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ABSTRACT

An intriguing feature of most hymenopteran venosthat they display broad antimicrobial
activity. In particular, the venoms of social Hyrmegtera (ants, wasps and bees) represent a most
conspicuous source of antimicrobial secretionsolitary and parasitic hymenopteran species,
venom is used to immobilize or kill prey and togeeve them as stored food for their immature
brood. In social hymenopteran species, venom gu&stly also externalized both onto the cuticle
and the nest surface. This indicates that venoninudgmenoptera is not just restricted to hunting
activities or to deter predators, but is also &tyiwised as an externalized defensive agent,
providing a first chemical barrier against micraamgsms present in the environment. This chapter
will discuss the importance and biological sigrafice of venom as part of an external immune
defense in Hymenoptera with special emphasis oialsgecies. In addition ecological and
environmental factors constraining the use of veagmaxternal immune defense will be

highlighted.
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1 Introduction
A variety of venom systems have evolved acrossiimal kingdom. This taxonomic diversity

highlights the importance of venom asean (Casewell et al. 2033

Unsurprisingly, many studies have been conducteshtierstand the evolutionary processes that
drove the generation of these venomous systemefarehom complexity. From this wealth of data
the insight emerged that the complex compositiahtargeting of venom reflects the multiple
functions and biological roles venom has in différanimals. From aa

venoms are commonly regarded as either foragitig to subdue prey or as defensive

adaptations against predato@aéewell et al. 20)3Venoms found in the insect order

Hymenoptera are certainly not an exception frora gaint of view Piek 1986. As in other

venomous animals, the composition ana in Hymenoptera is well adapted to
immobilize or kill prey, and in many other casésdrves as a defensive adaptation against enemies
such as invertebrate and vertebrate predatars:nsds often also a common secondary function of

venom in many species in which foraging is its @iynpurpose. This conception has led to neglect
the fundamental role that venoms play in the imtoas with pathogenic, parasitic, commensal or
mutualistic microorganisms. Yet, these microorgasi€ertainly also represent a strong selective
pressure for the maintenance of venom for defenmivposesNloreau 2013 Indeed, a
characteristic of venomous secretions in Hymenaptethe strong antimicrobial activity that they

exert Kuhn-Nentwig 2003Moreau 201R Although this characteristic of venom is broadly

distributed among distant hymenopteran speciésstso far been considered to be only of
secondary importance. Only recently it became dlermany hymenopteran species, whatever
their ; have evolved venom features that actively paxdite in the regulation of microbial
infections. This view has come from the recognitiloat many insects deploy antimicrobials to their
immediate environment in order to manipulate theosition of the microbial community
surrounding them. These antimicrobials often oatgrfrom ,sespecially from

venom glands@tti et al. 201




67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

In this chapter the importance and biological gigance of venom as part of an
in Hymenoptera will be highlighted with special @masis on those species characterized
by social habits. Venom of vertebrates and invediss is thought to be metabolically costly and

the energetic cost of venom might constrain batlsynthesis and us€dsewell et al. 203 Nisani

et al. 2012; but see Smith et al. 2014). Despdg tihost social hymenopterans use considerable
guantities of venom to sanitize themselves, relgtedp members and the nest surface, implying

that the advantages overcame the metabolic cost.

2 Immune defensesin solitary and social hymenoptera

Like all animals, Hymenoptera enlist a variety mhune defenses against disease ag&etsngid-
Hempel 201). From a molecular perspective the insect immuyséesn involves three core signal
transduction pathways, two of which are regulatgg@dttern recognition receptors (Toll and Imd)
and the third one by stress signals from tissuBK/@TAT). These pathways orchestrate a huge
number of molecular effectors, including antimidedlpeptides, reactive oxygen species and
lectins. The system, however, also involves phy$iaaiers to infection such as the integument
and the gut. Furthermore coordinated responsesvefal subpopulations of haemocytes are
activated in the hemolymph when these barrierberached by a putative pathogen.

Apart from these internally expressed immune defenthere are several other defense mechanisms
existing outside of what is traditionally considete be part of the immune system. Those

mechanisms involve for example changes in lifeemjstraits (Michalakis 2009 or behavioral

avoidance and self-medicatiotie( Roode and Lefevre 2018oore 2002 and clearly contribute to
an organism’s defense against parasites and pathiofecial insects also benefit from the fact that
they show cooperative defenses that complemertdfemse of the individual. Thus insects living
in a society can rely on both individual ana with selection for immunity acting
simultaneously on both these levels, which encospasiplex interactions and different selective

constrains. One of the most illustrative examplesooperative defense is the social fever exhibited
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by honeybees, where an increase of comb tempeiatum@uced by adults in response to
infestation by the fungal pathogé@scosphaera apigreventing disease developmestarks et al.
2000. Other defenses in insect societies include argéinnal properties of the colony that are

critical in shielding infectious diseas&chmid-Hempel 199&troeymevyt et al. 20)4For

example, in the colonies efitsand > the inner region of the nest containing immatwneod,
young workers and the queen are spatially and befadly segregated from older workers, which
are mainly active outside the nest foraging ohmnest periphery disposing of dead bodies and

garbage Baracchi and Cini 20tMersch et al. 2003 The spatial segregation emerging from

division of labor and preferential age and taskeldasteraction leads to a form of organizational
immunity protecting the more important and delicagion of the nest from possible infections.
Besides indirect effects of behaviors through omzstional immunity, behaviors can have a more
direct effect on immune defense. Behaviors targatetbcreasing disease transmission and
increasing resistance to parasites and pathogehm\aisocial insect colony have been referred to

as (Wilson-Rich et al. 2000 Antiseptic behaviors include a large repertoire

ranging from the hygienic removal and undertakihdiseased brood and young adults in ants and

bees Baracchi et al. 2012&un and Zhou 2013 ragust et al. 20138 raqust et al. 2013ko

mutual grooming behavioE{ans and Spivak 201Uragust et al. 2013a

The use of antimicrobials against parasites arebdiss in insect societies is intimately linked to
behavioral adaptations as they are required toyappul distribute as a

first line of defense. Antimicrobials acting in the of a social insect colony might be
environment-derived, derived from symbiotic relagmr self-produced.

Ants and bees often disinfect therstmaterial with resins, i.e. complex plant secretianth

diverse antimicrobial properties, derived from émeironmentin the wood anEormica
paralugubrisresins have been shown to inhibit the growth ofraties and nests rich in resins have

fewer bacteria and fungi than ant nests contaioirlyg very little resin (Christe et al. 2003). Evién

resin collection might be costly in term of timedagffort there are indications that wood ants
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benefit directly from the antimicrobial property @sin as they survive longer if infected by

bacteria or fungi_(Chapuisat et al.2007). Similandviors are also common in the honeyhpes

melliferaand other species where resins are actively included indovtix of the nest to
form what has been called propolis. This behawalearly an adaption to fight pathogens, as
colonies ofApis melliferaincrease resin foraging rate after a challenge thighfungal pathogen
Ascophaera apisAdditionally, colonies experimentally enrichedwresin had decreased infection

intensities of this fungal pathogen (reviewed im&ne et al. 2009).

In addition to antimicrobial active plant resinse tantimicrobial immune defense of social insects
also relies on antimicrobials gained through symbielationships. It has recently been shown that
members of all nine recognized honeybee species,spingless bee species, harbor diverse
symbiotic lactic acid bacteria that are involvedadnd preservation. In addition thosg

likely also contribute to host defense against pathogretiparasites intercepted during

foraging (Vasquez et al. 2012).

Besides antimicrobial compounds derived from th@arenment and from symbionts, social insects
produce a variety of antimicrobial secretions ieiith \sespecially ants, and use them
to sanitize their own body and their nest. Untilawtly, the role of venom as a major source of self
produced antimicrobial compounds has often beeteotsgl, despite the fact that most venoms

show a strong antimicrobial activitiKghn-Nentwig 200R

Altogether, organizational, behavioral and physyidal adaptations of social insects to prevent the
establishment and spread of parasites and pathbgeeseen referred to as

(Cremer et al. 2007 The key idea is that by acting collectively,iinduals are better able to mount

a defense than is possible acting independently.idéa of a social immune system has been later
expanded to include immune services targeting omease recipients not only in social insects but
also in other animal family structures, in sociatmbes or in the context of herd immunity, i.ee th

reduction of the risk of infection among suscegtiinidividuals by the presence and proximity of
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immune individualsCotter and Kilner 2010 With the focus on immune defense of organisms in

general, it was recently proposed to view any abl# trait acting outside an organism and
improving the protection from pathogens, or maraginp the composition of the microbial

community in favor of an organism, as (Otti et al. 201 This broad

definition of immune defense integrates ideason and proposes that the expression
of internal or external immune defenses will dependhe ecological niche or life history of an
organism. Furthermore it provides a framework incittosts and benefits of immune defense
traits can be evaluated from an evolutionary ardoggcal perspective. In particular the framework
proposes that variation in the level of microbesptge present in a given environment and the
temporal or spatial variation of the environmeseit represent the two most important factors in

the evolution of external immune defense and fiscef’eness@tti et al. 201%, (Figure 1).

Focusing on antimicrobial active venoms, the follayvsections of this chapter will explore

whether the evolution of external immune defenseihdeed been favored dueiie

found in solitary and social Hymenoptera, i.e.dterage of food, the use of a stable and confined
and group living. However, first, the antimicrolgative venom of Hymenoptera and its

biological role and function as external immuneetst will be described.

3 Hymenoptera venoms: a complex multifunctional secretion

The majority of Hymenoptera havera associated with the ovipositor or the stifgek
1986, (Figure 2). Details on the function and composibf the secretions of these glands are
known for only a part of the over 150.000 hymenogiespecies, and for the sawflies (Symphyta)
such knowledge is almost completely lacking. Hynpam venom glands produce extremely
complex cocktails of diverse bioactive compounts possible to distinguish at least three

different groups of chemical substances accordirtpeir molecular weight{uhn-Nentwig 2003

Piek 1986. The first group of heavy compounds (higher th@rkDa) consists of proteins,

including several enzymes such as phospholipasspdnsible for cleaving the membrane



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

phospholipids), hyaluronidases (which degrade ta&irncomponent hyaluronic acid), acid
phosphatases (acting on organic phosphates) antgspinyelinases (involved in sphingolipid
metabolism reactions). The second group of interateanolecular weight (around and lower than
10 kDa) is represented by a peptide fraction, iicdlg several cytolytic and neurotoxic compounds.
A third group is composed of low molecular-massssaices such as ions, free amino acids,
biogenic amines (commonly histamine, serotoninatdape and noradrenaline), neurotransmitters,
polyamines, heterocyclic compounds and alkaloidsldgstanding why venoms are such complex
mixtures of compounds requires a clear understgnafinvhat is the evolutionary history of venom

and what functions it holds in living species.

- Theevolutionary history of venom in Hymenoptera
Traditionally, the order of Hymenoptera has beawtamically partitioned into two major groups:
the or sawflies, most of which are phytophagous, &edApocrita, most of which are
entomophagous. The can be further divided into the and that share
common parasitic ancestral origins. Terebrantialavancestral ovipositor (terebra or drill) tisat i
also used as venom duct, while Aculeata have gyositor (aculeus or sting) that is fully modified
for injecting venom into a host and has lost itsoagation with the reproductive system. Terebrantia
use their stinging organ to transiently or permalgemmobilize prey for their developing
offspring and to deposit their eggs inside (endagi&mids) or outside (ectoparasitoids) the prey’s
body. In many ,arenom compounds retained their non-lethal paralyt
function for the storage and capture of prey wadquiring a new one for use in self-defense

(Hermann and Blum 1981In the social Hymenoptera Aculeata, the venomgjrally used as a

tool for capturing and storing prey in solitary si@s, essentially became a weapon for defending
the colony from predators and competitors. In adidito serve as injectable or topically applied

defensive agent, ant venoms are used also asaleih), sex, queen-recognition, aggregation,
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attractant-recruitment, and recognition pheromoassgpellents, and even as toxic agents for prey

capture Piek 1986.

- Venom usein solitary and parasitic Hymenoptera

Besides the well-studied venomous functions of pagyture and defense, the

of hymenopteran venoms have often been consiadgreetcondary importance although
they constitute a function broadly distributed agpdistant hymenopteran speciéfofeau 2013
A hypothesis that could explain the antimicrobietivaty in hymenopteran venom is that it serves
to prevent the contamination of the venom appaiayuspportunistic pathogens, contracted at the
occasion of stinging events. Data in support of tyipothesis are however completely lacking
except for a recent survey of bacteria, fungi ainglses associated with the venom apparatus of
Hymenoptera. This survey revealed that the vengoarapus of Hymenoptera is a suitable organ
for the development of viruses only and not foreottmicrobesNloreau 2013 An alternative
hypothesis to explain the adaptive significancardfmicrobial venom in solitary ana

is its use to control infection by opportunistidhpagens in stung prey. This makes

intuitive sense, especially for parasitoid and .awhich need to keep the paralyzed prey
alive or from decomposing during the developmerthefr offspring. Furthermore, protection of
stored food has been outlined as a likely selegiressure for the evolution &f

traits such as antimicrobial active venddit{ et al. 201 Indeed, evidence points to the

fact that Hymenoptera, especially parasitoids, apfiehave evolved venom-based strategies that
limit the opportunity for microorganisms to estahlia secondary infection in their host (reviewed

in Asgari and Rivers 201 Moreau 201R These include the injection of venom antimicedbi

proteins and peptides, but also the selective nuatipn of the host’s immune reactions to the
benefit of the parasitoid’s offspring. For examghe venom components of the endoparasitic
hymenopterameptopilina boulardispecifically target their dipteran host’s encapsah and

melanization responses but parasitized hosts kespability to produce antibacterial and
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antifungal peptidesMoreau 2013 Another example is the venom of the Jewel Waspulex

compressawhich induces excessivg behavior in the stung prelibersat and Gal 2034

Both venom-based strategies presumably functimotmteract the increased risk of infection,
resulting from a complete suppression of the hastiaune responses in the casé.eptopilina
boulardi or from pathogens on the host’s cuticle in thead®\mpulex compressavhich may be
harmful for the wasp’s egg or developing larva. i&into parasitic Hymenoptera, several

in the venoms of solitary predatory Hymenoptemkarown Moreau 2013
Although the potential to regulate infections innaals they sting can be envisaged, the exact
biological roles are still unclear.
Taken together, the venom in many solitary anditmiad hymenopteran species holds functions as
external immune defense in addition to that of lyamag hosts. The following sections will show
that the antimicrobial activity of venom has beetained in social Hymenoptera and that venom

has a biological function as external immune dedaaiso in social species.

- Riseof sociality and thethreat of predators and pathogens

In the escalation of parental care, we pass froeaisp in which the females pé

lay their eggs on paralyzed prey, to species iichiva builds a shelter
before capturing a prey on which to lay an egg,thed to species in which the growing larvae are
kept in a nest and progressively furnished witty pine .al'he nest provides
social insects with an element of control overghgironment, improving colony capacities for
rearing the immature brood through storage of fi@sgrves. Apart from cooperative brood care,
living in a society has many other benefits. Tieefss of each individual in a group is thought to
increase by decreasing the costs associated withrtemt life-history activities such as foraging
efficiency, colonizing and competitive abilitiesicathe ability to adaptively modify the
environment. In turn, the social life style reqgsiteéghly developed defense abilities. The amount of

resources offered by insect colonies is likely oy to attract a wide array of potential predators
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notably mammals, birds and various other arthrofmdslso several microorganisms to take
advantage of it. The high number of, often closelgted, individuals living in high densities with
frequent physical contact and the shared use @ksparedicted to significantly increase the
vulnerability of societies to the establishment apckad of infectious diseases. This hypothesis is
generally supported by the observation across rddfeyent species that the prevalence of

pathogens and parasites increases with the skz@sviocial groupsJ6té and Poulin 199Rifkin

et al. 2012 and that numerous parasites and pathogens mxgstial insect societieS¢hmid-

Hempel 1998

4 Venom as exter nalized immune defense in social Hymenoptera

Several antimicrobial compounds acting againstdewange of bacteria and fungi have been
described in the venom of eusocial bees, bumblekeewl > hornets andnts The presence

of a range of antimicrobial peptides which are wsled for internal immune defense is notable. For
example, the venom of the honeyl#ges melliferacontains melittin, a basic 26-amino acid peptide
that accounts for 45-50% of the venom dry weigldt @xhibits strong antimicrobial activity.
Similarly, several antimicrobial peptides named tmarans have been described in social wasp
genera such asgelaig VespulaProtonectarina Protopolybig Parapolybig PolybiaandPolistes

Kuhn-Nentwig 2003Moreau 2013 In ants the have long been considered to be

one of the most important sources of antimicrobaahpounds active against a wide range of

bacteria and fungivek et al. 2013 Nonetheless, several antimicrobial peptides Heen

described also in the venoms of ants; for examiplgne Australian jumper amlyrmecia pilosula
and in the ponerine aRachycondyla goeldiFurthermore, other venom compounds with strong
antimicrobial activity (for example or (Morgan 2009) are known from ants

such as the fire alBolenopsis invictéStorey et al. 199)or species belonging to the ant subfamily

Formicinae (Tagust et al. 2013a
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- Venomon the cuticle
Interestingly, venom components can be found onthele of social bees, wasps and ants. The
primary function of the epicuticle, the most extdrayer of the insect cuticle, and the complex
mixtures of lipids on it, is thought to protect agsd dehydration and to provide a mechanical
barrier against invasion of foreign matter. Thespreee of venom compounds with strong
antimicrobial activity on insect surfaces suggésaés the venom acts also as a chemical barrier
providing a first line of protection against micrganisms. BesideRolistespaper waspsl{rillazzi

2006 Turillazzi et al. 200pthe presence of venom components with strongrgeriobial activity

on the epicuticle has been recently documentedendgastrinae waspBdracchi et al. 2010

Baracchi et al. 2019bStenogastrinae wasps are a sub-family of tropacaltative eusocial wasps,

closely related to Polistinae and Vespinae, fornsingple societies that are very small in size. The
medium molecular weight polar substances founchemtasp epicuticle (roughly from 900 to 4000
Da) were identical to those found in the venomliothe ten studied species from four different
genera, suggesting the venom reservoir as the prissaurce of cuticular polar substances. Support
for the idea that the venom reservoir is the soof@ntimicrobial compounds on the cuticle comes

also from the study of different social bees of gleausApis(Baracchi et al. 203 Baracchi and

Turillazzi 2010. While venom peptides are present on the cutitfemales, irrespective of their

colony duties, they can be found only in traceshencuticle of drones, which lack the sting
apparatus (Figure 3). The fact that newly emerga$tback venom antimicrobial peptides both in
the venom reservoir and on the cuticle further word this hypothesis. The presence of
antimicrobial venom components on the cuticle d$amknown only for the fire af8olenopsis
invicta. In this ant species, small quantities of venoendaspensed on theoodsurface during a

behavior called ¢ ’(Obin and Vander Meer 1985Figure 4) and venom components

are also deposited on eggs by queens during théagig process\ander Meer and Morel 1995

(Figure 5).
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The behavioral mechanisms responsible for the poesef venom compounds on the cuticle of
bees and wasps are still not completely clear.rbst likely explanation is the use of cleaning
movements during to smear venom on the body. Self-grooming obsemain
Stenogastrinae wasps suggest the possibility itatdrops of venom released from the sting can
be collected with the legs by the wasps and applileaver the body surfac8éracchi et al.

2012h. The importance of grooming for the spread ofrmaiatobial active substances derived from

the venom gland has recently also been shown iarttieasius neglectuéTragust et al. 2013aln

this species, adults continuously apply antimicbtaenom onto their pupae. While direct spraying
of their venom onto the pupae can be occasionalbgrved, the predominant mode of application is

indirect. Venom is first taken up orally during @havior called & and

subsequently applied to pupae durirnig

Although it is likely that antimicrobial venom compents on the cuticle of adults amdod of
social bees, wasps, and ants serve as a protegfgonst microorganisms, direct evidence for this
hypothesis exists only for ants. Blockage ofithe opening in the weaver ants
Polyrhachis divesin the fungus growing aktcromyrmex echinatioand in the garden ahasius
neglectusall resulted in a reduced survival of adults ahgdupae cared by them when challenged

with the entomopathogeavietarhizium anisoplia¢Graystock and Hughes 2GTTragust et al.

2013a Tranter et al. 2014 (Figure 6).

In the antLasius neglectyghe authors could show that from the venom gland is the
active agent inhibiting fungal growth and that vendepleted ants had a significantly reduced
ability to do so (Figure 7). These authors coutbahow that application of venom on pupae is
amplified under pathogen pressure indicating thigtan adaptive behavior.

Although, so far, brood care in the dmtsius neglectuss the only example df use of the

venom in response to pathogens reported in all kppiera, it is likely that future work will reveal
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that other species of social insects are also ¢apabherapeutically defend themselves and related

group members from a wide array of pathogens usieig antimicrobial secretions.

- Venom on the nest surface
Venom components are found not only on the cutitkocial bees, wasps, and ants, but also on the
clikely also serving as a first line chemical l@rragainst microorganisms there. For
example, the antimicrobial peptide melittin hasrbeescribed from the nest surface of several

species of the genusois (Baracchi et al. 203 Baracchi and Turillazzi 20)G@nd the antimicrobial

mastoparan peptides Dominulin A and Dominulin Béhéieen described from the nest surface of

the social paper Polistes dominulgTurillazzi et al. 200% In there is only indirect

evidence that antimicrobial active venom compouaidsfound on the nest surface, for example,
greater fungal abundance but lower fungal speddbsiess and diversity were detected in mounds

of the fire antSolenopsis invictaand in Aphaenogaster texanaests Fettler et al. 200R An

involvement of venom compounds in the sanitationests is likely for the weaver aRblyrhachis
dives In this species, the blockage of the venom glgpehing resulted in an increased hazard for
the to be overgrown by fungi, compared with nest makénat was tended by workers

with a functional glandTranter et al. 2014 (Figure 8).

- Venom on the cuticle and the nest surface as externalized immune defense
Recently, venom components on the nest surfacemioe cuticle of several species belonging to
the genus\pis (A. melliferg A. dorsataA. ceranaandA. andreniformiy have been investigated

with respect to their nesting ecology and environtaleconstraintsBaracchi et al. 20)1

According to their nesting habits, the speciestmadivided into two groups: cavity dwelling
speciesApis ceranaandApis mellifera and open nesting species (dwarf honey Bges
andreniformisand giant honey beégis dorsatq Using an analytical survey of medium weight

polar venom compounds it was found that the majéerénce between theggis species



350 corresponds to nesting habit, i.e. between theycdwelling and the open nesting species. While
351 the former have venom compounds ondhgcle, venom peptides are almost absent on thoge of
352 dorsataandA. andreniformisSimilarly, the antimicrobial venom compound nteliis present on
353 the of both the cavity dwelling species but not evidemthe nest surface of the open
354 nesting giant honeybee and dwarf honeybee. Thistriesexactly what would be expected for the
355 conditions favoring the evolution of external imnewtefense such as the use of externalized

356 antimicrobial active venom suggested_by Otti e(2014): i.e., a highly stable and confined

357 environment with constant or high microbe pressiré¢his context, it is interesting to note that
358 extracts from the cuticle of social wasp specidb waper nests, show a higher antimicrobial
359 activity than those of solitary species which exatawburrows, while extracts of solitary mud

360 nesting species show no antimicrobial activitylafldoggard et al. 20)1(Table 1). It might be

361 argued that the environmental conditions foundxiteeated burrows and mud are much more
362 variable than the conditions found in paper nebtss not favoring the evolution of external

363 immune defense. On the other hand, factors suttea®lative contribution cf and
364 of phylogenetic relationships to the evolutiorcaf clearly need to be

365 considered and disentangled. For example, the {warsocial hover wasps Stenogastrinae lack
366 venom compounds on the nest surface, despite ¢héhet not a single species excavates burrows

367 (Baracchi et al. 2013bThe following section of this chapter will expbowhether life history traits

368 of social insects, namely the high number of oftlesely related individuals living in high densgtie
369 with frequent physical contacts, have indeed faddhe use of antimicrobial active venom as

370 external immune defense.

371

372 - Social lifestyle and the evolution of venom as external immune defense

373 Since the discovery of antimicrobial propertiesiginenopteran venoms, it has been argued that the
374 adaptive significance of this trait relies on pobi@n from commensal pathogen infections during

375 stinging events. However, experimental data suppgpthis hypothesis are lacking to date (Moreau
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2013). Instead, researchers have started to gitebin the evolutionary significance @i

in social insects. Stow and co-workers (Stow e2@07) explored whether the evolution of

sociality required the synchronous evolution ofé@ased chemical defenses against pathogens in
social bees. They found that thie on the cuticle of bees was
positively correlated to group size and genetiateglness along a gradient of sociality ranging from
solitary Amegilla bombiformandAmegilla assertpand semi-sociaExoneura robustand

Exoneura nigresceiso eusocial Exoneurella tridentatandTrigona carbonarid. This indicates

that the evolution of sociality was accompaniedh®y/evolution of stronger antimicrobial
compounds. The link between the levels of antinfi@ocompounds on the cuticle and the levels of

social complexity was also revealed by Hoggard@ndiorkers (Hoggard et al. 2011) in wasps.

Besides trends of increasing antimicrobial actiaityng social complexity, within a single species,
correlations between antimicrobial activity on theicle and both colony size and the level of

within-colony genetic variation were also fourtdbggard et al. 20)3More precisely, in the paper

waspPolistes humilisthe effectiveness of antimicrobial activity on théicle increases with
genetic diversity and decreases with colony size {ne number of wasps forming the colony). It is
most likely the venom that is responsible for théraicrobial activity found on the , as

venom components of bees and wasps are commonmiy foithe cuticle (see previous sections).
Since the increase i on the cuticle found in the study of Stow and co-

workers (Stow et al. 2007) was not linear, with gineatest increment being between smaller group

sizes, it was suggested that selection pressurerficrobial pathogens is so intense that even
minimal sociality requires substantially strongetimicrobials. Support for this hypothesis comes
from the fact that even minimal societies suchhasé of the hover waspetischnogaster
drewseniwhose colonies count a maximum of 2-3 femalege Isérong antimicrobial venoms

(Baracchi et al. 2012b

We have seen that the same link between the sktrefgintimicrobial compounds and level of

sociality has been established in botisps(Hoggard et al. 20J)1and (Stow et al. 200) The
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same information is lacking for ants. However iki®own that in fungus-growing ants there is a
positive correlation between the size of metapleglemnd reservoirs, an important source of

antimicrobial compounds on the cuticlezofis(Yek et al. 2013 and social complexity. The

relationship between antimicrobials compounds &edevel of sociality might thus hold

throughout the social Hymenoptera.

5 Conclusion and future directions

This chapter has summarized the evidence that ymgand found in

Hymenoptera have resulted in the increased useradnas for defensive and offensive purposes.
Intriguingly, a background antimicrobial functioasbeen conserved or recruited in these venoms,
indicating that microbial pressures have been itambiin shaping the evolution of the composition
and the use of hymenopteran venoms. However, ni@atintly this has almost never been taken into
consideration. Recent research has proposed thdiesitable trait acting outside an organism and
improving protection from pathogens or manipulating composition of the external microbial

community should be viewed as (Otti et al. 2014 As outlined in this

chapter, antimicrobial venom of Hymenoptera is fiextily externalized for the purpose of self-
sanitation, sanitation of related group membersthadest, and for the preservation of stored food.
Thus, there is no doubt that antimicrobial venoamesent an important component of external
immunity in Hymenoptera.

Yet, many facets of the ecological immunology @& t'enom remain insufficiently understood.
External immune defenses come at a cost and ame tidihtly linked to the physiology of an
organism and its internal immune system. Elucidptive costs related to the use of venom as
external immune defense is thus required to cladtential trade-offs in a more precise way. For
example, it is known that the use of environmemivée antimicrobials as external immune defense

in ants and bees reduces the expression of thmahienmune respons€éstella et al. 2008

Simone et al. 2009Pros and cons of relying more on external ratiha@n internal immunity clearly
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depend on different ecological and environmentetiois, but this needs to be evaluated in more
detail. Potential trade-offs between different exé¢immune defense traits will also have to be
taken into consideration, while recent advancesany technologies and analytical techniques will
undoubtedly help researchers in this endeavor. Memwénsights from the fields of ecological
immunology, chemical ecology, biochemistry and molar biology clearly need to be combined in

order to complete our understanding of hymenopteesiom compounds and functions.
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Figure 1 (Line 156): Selection for external immulegense. Three gradients of important ecological
factors, in combination with microbe pressure goatial or temporal variation in the environment,
favor the evolution of external immune defensese@®n pressure will increase: (i) from small to
large group size; (ii) from temporary/open to penara/confined nests; and (iii) from no food
storage/slow decay to permanent food storage/&styd Reprinted from Otti et al. (2014) with

permission of Cell Press.

Figure 2 (Line 165): A selection of types of glatawenom apparatus in Hymenoptera. All
representatives show a venom gland, mostly pamdchaghly branched, and a venom reservaoir.
The venom reservoir is part of the ductus venatsept in Braconidae (3). Nearly all show a
second gland, the Dufour’s gland, which is small@epaired and not branched, except in some
Apoidae (15, 16). In the Sphecoidea, a third glarfdequently present (7-10). In some groups the
venom bladder is muscular 2, 3, 4, 12, 13, 14. iRtgat from Piek (1986) with permission of

Academic Press.

Figure 3 (Line 294): Average mass spectrometrytsp@t 950-4000 Da fraction of cuticular
methanol extracts of individuals belonging to difiet sexes and castes of honeyl#gaq

mellifera). The highest peaks at ~2000 Da (apamin) and 8 B&5(melittin) of each spectrum
accounts for ~ 45-50% and ~2 % of the venom drgkteespectively, but only melittin has
proven antimicrobial activity (Baracchi et al. 2Q1RBeprinted from Baracchi and Turillazzi (2010)

with permission of Elsevier.

Figure 4 (Line 301): Gas chromatogram demonstrdtiegoresence of worker-derived venom
alkaloids on the surface &f invictabrood. (A)S. invictavenom alkaloids from dissected worker
poison sac (B¥. invictabrood rise. Std = internal standard, un. pk. =antified peak. Reprinted

from Vander Meer and Morel (199With permission of Springer.




581

582 Figure 5 (Line 302): Comparison of venom alkaloés$ ghromatogram profiles: a) worker, b)

583 queen, c) hexane rinse of eggs. QA= queen-spegufaridine alkaloid; WA = worker-specific

584 alkaloids. Chromatograms (a) and (b) are from woakel queen venom sac extracts, respectively,

585 and are very concentrated compared to chromato@@arReprinted fronVander Meer and Morel

586 (1999 with permission of Springer.

587

588 Figure 6 (Line 320): Survival dkcromyrm exechinatideaf-cutting ants (A) anBolyrhachis

589 divesweaverants (B) that had either their venom gland (squaremetapleural gland (triangle;

590 echinatioronly asP. divedacks a metapleural gland) blocked with nail vamis had nail varnish
591 applied to the pronotum as a control (circles), aheth were then treated with either the

592 Metarhizium anisopliadungal parasite (solid lines, filled symbols) oitlwD.05% Triton-X control

593 solution (dashed lines, open symboRgprinted fromGraystock and Hughes (201dith

594 permission of Springer.

595

596 Figure 7 (Line 323): (A) Workers dfasius neglectumhibited germination of conidio-spores on
597 the surface of pupae, as revealed by germinatienkshof conidio-spores washed off after 24 hr of
598 tending and subsequently plated on agar. MPG-btbalakers inhibited fungal growth to the

599 same extent as control workers. In contrast, bigelat the acidopore and the mouth prevented this
600 antifungal effect. (B) Venom-depleted ants alsd aaignificantly reduced ability to inhibit fungal
601 growth in comparison to control workers, but thalf showed some antifungal effect compared to
602 the worker-absence control. Bars in panels (A) }sttbw means + SEM. Different letters indicate
603 statistically significant differences at= 0.05. Reprinted from Tragust et al. (2013) vp#rmission
604 of Cell Press.

605
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Figure 8 (Line 343)Proportion of trials where foreign fungus overgieaf-cutting ant nest
material, grouped by treatment. Foreign fungal gsewereAspergillus fumigatugwhite), A.
tamarii (light gray),A. nomiugdark gray)A. sclerotiorum(black),Fusarium sp(left ward
diagonals),Trichoderma sp(cross-hatched), artescovopsis sfright ward diagonalsReprinted

from Tranter et al. (2014)ith permission of Springer.

Table 1 (Line 363): Antimicrobial activity of cutitar extracts from several solitary, communal and
social wasp species. n: number of individuals (nend colonies for social species); Sociality:
social (Soc.), communal aggregator (Com.), solit&gl.); IC50: mean equivalent surface area
(mn?) of wasp cuticle required to kill or inhibit 509 8. aureugrowth; nr: number of replicates

per species. Reprinted from Hoggard et al. (201ff) permission of Plos Library of Science.



