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Cooperation and conflict in ant (Hymenoptera: Faidae) farming mutualisms — a
review

Aniek B.F. VENS

Abstract

Farming practices, in which one organism (heree hbst") promotes the growth of the organism iesebn for food
(here: "the symbiont”), are not restricted to hurnasts. Among the non-human farmers, ants arecpkatiy successful.
Farming is an example of mutualism: an interachietween different species which is beneficial ibtrese involved.
The evolutionary stability of mutualism in the lighf potential conflicts of interests between tlaetpers still remains
incompletely understood. Various mechanisms maykgsthment of differing interests and resolve hegtbiont con-

»  flicts. Farming mutualisms are well-suited for stiung) these mechanisms. The three most importantaref potential
conflict in farming mutualisms concern symbiontraguction, symbiont transmission / dispersal andtsgnt (genetic)
diversity. Here, these three symbiont charactessind the control mechanisms governing them aiewed for the
two best-known cases of ant farming: (1) fungusagmg by attine ants and (2) Homoptera-tending byous groups of
ants. Cross-system comparison of these ant farnystgras highlights several universal patterns p@tygoverning
the evolutionary stability of these successful nalisms: Many systems are characterised by redugmbdisnt dis-
persal and diversity (often in association withxaseé reproduction and vertical transmission), polgspromoted by
specific ant behaviours, such as creation of ptiweenvironments. Frequently, these systems fonas networks, with
the focal species interacting with additional spechighlighting a promising new take on classit¢ualisms.
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Introduction

The evolution of plant and animal domestication ls@sn 2001, MUELLER 2002, MUELLER & al. 2005, ®ULSEN &

a key factor in the success of the human spediesjiag BoomsMA 2005), and termites ¢WEN & al. 2002, 2009).
its populations to grow vastly, invade new habitatsl The systems that involve ants as "farmers" are some
sustain high densities (#®0s 1984, LARSEN 1995, MITH of the most specialised and best studied case®mf n
2007a, b, bLAND & BOOGERT2010). Farming (or "culti- human farming. Having evolved millions of years aie
vation mutualism"; HTA & al. 2010, PoN & al. 2013),  farming ants' niche-construction through cultivatand
in which one organism (here: the "host") promotes t rearing of their own food sources likely playedak role
growth of another organism (here: the "symbiont'tet in the ecological success of these species, pgsaibv-
lies on for food, however, is not restricted to lams Non-  ing them to reach remarkably high population déesit
human farming practices range from primitive ("prot (HOLLDOBLER & WILSON 1990, MUELLER & GERARDO
farming") to highly sophisticated. Primitive forrmclude 2002, QIVER & al. 2008, VENS & al. 2012a).

the farming of bacteria by amoebae or fungik@BK & al. Farming systems are examples of mutualisms, cdses o
2011, RoN & al. 2013), non-active ("passive") farming of cooperation between different specieR@RSTEIN 1994).
fungi by snails (BLIMAN & NEWELL 2003) and of algae This implies that both partner species involvedigz net
by sloths (RuLl & al. 2014), and damselfish actively grow- benefits from engaging in the interaction. In tlese of
ing gardens of algae @tA & KATO 2006, FhTA & al. farming, the mutualistic interaction typically takiihe form
2010). More advanced farming includes specialisechét of food exchanged for services (grooming, protegti&vo-
pteran husbandry for "milk" and "meat" by antsAW lutionary theory predicts mutualism to be inhergnth-
1963, SADLER & DIXON 2008) and sophisticated systems stable: Even though the established relationshiphei
of fungus growing by beetles ARRELL & al. 2001, Be- beneficial for the two interacting species, thereantin-
DERMANN & TABORSKY 2011), ants (\WBER 1972, WRRIE ued selection pressure on the separate partnezapche



benefits from the interaction without paying thestsoof
their investment (HRRE & al. 1999, BRONSTEIN 2001,
BERGSTORM& al. 2002, 8CHS & SimMs 2006). This con-
tinued selection on the partners to invest little take
much could ultimately lead to one of the partnemshe
ing into a parasite of the other, or to extinctadrthe sys-
tem as a whole, due to an overabundance of "foergi
or conflicts of interests between the partnersc{& &

reproduction is two-fold. Directly, the host cartiaely
suppress sexual reproduction by preventing its symhto
mate. Indirectly, hosts can promote asexual reprooiu
by creating a protective environment for symbigihtsw
& LEwIS 1983, law 1985, WULFF 1985). In such a stable
niche, the benefits of asexual reproduction (adtgapro-
ductive rate and not having to search for a mateyeigh
the cost of a reduced ability to cope with fluctogten-

SIMMs 2006). The most pressing questions on mutualisnvironments. In this case, host control may thusrgmeas

evolution seek to explain how such mutualism breakts
are prevented: which mechanisms ensure that mstsiak-
sociate with the right partners? And how are migtsapre-
vented from "defecting” (ARCHETTI & al. 2011a)?
Having persisted during a long co-evolutionaryeitaj
tory and yet being typically asymmetric, the inttmeaela-
tionships between the farmers (the "hosts") ani these-
living mutualistic crops or herds (the "symbiontaiake
interesting study cases for our understanding dtiatism
stability. This review aims to evaluate our currknowl-
edge on conflicts and cooperation in ant farmingtesys
and to outline new avenues for study, by focusinghe
two best-known cases of ant nutritional farmingidus-
growing attine ants and Homoptera-tending ants.

Conflicts of interestsin far ming mutualisms: theor eti-
cal background

Farming mutualisms are generally asymmetric, whiid t
host often being larger, longer lived and represzbily a
single reproductive entity (individual, colony). & symbi-
ont interacts often as a group of multiple indiati) has a
short generation time and is smaller. In farmingtems,
these partner species tend to be dependent orodaeh
for survival (the host eats (part of) the symbimnsurvive
and thus controls its survival). In such intimasymme-
tric interactions, the interests of the partnens maver be
fully aligned and conflict lurks around the corndnst and
symbiont are theoretically predicted to be in dohfibout
three topics in particular: (1) symbiont reproduetimode,
(2) symbiont transmission and dispersal, and (&)ksy
ont diversity (RANK 1996b,HERRE& al. 1999,MUEL-
LER 2002). Historically, these considered "arenas @fco
flict" are symbiont-biased; this stems from thegoval as-
sumption that hosts are generally controlling thene-
bionts. Although host control over mutualistic syaniis
is indeed thought to be essential for evolutiorsapility
of mutualisms (RANK 1996b, HEFRRE & al. 1999, BCHS
& al. 2004, RCHETTI & al. 2011b), the question whether
the hosts are in complete control remains unansiveére-
low, | will introduce these three arenas, theirgible re-
solutions and the preferred options for both pagre
more detail (Tab. 1).

Arena 1: Symbiont reproduction

The symbiont's mode of reproduction can be sexilia,
nal or a mixed strategy of both. It would be in thierest
of the host to prevent the symbiont from sexuadiyro-
ducing: Energy allocation towards sexual reproaurcts
avoided and beneficial combinations of genes aee pr
served, for lack of recombinationkENK 1994). For the
symbiont it would be beneficial to sexually reproduo
avoid inbreeding effects and remain resilient iargging
environments, for example through recombinatiobetr
hedging (Tab. 1). The scope for host control of lsigmt
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a by-product of genotypic predictability.
Arena 2: Symbiont transmission and disper sal

Symbionts can be either horizontally or verticalgnsmit-
ted. Under horizontal transmission, symbionts dispén-
dependently from their host. Typically, at the begng
of a host generation, hosts associate with symsithratt
are unrelated to the symbionts of their parentslddwer-
tical transmission, symbionts are transmitted diyeto
descendants of their previous hosts during hosbdeje-
tion. Vertical symbiont transmission can be benafito
both partners: Not only do mutualists no longeuirmosts
of seeking a partner, it also promotes co-dependbae
tween the partners ((UGLAS 1998a, law & DIECKMANN
1998, HERRE & al. 1999, 3CHs & al. 2004, \AUTRIN &
al. 2008). In fact, it is for this latter reasoratlvertical
transmission is considered one of the most importas
chanisms in mutualism evolution. Repeated co-remtizh
creates a positive feedback loop (termed "partidetify
feedback") between the fitness of both interacpad-
ners: Cooperation will indirectly, via the partnbgnefit
the actor, thus increasing the evolutionary incentd co-
operate (B/ALD 1987, BJLL & RICE 1991, YAMAMURA
1993, FOSTER& WENSELEERS2006, VAUTRIN & al. 2008,
WEYL & al. 2010, RCHETTI & al. 2011a, &CHS & al.
2011, REDERICKSON2013). Horizontal transmission, on
the other hand, allows the symbiont to escapeliess-
ficial interactions, explore new habitats and avodan-
petition with close relatives (dMILTON & MAY 1977).
Also, horizontal transmission allows the host toa$e
among potential symbionts and select the best pextn
(termed "partner choice") (BL & RICE 1991, HOEKSEMA

& BRUNA 2000, FOSTER& WENSELEERS2006, VIEEYL &
al. 2010, ARCHETTI & al. 2011a). Several models have in-
deed shown that, provided horizontal transmisséonains
local and mutualists have the ability to chooser thart-
ners, stable mutualism can evolve under horizdraals-
mission as well (BNKAI-KATO & Y AMAMURA 1999, Wi -
KINSON & SHERRATT 2001). Another potential benefit of
horizontal transmission for the hosts is the paksilio
only take on costly symbionts when environmentaldio
tions require the interaction.

Host control over transmission can be direct, b pr
venting independent dispersal / horizontal transimisand
indirect, by providing an environment with decrahge
centive to disperse.

Arena 3: Symbiont diversity

Symbionts can be farmed in either polycultures onm
cultures. From the symbiont's viewpoint, some ditgr
might be preferred, because this would prevent eimp
tion with close relatives fANK 1996b, BOT & al. 2001).
However, some argue that only the indirect benefits
sured by the high relatedness found in monocufama-
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Fig. 1: Flow diagram of host actions and symbioaits involved in farming mutualism conflict restban. The top panel
lists host actions, the lower panel lists symbldethistory characteristics and their arenas deptal conflict with their

possible outcomes (symbiont reproduction, diversignsmission / dispersal in bold panels). Tws sétoutcomes are
often observed in nature: asexual reproduction,auolture and vertical transmission (in bright redy sexual repro-
duction, polyculture and horizontal transmissianl{ght red). Arrows show relationships and plud amnus signs in-
dicate the nature of the relationship (positiveegative).

Tab. 1: The three arenas of conflict in farming valisms. For each arena, its possible outcomebsted as well as
the respective theorised benefits for host and symlof these outcomes.

eration (partner fidelity).
— Host / symbiont co-evolution can occur, incregs
productivity.

Arena of Possible Host perspective Symbiont per spective
conflict outcomes
Symbiont re- Asexual — Beneficial gene combinations are preseflvede-| — All genes are passed on to the next gener
production ficial in stable environments). tion.
— Less productivity loss due to symbiont energg-all- No energy and time loss due to searching
cationto sexual reroductior. mate:.
Sexual — Symbiont with higher adaptive potentigh@ficial| — Adaptations to changing environments are
in changing environments). promoted through mechanisms such as b
hedging and increased genetic dive.
Symbiont Horizontal — Partner choice can take effect: ggoasonts can be— Competition with close relatives can be
transmission chosen, bad symbionts can be avoided or replaceavoided.
and dispersal — When symbiont is temporarily not needed, thescostEscape from the host is possible.
of having one can be avoided by not involving in
an associatic.
Vertical — Ensures having a (good) symbiont inriegt gen-| — Ensures having a host in the next generat

— Host / symbiont co-evolution can occur, in
increasing productivity.

for

ion.

Symbiont
diversity

Monoculture

— Increased productivity through unificiarming
conditions.
— Harmful competition between symbionts is aec.

— Symbionts that are consumed by their ho

reproducing relative.

gain indirect fithess benefits via dispersing /

5t

Polyculture

— Increased productivity through insezadiversity
(diversity-productivity relationship).
— Symbiont community is more resilient against s

— Competition with close relatives is avoide
— Opportunity to outcompete other symbion

pe-

ts.

cialised parasitt.

ing can outweigh the costs of individual symbioloésng
eaten by the hosts MEN & al. 2009, BooMSMA 2011).
Mutualistic hosts are predicted to also favour prethant
or exclusive monocultures if coexistence of muttiplrains
or species within the same host causes costly citiope
(FRANK 1996b, \AUTRIN & al. 2008) or free-riding by
cheating symbionts, leading to a direct reductiooverall
productivity (e.g., RONSTEIN 2001, KERS & DENISON

lect for virulent competitive traits that can inelitly also
harm the host (WLFF 1985, RANK 1996b). Finally, uni-
form conditions allowed by monoculture may increase
mutualism productivity in undisturbed environmegitaw
1985, DbuGLAS 1998a). This latter argument, however, re-
mains debated, because a community of multiple &yt
might also offer a broader spectrum of servicesight be
less vulnerable to parasites (e.gANVBORM & al. 2002,

2008). Moreover, competition among symbionts may se PALMER & al. 2010). In addition, existing variation among
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the symbionts available provides the hosts withoiygor-
tunity to exert partner choice. The stabilizingeetfof part-
ner choice, however, will only have effect if aai$e some
variation to choose from remains in the populatiens-
TER & KOKKO 2006, MCNAMARA & LEIMAR 2010, RRE-
DERICKSON 2013, HEATH & STINCHCOMBE 2013).

Host control over symbiont diversity generally hap-

pens through specific mechanisms of symbiont séngen
upon admission (ACHETTI & al. 2011b) or symbiont re-
warding / sanctioning in response to performanceR&&
DENISON 2008, VYL & al. 2010, ARRCHETTI & al. 2011a).
In addition, hosts can employ simple mechanismhb sisc
positive frequency-dependent propagation or separaf
symbionts in time or space ("compartmentalizatida'e-
duce symbiont diversity (e.g.,ANEN & al. 2009, RLMER

& al. 2010).

I nter dependence of stabilizing mechanisms

Clearly, these three arenas of conflict and thegsible
outcomes are not independent and all three arelglos
tertwined in a complicated web of costs and besefit
possible outcomes, host control mechanisms andisyinb
life history characteristics (Fig. 1) BRRE& al. 1999). The
conflicts can thus be resolved in a cascade ofloeséfit
balances, which will favour certain combinationssgim-
biont traits over others. Indeed, two sets of oues are
often found in nature: (1) asexual reproductiorntical
transmission and monocultures versus (2) sexuabrep
duction, horizontal transmission and polycultufigse first
set would be expected under complete host coriBel.
low, | will review the symbiont characteristics comnly
found in two well-known examples of ant farmingnéus-
growing and Homoptera-tending (Fig. 2).

Fungus-growing ants
Biology and evolution

Fungus-growing ants, also commonly referred toastiné
ants" (subfamily Myrmicinae, tribe Attini) are alte of
> 230 species that depend on the fungus they atstiv
their nest for food. The ants inoculate, groom,aeat dis-
perse their symbiont fungus, making the fungus-gmgw
ant — fungus systems classic examples of non-hagan
culture (Fig. 2a). Attine ants are exclusively Né&lorld spe-
cies and occur primarily in the Neotropics, witle thorth-
ern limit of their range likely set by the cold¢ochnce of
their symbiotic fungus &HuLTz & BRADY 2008, MEHDI-
ABAD! & SCHULTZ 2010, MUELLER & al. 2011a). With high
densities and diverse fungal substrates (rangiom fr-
thropod carcasses to freshly cut leaves and flQiengus-
growing ants are of major ecological and econommie i
portance throughout their range £#¢R 1966, 1972, MH-
DIABADI & SCHULTZ 2010).

e

Fig. 2: Three examples of ant farming of fungi (@ot
aphids (b) and mealybugs (c) for food.Aa)omyrmex leaf-
cutter ants tending their fungus garden (photo:. Dl&sh);
(b) subterraneahasius ants tendindProciphilus aphids
(photo: D.J.C. Kronauer); (c) @tropyga queen and male
mating while the queen is holding an adult fentaleyr-
mococcus mealybug in her mandibles, an example of tro-
phophoresy (photo: S. Kuribayashi).

sitions are generally reflected in the distinctimtween

Fungus-growing behaviour in attine ants evolved ap-"lower attines" and the more derived clade "higiténes"

proximately 50 million years ago¢8uLTz & BRADY 2008,
MIKHEYEV & al. 2010). All fungi cultivated by attine ants
are basidiomycete fungi belonging to the tribe leage
prineae (MJELLER & al. 1998, \0 & al. 2009, MEHDI-
ABADI & SCHULTZ 2010, MEHDIABADI & al. 2012). Co-
phylogenies between the attine ants and their fahgiv

a history of close co-evolution, with major evobutary
transitions to coral farming, yeast farming andgiairfarm-
ing on cut leaves being well-represented; thesemtan-
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(MUELLER & al. 1998, MUELLER & GERARDO 2002, ML-
LESEN & al. 2004, I FINE LICHT & al. 2010, MEHDIA-
BADI & SCHULTZ 2010, MKHEYEV & al. 2010, MEHDIA-
BADI & al. 2012).

The ants are obligately dependent on the fungu®éak:
While adults are known to consume the fungus, thés
exclusive diet of the larvae (#8ER 1972, MUELLER 2002
(and references therein)ciBaTT & al. 2010). The fun-
gus is presumably also dependent on the ants faivay



although free-living strains of lower attine furigive been
found (MUELLER & al. 1998, \b & al. 2009). These fungi
might therefore be considered facultative mutislishere-
as the higher attine fungi are considered obligatéua-
lists (MEHDIABADI & al. 2012). The obligate relationship
between the higher attines and their fungi hasdesbme
of the most specialised adaptations in the mutiafisrt-
ners: leaf-cutter ants have workers that are mdaqgjio
cally specialised to cut leaves that serve as satiesto
the fungus and the fungus grows specialised stesi{the
"gongylidia") for the ants to feed on and to transfiges-
tive enzymes to the ants to manure substratH{M\BADI
& SCHULTZ 2010, SHIBTT & al. 2010, = FINE LICHT &
al. 2013).

Symbiont reproduction

All fungus-growing ants inoculate and disperserthgn-
gus vegetatively (see below). This led to the aggion
of exclusive clonal reproduction in the domestiddtagi

queens then use this fungal inoculate to initin&értown
garden. This natural history ensures strong parffider
lity between maternal lines of ants and their ddioated
fungi and should result in matching co-phylogerbes
tween ant hosts and their fungal symbionts. In, feeiti-
cal transmission and dispersal of fungi by the amtght
have been the starting point of this mutualisms tais-
persal first" hypothesis predicts that the intéoacbrigi-
nated from ants consuming a fungus that already tirssn
as dispersal vectors (D&LLER & al. 2001).

However, several phylogenetic and population geneti
studies showed signatures of frequent lateral tearcs
fungi between colonies (horizontal transmissionpath
lower attines and higher attines (FLLER & al. 1998,
GREEN & al. 2002, MKHEYEV & al. 2007). In addition,
the fungus ofAtta species occurring in the northern range
limit of the genus was shown to be capable of iraep
dent long-distance dispersal (ILLER & al. 2011b). On the
other hand, the matching co-phylogenies betweémneatt

(WEBER 1966). Although clonal reproduction was indeed ants and their fungal crops, have been mosthybated to

confirmed molecularly for fungi both inside and side
ant gardens (GAPELA & al. 1994, MUELLER & al. 1996),
a later AFLP study yielded mixed evidence: Nexsitms
of predominant clonal reproduction, these data aldo
cated recent genetic exchange between domestitatgid
and their free-living counterparts (MLLER & al. 1998).
This result and the symbiont's capacity for meiogise
later confirmed by MKHEYEV & al. (2006). The co-evo-
lution between fungus-growing ants and their funigus
seems more diffuse than previously assumed, ancbmay
best interpreted as one-to-many co-evolution ratinen
one-to-one (NKHEYEV & al. 2006).

long-term vertical transmission. This is clearlyempli-
fied by the phylogeny of fungi cultivated Byphomyrmex
ants, which shows strong partner fidelity over imils of
years with ant speciation events linked to rarévaul swit-
ches (MEHDIABADI & al. 2012).

What are the mechanisms behind occasional cultix-ar
changes? Cultivar switches can happen either icttijre
when ants domesticate a fungus that previouslypesta
another garden to resume its free-living fornu@VLER &
al. 1998, \b & al. 2009, MUELLER & al. 2011b) or direct-
ly, when ant colonies steal gardens from neighingucol-
onies (MUELLER 2002). Indeed, colonies adopt an alien

The exact mechanisms underlying the observed reconfungus as their new resident fungus when depriyedeir

bination remain unresolved to date. Occasionaludgtion
or hyphal fusion inside the ant nests are the plastsi-
ble explanations. In support of the former, frigtinodies
of cultivated fungus have occasionally been obstbath
in the field and in the laboratory and some ofdperes
produced by these fruiting bodies proved to belgi@/e-
BER 1966, MUELLER & al. 1998, RGNOCCA & al. 2001,
MUELLER 2002, \b & al. 2009). In support of the latter,
SEN & al. (2010) found signs of recombination betwedn
ferent fungal strains grown together in chimericdgas in
a laboratory set-up, although these findings reethin-
conclusive.

In line with theoretical predictions that hosts \ebpre-
fer asexual symbiont reproduction, ants have begorted
to destroy incipient basidiocarps as well as digulis-
tressed behaviour when fruiting bodies erupt fromirt
garden (reviewed in MELLER 2002). Ants may also be
able to indirectly prevent fungal sexual reproduetiFac-
tors such as fungal biomass and mixing of strai&aown
to promote basidiocarp formation in basidiomycetegf

own garden, either when allowed to steal the gaofiémeir
neighbours (AAMS & al. 2000) or when force-fed experi-
mentally (e.g., BT & al. 2001, MANA & al. 2001, VENS

& al. 2009, PULSEN & al. 2009). The ability and readi-
ness to adopt a new fungal crop differs betweeipiieat
and mature colonies, with incipient colonies maradily
accepting another fungus @8 & al. 2001, VENS & al.
2009, PULSEN & al. 2009). This response is attributed to
"garden-reinforcement" (see details below in thetiea
on symbiont diversity), in which the ants imprint their
fungal strain by feeding on it during the firstethrto four
weeks of colony existence@BLSEN & al. 2009). Consid-
erable fitness costs for both fungus and antsrargved
with cultivar switching, such as delayed developtrahn
incipient colonies and lower garden biomass, smabé
ony size and lower reproductive output in maturtvco
nies (MEHDIABADI 2005, PULSEN & al. 2009). These fit-
ness costs are likely caused by ant-fungal misrimegckRor
example, the ants' physiology may be adapted tthano
symbiont, leading to inhibited larval growth whesufon

(MUELLER 2002). Reproductive choice may therefore not"sub-optimal” fungi. Likewise the ants' foragingagegy

be under exclusive control of the fungus, but caldt be
influenced by ant farming behaviour.

Symbiont transmission and disper sal

Presumably, attine ants vertically transmit theindal
crops. Upon leaving the nest to mate and found@ngo
of their own, gynes (virgin queens) take a smadcpiof
fungal mycelium with them (\WBER 1966, 1972, MEL-
LER 2002, MEHDIABADI & SCHULTZ 2010). The young

and system of garden hygiene, including the spieeidl
"pesticides" the ants and their mutualistic baatprbduce,
may function sub-optimally when paired with a nofiei-
gus (QRRIE 2001, AL & TSCHINKEL 2007, &AL &
MUELLER 2014). These findings indicate co-adaptation be-
tween original ant-fungus pairs, constraining tbéeptial
of frequent exchange.

Who is in control of fungal transmission and exdeh
At first glance, one would assume the ants to beoim
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trol, since they can (and do) decide which funqusers the
garden and decide which fungus is vertically traittswah.
However, the fungus may possess manipulative pavats
can coerce ants into dispersing it or in rejectimguding
fungi (see below) (MELLER 2002). And while the ants may
actively suppress fungal escape (and horizontabirés-
sion) by destroying emerging fruiting bodies, thadus is
likely in control of the timing of escape and wiht con-
trol unlikely to be 100% effective, may occasiopalic-
ceed.

Symbiont diversity

The fungi are likely grown in monocultures, follawgi from
three natural history specifics of attine fungusvgng:
First, the fungus garden is started by the foursdvath a
single inoculum, second, since most species ar@gyoA
ous, there will be no competing inoculi in the garcéand
third, the fungus is subsequentially clonally prgated
within the garden (MHDIABADI & SCHULTZ 2010, MUEL-
LER & al. 2010). Genetic monocultures were confirmed i
the gardens oficromyrmex andAtta, even stably over mul-
tiple years (PULSEN & BOOMSMA 2005, MUELLER & al.
2010). HoweverSeN & al. (2010) reported rare cases of
polycultures in gardens of laboratory colonieAtif te-
xana (BUCKLEY, 1860), which had been offered multiple
potential cultivars. The ant-fungus pairs usedis eéxper-
iment were collected in the Northern range limitaoit
fungus-growing. Elsewhere, these Northern funggluso
lations have been shown to exhibit less variatiot iee-
combination; | hypothesise here that this loweryap
tion variability in the fungi may have also ledtt® ants'
discriminatory ability to be less effective, leaglito poly-
cultures instead of exclusive monoculturesN& al. 2010,
MUELLER & al. 2011b).

discriminatory ability between fungi repeatedly.tNaly
do they distinguish between their own and residiemgi
(see above)Cyphomyrmex and leaf-cutter amita texana
also showed clear preferences in café style pactmasice
experiments, althoughtta chose to combine several fungi
into one garden (BVANI & MUELLER 2006, &N & al.
2010). Ants most likely exert partner choice basedhe
fungal hydrocarbon profile, which has been showheo
partly heritable and partly environmental (e.ga diet
dependent or brood) (MNA & al. 2001, RCHARD & al.
2007).

Other examples

Fungiculture is not restricted to attine ants. ©tres, how-
ever, do not culture their fungus directly for fohésius
andAzteca ants culture fungus in their nest for structural
purposes (SHLICK-STEINER & al. 2008, MAYER & V OGL-
MAYR 2009) andAllomerus plant-ants use their fungus for
prey-capture (BJEAN & al. 2005, RIz-GONZALEZ & al.
2011) as well as nutrient recycling. The latterdeabur
was also observed for plant-dfetal omyrmex phylax SNEL-
LING, 1979 (DEFOSSEZ& al. 2011, LEROY & al. 2011).
Because direct consumption of the fungus by the bas
not been recorded in these cases, they are nutyston-
sidered examples of "farming" #fa & al. 2010, FoN &
al. 2013, but seeAuTH & al. 2011), although, for exam-
ple, P. phylax displays all behaviours commonly associ-
ated with "cultivation" such as feeding of the furgand
its protection and transport €Bossez& al. 2009, 2011).
Nevertheless, interesting parallels on the symhibat-
acteristics reviewed here can be observed betwesse t
cases of ant fungiculture and the attine fungusvarg.
For example, the fungus cultured Bgtalomyrmex phylax
presumably reproduces asexually; fruiting bodieshaot

Monocultures of fungus gardens are upheld by a mechbeen found (BFOSSEz& al. 2009). In additionlasius

anism of threefold incompatibility between the desit
mutualist pair and intruding fungi: Direct ant-furggin-
compatibility, direct fungus-fungus incompatibiligghem-
ical warfare between genetically different Basidyoete
fungi growing in close proximity of each other) aimd
direct fungus-fungus incompatibility via the antnkers
(WORRALL 1997, BOT & al. 2001, ®ULSEN & BOOMSMA
2005). Ants manure their garden with so-calledafelrop-
lets" (WEBER 1972, BOT & al. 2001, ®ULSEN & BOOMSMA
2005, $HITT & al. 2010), which contain fungus-derived

transmits some of its fungi vertically¢8LICK-STEINER &
al. 2008) and the fungus Aflomerus ants grows in mono-
cultures (RIz-GONzALEZ & al. 2011). These parallels in-
dicate that, although these fungi are not cultdoedood,
these systems might be subject to similar evolatiphost-
symbiont dynamics.

Homopter a-tending ants
Evolution and biology

Tending of Homoptera (specifically aphids and sdale

compounds, such as enzymes and, presumably, intiempasects, now formally included in the SternorrhyndiaGa-

bility compounds (RNHEDE & al. 2004, PULSEN & BOoM-
SMA 2005, SHIZTT & al. 2010, [ FINE LICHT & al. 2013).
Higher attines ingest these compounds when hangetste
gongylidia, but do not digest themq@aTT & al. 2010,
DE FINE LICHT & al. 2013). Via these presumed incom-
patibility compounds in the fecal droplets the fusgre-
vents entering alien fungi from establishing @RRALL
1997, BOT & al. 2001, PULSEN & BOooMsSMA 2005). As
expected, incompatibility through "manure imprimgfiris
transient: After ten days of force-feeding matdceomyr-

VIN 1993) by ants is wide-spread in natureA%V1963,
STADLER & DIXON 2005, 2008). Ants feed on honeydew
excreted by the Homoptera, which feed on host plant
trees. These interactions are increasingly recedrtis be
of major ecological and economic importance, eslgci
when the ants or Homoptera are invasive specied-or
fect crop plants (BLABIE 2001, BJICKLEY 1987, NeSS&
BRONSTEIN2004, SYRSKY & EUBANKS 2007, HELMS 2013,
ROSS& SHUKER 2009).

Aphid-tending behaviour occurs throughout the ant

mex colonies will accept a new fungus as their residen phylogeny, but most tending species can be fourtién

fungus (BT & al. 2001, PULSEN & BoomsMA 2005) and

Atta colonies can be made to accept fungi by "purging’

them on a non-fungus diet prior to the experim&an(&
al. 2010).

Does the fungal control on garden diversity ledwee t
ants with no say in the matter? Attine ants haspldyed
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subfamilies Formicinae, Dolichoderinae and Myrmégn

'suggesting multiple gains and losse®|(HbOBLER & WIL-

SON 1990, DELABIE 2001, MOREAU & al. 2006, QIVER

& al. 2008). About 1000 of the 4000 known aphidcps
(Aphididae) are tended by ants (i.e., myrmecoplsjou
(BRISTOW 1991, SADLER & DIxON 2005). Ant-aphid in-



teractions are generally considered textbook exasnpf
mutualism; both ants and aphids presumably prafihfthe
interactions. However, the relatively restrictedurcence
of these interactions suggests that ant-aphid rfistuas

not "all roses" and that the benefits may not oigtvéhe
costs in all circumstances, rendering these as&otsaevo-
lutionarily unstable (BCKLEY 1987, BRiISTow 1991, SAD-

LER & DIXON 1999, $IINGLETON & STERN 2003, SAD-

LER & al. 2003, SADLER & DiIxON 2005, Yao 2014).

dators and parasitesy#ZIADY & KENNEDY 1956, ZvOL-
FER 1958, ®NTIN 1959, B\RTLETT 1961, WAY 1963, RAUL
1977, HLL & BLACKMORE 1980, BJCKLEY 1987, BnCcH
1991, SADLER & DIXON 1999, BiLLicK & al. 2007, NeL-
SEN & al. 2010) and provide sanitation by removing
cess honeydew (EZIADY & KENNEDY 1956, BANKS &
NIXON 1958, ZVOLFER 1958, WAY 1963, RuL 1977, HLL
& BLACKMORE 1980, BrcH 1991). Often, the ants also pro-
vide their herds with protective sheltering or uigleund

ex-

Of the 32 families of scale insects known, the softchambers (F/OLFER 1958, WAY 1963, MASCHWITZ & HA-

scales (Coccidae) and mealybugs (Pseudococcidabgsir
known for being tended by ants. Myrmecophilous &sec
are also found among the hard scale insects (Stictd-
dae, which are obligate myrmecophiles) and armasralds
(Diaspididae) (BLABIE 2001, SADLER & DIXON 2008,
ROsSs& SHUKER 2009). The interactions studied in most
detall include the highly specialised, mutuallyigate, as-
sociation ofAcropyga sp. ants with xenococcine mealy-
bugs (®HNEIDER & LAPOLLA 2011), AsiarDolichoderus
"herdsmen" ants tending mealybugs and other sesdets
(MAscHwITZ & HANEL 1985) as well as weaver asco-
phylla longinoda (LATREILLE, 1802) andO. smaragdina
(FABRICIUS, 1775) and Argentine ahinepithema humile
(MAYR, 1868) tending scale insects AW 1963, BACH
1991).

The earliest fossil records of aphid-tending by afatte
its evolution back to 23 - 38 mya (HLDOBLER & WIL-
SON 1990). The oldest fossils dicropyga sp. ants carry-
ing their mealybugs stem suggest that ant-scaéins-
teractions evolved at least 15 - 20 myaHNSON & al.
2001, laPoLLA 2005). With fungus-farming dated back to
50 mya, ants were thus likely farmers before herdleut
see laPoLLA & al. 2006).

Many research efforts have sought to qualify arehqu
tify costs and benefits of ant-Homoptera interawtid-or
the ants, Homoptera serve as important resourteshdn-
eydew they excrete provides both carbohydratesaaido
acids (WAYy 1963, BJCKLEY 1987). In addition to milk-
ing them, ants prey on their aphids, thereby obtgiad-
ditional protein (BNTIN 1958, 1961, Wy 1963, MART
1991, QKATA 1994, GFFENBERG2001). The interaction
between armoured scale insects bfwddissotarsus ants is
the only known exclusively meat-based ant-Homoptera
teraction: These scale insects do not feed on planem
sap and therefore do not produce honeydesw{Bov &
FISCHER 2010, $HNEIDER & al. 2013). Yet, their tending
ants likely depend on them for food: The armouicales
make up the majority of the possible prey inside dhts'
galleries, and the ants' stunted legs prevent fham for-
aging outside of their galleriesg€B-Dov & FISCHER 2010,
SCHNEIDER & al. 2013). Having a continuous food source
nearby also likely allows Homoptera-tending anteetich
high densities, inhabit otherwise poor habitats goskibly
invade new habitats (W 1963, BJICKLEY 1987, &IFERT
2007, SADLER & DIXON 2008, VENS & al. 2012a, H#LMS
2013). Costs of Homoptera tending for ants remain u
known, although the observed shift from milkingprey-
ing on their aphid herd when "easier" sugar sousces
provided, suggests the ants experience costsivéaenhd-
ing (OFFENBERG2001).

The cost-benefit ratio of being ant-tended is tdsar-
cut for the Homoptera. The benefits are well-estabd:
Ants provide their herds with active protectionrfrgre-

NEL 1985, &IBERT 1992) as well as brood care AW1963,
PONTIN 1978, MATSUURA & Y ASHIRO 2006) and dispersal
to host plants (WY 1963). This active tending behaviour
by ants, along with the ants' ability to limit Hopteran
dispersal (see below), causes colonies of tendeda-o
ptera to be often larger than untended coloniesZ(EDY

& KENNEDY 1956, WAY 1963, AODICOTT 1979, SADLER

& DIXON 2005, 2008). In fact, scale insects might only be
prone to sooty molds at the densities reached ainén
attended; the ants thus indirectly create the feescale
insects to be cleaned by themAW1963).

Tended aphids, however, can also incur costs of ant
attendance as exemplified by restricted reprodociiod
dispersal rates (Wr 1963, BJCKLEY 1987, SADLER &
DixoN 1998, 1999, Xo & al. 2000, SADLER & DIXON
2005). These costs may stem from a trade-off betviree
vestment in life history traits and increased halesy pro-
duction. Indeed, when tended, aphids increase theit-
ing rate as well as the quantity and compositiothefr
honeydew (BNKS & NIXON 1958, YAO & AKIMOTO 2001).
Determining the costs and benefits of ant-attenddmas
thus not been straightforward and can be contepeile
dent (ADDICOTT 1979, SADLER & DIXON 1999, YoO &
HoLwAy 2011) as well as transient over consecutive gene-
rations (TEGELAAR & al. 2013).

Possibly resulting from these diffuse selectiorspuees
of costs and benefits associated with ant-attere)asiz-
served specificity in ant-Homoptera associationsdsl-
erate at best, with the highest levels of spetificib-
served in tropical ant-scale insect interactionaYV#963).
Most myrmecophilous Homoptera can be associatdd wit
multiple species of ants and vice versaaf\1963, SAD-
LER & DIXON 2005); the same scale insect aggregations
can even be tended by several ant species in siones
or during different times of the day (tHf & BLACKMORE
1980), although the aggregations have a higherstivhen
tended by their "primary" host ant speciea$EwO0OD
2004). One-to-one evolution is thus unlikely ingbesys-
tems (SINGLETON & STERN 2003). In line with this, aph-
ids can be both obligately or facultatively myrmglaitous
and also ant species differ in whether they arelgale-
pendent on aphids for food or notré®LER & al. 2003,
STADLER & DIXON 2005). Obligate interactions, neverthe-
less, do exist. Both the interactions of the hemlsmnts
andAcropyga ants and their mealybugs are assumed to be
mutually obligate and alsidlelissotarsus are considered
obligate coccidophiles; likewise are both hasius flavus
(FABRICIUS, 1782)and some of its root aphids presumably
obligately associateFLANDERS 1957, BNTIN 1958, 1959,
1961, WAY 1963, RUL 1977, PNTIN 1978, HIE 1980,
MASCHWITZ & HANEL 1985, MART 1991, lAPOLLA & al.
2002, &IFERT 2007, SHNEIDER & LAPOLLA 2011, $HNEF
DER & al. 2013).
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Despite this assumed diffuse co-evolution, morpholo
gical and behavioural adaptations to a lifestylgetber
exist in both ants and Homoptera. The most conspisu
morphological adaptation to myrmecophily in aphigls
the "trophobiotic organ”, an array of long hairghie anal
region that can hold a droplet of honeydew for &mthar-
vest" (AVOLFER 1958, WAY 1963, HOLLDOBLER & WIL-

an modeof reproduction, but also the rate at which they
reproduce (both in terms of number of reproductiye
cles and the number of offspring produced durinchea
cycle).

Concerning the mode of reproduction: Most above-
ground myrmecophilous aphids are presumably holocyc
lic (HEIE 1980). This was confirmed by population gen-

SON 1990). Myrmecophilous scale insects have a similaretic studies of the above-ground, facultative mycaie

structure as well as other adaptations, such a#iethde-
spiration in Myzolecaniinae (¥ 1963, QLLAN & KOSz
TARAB 1997, ELABIE 2001). In addition, myrmecophilous
aphids tend to have morphological traits correlavét a
protected environment: shorter cornicles (whichentlise
produce protective wax), shorter legs and a longgrum
(which takes longer to retract). Although theséelatraits
are widely cited as adaptations to myrmecophilg|sB
TOwW's (1991) comparative analysis showed that thess tr
may have been pre-existing; pre-disposing now-mgane
philous species to associations with ants. Thisthgsis
was later confirmed in a comparative analysis ofithe
part lengths irChaitoporus (see $IINGLETON & al. 2005).
Also obligate myrmecophilous Pseudococcidae haveesh
legs and are consequently more sessile than féigelia
ant-tended species AW 1963). Perhaps the most strik-
ing adaptation to myrmecophily is observed in meaty
Hippeococcus, which lost its bacterial endosymbiont res-
ponsible for assimilation of essential nutrientd Brcame
dependent on being fed IDolichoderus ants for nutrient
acquisition (RSS& SHUKER 2009).

The ants mostly show behavioural adaptations toddom
ptera-tending, apart from presumed morphologicapad
tations in the subfamilies Formicinae and Dolichirtse
to their proventriculus and gaster, which allowg&aguan-
tities of honeydew or nectar to be passed arourtloirwi
colonies (SADLER & DIXoN 2005, QIVER & al. 2008).
Ants actively protect, tend and clean their herdseha-
viours that likely originate from brood care belwawi (E.-
ZIADY & KENNEDY 1956, WAY 1963, Yao & al. 2000,
STADLER & DIXON 2005, 2008). Ant defensive behaviours
towards predators and parasites are quite specialigth
conserved stereotypical componentahNr & al. 1976,
MONDOR & ADDICOTT 2007). For example, the alarm
pheromone of native aphid species can elicit ptvtbe-
haviour from locally invasive Argentine ants MDOR &
ADDICOTT 2007).

Symbiont reproduction

Aphids can reproduce both sexually and asexualih w
many species being "holocyclic" (multiple genenasiof
asexual reproduction followed by a sexual genengtial-
though also "anholocyclic" (exclusive asexual rejuo
tion) species or populations occuny8N & al. 2002).
Alates (winged aphids) are typically produced tcilimte
an obligate host plant shift for sexual reprodugtiout also
viviparous dispersers can occur in species witlshift
hosts (MILLER & al. 2001). Also scale insects can repro-
duce both sexually and asexually, with a high ieck of
the latter (WLLAN & KOSZTARAB 1997, ROSS& SHUKER
2009). Scale insects never require an obligate plasit
shift for sexual reproduction. The occurrence éfiedent
reproductive strategies indicates that there ipeséor con-
flict over Homopteran investment into reproductidhis
potential conflict could not only concern the Hortexp
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philous black bean aphitiphis fabae (ScopoLl, 1763),
which is tended byasius niger (LINNEAUS, 1758)(VAN-
TAUX & al. 2011a) and several speciesToberculatus
aphids, which are tended Byprmica ants (%IBERT 1992,
YAO & AKIMOTO 2009, Ya0 2010). In contrast, presum-
ably obligately myrmecophilous root aphids, whidtar
in nests of subterranean dntflavus, showed predomi-
nant, if not exclusive, asexual reproductiovefis & al.
2012b).

Little is known about the potential relationshipvieen
the mode of reproduction and myrmecophily in s¢ade
sects. Only the mealybWRpraputo anomala (NEWSTEAD,
1910),which is presumably vertically transmitted by its
host antAphomomyrmex afer EMERY, 1899 is known to
be exclusively parthenogeneticAGBVE & al. 2000). Two
more ant-tended scale insects are presumably perthe
genetic:Malaicoccus sp. mealybugs reproduce viviparous-
ly inside nests of thelDolichoderus host ants and males of
these scale insects have never been observesicfiviTz
& HANEL 1985). Likewise, armoured scale insects repro-
duce inside their host ant's gallerieg{EDOV & FISCHER
2010). HoweverAcropyga ant gynes have been observed to
carry gravid, oviparous scale insect females oir that-
ing flights (LAPOLLA & SPEARMAN 2007, $HNEIDER &
LAPoLLA 2011) and of one of their mealybuganococcus
annandalei (SLVESTRI, 1924), males have been described
(GuLLAN & KOszTARAB 1997), suggesting that these mealy-
bugs maintained sexual reproduction.

Tended aphid populations display altered reprodecti
rates. Often, these rates are increased as wasxaon-
ple, shown forAphis fabae when tended by asius niger
and for cotton aphid\. gossypii (GLOVER, 1877) when
tended by Argentine ants (EZIADY & KENNEDY 1956,
MONDOR & al. 2008). Also preference studies of aphid at-
tendance by.. niger showed increased reproductive rates
in the preferred speciddetopeurum fuscoviride (STRO-
YAN, 1950), as well as prolonged colony survival uré t
time sexuals were produced. Interestingly, antguesfce
studies showed that sexually reproducing aphids waly
observed in colonies of the preferred aphid speanes
never in other, less-preferred, specias\tfF & WEISSER
2000, FSCHER & al. 2001). Several studies indicate that
also in scale insects reproductive rates and dessit-
crease under ant-attendance, most likely resuitorg the
ants' protective servicesABTLETT 1961, WAY 1963, BxCH
1991).

Decreased reproductive rates in tended aphids, how-
ever, are also frequently observed and are coesidema-
jor cost of ant-attendance A9 & al. 2000, SADLER &
DixoN 2005, 2008). Although colonies dfiberculatus
quercicola (MATSUMURA, 1917), are longer lived when at-
tended byFormica yessensis WHEELER, 1913, they pro-
duce fewer embryos A6 & al. 2000). Likewise, $AD-
LER & DIXON (1998) showed lower reproductive rates in
the L. niger-tended aphidAphis fabae cirsiiacanthoides



(ScopoL, 1763), associated with prolonged developmen-(JOHNSON & al. 2001, laAPoLLA 2005) and a molecular co-

tal time, smaller gonads and fewer well-developabrgos.

TEGELAAR & al. (2013), showed that this lowered repro-

ductive output was caused by the aphids producirailer
embryos when ant-attended. Interestingly, thisctffeas
transient and later generations displayed nornpabdic-
tive rates.

phylogeny of these species could possibly elucideeo-
evolutionary history, much like has been done ftina
ants and their fungus (e.g.,UdLLER & al. 1998). A third,
putative, case of vertical transmission is thaamtfApho-
monmyrmex with mealybugParaputo anomala. In the field,
many founding queens are already associated wittlyme

What mechanisms cause these changes in reproductivaigs (even sometimes attached to a queen) before pr

mode and rates associated with ant-attendance i
potentially control aphid sexual reproduction iresigs
with an obligate host plant shift by selectivelgying on
alate aphids or otherwise delaying dispersal (st@M). In-
deed, it has been hypothesised that tended aphidised
to become monoecioyse., lose their obligate host shift),
possibly in response to ants clipping wings ofeakgthids

duction of their first brood (8JME & al. 2000). Sincé.
anomala is parthenogenetic, this would be the only exam-
ple of ant-Homoptera farming in which the symbi@nt
both vertically transmitted and clonally reprodugimak-

ing the system directly comparable to higher attimgus-
farming (AUME & al. 2000). InterestinglyA. afer also
farms another coccid species, which presumablinéa

(WAY 1963). Indirectly, by keeping aphid colony sizés a horizontally between ant nestsA@/E & al. 2000). Last-

bay through preying, ants prevent crowding, whicbam-
monly known to induce sexual reproduction and ghate
duction (HALES & al. 1997) Also Oecophylla and Acro-

ly, alsoMelissotarsus presumably play a role in colony
founding of their armoured scale insects, but thace
transmission mechanism remains unknown to data-B

pyga actively regulate the numbers of their tended scaleDov & FISCHER2010, $HNEIDER & al. 2013).

insects; the latter do this by placing their meabybalter-
nately on productive roots (ENDERS 1957, WAY 1963).
Likewise, the exclusive asexual reproduction in saoot
aphids tended biasius flavus could be induced by the
constant, subterranean environments created baritse
which do not allow sex-inducing cues such as plesiog
or temperature to reach critical threshold levB®©RAN
1992, HhLES & al. 1997, RsPE & al. 1998, 3vON & al.
2002). Also physiological trade-offs due to incethéeed-
ing rates in response to ant-attendance may leaatitaed
reproductive rates @Ks & NIXON 1958). This effect does
not need to be ant-controlled: the results on tgerera-
tional effects of ant-attendance Aphis fabae, show that
aphids may be in control over their own reprodueiiv-
vestment, responding to increased partner fidéltyn-
vesting into, for example, honeydew productioneathan
offspring production.

Symbiont transmission and disper sal

Also here, | consider both the modktransmission and,
for horizontal transmission, the frequerafytransmission
and dispersal.

The case closest to vertical transmission obseirved
aphid-tending ants is that of new nests of mitmica
yennensis, which start by budding from their maternal col-
ony and continue to tend their natal colonieJutfercu-
latus quercicola aphids (YAo & AKIMOTO 2009). Since
these aphids are holocyclic and also produce alttiss
cannot be considered a true case of vertical treassom
in which new generations of both mutualistic parsnen-
disperse. Yet, a mechanism like this causes the $mst-
symbiont combination to be "reproduced" in multiptdo-
nies. Similarly, mealybugs climb on the backaflicho-
derus herdsmen ants when they start a new colony by fis-
sion (MASCHWITZ & HANEL 1985, HHNSON & al. 2001).
These ants also give their mealybugs a ride wheire tis
imminent danger, or when relocating the colonieseae-
sources at the current location are depleteds@hwITZ
& HANEL 1985). Also other ants, such@ecophylla, Phei-
dole, Tetraponera andLinepithema, have been shown to
actively disperse their scale insect herds to fegettica-
tions or newly built nests (KEIN & al. 1992, DELABIE
2001, SCCHETT & al. 2009).

Even though aphids horizontally transmit to theit a

Vertical transmission of Homoptera has only been ob hosts, dispersal frequencies in ant-tended aphélsigni-

served for scale insects and never for aphidav(\1963,
HOLLDOBLER & WILSON 1990, CELABIE 2001, laPOLLA
2005, SADLER & DixoN 2008). In two independently
evolved cases, gynes bring scale insects in theuthmon
their mating flight (termed "trophophoresy"APoLLA &
al. 2002, laPoLLA 2005). Tetraponera binghami (FOREL,

ficantly reduced. Population genetic signatureestricted
dispersal have been shown for tendeterculatus aphids
(YAao & AKIMOTO 2009, Yao 2010, Yao & KANBE 2012)
and four species of ant-tended root aphidsxk & al.
2012b). Likewise MNTAUX & al. (2011a) found a popu-
lation of Aphis fabae tended byLasius niger to be highly

1902)ants bring crawlers (the dispersing stage of scalestructured, although genetic differentiation betwe aphid

insects) on their mating flight. These crawlers ayw-
ever, be taken from the ants' natal or a neighbgunest
(KLEIN & al. 1992, WARD 2001); a population genetic study
on both the ants and their mealybugs would be ribtme
show whether this is a true case of vertical trassion
from generation to generation. The best-known ohsat-
scale insect vertical transmission is thafofopyga ants
and their xenococcine mealybugs, with 12 of th® ASo-

subcolonies was not statistically affected by ateyad-
ance. Indeed, ant-attended aphids commonly haveuoay

bers of alates (EZIADY & KENNEDY 1956, dHNSON
1959, WAY 1963, KLEINJAN & MITTLER 1975, MILLER

& al. 2001, YA0 2010, EEGELAAR & al. 2011, VENS & al.
2012b, TEGELAAR & LEIMAR 2014, but see1@DLER &
DixoN 1999), although at least some of these aphids have
similar levels of alates and dispersal as theiraiended

pyga species having been confirmed to carry mealybugsounterparts later in the season, albeit signifigatelayed

on their mating flights (Fig. 2c) (BNDERS 1957, HOLL-
DOBLER & WILSON 1990, $HNEIDER & LAPOLLA 2011).
This is an ancient example of vertical transmisgictin
fossils showing alatAcropyga queens carrying mealybugs

(EL-ZIADY & KENNEDY 1956, KNDLMANN & al. 2007).
Delayed dispersal poses an additional cost of tienhd:
ance for these aphids when competing with non-déén
species for the same host plants\({MANN & al. 2007).
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The reduced levels of dispersal in ant-tended aphid ciated with one at a time @B&ME & al. 2000). Likewise,

are likely ant-mediated. Ants have several waysuppres-
sing the numbers of alates developing in their Hoter@an
herds. First, by population regulation throughiogllants
control aphid densities and thereby prevent crogidam
important inducer of wing development ;W 1963, FhLES

& al. 1997, MJLLER & al. 2001). Second, ants can sup-

press aphid dispersal directly by biting off wirafsalate
aphids, which has been reported lfesius sp. and its root
aphids (ZvOLFER 1958). Third, ants can chemically sup-
press aphid dispersal. Ant secreted semiochemticais
quilize aphids, thereby inhibiting dispersal througalk-
ing (OLIVER & al. 2007) as well as reducing the aphids
capability to perceive tactile contact, and thuswaling.
Aphids also respond less strongly to their alarer@mones
when ants are around ANLT & al. 1976). Lastly, ants
can chemically inhibit aphid wing development aswa
shown for secretions from the mandibular glandardf
Formica fusca LINNAEUS, 1758 (KLEINJAN & MITTLER
1975). Although ants could potentially constraialedn-
sect dispersal via preferential preying on crawlaecsrec-
ords of this exist. In fact, 8H (1991) observed higher
numbers of crawlers in ant-tended scale insectsstiid-
ies have tested any other mechanisms of dispevsili-
tion, such as through semiochemicals.

Apart from ant-mediated reduction in aphid dispkrsa

herdsmen ants typically tend a single species,vameh
additional mealybugs or coccids are found in tHeres
these receive less attention from the ants, suggegiscri-
minatory ability in the ants (MsCcHwWITZ & HANEL 1985).
In the galleries oMelissotarsus many organisms can be
found simultaneously, but the mutualistic armousedles
are most abundant €BNEIDER & al. 2013). The genetic
diversity of single-species scale insect herdakasr been
assessed; this would be a promising avenue forduts
search.

Does the observed low level of diversity among dphi

livestock" stem from active partner choice by &émds or
does it simply result from aphid clonal reproductio com-
bination with low levels of dispersal? There isdietical
potential for ants to exert partner choice in aotidptera
mutualisms. Quality differences, in terms of honewd
guantity and composition, do indeed exist both agragrhid
species (WLKL & al. 1999, FISCHER & al. 2001) and clones
of the same species AMTAUX & al. 2011b) as well as be-
tween scale insects WART & METCALF 1956). Above-
ground ants indeed display discriminatory abiligtieen
aphids with different honeydew composition; mosabty
do ants prefer aphid species excreting melezitosdioney-
dew (Kiss 1981, \WOLKL & al. 1999, WOODRING & al.
2004), although ants do not discriminate betweenesd

myrmecophilous aphid species may actually have beemvith differing melezitose excretion A(Taux & al. 2012).

predisposed for myrmecophily by their overall lovesr-
els of mobility and lower numbers of alategASLER &
al. 2003). Likewise can the observed lower levéldis-
persal and flight muscle development in ant-teribldubr-

Interestingly, Homoptera may not be in full contoaler
honeydew composition: Their bacterial endosymbisush
asBuchnera in aphids) likely influence it (BuGLAS 1998b,
HANSEN & MORAN 2011, Yao 2014). Ants do even show

culatus species be interpreted as both an adaptationtto amliscriminatory ability beyond honeydehasius niger ants

attendance or a predispositionay 2010, YAO & KATA-
GIR1 2011).

Symbiont diversity

Single ant colonies can simultaneously tend matsge-
cies of aphids (BNTIN 1978, ®DSKE 1991, FSCHER &
al. 2001, VENS & al. 2012a). However, mixed aphid colo-
nies, with multiple species on a single stem a Bingle
aphid chamber are rare (MR 1959, G®DSKE 1991, k-
SCHER & al. 2001, VENS & al. 2012a). Are these ant-
tended colonies also genetic monocultures, witl ardin-
gle clone per species? IndeedsNs & al. (2012a) found
aphid chambers in subterrandaasius flavus nests to be
almost exclusively inhabited by single clones. Al&aN-
TAUX & al. (2011a) observed that at least one thirthef
colonies of facultatively ant-attended, free-liviaghid

Aphis fabae were genetic monocultures and mixed colo-

nies harbored only two to four clones. Colony-ledigkr-
sity increased over time, following settlement efwrclones.
This contrasted findings oFfuberculatus aphid colonies,
in which diversity erodes over time A6 & AKIMOTO
2009). Ant-attendeduberculatus colonies also harbor less
genetic diversity than colonies of non-attendebercu-

are able to recognise aphids that were previoesigad by
nest mates as well as aphids that gave honeydewd)ef
and will choose not to prey on therm@TA 1994); Fire
antSolenopsisinvicta BUREN, 1972 is able to discriminate
between healthy and parasitised aphidsi$¥N & SCAR-
BOROUGH 1991). In another choice experiment, however,
L. flavus did not spend more time with its own aphids
than with aphids from neighbouring coloniegeflis & al.
2012c). These discriminatory choices may well beeha
on cuticular hydrocarbons (CHC) transferred frortsaa
aphids during tending, similar to the mechanisneoled

in fungal recognition by fungus-growing ants. Indgle.
niger is able to discriminate between myrmecophilous and
non-myrmecophilous aphids based on their CHEN(:

& MENZEL 2011). AlsoL. fuji RADCHENKO, 2005 ants tend
to be less aggressive towards aphid dummies witbhwh
they share CHC arftomaphis yanonis (TAKAHASHI, 1960)
aphids mimic these ants' CHC, presumably to prelvent
ing preyed upon (EDO & ITINO 2012, 2013).

Discussion

Ant farming systems are good candidate systemthfor
study of host-symbiont conflicts in mutualisms. éldrre-

latus (YAO 2010). However, more of such comparative viewed which outcomes are observed with regartireet

evidence would be needed to verify that within-$pgc
clonal diversity in ant-tended aphid colonies deied even
lower than the low to intermediate diversity getigrab-
served in aphid colonies (reviewed iBgoT 2011).

Little is known about the diversity of scale insketds.
Ant Aphomomyrmex afer is found associated with two spe-
cies of scale insects. MoAt afer colonies are only asso-
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potential arenas of conflict (Reproduction: sexurahsex-
ual reproduction; Transmission: vertical or hortzbtrans-
mission; Diversity: monoculture or polyculture; Tdh
Fig. 1) in three systems of ant farming: fungusvgra
attine ants, aphid-tending ants and scale insedtrtg ants.
Generally, in all three biological systems bothooumes
theorised for each arena occur, with two exceptipaly-



Tab. 2: Observed symbiont traits, their underlyimgchanisms and observed control of symbiont thaitthe host ants
or the symbionts themselves in the three reviewstems of ant-farming: Fungus-growing ants, apbitiing ants, and
scale insect-tending ants (both "Homoptera"-tendidgderlined traits are most commonly found.

System Arenaof conflict | Observed sym- | Underlying Observed control in partners
biont trait mechanism
Host Symbiont
Attine | Symbiont Asexual Vegetative inocula-| — Performs inoculation Suppresses chance of
ants reproduction tion by ants — Suppresses fruiting bodigsyphal fusion by en-
(directly and indirectly | forcing monoculture
Sexual — Fruiting bodies |- Can develop fruiting
— hyphal fusiol bodie:
g Symbiont Vertical Vegetatively via antsChooses which fungus to | Controls its own trans-
g transmission disperse mission by enforcing
= monocultur:
o Horizontal — Free-living fungus— Suppression fruiting bodies Formation of fruiting
g escape — Choice to steal / accept | bodies
3 — Garden stealing by new fungus — Ant imprinting on .
S ants fungus prevents hori-
o zontal transmission
Symbiont Monoculture Threefold resident-| Imprinting in ants Direct and indirect in-
diversity alien fungus incom- compatibility enforces
patibility monocultur
Polyculture - - -
Aphid- | Symbiont Asexual, Low numbers of |- Provision of constant subincreased investment
tending | reproduction reduced repro- | alates, reduced terranean environment | into feeding and honeyr
ants ductive rates reproductive — Direct (chemical, physicaldew production
development and indirect (aphid colony
size control) suppressior
of alate:
Sexual, Obligately holocyc- | Large colony sizes Alate and oviparae de
increased repro- | lic, increased aphid| following protection velopment
ductive rate colony size
Symbiont Limited dispersal| Ant-mediated reduc— Physical and chemical |Reduced investment
transmission / rates tion in alates and reduction of mobility into alate production
dispersal mobility — Indirect reduction in alate
numbers
— Protective environment re-
duces incentive to dispe
% Horizontal Independent dispersalimited partner choice in | Dispersal by aphids
> transmission by aphids, accept- | ants
= ance by an
©
§ Symbiont Frequent, but not Repeated clonal re- Potential partner choice in| Clonal reproduction
& diversity exclusive production, reduced ants combined with reduced
9] monocultures dispersal in combi- dispersal
g nation with occasio
5 nal settlemetr
T |Scale Symbiont Asexual Influencing NA NA
insect- | reproduction reproduction, mechanisms
tending Sexual unknown
ants reproductiol
Increased Increased fecundity — Protective services -
reproductive ratesthrough protection |— Population regulation (se-
lective preying, selective
root acces:
Symbiont Vertical Trophophoresy, Choice who to bring Choice to disperse with
dispersal transmission back-riding by scale ant
insects, buddir
Horizontal Colony acceptance| NA NA
transmissio for tending by ant
Symbiont Species-level Mechanisms NA NA
diversity polyculture unknowr
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culture fungus gardens and vertical transmissicapbids
by ants have both never been observed in the(fiald. 2).

Protective environments

Strikingly, both in systems of fungus-growing andrib-
ptera-tending, there are examples of ants creatingn-
vironmentally constant, protective environment togir
herds or crops. Usually, these enclosed galledearan-
side the ant nests and they are often subterrafeani-
ously, creation of such predictable environments theen
predicted to promote the evolution of mutualismailL&

tended aphid colonies displayed increased reprivdueties
(e.g.,Metopeurum fuscoviride tended byLasius niger (see
FLATT & WEISSER2000) can be considered true mutual-
isms. However, it is important to bear in mind thaice
we have assessed the costs and benefits involveall fo
partners during future research efforts, some ektstems
reviewed above might turn out to be cases of pasasi
rather than mutualism, with one species being fedp in
the interaction, doing worse than its free-livirdatives.
Although some of the ant-scale insect interactimnse
been studied in detail, more detailed genetic aqmaie-

LEwIS 1983, Law 1985), because those circumstances namental studies are still lacking. Such studies wallow

longer call for symbiont sexual reproduction andizan-
tal transmission, two features that usually allogamisms
to deal with fluctuating environments. Consequerittyst-
symbiont associations would no longer be dissolesd
frequently, resulting in improved alignment betweke
partners. Therefore, | hypothesise here that tfregeent-
ly observed ant behaviours of building protectiham-
bers may have played an important role in the diaiu
of the farming systems we observe to date and raanb
essential part of the success of these systems.

Reevaluating host control

Historically, host-symbiont conflict resolutionsveaoften
been attributed to host controlRANK 1996a, HRRE &

al. 1999, MELLER 2002). This means that it would be ex-

pected that the observed symbiont traits resulbip&iom

mechanisms of ant control over their crops and $ierd
However, in most of the cases reviewed above, the o

served symbiont traits are controlled by both harsd
symbiont, suggesting that in those arenas, inteegstnow
largely aligned, possibly as a result of long-termrevo-
lution (Tab. 2). Nevertheless, traditionally, expsntal
studies on ant farming systems tend to be ant-tiake
be able to assess the full extent of symbiont-obritr par-
ticular for the two ant-Homoptera systems, futurelies
of, for example, partner choice should ideally testex-
istence of symbiont preferences as well.

Ant farming as study system for mutualism

Here, | reviewed examples of ant farming in thetegn
of mutualism evolution, with mutualism defined asia-
teraction between different species, with net bienébr
both. However, although the interacting speciearktee-
ceive benefits, can we be sure these are alwaysemet-
fits? In that case, the costs of being completelyeshdent
on the symbiont for food would have to outweigh ltleae-
fits for the host. And in case of the symbiontparticu-
lar the Homoptera on which the ants prey frequeniiy
benefits of increased population growth would haveut-
weigh the costs of being eaten. Although quantificaof
the exact costs and benefits for the partner spétieur-
rently known farming systems is still work in pregs,
shifting our focus to free-living relatives of matistic spe-
cies can shed light on these questions. When those
cies involved in the farming interaction have higbeer-
all reproductive success than their free-livingtigks, the
system can indeed be considered a mutualisANEA
2010). Following this latter argument, both the dus-

growing ant system and the ant-aphid systems irchvhi

30

for more detailed cross-system comparisons, fatitig
tests for universal patterns governing farming raliéms.
The Aphomomyrmex afer - Paraputo anomala system is
especially promising, because it represents a rsysii¢h
vertical transmission of an asexual mealybug, whitan
occurs in monocultures. In additiof, afer ants are not
only known to tend a second (horizontally transditiscale
insect but also to keep fungus gardensyi@ & al. 2000,
BLATRIX & al. 2013). Within- and between ant nest popu-
lation genetic analyses & anomala and the other sym-
bionts would provide information for direct compsamn to
the fungus-growing ant systems.

Towards a species community view of mutualism

Traditionally, mutualism theory is developed foreeto-
one interactions and classic mutualisms are ofigarded
as such. However, apart from the host ants and skiei-
bionts, each of the reviewed farming systems ire®kev-
eral other organisms as well. For example, thaeaftingus
systems do include several mutualistic bacteriaalbas
a specialised parasitic fungus and in the ant-Hderap
systems the host plants and endosymbionts of timeo-o
ptera can largely influence honeydew compositios, tur-
rency" of those interactions iDGLAS 1998b, ©RRIE 2001,
HANSEN & MORAN 2011, Ya0 2014). These additional or-
ganisms can be both mutualists and parasites cfythe
tem; either way they will have profound effectstba ul-
timate cost-benefit ratio of the focal interacti@msl, con-
sequently, selection pressures on all partnershiedo
Leaving these additional partners "out of the egoatmight
therefore lead to misinterpretation of the obsersala-
mics of the system. Extending our view to regardingt-
symbiont mutualisms as ecological networks of cohev
ing species instead, may provide one of the mashw-
ing new avenues towards a more general understandlin
factors governing the evolution and maintenancenatu-
alism (INGs & al. 2009).
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