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Hotspots for symbiosis: function, evolution, anegficity of ant-microbe associa-
tions from trunk to tips of the ant phylogeny (Hymogptera: Formicidae)

Jacob A. RSSELL Jon G. 8NDERS & Corrie S. MOREAU

Abstract

Ants are among the world's most abundant and derhiman-human animals. Yet in spite of our growimgpwledge
of microbes as important associates of many anjmadave only begun to develop a broad understgrafithe ants'
microbial symbionts and their impacts across thisrde family (Hymenoptera: Formicidae). With arpimessive degree
of niche diversification across their ~ 140 milligear history, evolution has performed a rangeatfiral experiments
among the ants, allowing studies of symbiosis thhoa lens of comparative biology. Through this lins gradually
becoming clear that specialized symbioses can edar lost in conjunction with important shifts ant biology,
ranging from dietary ecology to investment in cheahdefense. Viewing symbiosis across the ant geylg has also
lent an additional insight — that the presencepafcg@alized and ancient microbial symbionts is alpét distributed
attribute of ant biology. In fact, recent evidescggests that several groups of ants harbor veryrfierobial symbionts
— at least those of a eubacterial nature. Thesdioma findings raise the possibility that the intpoce of symbiosis
has fluctuated throughout the evolutionary histofyhe ants, making "hotspot” lineages stand outragst potential
symbiotic coldspots. In this review, we discusssthphenomena, highlighting the evidence for syntitiamover and
symbiotic hotspots that has accumulated largely theepast decade. We also emphasize the typesctdria and fungi
that can be found more sporadically across a rafigats, even beyond apparent hotspot taxa. Angngetheme
from the literature suggests that several ant-badoor ant-specific microbial lineages are commssoeiates of far-
flung hosts from across this insect family, suggesthat a recurring symbiotic menagerie has sojediracross the ants
for quite some time. In summary, the weight of évence suggests the importance of symbiosis a@®geral ant
taxa, supporting a growing appreciation for theanaple of symbiosis in animal biology. Yet appahgfow-density
bacterial communities in some ants raise questibosit symbiont ubiquity and the forces governirgrtiicrobial popu-

lations that colonize these hosts and the worldsyneukaryotes beyond.
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Introduction

While recombination and gene duplication are digtish-
ing tools in the adaptive arsenals of eukaryotgspsoses
with microorganisms have also contributed majooinn
vations toward eukaryotic evolution. This is evided
today by the large numbers of plants, animals, ifuamd
protists relying upon intimately associated miclzalled
symbionts, for various biological functions. Thesesses
of these associations can be seen in the vastsitivand
biomass of eukaryotes exploiting niches made aifless
by their microbiota, whether these be deep seadiydr
thermal vents, nitrogen-limited diets, or oxygechren-
vironments. With technological advances and imprgvi
phylogenetic infrastructure, we are beginning tprapiate
the variety and nature of these eukaryote-micrginebs
oses across model and non-model organisms alide-(R

SELL & al. 2014). And as such, we are gaining insigkd i
the fascinating stories of fidelity, function, aimegration
that characterize at least a subset of naturetsrhizso-
biome interactions (DUGLAS 2010).

With expanding notions of symbiont ubiquity and in-
fluence (MCFALL-NGAI & al. 2013), it is important to con-
sider just where we do understand: 1) the compossti
of symbiotic communities; 2) whether animal-assttia
microbes are highly specialized, long-standing spmis
or whether they colonize other hosts or free-livivadi-
tats; and 3) the contributions made by symbionigatd
eukaryotic host function. In the functional realomics-
scale technologies have begun to transform our leuge
base (RGEL & al. 2013, 3NDERS & al. 2013); but even
as this revolution unfolds, our understanding ahkiont



Box 1: Symbiosis, mutualisms, and holobionts.

Symbioses are intimate and prolonged interacticis/iden different species. It is now virtually ais$ra to state
that symbioses are highly important to eukarydses.the apparent ubiquity of symbiotic interacti@mompasses
a vast range of interaction types and strengthmpi interactions can sometimes be empirically att@rized, as
when binary partners are separated and assayqueimdiently (ELDHAAR & al. 2007). More complex systems, such
as extracellular gut microbial communities, willcessarily be more difficult to fully deconstructifizulty in
characterizing more complex interactions does reamthey cannot have important or even profounésg conse-
guences. However, this complexity can obscure #mgcplar and even contradictory roles being playediifferent
symbiotic constituents. Consequently, the naturtheffunctional and fitness relationships betwegantsotic part-
ners in these systems needs to be considered reih caution — not assumed.

Simple pairwise interactions between partners Hisguently been considered in a theoretical frantéwed costs
and benefits that borrows from economics and gdmery (ARCHETTI & al. 2011). By modeling interactions as
exchanges of costs and benefits, a formal taxonafrimteraction types can be proposed, ranging fpomely nega-
tive (amensalism or spite) to exploitative (paiasi) to mutually beneficial (mutualism or coopeva).

Of these, mutualisms in particular have receivepleat deal of study, both because of their appaneiofuity and
importance, and because they present an appam@ntiemary conundrum: If benefits provided to arestbrganism
are costly, what prevents selection from favoring€éaters" that skip out on paying that cogtai$s & al. 2004)?
A number of highly integrated symbioses have bdews to match theoretical resolutions to this peomhl with
mechanisms for partners to correctly identify anddwith symbionts across generations. Some irtierecmain-
tain faithful symbiont passage from parent to afifsg (i.e., vertical transmission), establishingtper fidelity and
aligning host and symbiont evolutionary intereSagqHs & WiLcox 2006). In other, environmentally acquire
symbioses, hosts screen symbionts through parhméce mechanisms (MoLm & MCFALL-NGAI 2004, KALTEN-
POTH& al. 2014); symbiont-relevant functions may thengmliced through host-delivered rewards and sansti
(KIERS& al. 2003, 3LEM & al. 2015).

With the growing recognition that important intetiaos with symbiotic microbes could be virtuallyigbitous
(McFALL-NGAI & al. 2013), it is attractive to translate thesmaepts for 1:1 species interactions to the more
common, multi-species symbiotic systems. Given #mbrganism's phenotype (and consequently itssithde-
pends not just on its own genotype but on its adBons with symbionts, we can consider the pharotex-

pression of the whole as a "holobiont". To the eitbat the genomes of these interacting organammsomehow
coordinated or integrated, the genetic anteceaethis collective phenotype can be described ashbegenome”.

o

The degree to which these concepts are accuratelsoftbiological reality, or even useful onesaimatter of vig-
orous recent debate @RAN & SLOAN 2015,DOUGLAS & WERREN 2016, MCFALL-NGAI 2016, ROSENBERG&
ZILBER-ROSENBERG2016,THEIS & al. 2016). Of particular concern is whether tleemtial for mismatches in intert
ests among symbiont community members render aulsingescriptor meaningless, and, further, wheliese or
nonexistent cross-generational linkages among symlgenomes mean that the collective hologenomaatdre
considered an evolutionary unit, as evolution negguboth selection and heritability. Indeed, angfroase can be made
that labels of mutualism and parasitism cease toseéul for complex symbiotic communities, where #trength
and valence of many interactions may be heavilyiogant on the composition of the community (SHEGIAN &
EBERT2015).

Symbioses between ants and microbes appear tongpeim of this range of complexity and integratiorhil® some
(especially on the simpler end) may be amenabtdassification into categories of mutualism andagiism, many
may not — and all such interactions may have fitregfects that vary across environments or amolageck species.

function remains fairly limited. Our comprehensistirm Mysteries enshrouding function have not stopped or-
for eukaryotes with strong medical, agriculturalecono-  ganismal biologists from cataloguing the compongitid
mic relevance (Bu & al. 2013, WANG & al. 2013, EeN- symbiotic communities (KLTENPOTH& STEIGER2014) or
NETT & MORAN 2015, BRUNE& DIETRICH 2015, MDRAN from studying symbiont distributions over spaceaetj and
2015); for those with conspicuous, long-recogniggich- host phylogeny (BLDO & al. 2008, HMLER & al. 2011).
bioses (VST & al. 2002, NNHOLM & MCFALL-NGAI Simple and affordable techniques like PCR screeairdy
2004, GOODRICHBLAIR 2007,FELLBAUM & al. 2012,  Sanger sequencing have long facilitated these gehite
HENTSCHEL& al. 2012); and for those with lifestyles amen- more recent innovations such as next generatioriemp
able to laboratory research@BsoN & al. 2015). Yet on  sequencing of conserved ribosomal RNA genes hade ma
the whole, we lack awareness of what host-assdciate =~ major contributions. Such approaches have told ushm
crobes are doing in a daunting range of eukaryatiea,  about the ecology and evolution of symbioses aceoss
including those in hosts as important and ubiquitas  growing range of eukaryotes, establishing a basio-c
mycorrhizal fungi ([ESIRO& al. 2014). prehension in groups with under-studied functiomyl&-
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= Multipartite symbiosis
. = Gut-associated symbionts

* Camponotini = bacteriocytes

Fig. 1: Symbioses with specialized bacteria or fuarg highly prevalent or ubiquitous within sevedalerse clades of
ants. Lineages with stable and ancient symbiosehighlighted on this ant phylogeny (modified frd&fOREAU & BELL
2013), and information on ant clade diversity isyiled (BOLTON 2014). Note that the fungus-growing (i.e., attine)
ants' symbioses are different than those of thaging focal ant groups, which harbor bacteria imithe gut cavity or
in specialized cells called bacteriocytes (iBdgchmannia in the Camponotini, and/esteberhardia in Cardiocondyla).
While attines, camponotines, a@dphalotes andProcryptocerus appear to engage in ubiquitous symbioses, spesihli
army ant-associated gut symbionts vary in prevaemross the AenEcDo sub-group of the Dorylinaédlevthe phylo-
genetic limits of core gut symbionts acr&s diocondyla, Cataulacus, Dolichoderus, andTetraponera remain somewhat
undefined. Beyond these grouslbachia appear concentrated within several ant taxa, stiggethe potential for the
"hotspot" list to grow. While we recognize the likeod for future documentation of integrated, jent, specialized
symbioses in other ant groups (efprmica; Plagiolepis), the above focal lineages stand out in comparisamany
ants with low bacterial densities and a lack ofienice for specialized, ancient, and integrated &sek.

genetics has also been a powerful tool. Not only iha
helped to identify correlations between host ecplagd
symbiosis ([ELSuc & al. 2014, MKAELYAN & al. 2015).
It has also aided in understanding the dynamicsyof-
biosis, with revelations as to whether hosts ancrobies
engage in loose, fairly specialized, or near-exetupair-
ings for substantial time periodsqi8LTHUIZEN & STOUT-
HAMER 1997,CLAY & SCHARDL 2002, TAKIYA & al. 2006).
In addition to these molecular and analytical apphes
microscopy has long been a powerful tool for thelgtof
symbiosis, elucidating mechanisms of symbiont agiqui
tion and integration (KHOLM & MCFALL-NGAI 2004,

OHBAYASHI & al. 2015), and hence illuminating how mu-

tualisms with environmentally acquired microbes oan
present evolutionarily stable strategies (Box 1).

With growing applications of these diverse tools to
study symbioses, it comes with some surprise thexet
remains a good deal of symbiotic dark matter, astdust
in a functional sense. Indeed, we lack an undedstgn
of the identities of symbiotic partners and howythkary
over space and time across numerous inconspicusus e
karyote hosts, especially fungi and protists. Bignewell-
studied macroscopic animal taxa can fit this bglitn-
cluding ants, for which we have developed just al@so
degree of symbiotic knowledge across a diversegarfig
potential hosts. A group with ~ 140 million yeafseoo-
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lutionary history (RRADY & al. 2006, MOREAU & BELL
2013,MOREAU & al. 2006), ants (Hymenoptera: Formi-
cidae) have evolved an impressive variety of déatd
lifestyles, undergoing drastic transformationsadtony size,
caste specialization, and species interactionshéys have
diversified and radiated across the world's teiigdstiches
several ants have evolved symbiotic habits. Bubhdy
historically well-studied groups like the funguseers or
carpenter ants, knowledge on the nature and fumctid

Beyond these three groups, we also see evidence for
specialized symbiotic associations in army antsftbe
subfamily Dorylinae. While their possibly specializ mi-
crobes show lower ubiquity, their phylogenetic thegtd
breadth of distributions suggest relationships tiwatld
date in excess of ~ 80 million yearsy((ArRoO & al. 2011).
Finally, based on microscopy and molecular finditms
date, diverse ants from three disparate geneZatau-
lacus, Tetraponera, andDolichoderus — are proposed to

symbioses between ants and microbes has been slow &ngage in enriched, specialized symbioses withelbiact

accumulate. A recent wave of publications has begun
change this, painting ants as a fascinating systerthe
broader understanding of symbiosis. Indeed, miomge

While all groups seem united by persistent symiiasese
proposed symbiotic "hotspots" (highlighted in Fig.show
key differences in the functions (when known), laea

molecular-, and systematics-based studies havevuncotions, and, in most cases, the identities of thearobial

ered a good deal on the ecology and evolution tfran
crobe symbioses, establishing function as the gesdt
frontier.

symbionts. To emphasize just how symbioses havegelia
and functioned over time, we devote the next sastiof
our review to a discussion of these symbiotic hotsp

In this review, we summarize recent research on antWe then zoom out to consider both the possibility o

microbe symbioses, picking up where Zientz anceagllies
left off in their 2005 review on this same topicEXTZ &
al. 2005). While we aim to report on the breadthradwn
ant-microbe associations, we also discuss an enwprgi
theme from our observations — that ant-microbe $yseis
may often not reach the levels of ubiquity, intdigma, or
importance that are assumed to characterize ananals
their microbiomes (ZBER-ROSENBERG& ROSENBERG
2008). Indeed, several diverse, deep-branchingaedat
with highly prevalent and conserved symbioses aa¢-s
tered across the Formicidae phylogeny amidst lieeagth
little evidence for such associations. We highlighiere

symbiotic coldspots and the broader landscapeyior s
biosis across the remaining Formicidae.

Fungus-farming ants and their multi-partite symbioses

An agricultural symbiosis: With their long history of
study, fungus-growing ants (former tribe Attinipresent
one of the more charismatic examples of symbiosthé
animal kingdom. A Neotropical group with over 2Qies
cies, these ants have cultivated basidiomycetd fanépod
for roughly 55 million years (&HuLTz & BRADY 2008,
WARD & al. 2015). Nearly all fungal cultivars come from
the Agaricaceae (formerly Lepiotaceae; a.k.a.djiffeish-

such symbioses appear concentrated and how they havooms), while attines from one species group ingieus

changed over time in conjunction with ant biolo@ur
more suggestive conclusion, however, is that miedob
symbionts of a eubacterial nature may be "infllamas-

sengers" (O'NILL & al. 1998) in just a subset of these suc-

cessful social insects.

Ancient, specialized, integrated

Research across the ants long ago identified tisteace
of conspicuous, microbially based symbiosesq®&H-

Apterostigma have domesticated unrelated basidiomycetes
from the Pterulaceae (coral mushroomspMacsi & al.
2004). These intimate interactions involve antigatton

of fungal monocultures (MELLER & al. 2010) that are
seeded by founding queens who acquired the fungtireir
natal colonies (BLLDOBLER & WILSON 1990). Such ver-
tical transmission helps to align ant and cultivaerests,
and to promote stable, mutualistic associations twee
(Box 1). While some horizontal transfer and repeate-

MANN 1888). Hosts of symbiotic microbes have often stoodmestication of free-living fungi have occurredq\& al.

out due to their behavior, derived anatomy, andgdae-
sident microbial masses (HLDOBLER & WILSON 1990,
CoOK & DAVIDSON 2006, WRRIE & al. 2006). But with
the application of molecular and phylogenetic tooks
now see that they stand out in another way: Thgir-s
bioses involve a limited range of host-restrictedrobes
which have engaged with ants for eons, with up #9~
55 million years of specialized partnerships. Opecges-
rich taxon that aptly fits this description inclsdée fungus-
growing ants, formerly of the tribe Attini (a.kattines).
The hyper-diverse carpenter ants and their relsftrébe
Camponotini, a.k.a. camponotines) make up a sesoci
group, while the sister gene@ephal otes and Procrypto-
cerus of the former tribe Cephalotini (a.k.a. cephalagine
show a roughly similar history of ubiquitous ancksia-
lized symbioses. A symbiosis with resemblance &t th
seen in camponotines has recently been describethte
from the genugardiocondyla, and while the age of this
association remains unclear, the intracellularity &ans-
ovarial transmission for the participating microlfl&seIN

& al. 2015) suggest levels of integration and spiaal
tion typical of other ant hotspots.
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2009, MEHDIABADI & ScHULTz 2010), attines and their
cultivars do exhibit a modest degree of lineagekiiray,
such that related cultivars tend to partner withtesl hosts
(ScHULTZ & al. 2015). The causes of such tracking are
unclear. Possible explanations include partnercehairiven
by tendencies of major workers to eliminate aliendgal
cultivars from their nests\(ENs & al. 2009). Costs of cul-
tivating novel cultivars — reflecting, perhaps, adapta-
tions toward specific cultivar lineages — may alkaw the
rates of partner swappingg8 & MUELLER 2014). Yet
switching to novel cultivars could occasionallylEnefi-
cial (KELLNER & al. 2013), raising questions about the net
effects of colony-level natural selection in shapiang-
term trends of ant-cultivar lineage tracking.

Fungal cultivars are "fed" food substrates by thair
hosts, which can vary from fresh leaves and floviretbe
case of the leaf-cutters, to a mix of arthropoddraar-
thropod carcasses, fruits, flowers, and seedgimeaaxa
beyond ([ FINE LICHT & BOOMSMA 2010). In turn, the
cultivar fungi help to break down complex carbolatds
contained within such substrates, making carbore mead-
ily available while further enhancing the availétyilof



nitrogen and lipids for at least some fungus fasnfBrTO-
ToMAS & al. 2009, SEN & al. 2010, O FINE LICHT & al.
2014). The associations between higher attinedesée.g.,
Sericoymrmex, Trachymyrmex, Atta, andAcromyrmex) and
their cultivars have been argued to exhibit featwensis-
tent with greater specialization and coevolutioanttal
to these points are the gongylidia produced by thel-
tivar fungi. These swollen hyphal structures agued to
provide heightened nutrition to ant hostE®BNE LICHT
& al. 2014) and higher attines, including leaf-eutt use
fecal droplets to deposit enzymes derived from ghdig
within their gardens (BNHEDE & al. 2004, Kool & al.
2014). Some of these enzymes further aid in thaksre
down of garden substrate; others detoxify planté@om-
pounds that would otherwise be harmful to the §Dts
FINE LICHT & al. 2013). While the exclusivity and mode
of shared evolutionary histories are not fully teed for
the leaf-cutters and their cultivars RMEYEV & al. 2010),
it is intriguing to see such highly modified fureyid ant
behaviors are associated with these ants' usegli feaf
material and with major transitions in colony sizaste
specialization, and life span. Indeed it is argyahis sym-
biosis that has allowed leaf-cutters to become md¢ge
foliators within tropical systems ¢z & al. 2007).

Antagonists of the mutualism:Evolving in associa-
tion with the attine-fungal mutualism are specedizveed-
like pathogens from the genHscovopsis (Fungi; Ascomy-
cota; Sodariomycetes). Found, thus far, exclusiwétlyin
attines' fungus gardens, these pests can overgritiwac
fungi within gardens, inhibiting the ants' prodaatiof food
(CURRIE & al. 1999a). While they are nearly ubiquitous
associates of the attine-fungus mutualidasspvopss have
not been found in the gardens of yeast agricuisiisarom
the genuLyphomyrmex (MEHDIABADI & SCHULTZ 2010),
and they may be rare in at least some taxa beysndK
& al. 2011a). Fine-scale specialization was arguexthao-
acterize these antagonisms (e.geERGRDO& al. 2006a),
with early reports oEscovopsis lineages tracking those of
the ant host and fungal cultivar {@RrRIE & al. 2003, &-
RARDO & al. 2004). But lineage tracking is certainly not
absolute, andEscovopsis can switch hosts in the lab and
field (CURRIE & al. 2003, GRARDO & al. 2006b, RE-
RUM & al. 2007, MEHDIABADI & ScHULTZ 2010). Further-
more, recent studies with broader sampling regsuggest
even less specialization than originally reporteidiREL-
LES& al. 2015).

It is clear, then, that more work is needed to unde
standEscovopsis diversity and the potential for pathogen
specialization, whether governed by ant or fungdtivar
attributes. What is also clear is that the natumplacts of
Escovopsis are not well understood. While certainly cap-
able of parasitic effects in the labygrIE 2001), com-
parable field studies are needed to appreciatehahétis
prevalent fungus places strong pressures on attinds
under which particular environmental conditionsr Eg-

that common norizscovopsis microfungi are associated
with garden decline under lab condition€45 & MUEL-
LER 2014) raise the possibility that pressures byradte
tive pathogens may be an important part of attilévar
ecology and evolution.

A specialized defensive, biological control mutual-
ism? While the challenges of demonstrating symbiotic
function in a natural context are well-apprecigf@®divVER
& al. 2014, but seea8NIKE & al. 2010), it is at least un-
equivocal that the attine-fungus symbiosis is alitd
the life and death of attine ants and, for leatarst per-
haps their highly specialized fungi as well. Thelear life-
or-death relevance dfscovopsis pathogens in the field is,
contrastingly, a partial hindrance to understandintpird
major player, or group of players, in the attinagfal culti-
var symbioses: antibiotic-producing cuticular amtitycetes
(CALDERA & al. 2009). Proposed as a major arm of attine
fungal garden defense YBRIE & al. 1999b), these biocon-
trol agents would seem to complement other attieehan-
isms for weed control, including garden groomingl an
weeding during growth stagesUyRRIE & STUART 2001),
along with behavioral processing of garden sulestrptior
to placement in gardens §FINE LICHT & BOOMSMA
2010). While the specifics of these cuticular syrebs are
not fully clear, there are several emerging tretinds at
least help to define important areas for futureassh.

One unequivocal attribute of attine biology is tvark-
ers typically possess a white coating of bacteniaheir
cuticles, which are often most visible on the latar-
vical plates of the ventral thorax in some attimeages.

It is here where the bacteria colonize crypts cotetkto
ducts from nearby glands (€RIE& al. 2006). These glands
are proposed to nourish the bacteria and could geen
some ways toward promoting the preferential retentf
antibiotic producing symbionts. In so doing, thegynserve
as a mechanism for both partner choice and sariatjon
of cheaters (SHEURING& YU 2012).

While conspicuous in appearance in most attinesgxc
in Atta and Sericomyrmex (CURRIE & al. 1999b, MJEL-
LER & al. 2008, ERNANDEZ-MARIN & al. 2009), the iden-
tities and roles of these cuticular bacteria hasenbde-
bated in the literature. Initially described as nhens of
the genustreptomyces (CURRIE & al. 1999b),t was later
discovered that many of the dominant, cultivablgcclar
microbes belong to the genBseudonocardia (CAFARO
& CURRIE2005). These bacteria produce antibiotics that
can suppress the growth B$covopsis in vitro (CURRIE
& al. 1999b), an observation that has been usedgo su
gest a major role foPseudonocardia in garden defense.
But while singlePseudonocardia strains may dominate
some cuticles and coloniesNBERSEN& al. 2013; Tab. 1),
other antibiotic-producing bacteria are certairdyrid in
and on various attine workers and their gardenghEtt
more, Pseudonocardia can suppress a range of fungi in
addition toEscovopsis in in-vitro-assays, including their

ample,Escovopsis may be rare or absent from some attine own fungal cultivars (8\ & al. 2009, B\RKE & al. 2010).

species or populations RRIGUES& al. 2011, MEHDIA-
BADI & SCHULTZ 2010, BHAK & al. 2011a). Furthermore,
surveys across host species and geographic lolcales
uncovered diverse microfungi in a substantial fracof
attine gardens (BORIGUES& al. 2008, RDRIGUES& al.
2011), revealing thaEscovopsis are not the only non-
cultivar fungi within these communities. Finallyndings

On top of this,Pseudonocardia have been retained in
Cyphomyrmex ants with yeast agriculture, in spite of the
likely absence oEscovopsis from yeast fungus gardens
(MEHDIABADI & SCHULTZ 2010). SomePseudonocardia
also show relatedness to free-living bacteria ftbenen-
vironment (QFARO & CURRIE 2005, MUELLER & al. 2008,
MUELLER & al. 2010), indicating that there is no single
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Attine species Colony #/_age/ Abundant 16S rRNA sequence groupings
origin %
0 o
¢ ¥ |3 £
= 5 £ & 8 g8 8|2
E9 2x 8w Ex 85| 26 ¢ fs °
52052 53 53 8% 2% 5% 5% s
2280 50 £S|58 59|82 |52 3
Acromyrmex echinatior 150 iv[e7/ll 0.0015/ 0.9635 0.0015 O 0.0039 0.0078 O 0.0029 0.0190
1/M/F 0.0006 0.8264 0.0202 0.0092 O (0] 0.0024 0.0006 0.1406
1/M/L 0.0015/ 0.9458 0.0021 0.0036 0.0072 0.0015 O
160 iv[o7/iamm 0.9704 0.0005 O 0 0.0072 O 0 0.0220
1/M/F 0.6903 O 0.0540 0 0.0002 O 0.0002 0.2474
1/M/L 0.8871 0.0012 0.0460 0.0039 O 0.0019 O 0.0600
280 iV[o7/M 0.0095 0.9583 0.0011 0 0.0032 0.0005 0.0079 0.0195
1/M/F 0.0081 0.2960 0.0118 0 (0] 0 0.0004 0.5859
1/M/L 0.0036 0.4409 0.0755 0 0.2851 O
282 iV[o7/l 0.9848 O 0.0012 0.0015 O 0
1/M/F 0.9502 0.0005 0.0005 0.0024 0.0003 O
1/M/L 0.9023 O 0.0049 0.0007 0.0533 0.0007 0.0078 0.0304
322 iv[e7/ll 0.0268 0.9338 0.0020 0.0020 0.0007 O 0.0348
1/M/F 0.0031 0.6496 0.0038 0.0244 O 0 0.3191
1/M/L 0.0072 0.9398 0.0262 0.0018 O 0 0.0250
342 iv[o7/lam 0.0015 0.8158 O 0 0.1254 0.0573
1/M/F (0] 0.0619 0.0004 0.0002 O 0.9351
1/M/L (0] 09110 O 0.0021 0.0186 0.0683
356 iV[o7/MN 0.0004 0.9388 0.0017 0.0017 0.0037 O
1/M/F 0.0013 0.3611 0.0432 0.0200 0 0 0.4205
1/M/L 0.0077 0.8667 0.0384 0 0.0008 O
480 iv[e7/i 0.0010 0.9453 O 0.0020 0.0108 O 0.0020 0.0391
1/M/F 0.0002 0.0850 0.0444| 0.0081 0.0018 0.0564 0.0002 O 0.8039
1/M/L 0.0126 0.5289 0.0108 O 0.0027 0.1540 0.0010 0.0609 0.2291
528 iv[e7/ 0.9824 O 0.0004| O 0 0.0018 O 0
1/M/F 0.7747 O 0.0362] O 0 (0] 0.0008 O
1/M/L 0.9589 O 0.0057, O 0 (0] 0.0057 O
Acromyrmex volcanus 1/M/L 0.6152 0.1470 0.0526| 0.0345 0.0381 0.0181 0.0109 0.0091 0.0744
Cyphomyrmex costatus 5/M/L 0.0002 0.0998 0.0119 0.2380 0.0012 O 0.0007 0.0002 0.6480
5/M/L 0.0591/ 0.5742 O 0.0853 0.0028 O 0.0011 0.0006 0.2769
Cyphomyrmex longiscapus 3/M/L 0] 0.0001 O 0.0006f O (0] 0
Trachymyrmex zeteki 3/M/L 0.0012 0.0003 O 0.0025 0.0018 O
3/M/L 0.0028 0.0001 O 0.0040 0.0001 0.0041
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Tab. 1: Laterocervical plates of leaf-cutter amtss@ominated by colony-specifiRseudonocardia strains. Data are from
ANDERSEN& al. (2013). ForAcromyrmex echinatior, the focal species, we include only those datefcolonies with
three sampled workers, organizing these to shoiati@n between colonies. Each row presents therR68\ amplicon
sequence data from the laterocervical plates aiglesworker from the lab or field and at eithee iimmature (callow)
or mature adult stage. Information in column 3 @gé / origin) shows the number of workers sampdedceach se-
guence library, whether workers were immature ("@"jnature ("M"), and whether the colony came fritvn lab (L")
or was sampled directly from the field ("F"). Numbén cells are the proportions of 454 16S rRNA boop sequence
reads classifying to the various 97% OTUSs represkhy each column. Data are shown for only theteigist abundant
OTUs. The first two columns represent the two da@ntifPseudonocardia 97% OTUs. In more fine-scaled analyses it
appeared that each is made up by a single straggcquence type, after accounting for sequencirgg.eColonies were
dominated by only on@seudonocardia type, and differences persisted for ants rearettiénab for substantial dura-
tions. While other bacteria were found in thesations, they were less abundant and more sporHdése samBseudo-

nocardia OTUs were also found on two other sympatric
stable players in attine biology.

attine-associated symbiont lineage. It is also kmdhat
other microbes in attine gardens can suppEsssvopsis
under lab conditions (e.g.dRRIGUES& al. 2009).

When coupled with a recent study Bscovopsis evo-
lution (MEIRELLES & al. 2015), the above findings argue
against a rigid view of one-to-one arms-race stglevo-
lution between attine®seudonocardia, andEscovopsis,
as proposed in earlier studiesugRIE & al. 2003). They
also raise the potential for alternat®seudonocardia func-
tions, like ant defense (MeELLER 2012, 3MUELS & al.
2013), and the involvement of other players in we
over garden control. When coupled with the in vitia>
ture of Pseudonocardia antibiotic production anéscov-
opsis inhibition studiesjt has become clear that the cen-
trality of this microbe in natural garden defenseais
further study. In Box 2, we expand upon these disions,
highlighting knowns and unknowns in this intriguiag-
ample of ant-bacteria ectosymbiosis.

Horizons in the study of fungus-farming symbioses:
Recent insights into the microbial world associatetth
ant fungus gardens IfFro-TomAS & al. 2009, A/LWARD
& al. 2014) suggest interesting avenues for researc
this system. Also promising are discoveries of aaloos
evolutionary events providing opportunities to apibie
comparative method. While fungus growing arosequse
in the history of attines, their symbioses havewshoc-
casional convergence and evolutionary reversdlsill be
fascinating to understand how other traits havdweb
in concert with these events. Indeed, findingsnoféased
reliance on metapleural gland secretion for gangin

speitighis study, suggesting that recurring symbicarts

search tools have us well-poised to address thess-q
tions and many more within these fascinating syitibio
systems. And although the prospects for widespreaek,
to-one coevolution have dimmed in this systens till
clear that attine-fungus-ectosymbiont associati@we had
major impacts on attine evolution and the rangecd-
systems inhabited by these charismatic ants.

A simple, highly derived symbiosis within the
Camponotini

Aside from attine symbioses, the most deeply urdeds
symbiotic system across the Formicidae involvepaar
ter ants and their relatives from the CamponoHat. over
40 million years (VERNEGREEN& al. 2009), members of
this highly diverse (> 1850 species) and cosmapolifroup
have evolved with intracellular bacteria from thengs
Blochmannia. These symbionts inhabit midgut-associated
bacteriocytes, specialized cells used to housadaltiular
microbial partners in a variety of invertebratetbaa sym-
bioses (MORAN & TELANG 1998).

Genomes from two representatBchmannia strains
were published over ten years ago, laying the ghaonk
for our understanding of symbiotic functioni(G& al.
2003, EGNAN & al. 2005). While contemporary studies
had told the tale of long-term codiversificatiortlween
camponotines anBlochmannia (SAUER & al. 2000, EG-
NAN & al. 2004), genomics revealed reduced genomes
with minimal gene sets. In the face of this genaee
duction, the retention of pathways for the biosegsth of
essential amino acids, sulfur metabolism, nitrogeaycl-

Atta and Sericomyrmex, provide one example, as both have ing, and co-factor biosynthesis were conspicuooitipg

lost most of their cuticulaPseudonocardia (FERNANDEZ-

toward nutritional roles for these bacteria. A moreent

MARIN & al. 2009). It is also the case that a group of study on symbiont genomes from additional lineaes

Apterostigma ants have acquired theucoagaricus gon-
gylophorus cultivar species previously thought to be ex-
clusive to leaf-cutters (1uLTZ & al. 2015). How have
the ants, their ectosymbionts, and their fungi beeli-
fied in association with this domestication? Has hinge
of garden pathogens shifted to resemble those omwme
mon in leaf-cutter gardens? If not, how have ho&tov
pathogens, includingscovopsis, evolved to exploit a novel
fungus cultivar? Another finding of interest inveb/the
independent origins of gongylidia-like hyphal stures
by lower-attine fungal cultivars reared Mycocepurus
smithii (see MASIULIONIS & al. 2014). How has this event
impacted the nutritional symbiosis and have theds a
evolved any features that parallel those seen ifyinen
attine agriculture? Strong foundational knowledgd ee-

gests that not all nutritional pathways have rermdim-
tact throughouBlochmannia's history (WLLIAMS & WER-
NEGREEN2015). Parallel gene loss in distiBtbchmannia
lineages presents opportunities for future studieshe
correlations between such losses and the dietaripage
of the host ants. Such a comparative approach dwaild
informative, helping to understand the causes amdes-
guences of genomic variability in an otherwiseistsym-
biosis.

The mostly static nature of the camponoBieshman-
nia symbiosis is promoted by limited acquisition ofwne
genes withirBlochmannia genomes (BGNAN & al. 2005,
WiLLIAMS & WERNEGREEN2015) along with strict part-
ner fidelity, promoted by transovarial transmiss{8RUER
& al. 2002). Indeed there is little if any eviderfoe hori-
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Box 2: Limits and horizons in attine-cuticular egtmbiont research.

The attine-cultivar-Pseudonocardia holobiont and its implications. While still some ways from convincing de
monstration, recent evidence is at least consistithtroles forPseudonocardia in garden defense. Furthermor
recent questions on the composition of cuticulanewnities (€N & al. 2009) have been partially clarified, affect
ing our understanding of whether stali?fseudonocardia-driven phenotypic variation should exist amongoats
and whether it might respond to natural selectfitting a model where the holobiont serves as & ahselection
(Box 1).

To begin, 16S rRNA amplicon sequencing data res&le domination of laterocervical platesAaf omyrmex
echinatior workers by a single, dominaRseudonocardia strain (ANDERSEN& al. 2013), fitting with earlier culture-
based findings (BULSEN& BoomMsMA 2005). While they do co-inhabit the cuticle witthet bacteria, perhaps eve
more so as the ants age, the domifsatidonocardia strain of a particular colony persists for yeansler labora-
tory rearing (Tab. 1; derived fromMdERSEN& al. 2013). Interestingly, lab-transferred straias dominate the
cuticles of workers from non-native colonies thagimally hosted differenPseudonocardia; however, the growth
of transferred strains is impacted by colony idgnuggesting that ant-encoded genetic variatiay partially

govern patterns oPseudonocardia strain distribution within and across attine spediBNDERSEN& al. 2015).

Regardless of the driverBseudonocardia and fungal cultivar transmission from founding guog to offspring
(CuRRIE & al. 1999b) would lend the cohesion necessary fmattine-cultivarPseudonocardia holobiont to serve
as a unit for natural selection (e.gL08N & MORAN 2015). And while this certainly does not demonst@ievolu-

tion, let alone coevolution involvingscovopsis, it does suggest the interesting potential for Isigmt-driven

evolution in response to important pathogens tirgiet either the fungal cultivars or the ants thelues.

While short-term fidelity may characterize thesenbjoses, whether attines aRdeudonocardia show long-term
cohesion is another question. Indeed there wasrangssignal of codiversification among these amts their ecto-
symbionts in a recent comprehensive analysis; matiastead suggested restricted partnerships bata@me attine
groups and particulgPseudonocardia clades (BFARO & al. 2011). Furthermore, when a large numberreéf

living bacteria are included in phylogenetic treahts, ant-specifi®seudonocardia groupings appear as small,
shallow-branching entities (MELLER & al. 2010).

The apparent absence of cospeciation in this systeuld, perhaps, come as little surprise. Defensiicrobial
symbionts of other insects undergo horizontal femsnd populations may harbor a variety of mie®keffective
against the same class of natural enemykAisik & al. 2013, QIVER & al. 2014, EOREZ & al. 2015). Pathogens
are moving targets, and the most nimble defensimebmses may be those with a capacity to acquikeinde-

fensive capabilities. Attines may fall in the middif this spectrum, given the clear persistenagoofinant strains
within colonies of some attine speciesN@ERSEN& al. 2013) — presumably those transmitted by queenisig

colony founding — combined with occasional horiadritansfer and domestication from free-living plgtions.

This could create some capacity for adaptive eimiuacting at the colony level while at the sanmeetiallowing

the ants to engage in associations with tried eunel §ymbionts showing effectiveness against thejomenemies
and aligned interests with their ant hosts. Indeedcent model (S4EURING& YU 2012) has even suggested that
some amount of vertical transmission for cuticidacteria could improve the abilities of attines'select" free-
living antibiotic producing partners, protectingethselves against take-over and exploitation by teheaUnder
this model the most important role of the vertigaiiherited microbes would not be direct defenseirssi patho-
gens, but instead recruitment of the best defendéis suggests a new and interesting frameworkhi®Pseudono-

cardia-attineassociation that warrants empirical study.

D

=]

What do Pseudonocardia do? In returning to the idea d?seudonocardia as a garden defender, indirect evidence
has accrued to suggest effectiveness agastsivopsis. For example, in a study across seven attine geaet-
associatedPseudonocardia showed slightly greater in vitrsuppression oEscovopsis growth than did either free-
living Pseudonocardia or Streptomyces (CAFARO & al. 2011). An additional study (RILSEN & al. 2010) using
similar in vitro assays ofscovopsis inhibition showed an ectosymbiont by pathogen sthateraction — there was
no singlePseudonocardia strain ranking most (or least) effective againstiattery of examineHscovopsis patho-
gens, nor was there a sinddscovopsis isolate with universal susceptibility (or countesistance) to inhibition by
all Pseudonocardia isolates. When the authors examined a representstibset of these ectosymbiont-pathogen
combinations in vivothey found parallels with their in vitrdiscoveries, suggesting that the identity of thebha
oredPseudonocardia strain on attine cuticles may somehow govern tingeaofEscovopsis strains successfully
thwarted from garden take-over within that coloWhether this is indeed the case, and if so whetheeccurs
through specifid®seudonocardia-produced antibiotics vs. specific recruitment efethders effective against different
Pseudonocardia (SCHEURING & YU 2012), are possibilities in need of further tegtimdeed, direct evidence for
antibiotic production byseudonocardia in an in vivocontext would be an important breakthrough in yistem,
in its own rite. What is also uncertain is the diggsof whether attines, their cultivars, aBscovopsis truly co-
evolve and what roles, if anlPseudonocardia play in this process.

In considering defensive potentials f@éseudonocardia or other cuticular bacteria, we can also lookh®e tecent
discovery that both behavioral and chemical trasisd for garden defense show trade-offs with attimeestment
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in ectosymbionts. For instance, across the g@nachymyrmex, species with low levels of ectosymbiont cover €
hibit higher rates of metapleural gland groomimgwhich potent ant-produced antimicrobials are ddaeworkers
to infected garden regionsgRNANDEZ-MARIN & al. 2013). Similar findings have been obtainedAtta andSerico-
myrmex ants, as those with greater reliance on metaplglaad secretions for garden pest control showaedu
investment in symbioses with cuticular bacterigQIE & al. 1999b, MUELLER & al. 2008, ERNANDEZ-MARIN &
al. 2009, ERNANDEZ-MARIN & al. 2015). But while these findings implicateticular bacteria in protection of
attines' fungus gardens, they of course fall sbbpaintingPseudonocardia as the central player in effecting garden
defense.

Other findings have come similarly close in impling bacteria — but not directlyseudonocardia — as important
garden defenders. For instance, spordssofvopsis and Trichoderma garden pests are removed Tiachymyrmex
cf. zeteki workers, passing to their infrabuccal pockets. Taeyclearly killed in these locations, and thegypears
to be a rise in actinomycete presence in theseqgisdlrEscovopsis treated vs. untreated colonies. Furthermore,
the most common actinomycete morphotype cultivéttech infrabuccal pockets was shown to inhilgcovopsis
growth, in vitro, suggesting that these pocket-aisged microbes play a role in garden defensgT(E & al.
2006). Unfortunately, the identities of the respblesmicrobes have not been established, and metdiollow-ups
to this work have been published, to our knowledgsimilar mystery surrounds other prior results, instance
one suggesting worker-deposition of unidentifietinmamycetes onto fungus gardensANEONE & CURRIE 2007).
Here, too, the lack of DNA sequencing preventsramfimplicating any particular bacterium in cultivdefense.
To summarize, while bacteria are clearly imporiargarden defense, and whikseudonocardia could be at the
center of such defense in many attine-fungus gasystems, (1) the sites of active battlefrontsdntibiotic-
producingPseudonocardia, (2) the enemies they target, and (3) their prejies to fight alone or in alliance with
other microbes, are matteawaiting further in vivo assessment. Also in quasis just how much and where these
attributes vary across the attine phylogeny, askaly demonstrated dynamics for attPseudonocardia symbi-
oses shown to date are not consistent with a nthimfnodel for these widespread interactions.

zontal transfer or loss @lochmannia in their prolonged  ordinary taxonomic and ecological diversity corgalinvith-
history with camponotines, suggesting completerid@e  in the Camponotini, there should hence be no spertéd
pendence for both parties. Somewhat surprisirigiych- fodder for future symbiosis-themed research.
mannia removal does not have a large impact on the per, d cuticle-buildi biosis?
formance of adult workers ASER & al. 2002). Instead second cuticie-burlding SymbIOsIS:
the importance of these symbionts appears to plagar- Blochmannia-camponotine symbioses show resemblance
ing earlier stages of development. Interestinglgrkers  to at least one other ant-bacterium associatiocyrdented
without Blochmannia rear fewer brood to adulthood, sug- recently in the genuSardiocondyla. The symbiont, Can-
gesting their importance in colony growthigXtz & al. didatus Westeberhardia cardiocondylg@éenceforthvest-
2006, FELDHAAR & al. 2007). Studies of symbiont abund- eberhardia), was discovered in genome sequencing efforts
ance and both bacteriocyte number and occupatiow sh for the invasive an€ardiocondyla obscurior (see KEIN
a build-up ofBlochmannia leading up to and through pu- & al. 2015). Colonizing mid-gut associated bacterisme
pation, followed by a decline in early adulthoodyg&r the symbiont's tiny genome was surprisingly lovgéne
& al. 2002, WOLSCHIN & al. 2004, SoLL & al. 2007).  density, suggesting it to be in a transitional stafyjgenome
Measures of gene expressionBdgchmannia reveal heavy  degradation. Retained within the 533 \Wlesteberhardia
devotion to nitrogen recycling during ant pupatiaith genome are all of the genes in the shikimate pathew
a shorter bout of gene expression for pathwayslieeb  abling synthesis of aromatic amino acid pre-cursos
in amino acid synthesis around this same timeNZz & cluding 4-hydroxyphenylpyruvate. Host metabolisraldo
al. 2006). High expression of nitrogen metabolisnes  take the hand-off from symbionts at this stagengishis
appears to be part of a regulatory switch towaathsr  latter compound to directly manufacture tyrosinielL
cription of potentially beneficial symbiosis gersisthe  other aromatic amino acids, tyrosine is cruciahi& ma-
expense of those with more standard housekeepimg fu turation of the adult worker cuticle. So the corsjpius
tions (SoLL & al. 2009). retention of this pathway in spite of rampant gerom
Experimentation has shown that these symbionts-do i shrinkage, combined with the degradation of baacteri
deed provide essential amino acids to adult workdsen  cytes and symbiont decline in young adult workésd,
they consume urea EEDHAAR & al. 2007). When con- the authors to propose thaesteberhardia functions sim-
sidering this alongside genomic evidence for ar@enat ilarly to Blochmannia, providing hosts with the resources
amino acid synthesis lBlochmannia (GIL & al. 2003), required for successful development. While some lab
and the need for costly aromatic amino acids atithe rearedC. obscurior colonies lackedVesteberhardia, the
of cuticular sclerotization in young adults, onewdbcon-  symbiont was found in another speci&swroughtoni (see
clude thaBlochmannia play a major role in helping cam- KLEIN & al. 2015), and a prior study had detected a
ponotines to meet the demands imposed by ant develo highly similar 16S rRNA sequence @ emeryi (see RIS
ment. Whether this is a ubiquitous function, ancttier  SELL & al. 2009b). One might thus postulate that this en-
Blochmannia roles vary across host phylogeny and ecol-teric bacterium has been a symbion€afdiocondyla ants
ogy are questions awaiting further study. Withéliera-  for some time.
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Fig. 2: Ants harboring specialized bacterial gunbjonts, and their localization within digestivadts. (a).abidus sp.
workers represent a range of army ants (geAenictus, Dolichoderus, Cheliomyrmex, Labidus, Eciton, Neivamyrmex,
andNomamyrmex) harboring apparently specialized Firmicutes antbEhoplasmatales gut bacteria. (b) Workers of two
Cephalotes species feeding on bird droppings represent dozieasngeneric species and the sister gétrosryptocerus,
which play host to specialized communities of gattbria. (c) FISH micrograph of gut tissues frotrabidus praedator
worker showing localization of bacteria (magentedhie ileum. (d) FISH micrograph of gut tissuesrfraCephalotes sp.
worker showing bacteria (magenta) in the midgut anhdspecially high concentrations in the ileumr Both FISH
images: mt = Malpighian tubules; mg = midgut; ileum. Magenta fluorescence shows localizationaaféria based on a
eubacterial 16S rRNA probe; blue fluorescence s the signal from host nuclei. Image cred#y:aniel Kron-

auer; (b) Scott Powell; (c) and (d) Piotr Lukasik.

Gut symbioses at opposite ends of the food chain

The low end: symbionts in ants with nitrogen poor ébts:
Attine and camponotine symbioses have been recegniz
for decades (BCHNER 1965,HOLLDOBLER & WILSON
1990), but more recent studies have illustratetigbeeral
unrelated ants harbor large numbers of extracelhda-
teria in their guts (e.g., Fig. 2bjIBEN & BUSCHINGER
2000,BUTION & CAETANO 2010). Several of these ants
have been noted to come from herbivorous or intirec
herbivorous groups, feeding on plant sap or inseney-
dew — both nitrogen-poor and carbon-rich food sesarc
(reviewed in ©OK & DAVIDSON 2006). Two separate
studies also found several of these ants to exhdaty:
light nitrogen isotope ratios that overlapped wvtitbse of
known insect herbivores (BTHGEN & al. 2003, DAwID -
SON & al. 2003). It was argued that nutrient-provisian
symbionts of such ants could play a major rolehigirt
success within tropical tree canopy habitats, émghem
to capitalize upon abundant, renewable foods \iitiitéd
nitrogen (DA\IDSON & al. 2003). Accordingly, OOK &

harbor microbes in portions of the gut innervatéth Wal-
pighian tubules, proposing nitrogen recycling as orech-
anism for gut microbe function in these systems.

Parallel research on these ant groups has suggested
means by which hosts could promote the spread of po
tentially beneficial bacteria within a colony. Speally,
oral-anal trophallaxis behaviors used in the trassion
of termite gut symbionts (BMAHAN 1969) have been ob-
served inCephalotes, Procryotocerus, and beyond (W.-
SON 1976, WHEELER 1984, @OK & DAVIDSON 2006,
LANAN & al. 2016). In these ants, callow workers appear
to emerge from pupation with few detectable gutdréa
(ROCHE & WHEELER1997). They then consume anal se-
cretions from mature adults, receiving a likelyaalmm of
symbionts. Such behavioral transfer to the femajea-
ductive caste (gynes) would allow these systenmaitoic
those with transovarial symbiont transmission, mglgut
bacteria heritable components of ant biology treatdrse
generations. This would promote partner fidelitgd aould
favor long-term co-divergence or lineage trackixplain-
ing the persistence of core symbiont taxa acrossyma

DAVIDSON (2006) noted the tendencies of these ants taens of millions of years in some of these ant (se-
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low). Additional mechanisms, such as the highlesigle
proventricular filter inCephalotes (LANAN & al. 2016),

may help to reinforce this fidelity, keeping symtticom-
munities intact. Such robustness and an effectiveftical

route for microbe transfer could enable symbiore,

colony level phenotypes to respond to natural selec
So what kinds of bacteria colonize the guts of ¢hasts?
How do they vary within and across colonies an¢tig3ze
And what do they do? In the last decade, reseasdiare
made considerable progress in addressing thetfirst
guestions.

One of the first sequence-based studies of guehact
from non-camponotine "herbivores" revealed angnirig
pattern whereby unrelated ants from two ant gen®ali-
choderus and thenigra species group dffetraponera — har-
bored related bacteria from a single lineage inaitter
Rhizobiales. This lineage, in turn, showed clo$miaf to
bacteria from the genugartonella (StoLL & al. 2007).
Shortly after this a diagnostic PCR survey for ¢heacte-
ria was performed across hundreds of ant spediesy-s
ing a broad distribution foBartonella-like, ant-specific
Rhizobiales across the Formicidae phylogednglicho-
derus and Tetraponera were again found to be common
hosts, while bottCephal otes and Cataulacus were newly
added to this list (BsSSELL & al. 2009b). Data were con-
sistent with host-specificity, with some clusterioigthese
Rhizobiales microbes into ant genus- or tribe-gigedades.

When Rhizobiales frequencies within each surveygd a
genus were analyzed against nitrogen isotope rabos
ant tissues, a significant negative correlation diasov-
ered, suggesting enrichment of these bacteriatairthe
bottom of the food chain (B8SELL & al. 2009b). This
was a phylogenetically independent trend, as thal fge-
nera came from separate clades on the ant trees; th
multiple origins of nitrogen-poor diets amongst el
ant genera are associated with the origins of Riédes
symbioses. The timing and relative order of dietand
symbiotic shifts have yet to be worked out in defait,
regardless, the patterns discovered are at leasistent
with a role for such microbes in the origins or nt@nance
of this trophic niche (BSSELL & al. 2009b) — one that
could be key to the abundance of several diversgranps
in tropical forest canopies @YIDSON & al. 2003).

and associations with known or suspected nutritisysa-
bionts (RUSSELL & al. 2009b).

As for many other animals, extracellular gut symbi-
onts of ants exist as members of multi-species conitm
ties (ENGEL & M ORAN 2013), and adult workers fro@e-
phalotes and the sister geni® ocryptocerus were among
the first to exemplify this. With shallow communisam-
pling through Sanger sequencing of 16S rRNA cldra
ries, a diversity of Proteobacteria were discoveasdvere
representatives from the phylum Verrucomicrobialéor
Opitutales) (RSSELL & al. 2009b), belonging to the re-
cently named genusgephaloticoccus (LIN & al. 2016).
Like Rhizobiales, these bacteria were localizethéogut,
persisting in lab-reared workers. A subsequentysexd
panded the range of samplédphalotes hosts, helping to
reveal some regularity in the communities acrossgtoup
(ANDERSON& al. 2012). Core bacteria @fephalotes were
found to hail from divergent, hespecific clades on bac-
terial 16S rRNA phylogenies, suggesting long-tearsist-
ence and specialization. In this same study at leas
additional ant-specific lineages, both from thetpobac-
terial order Burkholderiales, were found in gengegond
Cephalotes (i.e., Dolichoderus and Tetraponera). As both
novel hosts had been similarly inferred to be mjgo-
limited canopy ants (BVIDSON & al. 2003), the study
suggested further convergence in gut microbiotasscr
ecologically similar hosts.

Since this time, four next generation sequencing-st
ies of bacterial 16S rRNA genes have confirmedethe
istence of several core bacteria from the aforeioret
taxa in cephalotine guts; they have also contirtodihd
that the majority of core symbionts come fr@ephalotes-
specific lineages on 16S rRNA phylogeniea(Kz & al.
2013b, H) & al. 2014, 3NDERS & al. 2014, ANAN & al.
2016). While not yet fully established, early resiare con-
sistent with co-diversification between some gutrobiota
and Cephalotes species (8NDERS & al. 2014), suggesting
ancient partner fidelity for some portion of the ggmmu-
nity. Combined with the near ubiquity of some ceyen-
biont lineages across the cephalotines, it is ¢lestrthese
stable and ancient symbioses warrant functiondlystu

In spite of the possibly static nature for this &yosis
across the cephalotingbe colonies of somEephalotes

While some time has passed since the publication ofpecies do vary in the relative abundance or poeseab-

these findings, there has to date been no cleapdsm
tration of function for Rhizobiales or any othert dpac-
teria of ants (seeadfFeE & al. 2001, however, for a study
on the potential fitness impacts Géphalotes gut bacte-

sence of core symbiont species)(& al. 2014, 3NDERS
& al. 2014). Patterns of between-colony and gedgiap
variation have also been uncovered through exagsym-
biont strain distributions, as inferred from theigas 16S

ria). And whilenifH nitrogenase genes were detected inrRNA genotypes found across workers (see Fig.@nfr

ants with Rhizobiales (®LL & al. 2007), there was no
evidence for in vivonitrogen fixation in Rhizobiales-
bearingCephalotes or for the identifiechifH genes actu-
ally belonging to the Rhizobiales symbiontuERELL &
al. 2009b). Regardless, the localization of antiigeRhi-
zobiales to mid- and hind-gut tissues@sL & al. 2007,

data in HJ & al. 2014). While the implications are not yet
clear, the biology of the system thus far suggbsiisvaria-
tion in symbiont strain composition among colorgesid
be stable and heritable. This would make gut hiacteurces
of maternally inherited, potentially adaptive génetria-
tion, perhaps allowing th€ephalotes holobiont to serve

RUSSELL & al. 2009b), and their persistence in lab-rearedas a unit of selection (Box 1).

Cephalotes varians workers eating artificial sugar diets

The high end: symbionts in ants with nitrogen rich

(RussELL & al. 2009b) have revealed that these bacteriadiets: In a random sampling of phylogenetically dispar-

are persistent gut symbionts ©éphalotes guts. Further-
more, the presence of known nitrogen provisiorstagh-

ate ants, three bacterial taxa were most oftervered in
universal bacterial PCR screens and subsequeneSsag

mannia in the two most "herbivorous" ant genera (based orquencing — Rhizobiales from the aforementioBadto-

nitrogen isotopes) lacking Rhizobiales suggestebader
correlation between extensive use of nitrogen-mhets

nella-like lineage, common insect-associated intracatlul
symbionts from the geniolbachia, and representatives
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Fig. 3: Variation in strain composition across ¢iés and
rearing environments for three core species ofialesd
gut bacteria in the workers @ephalotes varians. Data are
from Hu & al. (2014) and were derived from three 97%
OTUs of 16S rRNA sequences. Each column repretents
bacterial strain composition for a single OTU framsingle
adult worker gut, based on analysis of 454 ampleamuenc-
ing data. Workers came from one of two colonietectdd

in Key West, Florida. Specimens were either imntetiia
preserved after field collection or reared in thé for
several months on artificial diets of 30% sucrosgew (a)
Strain composition for OTU1, the dominant core simt)
Cephaloticoccus capnophilus (order Opitutales) (avg. # se-
guences from this OTU per worker = 1124.5). Aspfanels
(b) and (c), each color represents a unique anddvébS
rRNA sequence genotype. Among the two focal cognie
sequences derived from tke capnophilus OTU showed
no clear between-colony differences or impactsietf ¢b)
Strain composition for OTU3, a core symbiont frdra order

from various clades within a third group known las En-
tomoplasmatales (BBSELL & al. 2009b). This bacterial or-
der includes known arthropod-associated symbiomds a
pathogens from the gen8giroplasma. Accordingly, sub-
sequent diagnostic PCR screening for Entomoplasesata
recovered a number 8piroplasma associates from amongst
the hundreds of surveyed ant speciesv@irRo & al. 2011).
Several other noSpiroplasma lineages were identified
as well, including a fairly large ant-specific atagith clos-
er relatedness tBntomoplasma andMesoplasma.

When combining results from broad, ant-wide sam-
pling with those from in-depth screening in a fevedl
host taxa, it was discovered that army ants froenfain-
mer subfamilies Aenictinae, Dorylinae, and Ecita@n
(now collectively lumped within the DorylinaeRBDY &
al. 2014) were enriched for associations with anyaant-
specific clade of Entomoplasmatales bacteriaN@Ro &
al. 2011). Screening of dissected tissues suggesied
and hind-guts to be a common site of localizatmmafmy
ant associates (see Fig. 2c for microscopy evidehbac-
terial masses in army ant guts). But unlike Rhiatds,
which were found in all surveyed mature adults friom
fectedCephalotes, Dolichoderus, andTetraponera species
(RUSSELL & al. 2009b), Entomoplasmatales bacteria showed
intermediate prevalence both within species and suene
colonies (ENARO & al. 2011). So despite: 1) deep 16S
rRNA divergence amongst members of this Entomoplas-
matales lineage, and 2) broad distributions fosehieac-
teria across an > 80 million year old ant grouphvdis-
parate geographies RBDY & al. 2006), the symbiosis ap-
pears neither ubiquitous nor obligat&faro & al. 2011).
Nevertheless, these bacteria are a recurring stéaeny
ant history, raising questions on their means ofussi-
tion and impacts upon the colony.

Since this time it has been shown that army ards ar
not the only predators associating with these bactin-
clusion of GenBank sequences from an unpublishetl/ st
allowed Kautz and colleagues to discover that &ots
the subfamily Ponerinae harbor members of the amnty
Entomoplasmatales clade ATz & al. 2013a). Interest-
ingly, this instance of army ant-ponerine symbisimring
is reinforced by a second finding — at least onedfioae
species (genukeptogenys) harbors a bacterium from a
deeply divergent Firmicutes lineage, consistingeotlise
of only army ant associatesy®ARO & al. 2011).

There is clearly a good deal of work needed to-char
acterize these potential symbioses, including resean
microbial persistence, localization, evolution, dmadction.
But together, these findings do raise an intergspios-
sibility — specialized, prevalent, and ancient sionks
appear enriched in unrelated ant groups at extems
of the food chain. Might this suggest a generaldrtgnce
for symbiotic microbes in the use of imbalancedsgite
Or might other lifestyle attributes of these antsvide a

Xanthomonadales (avg. # sequences from this OTU pebetter explanation for these trends? The answerld e

worker = 572.4). For this species, workers fromtitefocal
colonies harbored stable differences in strain asitipn,
revealing between-colony differences in microb{otate that
two lab-reared workers from YH064 did not have eepre-
sentatives from this species). (c) Strain compmsifior
OTU4, a core symbiont from the order Rhizobialeg) (3
sequences from this OTU per worker = 334.1). Redati
abundance values for strains from this species ingract-
ed by rearing environment.
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intriguing either way.
Where else do we find microbial symbionts?

In considering the above patterns in relation t® dimt
phylogeny, we begin to see the emergence of hatdpot
microbial symbioses across these insects. We dafite
spots as deep-branching host lineages (i.e., whibles
or genera, or at least large portions thereof) waithigh
prevalence of specialized bacteria or fungi, antth ap-
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used for amplicon sequencing, as were 133 extm&timmLinepithema humile (adult workers in nearly all cases)
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from specimens with strong vs. weak (or absent) rE8$A amplification. Bacteria represented by reldehand cyan

portions of bar graphs were abundant in three>obkink li
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ant DNA extractions. Contaminants appear more probtic for ant extractions yielding weak-to-no afigation of 16S

rRNA genes with universal eubacterial primers.

parent investment in the morphological, physiolagiand
/ or behavioral features required to house or pegte
these symbioses. While attines, camponotines, eapbac
lotines clearly fit this bill, the other groups higghted in
Figure 1 are proposed as hotspots, each requinimeg sle-
gree of further study to understand the ages aadapr
ence of symbioses, and the degrees of ant invesimére
sheltering and transfer of their specialized intaaiis.
Collectively, the ~ 2845 described species withigse
lineages (BLTON 2014) make up ~ 22% of the ~ 13,000
described species within the Formicidae. It woblastap-
pear that a sizeable fraction of ant diversityssaiated
with ancient, ant-specific fungi or bacteria. Theszy of-
ten be integral to host functioning, but of counsech
work awaits to assess function outside of the edtiand

camponotines. So what do we know about symbiosgs be

ond these proposed hotspot groups? With the exarepti
of widespreadWolbachia symbionts, the answer to this
guestion was, until recently, "very little". This iapidly

actions with microbes, even interactions with profd
relevance to fitness. But even when these fithéfssts
can be empirically demonstrated, airosophila (e.g.,
RIDLEY & al. 2013), the interactions can be diffuse: non-
specific (GHANDLER & al. 2011), labile (VBNG & al. 2013),
and of limited abundance @®DERICK & al. 2014). For
this reason, the concept of investment — eviderimed
specificity of partnerships, prevalence or persiséeof
symbionts across hosts, and morphological or behalvi
specialization — is one that we find useful. Mdsthe ant
systems described above show notable investmehein
microbial symbioses. Several are also charactehbyeubn-
spicuously high symbiont biomass, which placed gsou
like carpenter ants squarely on the radar of myateec
gists over 100 years agoL(@CHMANN 1888).

With the increased focus on symbiosis across tt& an
it is beginning to appear that these invested, higmass
symbioses are exceptional. Indeed, one publishely $ias
documented low bacterial density in the @nématogaster

changing, and we devote much of the remaining manurochai, with an estimated number of bacterial 16S rRNA

script to a discussion of new findings of relevatwéhe
field.

Do all ants invest heavily in symbioses with mi-
crobes?Before moving on to discuss instances of sym
biosis across the ants, it is important to notealistic
possibility: that not all ants are highly invesiadsymbi-
oses with bacteria. The breadth of the concepgrabisis
presents a recurring problem to discussions onsiliis
ject. Certainly, all animals likely engage in inéta inter-

gene copies that was hardly distinguishable froat ¢
"blank" extractions (BBIN & al. 2014). In that study, only
one out of 32 extractions from that species sudokgs

-generated sequences in lllumina amplicon sequergfing

forts, revealing challenges to the study of anteisged
microbiota.A similar finding was obtained in one of our
laboratories when attempting to amplify bacterh TRNA
from the weaver anfecophylla smaragdina (J.A. Rus-
sell, unpubl.).
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Fig. 5: Disentangling contaminants from stable @s#eciates. Bacteria detected fr8ahenopsis ants, their associated
habitats, and negative controls. Here each baesepts a single sequence library. Classificaticere werived from the
BLAST search results o6HAK & al. (2011b: supplementary tab. 3). The proposiohall classifiable sequences made
up by various genera and higher order taxa are sth@ne. Taxa making up 10% or more of at least'blank" library
are shown in various shades of red and pink. Tiagelower prevalence or complete absence fromlbléraries
with at least 4% representation in two or morelidnaries are shown in shades of blue. Soil-assedigenera meeting
this same criterion (i.e., absent or rare in amt blank samples, > 4% in two or more soil librariegre highlighted
with yellow and orange colors. Rarer taxa were bthimto the "other" category, represented by blatlshort, one
finds a modest fraction of ant-derived 16S rRNAdities (sampled with 454 amplicon sequencing telclyyd to be
made up by recurring ant-associated taxa thatraiely to be soil- or lab / field-borne contamitanNote, "*" desig-
nates a genus§ghingomonas) making up over 6% of reads from one blank libraalling into question its likelihood
as a non-contaminant ant-associate.

Two additional ant groups exhibit potential hallkgr logical reality — i.e., thafolenopsis associate with sym-
of low bacterial densities. In the first instanéegent- bionts related to those in soil and laboratory esag — it
ine ant workers have been found to yield weak-te-no is also consistent with the above expectationaakased
amplification with universal bacterial 16S rRNA pri contaminant representation in samples with low dyéat
ers, in spite of amplification with primers targggiant  densities.
genes (W & al., in press). Those workers yielding weak sig-  These findings dovetail with two additional dataset
nal gave rise to 16S rRNA amplicon libraries tharev  The first (J.G. Sanders, P. tukasik, M.E. Fredadck J.A.
dominated by contaminants — i.e., sequences abtindaRussell, R. Koga, N.E. Pierce, unpubl.), utilizedoan-
within libraries from blank DNA extractions (Fig).&Re-  bined approach of gPCR, SYBR green DNA staining and
cent ground-truth experiments on serially dilugatimo- fluorescence microscopy, and fluorescent in lithridi-
nella cultures suggest this pattern is a hallmark of lowzation targeting bacterial 16S rRNA. Focusing ois fnom
starting bacterial quantities, again indicatingt thapli- terrestrial and arboreal habitats in Peru, it wasa that
con sequencing studies of bacterial 16S rRNA wél b the majority of surveyed ant genera harbored venyde-
challenging for hosts with low-symbiont densiti&ai(- tectable bacteria. Exceptions includéephalotes, Cam-
TER & al. 2014). In light of this, sequencing from bkan ponotus, andDolichoderus, three groups already known
extraction controls alongside DNA from targetedcpe for associations with dense symbiotic communitié® se
mens may be essential in distinguishing betweesl\lik symbiont densities were far above those from nealily
symbiotic associates versus contaminants. Suchdy st other groups. The second stems from our past expEi
design has identified substantial overlap betwesidri-  in ant-bacteria research — universal PCRs with etebial
al genera sampled froBolenopsis species with those from  primers (described in B8SELL & al. 2009b) fail to am-
blank DNA extractions and soil specimens (Fig.ronf plify bacterial 16S rRNA genes in a large perceataf
data in BHAK & al. 2011b). While this may reflect bio- ants from a wide range of taxa collected througtibat
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Fig. 6: PCR with universal bacterial 16S rRNA prisie
routinely fails to yield strong amplification. DNfkom
whole workers or gasters was surveyed using theetsal
16S rRNA primers 9Fa and 1513R. Results are shown f
individual extractions and separated into well-siachpaxa.
The total % of ant extractions with no universaRPgignal
was 35.4% (n = 144 sampled specimens). Furtheilgleta
on screening can be found in Table S1.

world (Fig. 6; Tab. S1, as digital supplementarytamal
to this article, at the journal's web pages). Speaoss tar-
geted in these efforts were largely the same asetio
cluded in a phylogenetic study of the Formicida®gdau
& al. 2006); given the successful use of these $esrp
generate sequence data for the ant phylogeny swaly,
would argue that the issue with failed bacterigd TIRNA
amplification was not sample template quality oe th
presence of PCR inhibitors. The amplification o$itige
controls in nearly all of the reactions used toagate the
data in Figure 6 further argues that the resuéisnat due
to an inefficient PCR assay with high rates of bamtic
failure. More recent surveys of ants collected fridma
Florida Keys and southeastern Texas provide simdar
sults, suggesting also that it is not only the shalge that
exhibits such rare amplification. When consideringse
results, we argue that specialized and enriched®ges
are not the norm for many ants. Instead, a subiatauar-
centage of workers from across many ant specidsohar
low bacterial densities.

More hotspots? —Wolbachia symbioses:Suggestions
that at least some ants harbor few bacterial synibio

8
. All samples

Only named species
6

4.
o- i
00 01 02 03 04 05 06 07 08 09 1.0

Infection frequency bin

# of ant genera

Fig. 7: Are there hotspots and coldspots/itbachia sym-
biosesMolbachia are often very rare or very common in
sampled ant genera when compared to the ant-wige pr
valence of 34 - 36% infected species. Frequencyp-is
grams illustrate data from a systematic review\bfba-
chia frequencies across ants and other insects$RLL

& al. 2012). X-axis frequency bins represent thesgé-
cies infected withWolbachia for the genera of interest.
The Y-axis shows the number of genera with thergive
fection rates. Data are shown only for those genstta
at least five surveyed species. In black are ah ¢abol-
bachia presence / absence across identified and unigehtifi
ant species), while data in gray include owglbachia
presence / absence from identified ant speciesmizing
potential impacts of pseudoreplication.

make symbiotic hotspots all the more conspicuoug. B
there are indeed other symbioses across a widersity
of ants than those described above. The one exanithie
the greatest resemblance to the hotspot phenonianon
volves intracellulaiVolbachia symbionts(class: Alpha-
proteobacteria) and thgdatchy distributions across ant
genera (Fig. 7). Members of tholbachia genus are
broadly distributed across the arthropods, makiregrt
among the most successful symbionts of animalen t
planet. These bacteria are found in ~ 34 - 36%nbfpe-
cies, a frequency comparable to those in sevehalrdanh-
sect groups (BSSELL 2012, RISSELL & al. 2012). Some
Wolbachia make their living in arthropods through the
manipulation of host reproduction GHREN& al. 2008).
However, several strains have recently been shovim-t
pact insect defense and disease vector competdaDgEES

& al. 2008, TEIXEIRA & al. 2008, MOREIRA & al. 2009,
MARTINEZ & al. 2014). Other functions have been uncov-
ered as well, including nutritional roles througviBamin
synthesis (ldSOKAWA & al. 2010). Due to experimental
challenges we know little about the impactdiddibachia
on ants (see Boxfdr one speculation). But it is now be-
coming clear that the range of possibilities igebiroad,
suggesting a need to look beyond initial suspiciofne-
productive manipulationvdN BORM & al. 2001, Ris-
SELL2012).

Throughout its range of invertebrate ho¥ts|bachia
transfer appears to almost always be maternalraachal,
with the symbionts colonizing eggs or developindeyas
inside of females (RyDMAN & al. 2006). On occasion,
however Wolbachia do move horizontally between spe-
cies as evidenced through experiments and hostispmb
phylogenetic incongruenc&AN MEER & al. 1999, HuI-
GENS & al. 2000). Among the ants we see no clear evid-
ence for co-diversification between these symbiptd-
ies. But New World ants are enriched Yol bachia from
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Box 3: Does symbiotic variation across developnémnit at\Wolbachia function in leaf-cutters and wood ants?

While we know little ofWolbachia function, an interesting pattern has been repadrnechich these symbionts ar
lost from Atta, Acromyrmex, and Formica workers at some point during adulthoode()KER & al. 2001, VAN
BORM & al. 2001, WENSELEERS& al. 2002, MLIAKAINEN & al. 2008, IROST& al. 2010). Since sterile workers ar
dead end hosts for transovarially transmitted spmilsi the finding is still fully consistent with teanal transfer
maintaining these bacteria over time — indeed gytiestransmitting hosts, appear to harbor higheguencies
than workers and malegAN BORM & al. 2001, VENSELEERS& al. 2002). While loss of transovarially transtad
Wolbachia from non-transmitting castes may in some ways deginal, none of the other altolbachia associa-
tions described beyond attines and wood ants haea bhown to exhibit this same pattervgBELL & al. 2012).
So might this phenomenon signify a unique funcfamthe enigmatid\Volbachia of these hosts?

To illustrate one possibility, we re-iterate tfgbchmannia and Westeberhardia symbionts show similar trends of
loss, where workers de-invest in these symbiose®adat early on in adulthood. In these systemsebacseem
crucial to their hosts' maturation, providing binlgtblocks (e.g., aromatic acids or their pre-ctssaised in the
construction of adults' cuticles. Migiiolbachia play a similar role in attines and wood ants? A gaian for ex-
ploring such a function has been established thrquimpr research on camponotines @atdiocondyla (GIL & al.
2003, WOLSCHIN & al. 2004, EGNAN & al. 2005, ZENTZ & al. 2006, SoLL & al. 2009, SoLL & al. 2010, KEIN
& al. 2015) and through work on a parallel cutiblglding symbiosis between weevils and tHgadalis symbionts
(VIGNERON & al. 2014).

(1%

¢}

just a few lineages made up, mostly, of New Wonltta groups harbor symbiotic bacteria in midgut-assedidtac-
associates. Ants from Europe, Asia, Africa, andtralssia  teriocytes that they possibly passage through araar&l
associate with a different range \@blbachia altogether, transfer. InPlagiolepis ants (BJCHNER 1965,DASCH &
including one well-represented clade that appdayistly al. 1984) for example, the apparent bacteriocytenisis
less host-specific (JUTsuI & al. 2003, RISSELL & al. appear related to heritabSedalis symbionts of other in-
2009a). This geographic split seems unusual amorggstt-  sects (BMESHIMA & al. 1999, WERNEGREEN& al. 2003,
Wolbachia associations of insects, raising questions abouRUSSELL & al. 2012). While this phylogenetic placement
the drivers of divergent symbioses that take ptatéhe  will require further study, a lineage with modestob
opposite sides of our largest oceans. strap support was found to consist of bacteria froam
As suggested above, patterns in the distributidns oPlagiolepis species and another genBsprenolepis, from
Wolbachia across the ants suggest that there may be hothe same tribe (BSSELL& al. 2012), raising the question
spots — and coldspots — for infection, as therefane  of whether this could be an ancient symbiosis widar
modestly sampled ant genera with infection frequesic host investment (i.e., a hotspot). Outside of thesam-
resembling the ant-wide average (~ 34 - 36%) (Fig. ples from the Plagiolepidini, bacteriocytes haverbee-
data from RISSELL& al. 2012). For example, we see rar- ported in ants of the genBsrmica (BUCHNER1965,DASCH
ity in groups likeDolichoderus (0 / 15 surveyed species) & al. 1984), although the identities of their pitatbac-
andDorylus (0/21 surveyed species), but high prevalenceteriocyte colonists are different from thoseRlagiolepis
in Aenictus (14 / 16 surveyed specie3gtraponera (8 /10  (SAMESHIMA & al. 1999). Very little is known about the
surveyed specieslrormica (9 / 10 surveyed spcies), and biology of these symbioses, suggesting fertile gcofor
potentiallyAcromyrmex (5 / 5 surveyed species). Given future study.
the absence of ant genus-spedificlbachia clades, these Across the antsMolbachia are by far the most pre-
patterns appear to involve congeners independewtly valent and broadly distributed transovarially tfensed
quiring, and keeping, a range of horizontally tfened  symbionts (RSSELL & al. 2012). But recent studies, have
bacteria that are often from more generalized aritieed  detected additional candidates I#esenophonus or Spiro-
lineages (RSSELL2012). This suggests that physiological, plasma, across multiple species @NAKOVA & al. 2009,
behavioral, or ecological traits distinguishing gnbups  FUNARO & al. 2011, BHAK & al. 2011a, b, BSSELL &
may also make them variably suited to serve astost al. 2012, EBASTIEN & al. 2012). Complicating interpre-
Wolbachia symbionts. Comparative studies could hold thetation is the fact that bacteria from these clardgsexhibit
key to understanding this phenomenon, but of diear  several lifestyles, ranging from gut colonists haspod
portance will be studies attempting to unlock tiipacts  pathogens, or hemipteran-vectored pathogens otplan
of enigmaticWolbachia on these diverse insects. It will (CLARK 1982, BRESSAN& al. 2012). Their status as herit-
also be important to understand whettéibachia hot- able symbionts, thus, remains to be demonstr&eetatia
spot hosts truly invest in their symbioses or whethey  symbiotica, a protective symbiont found mostly in aphids
may simply be those most susceptible to manipuldtyp  (RUSSELL& al. 2003), andCardinium hertigii, a widely
a crafty group of bacterial endosymbionts. distributed reproductive manipulator RoN & al. 2008),
Other transovarially transferred symbionts: Through-  are two recently identified symbionts from one apé-
out history, dozens of bacterial lineages havewedblife- cies,Formica cinerea (see $kvio & PamMILO 2010). While
styles as transovarially transmitted bacteria afests  a recent study suggest&dsymbiotica association with
(MORAN & al. 2008). Some colonize bacteriocytes, while Camponotus gut tissues (H & al. 2011), we know of no
others localize to hemolyph and other insect tissuike instances in whiclCardinium makes its living as a gut
camponotines and son@ardiocondyla, a few other ant inhabitant, a plant pathogen, etc. This makes ieast
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plausible that this species is a low-frequencyjtable
symbiont of some ants (RSELL& al. 2012); but again,
one with unknown function.

Additional symbionts with a possible transovaniaht-
fer route have been found in ant&/fTs& BEXTINE 2009),
including some with relatedness to the gefssa (KAUTZ
& al. 2013a). Such bacteria are interesting in sévegs
— in Anopheles mosquitoes, they appear to suppréfs-
bachia populations within co-infected hosts Y&HHES &
al. 2014). This may explain why/olbachia are rare or
possibly absent from the genfisopheles (RUSSELL& al.
2012). The appearance \Wblbachia coldspots across the
ants makes this finding all the more interestinggs the
findings by KauTz & al. (2013a) suggesting lowblbachia
frequencies in the gen®seudomyrmex whereAsaia fre-
guencies were highest. A second point of intereshat
Asaia belong to a group of acetic acid-generating baxteri
which thrive under the high osmolarity and low péhe
ditions in the guts of insects with sugar-rich die®rior
studies have suggested nutritional function for sneh
microbe cultured fronTetraponera ants (3MADDAR &
al. 2011). So the detection of the bacteriurRseudomyr-
mex workers with extensive feeding on extrafloral necta

(but see ADERSEN & al. 2012), and it is possible they
were associated with gut tissues from the bodytgavi
this possibility was at least partially supportégeg mini-
mal evidence fofolbachia in the gut via Fluorescence
In Situ Hybridization (FISH) microscopy and the very
rare detection ofWolbachia in fecal fluid. Two other do-
minant species came from the order Entomoplasnstale
localized by FISH and electron microscopy to thé gu
cavity (ileum and rectum), Malpighian tubules, &ad
body. Also discovered weiBartonella-like Rhizobiales,
which appeared localized to biofilms within theuite and
rectum. Rhizobiales and one of the two Entomoplasma
tales were stable in lab rear@dromyrmex workers on
artificial diets, even surviving treatment with seranti-
biotics (}POUNTZIS & al. 2015). Given their findings of
NifH proteins in the same gut compartments colahizg
Rhizobiales, the authors propose a role for thaseolbres
in nitrogen-provisioning to the ant hosts, enviggnin-
ternally housed nutritional mutualists that benaftines
through the same means as fungus garden-dwellotgager
bacteria (INTO-TOMAS & al. 2009).

Applying similar sequencing tools)HERTI & al. (2015)
explored the overlap of bacterial communities amatg

(KAuTz & al. 2013a) suggests an interesting candidateines and theisocial parasites. Their findings suggest that

function for these associations.

To summarize, while we have little definitive evide
for transovarial transfer of most bacteria in attisre is
no shortage of candidates. In spite of this, arday fack
or rarely harbor heritable symbionts found commanly
other insects, including those hosted by the irssedth
which ants frequently interact. For instang@miltonella

social parasites of the ant geregalomyrmex share En-
tomoplasmatales and Rhizobiales symbionts withr traat
ious attine hosts. The identified Entomoplasmathéted
from various sub-lineages within tigpiroplasma platy-
helix clade, which is enriched with representatives found
across the Formicidae yNARO & al. 2011). PCR screen-
ing across the attingricomyrmex amabilis and itsMega-

defensa — a common protective symbiont of aphids — waslomyrmex social parasiteM. symmetochus) indicated that

not found in over 200 surveyed ant specieSS$tLL &

al. 2012). Frequent ant consumption of aphid hoeeyd
whereH. defensa can be found (BRBY & DOUGLAS 2003),
makes this finding somewhat surprising, suggesttrang
barriers to this symbiont's acquisition or persise As
heritable symbiotic menageries show some divergbaee
tween arthropod groups, this may suggest morergene
limits to the distributions of even some of the M@rbest-
travelled symbionts (BSSELL & al. 2012).

An expanding catalog of multi-partite gut symbi-
oses:Few of the world's symbionts exist as microbial
monocultures — instead, the vast majority are mesnbe
multi-species microbial communities, sharing theists
and interacting with one another through both dise
indirect means. While the above sections occasioda-
cussed such multi-partite symbioses, several ofdbal
studies examined just one or a few microbial playdra
time. With the advent of next generation amplicequenc-
ing methods, it is now much easier to explore erdom-
munities from almost any host — or, by our experégrat
least those with modest symbiont densities. Twenemn-
vestigations have applied such tools to help expamdin-
derstanding of ant-associated microbes in thecadistem.

In the first of these studiesrSounTzISand colleagues
(2015) explored bacterial gut communities from éhiRa-
namanianAcromyrmex species. From amplicon sequenc-
ing of bacterial 16S rRNA across pools of worketsgu
they found communities to be fairly simple, withniiaa-
tion by only one of four common species, includthg
usual suspediolbachia. Traditionally, intracellulaiol-

the presence of these bacteria in host ants ardegar
was a strong predictor of presenceMn symmetochus
workers, as there were no instances of this speiasite
possessing the bacterium when the host or funguega
did not. Host attines and theétegalomyrmex associates
tended to sharEntomoplasmatales strains, as evidenced
by identical 16S rRNA genotypes, suggesting resgnt-
biont exchange amongst members of the interactita ¢
nies. In a similar vein, it was shown that Rhizé#sastrains
were also shared among hosts and social paraaites,
though presence in host colonies was not a stroeg p
dictor of presence in their associatddgalomyrmex. The
fungus garden could serve as a conduit for symisant
change, given consumption of the fungal cultivaivst
galomyrmex, and molecular detection of both Rhizobiales
and Entomoplasmatales in the studied attine garflens
BERTI& al. 2015). These symbionts have also been detecte
in attine fecal droplets E®0ouUNTzIS& al. 2015), suggest-
ing a route for deposition onto gardens.

One of the other noteworthy trends from these recen
attine-based studies has been the high variahititgyngst
microbial communities from different attinesigERTI &
al. 2015, 8POUNTZIS & al. 2015). While symbiont com-
munities may sometimes be rather stable and quite s
lar among members of a single attine populatian,(as
for Trachymyrmex septentrionalis; see §HAK & al. 2011a),
different attine colonies and species can engagnm
bioses with very different complements of bactesiah-
bionts. The high variability of these symbioses ¢hem
apart from those of herbivorous ants, I®ephalotes, and

bachia have not been thought to live inside the gut lumentheir symbiotic gut microbiota. Other ants may trenore
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Box 4: Mutualists, commensals, or pathogens? Foraglically distributed symbionts we currently jaahnot say.

While symbiont ubiquity may suggest obligate asstiens in groups lik€€ephal otes and Camponotus, the more
sporadic occurrence of certain bacteria (Rhizobj&giroplasma, etc.) in several ant species highlights our kwahit
knowledge of the nature and function of symbiomiss this groupBartonella, the bacterial genus most closely
related to the ant-associated Rhizobiales cladegrsidered a pathogen in mammalian hoste(BSCHWERDT&
KoRDICK 2000); pathogenic relationships are also commothénEntomoplasmatales, the order to whpiro-
plasma and Entomoplasma belong (RzIN & al. 1998). Without evidence we can no more asaethgonism than
we can mutualism. But given the ability of amplidosised approaches to generate signal from eventenguan-
tities of initial gene copies, the potential fulctal implications of non-ubiquitous microbial agtionts should
be considered cautiously — perhaps especially steisymbiotically "cold" branches of the ant plgday.

Indeed, sporadically distributed commensal, or daenltatively pathogenic, microbes could very vl the evolu-
tionary antecedents of the candidate mutualistsateaenriched within symbiotic hotspots. Transiidrom both
free-living and parasitic lifestyles to mutualistines appear to be relatively common among badig#iaHs & al.

2011). Everolbachia, long considered principally a reproductive matapar, can produce outcomes ranging
from parasitism to mutualism in insect hosts (¢-pSOKAWA & al. 2010).

By the same token, while the extensive morpholdgipacialization and compositional stability of dyiotic organs
in ants likeCamponotus strongly suggest a conserved mutualistic roleayssf the functional importance of its
Blochmannia endosymbionts have been performed for only a feambers of this extremely species-rich and
ecologically diverse genus (e.gEUBHAAR & al. 2007,DE SOUZA & al. 2009). As with the conditional mutualism
observed fotaboubenia cuticular fungus inLasius, the realized fitness effects of even these higitggrated sym-
bioses could vary across situation and phylogerityy @ontingence upon complex interactions with ottmécrobes
and the environment. Hence in the era of cheapuaiglitous microbial sequence profiling, specialecaust be
taken in the functional interpretations of thedatrenships.

toward the attine model of high variability withiSAND- mon working hypothesis is that these bacteria areb
ERS & al. 2014) or among related species, again makindicial, nitrogen-provisioning symbionts. Such agmctive
symbiont stability in hotspot groups likeephalotes all the ~ was adopted in a recent study of the omnivorousPant
maore conspicuous. raponera clavata (see IARSON & al. 2014). Capitalizing
Rhizobiales: not just for herbivores: The high de-  on the variable presence / absence ofBfgonella-like
gree of symbiont variability among some closehateti  Rhizobiales in this species, the authors examirsthv
ants is further exemplified by emerging trendsBarto- tion in this symbiont's prevalence across habja¢s and
nella-like Rhizobiales. While clearly enriched in groups in response to diet. Diet had a clear effect aspte
with nitrogen-poor diets, these bacteria have deand centage of Rhizobiales-bearing workers increasemblio-
in a growing number of ants from distinct trophiches.  nies presented with sucrose supplements for twksyee
Fungus-feeding attines and thislegalomyrmex social pa-  but not those provisioned with only prey or watarun-
rasites provide some examples, and bacteria fransétme  manipulated ant populations, one out of two crecasitat
ant-specific Rhizobiales clade were also recemtiynél in  comparisons suggested higher Rhizobiales prevalience
the yellow crazy antAnoplolepis gracilipes (see £BAS- workers from habitats with potentially greater a&éo
TIEN & al. 2012).Higher trophic level groups like poner- sugar-rich foods (i.e., extrafloral nectar). Theaent in-
ines and paraponerines appear to possess thermioo, crease in Rhizobiales prevalence after two weekal-of
cluding Harpeganthos saltator (see BONASIO & al. 2010)  tered diets was an interesting finding, and itdagistent
and the bullet anRaraponera clavata (see IARSON& al. with these bacteria somehow becoming more abundant
2014). Yet variable Rhizobiales presence withins@mn  the guts of workers in response to what they eatjuks-
tine species (IBERTI & al. 2015), withinP. clavata (see  tion is whether these changes reflect proliferatiblow-
LARSON & al. 2014),and amongsA. gracilipes popula-  density microbes in direct response to dietary suga
tions (£BASTIEN & al. 2012) presents a unique pattern in whether ant-mediated control favors Rhizobialesutep
relation to well-sampled herbivorous host groupepha- tion growth under certain conditions. It is unlikeghat
lotes are certainly the best studied from this latteieea this question will be resolved soon given the reit@nt
gory, and here Rhizobiales are found across masttif nature of ants, including bullet ants, as modetsiani-
all lineages, with potential ubiquity in some spsc{RIS- pulative lab research. The lower-hanging fruit hene
SELL & al. 2009b, KauTZ & al. 2013b, H) & al. 2014,  stead, involves the question of whether these bagieo-
SANDERS & al. 2014). The evidence is, thus, beginning to vision P. clavata with nitrogen or other nutrients and, if
frame thesd®artonella-like Rhizobiales as widespread, fa- so, just how they do so. Experiments with isotogdeel-
cultative gut symbionts that have been co-optedlimbre  ing and metatranscriptomics could go some way tdsvar
specialized and, perhaps, obligate symbioses syvaittt addressing this important question.
nitrogen-poor diets. Emerging cases of fungiculture across the ant§Vith
The impacts of facultative Rhizobiales symbionts re several ants showing convergence in symbiotictiifes,
main mysterious. Given their relatednesBawtonella it is important to establish that such patterneedtbey-
pathogens, we cannot rule out the possibility thieypa-  ond ant-bacterial symbioses. Indeed, ants havetegly
thogenic to some ant hosts (Box 4). Yet the moma-co evolved to cultivate fungi — for food or for araditural
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support. To illustrate these associations we torthé di-
verse suite of domatia-colonizing plant ants. Ldmaught
to rely on plant-derived food resources and, inescases,
occasional prey, some plant ants house fungi irnsielie
domatia. Recent studies have shown larvae of desigrh
ant species consume these fungiABriIx & al. 2012),
while at least one species is known to "feed"utsyf, most
likely through waste deposition @POSSEZ& al. 2011).
More than one fungal symbiont may be harbored withi
single domatium's fungus patch, yet the ants dudielate
tend to have one dominant domatia symbiont, ancbsym
onts at least for now seem somewhat specific tiv &
hosts based on phylogenetic analysea(Bix & al. 2013).
Pointing further toward the specificity and actimanage-
ment of these interactions are findings that domafi
several non-mutualist plant ant species lack theydl
patches that are nearly ubiquitous within thosenofua-
listic plant ants likdPetalomyrmex phylax or Axinidris afer;
this becomes all the more conspicuous when corisgler
that non-mutualists colonize domatia on the saraatpl
that play host to mutualist ants EBOSSEZ& al. 2009).
Nutritional benefits received by the plants suggbkat
this interaction could be a direct, three-way miigoa(De-

lery fungal symbionts appear to have been acquised
ant lineages near the tips of the Formicidae pheiggin
addition to the hosts named above, these fundirama/n
in species within groups lik&llomerus, Azteca, Cremato-
gaster, Pseudonyrmex, and Tetraponera. But by no means
have they been found to be broadly characteri$tibase
genera. The fact that these symbioses have evaued
numerous occasions presents a useful opportuniipto
derstand the aspects of ant biology associated tivith
investment in fungiculture. One such correlate dant
volve active means for maintaining healthy fungaltie
vars. Indeed some authors have reported on thermes
of cuticular actinomycetes or proteobacteria frémase
alternative fungus growersg®KE & al. 2013, FANSHEW

& al. 2015). While some produce antibiotics of il
use in the maintenance of healthy fungus cropskg &
al. 2012, Qo & al. 2014), there is no evidence that these
substances are actively used in defense of domatar-
ton gallery fungi, nor is it clear that the presein¢ such
bacteria on cuticles is a phenomenon restrictddrigus
growing ants. Nevertheless, the idea of convergémce
"weed control" by multiple fungus growing lineadesy-
ond the attines is an intriguing prospect that wats

FOSSEz& al. 2011). Findings of these fungi in sealed off further study.

nests occupied by only queens and her first-boowdbr
further elucidate the life history of these symbmsinting
that queens either bring fungi with them (via \eatitrans-
mission) or that they selectively acquire them frtima
environment early on in the colony's lifel@RiX & al.
2013).

A new cuticular ectosymbiont engaged in a condi-
tional mutualism: The cuticle is the first line of defense
for many host-pathogen interactions. Thus it idpps of
little surprise that this location can support commities
of microbes that may be important in protectiomgRIS
& al. 2009, KUENEMAN & al. 2014). While cuticulaPseu-

Phylogenetic analyses, based on fungal ITS segsgencedonocardia have been proposed to directly defend ants

have placed several domatia fungi from unrelatedtgnts
into the order Chaetothyriales, a group referredam-
monly as the black yeastsiBRix & al. 2013, NEPEL &
al. 2014). Found also in the gardens of attine, antere
their roles may be antagonisticitiiLE & CURRIE 2008),
black yeasts appear central to an additional setuttial-
isms in which their fungal mycelia provide architeal
support for ant constructed carton galleries. Uasd
nests, runways, or ambush hunting groundsiéan &
al. 2005), these cartons contain a mix of substalike
soil or masticated plant material, which are helgether
by the fungi (8HLICK-STEINER & al. 2008). Reports in-
dicate that the carton gallery fungi are groomedYkR

(SAMUELS & al. 2013), another example of a likely cuti-
cular defensive symbiont was recently identified_az
sius ants. The defender, a fungus knowriLaboulbenia
formicarum, had been found on a range of ants in prior
studies where it was argued to be mildly parasilid. re-
cent discoveries suggested high prevalence withia-i
sive populations of asius neglectus (see KONRAD & al.
2015). While costly under starvation, this fungppears

to protectl. neglectus against infection betarhizium
fungal pathogens through up-regulating the host amtate
immunity and promoting increased grooming behaviors
(KONRAD & al. 2015). Whether other ants frequently em-
ploy microbes for their own defense or whether the

& VOGLMAYR 2009) and that queens from some specieseglectus story is fairly unique is a question waiting to be

may bring them on their nuptial flights§SLICK-STEINER

& al. 2008), using these inherited microbes to ldsth
structures in or near their new nests. Phylogerseta:-
lyses suggest that several of the "carton gallkmti are
scattered amongst the Chaetothyriales, not unliked
serving as domatia symbionts. Ant cultivators masbbr
one or a few dominant carton gallery fungt{BICK-STEI-
NER & al. 2008, RIIz-GONZALEZ & al. 2011). But in some
cases, a large number of distantly related Chagiaths
species may co-exist within a single carton strietu
(MAYER & VOGLMAYR 2009). At present, many of the
ant-associates appear to group into ant-specifeatjes,
suggesting that the selected fungi are at leasiyygueci-
alized on the ants or vice versaefhL & al. 2014). More
intense sampling and comparisons to free-livingyfumill
be important in assessing the true degree of spiegif

explored. Either way, the recency of the assoaiatind

the likelihood of novel pressures on the pathogdris
neglectus suggest potential for this system as a model for
natural studies of defensive symbiosis.

Conclusions and future directions

The past 15 - 20 years have netted fascinatinghtssinto
previously hidden or obscure symbioses betweenaarts
their microbes. While the understanding of functisn
still in its infancy for many, we have learned thla¢se
parties show a continuum of fidelities that maygamall
the way from regular environmental acquisitionshRr
& VOGLMAYR 2009) to exclusive vertical transfers(&R
& al. 2000). Across this spectrum, phylogeneticnsig
tures of ants' symbionts often suggest that micahew
a history of interactions with members of the fagnfibr-

Unlike some symbioses between ants with low nitro-micidae and, sometimes, with specific sub-lineagesed

gen diets and their gut bacteria, domatia and cayti-

within. These recurrent associations suggest oppitigs
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for reciprocal influence, with ants and specifiendjont
clades shaping each other's evolution. Whether istficia
ence is uni-directional, bi-directional, diffuse,pecific
will vary across systems and is a question reqgidi
rect investigation. But as argued earlier, noaiats seem
to be equally engaged in symbioses with microbeseB
on this observation, hotspots for microbial symbgsan
be defined as groups that have engaged with sjzedal
symbiotic bacteria or fungi for tens of millions ydars,
investing in mechanisms for their housing and tians
Significantly younger hotspots may also exist, ane
might easily imagine that the current absence chsu
nascent symbioses arises due to the current lackdafpth
taxon sampling required for their demonstration.date,
hotspots appear to harbor high-density microbiatmmo-
nities. So do the emerging patterns of low-dersigterial
communities across ants suggest that many arepeaikls
for symbiosis? Or may it be the case that at Isaste of
these ants truly "invest" in symbioses with smaliters
of associated bacteria? Also, can we concludesyrat
biotic bacteria are unimportant in these groups?aithe
answers to these questions are not yet clear,dreénde-
veal that symbiotic associations in some ant liesagry
strongly from colony to colony or species to spscit
the very least suggesting a lack of constancy pad,
haps, a lack of strong symbiotic integration. Sbaigh
we cannot rule out some investment by such antheor
importance of their interactions with bacteria,ittsym-
bioses clearly differ from those of several hotdpmtages.
Systematic microbial surveys and symbiont quantifi-
cation will be important in testing the hypothetbiat some
ant lineages invest little in microbial symbiosas,will
studies on the behavioral, anatomical, and phygio&d
mechanisms used by ants to support or combat lecter
It will be furthermore important to establish whethpo-
tential coldspots for bacterial endo- and ecto-sipmis
are truly devoid of other types of microbes anéxtern-
ally housed symbionts from the nest environmermeéd,
much of the work performed to date has been batieri
biased, meaning we know next to nothing of potdlgtia
beneficial protists, archaea, or viruses. Even ffilnaye
largely gone unexplored in molecular surveys, \iign-
tified cases being likely those that are most cimsus;
this knowledge gap is not unique to ants, plaguamny
insects and animals beyondig&ON & HUNTER 2010). It
is clear that some insects can harbor specializeautu-
alistic symbionts from these understudied micropialups
(NoDA & al. 2007, BEZIER & al. 2009, RUL & al. 2012,
KALTENPOTH & STEIGER 2014). As such, our abilities to
argue forcefully for symbiotic hotspots and coldspwill
remain limited until broader surveys are applied.olr
search for undiscovered symbionts, the field wihéfit

solid food particles that cannot pass through e
proventricular restriction at the crop-midgut junct of
adult workers from many ant speciesof@X & DAVID -
SON2006). How do larvae process these foods, whas role
do microbes play in such processing, where do thase
crobes come from, and how do their functions implaet
colony? Low larval symbiont densities in other sban-
sects (M\RTINSON & al. 2012) hint at one possible rea-
son why few larval stage symbionts have moved dreo
radar. But larvae, like queens, are often not itetlin
molecular screens of ants due to collection diffies.
Concerted efforts are, thus, needed to understéedher
these juveniles may be relatively devoid of symksaor
whether we know so little because we have simpgnsp
such little time looking. In a similar vein, it Wibe im-
portant to consider whether potential coldspotspeatcies
remain viewed in this light when larvae and queares
examined more thoroughly for their symbioses.

Broader questions about the impacts of caste differ
tiation on the symbiont distributions in ant cokmire in-
triguing and surprisingly underexplored; so arestjoas
on the capacities for ants to engineer the microb® of
their "built environments", and on the precise natof
correlated evolution between ant size, anatomyghstm
metry, and physiology in relation to ant diet anitno+
bial symbioses. In this age of advanced sequenpimg,
logenetic, and statistical capabilities, it is bope that we
are primed for a breakout in these realms. Inddwedime
may be ripe for a coordinated ant microbiome itiite&
With so much to learn about these ecosystem enginee
and the many invasive pests among their rankse tiser
clearly much to be gained through such investmEiné
successful human microbiome projectgNBAUGH & al.
2007) provides an ambitious template, with the pioad
to guide research on the hidden microbial dimension
these fascinating and dominant social insects.
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