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External immune defence in ant societies (Hymemnapteormicidae): the role of
antimicrobial venom and metapleural gland secretion

Simon TRAGUST

Abstract

Recently, antimicrobial secretions acting in theimmment of an organism have been described asnaktenmune
defence. Here, | review evidence that antimicrob&lretions from two exocrine glands of ants, #owm gland and
the metapleural glands, indeed function as extémalune defence in order to increase the livelihand hygiene
within the colony. | will argue that the evolutiofh external immune defence has likely been favouimesbcial insects
due to their lifestyle, i.e., due to their oftem¢plived and large societies, with permanent nasts the potential
storage of food. Although external immune deferecavidely documented for social insects, we stitkla better
understanding of how external immune defence iategrinto other parasite defence traits of songddts and general
host physiology. Therefore, | will point to poteaaitiimitations and shortcomings of our current kiemige on external

immune defence in insect societies and highlighemoal new avenues for future research.
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Introduction

Living in a group has many benefits, as the fitrefssach
individual in a group is thought to increase byréasing
the costs associated with important life historihéites,
e.g., foraging, dispersal and competitive abiljteasd co-
operative brood care @AUSE & RUxXTON 2002). How-
ever, group living has also costs, especially wheomes
to the risk of parasite infection and the spreadiséases.
Gregarious and social behaviour, e.g., living ghhien-
sities with frequent physical contact, often in damation
with a high degree of relatedness, is predicteddrease
parasite pressure and the susceptibility to thebkshment
and the spread of parasites within a groupe(NDER
1974, ANDERSON& MAY 1979). Several meta-analyses
support this prediction (@re & POULIN 1995, RFKIN &
al. 2012, RTTERSON & RUCKSTUHL 2013, NUNN & al.
2015). Especially in insect societies, the high antwf
valuable resources in permanent nests, such asafiodd
immobile developmental stages, is threatened bysites
and pathogens due to their predictability in spambtime.
The ecological success of social insects suggleats t
they either have fewer parasites and pathogenschwsh
unlikely as social insects are host to numerouagtes
(ScHMID-HEMPEL 1998, BbOMSMA & al. 2005) — or that
they have evolved highly effective parasite defestcate-
gies to mitigate the costs associated with theiiasdife-
style (BOOMSMA & al. 2005, REMER & al. 2007, MASRI
& CREMER 2014, SROEYMEYT & al. 2014, KAPPELER&
al. 2015, see also Ms0N & COTTER 2008). Recently,
parasite defence traits acting in the environmémainoor-

ganism improving its protection from parasites patho-
gens, or manipulating the composition of its migmbbom-
munity in its favour, have been described as ertém-
mune defence (O & al. 2014). The evolution of exter-
nal immune defence traits is predicted to depenthen
ecological niche and the life history of an orgamigin
increased use of external immune defence is liksebo-
ciated with an increase in parasite pressure dod apa-
tial and temporal variation in the microbial enviment
of an organism. In social insects the nest neetie tcept
clean, valuable resources such as stored food toekd
preserved and group members, including developifig o
spring, need to be protected from becoming siclesth
ecological and life history characteristics of icissoci-
eties will likely increase the selective pressurevolve
external immune defences (Fig. 1).

In this review, | will explore whether the evolutiof
external immune defence has been favoured in social
sects due to their lifestyle, i.e., social struetudpraging
and nesting strategy. | will explicitly concentrate anti-
microbials produced from the exocrine venom gland a
metapleural glands (MGs) with the potential to eeas ex-
ternal immune defence in different ant species) ¢veugh
any heritable defence trait acting outside an asgamight
be defined as external immune defence. First, || wiftn-
marize current knowledge on the presence of antiiic
als in both glands and then identify their gen&rattion
and involvement in external immune defence. Secbnd,
will explore whether the evolution of external imneude-
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Fig. 1: Ecological and life history characteristafsinsect societies can potentially increase ptrasessure and are
thus selective forces (grey arrows) that have feaghthe evolution of external immune defence vidgnaiorobial active
secretions from the MGs (red dots) and venom glaedi triangle) of ants. For example, in the weamOecophylla
smaragdinathe nest is kept clean by applying venom glandetemms to the nest material (upper left picturiefuyre
credit: Rushen, Thai National Parks), in funguswjng ants valuable resources such as the cultiviategial crop is
protected via application of MG secretion (e.g.Aita texana lower left picture, picture credit: Alex Wild, $ects
Unlocked) and in garden ants group members inctudeveloping offspring are protected from beconsitd by ap-
plication of secretions from the venom gland (6.gsiussp., lower right picture, picture credit: Ryan Hodjelh turn
external immune defence via exocrine secretionsiges not only parasite defence but likely alssad a selective
pressure (black arrows) for the microbial commusityrounding social insects.

fence in the form of antimicrobials from the MGsHheeen
favoured in the fungus-growing ants (tribe Attini).this
context, | will outline general characteristicsaobocial
lifestyle that likely favoured the evolution of exhal im-
mune defence. Finally, | will point to limitatioa®d short-
comings of our current understanding of externathime
defence in insect societies and highlight potemtal ave-
nues of future research. Although the focus of téigew
is on ants and their use of venom gland and MCetiecr
as external immune defence, | will also mentioreoto-
cial insect systems to highlight potential gengesli There-
fore, the insights into external immunity presenitethis
review are broadly applicable to group living anignand
thus of importance to a range of organisms.

Ant venom and M G secr etion as sour ce for antimicro-
bial active substances

Social insects often deploy antimicrobials to theimedi-
ate environment. These antimicrobials can be defiraam
the environment itself, e.g., antimicrobial actplant resins
that are incorporated into the nest structuresnes and
honeybees (BRISTE & al. 2003, GIAPUISAT & al. 2007,

SIMONE & al. 2009), from defensive microbial symbionts

that produce bioactive compounds, e.g., Actinob&cte
fungus-growing ants (MELLER & al. 2008, KALTENPOTH

2013, PSENGAUS& al. 2014), and lactic acid bacteria in
bees (MSQUEZ & al. 2012, KALTENPOTH & ENGL 2014),
or from own sources, e.g., exocrine glands thataion
antimicrobial compounds in ants§AGUST & al. 2013,
BARACCHI & TRAGUST 2015), bees (MREAU 2013), wasps
(BARACCHI & al. 2012), and termites (RMER & al. 2009,
HAMILTON & al. 2011, FAMILTON & BULMER 2012).
Across ants a huge variety of exocrine glands helved
(BILLEN 2009) and several of those produce antimicrobial
active substances RGAN 2008, \ANDER MEER 2012).
For most of these glands, the antimicrobial agtiwas
only measured in vitro, which is insufficient toopide
evidence for a biological function of antimicrobé&docrine
secretions. Two exceptions exist for which theraittio-
bial activity of gland contents or gland componeaits
various ant species have been shown in vitro amivim
i.e., the venom gland and the MGs (Tab. 1). Theesfb
will focus on the secretions of these two glands.

Both, the venom gland and the MGs of ants contain a
secretion that serves a range of biological fumstidyp-
ically, ant venoms are used as defensive agentsatka
injectable or topically applied and in some casesused
as toxic agents for prey capture. Further, venamsised as
trail, alarm, sex, recruitment, and recognitionmph@nes
and as repellents BMIDT 1986). Secretions from the MGs

& ENGL 2014), Actinobacteria and gut associated protozoare used for colony or species recognition, teryjtor

/ bacteria in termites (@UVENC & al. 2013, W1 & al.
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Tab. 1: MG and venom gland secretion of differantsabfamilies and species tested for their antiohial activity (in
Vvivo, in vitro, or both) together with their funoti as external immune defence, if available. Thé&teepresents a non-
exhaustive list and does not include referenceisahly tested identified compounds of glands (isadeor synthetic),

but not the whole secretion, except otherwise nafigl superscript asterisks.

Exocrine Subfamily Species Evidence | External immune | References
gland defence function
Metapleural | Dolichoderinae | Dolichoderus in vitro MAscHwWITZ (1974)
glands (M Gs) quadripunctatu
Liometopum in vitro MascHwiITZ (1974)
microcephalur
Myrmeciinas Myrmecia forficati in vitro MAscHwITZ (1974
Myrmecia gulosa in vitro VEAL & al. (1992), MACKINTOSH
& al. (1995
Myrmecia nigriscapa in vitro BEATTIE & al. (1985), BEATTIE &
al. (1986
Myrmicinae Acromyrmex echinatit in vivo protection of se/ | TRANTER & al. (2015
Acromyrmex octospinosu vitro, | protection of self | BT & al. (2002), BULSEN & al.
in vivo (2002
Acromyrmex subterraneun vivo protection of food | TRANTER & al. (2014)
and offsprin
Atta cephalote in vivo protection of se/ | FERNANDEZ-MARIN & al. (2015
Atta columbic. in vivo protection of sel | TRANTER & al. (2015
Atta sexdens in vitro MAscHWITZ (1970), HILDKNECHT
& KooB (1971}, hizuka & al.
(1979), Do NASCIMENTO & al.
(1996
Crematogaster scutellal | in vitro MAscHwITZ (1974
Crematogaster difform | in vitro MAscHwWITZ (1974
Myrmica rubidz in vitro MAscHwWITZ (1970
Myrmica laevinodis in vitro MASCHwWITZ (19*70), SHILDKNECHT
& Koos (1971
Sericomyrmex amabi in vivo protection of se/ | TRANTER & al. (2015
Ponerina Amblypone austral in vitro MAscHwWITZ (1974
Leptogenys ocellife in vitro MAscHwWITZ (1974
Odontomachus in vitro MascHwITZ (1974)
haematode
Rhytidoponera metallic |in vitro MAscHwWITZ (1974
Pseudomyrmecin | Tetraponeresp in vitro MAscHwWITZ (1974
Venom Formicinae Lasius neglectus in vivo protection of off- | TRAGUST & al. (2013)
gland spring
Oecophylla smaragdir | in vivo protection of se/ | TRANTER & HUGHES (2015
Polyrhachis dives in vitro, | protection of self, | GRAYSTOCK & HUGHES (2011),
in vivo offspring, and ne | TRANTER & al. (2014
Myrmicinae Crematogaster pygma |in vitro QUINET & al. (2012
Solenopsis invicta in vitro BLum & al. (1958), HUVENAZ &
al. (1972, STOREY & al. (1991
Tetramorium bicarinatui | in vitro RIFFLET & al. (2012
Ponerinae Dinoponera quadriceps |in vitro COLOGNA & al. (2013)*, LMA &
al. (2014
Pachycondyla goelc in vitro ORIVEL & al. (2001
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dators (K & MUELLER 2011). A characteristic of both
ant MG and ant venom secretion is the antimicrodoiét
vity they display (KUHN-NENTWIG 2003, YEK & MUEL-
LER 2011, ALl & al. 2014, B\RACCHI & TRAGUST 2015,
WANANDY & al. 2015).

Ant venoms may contain different antimicrobial com-
pounds depending on speciesdk-NENTWIG 2003, MOR-
EAU 2013, TOUCHARD & al. 2016). Notable components
are antimicrobial peptides, e.g., pilosulins in gestralian
jumper ant (NAGAKI & al. 2004, WANANDY & al. 2015) and
ponericins in the Ponerinae ROQEL & al. 2001, RuzH-
NIKOV & al. 2014), different alkaloids in the Myrmicinae
(for an overview see MRGAN 2008) and formic acid in
the Formicinae (BAYSTOCK & HUGHES 2011, TRAGUST
& al. 2013). Products from the MGs have generatidia
characteristics, expressed in the form of carboxatid or
phenol moieties (¥K & MUELLER 2011: tab. S4, ¥\NDER
MEER 2012: tab. 1). Antimicrobial activity of the MG-se
cretion has repeatedly been shown in several atiep
from different ant subfamilies (Tab. 1). Althoudtetanti-
microbial activity of both venom and MG secretian
fairly well established, the biological role andvimo func-
tion of antimicrobial secretions from both glandsex-
ternal immune defence has only recently startdubtelu-
cidated and our knowledge is still limited (Tab. 1)

Roles of antimicrobial venom and M G secretion as
external immune defence

For both the venom gland and the MGs the bestesfudi
biological function as external immune defencéésro-
tection of self, group members and developing ofifgp
(Tab. 1). Experimentally blocking the venom glamdi &
or the MGs significantly reduces the survival ofrisers
when challenged with a fungal parasite in weavés an
and fungus-growing ants ¢RLSEN & al. 2002, RAY-
STOCK & HUGHES 2011, TRANTER & al. 2015, RANTER

& HUGHES 2015). Blocking of venom gland and MGs in
adult workers also significantly lowers the surtieibrood
they care for (RAGUST & al. 2013, RANTER & al. 2014).
Indirect evidence that antimicrobial secretiongrirthe
venom gland are involved in the protection of depéig
offspring, has also been obtained in the red ingabfire
antSolenopsis invictBUREN, 1972as venom gland se-
cretion is dispensed onto larvae by workers and egys
by the queen (BN & V ANDER MEER 1985, \ANDER MEER
1995). Therefore, one important function of extéina
mune defence comprises the protection of indivisliral
insect societies through the application of antiolial
secretions on the cuticle.

nest is also supported by a report that the wood-ar
mica polyctend&0OERSTER 1850 deposits formic acid from
its venom gland in their nest without the preseofcan
enemy (BUERLANDER 1961) and by a report of increased
levels of venom alkaloids in the nest soil of tive fant
Solenopsis invictavhen the soil contains spores of a gen-
eralist fungal pathogen {BREY 1990).

The application of antimicrobial secretions migint-f
ther serve to protect stored food in the nest ofadan-
sects. Fungus-growing ants apply MG secretion & th
fungus garden they cultivate as a food sourcedir ttol-
ony (FERNANDEZ-MARIN & al. 2006, 2015). Experiment-
ally blocking the MGs, venom gland or both glands i
fungus-growing ants, results in an increased haahtide
fungus garden to be overgrown by opportunistic fung
(TRANTER & al. 2014), indicating that food resources within
the colony are protected via antimicrobial secregicAl-
ternatively, antimicrobial secretions from exocriglands
might also be used to regulate beneficial micrcheh as
defensive symbionts. Fungus-growing ants activetur
late defensive symbionts on the cuticle with MGrsec
tion (POULSEN & al. 2003).

As illustrated above, antimicrobial secretions friima
venom gland and the MGs of different ant speciegese
as external immune defences. Ants seem to chargge th
conditions for microbial growth in the colony bying their
antimicrobial gland secretions, thereby increasimreglive-
lihood and hygiene of their nests, food sourced, @oi-
ony members, probably also minimising infectiork rfier
everyone. Although in this review | focus on antno-
bial secretions from the venom gland and the MGs of
ants, it is interesting to note that a majoritydefensive
symbionts from social and non-social animal groaps
externally located on the body surface of the hegern-
ally on food provisions or the nesting environm@nio-
REZ & al. 2015), suggesting a similar function to anmiti
crobial secretions from exocrine glands as extenmaiune
defence. In the following section | am going to kexp
whether the social structure, foraging and nestirgtegy
of an ant colony might have favoured the evolutidn
external immune defence via antimicrobial secreation

M G secretion in Attini: a case study on factor s favour-
ing the evolution of external immune defencein insect
societies

As outlined in the introduction, the increased piegpres-
sure associated with life history characteristitsaxial
insects, i.e., increased need to protect self améhkbig
groups with relatively complex social organisatias,well

Antimicrobial venom gland and MG secretion is not as the need to protect a permanent nest, and simodd

only used to provide a direct protective effece #ecre-
tions are also used to manage microbes in nestialate
In the weaver arfPolyrhachis diveSviTH, 1857 blocking
the venom gland and in the leaf-cutting Actomyrmex
subterraneugFOREL, 1893) blocking the MGs, results in
an increased probability of fungal growth on neatanal,
compared with nest material that is attended bykessr
with a functioning gland (RANTER & al. 2014). In ants
of the subfamily Formicinae, application of fornzicid
from the venom gland to the nest also leads tolyigti-
dic nest substrates with the potential to reduability of
entomopathogenic fungi RANTER & HUGHES 2015). An
involvement of venom secretion for the protectidrihe

122

sources, represent different selection pressuresifang
the evolution of external immune defence (Fig.ddeed,
in bees, wasps, and thrips, the strength of antihials
on the cuticle increases along a gradient frontaglito
social species (®w & al. 2007, HhGGARD & al. 2011,
TURNBULL & al. 2011), indicating that the transition from
solitary to a social lifestyle was accompanied oy évo-
lution of a stronger external immune defence. Fus ave
lack a gradient from solitary to social speciesduse all
known living groups of ants are eusociald{fiDOBLER
& WILSON 1990). However, within the fungus-growing ants
(tribe Attini) several lines of evidence indicateat, the
transition to larger group sizes with more comdexial



organization and the farming of a genetically hoamog:
ous crop as food source in long-lived nests, weoam-
panied by the evolution of increased or more elateor
external immune defences in the form of antimicabbi
active MG secretion.

Social structure: Large group sizes with complex
social organisation: The phylogenetically most derived
attine ants have a larger mature colony size ambiae
complex social organization, i.e., the morpholobi&
ferentiation of worker castes, compared to loweinat
ants (HOLLDOBLER & WILSON 1990, MEHDIABADI &

castes translates into a higher susceptibility ahawer
inhibitory potential against fungal parasites afjawork-
ers compared to small workersQL.SeEN & al. 2006,
FERNANDEZ-MARIN & al. 2015). Studies on the abund-
ance of defensive microbial symbionts on the ceatuf
fungus-growing ants also support the prediction tha
vestment or expression of external immune defeapernttls
on the task performed. In these studies, large arark
within garden chambers of the leaf-cutting Aotomyrmex
octospinosusvere found to have a greater abundance of
defensive microbial symbionts compared to largekens

ScHuLTz 2010). From this, it can be hypothesised thatforaging for leaf material (RRIE & al. 2003). Interesting-

the derived Attini needed to evolve a higher orcereffi-
cient protection of developing brood and adult vidlials,
and one way to achieve this might have been beaser
ing MG size together with a more potent and mofieief
ent antimicrobial activity. The necessary prereiggifor
natural selection to have acted in such a way ¢ereal
immune defence via MG secretion, namely heritable-g
etic variation, has been shown for MG size in taf4
cutting ant specieAcromyrmex echinatiofFOREL, 1899)
andAcromyrmex octospinosyREICH, 1793) (see HGHES
& al. 2010). Although a genetic basis and heritalsiga-
tion for self-produced antimicrobials can be assiinse
far, this is one of the few examples showing tlatation
for external immune defence traits exists.

ly, the MGs of gynes of the leaf-cutting akt¢romyrmex
echinatior are distinctly larger relative to body size in
comparison to the MGs of both worker castes&HES

& al. 2010). Again this result is mirrored by thleuad-
ance of defensive microbial symbionts on the catifl
Acromyrmex octospinosgynes, which is higher than that
of workers (WRRIE & al. 2003). One explanation for this
might be that during the colony founding stage gymeed
to invest heavily into external immune defence rotect
the first brood until workers emerge.

Foraging strategy: Farming of a fungal crop as
stored food sour ce: Another line of evidence that the tran-
sition from small to large group sizes and more glex
social organization together with the farming afrap as

Comparative studies across the phylogeny of fungusfood source in the nest was accompanied by theuevol

growing ants have indeed shown that MG sizes imrbst
derived higher attine ant species, the leaf-cuttjagera
Atta FABRICIUS, 1804 andAcromyrmeXMAYR, 1865, are
significantly larger than in lower attine ant sgsc{HJGHES
& al. 2008, VEIRA & al. 2012). In addition, derived at-
tine ants have a higher antimicrobial activity feit MG
secretion compared to lower attine ant speciesnwhe
antimicrobial activity of MG secretion is emulatedth
six chemical compounds identified in fungus-growargs
and tested against one entomopathogenic fungrisNCT
TER & al. 2015). Both the significantly enlarged MQwda
the higher antimicrobial activity of MG secretidndicate
that external immune defence via MGs has been fadou
in the derived Attini. Intriguingly, the derivedtate ant
speciesAcromyrmex octospinosis able to qualitatively
and quantitatively adjust its MG secretion to sfied¢un-
gal infection threads (¥ & al. 2012). Whether this is a
unique feature of higher attine ants MG secretiowlteth-
er this ability can be found throughout the phylogef
fungus-growing ants remains to be established.
Division of labour is likely to invoke differencés
investment or expression of external immune defdrgce
tween castes of social insects, as the risk of gx@oto
parasites will likely differ between tasks perfodria an
insect society. In the derived leaf-cutting antslsn sub-
castes tend the brood and the fungus garden, Vetnge
er sub-castes forage and cut vegetatioa{MABADI &

tion of increased or more elaborate external imnugme
fences is founded on the actual use of MG secrdtidine
tribe Attini. Phylogenetically less derived fungmiswing
ants appear to use MG secretion mainly for selfqmo
tion, while the derived leaf-cutting ants also puaitthe
brood, queen, nest-mates and the fungus garderviGth
secretion (ERNANDEZ-MARIN & al. 2006). This suggests
that the use of MG secretion has expanded its ifumat
the derived higher attines. The large-scale farnuhg
genetically homogeneous crop as a permanent fagdeso
in the derived leaf-cutting ants might have itssfected
for a high investment into external immune defentes
contrast to lower attine genera, the fungal culva leaf-
cutting ants seem not capable of growing withoeirth
ant hosts (8HULTZ & BRADY 2008) and are maintained
on fresh vegetation with considerable microbiatl¢@ur-
RIE & al. 1999, RIFFITHS & HUGHES 2010). The need for
protection of the fungal cultivars might thus héaeoured
the evolution of more potent or efficient exterimmamune
defences in the derived leaf-cutting ants comptodower
attine ants. Currently, we have only limited aduhitl ev-
idence that the need to protect a stored food sowithin
the colony has generally favoured the evolutiomxdérnal
immune defence in social insects. However, all kmeo-
cial insects farming fungi as a crop, specificdllpgus-
growing ants, termites, and bark and ambrosia égetlo
show behavioural adaptations to protect their against

ScHuULTZ 2010). It might be hypothesized that castes infungal competitors and pathogens and also engade-in

social insects performing tasks within the nestusdhn-

fensive symbiosis (MELLER & al. 2005, EOREZ & al.

vest more in external immune defence in order  pr 2015). Similarly, bees protect their stored foothventi-
tect group-members and valuable resources thaesast microbial peptides produced by the hypopharyngkaidy

working outside. In accordance with this predictithre
MGs of small workers of fungus-growing ants wererfd
to be disproportionately large compared to the M&s
large workers (W.soN 1980, BOT & BOOMSMA 1996,

and by antimicrobials derived from symbiont relagsbips
(BiLiIkovA & al. 2009, \ASQUEZ & al. 2012). In relation,
harvester ants might be interesting to study, agxfam-
ple PogonomyrmeMAYR, 1868 ants have different seed

HUGHES & al. 2010). This difference in MG size between storage strategies (ALKAY & MACKAY 1984, HHNSON
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2001), which might select for differential investménto
external immune defence or differential use of mdé

we lack comparative studies in other ant generasanil
insects in general. More comparative studies aeslee

immune defence depending on the amount and tings see to disentangle the relative contributions of sostalicture,

are stored.
Nesting strategy: Long-lived societies with per ma-

foraging and nesting strategy as well as of phyhege
relationships to the evolution of immune defencas @

nent nests: The use of MG secretion as external immunefirmly establish whether the evolution of extermamune

defence in attine ants was certainly also affettgdhe
transition from comparably short-lived societiedafrer
attine ant genera to the long-lived societies af-taitting
ant genera (MHDIABADI & SCHULTZ 2010). Next to liv-
ing in a group with complex social organisation dhne
storage of food, the permanent use, size and steuctf
a nesting site are potential factors favouringethelution
of external immune defence.

So far, comparative studies on ants and termites we
not able to establish whether assumed lower parpsis-
sure in the nesting environment translates intoaget in-
vestment into disease resistance of the individtgdnisms
(CALLERI & al. 2010, WALKER & HUGHES 2011). How-
ever, these studies neglect that disease resistaiyte
not scale one to one with parasite pressure, labtvr-
iable parasite pressure in the environment neeg¢ssia
differential investment into immune defence comptse
such as external immune defence traits (see alsmalp
immunity in S\DD & SCHMID-HEMPEL 2009). It might be
hypothesised that especially antimicrobial secretiare
more effective in a confined environment such asnibst,
while the constant application of antimicrobial dions
to a large, open space might incur high costs. turiate-
ly, we currently lack data to support this hypoth@s ants.

In bees, relatively good evidence exists that ngsti
ecology has favoured the use of venom as extenmal i
mune defence for the protection of self and totssnthe
nest. While in cavity dwelling species venom comusi
can be detected on the cuticle and on the nesamyrf

defence has been favoured in social insects. A igiogn
system are termites, as a variety of differenstifies ex-
ists in termites (EGLETON 2011) and as external immune
defence traits are shared between social termitegheeir
closest sub-social woodroach relative)(BER & al. 2012).

Potential avenues of resear ch on antimicrobial secre-
tions as exter nal immune defence

Antimicrobial secretions as part of an external inma
defence provide us with measurable immune traétsdhn
be scrutinised to address a series of questionsecoing
the costs and benefits of using external immune rozf
and the reaction of the microbial environment tosth
defences. One of the most important future tasksbei
to integrate external immune defence with othengpise
defence levels such as internal immunity and imiyuni
mediated through social interactions alongsiddrnkies-
tigation of trade-offs between for example exteravad
internal immune defence. Currently, we have onkgipla
answers to these questions.

While the benefits of manipulating the microbiathreo
munity in the surrounding of organisms through maé
immune defence is becoming increasingly clear, ame |
an understanding of the costs imposed by maintiand
using external immune defence. In the fungus-grgwin
ant Acromyrmex octospinosutbhe synthesis of antimi-
crobial MG secretion accounts for more than 15% of
the basal metabolic energyd®.seN & al. 2002). Inter-
estingly, the MGs of ants parasitizing fungus-grogants

venom compounds are almost absent on the cuticle anare significantly smaller than the MGs of their hosun-

the nest surface of open nesting specieRMBCHI & al.
2011, BARACCHI & TRAGUST 2015). One tentative expla-
nation for this pattern is that the confined enwirent of
cavity nesting species has favoured the evolutioaxe
ternal immune defence via antimicrobial active wano
while the more variable environment in open nesspe-
cies has not. For ants, an interesting tribe tdystvould
be Camponotini. It might be hypothesised that azbbr
nest-weaving species in the tribe CamponotioH(SON
& al. 2003) might rely more on venom as external im
mune defence to sanitise the nest than their ssilimg
congeners, as their nests represent stable anéhednf
environments in contrast to the arguably more \deia
environment in the soil. Many social insects, enpasps
(TURILLAZZI & al. 2006, BARACCHI & al. 2012), bees
(BARACCHI & TURILLAZZI 2010, BARACCHI & al. 2011),
and termites (BLMER & al. 2009, HAMILTON & al. 2011)
distribute antimicrobial secretions from the vengland
(bees and wasps) and the salivary gland (termmt&synly
on the cuticle but also in their nests. This intheathat
sanitation of the nest via external immune defeisca
frequent strategy in social insects, presumabhethice
parasite pressure or to manipulate the microbiairoa-
nity surrounding them in their favour.

Although in fungus-growing ants we have some indi-

cations that the social lifestyle has favouredatwelution
of external immune defence in the form of MG seorgt
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terparts (BMNER & al. 2003, [ SouzA & al. 2007).
This suggests that these social parasitic antsiale=to
invest less into a costly antimicrobial MG secnetis their
hosts are constantly providing them, a hypothegiparted
also by the peculiar absence or significant reductf
MGs in many social parasitic antsRBWVN 1968, see also
YEK & MUELLER 2011: appendix S3).

A costly external immune defence will likely bedeal-
off with internal immune defence traits and / dneatlife
history traits (RFF1992). For example, in the honeybee
Apis melliferaLINNAEUS, 1758 and the wood aRbrmica
paralugubrisSEIFERT, 1996, the experimental enrichment
of nests with plant resin — an antimicrobial ded\feom
the environment, used by honeybees and ants tasgni
their nests — results in a significantly lower esggsion of
internal immune defence genes and the systemimanti
crobial activity, respectively (&TELLA & al. 2008, $
MONE & al. 2009). Evidence for a potential trade-off be
tween external and internal immune defence existsfar
MG size and internal immune gene expression ingae
cutting ant generatta andAcromyrmexThe expression
of genes involved in internal immune system patrsaiay
higher in large workers ditta vollenweiderFOREL, 1893
compared to small workers @€H & al. 2013), while
MG size relative to body size is smaller in largerkers
of Acromyrmex echinatiocompared to small workers
(HUGHES & al. 2010). This evidence for potential trade-



offs between external and internal immune defeneesls
further experimental tests to get a good understgnoff
how external immune defence is integrated intonthele
suite of defence traits. A negative relationshipatsen

ple trade-off relationships with internal immunifyrom
these investigations we will be able to draw a mume-
plete picture of the evolutionary ecology of pamdefence
not only in social insects, but also other animbdsaddi-

MG grooming frequency and the abundance of defensivtion, the ecological and economical importance ahgn

symbionts on the cuticle has repeatedly been faand
fungus-growing ants RNANDEZ-MARIN & al. 2009, 2013),
suggesting that antimicrobial active MG secretiom a
symbiont-derived antimicrobials represent altexsatie-
fence strategies. Additionally, in social inseatsl ather
group living animals, social interactions are knawmpo-
tentially facilitate immunity and thus to providanasite
defence at the group-level @RENGAUS & TRANIELLO
2001, TRANIELLO & al. 2002, REMER & al. 2007, WEL-
VIG & CREMER 2007, WLSON-RICH & al. 2009, @TTER
& KILNER 2010, BvANS & SPIvak 2010, KONRAD & al.
2012, KAPPELER& al. 2015, MEUNIER 2015). However,
to date, the role and contribution of social inti@ns to
external immune defence and vice versa, are stéku
plored.

Another important aspect is the microbial or pdeasi
perspective. We completely lack an understandinthef
selection pressures on the microbial environmeposed
by external immune defences. RecentBRWANDEZ-MARIN
& al. (2015) showed that a component of MG secretio
in the leaf-cutting anAtta cephalotegL INNAEUS, 1758),
phenylacetic acid, inhibits the growth of the spdist
fungus garden parasiescovopsisMUCHOVEJ ANDDELLA
Lucla, 1990 (Ascomycota). Interestingly, the inhibitide-
pended on the phylogenetic level of the attine nafkxom
which morphotypes of the fungal parasite were citdig.
Morphotypes of the fungal parasite obtained fromlgh
genetically less derived attine species were mensitve
to phenylacetic acid than morphotypes from high&ot
nomic levels (ERNANDEZ-MARIN & al. 2015). This can
be taken as evidence that the antimicrobial compioine
gland secretions can exert selection pressureeofutiyal
parasite, suggesting that a co-evolutionary refatigp be-
tween external immune defence and parasites tteatkat
the food fungus is possible (Fig. 1). A potentiades/olu-
tionary relationship between fungus-growing antd e
fungus garden parasikescovopsiss also supported by the
fact that the prevalence of this parasite is higbittin gar-
dens of more derived genera of fungus-growing @@us-
RIE & al. 1999).

Conclusion

In this review, | have outlined evidence that arthobial
secretions from the venom gland and the MGs of args
used as external immune defence for the proteaifon
self and kin, the nest, and stored food. Althouuh év-
idence as whole is compelling, we still need marme
parative investigations for a wider range of anxiatéo
decide whether the evolution of external immuneadeé
has actually been favoured in social insects duzhéo-
acteristics of their lifestyle. Given the large eligity of
lifestyles present in social insects, they repregapor-
tant study systems for the investigation of evohairy and
ecological factors promoting the use of externahime
defence. The antimicrobial activity of many exoerwse-
cretions in social insects forms a discrete immtrag
with which external immune defence can be measamed
used to investigate a series of questions sucbrasxam-

social insect taxa depends on a good understarafing
their parasite defence and resistance.
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