cruz, 20800 *%Ael
O2dz2 R 6Sf2y3a (2 | aG2EAY Ololfé¢ NBaALRyamst S T2
cause the lethal effectsAlso, the venom compositions of snakes and cone snails are known to be
dependent on prey specificity to ensure that they are efficiently captured and kBadow et al.,
2009; Bernardoni et al., 2014; Duda et al., 200Bje prey preferences of moginochetusare
unknown, but they are likely a specialist predator of termif@shatz et al., 1999fnd dipterans are
unlikely their natural prey, so the reversibility of tROTXAel paralysis bserved n blowflies could

different in theirnatural prey.
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Many toxins from the venoms have evolved to block or activate ion channels in order to subdue
their prey. Among these ion channels, voltagpgted calcium channels are targeted by many toxin
peptides with diverse selectivity on both vertebrate and invertbride Weille et al., 1991; King,
2007; Olivera et al., 1987Here, we demonstrated thd&tOTXAel is a selective blocker of thetype
Cachannel Cam 0 X | @SNISONIGS A2y OKI y Y. FOTXel fglldvingl K A &
the peptide toxingnomenclature established by King et [#ing et al, 2008b] Interestingly, only few
peptides modulating the -type calcium channels of vertebrates have been characterized so far.
Calciseptine and calcicludine respectively isolated from the venoms of black m&wubdrgdaspis
polylepsi$ and green mambé#Dendroaspsis angusticepblock ttype C&' channels of vertebrates
[de Weille et al., 1991; Schweitz et al., 19%inong ants, the heterodimeric peptides-Etsolated
from Ectatomma tuberculatunvenom is capable of inhibiting whetell l-type calcium currents in
isolated rat vetricular myocyteqPluzhnikowet al., 1999] Considering the level of identity between
insect Cachannels and their closest human ortholog is ardy66 %[King et al., 2008aFOTXAel
could affect insect ioghannels very differently. Extending pharmacological characterizati6@diX
Ael on insectgon channels would permit us tdeterminethe molecular target in insects.

Few ant toxinshave beendescribed and only two thredimensional structurs of ant venom
peptides are known[Nolde et al., 1995; Szolajska et al., 2008F examined the threelimensional
NMR structure ofFOrXAe€l peptide and described this currently unique toxin scaffold in venoms
Anochetusseems to have evolved a novel biochemical strategy compared to other ants in order to
interact with the ion channels of prey. Thefmemicitoxins may have contributed to the evolutionary
success oAnochetusvhich is abundant and widespread imettropical and subtropical regions of the
world. The exploration of the otheformicitoxinsisolated here and of the venoms of the 114
currently-describedAnochetusspeciegAntWeb, 2014bjwould indubitablylead to the discovery of
novel ligands for ion channels. This highlights the immense potential of ant venom peptides as lead
molecules in drug and bioinsecticides discovery and as pharmacological tools in the characterization

of ion channel subtypes.
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2. Nocitoxines

Les propriétés algésiqus de certaines toxinespermettent R QI & & dZNB NJ € | T :
défensive des venins afin de repousser les prédate@issi certaines toxines peptidiques
az2yid OF LI 0lkes$déciceptéurs Aes hadt€ohetels que les écepteurs TRP ou les
récepteursASIQ- FAY RQAY RdzA NB dzy &n noryeade igletykineR Ses R 2 dzf
nocitoxinegBohlen et al., 2011; Cromer aitintyre, 2008] Parmi legécepteursimpliqués
dans la nociceptionles TRRTransient Receptor PotentiaBppartiennent a une grande
famille derécepteursdont de nombreux sout/pes sont connus chez les mammiferes. Ces
récepteurs sonimpliqués dans la thermoception, laamiz OS LG A2y S $o@K & LIS NI
FOGAD@Sa LI NJ dzyS FrYAEES RS YPRiligQamdéangldzS Q3
TRM1 est le premier avoir étéidentifié chez les mammiferest il est notamment activé
par la capsaicinequi est lamolécule activeprésente dans lepiment. Récemment deux
peptides, & vanillotoxine VaTx3 et le peptide DRx (Double Knot Toxin) isadé& partir de
deux venins de mygakainsi qued'extraits devenins de cnidaire®nt montré un effet
agoniste sur ce récepteust produisent une douleur inflammatoirfBohlen et al., 2010;

Cuypers et al., 2006; Siemens et al., 2{6gjure T).

I fQAYyadl NI RSa 3dzs LIS & Zinfligs des FicfireaNdvudodreuseg y i NJ
[Schmidt, 2014] On peut donc penser gqueeraines toxinesprésentesde leur venin

pourraientactiver des récepteustels que les TRP pour provoquer efifet algésique.

NousavonR2y O (GSadsS fQSTFSG RS -197RMA1AE35 etBdJi A RS &
1733) sur lesécepteurshumairs hTRPV1 ehTRPV3lans des ovocytes de Xénap@oir le
protocole en Annexe & { A | dzOdzy STFFSi y QI S{iesapaa SNIIS

1733, le peptide R2973 provoque une forte activation des deux canaliRPV1 ehTRPV3
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(Figure B). Le peptide PA973 est la premiere toxine animat®nnue activant le récepteur
hTRPV3Il sera cependant indispensable de confirmer ces résullatss le futureavec ces

récepteurs exprimés dans des cellules de mammiféres.

VaTx1-3
DkTx

Extraits de
s H*
Cnidaires

Pc-1973 i Chaleur
Capsaicine

Figurel7- Les toxines agonistes décepteur TRPV1. Ce récepteur détecte les signaux physiques et
OKAYAldzSa RS f{ 9G¥ I8 pHNEy guSes Seyhpératiiréstélevéedtigure adaptée
R QI USikkaéns and Hanack, 2014]
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Figure B- Activation des récepteurs hTRPV1 et hTRPV3 par le peptidEd?8 a 2mM.
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Wdza lpmz@poque récenteles faibles quantités de venin disponible chez les fourmis
ont grandement limité les études biochimiques et pharmacologiques de leurs composés
peptidiques. Désormais, les avancées technologiques effectuées en spectrométrie de masse,
chromatographie sépative, spectroscopie RMN ainsi que la miniaturisation des tests
LK NI O2f 23AljdzSa 2FFNByd RIFEGFydal3S RS LISNA L
organismes venimeux et particulierement les fourmis qui sont en termes de biomasse et de
distributon pay A f S& L dz& 62y RIFEyGad ! FAY RQSELX 2 NB|
RQI OOdzydzt SNJ £ Sa @SyAya RS LJ dzaAASdzNE AYRA QDA
especes est donc essentielle. La diversité des toxines peptidiques dans les venins de fourmi
est importante et chaque espéce venimeuse possede une panoplie de peptides qui lui est

spécifique. Cette caractéristique nous a permis de mettre au point un outl de

[daty

OKAYA2(GlI E2y2YAS o0l asS adzNJ £ S&a LISLIWARS®&tRSa &
les différentes espéces de fourmiSet outil taxonomique pourrait étre applicable a des
YATfASNE RQS&aLIBO0OSa RQKEYSY2LIIS§NBa | OdzZ SIFGSa
leur venin est essentiellement composé de peptidlasgiolas and Pisano, 1985; Baptista
Saidemberg et al., 2011; de Souza et al., 2004; Gauldie et al., 1976; Matysiak et al., 2011,
Piek et al., 1989; Vincent et al., 2019)i O2 y (i NA 0 dzS NJ deNefiradiversié f QS O |
spécifique et biochimique<Ce nouvel outiltax62 YA Ij dz8 LISNXY SG RQARSY (A T
fSa4 SaLk’sO0Sa RS F2dz2N¥Aa ©OSyAySdzaSa Sia aqrez
taxonomie des fourmisbasée sur la génétique, la morphologie, la chimie cuticulaire, la
OeG23sSySiUAldzS 2dz S yidDatibgs. Cétte multiplidita desd spdacheR&SEH & G N

utile dans un contexte de taxonomie intégrative afin de résoudre les probléemes posés par les
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O2YLX SESa RQSaLBOSa ONBLIAI dzS& & s@ghodésded 2 OA L Y
taxonomie telle que le barcag ADN, nous avons mis au jour une biodiversité cachée en

NBEZStFyld tF LINSaAaSyOS RQS&LIBOSa ONRLIIAIdzSa RI

Un autre défi majeur pour la recherche de molécules actives est la variation de la
O2YLRaAGA2Y RSa OSYyAy & RdzSaEaEAVRSROBY DIBINE 33
b fF 3IS23INILIKAS 2dz dzE OF NAFGA2y & 3ISYSiGAl dzSe
peu de variation de la composition du venin de la fou@dontomachus haematodu® au
polyéthisme de la colonie (doric f Q2 y (i 2 3 Sy A SetaibintéreSdall feRtesteri A f

f QSFTFSH Rdz LRt eSUKAAYS adaNJ f1 O2YLRaAldA2y RS

[ S& RAFFSNBYyOSad RS 02YLRaAaAuAzy RSa OSyAiy.
suggerent que les venins de fourmsis sont rapidement diversifiés apres la spéciation. Cette
S22t dziAzy NILARS RS&a (2EAySa RS&a @Syiya aqQ
AyiaSyasSa RS RdzZLX AOFGA2Y RSa 3Is8ySa I dz O2 dzh
fonctionnalisation et une sélectiondaptative [Wong and Belov, 2012]Les venins de
F2dz2N¥Aa aS az2yd FAYAaAA LISNFSOUAZ2YY RDSIO&T O dzItly
adaptative entre les fourmis et leurs proies mais aussi entre les fourmésies prédateurs.
/] SGGS R2dzofS O2dzNBES t fQFNXYSYSyYyd | LISN¥YAE |
offensives et défensives originales afin de capturer efficacement leurs proies et de faire fuir

leurs prédateurs.

5Fya fSa | dziNBa IreikdatelS@eméndtudids Ylés danins@eny A
composés de nombreux peptides structurés par des ponts disulfure leur conférant une
grande stabilité chimique et une importante résistance aux dégradations enzymaiiues

and Hardy, 2013 / S yQSaid LIl a £S OF & ofséd¢ghtiund nsapritétd Sy A y 2
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de petits peptides linéaires. Cependant, bien que minoritaires, des peptides structurés par

des ponts disulfure sont présents dans de nombreux venins appartenant a différentes sous
familles de fourmis & aiguillon. Ces peptides & pdRts & dzf FdzZNB y Q2y (i LINB & |
StdzRASE SiG fSdzNJ N €S 0A2f 2-Béstjlassul péRideia ponty S O2 vy
RAAdz FdzNE R2yd 1 LK NYbO&d duades[Arseihiev et@l, OG0 A O A
1994; Pluzhnikov et al., 2000]esdix peptides sélectionnés durant cette étudmnt des

peptides monomégues qui possedent un (A®73,Mr-1435et Oh1777) et deux (A€l733

Ae-1689, Ael790, Ael852, Ael866, Ael975 et Ael917) ponts disulfure ce qui constitue

deux nouvelles classesructurales de peptided.es peptides a un pont disulfure (P73,

Mr-1435et Oh1777) possedent des séquences tres différentes et promettent des activités

biologiques trés variées.

Le peptide Ael733 appartient a un groupe de peptides que nous avons mésn
« formicitoxines». lls sont structurés pateuxponts disulfure et possédent une amidation C
terminale. Remarquablementa quasi mtégralité du peptidome du venin de la fourmi
Anochetus emarginatusst constituée par ceformicitoxines alors que lepeptidomes des
autres espéces de fourmis mentiennentlj dzQdzy S YAY2NAGS RS UWKLIGARS
formicitoxine Ael733 est un peptide neurotoxique capable de bloquer les canaux calciques
humain de type L. En suivant la nomenclature utilisée pa@dénomination des toxines
animalegKing et al., 208blx  OS LJS LJi A R S-foimicitBxin§Aey7233¥EMrg donné
gue les proies naturelles désmochetussont de petits arthropodes, il serait intéressatans

7 - A s 4 oAa

untravail fuurRS G S&aGSNJ £ QI OUABAGS RS OSGGS G2EAYS

A)¢

[ QS Y S&dSfgrmitbxines dans les venins a probablement apporté un avantage

sélectif important pour les fourmis dans la capture des proies contribuant ainsi au succes



T Discussion générale

évolutif desAnochetu® [ QSELIX 2NJ GA2Y 0A2OKA YAAhaietusRSa @Sy
YA&d Sy SOARSYyOS formicitdxines. L&ty idille Rtdtulale NE geptides

semble donc étre une caractéristique spécifique des venins du gemehetusEn effet, les

fourmis du genreOdontomachussont morphologiquement et phylogétiquement trés

proches desAnochetus mais possedent des venins dont la composition est trés différente. I
semble donc que les fourmis du genochetusaient adopté une stratégie biochimique

différente des autres fourmi@-igure ®).

8000 - C 8000 D
— [ ] ~
N N
X 6000 4 X 6000 1
S E
[%)] [%)]
8 4000 | 2 4000 |
= 4 o® =

?‘ oo ool
2000 - aPe. 2000 1
f i i il
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Retention time (min) Retention time (min)

Figure B- Les genres Odontomachus et Anochetus sont trés proche morphologiquement et
phylogénétiguement mais possede des venins dont la composition est trés différente. &dontomachus
hastatus B)Anochetus emarginatugphoto P. EscoubasC) Peptidome du veniiR @dontomachus hastatus
50 t SLJiAR2Y BnodRatas éhfginaylsLEs Points noirs représentent les peptides linéaires, les
points verts sont les peptides avec un pont disulfure et les poiriganges représentent les peptides
structurés par deux porg disulfure.
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La vie en sociéténposel dzE F2dzN¥A &> t f QAyadl NI RS& | dz
protection de leur nid et de ses habitants contre une grande variété de prédateurs souvent
0ASY LI dza @2t dzYAy SdzE |j dzQSt f $aate@avdctles anthaud A (£ ¢
venimeux solitaires qui le plus souvent privilégient la fuite et utilisent leur venin seulement
en dernier recours. Le role défensif des venins, bien que peu étudié, est supposé avoir un
N ES YAYySdz2NI RIFIya f QSgiesificdion ddgy/ toxiRedCaseveb et Rly & S
2013] Cependant chez les fourmis, ce role défensif pourrait avoir joué un réle majeur dans
la sélection de toxines répulsives. De nombreuses fourmis sont en effet réputées pour
infliger des piqares trés douloureuses (eRaraponera clavataNeoponeraspp., Sdenopsis
spp.,Manica rubida Pogonomyrmexspp.,Pseudomyrmespp., Tetraponeraspp.,Myrmecia
spp.) [Schmidt, 2014; Starr, 1985la piqQre de la fourmieoponera commutatajuant a
elle, provoque rapidement une vive douleur et est méme exploitée par une tribu
amérindienne commeine épreuve initiatiquedanslaquelleles jeunes filles sont piquées par
une soixantaine de fourmis de cette espg@alée, 2000; Schmidt and Overal, 2009¢
peptide Pel973 qui a été isolé au cours de cette étuaegartir duvenin deNeoponera
commutatal SGS y2YYS O2YYdzil G2EAYySed Lf aQl3ard F
hTRPV1 et hTRPV3. Chezviedébrés ces récepteurs sont impligués dans la sensation de
chaleur et leur activation provoquent une douleur inflammatoire. Si plusieurs toxines
activatrices du récepteur TRPV1 avaient déja été découvertes dans des venins de mygales
[Bohlen et al., 2010; Siemens et al., 2Q06] commutatoxine est la premiere nocitoxine
32y AaGS Rdz NBOSLIISdzNJ ¢wt +o0 RSO2dz@SNILS t O

(SY2AIYS RS QA YLIRNIIEY & SR { NEIAR YR RSy S0SH A v 2

La penetratine est um autre toxine défensivgue nous avonssoléea partir duvenin

de la fourmiPseudomyrmex penetratoiCe peptide hétérodimérique structuré par deux
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ponts disulfure est trés cytotoxique sur €3St f dzf S & Adii€sAalpcpiStgs(CatE o

fourmi qui est associé avec un myrmeécophytetilise son veniruniquementpour protéger

la plante contre les attaques des herbivorest &SN} Al R2y O ,dHetéseNBaal y
f QSTFSG RS uflés madBniiédes dtindiainyieht aé niveau de leurs nocicepteurs

Sl RQI gdé mdderdndtr lJrésence de peptides dimérisidans les venins des autres

especes dd’seudomyrmexivant dans les myrmécophytes. Cela permettrait de savoir si ce

mode de viea permis la sélection de ces toxines défenstiegriques.
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Conclusion et perspectives

Pour la recherche de moléculdd QA Yy G4 SN G> fF aGNFGS3aIAS Of |
TN OQlA2yySYSyid RSa @OSyAya 3FdzARS LI NI RSa (Sai
Cependant cette stratégie est peu applicable aux petits organismes veniceuelle
requiert une quantitéimportante de venin Dans cette these, nous avons favorisé une
stratégie alternativepour la découverte de molécules originaleseux adaptée pourels
venins de fourmis. Nous avons effectué une sélection de texiasée sur des criteres
structuraux avec otamment la recherche de ponts disulfure. En effet, les peptides aspont
RA&dz FdzNBZ Sy Li dza RQsiNB I NBSYSYy(d AYySELX 2
caractéristiques intéressantes pour le développement de molécules bioactives (résistance
enzymatiques, stabilité chimique et diversité de structures). Le travail effectué durant cette
0K§aS SidzRS O2yaidAiddzS f Qdzi& paptildmed desdzaning dé LJ2 NI |
fourmis et a permis de révéler la grande richesse structurale des toxiaksn@us a permis

RQA a2t SNJ S iide RoSvelleandicu@s obidivasbXsiructuresinnovantes

La formictoxine. Le peptide Ad.733 est une neurotoxine qui posséde deux ponts
disulfure. Cette toxine a montré un effet antagoniste sur les camaloiques humain Gh
[ QS E LJ 2 N¥eiins 2gs11R &peces actuellement décrstdr Ahochetus[AntWeb,
2014b] pourrait permettre la découverte de nouveaux ligandgx canaux ionigquesen

particulier ceux impliqués dans les patholodgmesnaines.

La commutatoxine Pc1973 est un peptide structuré par un pont disulfure agoniste
desréOS LJGI SdzNBE Ké¢wt +m Si Kewt+xod Lf aQlF3IAd RQdz
comme un outilphay' I O2f 2 3A1j dzS L322 dzNJ O2YLINBYRNE fSa LINP

RS fI R2dz SdzNJ OKST f Ql 2YYS®
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Mr-1435 Ce peptide structuré par un pont disulfure a été isdlévenin deManica
rubidad b2dza yQF g2y a (NP dzg S contrd26sdrgcEptedrsquie hamd S 0 A
avons testésCependantde nombreuxautrestests pourraient étreenvisagégpour évaluer
faftivité antimicrobieme, antifongique, analgésique/algésique (récepteur ASIC), ou

cytotoxique.

Oh17770 [ S LISfaild QRS 2\6A | R QI dzQaoiss 8e cattyg thi&sétdoh I (0 A 2 y
role biologiquereste inconnu De nombreuxests pourraient donc étre réalisé T A&ludidR Q

son potentiel insecticide, antimicrobien, algésique et cytotoxique.

Il ne faut pas non plus négliger les peptides linéaires dans lesegfutures sur les
venins de fourmis. La présence en grand nombre de ces peptides bioactifsrdagaetous
les veninsanalysés témoigne deiportancefonctionnellede cette classe de toxinekes
innovations attendues dans le domaine de la vectaidsades peptidedaisse présageunn

avenir radiewa ces petits peptides bioactifeimenta and De Lima, 2005]

Au vu des réles biologiques et des caractéristiques pharmacologiques affichés par les
peptides, lesvenins de fourmis apparaissent comme une source de candidats potentiels
LJI2dzNJ £ S RSOSt2LIISYSY (i Ret aytiioAgiqied N2 RQF Wa t AISH &
6tyidl3z2yraiasa RS&a OlyldzE A2yAljdzSao 2dz SyO2N
fourmis sont également de redoutables prédateurs qui utilisent leur venin pour paralyser et
tuer de nombreux invertébrés. Les toxines produites par leurs glandes venimeuses
pourraient cibler sélectivement les récepteurs des insectes sans aucune toxicité pour les
vertébrés. De telles toxines seraiedles candidats idéals pour le développement de

bioinsecticides.
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A ce jour, seule une infime partie de la composition des venins de fourmis est connue.
Les études futures demutres especes de fourmeonduirontsans nlidoute a de nouvelles
découvertes Les 9100 espéces actuellement décrites de fourmis a aiguidlesociéesaux
variations intraspécifigqugF A y & A |l dzQl dzE SaLBs 0Sa Sy O02NB y2y ¥
cryptiques)promettent une sourceimmense depeptides bioactifsDe plus)es peptides des
venins de fourmis sont de petites tailles et possédent peu de pdisulfure, ce qui rend
leur séquencage ainsi que leur synthése relativement simples et rapides encourageant la
caractérisation biochimique @tJK I NI O2f 2 3A1jdz8 RS y2dz8St dzE LIS|
future des venins de fourmis, sleray SOSaal ANB RQI LILIX Alj dzSNJ dzy S 2
intégrant lestechnologiesde pointe en matiere detranscriptomique etde protéomique.
Ceci permettra deconstruire une banque de toxines bioagds mimant la diversité
structurale naturelle présente dans legeninsde fourmis Ensuite,La production de ces
toxines par synthése chimiqueu par voie recombinantepermettrait de réaliser un

screening de cette banque S Y2 f SOdzZf S& &dzNJ £ Sa& OAo0f S&a RQAyY
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Abstract

Ants (Hymenoptera: Formicidae) represent a taxonomically diverse groutlmfopods
comprising nearly 3,000 extant species, and are among the most abundant venomous
animals. Sixteerant subfamilies representing over 9,100 speciesave individuals that
possessa venom apparatus including a stinger for injecting venmaking hem a vast
source of potentially unique bioactive toxins. Ants use their venom for several purposes such
as a defense against predators, competitors and microbial pathogens, for predation, as well
as for social communication. As a result, they exhibit dewiange of activities including
antimicrobial, hemolytic, cytolytic, paralytic, insecticidal and gaoducing pharmacologies.
While ant venoms are known to be rich in alkaloids and hydrocarbons, ant venoms rich in
peptides are becoming more common, yeimain highly understudied. Recent advances in
analytical techniques especially mass spectrometry have begun to reveal the true complexity
of peptide toxin composition from ant venoms. In the few venoms explored so far, most of
these peptide toxins appedao occur as small polycationic linear toxins, with antibacterial
properties and insecticidal activity. Unlike other venomous animals, a number of ant venoms
also contain a range of uniqgue homodimeric and heterodimeric peptides with one or two
interchain dsulfide bonds possessing pei@ming, allergenic and paralytic actions.
However, ant venoms, contrary to arachnid and cone venoms, seem to have a very small
number of disulfiddinked peptides, with only one peptideith an inhibitor cystine knot
structural motif, the DinoponeralCKlike peptide, described to date. The present review
details the structure and pharmacology of ant venom peptide toxins and their potential as a

source of novel bioinsecticides and therapeutic agents.
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1. Stinging ant biodiversity

Hymenopterans are among the most speciose group of venomous animals. With
approximately 120,000 currently described spediesn Emden, 2013}they are significantly
more diverse than the major venomous phyla including spiders (44,906 species), snakes
(3,496 species), cone snails (3,253 species), sea anemones (3,248 species) and scorpions
(1,454 speciegHallan, 2005; Platnick, 2013; Uetz et al., 20E3hong the stingingculeae
Hymenoptera ants and wasps (superfamily Vegjen) and bees together with sphecoid
wasps (superfamily Apoidea) are sister groudehnson et al., 2013]Ants (family
Formicidae) evolved from wadjke ancestors between 115 and 135 million years [@yady
et al., 2006]and became a diverse taxonomical grouph ~13,000extant species belonging
to 21 subfamilies/Agosti and Johnson, 2005; AntWeb,12@] Due to their ubiquitous
nature in terrestrial environments, and the fact that they constitute;26% of the animal
biomass in tropical rainforestgHoélldobler and Wilson, 1990; Wilson, 1990J]ants are

arguably amongst the most abundant venomous animals.
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Fig. 1. Ant subfamily relationships as inferred from molecular phylogenetic. Phylogenetic
relationships were generated from the S1573 TreeBASE data[fllereau et al., 2006]using the
FigTree v1.4.2 software packagehtip://tree.bio.ed.ac.uk/software/figtree/ ). Phylogenetic
relationships for the subfamilies Aenictogitonina@nd Martialinae are currently unavailable.
During evolution, four subfamilies lost their capacity to sting (blue text). Remaining subfamilies
represent stinging ants (brown text). Ant clades are shaded green (Formicoids), red (Poneroids)
and yellow (Leptailloids). Females of subfamily Aenictogitoninae (black text) remain undiscovered
and so this subfamily connot be classified as either stinging or non stinging. For clarification of
colours in this figure, refer to the web version of this article. Note a#ttin proof: Recently, the ant
subfamilies  Leptanilloidinae, Cerapachyinae, Ecitoninae, Dorylinae, Aenictinae and
Aenictogitoninae have been regrouped into one subfamily; Dorylir{@eady et al., 2014]

Ants that belong to the subfamilieformicinag Dolichoderinae Aneuretinae and
Dorylinaelost their ability to sting during evolution (Fig. 1). Instead, they usually spray their
venoms or have a residual, but ndunctional, abdominal stinger. Also, it is unclear if the
recently discovered subfamiBenictogitoninags venomous or not, as only male castes have
been seen and females (workers and queens) are yet to be desdivady et al., 2006]

The remaining 16 subfamilies are all stinging ants (Fig. 1) and comprigg 16f0 extant


http://tree.bio.ed.ac.uk/software/figtree/
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species. This makes ants taxonomically more diverse than sogfmnakes and cone snails.
However, this biodiversity is not equally distributed within stinging ant subfamilies (Fig. 2).
For exampleMyrmicinaeis the most speciose ant subfamily, witt,500extant species,

with a widespread distribution throughout the world. However, ponerine ants that belong to
the subfamily with the second highest number of ants, Poneritiele200 species), are
mainly confined to tropical rainforesf&ntWeb, 2014b; Johnson et al., 2018lurthermore,

the subfamiliesParaponerinaeand Martialinae only contain a single ant species both of
which are found in Neotropical areas. Thus, taxonomic diversity varies within each ant
subfamly however there is little doubt that ant venoms likely constitute a vast source of

unique bioactive toxins.
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Fig. 2.(A) Species richness of ant subfamilies. (A) Ants have been grouped according to three
clades, where LC represents the single genus Leptanilloid clade. Stinging ants are represented by
cyan bars and comprise around 70 % of all ant species.-bloging art subfamilies are depicted

by brown bars. The total number of species in each subfamily is noted at right of each bar. The
Aenictogitoninae subfamily is currently unclassified. Note added in proof: Recently, the ant
subfamilies  Leptanilloidinae, Cerapacinge, Ecitoninae, Dorylinae, Aenictinae and
Aenictogitoninae have been regrouped into one subfamily; Dorylinfgrady et al., 2014] (B)
Cumulative total number of peptidgoxin sequences reported from ant venom studies since the
first described venom peptide (poneratoxin) in 1991, showing the three main structurakses:
cyan, linear peptides; brown, dimeric peptides; teal, |dke peptides. Ant venom peptides remain
barely investigated with only 72 peptides sequenced to date. For clarification of colours in this
figure, refer to the web version of this article.
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2. Ant venom functions

Ant venom is composed of a complex mixture of chemicals such as proteins, enzymes,
biogenic amines, peptides, hydrocarbons, formic acid and alkglo@ges et al., 200&Kem
et al., 2004] All these compounds are produced by the venom gland, which consists of two
free cylindrical elongated and convoluted tubes, linked to a venom resef@otiz and
Mathias, 2006] The venom secreted by the tubular glands is stored in the reservoir, linked
to the delivery apparatus and, for example, can deliver up to 130 micrograms of venom after
each sting[Schmidt, 199Q] The stinger itself is a modified ovipositor located at the distal
base of the abdomen. Ants use their venom for sevetappses such as a defense against
predators/competitors and microbial pathogens, for predation, as well as for social
communication[Orivel et al., 2001; Schmidt, 1982Hence, ant venoms have evolved to

carry out many different functions.

2.1.Offensive venoms

Ants are one of the leading predators of invertebrates in most ecosysfBrasly et al.,
2006] They have developed, thmgh natural selection, a vast arsenal of behavioural
adaptations and weapons to subdue their prey including inegndibles and potent venoms
[Casewell et al., 2013]JAnt venom has paralytic and lethal effects on many arthropods
[Maschwitz et al., 1979; Orivel and Dejean, 20844l many antsare generalist predators,
preying on numerous classes of invertebrates. Nevertheless, many antspaalised
predators and only feed on a restricted group of species. Such specialized hunters prey
exclusively on earthworms, isopods, centipedes, millgggolyxena, collembolan, termites,
other ants or even spider egd€erda and Dejean, 2011Politary hunting is the most

common hunting behavior employed by primitive ants such as pongrin@wever, many
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ants have also developed a cooperative huntlghavioursuch as army ants exhibiting
extreme group huntindpehaviour

The ecological diversity of ants is also revealed in their preference for various nesting
habitats. Predatory ants anerimarily ground, or litterdwelling, predators. However, some
ants have evolved predatory behaviors adapted to foraging in trees (arboreal ants) and
exhibit adaptions to prevent their prey from escaping by flying away, jumping or dropping.
Accordingly, veoms of solitarnforaging, arboreal predatory ants are believed to be more
efficient than grounddwelling species at rapidlynmobilising prey [Orivel and Dejean,
2001] Thus, the use of venom as an offensive weapon is likely to be the major driver of the
venom composition during evolution. This has been shown with the differing composition
and toxicity of venoms fromarborealversis grounddwelling species dPseudomyrmeand
PachycondyldDejean et al., 2014; Orivel and Deje@&901; Touchard et al., 2014bThe
wide ranging diet and huntindgpehavioursof ants are therefore likely to drive major

differences amog ant venom toxins.

2.2.Defensive venoms

Eusociality within hymenopteran colonies offessrange of evolutionary advantages
including the capabilityof a mounting a collective defence against vertebrate and other
arthropod predators, the ability to gather arglore food and nutrients more efficiently, and
to specialize in spdec tasks such as tocare cooperatively fooffspring [Wilson, 1971]
Nevertheless, these benefitsan aly be realizedif the colony can defend against large
predators who find the large biomas®f the colony a potential food source worttheir
effort, in contrast to preying upon solitary hymenopterarihe evolution of venom in

hymenopterans therefore praded a mechanism of defensagainst largeintelligent
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vertebrate predtors and enabkd them to developcomplex societiesThe combination of
algesic and lethal actions of ant venastherefore thought to be criticaln the long term
evolutionary success of insect stingsdeter large predators[Schmidt, 2014]For example,
some ant stigs are known to be extremely painfu for humars. These include stings hyef
ants (Solenopsisspp), ponerine ants(Pachycondylaspp.) or the bullet ant Paraponera
clavatg). In particular, bullet ants have been classified as producing the most painful sting
among all hymenopteraral the third most painful sting of all venomous anim@shmidt et
al., 1983; Starr, 1985]

It is also clear that some ants, such e Pogonomyrmexgroup of harvester ants, have
developed venoms primarily fatefenceagainst vertebrategSchmidt and Snelling, 2009]
For example, the venom ¢lbgonomymex badiugs highly toxic towards mice, but not very
toxic towards insects. ThereforBogonomyrmesxants do not appear to employ their venom
to hunt, but use it exclusively as a deterrent against vertebrate preddtechmidt and
Blum, 1978b, ¢] akin to the defensive role of bee venom against vertebrat®sme
Pseudomyrmecine ants have also evolved a defensive venom as part of a mutualistic
relationship with myrmecophytes. Myrmecophytes grfants that provide a nesting place
for a limited number of ant species, whilst the ants protect the myrmecophyte from
defoliating arthropods and browsing mammals by stinging théatural selection has
allowed ants that are known to have a painful sting to survive in sutabitat to the extent
that some ants from the gene@seudomyrmeand Tetraponeraare obligate inhabitants of
myrmecophytes. In some cases, ants use their venom in unusual ways. For example,
Pachycondyla tridentataants produce a foaming venom when digiad and use their
venom to paralyze their prey. This release of foam is a defense mechanism which is very

effective against other small anf§laschwitz et al., 1981]



T Annexes

It is therefore clear that ants have evolved venoms containing numerous toxins to
induce pain, discomfort, paralysis and/or death in vertebratel arthropod predators or
prey. This is because protection of the nest, particularly protection of the brood and the

gueen, is a major concern for worker ants.

2.3. Antimicrobial properties of ant venoms

Ants are eusocial insects that typically live in casof relativeswith a high population
density. Thisincreags the risk of intraluction and spread of microbial pathogens.
Consequently, ants have evolved strategies to inhibit microbial infections including the
development and use of antimicrobial peptsla-irstly, pedatory ant speciemay use their
venom to inhibit internal pathogens present in captured prey that are brought back to the
colony. In this way, the venom may protect the colony from infections following
consumption of the prey species. Inettant venoms studied so far, this activity has been
attributed to abundant linear, polycationic cytolytic peptidese¢ Section 31) that
demonstrate potentantibaderial activity against both Grampositive and Grammegative
bacteria[Cologna et al., 2013; Davies et al., 2004; Inagaki et al., 2004; Johnson et al., 2010;
KuhnNentwig, 2003; Mackintosh ail., 1998; Orivel et al., 2001; Rifflet et al., 2012; von
Sicard et al., 1989; Zelezetsky et al., 200&re recently, similarity searels of ant genomes
have revealed a number dichystatirs (antimicrobial chitifbinding peptides) with an
inhibitor cystine knot (ICK) faldas well as prolingich abaecidike, glycinerich
hymenoptaecidike, insect defensidike, and crustidike antimcrobial peptide§Zhang and
Zhu, 2012] These peptides may be paiftthhe uncharacterized antimicrobial secretions from

the thoracic metapleural glands that are spread over certain ants and the[Meskintosh
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et al., 1999;Yek and Mueller, 2011 Nevertheless, there is no evidence that these peptides

are present in ant venoms.

3. Ant venom peptides

Alkaloidrich ant venoms have been welludied, particularly among the genera
Solenopsi$Brand, 1978; Jones et al., 1996&l5]Jd Monomorium[Jones et al., 2009; Jones et
al., 1982; Jones et al., 1988; Jones et al., 2088jvever, proteinaceous venoms remain
highly understudied despite the fact that they appear to be very common in both the
Poneroid and Formicoid clades of ant venoms. Thus, venoms from Poneroid ants have been
shown to be rich in peptides especially venoms from the subfamilies Pondflwdegna et
al., 2013; Johnson et al., 2010; Orivel et al., 2001; Torres et al., 2014; Touchard et al., 2014a]
and Paraponerina¢Piek, 1991; Piek et al., 1991a; Piek et al., 199Pkptides have also
been characterized from the venoms of Formicoid ants belongomghe subfamilies
Myrmicinae [Bouzid et al., 2013b; Rifflet et al., 201lyrmeciinae[Davies et al., 2004;
Inagaki et al., 2004; Inagaki et,&008a; Lewis et al., 1968; Mackintosh et al., 1998; Wiese et
al., 2006; Wu et al., 1998Pseudomyrmecinaflouchard et al., 2014k{nd Ectatomminae
[Arseniev et al., 1994; Nolde et al., 1995; Pluzhnikov et al., 1999]

Peptides are the dominant compounds in most animal venoms and they represent a
huge source of structurally diverse dirbiologically active toxins with high potency and
selectivity for a range of targe{&ing and Hardy, 2013DPespitethe clearpotential that ant
venom peptides represent, their investigationand characterisationremairs highly
underexplored To date, only 72 ant venom peptides, from adt species, have been fully
sequenced (Fig. 3). This is a very small number in comparison to snakes, cone snails,

scorpions or spiders. For example, 922 spider peptide toxins have currently been sequenced
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from 86 spider species and are available in thacAnoServer 2.QHerzig et al., 2011]
Therefore, it has ben estimated that more tha®8% ofarachnid venoms remaicompletely
uncharacterizedQuintero-Hernandez et al., 2011hnd with ant venoms this figure would

be closer to 99.9%.
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Fig. 3.(A) Bimodal mass distribution of the 71 characterized peptide toxins from ant venoms.
Linear peptides range in mass from 761 to 5275 Da (except pilosulin 1, 6048 Da afjwilpkulin 1,
6062 Da), while dimeric peptides range from 5603 to 9419 Da. (B)p&ptide toxin classes. In both
panels: cyan, linear peptides; beige, dimeric peptides; teal,-lR& peptides.

Until recently, the main reason for the limited number of studies on ant venoms is the

small size of ants, and hence the small yield of vendawever, advancements in analytical
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techniques, particularly in mass spectrometric technologies, has resulted in higher sensitivity
and resolving power, allowing for a more extensive exploration of the ant venom
peptidome. This review summarizes the cunreknowledge on the biochemical and
pharmacological properties of all peptide toxins sequenced from ant venoms to date. For the
purposes of this review, these peptides have been classified based on their structure and
classified into three main groups; (ipear, (ii) dimeric and (iii) inhibitor cystine knot (I€K)

like peptides.
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Fig. 4. Structures of ant peptide toxins. (Aa) Poneratoxin is a 2754.60 Da linear peptide (UniProtKB
Accession POTX_PARCYV) with no sequence homology to other peptidesedistar represents C
terminal amidation. (Ab) NMR structure of poneratoxin (PDB Accession 1G92) shows it comprises
2 T (-Beficesh (B) NMR structure of ectatomin (PDB Accession 1ECI), a heterodimeric peptide
that forms a fourh -helical bundle structureThe intra and interchain disulfide bonds are labeled

for clarity. (C) Homology model ddinoponeralCKlike peptide modeled on p@&onotoxin MrVIB

from the venom of the cone snaiConus marmoreug$PDB Accession 1RMK; UniProtKB Accession
CO16B_CONMR). Infal LJ ySt a>x GKS LISLIWGARS 0l Ol-$heetsSre A &
NELINB &Sy (SR 0-bBelicestate fepittedIdPgéeansyellbw spirals and disulfide bonds are
shown as yellow tubes. Theérminus (N) and @erminus (C) of each peptide are alsdeled. (D)
Schematic representation of an I@dike peptide. The pseudo knot is formed when one disulfide
bridge (Gi-G,) crosses through a ring formed by two other disulfides-Gy and G-G,) and the
intervening backbone. For clarification of colours this figure, refer to the web version of this
article.

3.1.Linear peptides



