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Myrmecophily in beetles (Coleoptera): evolutionpagterns and biological mechanisms

JosephPARKER

Abstract

Socially parasitic myrmecophily has evolved numertimes in arthropods, but myrmecophilous lineagesion-randomly
distributed across phylogeny. Evolution of this vedytife is heavily biased towards the Coleopterdhin this order
towards rove beetles (Staphylinidae), and withiverbeetles to two subfamilies. Here, | provide aargiew of the
diversity of myrmecophilous beetles and discussades in comprehending their biology, systemating, evolution.
| address possible factors underlying the skewedogfenetic distribution of myrmecophily across tBeleoptera.
»  Accounting for this trend requires knowledge ofestral ecologies and phenotypic attributes in dadeere taxa are
predisposed to undergo the evolutionary transitiom free-living to myrmecophilous. Clades that prienitively pre-
datory, small in body size, and possess defensiategies, either physical or chemical, that peisoine degree of
protection from policing worker ants, appear topbeadapted to evolve myrmecophily repeatedly. ppse that the
mode of colony exploitation employed during theiatiphase of evolution, combined with the potdreizlvability of
the body plan, has important consequences for gubst evolutionary steps: These parameters infeiénand how
different taxa undergo specialisation to colong Bind the mechanisms the most advanced myrmecshmiploy to
achieve social integration. Myrmecophily is a pagadof intricate symbiosis, which in certain cladgseetles evolves
recurrently from an ancestral preadaptive grouatesind follows a relatively predictable phenotypégectory. These
clades are potentially powerful systems to expgleeeevolution and mechanistic bases of symbiokitiomships in animals.
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Introduction

Symbioses in the natural world embody some of tbetm
extraordinary and captivating biological phenomentas
is surely because the interrelations between ppatixt
species are often idiosyncratic and peculiar; tiE@ie as-
sociations evolve, selection takes phenotypes dmatins
rarely travelled, and in the process generatesitiusual,
complex, and seemingly inexplicable. Nowhere is tha-
sic maxim borne out so clearly as in the case ofmego-
phily, herein defined as the partial or completpeaselence
on ant colonies by non-ant species (see Box 1).#gmo
arthropods, an estimated 10,000 species are myphéco
ous to some degreel(#ES 1996), exploiting the various
resources that ant colonies have to offer. Thergxte
which this lifestyle exposes taxa to novel pressisae-
vealed by comparing many obligate myrmecophildhéo
generalised, free-living relatives. When so juxssah the
myrmecophiles' distortions and deformations eménge
stark relief — the products of intense selectioividg
radical changes in form. Historically, myrmecopsileave
received attention from some prominent entomolagist
but knowledge of this kind of symbiosis nevertheles-
mains fragmentary. One can typically only guesthat
functions of many of the dramatic morphologies and
companying behaviours that myrmecophiles displag; t

development, lifecycles, and ecologies of all bfgva spe-
cies are mysterious, and aside from superficiathmeoni-
cal profiling, the molecular and neurological matkas
that mediate myrmecophile-host interactions areoatm
fully unknown.

Yet, as bizarre and understudied as they so ofien a
patterns emerge by considering the collective diteof
myrmecophiles. Principles may be inferred regardive
factors promoting the initial evolution of thisdsdtyle, and
predictions made about the phenotypic trajectorgnpi-
mecophilous lineages as they evolve increasindignate
relationships with their hosts. In this articlexplore what
can be learned from examining the phylogenetiaitist
tion of myrmecophilous taxa, since such speciesate
scattered randomly across the arthropod treeegfrhither,
their evolution is strongly biased to certain greugnd in
these groups especially, evolutionary replicatinabdes
hypotheses to be constructed about the originatidhis
lifestyle and its attendant biological mechanisfrise fo-
cus is necessarily on beetles, the arthropod osthere
myrmecophily is most prevalent, and where the rasfge
inquilinous forms is most varied. | attempt to eiplwhy
this beetle bias exists, before outlining the taxoit spec-
trum of ant-associated Coleoptera and examiningriec
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Extant hexapod orders ranked according to species richness

Fig. 1. Prevalence of myrmecophily across ordersl@fapoda. A log plot of ranked described sped@mess of the
31 extant hexapod orders. Bars are coloured asuptdithe estimated number of independent evolatpiransitions
from a free-living to a myrmecophilous state (aBrak&l in Box 1; both obligate and facultative) witlthe order. White
bars: no known examples of myrmecophily; grey bfaser than ten putative independent origins; blaats: more than
ten putative independent origins. The number dionsi of myrmecophily for each order is a roughreate based pri-
marily on the inventory of BILLDOBLER & WILSON (1990) and more recent taxon-specific works citeckin. Attempts
were made to gauge the relatedness of the diffengntnecophilous taxa found within each order orifanCases of
myrmecophagy, trophobiosis and some indirect @tatiips (e.g., nymphalid and papilionid associatiaith ant bird

droppings) were excluded following the definitiohnayrmecophily in Box 1. Note that socially parasinyrmecophily

in Lycaenidae (Lepidoptera) evolves repeatedly faamancestral mutualism with ants, rather than feofree-living

state (FERCE & al. 2002), so was scored only once.

advances in inquiline biology and evolution. Withiee-
tles, further discrepancies exist among highertiesa in
the proportion of descendent lineages that are mgom
philous. | discuss clade-level attributes that [s@ase cer-
tain groups to evolve myrmecophily, and proposerale
lary, that characteristics of the ancestral steoknfwhich
myrmecophilous lineages emerge strongly influeree t
subsequent evolution of the ant-beetle relationghip-
moting its evolution towards intimacy in some grsulput
potentially limiting its elaboration in others.dentify pu-
tative preadaptations that may have been involeedrr
rently in independent lineages during the evolatigriran-
sition to myrmecophily, and suggest that studyingse
traits in a comparative framework involving relatéee-
living species may shed important mechanistic lahthe
evolution of this mode of life.

Beetle-biased: the phylogenetic distribution of
myrmecophily

Why evolve myrmecophily? Ant colonies are efficignt
policed against intruders, ranking them among tlostm
impenetrable and inhospitable of places for theonitgjof
arthropods. But the presence of a largely immdimiteod,
harvested or cultivated food and discarded refusans
that nests represent resource-rich environmentstegtes
to bypass or mimic ant nestmate recognition syst@ang
be selectively advantageous, and bring the secphdaie-
fit of exempting taxa that evolve them from extiinsor-
tality in the form of predators or climatic extresn&on-
sequently, a large number of arthropods have eddloene
capacity to target ant colonies, living as socialgsites
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with varying degrees of intimacy with their hosthe
taxonomic diversity of myrmecophiles was compilad i
catalogue form by WsMANN (1894a) and has never been
updated, but a general compendium of global myrmeco
phile diversity was provided in two works byNER
(1979, 1982), while HLLDOBLER & WILSON tabulated in-
stances of this lifestyle across higher arthropodatin
"The ants" (1990). All such inventories reveal $pecta-
cular taxonomic breadth of arthropods that havenbiee
corded living in some kind of association with arf8sch
diversity is an empirical testament to the benefitsvol-
ving myrmecophily. But what is especially interagtito
do is to scan these lists and identify arthropodh tdnat
are missing — a far greater number — and specwiaje
Figure 1 shows the ranked species richness of £xtan
hexapod orders labelled according to the approxrdat
gree to which they contain definitively myrmecopli$
lineages. The overall pattern is very clear: Ordersd
not to include myrmecophiles if they are relativeiall
(17 of the 19 orders with 5,000 species or fewek layr-
mecophiles; only the families Nicoletiidae in Zygema
and Myrmecolacidae in Strepsiptera target ants,thad
latter may be more accurately regarded as enddpesas
than social parasites). Orders with more than 5538
cies do not contain myrmecophiles if ecologicalbne
strained by aquatic larval stages (Odonata andnhdric
ptera), and of the big orders (10,000 species aemthe
three that are the most trophically conservati‘éemi-
ptera, Orthoptera and Lepidoptera, comprised prédom
nantly of phytophagous species — have dispropatein
few instances of myrmecophily relative to theiesfzases



Box 1: Defining myrmecophily, social integrationdasocial parasitism.

Myrmecophily. Translated literally as "ant-loving", myrmecophifya vague term that can mean different things
to a coleopterist (social parasitism), a hemipternzutualism) and a hymenopterist (ant parasitaijlisTo define
myrmecophily for this article, the term is resteidtto species whose livelihoods rely on some asgfeitte social
structure of colonies, without returning obviousigfits. This covers burdensome social parasitedydixng socially
parasitic ants) and extends to scavenging nestlelwekaprophagous refuse dump inhabitants, asaseflome
parasitoids. What distinguishes myrmecophily ag@ological strategy distinct from predation or gérsm is that
myrmecophilous species capitalise on the socialrfabof ant biology, for example, through
the exploitation of colonies, or by cheating nestm@mmunication to achieve reward. Interactiorth Wosts may
occur both inside and outside nests, but this defmrules out many myrmecophagous and parasitjamisms
that simply prey on or target individual ants, gslé@& can be demonstrated that such species ersptiglly parasitic
tactics. Since myrmecophily is the product of etioly, however, there are necessarily borderlinergtas, such
as some obligately myrmecophagous carabids. Thesgimal cases are also discussed, since they rpagsent
the limits of the spectrum of myrmecophily. Similarfacultative myrmecophiles that appear not ¥ lin strict
association with colonies are considered if thati@hship appears more than incidental. Mutualisbphobionts,
found in Lepidoptera and Hemiptera, are excludedsg belonging to the latter order were the sulojeah excellent
recent review, VENS 2015). Ant mutalism appears to be absent fromGbkeoptera, probably because beetles
not produce metabolic byproducts like honeydew tioald form the basis for this lifestyle.

Another point of clarification concerns mites (Aca). A huge number of mite species are associattd ants
(KISTNER 1982, FHHLLDOBLER & WILSON 1990), rivalling or surpassing the number of mycomhilous beetle species.
Several mite taxa are highly specialised for colbiey(RETTENMEYER & al. 2010); some, such @&ntennophorus
siphon off liquid food during stomodeal trophallaxietween workers ABET 1897), and are thus manifestly socially
parasitic. However, these species are a minonity,raost ant-associated mites appear simply to beefib, or to a
lesser extent, ectoparasitic on individual anthemathan actual social parasites. No group oésrial arthropods is
immune to mites; if ants were non-social but jusshamerous and speciose, they would still retaiovemabundance
of mites. Ants would not, however, form colonieedao would not be targeted by colony-exploitingrmegco-
philes. Hence, when looking at myrmecophily acrbesArthropoda, it is the Coleoptera — not miteshere this
lifestyle has evolved to the most significant degre

Social integration. Myrmecophilous species utilise colonies in a nwudte of ways. Taxa that have sacrificed a
free-living existence to ecologically specialise anlonies often (but not always) display overt nimogical or
behavioural modifications, which vary accordingtite myrmecophilous strategy employed. One key aikigari-

ation among myrmecophiles is the extent to whiehdfganism is recognised and accepted by its hastsdegree
of social integration (KSTNER 1979) The majority of myrmecophiles are nest intrudérat tare either largely
ignored by their hosts, or recognised and treatggtessively. Such species may possess defensivenaical
modifications that protect the body from potentiarker hostility, and exhibit behavioural responsest permit
rapid escape or shielding of fragile body regiddsx 2). In contrast, species that are sociallygraéed are treated
without aggression by their accommodating hostspimng behaviourally assimilated into colony lifétwsome
degree of intimacy. This advanced and highly iatécmanifestation of the myrmecophilous relatiopshireflected
in a suite of morphological and behavioural adémhatthat mediate habituation to the social stméctf the nest
(Box 2). It should be noted that distinction betwéategrated and non-integrated species is notyswbear or ab-
solute; for example, during its lifecycle, a spsamay enter a nest and initially be treated withtifity, yet go on
to achieve social integration through successfekcakion of a socially parasitic strategy, such elsavioural or
chemical manipulation.

Social parasitism.Briefly, many myrmecologists employ the term "sdqarasitism" to refer to the parasitic d
pendence of one social species on another (eU$GCHBNGER2009). In contrast, myrmecophile biologists roelyn
apply the term more widely to any species thate@rgnt nests and inflicts a cost, or exploitssihaal structure of
the colony for its own gain. This definition tredit® myrmecophile as a parasite and the ant ca@snts "superor-
ganismal" host. This second usage is employed harie. also that following the literal definitioned by KSTNER
(1979), the term "symbiosis" and "symbionts" refemply to species living closely together, and netessarily
engaging in a mutualistic relationship.

do

D
1

of trophobiosis, myrmecophagy and myrmecomorphy ex4t is, the greater the number of myrmecophilousdges it

cluded). Most myrmecophiles are also holometabolsois
complete metamorphosis may be an additional pramoti
factor, by permitting distinct ecologies to evofee each
stage of an organism's life history. Indeed, masigrheta-
bolous myrmecophiles associate with ants only asta
or as adults.

At this deep taxonomic level, then, the larger dihe
der, and the less ecologically and trophically ¢aised

contains. The conclusion is that, despite the doglly-
supported practicability of myrmecophily as a wdyife,
evolving it is quite unlikely for most groups — evier some
of vast size. The inventories of Wasmann, Kistreed
Holldobler & Wilson may give the impression of mygoo-
phily as a taxonomic free-for-all, but in realityjs pro-
foundly phylogenetically biased. By far the majgrif
myrmecophilous lineages are clustered into thrawet diolo-
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Box 2: Myrmecophilous morphology.

Important adaptive morphological features seenatgulty in myrmecophilous Coleoptera include:

Epidermal exocrine glands.Chemical communication lies at the heart of myropdily and may be mediated by
the de novo synthesis of compounds that modify hekaviour (e.g., by promoting host appeasemepanic, in-

stead of aggression) or act to disguise the intr(rdénicry or other chemically adaptive strategié&here known,
such compounds may be volatile organic compounals;volatile molecules such as longer chain hydiozas,

and possibly proteins (1LDOBLER 1970, Bum & al. 1971, SEIDLE & DETTNER 1993, SOEFFLER & al. 2007).

These chemical cues are secreted by glands withtswn the cuticle. Secretory tissue may condisirgyle or

clusters of gland cells in the epidermis with dwgening onto the cuticle, or of "gland complex@styvhich multiple

gland cells fuel a reservoir inside the body catligt has a large outlet onto the integument. Gaomdplexes may
be positioned centrally as single unpaired strestuor paired symmetrically on either side of tlelyo In some
species, glands are serially repeated in abdorsawhents.

Trichomes. Clusters of gland cells, as well as gland compeaee commonly associated with "trichomes": groups
of setae that are often golden or yellow in col@tig. 2E, I, K, N, R). Trichomes may consist of éprerect brush-
like bunches of setae that sprout prominently ftbenbody, sometimes fashioned into elaborate shapether cases
they may form patches of short setae that covenoircle glandular areas. Host workers have besareed licking
trichomes of at least some trichome-bearing myrpbites (e.g., DNISTHORPE 1927, RRK 1932b, RICHEN-
SPERGER1948, HOLLDOBLER 1970, ARE & HiLL 1973), fuelling the notion that trichomes gengrdilinction as
wick-like delivery devices, conducting glandulaudgates along their length.

Grasping notches.Worker ants commonly pick up myrmecophilous beetlead carry them around nests. Deep
furrows and indentations of the integument are spdead in myrmecophiles (Fig. 2B, D, E, K, N, PSR,and in
some species have been observed to function aselseiod worker mandibles @SCHEN1991). Glandular tissue, as
well as associated trichomes, may be embeddedsaroound these notches.

Body shape modifications Evolutionary specialisation to colony life hasestéd for changes in the entire shape| of
the body in some obligate myrmecophiles. Morphalally similar and functionally equivalent body skaphave
arisenconvergently in beetles EBVERS1965, KSTNER 1979). The most commonly observed body plafirsuloid ",
a defensive, horseshoe crab- or teardrop-like fotrare the anterior body is strongly expanded tegetahe head.
Usually the pronotum is strongly enlarged, conved axplanate, covering the head (Fig. 2C, L, O,I®@pther
cases, the head is laterally expanded over theteyesm a hood (Fig. 2F, G). Limuloid species gngically not
strongly socially integrated into host coloniesd are found in diverse families including Carabid®seudo-
morphinae), Staphylinidae (Aleocharinae, Pselamghifachyporinae), Ptilidae (Cephaloplectinae), tdpdhilidae,
Leiodidae and Tenebrionidae. The second convesiegte is the ant-mimickirignyrmecoid" body plan (Fig. 2H).
Here, the abdomen is petiolate, the antennae anieudate and the legs are extremely elongate. Myoitktaxa
occur only with true army ants (Dorylinae) and sastfeer nomadic or group-foraging ants such estogenygsee
HLAVA & JANDA 1999) andCarebara diversugsee KSTNER 1983). Where known, they appear to be highly inte-
grated into host colonies.

Leg modifications. Aside from gross changes in body shape, analodefensive modifications of the limbs ar
widespread among myrmecophilous Coleoptera thatant directly with ants. Many species, both ségialte-
grated as well as not, possess short, thickengsl, @ompaction of the tarsus in particular, as aglflattening and
lateral expansion of the tibiae (e.g., Figs. 2Aaf) seen widely, occurring in Carabidae (some $tajsStaphylini-
dae (some Aleocharinae, Pselaphinae and Tachypdrideteridae (Haeteriinae and Chlamydopsinaediréphilidae,
Curculionidae (Eremoxinini), Scarabaeidétafoldius Alloscellusand some Eupariini) and others. Presumably for
non-integrated species as well as integrated angsactions with ants, aggressive or otherwiseolie handling
by ant mandibles and can lead to loss of appendages

Antennal modifications. In addition to the legs, reinforcement of the angee is also common. This usually in
volves flattening or thickening of the antennomeeesl compaction of the segments by reducing oceaing the
weaker, connecting antennomere pedicels (e.g., BigsJ, K, M, P, S, 6, beetle at far right). Coetelor partial
fusion of the antennomeres making up the flagelélso occurs in some groups, most notably paussirebids
(Fig. 2A, B) and the Clavigeritae (StaphylinidaseRphinae; Figs. 2K, 6, beetle at middle righbje Bintennal apex
of Clavigeritae is truncate (Fig. 2K), with a setasavity that has a glandular function and is leckg workers
(CAMMAERTS 1992). Similar truncate antennal apices are aso én myrmecophilous ptinine anobiids, salpingids,
haeteriine histerids and myrmecophilous Endomyehi@eaochideusPleganophoruf but whether these are gland-
associated in all such taxa is unknown.

[}

metabolous, polyphagous orders: Coleoptera, Hynterap Among the three principal orders, myrmecophilyus f
and Diptera. Instances outside of these orders@oe-  ther strongly biased to beetles. While Diptera ldgcheno-
dic, albeit anticipated, evolutionary quirks —edfation that  ptera house an array of classical endo- and eétsipaids,
given enough cladogenesis, one lineage may evrtaid ~ some of which specialise on ant€ERER & BROWN 1997,
the leap. LACHAUD & PEREZLACHAUD 2012), the bulk of these spe-
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cies merely target individuals (usually workerdawae)
as hosts for oviposition. Dipterans and non-forchttyme-
nopterans that exploit colonies in socially paiasitays
are far less numerous than within the Coleoptehi bBee-
tle bias has several probable causes. Naturaliyeasig-
gest order with almost 400,000 described specielede
ptera contains a larger pool of lineages with thteptial
for transitioning to myrmecophily. But beetles alsave
proportionally more evolutionary instances of myocme
phily than Diptera and Hymenoptera AMANN 18944,
KISTNER 1979, KSTNER 1982, HOLLDOBLER & WILSON
1990), so the bias additionally stems from bedtéssg re-
latively more preadapted for this way of life. Ocem-
ponent of this is that as both adults and larvae, great
majority of beetles occupy the same microhabitatards,
coexisting in or on, and moving through, the samess
trates. Like ants, beetles are often primarily ¢easwather
than fliers, and groups that do employ flight asirtipre-
dominant mode of locomotion (ariel searching) aaeen-
theless more adept at, and more behaviouraly extlin,
crawling or tunnelling through substrates thanracst di-
pterans and hymenopterans. It follows that beatiag be
more ecologically predisposed to the initial, faative ex-
ploration of colonies, as well as the subsequesiugiona-
ry transition of all developmental stages to lifside them.
Finally, the major evolutionary innovation of bess|
— the transformation of the mesothoracic wings tmo-
dened elytra — is a protective modification thdegaards
the adult trunk and flight wings. Indeed, the whivlte-
gument is often very heavily sclerotised. The coration
of elytra and thickly sclerotised cuticle no dowsletrves
beetles well as a defensive shield in ant encosiriieadult
Diptera and Hymenoptera, the body and delicatbtflidngs
lack such protection, and consequently in myrmeitoy
species, colony life appears to be most commontited
to the immature stages alone(HDOBLER & WILSON
1990). Wholesale lifecycle transitions in whichtatlults
and juveniles have evolved to live within colongsem
rare, and restricted in Hymenoptera to scatteregmgein
the families Diapriidae and Braconidag\(lHAUD & PEREZ

side nests, into the larvae or pupae the workersamy-
ing, or into colony-less, foundress queenryBs 1922,
FEENER & BROWN 1997, lACHAUD & PEREZLACHAUD
2012). In the Eucharitidae — the only major hymeeigm
clade comprised exclusively of myrmecophilous ptras
ids — phoretic larvae enter nests by attachingdckers
(MURRAY & al. 2013, TORRENS2013). Compared to all
such strategies, the protection afforded by be'etlgga
would seem to hugely simplify the problem of nedtu-
sion.

In summary, three factors in combination are pdsite
to underlie the beetle bias: the huge species eshof
Coleoptera, their ecological predisposition to emter-
ing and exploring ant colonies, and their possassioa
major defensive preadaptation in the form of elyiifaese
elements have synergised to make beetles excefi§iona
prone to evolving myrmecophily. Yet, the upshoéwolu-
tionary terms is far more profound than just anased
prevalence of this way of life across the orderth&fiit
exaggeration, the outcome is an incomparable explas
phenotypic diversification (Fig. 2), as numeroudepen-
dent phyletic lines have shifted to this symbiatiode of
existence. The myriad cases of myrmecophily inlesetre
all so fascinating because each one marks an ey
shift in ecology that goes hand in hand with extlawry
phenotypic change — behavioural, chemical, morgfielo
cal, developmental or ecological — as a lineagads@n
ancestral free-living existence to engage in squaasi-
tism. It is among the myrmecophiles that beetlephol-
ogy is pushed to its limits, and behaviour readt®s le-
vels of intricacy. But as with arthropods as a weheaven
among the beetles there is bias, for among thereifit
groups of Coleoptera there are stark asymmetriglsein
incidence of myrmecophily evolving. To explain teleew
requires examination of the spectrum of myrmecaopisil
beetle lineages, their phylogenetic relationshirgl the
phenotypic attributes of the higher taxa from whilkly
emerge.

Biodiversity of myrmecophilous Coleoptera

LACHAUD 2012) and within Diptera to genera of Phori- The taxonomic diversity of myrmecophilous Coleoptisr

dae and SphaeroceridaelgiKNER 1982). In such cases,
adults may evolve aptery, or lose or shed theig&ion
colony entry; moreover, this wingless, colony-babkfd
may be limited only to females. Socially paradit&havi-
ours displayed by species that retain their wirggagults

impressive, and documenting its true extent renmaiwerk
very much in progress. In his catalogue of inqoilis ar-
thropods, VMSMANN (1894a) listed 1177 myrmecophilous
insect species, 993 of which were beetles. It itagay
conservative to estimate that since Wasmann's tirae

are likewise uncommon, and appear limited to opport number of such species has more than doubled.&so

nistic acts of kleptoparasitism, trophallaxis, argsitism
of ant-attended aphid herds, all of which typicatike
place outside of nests MCHwWITZ & SCHONEGGE 1980,
LIEPERT& DETTNER 1993, WOLKL & al. 1996, $/INSKI &
al. 1999, WLD & BRAKE 2009). For the majority of ant-

able from Wasmann's catalogue is the number ofljami
names that are no longer recognised: "Paussida@es-
tidae", "Clavigeridae", "Ectrephidae”, "Thorictidae all
of these were erected based on the bizarre andatiigée
morphology of the myrmecophilous species they donta

associated dipterans and hymenopterans where cadeny Yet, following detailed anatomical study and impEdwn-

sidence is limited to immature stages, the proldégain-
ing nest access for larval development must stilbber-
come. Dipteran females may opportunistically scaringe
nests and oviposit (e.g., milichiids targetifiia, see M-

derstanding of systematically important charadietsee-
tles, all have now been subsumed into larger familThis
reflects another advance since Wasmann's timeptirat
understanding of the phylogenetic relationshipbextie

SER & NEFF1971), eggs may be laid outside and trans-myrmecophiles has improved markedly.

ported inside (e.g., the syrphiicrodon, see EMES &

al. 1999) or dropped into nests from above by aduitthe
wing (e.g., some calliphorids and muscidssTKER 1982).
Among parasitoids, at least in cases where ovipasitas
been observed, females may lay directly into warlert-

Table 1 shows the family-group spread of myrmeco-
philous beetles as we know it today. At least yHifree,
or approximately one fifth, of the beetle famillesve thus
far been documented to include one or more taxaetha
hibit a more than casual association with ant celenA
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Tab. 1: Family level taxonomic inventory of myrme-
cophilous Coleoptera. Families with myrmecophiles a
shown, with some relevant subtaxa listed. Grougsoid
are comprised primarily or exclusively of myrmecigdh
Asterisks mark taxa that have not been found wills,a
but which are thought to be myrmecophilous basechon
phology. Staphylinidae is partitioned into Aleochae and
Pselaphinae (with myrmecophile-containing tribegeli),
and other staphylinid subfamilies. Representativalipa-
tions for each group are shown. Although mostaditere
listed is systematic, where possible, biologicatl@s or
works that provide summaries of the known biologyd
which contain further relevant references) aredisSome
families listed in MVARRETE-HEREDIA (2001) that have
occasionally turned up in external refuse dump#Aid
nests are not included here, nor are some likeligéntal
captures listed in BILLDOBLER & WILSON's "The ants"
(1990), WASMANN's (1894a) inventory, and two works by
Lea on Australian inquilines @a 1910, 1912).

Family Subfamily / Reference(s
tribe / genus
Anobiidae Ptininae AWRENCE & REICHARDT
(1969)
Anthicida¢ CHANDLER (2010
Brentidae Eremoxenini LEMASNE & TOROSSIAN(1965),
MARUYAMA & al. (2014
Buprestida Habrolome BiLY & al. (2008
Carabida Paussinas GEISELHARDT & al. (2007
Pseudomorphin |ERWIN (1981
Graphipterini  |DINTER & al. (2002
Cerylonidae KSTNER (1982), SIPINSKI &
LAWRENCE (2010a
Chelonariidae ANZEN (1974), $ANGLER
(1980
Chrysomelidae | Clytrini QLIVET & PETITPIERRE(1981),
ERBER (1988),SELMAN (1988
Coccinellida: VANTAUX & al. (2012
Cryptophagida LESCHEN(1999
Curculionidas OBERPRIELER& al. (2014
Dermestidae Thorictini KISTNER (1982), LENOIR & al.
(2013
Discolomatida CLINE & LIPI SKI (2010
Elaterida Agraeus’ —
Endomychida SHOCKLEY & al. (2009
Erotylidae LEA (1910
Hydrophilidae KA EK & al. (2013), KA EK
& al. (2015
Histeridax Chlamydopsina¢ | CATERINO & DEGALLIER (2007
Haeteriinae AKRE (1968), HELAVA & al.
(1985
Other subfamilie |KOVARIK & CATERINO (2005
Jacobsoniide Sarothrias® PHILIPS & al. (2002
Lampyridat SIVINSKI & al. (1998
Latridiidae LAPEVA-GJONOVA & RUCKER
(2011
Leiodidae BANNEL (1936), ECK (1976),
KISTNER (1982
Lucanidae Holloceratogna- |HoLLOWAY (1998)
thus
Monotomida Monotomi BOUSQUET& LAPLANTE (1999
Nitidulidae Amphotis HOLLDOBLER & WILSON
(1990),LENCINA & al. (2011

Ochodaeide Ochodaeu DELOYA & al. (1995
Ptilidae Cephaloplectina¢|PARK (1933a), WLSON & al.
(21954
Sélpingidae Dacoderina¢ AALBU & al. (2005
Scarabaeidae Cetoniinae OMATSU & al. (2014), PKER
& al. (2014
Aphodiinae SEBNICKA (2007), MARUYAMA
(2010
Scarabaeinae ALFFTER & MATTHEWS
(1966), LARSEN & al. (2006),
KRELL & PHILIPS (2010
Silvanidar THOMAS & LESCHEN(2010
Tenebrionida MATTHEWS & al. (2010
Zopherida Rhopaloceru SLIPINSKI & LAWRENCE (2010b
Staphylinidae
(Aleocharinae) |Aenictoteratini |KISTNER (1993), MARUYAMA
& al. (2009
Aleocharini ASSING (1999), MARUYAMA &
HLAVA (2003), MARUYAMA &
al. (2011
Athetini KISTNER (1982), EVEN & al.
(2012), MATHIS & ELDREDGE
(2014
Crematoxenini |JACOBSON& KISTNER (1992
Dorylogastrini  |KISTNER (1993
Dorylomimini KISTNER (1993
Dorylophilini KISTNER (1993
Ecitocharini KISTNER & JACOBSON (1990
Ecitogastrini SEEVERS(1965
Falagriin KISTNER (1983),ASSING (2001
Lomechusini HOLLDOBLER & WILSON (1990)
HLAVA & al. (2011
Mesoporin SEEVERS(1957
Mimanommatini |KISTNER (1993
Mimecitini JACOBSON& KISTNER (1991
Oxypodini HOLLDOBLER (1973), QUINET
& PASTEELS(1995), ZAGAJA &
al. (2014
Paradoxenusin |BRUCH (1937
Phyllodinardini |WASMANN (1916b
Pygostenin KISTNER (1979
Sahlbergiini KISTNER (1973),KISTNER (1993
Sceptobiin DANOFFBURG (1994), DANOFF
BURG (1996
Trilobitideini KISTNER (2006
(Pselaphina Arnyliini MARUYAMA & al. (2013
Amauropin BARR (1974
Arhytodini BRUCH (1918), GIANDLER &
WOLDA (1986
Attapseniini BRUCH (1933),PARK (1942
Batrisini DONISTHORPE(1927), RRK
(1947a), MARUYAMA & al.
(2013
Brachyglutini CGIANDLER (2001), MARUYAMA
& SUGAYA (2004), GIANDLER
& al. (2015
Bythinini PEARCE (1957
Bythinoplectin  |NEwWTON & al. (2000
Clavigerini DONISTHORPE(1927), AXRE
& HiLL (1973), RRKER &
GRIMALDI (2014
Colilodionini BESUCHET(1991), loBL (1994),

PARKER & GRIMALDI (2014)
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(Pselaphinae, |Ctenistini NEWTON & al. (2000), GIAND-
continued LER (2001)
Cyathigerin LEA (1912),SUGAYA & al. (2004
Euplectini CapnitesJEANNEL (1954), in-
correctly placed in Iniocyphini
(J. Parker, unpub
Goniacerin JEANNEL (1959
Jubin PARK (1942
Metopiasini PARK (1942
Pselaphir CHANDLER (2001
Tiracerini CHANDLER (2001), RARKER &
GRIMALDI (2014
Tmesiphorini PARK (1933b), GIANDLER

(2001),MARUYAMA & al. (2(13]

RARCE (1957), WN & al. (2011),
NOMURA & LESCHEN(2015

PARKER & MARUYAMA (2013

PARK (1964), NNWTON & al.
(2000),CHANDLER (2001

BURAKOWSKI & NEWTON (1992

Trichonychini

Trogastrin
Tyrini

(other subfamilies |Osoriinas

Oxytelinae $EVERS(1965), HHRMAN
(1970),HERMAN (2003
Paederine SEEVERS(1965),KISTNER (1982

Tachyporinae SEVERS(1958), ARE &

TORGERSON(1969

OWEFE (2000), 4 0SzZY SKI
(2013

SEEVERS(1965),KISTNER (1982
ZERCHE(2009) PUTHZ (2010

Scydmaeninae

Staphylinina
Stenina

few of these taxa represent significant, exclusivar-
mecophilous radiations with hundreds of specidsest
are families or subfamilies in which numerous ineep
dent lineages have convergently evolved this jifesstill
others represent small, isolated instances of nyoptaly
in families with few or no other myrmecophilousdages.
In what follows, | present a taxonomic breakdowrbeé-
tles that live with ants. This is not an exhaustieeiew,
akin to that attempted byI&TNER (1979, 1982). Rather,
it is a summary of different myrmecophilous groasl
their biologies, deliberately designed to convesiba&rends
in the evolution of myrmecophily that exist withihe
Coleoptera. Its purpose is to prime the reademfdis-
cussion of the acute bias evident in the phyloderdis-
tribution of myrmecophilous beetle lineages, ad aglthe
striking convergence and parallel trait evolutibattexists
among these lineages. | have, however, used ippgro
tunity to synthesise important recent studies #natclari-
fying our understanding of the biology, systematcs!
evolution of beetle myrmecophiles. Where possibie;
clude some discussion of larval as well as adaloljy.
Several morphological terms describing adaptiveadia
ters for myrmecophily are used repeatedly, andetlaes
explained in Box 2. The taxonomic scheme follovezB
CHARD & al. (2011).

*kkkkk
Order Coleoptera

Across the Coleoptera, myrmecophily is confinedhte
two largest suborders: Adephaga and Polyphagarioss

in the remaining two suborders, Myxophaga and Archo
stemata, which together include eight families anty
140 or so species, are unknown.

Suborder Adephaga

Among the 11 families and ~46,000 species of adgpig
myrmecophily is known definitively in Carabidae iaéo

Adephaga: Carabidae

Carabids (ground beetles) are a family of ~40,068 p
dominantly predatory species. While opportunistitfae-
dation and casual nest intrusion may be relatigetymon
in carabids (HNGEVELD 1979, KSTNER 1982), instances
of myrmecophily are infrequent RN 1979), especially
given the size of the family. However, in the subiig
Paussinae (formerly regarded as a separate farGidyp-
bidae contains one of the largest clades of oldigabr-
phologically specialised myrmecophiles.

Carabidae: PaussinaeOf the five tribes of Paussinae
(~800 species), the ~600 described species of Pauss
are currently ranked as the largest clade of exelysmyr-
mecophilous beetles, occurring in most global negiand
utilising diverse ant hosts. They are charismadigtles (two
spectacular examples are shown in Figures 2A, &),
dramatic morphologies and numerous adaptive chesaftir
myrmecophily (see Box 2): across the tribe, gemesay
exhibit gland-associated trichomes, fusions of amad
segments, modified mouthparts and even stridulatory
gans that mimic host ant vibrational cues GuLIO &
al. 2014, DGIULIO & al. 2015). Where known, the bee-
tles appear highly socially integrated into hodboges
(see Box 1), with adults feeding on the brood ard-w
kers (GEISELHARDT & al. 2007). Larvae are also thought
to be obligately myrmecophilous nest inhabitantish a
cup-shaped abdominal tip that exudes substanceartha
attractive to worker ants, and reduced mouthpartpds-
sible trophallaxis (DGIULIO & MOORE2004, D GIULIO &
al. 2011). Paussini likely represents one of theenamci-
ent clades of myrmecophiles, with crown-group mersbe
occurring in Middle Eocene Baltic amber (~44 mitlio
years old(WASMANN 1929). This antiquity has provided
a long time for diversification, and may have cidnited
to the group's great size and zoogeographic ratge-
ever, a recent molecular dating analysis indicduigsmajor
components of the extant paussine fauna are unexihec
young. The largest genuBaussug~400 species) was in-
ferred to have originated only 23.3 million yeage aand
has undergone a particularly rapid radiation in &pes-
car, yielding 86 known species in the last 2.6iarillyears
alone (MOORE & ROBERTSON2014). This same molecu-
lar study revealed surprising convergent evolutiothe
shape of the antenna — an organ whicRanssuss trans-
formed into a complex glandular structure, wheesdh-
tennomeres are fused into a hollow disc or tubbedfivith
secretory cell types (O51ULIO & al. 2009). Independent
acquisition of near-identical antennal morphologiedis-
tinct Paussudineages may stem from their utilisation of
similar host ants (MORE & ROBERTSON2014), although
how the exact antennal form influences the myrmeitep
host relationship is mysteriolgdembers of Paussini's pre-
sumed sister tribe, Protopaussini (containing ihgls
genusProtopaussus are also thought to be obligate myr-
mecophiles based on their morphology@eL 1997), so
it is probable that myrmecophily in Paussini+Praiagsini
has a single evolutionary origin. Elsewhere inghlefamily
Paussinae, tribes are largely composed of freegitaxa
(GEISELHARDT & al. 2007), the main exception being bee-
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tles of the genu®hysea(Ozaenini) which inhabiAtta
nests, and possible facultative myrmecophily in sather
ozaenine genera (®RE 2008), as well as in the tribe
Metriini (MOORE & D1 GiuLio 2008).

Carabidae: other subfamilies.Aside from Paussinae
(more specifically, Paussini), no other carabidsiasbuch
an advanced form of myrmecophily, and socially piia
relationships with ants are uncommomR@&N 1979, KST-
NER 1982, KOTZE & al. 2011). Arguably, the next most
notable group is the tribe Pseudomorphini (Fig., 2@ere
adults and larvae of some genera have been foaqden-
ting colonies, feeding on ant larvaer{EN 1981, 2013).
Adults appear defensively adapted for myrmecophiti
a compact, near-limuloid shape and shortened apgesd
that can be largely concealed underneath the eatpléody
margins (Fig. 2C). In an Australian pseudomorpligesus,
Sphallomorphalarvae construct burrows adjacentrido-
myrmexcolonies and prey on passing workersoRe
1974). The probable sister group of Pseudomoriihithie
tribe Graphipterini (BER & MADDISON 2008), in which
adults are free-living and morphologically genesedi, but
larvae of at least the gen@aphipterusare myrmeco-
philous, inhabiting colonies of various ant specied feed-
ing on the brood; analogous biology is also seethén
more distantly relatednthia (subgenudermophilun (see
DINTER & al. 2002). In the Holarctic region, adults of a
few carabid species are consistently collected fcoio-
nies, including some North Americ&ftaphrops(see BLL
& BOUSQUET2000), the Western Paleardiseudotrechus
mutilatus(seeDe FERRER & al. 2008) and Japanekach-
noderma asperursee M\RUYAMA & al. 2013), but their
habits are unknown. Aside from these examplesfaie
other accounts of ant associations in Carabidaeritbes
instances of myrmecophagy. For example, adultpef s
cies ofHelluomorphoidedocateNeivamyrmexaiding and
emigration trails, picking off workers, brood anegped
food items, and displaying an impressive capaoityith-
stand attacks from the antsL@2K & al. 1969, TOPOFF
1969). Remnants of ants in gut contents of relgtytkra
of Helluomorphoide'ssubtribe (Helluonini: Omphrina) im-
ply myrmecophagy may be the prevailing diet in thes
carabids (RICHARDT 1974). TALARICO & al. (2009) have
discussed whether certain behaviourSiafgona europea
another obligate ant predator, signify an interragdevo-
lutionary stage between myrmecophagy and myrmelgophi
Myrmecophily in Rhysodinae & 1932) is doubtful (M-
KAROV 2008).

Suborder Polyphaga

Across the 156 families and ~350,000 species ofpybal-
gans, myrmecophily has evolved in a great manygsou

(Tab. 1), but instances of its evolution are sthptiased
to Histeridae and Staphylinidae, and moreover ettam
subfamilies of the latter. Recurrent evolution gfrmeco-
phily has also occurred in some other families, thmos-
ably Scarabaeidae and Tenebrionidae, albeit leqadntly
and with weaker intimacy than can be routinely obse
in staphylinids and histerids.

Polyphaga: Histeridae

Histerids (clown beetles) are a family of modersitee
(~4621 described species), most of which are presum
to be predatory, and many of which have somewlyaticr
ecologies, including subcortical species (livinglenbark),
inhabitants of decaying organic substrates suctiuag
and carrion, and bird nest and mammal burrow dwelle
(CATERINO & VOGLER 2002). Most histerids have a heav-
ily sclerotised, broadly convex and robust bodyhwshort
retractable appendages; the head is also retraaatipro-
tected from above by the overlying pronotum. Myrme-
cophily is widespread in histerids @KARIK & CATERINO
2005), with the subfamilies Haeteriinae and Chlaopgd
inae representing two large radiations of predomtiya
obligate myrmecophiles, many of which are morphilog
cally remarkable.

Histeridae: Haeteriinae. Haeteriines (Fig. 2D) num-
ber 335 described species in more than 100 genkra,
though the true diversity is far larger (M. Cateripers.
comm.). Monophyly of the group is highly likely,ids
from a few aberrant genera of questionable place(ren
VARIK & CATERINO 2005), and the subfamily may rank
alongside Paussini (Carabidae, discussed abovelland
geritae (Staphylinidae: Pselaphinae, discussedWeds
one of the most speciose clades of beetle myrmdesph
The group also includes scattered termitophiloeigs
(TISHECHKIN 2005). As with paussines and clavigerites,
many genera include one or just a few speciesymatem
of the extreme morphological diversity of the subily
that can obscure even close phylogenetic relatipssh
Haeteriines range from small species with relagiggine-
ralised morphologies, to larger-bodied and hearilgoured
species with dramatic cuticular protruberancesjquéarly
on the pronotum, most likely for withstanding griagpant
mandibles. Trichomes are present in various taxdisame
have very elongate legs to grasp or groom hoSkREA
1968, KSTNER 1982). Haeteriines are predominantly Neo-
tropical, but extend into North America and thremera
also occur in the Palaearctic. Individual haeterigenera
are adapted to their ant hosts in diverse waysesana at-
tacked or largely ignored by their hosts, whileevthare
highly integrated guests, which may be fed troptasital-
ly by workers (WHEELER 1908, HENDERSON& JEANNE

Fig. 2: Diversity of myrmecophilous and putativehyrmecophilous beetles. Photograph credits in pheses. (A, B)
Carabidae: Paussirilatyrhopalopsis pictetfA; R. Dudko),Euplatyrhopalus tadauch(B; M. Maruyama); (C) Carabidae:
PseudomorphiniGuyanemorpha spectabili. Darrow); (D) Histeridae: HaeteriinaBastactistersp. (A. Tishechkin);
(E) Histeridae: Chlamydopsina€hlamydopsis dispers@h. Tishechkin); (F - I) Staphylinidae: Aleochaaigx Aenicto-
xenides mirabiligF; M. Maruyama)rilobitideussp. (G; M. Maruyama)ienictosymbia cornutéH, H' lateral and dorsal
views, respectively; M. Maruyamalomechusoides strumos(s M. Smirnov); (J) Staphylinidae: Scydmaeninae:
Plaumanniola sanctaecatharindB. Ja oszyski / Zootaxa); (K - N) Staphylinidae: Pselaphin@beocerusp. (K; J.
Parker),Jubogaster towa(L; J. Parker & M. Maruyama / Zootax&pngius hlavac{M; Z. Yin), Epicaris sp. (N; P.
Krasensky); (O) HydrophilidagChimaerocyon shimaddM. Fika ek / Zootaxa); (P) Anobiidae: PtininaBabrasia
wheeleri(K.T. Eldredge); (Q) Buprestidaétabroloma myrmecophiléM. Fika ek); (R) ElateridaeAgraeussp. (H.
Schillhammer); (S) Brentidae: EremoxeniRicnotarsobrentus inuia@l. Maruyama).
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1990). A recent biochemical study of one of thedpean

developing Diptera and Coleopterad®aRIK & CATERINO

generaSternocoelisprovided evidence that the beetles 2005). Nevertheless, there is clearly extensivatian in

can actively synthesise cuticular hydrocarbon béetad
match the odour profiles of thedphaenogastehost col-

onies (LENOIR & al. 2012). The greatest number of haeteri-

ine species are army ant inquiliness(dva & al. 1985,

the nature of the myrmecophilous relationship, witther
taxa behaving as colony parasites that target thedb
Even within genera there may be vast discrepantties:
177 species of the New World geroperclipygus(His-

TISHECHKIN 2005), with almost 30 genera associated withterinae: Exosternini) exhibit diverse ecologiesnscare

Ecitonalone. Adults appear to be highly host-specifie (T

free-living, while others frequent peripheral refustes of

SHECHKIN 2005), and are attracted to trails of their hostsAtta and Acromyrmexcolonies; still others associate with

and repelled by trails of non-host speciegKA & RET-

Aphaenogasteand are carried by, and ride on top of, their

TENMEYER 1968). The beetles have been observed feedinfosts, suggesting some degree of social integréfiare-

on the ants' brood and harvested food, and to itmow
phoretically attach to workers during emigratioAKRE
1968). DNA sequencing of histerid larvae siftechiran-

RINO & TISHECHKIN 2013a). Inanother large New World
genus,Baconia(also Exosternini), one of the 116 described
species is putatively myrmecophilous, having eviblire

derEcitonbivouacs and refuse dumps successfully iden-chomes on the abdominal pygidiunAfERINO & TISHECH

tified haeteriines (&TERINO & TISHECHKIN 2006), imply-
ing that the entire lifecycles of at least somé¢heke army
ant guests take place in or around, host colonies.
Histeridae: Chlamydopsinae.With 177 species, chla-
mydopsines (Fig. 2E) form the second significadtaon
of histerid myrmecophiles, with a single specieorded
in association with termites ACERINO & DEGALLIER 2007).
The group is confined principally to the tropicstioé Aus-
tralasian, Indomalayan and Oceanian regions, ends
northwards into subtropical Japan. Most speciegapp
to be morphologically specialised obligate colomests,
possessing trichomes that envelop deep clefts mnede
sions on the elytral humeri, or more rarely on pheno-
tum. Unfortunately, the biology of chlamydopsinesk-
ceptionally poorly known, although the beetles hagen
observed feeding on ant larvae and being carriethdiy
hosts, which may use the elytral clefts as graspotghes

KIN 2013b). There is thus evidence for a family-wide-p
disposition to evolving myrmecophily in Histeridderhaps
the majority of histerid genera may be capable aking
the evolutionary shift to this lifestyle quite rédgdshould
ecological opportunity permit.

Polyphaga: Staphylinidae

Staphylinids (rove beetles) are currently the largemily
of beetles (and indeed of all animals), with 61,5p&-
cies organised into 32 subfamiliesH@vErR 2005, REBEN-
NIKOV & NEWTON 2009). In the majority of staphylinids,
the elytra are short, exposing most of the dorsdbmen,
which is usually relatively elongate and flexibkeis with-
in the staphylinids that by far the greatest nundfenyr-
mecophilous lineages is found. These occur predamtin
in the two largest subfamilies, Aleocharinae aneldgshi-
nae, with an additional, somewhat weaker evolutipna

(OKE 1923). Although the majority of species have beenpredisposition to myrmecophily occurring in Scydmiaae.

collected using flight intercept traps and thusklaost
association data (JHECHKIN 2009), collections made di-
rectly from colonies reveal that as a group, chldap
sines utilise diverse host ants, although poneapegar to
be the most commonly used ant subfamila{ERINO &
DEGALLIER 2007). Chlamydopsine larvae await discovery.
Histeridae: other subfamilies.In addition to the spec-
tacular haeteriines and chlamydopsines, myrmecpph#
arisen independently numerous times elsewhere $a Hi
teridae (KOVARIK & CATERINO 2005), with eight out of
eleven subfamilies containing multiple lineagesnofui-
linous species (ErERINO & DEGALLIER 2007). Collective-
ly, these other instances emphasise the prepornmerdn
this lifestyle across the family, although estimgtthe ap-
proximate number of origins of myrmecophily is héened
by a lack of phylogenetic information. To give tteader
a sense of the prevalence of this lifestyle, aln3@86 of
the 57 North American histerid genera listed iIDMARIK

Staphylinidae: Aleocharinae.The 16,191 species and
1,296 genera of Aleocharinae are globally disteduand
together form the largest rove beetle subfamilydégrom
a subset of strictly mycophagous, saprophagouseaid
tered palynophagous taxa, aleocharines are believieel
predatory on microarthropods AYER 2005) or omni-
vorous (KLIMASZEWSKI & al. 2013). In general, the bee-
tles are small in size (usually between 2 - 6 mmj a
morphologically conservative, with most speciessess
sing an elongate, flexible body plan with shorttedy
akin to the majority of rove beetles. Despite thHmsic
homogeneity in body form, the subfamily has invadat
colonies many times during its evolution, producarg
unparalleled diversity of myrmecophilous lifestylasd
these are sometimes concomitant with radical ctaimge
external anatomy (Figs. 2F - ). The biology of urm-
ous Aleocharinae ranges from facultative assoaiatio
obligate relationships that encompass brood paddatiep-

& CATERINO (2000) include at least one species that hagoparasitism, phoresis and highly socially integdatym-

been found with ants, and these species span Isfarmis
lies. With exceptions, outside of the Haeteriinad €hla-
mydopsinae, most inquilinous species are not olsWou
specialised for myrmecophily beyond their possessio
the normal protective body form that is typicalmbst
histerids; and in at least some cases, field obtiens in-
dicate correspondingly less intimate relationskijth hosts.
For example, NVARRETE-HEREDIA (2001) listed 61 spe-
cies belonging to six histerid subfamilies as hgvieen
found with attine leaf cutter ants; the majorityrevee-
corded from refuse piles, where the beetles likety on
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bioses. The latter involve some of the most drarmadjuili-
nous morphologies and elaborate, host-deceptivavimirs
seen among beetle myrmecophiles. An evolutionagligr
position to myrmecophily seems to be inherent indAl
charinae, although the lifestyle is more commongeén
tain tribes and notably absent from others. Twehtge
of the 62 tribes of Aleocharinae include myrmectgshi
and several are comprised predominantly or excélgiv
of such species (Tab. 1). Many of the wholly inopailis
higher taxa have been erected based on the obsuire
phology of a single genus or small collection ohge,



S0 in reality, most (perhaps all) of these grougmbably
emerge from within other, larger and principallgg¥liv-

ing tribes. Indeed, numerous additional instanéesyome-
cophily pervade the bigger tribes, including mapgaes
with generalised morphologies that largely resentiindér

free-living close relatives. In the North Americguna,
20 of the 183 genera spanning six out of 21 tribelside

species that are associated with anEE(BRS1978, New-

TON & al. 2000). Aleocharinae also includes multipde-t
mitophilous taxa, not discussed here, some of whish
long to tribes that include myrmecophiles.

Among the aleocharines are species that arguably re

present the best-studied myrmecophilous beetlegekh
the rampant, recurring evolution of myrmecophilAleo-
charinae means that the subfamily as a whole saves
paradigm for understanding the evolution of biotadi
mechanisms mediating social insect symbioses. S#min
works by Bert Holldobler revealed the instrumentdé of
aleocharine glandular chemistry in governing intécas
with ants. Most aleocharines possess a "tergatijleom-
plex between tergites VI and VIl on the abdomenh\si
large chemical reservoir that secretes defensitents such
as quinones GRDAN 1913, SEIDLE & DETTNER 1993).
However, in the Palaearctiomechusd= Atemele} a
highly integrated guest dformica andMyrmicathat is
accepted and fed trophallactically by its hostbath the
adult and larval stages (LDOBLER 1967, 1969, 1970;
Fig. 21 shows the closely relaté®mechusoidgsadditi-
onal, evolutionarily novel glands are present anahdo-
men. One kind, at the abdominal tip, synthesisédemA
tified proteinaceous compounds that elicit appeasdm
of aggressive host ants; another type, seriallgatgd on
anterior abdominal segments and associated wétiotries,
produces secretions that stimulate the workersltpa
the beetles into colonies {HLDOBLER 1970) (Figs. 4B, C).
By this means, the beetles are permitted accessotml
galleries where they feed on ant larvae and lag ethegir
own offspring behaving as impostors that are reéned
workers (HOLLDOBLER 1967). Putative appeasement be-
haviour mediated by abdominal glandular secretimtsirs
in species of the more weakly integrateella, a related
genus of the same tribe (Lomechusini), which intsbi
more peripheral nest chambers and feeds mostlyead d
ants (HOLLDOBLER & al. 1981). A similar appeasement
strategy and associated abdominal glandular conmpbex
also exist in the more distantly relatBtharda (Oxypo-
dini) (see OLLDOBLER 1973).

(STOEFFLER & al. 2013). Hence, employment of diverse
compounds secreted by the tergal gland, or vamnows|
glands, is seen repeatedly among aleocharinesmahrs
to be a widely used means to attenuate host aggness
Several studies have provided evidence that aleimgsa
chemically mimic their hosts' cuticular hydrocarkmo-
files (AKINO 2002, MARUYAMA & al. 2009, [ENOIR & al.
2012). However, there are exceptions@SFFLER& al.
2011), suggesting that hydrocarbon mimicry may bt
universal, or in some cases a consequence of nest o
pancy rather than a primary integrating strategy.
In addition to studies of their chemical communica-
tion, myrmecophilous aleocharines are equally wadiwn
for their relationships with army ants. More sortlamy
other beetle taxon, aleocharines include the ggedteer-
sity of "dorylophiles", these associations havirigemn in-
dependently numerous times in taxa from both thieadtl
New World tropics (BEVERS1965). Many such species
are closely associated with their hosts, accompagrtyiem
on emigrations and raids, and possessing spediatise-
phologies, most notably various defensive "limuld@ms
(Fig. 2F, G), or ant-mimicking "myrmecoid" body p&
(Fig. 2H) (Box 2). Myrmecoid taxa in particular draly
remarkable, with many such species strikingly resem
their host's shape, down to minute details of bexlyp-
turation. Myrmecoid morphology appears to go hand i
hand with a suite of behaviours that indicatesgh lue-
gree of social integration in host colonies. Thetles fre-
quently interact with their hosts, actively groomiwork-
ers, presumably to procure the colony's cuticujairt-
carbon profile (XRE & RETTENMEYER 1966, AXRE &
TORGERSON1968); they feed alongside their hosts on cap-
tured prey items, and some species are carrieddol-w
ers as if they are colony brood IBKNER & JACOBSON
1975, MARUYAMA & al. 2009). The beetles soon die if
kept away from colonies ({/RE & RETTENMEYER 1966).
Consistent with the theme of aleocharine chemicatim
pulation of host behaviour, different myrmecoidadave
evolved novel glands in new positions on the abdome
and these are suspected to play a role in the éa8on
of these beetles into the army ant societysfiKER &
JACOBSON 1990, KSTNER 1993, MARUYAMA & al. 2011).
The combination of morphological changes and beha-
viours seen in myrmecoid aleocharines constituteaca
aptive syndrome that adjusts these beetles tavitfetheir
nomadic hosts. However, myrmecoid syndrome presents
two distinct evolutionary conundrums. First, it @&nms un-

The de novo synthesis of pheromonal cues thus eppeaclear why these beetles mimic their hosts at dlermvthe

to be a significant part of the socially parasitiategy em-
ployed by many aleocharines. Confirming earliercsge
tion (KISTNER & BLUM 1971), recent studies have shown
that the tergal gland itself can play a role in maédg
myrmecophily in species that have "reprogrammead” th
chemistry of the gland, replacing or supplementimng
quinones with novel volatile compounds that modibst
ant behaviour. In someella species, sulcatone is emitted
from the tergal gland, which functions as a "paarm"
pheromone that overrides aggression from the ieétst,
Lasiusfuliginosus acting to disperse workers and allow-
ing the beetles to escaper(fFFLER& al. 2007, SOEF
FLER & al. 2011). In certain species Byras(also Lome-
chusini), the gland produces terpenes that may cniilna
volatile cues produced bly. fuliginosustended aphids

latter are visually blind to the beetle's body foiirhas
been suggested that the myrmecoid shape may not fun
tion in host deception, but rather achieves Batesiani-
cry, protecting the beetles during colony raids and-
grations from vertebrate predators that avoid targehe
ants (FOLLDOBLER 1971, KSTNER & JACOBSON 1990).
Indeed, in some genera, such asBhionassociatedtci-
tophya(Ecitocharini), even the body colouration closely
matches that of the workers, making the beetleBeritp
ing to spot amongst their aggressive hosts. Tpstmesis
cannot be universal, however, given that some mgoide
taxa, such as theabidusassociated Mimecitini, differ
strongly in body colour from their hosts, which mover
are hypogaeic, making body colour possibly irrefev#
the alternative possibility is true — that ant-likkape
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evolved for deceiving the host, and functions icialoin-
tegration (“Wasmannian mimicry",BRTENMEYER 1970),
then it may accomplish tactile mimicry as opposea t
visual resemblance to the antsigKNER 1979, KSTNER
1993). Perhaps both explanations are true: hostpdien
being the primary selective agent driving body ghagimi-
cry, with colouration being a secondary adaptagigainst
predators in species utilising epigaeic hosts that or
emigrate during daylight.

lieved to be predatory, with the majority preyingmicro-
arthropods such as mites and collembolargiP1932a,
CHANDLER 1990, $HOMANN & al. 2008).As in Aleocha-
rinae, myrmecophily is rife in Pselaphinae: amdmg 39
tribes, fully 22 include taxa that display evidemtanyr-
mecophily (Tab. 1). Thirty-two of the 163 Australia
pselaphine genera have been collected from anhieslo
(CHANDLER 2001), while in North America the total is 24
out of 100 genera (MvTON & al. 2000 and subsequent

Second, controversy surrounds whether myrmecoid synobservations). It is evident from the phylogenefitri-

drome has a single principal origin, or multiplelépen-
dent origins. In a major work on army ant assodiatee
beetles, BEVERS(1965) proposed a single major origin of
myrmecoid syndrome in aleocharines, forming thgdar
pan-tropical tribe Dorylomimini. Aside from somemor
myrmecoid-like forms elsewhere in aleocharines @ther
rove beetle subfamilies, Seevers' Dorylomimini npeo-
ated all 33 Old and New World aleocharine geneakn
at that time that exhibit an anatomically specadisnyr-
mecoid body form (8eVERS 1965, KSTNER 1979). This
single, primary origin of myrmecoid syndrome paskd|
the now well-supported monophyly of army ant®£BY

bution of inquilinous lineages that this lifestylas arisen
independently an inordinate number of timesr 1942;
J. Parker, unpubl.). Aside from numerous exclugiveyr-
mecophilous tribes and genera, it is not unusudinit
some species within predominantly free-living genar-
ing obligately or facultatively with ants. For exale among
the 29 North AmericaBrachygluta— a primarily water-
side litter-inhabiting genus — two newly descritsgebcies
appear to be myrmecophilesH&A\NDLER & al. 2015); like-
wise, a sizeable but phylogenetically dispersedsubf
species in the large Holarctic ger@etrisodesare routine-
ly collected with ants (BrRk 1942, 1947a, BEARCE 1957),

2003, BRRADY & al. 2014), and suggests that these beetlesvhile among species of the largely Neotropicalelitt

may be an ancient clade that radiated globallyhéntto-
pics as their hosts diversified into modern armyg@mera.
However, in a series of revisions, Kistner splie@ers'
Dorylomimini into eight tribes, three in the New W
Ecitocharini (KSTNER & JACOBSON 1990), Mimecitini
(= Leptanillophilini) (AcoBSON & KISTNER 1991) and
Crematoxenini (COBSON& KISTNER 1992), and five in
the Old World: Dorylomimini, Dorylogastrini, Sahligg-
ini, Mimanommatini and Aenictoteratini (K&rNER 1993).
Kistner emphasised key morphological differencesben
these tribes that imply a possible polyphyletigoriof
myrmecoid syndrome within Aleocharinae. This sc&nar
implies rampant — and stunning — morphological bed
havioural convergence between aleocharine linetges
have independently evolved associations with arnig.a
Laborious collecting of myrmecoid aleocharines tiylo-
out the world's tropics has now enabled theserdtare
scenarios to be tested using molecular data (Mujéama,
K.T. Eldredge & J. Parker, unpubl.). This has résgan
unprecedented number of independent origins of rayrm
coid syndrome, only partially congruent with Kisteere-
visions, with each clade typically highly host-sifiecto
a single army ant genus. The extent of morpholbgiza-
vergence between unrelated clades in differentaabpe-
gions is extraordinary — a striking example of pararait
evolution in animals.

Staphylinidae: PselaphinaePselaphines constitute a
clade of 9,854 species in 1,247 genera. The bayisi
always small (typically 1 - 3 mm in length) andittferm
differs from most rove beetles in that the expcetadiomi-
nal segments are relatively inflexible due to audibn
of the intersegmental membranes. The whole integtime
is usually quite thick, and in the majority of sjgs; the
abdomen is short, broad and convex, making theativer
body plan compact and consolidated (Figs. 2K -Rée-
laphinae occur globally outside of the polar regjattain-
ing their highest taxonomic diversity as well asssiae
ecological abundance in tropical forest leaf litflEW-
TON & CHANDLER 1989, QSON 1994, 3KCHOOWONG &
al. 2007, 8KCHOOWONG & al. 2008). All species are be-
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dwelling genusHamotus several are myrmecophilous,
including the only pselaphine guest of army ahts€ci-
tophilug. The list of such examples is very long, their
frequency revealing a near-subfamily-wide evolugign
predisposition to myrmecophily.

Despite their minute size, Pselaphinae is a mogphol
gically explosive subfamily and this is especiaty for
the inquilinous groups. These can be difficult face sys-
tematically. For example, the recently discovedato-
gaster(Fig. 2L), a Peruvian guest Bheidolexanthogaster
and one of the physically largest species evengsed
(5.1 mm), defied tribal placement until moleculatal
showed it to be a morphologically derived membethef
predominantly free-living tribe TrogastriniARKER & M A-
RUYAMA 2013). Pselaphine morphology is pushed to its
extreme in the supertribe Clavigeritae, an excelgimyr-
mecophilous group that was originally treated ag@a-
rate family. Clavigerites constitute a major raaiatof
obligate myrmecophiles, perhaps surpassing paussaie
rabids and haeteriine histerids, with 369 extamcss
and severalfold this number undescribed. The sediek
among the most highly socially integrated myrmedeph
with external morphology heavily modified for colpn
parasitism (Figs. 2K, 5A, 6, beetle at middle rjgftri-
chomes at the base of the abdomen or tips of tfteael
are associated with large "Wasmann glands" thateepu-
tative host appeasement compoundsMi@AERTS 1974,
HiLL & al. 1976) (Figs. 2K, 5A, B, 6), with this part the
body fashioned into a grasping notch for workerpitik
up and carry the beetlesg&CHEN1991). The mouthparts
are recessed inside the oral cavity to mediatehaibgxis
with hosts; the maxillary palpi — often extraordihglarge
and elaborate in pselaphines — are reduced togée sin-
dimentary segment, and the beetle's blunt manddres
suitable only for scraping and piercing ant eggslarvae.
To strengthen the body, the appendages are shoytitiee
three largest tergites of the abdomen (1V - VI) fused
into a single shield-like "tergal plate", and theemno-
meres are likewise fused (different species havedsn
3 and 6 antennomeres, whereas most other pselajtzsiae



the ancestral complement of 11). The North AmericanClavigeritae. One recently describgdicaris species from

Adranesand Palaearcti€laviger are both eyeless and
flightless. One especially curious gen8smiclavigeris
almost limuloid in form, an unusual body shape tfoe
subfamily (HAVA & al. 2013). Detailed biological data
exist for some temperate speciesO{DSTHORPE1927,
PARK 1932b, 1942, 1947b,KRE & HILL 1973, LESCHEN
1991, @QMMAERTS 1992, 1995, 1996, 1999xMAI0 2002).
Juvenile stages of Clavigeritae have never beerodis
ered, although a photograph of a putative larva pvas
sented by WWSMANN (1918a).

Socotra even has miniaturised maxillary palpLAiAA

& BA AR 2014), suggesting a shift to feeding on the im-
mobile brood or possible trophallaxis, akin to @avitae.
Elsewhere in Ctenistini, Blessorassociated species of
Desimia(subgenuXenodesimiaX. rugosiventris has ana-
logously converged on this same morphology, with el
tral trichomes and small palpigdNNEL 1959). InAtta-
pseniug(Attapseniini), an obligate guest Afta sexdens
fungus galleries, trichomes are again seen atdbe of the
abdomen (Fig. 6, bottom right), and once more tlag-m

As with paussine carabids, discussed above, the evallary palpi are miniscule; in this genus the amiginseg-

lutionary success of Clavigeritae may be partlylaixed
by the group's age. A recent paper described d &epsi-
gerite,Protoclaviger trichodensin Early Eocene Cambay
amber that represents the earliest known definitine-
mecophile (RRKER & GRIMALDI 2014) (Fig. 5D)Proto-

ments are also very compact, perhaps functionkegthe
fused antennomeres of ClavigeritaagR 1942). Basal
abdominal trichomes are also seen in several @éer
era that currently lack host associatioBatrisiotes Ba-
ceysusandGadgarraof Batrisini (see BANDLER 2001,

clavigeris a stem group, with transitional morphology that LoBL & KURBATOV 2001), and the trichonychine genus

captures the evolution of extreme myrmecophilowesp
alisation midway: trichomes are present, but thesalo
abdomen retains the primitive segmentation of offser
laphines and the trichomes are serially repeatettiefirst
three visible tergites (IV - VI) (Fig. 5D); the amnomeres
are fused together but only partially so (8 antenees
are present, instead of 3 - 6), and the maxillatpipare

Millaa (see GANDLER 2001). What these cases collec-
tively reveal is an evolutionary trend in psela@sirtom-
parable to the recurrent evolution of the myrmedmdy
form in army ant associated aleocharines, mentiabege.
As increasingly intimate associations with antslesp
pselaphine lineages follow a predictable phenotyyzie
jectory, ultimately recapitulating the morpholodigano-

reduced in size and made of only a single segment b vations of Clavigeritae.

extend further outside of the oral cavity than iadarn
species. Although prototypical in forfRyotoclavigerevi-
dently represents a sophisticated incarnation ahmago-
phily, with the morphological hallmarks that mediato-
cial integration. Cambay amber records one of tHesh
paleoenvironments with a significant ecologicalgerece
of ants (RIST & al. 2010), although still at a fraction of
their present day abundancer(@ALDI & AGOSTI 2000,
LAPoOLLA & DLUssKY 2013).Protoclavigeris evidence
that socially parasitic exploitation of coloniessmaell un-

Staphylinidae: ScydmaeninaeScydmaenines (~5,210
species) differ from the majority of rove beetlgstbeir
possession of long elytra that usually cover thdoaten,
and a small, compact body form that approximates th
size and shape of most pselaphines. Up until ayfeavs
ago the group was given family status, until a ideda
morphological study placed them as a subfamily with
Staphylinidae (see REBENNIKOV & NEWTON 2009), a re-
lationship supported by a recent molecular phylegien
study (MCKENNA & al. 2014). Scydmaenines are predo-

derway by the first appearance of crown group membe minantly leaf litter and soil inhabitants, and ligeela-

of modern ant subfamilies. Molecular dating suggésat
Clavigeritae in fact originated in the late Cretae®, and
underwent a radiation correlated with (and probabla-
lysed by) the ecological rise of modern ants dutimg
Cenozoic (RRKER & GRIMALDI 2014).

Outside of the extraordinary Clavigeritae, most mms#«
cophilous pselaphines do not show such clear eveleh
social integration; most can be observed walkingest
galleries, for the most part unnoticed by hostsdieg on
ant eggs, larvae, and other colony invertebratesn®

phines, their abundance and diversity explodedpital
forest litter (.SON 1994, RAKCHOOWONG & al. 2008).
Most are thought to be specialised mite predatmes (
viewed in Aoszy SkiI 2012), targeting armoured mites
(Oribatida) with modified mouthparts able to cutaiigh
the thick integument AJOSzy SKI & BEUTEL 2012, A-
0SzY SKI & OLszaNOwsKI 2013), although some have
a preference for softer-bodied arthropodsd@dzy sk
2012). The myrmecophilous habits of scydmaenines ar
poorly studied, but O'RKeFE (2000) provided a review of

THORPE1927, RRK 1932a, 1964). Many such species ap-the recorded ant associations in this subfamily lesteld

pear unspecialised, with morphologies similar &irtfree-
living relatives. Others are clearly adapted touogllife:
They may possess a smooth, sometimes oily aneiglist
ing integument, thicker and more robust appendaayes,
antennomeres that are more compact and reducerdgthl
(e.g., Fig. 2M). Repeatedly across the subfamiyydver,

117 species in 20 genera that had been collecieddolo-
nies. Importantly, however, many of these spediesso
commonly found outside of nests, indicating thatstn
associations are probably facultative. Consistetit this
idea, some of these species can be maintainedpiit ca
vity without any ants @oszy ski 2012), and given the

several groups seem to have independently evohad m specialised feeding habits of some scydmaeninegytbe

intimate host relationships, and these instancpsapto
obey a remarkable, recurrent phenotypic trend, alner

that the beetles enter colonies to feed on mitesodmer
microarthropods rather than the brood (EEKE 2000). It

the morphology converges on the same suite of adapt is also notable that the few apparently obligatemegco-

characters exhibited by the Clavigeritae. For eXamnip
the largely myrmecophilous tribe Ctenistini, theiédn ge-
nusEpicaris (collected withBrachyponera sennaarengis
possesses trichomes on the elytral margins flankieg
basal abdomen (Fig. 2NgANNEL 1959), just like many

philes in this subfamily show no obvious morphobagi
adaptations for this lifestyle, instead closelyemabling
their free-living relatives @oszy ski 2013). In fact, the
only genera with morphologies that strongly implyrme-
cophily have yet to be demonstrated as inquilinduast-
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lia and Trichokrater two closely allied Indomalayan gen-
era in the tribe Cepheniini, have setose, trichbkeeglan-
dular openings on the pronotuna@szy ski 2011), but
the biology of both genera is unknown. Arguably thest
heavily modified and myrmecophile-like scydmaenige
the Neotropical genuBlaumanniola(Fig. 2J), which has
a body capable of protective conglobation (balkfong),

EcitosaurusandEcitobiumare limuloid symbionts dfa-
biduscolonies (8EVERS 1965), whileMyrmecosauruss
a heavily armoured Neotropic8blenopsiguest that un-
dergoes its whole lifecycle inside the colonyASMIANN
1918b); one Argentinian speciés, ferrugineusis adven-
tive in the southern United States with its invashost
ants,S. invictaandS. richteri(see RANK 1977). The East

and robust, compact antennae like a great manyi-inqu Asian Ophryomedortrenatus(see WASMANN 1916a) is

lines. Here again, however, the status of this geasia
myrmecophile is questionable, with only a singledp
men having been collected with ant\((RENCE & REI-
CHARDT 1966, 4 0szy ski 2013). Hence, although myr-
mecophily in scydmaenines may be widespread, digliga
associations with host ants appear to be relativetypm-
mon, and enigmatic taxa with morphological speséli
tions await to be confirmed as definitive myrmedtgsh
Staphylinidae: other subfamilies: Myrmecophily has
evolved definitively in just six of the other 2&phylinid
subfamilies (Tab. 1), and at a much reduced frequen
compared to aleocharines, pselaphines and scydneseni
A handful of instances occur in the large and prilpa
predaceous subfamilies Staphylininae and Paedesitge
ter groups with "typical" flexible rove beetle mbgdogy
that together number some 15,369 species. The meerai
are found scattered in Tachyporinae (1,553 speciten-
inae (2,804 species) and two non-predatory famileso-
riinae (2,351 species) and Oxytelinae (2,099 specgome
of these taxa are morphologically remarkable, avtemp
tially highly integrated into host colonies. Foragple,
myrmecoid army ant guests exist in both Staphydieiand
Paederinae: in the single Neotropical geBagophytesn
Staphylininae (afcitonguest), and — with somewhat less
convincing mimicry — in species of thecitonides and

morphologically similar. VM\SMANN & AACHEN (1925)
believed the paederirttaxenus horriduso be a highly
integrated mimic of the major worker of its attihest,
Acromyrmex lobicornisThe few other known myrmeco-
philous paederines are less remarkable, possegsitega-
lised morphologies like free-living relatives. Sealespe-
cies ofDacnochilus(see IMENEZ-SANCHEZ & GALIAN
2013) andAstenugqsuch as the subgenHsirysunius As-
SING 2003) are associated with ants, but their biolsgy
unknown. The behaviour dflegastilicus formicariusa
common guest dformicain the US, has been studied in
some detail, and the beetle is clearly non-integhaand
persecuted by its hostsARk 1935). Beyond these exam-
ples, myrmecophily in both Staphylininae and Paeder
is scarce, with many recorded collections of baetlem
nests (e.g., ISTNER 1982) being isolated events and most
likely not indicative of myrmecophily.

In Tachyporinae, the body plan of most of the 39 ge
nera is approximately limuloid, but surprisinglynfeaxa
have capitalised on this and transitioned to myopady.
The most notable genus\iatesusa big-bodied, fast mov-
ing, non-integrated guest of various Neotropicatyaant
genera (BEVERS 1958).Vatesugpossesses an exaggerated
limuloid morphology with a hugely expanded pronotum
that guards the modified head and appendages frank: w

Mimophitesgeneric groups of Paederinae (all memberser attacks (KSTNER 1979).0One species, thEcitornasso-

found withLabidug (see SEVERS1965). These represent
the only known myrmecoid beetles outside of Aleecha
rinae. Related t&citophytesn Staphylininae are the less
morphologically derivecKenobiugcollected withNoma-
myrmey, Proxenobiugwith Eciton) andPhileciton (with
Labidug (see GANI-POoSSE2013, 2014), but Staphylininae
contains few other myrmecophiles with obvious amato
cal modifications. East AsiaRhiletaeriussomewhat re-
semble the sheen and colour of theisius(Dendrolasiu$
hosts (MARUYAMA & al. 2000). Several groups neverthe-
less appear obligately dependent on ants, incluainar-
iety of large-bodied Neotropical genera of the sbbt
Xanthopygina known to preferentially hunt in théuse
dumps of leaf cutter ants ANARRETE-HEREDIA 2001,
CHATZIMANOLIS 2014). One possibly myrmecophagous
species in the genuw@lenus(nearbiplagiatug has been
observed enteringtta nests, killing workers which it ac-
cumulates in a pile outside of the colony (L. Gith& S.
Chatzimanolis, pers. comm.). A few morphologicagne-
ralised staphylinines are also known to associéte Neo-
tropical army ants EVERS1965), notablylermitoquedi-
us whichwalksin Ecitonemigration columns and mimics
the ants' body colouration. Isolated myrmecophilss-
cies also exist in the large and otherwise freiedi\genera
Quedius Platydracus Xantholinus andLeptacinus(see
WASMANN 1887, 1894b, NVARRETE-HEREDIA 2001, MA-
RUYAMA & al. 2013).

Similarly, in Paederinae, aside from the myrmecaid
mentioned above, few other specialised inquilimes@und.
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ciatedV. clypeatusis among the few army ant associated
myrmecophiles where the lifecycle is known in aeyadl.
Larvae of this species were identified by raisingm to
adulthood (ARE & TORGERSON1969), and are putative
brood predators, hatching during statary phasenigrate
with the host colony until metamorphosis, at whadint
they probably leave the colony to pupate in SOKRA &
TORGERSON1969). Aside fronVatesusthe small Euro-
pean generdamprinus(1l species) andamprinodes(3
species) are obligately associated with ante 1992),
while collections of the large, free-living gen&apedo-
philus TachyporusaandTachinusfrom colonies (e.g., &-
VINEN & al. 2002) are probably incidental. In Steninae,
myrmecophily is again rare: five or six of the )6€pe-
cies of Stenushave been collected with ants, with the
Europearttenus aterrimusbligately associated witfor-
micawood ants. This species was recently split intora-
plex where each species was proposed as host-specif
utilising differentFormica species (ERCHE 2009); how-
ever, these species have since been synonymisad1P
2010).

Osoriinae and Oxytelinae are groups of comparable
morphology and diet: the body plan is often heasiie-
rotised and robust, and the species in both suldanaire
saprophagous or mycophagous. Among the 113 gefera o
Osoriinae, one European species of the predonyniaed-
living genusThoracophorusT. corticinus is associated
with Lasius brunneydeeding on fungal hyphae growing
on the walls of colony galleries (JRAKOWSKI & NEW-



TON 1992). Several North Americalavilispinusare fre-
guently found witiCamponotusindFormica(see SHWARZ
1894), but their biology is unknown and these aissoc
tions may not be obligate. A small number of rareby
lected tropical genera are clearly specialised negwn
philes with heavily armoured bodies. These Syaaenic-
tus an eyelesgenictusguest from Kenya (@@Rizi 1947);
Myrmelibig collected witHridomyrmexin Australia (New-
TON 1990); andPselaphomimugnd four closely allied
genera from the Neotropical region, some of whiakieh
elaborate, sculptured heads with putative graspaighes
bearing small, trichome-like brushes{l|H 1942, BIRA-
KOWSKI & NEWTON 1992). In Oxytelinae, a number of

volvement of appeasement-type compounds, but tke ro
of these structures is uncleari$kNER 1982), and they
are not present in other ant-associated cremadtozhe
genera. In contrast to adults, larvaeGremastocheilus
develop at the nest periphery, and can be rearedpn
tivity simply on rich soil without ants, so they ynaot be
dependent on the colony itselfl#eRT & RITCHER 1975).

A counterpart to this lifecycle has recently beeparted
for another cremastocheiline, the South East AGamp-
siura nigripennis In this species, larvae have been found
to develop in elephant dung, whereas adults frefgailen
boreal nests dDecophylla smaragdinaere they probab-
ly feed on larvae and pupae, and are physicallyepted

genera were erected that were composed solely of my from rampant host attacks by morphological modiica

mecophilous species @&@MAN 1970), but most of these
were subsequently synonymised witkytelusand probab-
ly represent specialised forms of this large ge{Mis-
KRANCZY 2006). Two other genera remain valigtito-
climaxin the Neotropics &VERS1965) andlerozenian
the Afrotropics (HERMAN 2003), both of which are associ-
ated with army ants. Nothing is known about thddgjp
of any of these beetles aside from their host d&ssos,
but all have defensive morphologies with cuticulack-

tions akin to those ofremastocheilugsee KOMATSU &
al. 2014).

Scarabaeidae: AphodiinaeWithin this subfamily of
~3,200 species, a few members of the speciose amhot
logically generalised genusphodiushave been recorded
from the external debris ditta colonies (MVARRETE-
HEREDIA 2001). However, the bulk of myrmecophilous
aphodiines are concentrated within the tribe Eupiri
(~600 species), where multiple genera, some appgren

enings and tubercles. One genus in Miocene Dominica more specialised in form, have been taken in aatoai

amber possesses similar morphologydoozeniasuggest-
ing similar ecological habits (EEL & CHATZIMANOLIS
2009).

Polyphaga: Scarabaeidae

Scarabaeids (scarab beetles, including chafersransd
dung beetles) are a family of ~28,000 species irckvh
myrmecophily has arisen several times, and is most
ably manifested in the subfamilies Cetoniinae aptha
diinae. Scarabs are predominantly saprophagousp€op
phagous or phytophagous beetles, and this is tefldn
the bulk of the known myrmecophilous species utilis
colony refuse, with examples of more closely inatgd
species being far rarer. Compared to the three stain
phylinid subfamilies discussed above and histerilds,
prevalence of myrmecophily in scarabs is weaketh wi
fewer putative independent origins of this lifestyl
Scarabaeidae: CetoniinaeCetoniines (flower chafers)
are a clade of ~4,000 species in which the addlteast

with ants. The biology of one obligately myrmecdptus
eupariine Martineziana dutertre{= Myrmecaphodius ex-
cavaticollig, has been intensively studied because of the
invasive nature of its hostSplenopsis richterandS. in-
victa, in North America. The beetles are physically well
protected from their aggressive hosts, and prdberevork-
ers' cuticular hydrocarbons during attacks, resgltnh a
matching odour profile — the first documented extengf
acquired chemical mimicry (MU\DER MEER & WOJCIK
1982). Consistent with this mode of colony integrat
some myrmecophilous eupariines possess what appear
be defensive morphologies, with integumental thidkgs
and protuberances, as well as shortened tarsR(IMAMA
2010); one distinctivAtta-associated genu€artwrightia

— albeit contentiously placed in Eupariini (SEEESNICKA

2007) — possesses dense pubescence at the @bgrdatt
may constitute functional trichomes. In keepinghwiie
predominantly saprophagous or coprophagous feéwdihg
its of aphodiines (8&BNICKA 2001), most myrmecophilous

species are phytophagous and feed on flowers dr fru Eupariini inhabit colony debris piles and chambersy-
while larvae tend to be saprophagous or xylophagousally of attine leaf cutter ants {88NICKA 2007), with some

Species within several genera of the tribe Cetoiia
known to occupy ant colony debris piles as aduits /aor
larvae, although these peripheral nest associaippsar
to be mostly facultative, or do not involve sigaiit, di-
rect interactions with hosts @NISTHORPE1927, KSTNER
1982, NA\WARRETE-HEREDIA 2001, QROzC0 2012, RIKER
& al. 2014). However, in the tribe Cremastochejlotbli-
gate, socially parasitic myrmecophily is well knogisT-
NER 1982, RKER & al. 2014), and cases of termitophily
have also been reported fAMANN 1918c). The biology
of myrmecophilous cremastocheilines has been barked
out for the North Americal€remastocheilug~45 spe-
cies). Here, adults enter nests to prey on anakand
pupae (@zIER & MORTENSON1965), and are shielded
from attacks by their heavy integument, shortersadit

of these species additionally able to access thguiigar-
dens (MVARRETE-HEREDIA 2001). Such species are likely
saprophagous, but the observation Mattineziana duter-
trei feeds on th&olenopsidrood led KSTNER (1982) to
speculate that other eupariines may likewise bdagogy.
This notion seems unlikely given that myrmecoplsleu-
pariines retain the same non-biting mouthparts taedafor
"soft saprophagy” present in all non-myrmecophilomgsn-
bers of the tribe (BBNICKA 2007), and instead implies
that the predatory habits bf. dutertreiare an anomaly.
Scarabaeidae: other subfamiliesOutside of Cetoni-
inae and Aphodiinae, the subfamily Scarabaeinaieg™t
dung beetles, numbering ~5,000 species) holdsulkeo
the myrmecophilous scarabsAHFTER & MATTHEWS
1966). Published accounts of myrmecophily in thisfam-

and an expanded mentum that conceals the mouthpartdy, at least in the New World, appear mostly castad to

the beetles also secrete defensive fluidP@ERT & RIT-

CHER 1975). Small trichomes on the pronotum imply in-

their utilisation of attine colony debris, probakly a subs-
trate for brood rearing (MLFFTER & MATTHEWS 1966,
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VAZ-DE-MELLO & al. 1998, M\VARRETE-HEREDIA 2001,
PHILIPS & BELL 2008, AARCON & al. 2009, GNIER 2010).
Indeed, the observation that many scaraebaeinesman-
not be collected using pitfall traps baited withmmaal
dung has led to speculation that ant nest debrishaaa
commonly used alternative ARSEN & al. 2006). A major
departure from this ecology is seen in some Neatabp
species offanthon such a<. virensandC. dives which

with more recent observations on the Neawktaeoschizus
and NeotropicabDiscopleurus(AALBU & ANDREWS 1996,
HENDRICKS & HENDRICKS 1999) indicates that myrmeco-
philous stenosines subsist on harvested plant rahtar
nest detritus, and are not closely integrated lores. The
beetles are commonly found at the nest peripheguotr
side, and if recognised by workers, are carriedyagra
killed (KISTNER 1982,HENDRICKS & HENDRICKS 1999).

may be considered myrmecophagous: female beetles d®utside of Cossyphodini and Stenosini, myrmecophéy
capitateAtta foundresses and use them as brood balls foevolved in a handful of other pimeliine genera witthe

their larvae (HRTEL & CoLLI 1998, S VEIRA & al. 2006,
FORTI & al. 2012, @NTIL & al. 2014). In the Old World,
knowledge of scarabaeine myrmecophily is especiaily
poverished, but two genera are known that live ypitda-
tory ants. The firstHaroldius collected withDiacamma
PheidoleandPonera(see 8 VESTRI 1924, HALFFTER &
MATTHEWS 1966, RiLIPS & ScHOLTZ 2000), includes a
group of African species with what appear to belktria
chomes on the hind margin of the pronotunRgkKL &

PHILIPS 2010), implying that these species may be some-

what integrated into host colonies. The second gj&iio-

scelus has been repeatedly collected frowrylus columns
and bivouacs, unmolested by its hostgegKkL 1999), but
again, its biology is otherwise unknown. Bataroldius

tribes Adelostomini (seeCBIAWALLER 2007) and Cneme-
platiini (see MATTHEWS & al. 2010). Of these, the eyeless
North American cnemeplatiindlaudesis notable in pos-
sessing ornate pronotal trichomes, and has thes lodishe
elytra and prothorax fashioned into a possible gras
notch (B.AISDELL 1919). Myrmecophily has also been in-
ferred based on inquiline-like morphology in thehitan-
giini (the genuKuhitangiafrom Turkmenistan), but has
not been observed @HVEDEV 1962).

Tenebrionidae: other subfamilies Elsewhere in Tene-
brionidae, myrmecophilous associations have beeortes

or inferred for species in approximately a dozenega
scattered across the subfamilies Alleculinae (3egeEn
Lagriinae (2 genera), Tenebrioninae (2 generayiéticy at

andAlloscelusare compact and globular with shortened least one species belonging to the gehtilsolium) and

legs, suggesting a protective morphology(EFTER &

Diaperinae (5 generd)KISTNER 1982, MATTHEWS & al.

MATTHEWS 1966). Elsewhere in the Scarabaeidae, there ar2010). The biology of these myrmecophiles is pcadly

isolated records of ant associations for specid3yimas-
tinae, Rutelinae and Melolonthinael$KNER 1982, MAC-
KAY 1983, MVARRETE-HEREDIA 2001), some of which,
at least in the latter two subfamilies, may repnéseci-
dental collections of these beetles in or aroursdse

Polyphaga: Tenebrionidae
Tenebrionids (darkling beetles; ~20,000 species)aar

unknown, but all are presumed to be scavengerset n
debris, and a number of other tenebrionid specigs heen
recorded engaging in seemingly facultative assimziat
with colonies. For example, AVARRETE-HEREDIA (2001)
listed 17 tenebrionid species in 10 genera thatbesh
recorded in association withita and Acromyrmexmost
having been taken from the external debris pileAttd
mexicana MATTHEWS & al. (2010) accumulated multiple

predominantly saprophagous and mycetophagous familyadditional examples of otherwise free-living teriebids

broadly similar to Scarabaeidae in terms of bo#t dhd
prevalence of myrmecophily. The lifestyle has arisev-
eral times, in a few cases producing morphologicsle-
cialised taxa, but as pointed out bysKNER (1982), the
recurrence of myrmecophily in Tenebrionidae istieddy
modest given the size of the family. Scatteredhimsgs are
known from 13 of the 97 tenebrionid tribes AMHEWS
& al. 2010).

Tenebrionidae: Pimeliinae Most tenebrionid myrme-
cophiles belong to the large subfamily Pimeliinatijch
contains approximately half of all tenebrionid spsc Of
the 39 pimeliine tribes, two are comprised mostlyex-
clusively of myrmecophiles. The Cossyphodini assreall,
primarily Old World tribe with one Neotropical gesiarhe
beetles possess a protective, flattened, disc-shiapay
with wide expansions of the head, pronotum andr&|yt
and are probably non-integrated scavengers onghesd
in and around nests {BINER 1980, SHAWALLER & al.
2011). One genu$;ossyphoditeshas what appear to be
trichomes at the abdominal tip, implying a potdlstimore
intimate relationship with hosts BUNs 1901). Members
of the second predominantly myrmecophilous triken&-
sini, are also defensively modified with thick, coact
antennae and cuticular protuberances of the headoto
tect the eyes and mouthparts. Some species amen@th
genera have reduced or absent eyes. The biologyeof
Palearctidichillus was reviewed by ISTNER (1982), and
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recovered from colonies of various ant speciespwdh
sumably exploiting nest refuse or harvested foosbime
way.

Polyphaga: other families

Although the list of families containing myrmecolglsi is
relatively long (Tab. 1), the reality is that myrcophily
in the majority of beetle families where it occigsnani-
fested as an isolated evolutionary event, or a Iscoi
lection of infrequent events; nowhere is it expees® the
dramatic extents seen in the major inquilinous gsodis-
cussed above. Instead, the rest of the Coleotditeered
with a plethora of less speciose, or less myrmeitpph
prone, clades or isolated genera (all within thiytaga).
While it is impossible to cover these myriad minaxa
here, Table 1 lists some relevant literature fauoences
of myrmecophily in these other families, and thader
is also encouraged to consuliskKNER (1982), as well as
regional treatments for beetles or inquilines siieally
for Australia (LEA 1910, 1912, BWRENCE & LIPI SKI
2013), Japan (MRUYAMA & al. 2013), North America
(ARNETT & THOMAS 2000, ARNETT & al. 2002) and the
United Kingdom (®NISTHORPEL1927). The three Coleo-
ptera volumes of the Handbook of Zoology seriesatse

valuable, including summaries of the known biolagall

beetle families (BUTEL & LESCHEN2005, LESCHEN& al.
2010, LESCHEN& BEUTEL 2014).



To briefly summarise, many of the most familiar bee
tle families contain at least one surprising liredgat in-
habits ant colonies. The nature of colony explmitaby
these groups varies significantly, with speciegiragfrom
scavengers and refuse dwellers, to tolerated dnyhig-
tegrated guests. In most cases, clear parallelbeanawn
with the myrmecophilous lifestyles seen in the maje
quilinous groups discussed above, even down taifumc
ally equivalent and seemingly convergent morphaalgi
adaptations. For example, a select few speciesrardy
among the most advanced myrmecophiles, with anatdmi
modifications akin to those of paussines and clawigs
that mediate social interaction with hosts. In Bidse
(straight-snouted weevils), members of one tritrento-
xenini, are obligate and highly specialised myrnmties
with gland-associated cuticular notches bearirananmes,
along with flattened or compact antennae (Fig. 29).
least some species are highly socially integraeedag-
ing in trophallaxis with their hosts EMASNE & TOROS

deed their relationship with ants is real, awaittfer study.
Despite these nebulous cases, what is abundarty id
that a good proportion of beetle families haveoates stage
in their evolution transitioned definitively to myeco-
phily. Exceptional recent discoveries, suctHavroloma
myrmecophila(Fig. 2Q), the first myrmecophilous mem-
ber of Buprestidae (jewel beetles)i(B & al. 2008), sug-
gest that even at the family level, the list of mgco-
philous beetle taxa may continue expanding for stime.

Kkkkkk

Evolutionary patterns in beetle myrmecophily

Evident from the above review is that an extenbivey of
literature exists on beetle myrmecophily. Althougtowl-
edge of the life histories and evolution of mosdps is
clearly still patchy at best, distilling the abosemmary
nevertheless reveals two major and very clear eemérg
trends, which capture the evolution of myrmecopliily

SIAN 1965). Analogous characters indicating advanced sobeetles and require explanation:

cial integration are also seen in ant-associateémgethat
are morphological and ecological outliers in tHamilies:
genera scattered among Anobiidae (subfamily Pt&jina
Fig. 2P), Salpingidae (subfamily Dacoderinae) armd-D
mestidae Thorictug. Agraeus a genus of Elateridae (click
beetles), bears the same morphological hallmarksyof
mecophily (Fig. 2R), but has never been collectgd ants
(P.J. Johnson, pers. comm.).

Other myrmecophilous taxa are specialised for golon
life through defensive modifications that are agales of
the limuloid body form. Within Hydrophilidae (watsca-
venger beetles), two recently described myrmecophil
genera from South East Asfahimaerocyor(Fig. 20) and

Pattern 1: phylogenetic skewAs was the case with
myrmecophily's distribution across the Hexapoda.(E),
it is evident that evolutionary origins of this waf life
in the Coleoptera are strongly biased to a smatibar of
higher taxa. It is only within the Staphylinidagstéridae
and (to a lesser extent) Scarabaeidae and Tenataeon
that myrmecophily has repeatedly evolved to a netaek-
tent, each group having yielded numerous phylodzaiigt
independent origins of the lifestyle (origins idifiet as
myrmecophilous subfamilies, tribes or genera enmgrgi
from otherwise non-myrmecophilous higher taxa, gr-m
mecophilous species descending from largely fréadi
genera). Furthermore, within Staphylinidae, myrnpdie

Sphaerocetunpossess a smooth integument and a proteceus lineages are mostly within the subfamilies Ale

tive, quasi-limuloid body form, along with shortentrsi
which likely protect against ant aggressionk@f- EK &
al. 2013, KA EK & al. 2015). Functionally equivalent
limuloid forms are also seen in Cephaloplectinasula:
family of Ptilidae (featherwing beetles), where thinis-
cule body size permits phoresis on host ants, aseicu-
ticles the beetles grazeAf®k 1933a, WLSON & al. 1954).
Within the leiodid genuPtomaphaguslimuloid morphol-
ogy appears once more in the subgefcisinocoleusa
guest ofPogonomyrmexolonies in the US with a wid-
ened "turtle-like" body and expanded pronoturaci
1976, FECK & GNASPINI 1997). In still other cases where
the biology is known, species appear more ecolthgitean
morphologically specialised on colonies, often hguittle
interaction with the ants themselves. Chrysomelidza
beetles) of the tribe Clytrini are phytophagousadalts,
but some species have myrmecophilous larvae tluaisen
themselves in soil and excrement, and scavengeslorisd
inside colonies, unmolested by workersofDSTHORPE
1902, ERBER 1988, &LMAN 1988).

In addition to these clear-cut cases of myrmecgphil

rinae and Pselaphinae alone; they are also relativen-
erous in Scydmaeninae but these associations appear
ally weaker or facultative, while the other 29 rdaextle
subfamilies contain few or no cases of myrmecophily
Outside of these four main families, myrmecophdlyar
more thinly spread across the Coleoptera, evolaingest
sporadically in some beetle families, and in mastifies
not evolving at all (to our present knowledge).

This phylogenetic skew is depicted in Figure 3, ighe
the species richness of each higher taxon of Ctéeajis
shown, and labelled according to the approximatalras
of independent origins of myrmecophily it contaif®-
portantly, unlike the case of the Hexapoda (FigtHere is
a much weaker influence of taxon size on the Ii@iid
of myrmecophily evolving. To demonstrate, consittert
aleocharines, pselaphines and histerids contayn-drad,000,
~10,000 and ~4,000 species respectively, but eemlipg
includes dozens of phylogenetically independentmeyr
cophilous lineages (likely exceeding 100). In gigrcon-
trast, several other higher taxa dwarf these tgreeps,
but contain barely any myrmecophiles whatsoevethWi

an unknown but no doubt very large number of beetlethe ~63,000 species of the superfamily Chrysomehid

species have been recorded from colonies wheresthe
son for nest occupancy is mysterious. Many suchispe
have been recorded just once or on a limited numbec-
casions (Tab. VII in K§STNER 1982 lists a large number of
beetle families that have unverified or ambiguossoai-
ations with social insect colonies, including tho$ants).
What the ecologies of these species are, or whéther

there are perhaps only two or three lineages #fatitive-

ly associate with ants (members of Clytrini, sormgp@-
cephalini and Eumolpinae, all of which are foundhivi

the 35,000 species of Chrysomelidae, while no mgone
philes are known among the ~20,000 species of Geram
bycidae, although some are myrmecomorphic). Ambag t
~62,000 species of the superfamily Curculionoidedy
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Fig. 3: Prevalence of myrmecophily among higheatakColeoptera. A log plot of described speciebnéss of beetle
suborders arranged taxonomically from left to righith Polyphaga divided into constituent seridg two biggest
series, Staphyliniformia and Cucujiformia, are tsiplio superfamilies, with Staphylinoidea furthefisinto Aleocharinae,
Pselaphinae, and remaining Staphylinoidea. Bars@oeired according to the estimated number ofpeddent evolu-
tionary transitions within the group from a freeitig to a myrmecophilous state (both obligate aamllftative). White
bars: no definitive examples of myrmecophily; liginey bars: fewer than 15 putative independentrmjglark grey bars:
15 - 40 putative independent origins; black barsrerthan 40 putative independent origins. The nuroberigins of

myrmecophily for each order is an approximationdshen the literature surveyed for this article amdattempt to
gauge the relatedness of the different myrmecopsitaxa within each higher taxon. Examples of mypopbagy were

excluded, following the definition in Box 1.

the eremoxine brentids (Fig. 2S) and five or soegarmf
Curculionidae with mysterious biologies are myrngib
ous (and some of these only putatively so). Inwhele
suborder Adephaga (~46,000 species), there are aghi
a tiny number of instances: Paussini+Protopaugaisin-
gle origin), Pseudomorphini + Graphipterini (prolyadlso
a single origin) and scarce other genera have edadio
exploit colonies, and only in the Paussini hasréhation-

ship progressed to the advanced phenotypic degese s

repeatedly in histerids, aleocharines and pselaphirike-
wise, only a few definitive evolutionary origins wfyrme-
cophily have been discovered among the 43,000epeti
Elateriformia (only one species among the 15,00&isg

dent origins of myrmecophily are found in the ~506%6
the family comprised of the three subfamilies Aleaid-
nae, Pselaphinae and Scydmaeninae.

If these three staphylinid subfamilies were to gani
along with histerids, scarabs and tenebrionidsyaald
be left a Coleoptera with a much diminished backgc
frequency of myrmecophily evolution — a frequenti s
probably higher than the other Hexapod orders,niofit
excessively so. The skew becomes even more acwee if
consider the narrower definition of myrmecophilssgert-
ly socially parasitic organisms, and exclude thgsecies
that utilise nest refuse or have equivalently geripl as-
sociations with colonies. Such a definition remaesbulk

of Buprestidae, one or possibly two genera amomeg th of ant-associated scarabaeids and tenebrionids;oily

10,000 species of Elateridae, once or twice inr~th200

in the cremastocheiline scarabs anartineziana(Apho-

species of Lampyridae and an unconfirmed example fodiinae) that brood-targeting social parasitism Ibesn de-

larval Chelonariidae). In the ~34,000 species afebei-
onoidea, the vast majority of myrmecophiles exisbag
the 20,000 or so Tenebrionidae, with a tiny remaiirat-
curring among the remaining 27 families (limitedAn-
thicidae, Salpingidae and Zopheridae). FinallyhimitSta-
phylinidae, | estimate that well over 90% of thdepen-
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monstrated unambiguously (although it may be suspec
in some other genera).

It is essential to add here that this extreme Skavot
an artefact of clade age; no beetle group has Hé&mha
ger time to evolve" myrmecophily relative to otheem-
pared to the beetle higher taxa in Figure 3, argsaae-



latively young group evolutionarily. Inferences fiche
ant fossil record, combined with molecular datistineates,
suggest that ants evolved not long before the metec
ceous, which is the age of the earliest-known dafenant

in the scydmaenines, where the repeated tendeecysse
to be to engage in associations with ants thafarel-
tative or devoid of overt morphological specialisas.
And it is most striking in the groups that haveureently
fossils (QRIMALDI & AGOSTI 2000, WLSON & HOLLDOB- evolved highly socially integrated biologies, thetclear-
LER 2005, BRADY & al. 2006, laPoLLA & DLUSsSKY 2013,  est examples being myrmecophiles belonging to Aleo-
MOREAU & BELL 2013). Moreover, fossil abundance data charinae and Pselaphinae. In Aleocharinae, partadil

argue that it was not until much later, during galy
Cenozoic and Eocene in particular, that ants stdacelo-
minate ecologically (BMALDI & AGOSTI2000, WLSON &
HOLLDOBLER 2005, LAPOLLA & DLUSSKY 2013, BARDEN

evolution is seen in the evolution of new glandsimi-
lar positions on the abdomen in different myrmedopis
taxa; it is seen in derived modifications in terg&nd
chemistry (even though the chemicals themselvesdifiay

& GRIMALDI 2014). All of the beetle taxa in Figure 3 are fer, the general strategy of reprogramming the dsigyn
either as old as, or older than, the Early to midt&eous of the tergal gland is the same); and it is seaseanore
age of ants (BIMALDI & ENGEL 2005, HUNT & al. 2007,  in army ant associated species in the recurrefiugon
MCKENNA & al. 2015). And all of them strongly predate of the dramatic myrmecoid body plan. In Pselaphinae
the Cenozoic — a time when opportunities for evadvi  parallel evolution is witnessed in the evolutiortrathomes
myrmecophily may have been enhanced by ants' dcalog in the same body region — down to the exact abdalmin

ascendancy. The conclusion must be that the stiag
in the frequency of evolving myrmecophily to jussmaall

segment — in multiple lineages, as well as the atolu of
the mouthparts into structures for trophallaxigemding

number of taxa stems from these groups possesitiry e on immobile food items.

unique novel traits, or unigue combinations oftganot
seen elsewhere.

Pattern 2: parallel trait evolution. Across the diver-

sity of myrmecophilous Coleoptera, the same kirfdsue
tative adaptations, detailed in Box 2, seem to laisen
repeatedly. For example, numerous phylogenetiaifly
persed lineages of weakly- or non-integrated tdans
analogous defensive morphologies: a convex, lindudwi

broadly explanate body shape, with shortened aFugd

that may be withdrawn into or under the body. Likeay
in species scattered across disparate familieshiag
evolved much more intimate relationships with rarsis,
seemingly equivalent traits are again seen: glavitls

associated trichomes and grasping notches areriegur

structures among these species, often combinedwaitith-
part modifications reflecting shifts in feedingattrgies.
Regardless of their degree of social integratioprme-

cophiles in general tend to exhibit thickening aodsoli-
dation of the appendages: compaction or fusiomtdra
nomeres and legs with broad, flattened femora donalet
and shortened tarsi, presumably to withstand bdirigand-
ling by ant mandibles. Evidently, different beddza have
been subjected to a common set of selection pressw
side host colonies and responded in similar waylsnie

nating in morphologically and, presumably, functty

convergent traits.

The repeated evolution of similar traits suggelsé t
within these groups, natural selection has takeala
tively conserved morphological and ecological "grdu
plan" and fashioned it along paths of least rasigtasev-
eral times over. In Scarabaeidae, Scydmaeninad ame-
brionidae, evolution appears to be constrainedy shiat
phenotypic change is predominantly behavioural ecad
logical, with morphological changes being uncomnidre
opposite is true in Aleocharinae and Pselaphinaesed
clades are not simply predisposed to evolve myripieieo
ly, but to evolve it in its most advanced, sociglhrasitic
manifestation through a routine set of anatomiocadlifi
cations, the ground plan acting as a constrairéngptate
for developmental remodelling. It has been argbedtl the
term "parallel evolution" should be abandoned, siric
implies parallel changes at the genomic level, wiene-
ality, convergent phenotypes are commonly produmed
mutations in different loci irrespective of theateldness of
the lineages in question RENDT & REzNICK 2008). How-
ever, the term "parallel trait evolution" has sartear utility
to describe the trend seen in these clades of noypid-
ous beetles. Because the ancestral, free-livingdanisled,
myrmecophilous phenotypes correspond so similargach
independent case, it seems reasonable to infelirtbages
have been shaped by similar selective forces, aatdhe
phenotypic level at least — followed parallel evimoary

What is even more notable, however, is the paralleltrajectories. Parallel trait evolution is thus afusdescrip-
evolutionarytrendseenwithin clades that have repeated- tion for this phenomenon, even if the underlyingayic
ly spawned myrmecophilous taxa. In these groups; a changes are not necessarily the same each time.

curring evolutionary scenario has played out: frafinee-

living ancestral phylogenetic stock, multiple ligea have

emerged that have followed a very similar evolugign
trajectory during the shift to myrmecophily, resudf in
their independent acquisition of analogous lifestyand
phenotypic traits — "ecomorphs” in the sense aflW

Explaining the patterns: preadaptations

The hypothesis advanced here is that both trensksredd
in myrmecophilous Coleoptera — phylogenetic biad an
parallel trait evolution — stem from preadaptations
present in certain taxa and not others. The cormiefbte

AMS (1972). The outcome is an evolutionary tendency fo preadaptation, a trait that evolves in one envireninut

these families or subfamilies to engage in a pdaianode
of ecological relationship with ants, and exhitéttain
morphological specialisations (or in some cladesala
lusive lack of such specialisations). This pardilehd is
manifested ecologically in the prevailing mode ofony
utilisation in scarabaeids and tenebrionids, wineuoétiple
lineages have converged to utilise nest debriis. $een

serendipitously confers adaptive value in a noweiren-

ment, was employed earlier to explain the prepcatsy
of myrmecophiles in Coleoptera relative to othexdie
pod orders. Here, | develop this idea further atwhtify

two different types of preadaptation — primary aedon-
dary — each relevant specifically to one of the tvemds
discussed above.
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Primary preadaptations are invoked to explain why
some beetle taxa evolve myrmecophily repeatediyntae
frequently than other groups. Primary preadaptatine
defined as plesiomorphic traits that all specieamfin-
cestrally free-living higher taxon possess, whittréase
the likelihood of those species encountering ailizing
colony resources, at least at some facultativel Jara
hence engaging in myrmecophilous associations avits.
As | argue in detail below, the most important pm
preadaptations for myrmecophily in beetles areatiees-
tral diet and habitat type of a clade, the extdntsode-
fensive morphology, and its typical body size rarig§ee-
adapted" in this case means possession of a Suitaite
that collectively promote the facultative explora-
tion and utilisation of ant colonies — presum-
ably a common initial step towards evolving obleyatyr-
mecophily. The preadapted state may usually bettoate
confers sufficient behavioural or ecological pleiyi to
permit facultative colony exploration. Alternatiyelthe
preadapted state may correspond to a genetic tdimsti
that readily gives rise to colony exploration faliag mi-
nimal additional genetic change.

Secondary preadaptationsare plesiomorphic pheno-
typic or genetic features that all members of @elpos-
sess that predispose those species to evolveancemde
of ecological specialisation, as the myrmecophileala-
tionship, once established, advances evolutiondriys-

specific taxonomic groups, whereas secon-
dary preadaptations bias subsequent pheno-
typic evolution to specific organismal traits.
The combined macroevolutionary outcome of primang a
secondary preadaptations is to skew the phylogedisti-
bution of myrmecophily to a few beetle clades (@attl),

in which the same traits — most obviously morphudaly
ones, but potentially behavioural and biochemicait$
also — are subject to evolutionary modificatiorinde-
pendent myrmecophilous lineages, leading to partadle
evolution (Pattern 2). It should be noted thatalth pri-
mary and secondary preadaptations have been dedkelop
here specifically for characterising the evolut@nmyrme-
cophily, these twin concepts are more broadly applee.
During the evolution of any novel life history, prary
and secondary preadaptations may conceivably loédveny

— the first effecting an initial shift in ecologthe second
raising the likelihood that the shift will be folieed by
specialisation, and turn into an obligate aspect spe-
cies' biology.

Below, | present a synthesis to explain how pretdap
tions have shaped the evolution of myrmecophilyaatles.
With the caveat that much of the biology and evolut
of myrmecophiles remains poorly understood, theothyg
sis advanced here is that, together, primary acdnskary
preadaptations have profoundly influenced beetlemmay
cophily, fostering the evolution of this lifestyile certain

cuss below how much of the remarkable morphologicalhigher taxa, and biasing the trajectory of adapsivelu-

innovation seen in myrmecophiles appears not tobied
in the de novo evolution of bona fide "phenotypayel-
ties"; instead, many key functional traits likehpae via
the re-fashioning of structures already presefiteie-liv-
ing ancestors, or the spatial redeployment of fistiex
developmental genetic cassettes during ontogengsdh
antecedent features are secondary preadaptatioesisa-
ing tier of attributes that come into play durirg tsub-
sequent phase of evolutionary adaptation, chamgglli
phenotypic change in certain directions. In spewgiksre

tion to specific avenues of phenotypic change. dapta-
tions have provided the foundations for much of dire
versity seen among beetle myrmecophiles. | propiueste
by focusing on the development, evolution and fiomet
roles of these characters — both in myrmecophitesia
their free-living relatives — much can be learnbdut the
evolution and biological mechanisms of myrmecophily

Primary preadaptations: promoting colony exploitation
In essence, accounting for the biased phylogedéttd-

myrmecophily has newly evolved — most often throughbution of myrmecophily in beetles comes down to ex-

the predisposing action of primary preadaptatiosscen-
dary preadaptations become relevant, acting toreeha
the likelihood that ecological specialisation tdocies will
occur, but simultaneously biasing phenotypic evoiuto
a limited number of routes. Secondary preadaptat@oa
invoked to explain why some clades that repeatedyve
myrmecophily spawn taxa that undergo parallel gad-
lution. Taxa such as aleocharines and pselaphixt@bie

some of the most advanced manifestations of myrmeco

phily, but the overtly similar changes in morphofazb-
served repeatedly across lineages within thesggrionply
that during evolutionary specialisation, explorataf the
potential morphological and ecological "phenotypace"
has been constrained to certain avenues. Preadaytad
second case means phenotypically (and thus gelgtica
"poised"” to evolve certain kinds of new, functiochhr-
acters that confer a selective advantage in théegoof
myrmecophily, through the modification or multigiton
of preexisting traits. Unlike primary preadaptasothe
exact structures that correspond to secondary ppad
tions may be much more taxon-specific, varying etbg-
clade.

In short, primary preadaptations bias myr-
mecophily to evolving most frequently in
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plaining why this lifestyle evolves with great fregpcy in
six "myrmecophily-prone" clades, and with far |déss
quency in all other beetle taxa. The myrmecophilyre
clades are the rove beetle subfamilies AleochariRsela-
phinae and Scydmaeninae (hereafter "APS staphg/linid
and the families Histeridae, Scarabaeidae and Tieméb
dae (the latter two families having a reduced plenee
of myrmecophily compared to the four former groups)

Why the pervasiveness of myrmecophily in these?axa
DONISTHORPE(1909) considered the evolutionary steps
leading to myrmecophily, and theorised:

"Of course the ancestral form of any species df/tru
Myrmecophilous Coleoptera is lost, and unknown ag-d
but it appears to me that by studying the habitthose
species which are occasionally and not always fouttal
ants, but more generally elsewhere, we may leannthe
ancestral forms of regularly myrmecophilous bedfilss
acquired their present habit of life."

In species that "are occasionally and not alwaysdo
with ants", Donisthorpe was referring to facultatiwmyr-
mecophiles. He went on to discuss a number of ®riti
beetles that commonly frequent nests, but whiclatse
routinely collected away from them. Most of the cps
that Donisthorpe mentioned belong to the six mymrec



phily-prone clades; presumably, these species, hwiie
predominantly free-living but nevertheless havedhpa-
city to enter and exploit ant colonies, embodyitiigal

stage in the evolution of myrmecophily in the greup
which they belong.

Here, | build on this notion that myrmecophily most
frequently evolves from an initial facultative asidion
with ants, and propose that the likelihood of &4liging
beetle lineage transitioning to myrmecophily réatgely
on three primary preadaptations that encouragéathg-
tative exploitation of colonies. | suggest thatsth@rimary
preadaptations function synergistically, such thdieetle
clades where the majority of species possess ttem,
probability of evolving myrmecophily is substaniya¢n-
hanced. | argue that the aforementioned myrmecpphil
prone clades are the only beetle groups that galsbf
these preadaptive criteria. The groundplans oftlgesups
mean that negligible phenotypic evolution is regdifor
the beetles to adjust to a life spent, partiallgt apportu-
nistically, in colonies — the primary step to evoly obli-
gate myrmecophily.

1. Diet and microhabitat. Diet is a strong determi-
nant of the habitats in which species can live, aitth
the exception of Scarabaeidae and Tenebrionlzet]e
higher taxa that have repeatedly evolved myrmedgphi
with greatest frequency are predatory. The APShstap
linid clades and Histeridae are all groups in whiké
vast majority of species are believed to feed prilpnan
other invertebrates. That such groups would readily-
sition to myrmecophily makes intuitive sense gilmth
the food available inside ant colonies and the ohigbitats
that free-living members of these predaceous bgstigps
tend to occupy. Species in these four groups aiedly
free roaming hunters living in the same substratesil,
litter, under bark or decaying wood — in which atusn-
monly form colonies. The likelihood of encounterimgsts
is therefore very high, and these beetles are leinalily
driven, morphologically equipped and physiologigalt-
apted to feed on and digest many of the living ueses
present inside — the brood, other microarthropods sis
mites and collembolans, or the workers themsel@as.
these intertwined, diet-related fronts, then, tHese clades
of predatory beetles are predisposed to profit ffacalta-
tive nest exploitation, and thus preadapted formago-
phily.

In stark comparison, examples of myrmecophiloua tax
emerging from predominantly phytophagous cladesgre
ceptionally rare, especially given the huge speditmess
of phytophagous beetles. The superfamilies Chrytmme
idea and Curculionoidea, collectively the "Phytogdia—
a giant, plant-feeding clade that accounts for atracthird
of the entire Coleoptera — contain only two unambigsly
myrmecophilous higher taxa (eremoxinine brentids ey
trine chrysomelids) and fewer than ten other getieait
have been recorded with antSI(WET & PETITPIERRE1981,
KISTNER 1982, $LMAN 1988, BERPRIELER& al. 2014),
the status of most of these as genuine myrmecaptele
maining unconfirmed. Myrmecophily in Buprestidaes t
largest phytophagous family outside of the Phytgphés
likewise rare, with just a single known specief {B&
al. 2008). Unlike the four predatory groups, phytag-
ous species tend to reside on or inside their ftzodp.
Their contact with ants is limited to foraging mpthobiont-

tending workers; aside from species that feed ommego-
phytes or co-occur with arboreal ants (against wiihey
may be well adapted to defend themselvesm8N 1988),
encountering colonies is unlikely. Moreover, redmsd of
whether they are generalist herbivores or speeidltn
certain plants, phytophagous beetles are morphratygi
equipped to chew, and physiologically adapted ¢rest,
plant material. There is little of appropriate nghment
inside colonies, and no impetus to explore them.

For predatory beetle groups, the evolutionary ghift
myrmecophily does not demand radical changes inodie
habitat, whereas the same cannot be said for phatpp
ous groups. Taxa that are saprophagous or mycopbago
most notably the scarabs and tenebrionids, butexido-
mychids, cryptophagids, osoriine and oxyteline lsgéipids
and various scavenger groups such as ptinine atmbii
and leiodids, collectively show a somewhat higimeid-
ence of myrmecophily compared to phytophagous group
This is again likely explained in part by the laska
major dietary or habitat shift in myrmecophiloussies
compared to their free-living ancestors. Similaritydiet
has been implicated previously in the evolutiorsotial
insect inquilinism in mycophagous Cryptophagidakere
the decaying nest debris and refuse piles usedybbmea:
cophilous species are little different from the iketb used
by free-living relatives (ESCHEN1999). Observed fungal
grazing by the myrmecophilous osoriiboracophorus
corticinus(see BIRAKOWSKI & NEWTON 1992) and nest
debris found in gut contents of cossyphodine teasiats
(STEINER 1980) both support the notion that ant colonies
can have resources suitable for at least some rhggopis
and saprophagous groups. Like the four myrmecophily
prone predatory taxa, the majority of saprophagmd
mycophagous beetles also live in litter, subcdrtiiro-
habitats or various decaying substrates harboaringoun-
dance of ant nests, increasing the likelihood oftiffative
colony exploration. The frequency of myrmecophiiysa-
prophagous and mycophagous groups is neverthelegds m
lower compared to the four predatory groups meetion
This difference may reflect the fact that, for thest part,
the galleries of ant colonies do not house suctceon
trated bounties of resources for these specidsemay
that they do for predatory beetles. Colony refutesmare
the exception, and it is no surprise that many sapag-
ous groups have capitalised on this rich resouruest
successfully the scarabaeids. Most scarab myrméesph
utilise nest refuse as a substrate for ovipositiuch like
the substrates used by their non-myrmecophiloagivek.
Indeed, volatile cues from the decaying organidenaitut-
put by colonies may even overlap chemically witlourd
emanating from decomposing plant material, cardaond
dung, acting as an olfactory attractant for adultsearch
of oviposition sites. Hence, the recurring evolatiof
colony exploitation in scarabs again seems to tiétéded
by diet.

Importantly, what all of these examples show i$ tha
plesiomorphic diet of a clade not only governs phe-
bability of lineages transitioning to myrmecophibhyt ad-
ditionally, that ancestral feeding habits also sty dic-
tate the prevailing mode of colony utilisation amdhese
taxa. Inasmuch as the ancestral trophic ecolodi¢seo
groups to which they belong are, to a large exteain-
tained, myrmecophilous beetles exhibit a degre'ploflo-
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genetic niche conservatism"¢s0s2008), despite con-
verting to life in ant colonies. Especially duritige early
phase of the evolution of myrmecophily, these iitbdr
diets and modes of feeding likely govern how beeithe
teract with colonies and the kinds of resourcey #eek
out. This initial mode of interaction may have imgamt
ramifications for subsequent evolutionary stepgjeter-
mining if and how taxa specialise on colonies. T
jority of morphologically specialised or sociallptégrated
myrmecophiles descend from predatory groups — beoc
rines, pselaphines and histerids in particularrédatory
diet is often reflected in targeting of the broedich
demands that beetles enter the more heavily polasd
tral nest areas. It is this exposure to novel pressthat
has selected for elaborate defensive or host-deeqpite-
notype modifications seen in many myrmecophilesnfro
these groups. Moreover, successful targeting addgal-
leries has itself opened up new frontiers of ecicklgpp-
portunity, leading to the most intimate manifestas of
myrmecophily involving behavioural manipulation and
trophallactic exchange. Such routes of speciatigatire
much less likely to be embarked upon by non-pragato
taxa, which have no historically, genetically entileed
urge to target the brood or other protein-rich fsodrces
inside nests. In this way, predation is not simply diet
most predisposing to the evolution of myrmecophilyt
the most conducive to myrmecophily's progressiom &m
intimate, socially parasitic symbiosis.

The relationship between a clade's plesiomorphat di
and its predilection to evolving myrmecophily istrsm
simple, however. If predaceous habits are a predisg
factor to myrmecophily in APS staphylinids and ldist
dae, then why do the several remaining groupsroége
trial predatory beetles contain comparatively fevgios
of myrmecophily? The most notable counterexampibeas
hugely speciose and largely predatory Carabiddama
ily in which myrmecophilous lineages are notablgrse.

datory beetle taxa, however, the low prevalencef-
mecophily stems additionally from the fact thattdied
habitat type alone are insufficient to predispasedges
to myrmecophily; all of these taxa lack one or made
ditional primary preadaptations, discussed belohictv
APS staphylinids and histerids possess.

2. Defensive morphologyThe evolutionary transition
to myrmecophily presumably begins most frequentiy w
facultative nest exploration by free-living speciBgetle
higher taxa that have recurrently evolved myrmedgph
exhibit clade-wide morphological attributes thatnyr-
mecophilous species, have been co-opted to funation
withstanding or evading worker aggression. Suclemtef
sive structures appear to be ancestral within toksies:
They, or close progenitors of them, are presetitérma-
jority of species, including free-living ones, asal their
evolutionary origin must predate myrmecophily. Moer,
their ancestral function may not necessarily haaenhin
defence. Hence, the second primary preadaptatiomyof
mecophily-prone beetle clades is their plesiomarplois-
session of morphologies that predispose them taivaur
better inside colonies than the majority of otheetbe
groups. These preadaptive defensive traits caddrgit
fied by observing how free-living or non-speciatigacul-
tatively myrmecophilous species cope when encoungter
ants. One of the clearest examples of a defengiee p
adaptation for myrmecophily occurs in aleocharineshe
form of the tergal glandrusilla canaliculata(= Astilbus
canaliculatu3, a largely free-living aleocharine that sca-
venges on dead ants, serves to demonstrate thg afil
this gland in promoting myrmecophily. This speqges-
bably embodies an incipient stage in the evolutibmyr-
mecophily in Lomechusini, a speciose tribe with tiple
inquilinous lineagedDrusilla's tergal gland contains the
same, primitive, quinone-based chemistry commahéo
majority of aleocharines @ND & al. 1973, SEIDLE &
DETTNER 1993). When attacked hyasiusworkers,Dru-

The dearth of myrmecophiles among the 15,369 speciesilla twists its abdomen, aiming the gland at the antk a

of Staphylininae and Paederinae, two big predasster
subfamilies of Staphylinidae, is almost as curiodB.
three of these diverse taxa inhabit soil and littecro-
habitats, and would thus be expected to coexiantrrich
habitats, further enhancing their likelihood ofcuently
evolving myrmecophily. Several other beetle farsilegge
composed at least in large part of predatory speaiel
are of sufficient size to gauge the relative incick of
myrmecophily: Coccinellidae (ladybirds; 5,000 sgsgj
Lampyridae (fireflies; 2,200 species), Cleridaeegnlered
beetles: 3,600 species) and Melyridae (soft-wirftgaer
beetles; 6,000 species). All contain few or no know
myrmecophiles. Adults of the latter two familiesdeto
be arboreal or visit flowers, so their ecologies/regempt
them from commonly encountering colonies. In castira
coccinellids, by way of their specialised predatiwnaphids
and scale insects, routinely interact with ants hade
evolved various defensive strategies to deal wihho-
biont-tending workers (MNTAUX & al. 2012). Myrme-
cophily (as defined in Box 1) is, however, rarecatci-
nelids, but not unknown (RVEL & al. 2004, \ANTAUX
& al. 2010). The family is thus a predatory grougphview
myrmecophiles, but which nevertheless supportgéme
eral rule that a clade's plesiomorphic diet comssrshe
nature of the beetle-ant relationship. For alllefse pre-
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smearing its contents over thenfDSTHORPE1909, RS-
TEELS 1968a). This action repels the ants, enabling the
beetle to escape, and is a typical aleocharinesiefestra-
tegy when encountering any aggressor — formiciotloer-
wise (Fig. 4A shows the lomechusiRella targeting its
abdomen at its host).

The tergal gland thus facilitates the initial evmnary
step towards myrmecophily by equipping aleochariikes
Drusilla with a targetable chemical deterrent. The gland
likely contributes to why many other morphologigaien-
eralised members of large, abundant and predontynant
free-living tribes, such as Athetini, can commobéycol-
lected from various ant coloniesIKNER 1982). Indeed,
all aleocharine tribes that include myrmecophiltassa
primitively possess the tergal gland, while, tajlin the
gland is absent from the basal tribes Gymnusini Reith-
opsini (see $EIDLE & DETTNER 1993), two groups that
lack any myrmecophilous species. The tergal glare-i
tained in perhaps all non-integrated obligate myroae
philes, with at least some of these species madglgtand
compounds to optimise the chemistry for their respe
host species (ISTNER & BLuM 1971, SOEFFLER & al.
2007, SOEFFLER & al. 2011, SOEFFLER & al. 2013).
Some highly socially integrated taxa, such.amechusa
also retain the gland, presumably as a "backuphaec



Fig. 4: Abdominal exocrine glands in Aleocharinae ¢heir suspected involvement in myrmecophily. R&)la smearing
its defensive tergal gland secretion oDendrolasiusworker. (B) AMyrmicakotokuiworker licking the appeasement
gland at the tip oLomechusainuatds abdomen (Clormica lemaniworker licking the trichome-bearing adoption
glands ofLomechusa sinuatdD) Dissected tergal gland of the free-living gpe Dalotia coriaria (Athetini) showing
the large reservoir containing yellow-coloured gumes dissolved in undecane solvent. (E) Confocgégtion ofDalotia's
tergal gland with nuclei labelled in green and fghdin-stained muscle in blue. Ectodermal D2 glaetls surround the
reservoir, which is a chitinous sac formed fronuticular invagination. Photo credits for A - C: Shimada / Antroom.

nism in rare cases of detection by hosts, or fderze
during host colony switches or nest migration®(H

DOBLER & al. 1981). However, the gland has undergone ahosts. When attacked, the shortened abdomen and com

secondary loss, or extreme reduction, in some athkr
gate and socially integrated groups, such as tharble
pical myrmecoid tribes Ecitocharini and Mimecit{see
KISTNER & JACOBSON 1990, ACOBSON & KISTNER 1991),
and the Pygostenini (seeiSWER & KISTNER 1977), a
speciose Old World tribe associated widbrylus and

Aenictusarmy ants. Many highly specialised termitophil-

ous taxa have similarly reduced the size of, ot, lt®e
tergal gland (BRSTEELS 1968a, 1969, ISTNER 1982). The
conclusion must be that although this structuralgaes
the initial transition to myrmecophily, subsequewnblu-
tion of novel strategies of social integration cander it
obsolete, leading to diminished investment in tegiend
development.
In contrast to the chemically-preadapted aleockarin

the remaining myrmecophily-prone clades possess put

tively preadaptive morphologies that confer phylsica-
tection inside nests. In Pselaphinae, the thicicleuand
reduced intersegmental membranes rigidify the bathjch
is further reinforced by foveae: pit-like invagirats of
the cuticle that extend inside the body cavitydonf apo-
demes and struts that function as internal buitrgsef-
fectively forming an endoskeleton K3HI 1986, GIAND-
LER 2001). | have observed facultative or non-intezptat

pselaphines from a variety of genera, and the éeetle
exceptionally good at withstanding aggression ftbgir

pact, convex shape of most pselaphines enablegbe b
tles to retract their appendages and curl intoll(ban-
globation). Tiny pselaphines may be picked up am-c
pressed in the mandibles of a worker ant many titmeis
size, only to be dropped apparently unharmed. Tloets
intersegmental membranes of the abdominal segrablyts
block a worker's sting from penetrating the integuin
Although pselaphines are seldom associated diregtty
army ants — presumably they are too small and show-
ing to keep pace with their colonies — | have diftain-
forest leaf litter through which army ants were swiag
and recovered numerous pselaphines. The beetleteare
ly able to tolerate the ants' presence, unlikentlagority
of forest floor arthropods that are reportedly ffled out
(SCHNEIRLA 1971). RRK (1947a) observed the facultative
myrmecophileBatrisodes lineaticollig= B. globosu}¥
emerging unharmed from attacks lbysiusandFormica
workers, and DNISTHORPE(1927) reported similar find-
ings for British congeners. | suspect that mostiftative
or non-integrated myrmecophilous pselaphines éaelatd
by their hosts with some frequency, their reinfdrbedies
providing them with the means to survive these aneo
ters. These physical interactions with host antg them-
selves be adaptive, serving to transfer the hostgular
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hydrocarbons onto the beetles ("acquired chemidaii-m
cry" senswON BEEREN& al. 2012), although this needs
experimental verification.

As is the case with Aleocharinae, not all groupBss-
laphinae are prone to myrmecophily, and groups ahat
less compact and unable to conglobate, such dsagad-
most and very staphylinid-like supertribe, Faromiteon-
tain few or no myrmecophiles. Notably, pselaphine-
ages that have become more intimately associatéd wi
ants, including the Clavigeritae and inquilinousg® and
individual species of Batrisini and Tyrini, congstly
display an evolutionary loss of many fovea acrdss t
body (GHANDLER 2001, AHAO & al. 2010, RARKER &
MARUYAMA 2013, YIN & L1 2013). The regressive evo-
lution of this aspect of their preadaptive defeasmor-
phology appears to be a "use it or lose it" tremal@gous
to the reduction or loss of the tergal gland in mgco-
philous aleocharines. It should also be noted soate
pselaphines possess an abdominal defensive gland, ¢
parable to that of aleocharinesH@vER 1987, NEWTON &

shiny and extremely thick integument, a weaklyttorgly
convex body shape, a head that can be withdrawarund
neath the broad, overlying pronotum, and shortaogt
able appendages. This tank-like morphology is entipe
suited for nest intrusion. Indeed, aside from ttidition

of further cuticular protuberances and thickeniimgsome
groups such as the haeteriines and chlamydopdimss,
basic morphology is not further elaborated in thegamity

of myrmecophilous species. Again, aspects of this p
tective morphology, such as the smooth cuticleteffeed
shape and short limbs may have first evolved foman
terstitial or subcortical way of life. Similarlycarabaeids
may benefit from strengthened morphology duringeamt
counters. In general, the bulk of scarab myrmedepitio
not associate as closely with ants as do APS sliajts/
and histerids, but the plesiomorphic scarab moggglat
least in the groups where myrmecophily is most gl

— the cetoniines, aphodiines and scarabaeinealsoigjuite
compact and relatively heavily armoured. Putatifede-
living scarabs have been observed unharmed whean ove

THAYER 1995). However, the gland is located ventrally run by swarming colonies afabidusandDorylus army

and not particularly targetable due to the infléxibature
of the abdomen, and the gland reservoir is sntakeéms
unlikely that this structure serves as a defengreadap-
tation for myrmecophily. Its evolution predates fPse-
laphinae, and it can be found in many related sulbifes
that include no myrmecophiles (including one ofnsfig
cant size, Omaliinae, with ~1,500 species). Moreabe
gland is inferred to have been evolutionarily lnghe com-
mon ancestor of some groups that went on to reglyate
evolve myrmecophily with great frequency, suchhasttibes
Ctenistini, Tyrini and Tmesiphorini (J. Parker, ubp).

Importantly, it is unclear whether the novel, reiced
morphology of pselaphines originally evolved solatya
defensive adaptation. Certainly defence is a pitissilpse-
laphines are slow moving compared to most oth@hgta
nids, stalking rather than chasing their pregHSMANN
& al. 2008) and thus unable to easily flee; th&iersgth-
ened, conglobating frame may have consequentlyedol
under selection to endure attacks from larger-tibgie-
dators. But it is equally plausible that reinforgitne body
in this way may have evolved initially for withstding
physical compaction while moving through deepel, soi
denser substrates than the majority of other staptly.
The same may be true of the physically protectize-m
phology of at least some of the remaining myrmedgph
prone clades. Scydmaenines are close in size ape $b
pselaphines, their long elytra and compact shipéylde-
fending them from ants in a comparable way. Freedi
scydmaenines are typically collected from the samugo-
habitats as pselaphines, and this overlap in egolaiges
the possibility that their morphology may have asolved
for reasons related to habitat use rather thamdefdn a
similar fashion, the (albeit much weaker) predigjos to
myrmecophily in the staphylinid subfamilies Osaaignand
Oxytelinae may be partly attributable to the flagd, ro-
bust body form of most free-living species. Agdinis
plesiomorphic body plan may be an adaptation ¢éouifder
bark or in humus, serving only secondarily as dffec
protection from ants.

Without question, the plesiomorphic groundplanisf h
terids is physically protective, and naturally pspadsing
for myrmecophily. Free-living species possess aamo
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ants (EMLEN 1996, KRELL 1999). The authors of both of
these reports raise the possibility of physicakdeg, but
also hypothesise that a chemical deterrent coalgglole.
Physical defence almost certainly plays a maja iolthe
evolution of myrmecophily in Tenebrionidae. Mostée
brionid myrmecophiles belong to the robust-bodigde?
linae, a basal subfamily that are normally extrgnheav-
ily sclerotised and convex, and which lack any lod t
defensive glands seen in the "higher" tenebrionlfam-
ilies (MATTHEWS & al. 2010).

To summarise, the plesiomorphic body forms of myr-
mecophily-prone APS staphylinids, histerids, scaratd
tenebrionids need not undergo substantial modidingb
function as effective protection inside ant col@niEree-
living members of these groups are anatomicallynpd
for myrmecophily through either chemical defence or
physically protective cuticles and body shapes.riBvde-
fensive morphologies are not so evident in somthef
other speciose and predatory beetle groups, mesgtipre-
viously, that contain few or no myrmecophiles. Milge,
Cleridae and Lampyridae are comparatively soft-bddi
beetles, and while some species may be toxic tastes
ful to predators, they do not have an effectivencical
defence against ants comparable to the aleochgee-
targetable defensive gland. Inadequate defenceatsay
underlie the absence of myrmecophily in some béaitie
ilies with predatory larvae, such as canthariddd{so
beetles) and elaterids, since such species mistreter
or exit nests as unprotected adults. Myrmecophitdys
trine chrysomelids perfectly demonstrate the pefilthis
predicament: their scavenging larvae pupate inzideec-
tive cases made from soil and fecal matter, onhitlie
eclosing adults to experience extensive attacksnamd
tality when attempting to exit host colonieso(iDSTHORPE
1902, RBER 1988).

What remains to be explained is the shortage of myr
mecophiles in the three largest such outstandiadatory
groups: Carabidae, Staphylininae and PaederinaenEh
jority of species in these groups do not have byety-
sically protective morphologies. However, many spec
from at least the first two groups possess abddndiea
fensive glands (WL & al. 2001, RANCKE & DETTNER



2005, THAYER 2005). The pygidial glands of carabids are
well studied, and these either spray or ooze arsityeof
compounds that vary depending on the species istigne
but commonly include formic acid and quinones #tuld
be effective ant deterrents (M & al. 2001, GGLIO &
al. 2011). Likewise, many Staphylininae have snpallred
tergal glands that evert onto tergites VIII and tXleasing
iridoid-containing secretions (HH & DETTNER 1990,
DETTNER 1993, KANEHISA & al. 1994, WEIBEL & al. 2001).
These act as topical irritants, and can repel @a&sON
& al. 1983). Both carabids and staphylinines wahlere-
fore seem to satisfy both of the primary preadapti-
teria discussed so far: a carnivorous diet, andtarpial
protective strategy from ants. In contrast, whildeast

What these differences emphasize is that althoagh ¢
rabids, staphylinines and aleocharines are chelyidat
fended, only the latter group appears to be praaddpr
nest intrusion by way of a very frugal and targktabode
of chemical release, backed up by large chemiserves.
Carabidae and Staphylininae are not so well eqdifpe
long-term persistence inside ant colonies, and camg-
ing their defensive limitations, many members eftihtwo
predatory groups face an additional hurdle to ewgv
myrmecophily discussed directly below: their ralaty
large body size, and potential for ecological esicia from
ant-dominated habitats.

3. Body size and ecological coexistende.terms of
body size beetle myrmecophiles tend not to exceed the

some Paederinae possess an abdominal glandulatesomp length of their hosts' workers, and are often ssna#icross

positioned ventrally, close to the base of the ahelo
(KELLNER & DETTNER 1992), its chemistry and function
are unknown; if it serves a defensive role, itatan on

the size distribution of all myrmecophilous beetless-
timate that approximately 3 mm is the mean bodgtlen
and ~6 mm probably close to the"9%ercentile. Phoretic

the body presumably means the gland is much less taspecies such as some cephaloplectine ptilids raagpdny

getable than that of other chemically-defended gsou
Moreover, glands with possible defensive roles iera-
discovered in the majority of paederine generaitkesie-
tailed anatomical study (L. Herman, pers. commply-
ing that the subfamily may mostly lack exocrinergla
based defence mechanisms. Combined with theibliexi
body plan and corresponding lack of physical pribec
paederines may not be sufficiently well defendednfest
intrusion.

If defensive shortcomings contribute to the relativ
scarcity of paederine myrmecophiles, the dearitacdbid
and staphylinine myrmecophiles is still mysteriolist
may also be explained in part by a basic inadeqiracy
their mode of chemical defense. Studies on carbbal
tles have shown that spraying of pygidial glandteats
soon exhausts the beetle's reser@saderita leconteican
deploy its formic acid spray only 6.5 times beferhaus-
tion, and the gland takes 37 days to fully relRbESINI &
al. 1997). "Spray to exhaustion" measurements fotmar
carabid species have produced similar figureg (V&
al. 2010). While deployment of carabid pygidialrgla is
clearly effective in sporadic encounters with asfzray-
ing is an inefficient use of the gland's reserdischarg-
ing large volumes over a wide arena. Carabidsdbae

times smaller than their hosts. The biggest sizerd:
pancy known to me between a non-phoretic myrmet@phi
and its host exists betwe€@amponotus gigag-20 mm)
and the pselaphinBatrisopsis myrmecophilé2.4 mm)
(RAFFRAY 1894). At the opposite end of the spectrum,
several haeteriine histerid genera are relatiagtyel or long-
legged, as are some myrmecoid aleocharines, bstiii
species associate with correspondingly big-bodredya
ants. In Pselaphinae, the Clavigeritae rarely k@& mm
and are always smaller than their hosts; one Mastaga
genusMiroclaviger, reaches 4 mm but associates itim-
ponotusspecies at least double this sizeafINEL 1954).
The general rule of not exceeding worker size holals
sically true for the four predatory, myrmecophilsepe
clades, where the estimated body size range i6 thm
for myrmecophilous aleocharines, 1 - 3 mm for geglzes,

1 - 2 mm for scydmaenines and 2 - 6 mm for histerid
Species that break this rule appear to be infreguen
few Pella species are slightly longer than their hosta{M
RUYAMA 2006), while the pselaphiribogaster towais
severalfold larger than major workers of Rkeidolexan-
thogasterhost (RRKER & MARUYAMA 2013). In contrast
to these predatory clades, numerous scarab myringeop
clearly surpass the maximum worker size, includimng

as opposed to spray their gland contents may be& morCremastocheilini, many scarabaeines, and most drama

conservative in their chemical deployment, but ok
abdominal flexibility needed to target their seicnes. Per-
sistent association of beetles with colonies demanchore

sustainable and accurate mode of chemical deploymen

The flexibility of the aleocharine abdomen enaltles
beetle to dab or smear its secretion, which comsetive
contents of the reservoir BND & al. 1973). Smearing
also enables precise application of the secretiga the
aggressor (Fig. 4A). Staphylinines, which, likecallea-
rines, also smear the secretions of their painggttglands,
possess only small gland reservoirs that may seonrbe
exhausted EFSON& al. 1983, HUTH & DETTNER 1990).
In contrast, reservoir volume varies widely amotepa
charines, but reaches its maximum extent in thestith
and Lomechusini (= Zyrasini) (segEDLE & DETTNER
1993), two tribes that form a vast cladeVEN & al. 2010,

cally, the big dynastin€oelosis bilobawhich undergoes
larval development insidAtta fungal gardens (AVAR-
RETEHEREDIA 2001, QSCAALVAREZ & al. 2008).

Animal size correlates with many life history pasm
ters (QALDER 1996), ancbne can imagine various adap-
tive explanations for why most myrmecophilous le=etre
small. A diminutive size may help myrmecophiles idvo
detection inside nests. If detected, being smajhinéafe-
guard against becoming subdued by groups of aggeess
workers. For socially integrated species, approximnga
the size of a worker or immature could be advardage
for manipulating tactile nestmate recognition c(&ge
thus performing a role in Wasmannian mimicry). Eher
are further constraints on body size that selectvuich
organisms enter nests. A physical size limit maysbe
by the dimensions of nest galleries. Moreover, vfolod

ELVEN & al. 2012), harboring the greatest proportion of resources in even the smallest nests may be ggnifi

myrmecophilous lineages within the subfamily (M. -Ma
ruyama, K.T. Eldredge & J. Parker, unpubl.).

for small-bodied taxa, the payoff from nest intausimay
be less worthwhile for species above a certain. $ine
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obligate myrmecophiles that are poor disperserst ho
colonies may be perceived as islandsgls & al. 1980),
limiting their foraging range size — often a strarggre-
late of body size in animal taxa, including invéntates
(MCNAB 1963, ROLAND & TAYLOR 1997, BJRNESS& al.
2001, QREENLEAF & al. 2007).

Perhaps all of these explanations, and still oftrerge
played a role in restricting the size distributmirmyrme-
cophiles. But what is relevant is that, empiricatlyere
seems to be a body size range that is most apptegar
myrmecophily. And in addition to diet and defenttee
third important characteristic that the predatonyymeco-
phily-prone beetle taxa have in common is that ttadly
within this size range. With few exceptions, AP&péty-
linids and histerids tend to be in the same siasshs
ants, or are smaller. If body size is indeed imgouttas it
appears to be, then it follows that the plesiomurgize
range of these taxa is already optimal, and hereadpp-
tive, for myrmecophily. The two remaining myrmeciyph
prone groups — the scarabs and tenebrionids — ach m
more variable in size, and often large-bodied, rhahy
myrmecophiles from both groups tend to associatg on
peripherally with colonies through their use ot piles,
and may thus be exempt from the size constraintdeAs
from the cremastocheilines already mentioned, bsatsat
venture deeply into colonies, such as the Eupg#ipho-
diinae) andHaroldius (Scarabaeinae), tend to be much
smaller beetles. Likewise, obligately myrmecoplsidene-
brionids including the Cossyphodini, Stenosini atalides
are small for the family, only a few millimetresip.

Crucially, other would-be myrmecophilous group® th
two most notable being the predatory carabids aad s
phylinines, span into far larger size classes. reine myr-
mecophiles to have emerged from these higher taxa i
clude major outliers in the host-myrmecophile batiie
relationship. Both of the notable myrmecophilousdels

bodied may be further reinforced by interspecifiecnpe-
tition with ants. The general relationship betwesrns
and carabids is, in some important habitats at,|eae
of ecological exclusion. Several authors have nolbed
negative relationship between ant and carabid anoe]
with carabids typically very rare in ant-saturatedland
tropical forest litter (BRLINGTON 1971, WLSON 1990).
Likewise in temperate forests, the densityFofmicawood
ants in particular has been shown to negativelyaichp
carabid populations, and is an important deterntioén
carabid spatial distribution (EMELA & al. 1992, FhWES
& al. 2002, REZNIKOVA & DOROSHEVA2004). While APS
staphylinids feed on microarthropods that ants teraler-
look (such as mites and collembolans), the consiompt
of larger invertebrates by bigger-bodied carabigspm-
ably draws these beetles into interspecific cortipativith
ants (WLSON 1990). Furthermore, ants may directly prey
on or attack carabids above a certain sizerR{INGTON
1971, REZNIKOVA & DOROSHEVA 2004, HhWES & al.
2013), the larger body impairing the beetle's cpsr hide
or defend itself effectively against hordes of wengk
This size-dependent interaction with ants has kben
monstrated empirically in temperate forests, wianall
carabids such adotiophilusandCalathuscan thrive in
zones of highrormica density, while larger-bodiedlbax
CychrusandPterostichusare frequently attacked and ex-
cluded from these areasI@MELA & al. 1992, FAWES &
al. 2002).

The typically low abundance of carabids in ant-domi
nated habitats presumably represents the "ghosbrof
petition past" (ONNELL 1980), and exposes a general in-
ability of carabids to coexist with ants. Evolutoity, the
upshot is a reduction in habitat overlap betweenttto
taxa that must surely have diminished the opponiuor
carabids transitioning to myrmecophily. What hasrbe
observed for carabids may well hold true for Stdipmae

of Carabidae — Paussini and Pseudomorphini — are un- a group that includes many comparably sized, mpeu

usual examples of large beetles that are speaiafize
colony life, with some paussines perhaps beingotiig
highly socially integrated beetles that are obJiplerger
than their hosts. In StaphylininaBgermitoquediuss larger
than itsEciton hosts; so too are ttigendrolasiusassociated
Philataerius andFormica andLasiusassociated species
of Quediusand Xantholinus Atta-associated genera of
Xanthopygina include some of the largest rove lesetl
known, andPlatydracus fulvomaculatugvith Atta mexi-
cang is the largest staphylinid in the western hemésph
(A. Newton, pers. comm.Leptacinusformicetorumsmal-
ler than its hogEormica workers, stands out among staphy-
linine myrmecophiles for obeying the prevailing mgco-
phile size rule. The overall tendency is for myro@dles
in these two groups to exceed, or at minimum edhalr
hosts' body sizes.

| suggest that, in addition to potential inadeqgesén
their respective defensive strategies, a furthetofare-
inforcing the surprising scarcity of myrmecophilgishin
Carabidae and Staphylininae is that broad swathiese
groups consist of species that are simply too Badling
outside of the size range most adaptive for myripledy
large, free-living beetles may be excluded fromagyigg
in the facultative exploration of colonies positeste to
be a common first step towards evolving this wajifef
Moreover, the inhibitory effect of being relativdrge-
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or litter-inhabiting predatory beetles, but contsagery
strongly with the APS staphylinids. These smalkegtles
flourish on the lowland rainforest floor and areanlly
able to coexist with ants at extremely high deasitito
the extent that they reach their global peaks ith -
merical abundance and taxonomic diversity in thit a
dominated habitat. Their imperviousness to thecggichl
pressure of ants means that APS staphylinids fratyue
encounter colonies and are preadapted by diethckefend
size to enter them, enhancing the frequency witickvh
these clades have undergone the transition to nogme
phily.

If ecological exclusion by ants does indeed resthie
distribution of carabids and (as a consequencé) pine-
disposition to myrmecophily, an intriguing conungru
remains: although carabids are generally rare coatpa
to other beetle groups in rainforest litter, tr@bicarabid
diversity is still high due to the significant riodiss of the
canopy fauna. Approaching two thirds of carabidgan
pical forests are arboreal §6r 2003), the group having
successfully colonised this habitat despite theshalgun-
dance of canopy ants fDIDSON & PATRELL-KIM 1996).
Why arboreal carabids are not excluded from thepgan
is hard to explain, but | suggest a possible reasay be
found in analyses of stable nitrogen isotope rgti@SN)
— a readout of trophic level — from ants colledredn dif-



ferent forest strata (RITHGEN & al. 2003, D\VIDSON &
al. 2003). Such studies have revealed that canaigy an-
like their litter counterparts, tend not to be ptedy; instead,
arboreal species derive significant N from herbyvand
honeydew farmed from trophobionts (BTHGEN & al.
2003, DnIDSON & al. 2003). This trophic difference be-
tween litter and canopy ants may liberate arbaraadbids
from competition and predation, permitting the ttasa
to coexist. Living alongside canopy ants might &fiere
be expected to increase the prevalence of myrmégoph
among arboreal carabids, but the general inacdésib
of the canopy means little is known of the biolaxfythe
carabids that live up there. In the Neotropics,tieephol-
ogy of some members of the large arboreal gémua is
suggestive of myrmecophily f&vin 1982, RwiN 2000),
and the ant-mimicking cicindelin@tenostoma spinosum
has been collected from insi@®cropianestingPachy-
condylacolonies (®dLIVET 2002). A prediction might be
that careful surveying of colonies of tree-nestmgs will
reveal a number of myrmecophilous canopy carabids.

Synergistic primary preadaptations and the phylo-
genetic bias in myrmecophily

Diet, defence and size: the argument presentedeaisov
that these three primary preadaptations collegti@etount
for the biased distribution of myrmecophily acrdke
Coleoptera. The only beetle groups that perfecttisf/
all three criteria are the very taxa that have remtly
evolved myrmecophily with greatest frequency: tHeSA
staphylinids and histerids. The plesiomorphic ctindi
within each of these clades is to be predatory| del
fended either physically or chemically, and smalsize.
Consequently, these groups have proliferated inynoén
the habitats that ants dominate, and, moreovem#jerity
of their free-living members are perfectly preadapfor
facultative nest exploration, proposed here to lsera-
mon entry point on the pathway of ecological spéesaa
tion towards myrmecophily. Such groups — in pakiicthe
pselaphines and aleocharines — have also invadmitde
colonies multiple times during their evolution, atiis
again probably stems from these beetles' predaliety,
small sizes and defensive capabilities.

In contrast, all other beetle groups have evolvgdmma-
cophily at a notably lower frequency. Some havelamd
it only sporadically, while most have never evolvedt
all. This striking asymmetry arises because dieteudce
and size act synergistically: although a large rermb
of beetle families satisfy one of these preadaptive-
ria, this alone does not markedly enhance the [mibtya
of myrmecophily evolving. But when two or (espebjial
all three preadaptive criteria are satisfied, tkelihood
of transitioning to myrmecophily is substantialbised.
For example, as discussed above, the non-predplery
siomorphic diet of scarabaeids and tenebrionidbadvty
explains the significantly reduced frequency of mgco-
philous lineages within these families relativahe pre-
datory APS staphylinids and histerids. The samdaasp
tion applies to the relatively low prevalence ofrmsg-
cophily among the saprophagous osoriine and oxeli
staphylinids.

Most striking in their shortage of myrmecophilous |
eages are the carabids and staphylinine rove be&te
spite being predatory, these groups may not betmdely

preadaptated for colony exploration, with potensiadrt-
comings in their gland-based chemical protectiat #re
further compounded by the large body sizes of nsguey
cies. Similarly, paederine rove beetles are pregand
many are small in size, but members of this sulijamay
simply not be outfitted defensively for enterindarues.
The low incidence of myrmecophily in these and firac
cally all other beetle groups testifies to the @uwle of
the three primary preadaptations. Without them,hine
dles of gaining colony access and surviving oncédis
are set too high; ill-equipped for nest intrusitire costs
are too great for myrmecophily to routinely evol¥et,
when the three primary preadaptive criteria are, aein
APS staphylinids and histerids, colony intrusiostraight-
forward. The preadaptations have provided fre@j\spe-
cies in these groups with a license to experimattt fa-
cultative myrmecophily, and evolution of obligatenme-
cophily has ensued repeatedly. The result is tieae
skew in the phylogenetic distribution of myrmecdplseen
across the Coleoptera.

Secondary preadaptations: promoting specialisation

In each of the myrmecophily-prone clades, evolusioows
a recurring pattern, with beetles typically adaptio col-
onies in a few prevailing ways. In groups that edpdly
evolve intimate, socially integrated relationshigth ants
— principally Aleocharinae, Pselaphinae and Hisdtezi—
parallel trait evolution is seen that points to éxéstence
of preadaptations that bias specialisation to gepath-
ways of phenotypic elaboration. This phenomenanast
obvious in the Aleocharinae, where recurring moaotes
specialisation are reflected in the evolution célagous
anatomical modifications in independent lineages:rul-
tiple myrmecoid groups associated with army aiis,re-
peated appearance of apparently new gland typesvin
positions on the abdomen, and the evolutionaryoggrpm-
ming of tergal gland biochemistry towards compoutinds
elicit behavioural effects on hostsEE&VERS (1978, p. 3)
recognised this adaptability of aleocharines, amuhdd in
on one potential explanation:

"The Aleocharinae have been especially successful i
adapting to conditions of the societies of antstenahites.
It is safe to say that this subfamily has provideate in-
dependently evolved inquilinous groups than anyilfam
of insects. Much of the success of the group fisr tiode
of life may be attributed to the "genetic pliahyjfitof the
aleocharine abdomen. Not covered by elytra andgoein
highly flexible, the abdomen has become physogastri
(more or less inflated and membranous) for lifeeimite
societies, myrmecoid (petiolate) for life in armytaocie-
ties, and provided with trichomes for life with hgy ants."

The repeated remodelling of the aleocharine bod pl
into shapes adaptive for myrmecophily is made pssmi
able largely by way of the exposed and highly fhéi
abdomen. Having such a "genetically pliable" abdome
emplifies the notion of a secondary preadaptatiartrait
that both catalyses and canalises the subsequergssrof
specialisation after the ecological association
with ants has evolved. Following the intial transi-
tion to life in ant colonies, the aleocharine bagagn is
still generalised, but the exposed flexible abdosdrse-
guently becomes a routine target for selection aGire
novation has arisen through remodelling the abdomuech
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it is the potential evolvability of this part ofetbody that
has enabled adaptations to arise that have driemyr-
mecophilous relationship to new levels of intimaggt,

unprotected, and this has necessitated the evolafithe
defensive tergal gland that is present in the nityjaf
free-living species (BTTNER 1993) (Figs. 4A, D, E). The

because the abdomen is so mutable and offers suchtargal gland was discussed above as a primary apé&d

ready route for further innovation, it also actgptedis-
pose the process of ecomorphological specialisatica
set of commonly exploited phenotypic avenues, leath
parallel anatomical changes in independent lineages

tion, which confers protection against worker aggien
during the hypothesised initial, facultative evoduiary
phase of myrmecophily (BNISTHORPE1909, BRAND &
al. 1973). Typically, quinones are the primary\acitom-

Myrmecoid aleocharines associated with army ars pr ponents in tergal gland secretions, but the bldnche-

vide the clearest demonstration of preadaptive okl

micals can vary substantially across speciegI(iE &

morphology. The myrmecoid body plan has evolved in-DETTNER 1993), and in at least some myrmecophiles, the

dependently in aleocharine clades associated withye
known genus of doryline, "true" army ant, as wallia
aleocharines associated with several other nonuagico-
cessionary ant species (M. Maruyama, K.T. Eldrefige
J. Parker, unpubl.). Such repeated evolution indgthat
the myrmecoid body shape is highly adaptive. Evilgen
during the process of specialisation, army ant @ased
aleocharines have been under strong selectionyrects
take on an overtly ant-like form. Consequentlyptigh
some simple developmental changes to the expdsed, f

exudate has been fine-tuned to contain host-maatipgl
compounds (8EFFLER& al. 2007, SOEFFLER& al. 2011,
STOEFFLER& al. 2013). Through this capacity for chemi-
cal evolvability, the tergal gland has become ast@mi-
cal feature routinely targeted by selection taféocha-
rines to their ecological circumstances. The glasnithus
both a primary preadaptation that enables facuétatol-
ony exploitation by free-living species, and a setary
preadaptation, which, via modification of its biaflyetic
pathways, optimises aleocharines to a colony liferd

ible abdomen, the myrmecoid form has repeatediy beethe subsequent phase of ecological specialisation.

achieved. Narrowing of the abdominal base formsta p
ole, with the precise segments modified to constiiue
waist differing among myrmecoid groupEEYERS1965).

The second way in which the aleocharine abdomen has
facilitated chemical diversification is in enablitige de-
velopment and evolution of new gland types (Figs. @).

The more apical abdominal segments commonly undergddmong the specialised aleocharine myrmecophiles tha

expansion to form a bulbous gaster, and the fléilof
the abdomen permits it to articulate, so thatritloa held in
positions that further reinforce the myrmecoid shafghen
deconstructed like this, these abdominal modificetiseem
so facile to achieve developmentally (and evolwity)
that it is easy to see how the myrmecoid body shaze
arisen independently in aleocharine clades assalciaith
every army ant genus. Yet, this pathway of morpgislo
cal innovation is shut off to most other beetlesere long
elytra cover an abdomen comprised of less flexielg-
ments. This difference is key in explaining why thgr-
mecoid form has evolved so many times in paratel i
aleocharines, but so rarely elsewhere in the Caoérap
In their flexible abdomens, aleocharines are offere ac-
cessible route to ecomorphological specialisatiat ts
improbable in other beetle groups where the moguyois
too far removed. Consequently, aleocharines haspted
to vacant niches that can be deeply embedded wittlein
social fabric of army ant colonies, but which terat to
be occupied by other beetle taxa simply becaussesstul
niche occupancy demands an ant-like form. Oth@hsta
linid subfamilies with comparable morphology to @le
charines are theoretically capable of undergoirgdtsame
changes in form — the exceptional staphylirite#ophytes
has done exactly that — but, as discussed abovetheo
rove beetle subfamily possesses the requisite pripre-
adaptations to routinely associate with army antheé first
place. Hence, ant-like morphology, and the assettistiite
of behaviours that together constitute myrmecoid-sy
drome, are confined principally to the Aleocharinaed
are seldom seen elsewhere.

have been studied in some detail, the majority appe
possess, in addition to the tergal gland, indepethge
evolved novel abdominal glands situated on varaiher
segments. Novel gland-bearing taxa include a waoét
army ant associated myrmecoid genera belongingito E
tocharini (see KSTNER & JACOBSON 1990), Crematoxe-
nini (see 4coBSON & KISTNER 1992) Lomechusini (see
MARUYAMA & al. 2011), Dorylomimini, Dorylogastrini
and Aenictoteratini (seeI8TNER 1993, MARUYAMA & al.
2011); the appeasement-type glands identifieBéla,
Lomechusand (putativelyDinarda (see HOLLDOBLER
1970, 1973, BLLDOBLER & al. 1981) appear to be novel
expansions of glandular tissue at the abdominathizb
are absent in free-living species (Fig. 4Blyrmigaster
(Lomechusini) possesses a large median gland carople
sternite VI (AsHE & KISTNER 2005), whileLomechusand
related generfomechusoides<enoduspadditionally pos-
sess trichomes linked to novel, paired glandsdhatseri-
ally repeated on the basal tergites (Fig. 4C). Tdgg@noma
associatedMyrmoecia(Lomechusini) has what appear to
be large trichome-associated median gland compleres
tergites IV and V (KSTNER 1982) — the segments anterior
to those housing the tergal gland (Fig. 6, beetiday
left). Small trichome-like structures have alscsan in a
few myrmecoid genera such BsrylobactrusandDorylo-
stethugboth Dorylomimini), as well asornechusulgLo-
mechusini). Paralleling the situation in myrmecdgsi
many termitophilous aleocharines have also devdlope/
glands in various positions on the abdomens(fEELS
1968b, 1969, KSTNER 1979).

The secretions and functions of these novel glanels

Beyond permitting adaptive changes in overall bodyfor the most part uncharacterised, but their indejeat

shape, the exposed, flexible abdomen has alsodesral
to aleocharine chemical diversification — a fundataé
parameter in the group's specialisation on songddts.
The reason for this is twofold. First, as in otk&phylinid
subfamilies, the short elytra leave the abdomersighity
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evolution in a diversity of inquilines implies arggal im-
portance in the chemical adjustment of aleochartoes
colony life. The aleocharine abdomen is conducivthe
evolution of glands because this area of the bsdyot
masked by elytra, and is flexible. Glands opendngct-



ly onto the cuticle, without any obstacle to théaey of
their exudates. Due to the elasticity of the abduortigese
glands are also targetable, especially those siuelbse
to the abdominal apex (Figs. 4A, B). This abdomanal
rangement led first to the evolution of the tergjahd, and
has meant that the development of additional gldnads
been similarly selectively advantageous in myrmédes.
Consequently, the abdomen has become an impontant i
terface mediating interactions between ant andeheeith
trichomes developing in some species to furthertlagd
transport of gland secretions. Possessing sucligptae
abdominal morphology for gland development may have
been bolstered by a further, genetic factor: inrthes-
session of the tergal gland, most free-living ateomes
are already endowed with the developmental cirgudr
construct glands on their abdomens (Figs. 4D, B dp-
pearance of novel gland types in new abdominatiposi
may conceivably have been achieved by the develojaine
redeployment of components of this preexisting giene
cassette. Hence, the ancestral presence of geietidry
for specifying exocrine gland cells on abdomingrsents
may be viewed as a distinct secondary preadaptatits
own right — one that has been repeatedly cooptedgiu
the transition to myrmecophily, as ecological spksa-
tion on colonies has ensued.

What aleocharines exemplify is a general princitblat
traits already in place in free-living ancestora paovide
ready routes for myrmecophilous specialisationthiis
specific case, the evolvability of the exposedifiexaleo-
charine abdomen, and its capacity for biochemitzgtp
city through novel gland development and biosyimthet
programming, are important secondary preadaptatiaats
have led to the evolution of closer, obligate asgams
with ants. In Pselaphinae and Histeridae, seconplay
adaptations likewise seem to have taken a leadilegim
helping to shape the phenotypes of the most speedal
myrmecophiles. In Pselaphinae in particular, theosred
abdomen again appears to have been utilised foptir
pose. Among species that possess trichomes, these s
tures tend to emerge at approximately the same body
location, on the first visible abdominal tergit&/Jl The
trichomes may be situated laterally on the pardgsrflank-
ing tergite 1V (Figs. 5A, B), on the edges of titra that
overhang tergite IV (Fig. 2N), or positioned witHigr-
gite 1V itself (Fig. 2K). Such structures have (gixely)

Fig. 5: Clavigeritae trichomes. (A) Brematogasteor-
ker licks the trichomes dfustiger(Peru; photo credit: T.
Komatsu). (B) Confocal reconstruction of the abdome
of the clavigeriteDiartiger fossulatusshowing fusion of
tergites 1V - VI, with trichome situated in tergitepara-
tergite IV. Dashed lines indicate segmental bourdas
revealed by paratergite margins. (C) Confocal retan-
tion of the abdomen d&®hytus(Arhytodini) showing squa-
mous pubescence (arrowheads) at tergite boundébgs.
Protoclaviger trichodensan Early Eocene stem group cla-
vigerite, with trichomes (arrowheads) emerging frjoana-
tergites 1V, V and V1.
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arisen eight times at minimum, most notably oncéhin
ancestor of the speciose Clavigeritae, where tbleoimes
are known to traffic substances from the Wasmaandy
that mediate interactions with hostsaA@1AERTS 1974,

HiLL & al. 1976). The independent acquisition of sinja
situated trichomes in Clavigeritae and scatterbdrgpse-
laphines suggests preadaptive anatomy in thisqbahte

basal abdomen. In all eight cases, this same régisteen
targeted for specialisation, generating analogomphol-

ogy with presumably similar functional roles in mge-

cophily.

One plausible explanation for this parallel tremdhiat
ancestral precursor glands, embedded at the bathe of
abdomen, have been coopted for the production wf co
pounds involved in myrmecophily. It is this infedreecon-
dary preadaptation that would then have predisptsed
part of the body to the subsequent evolution chtsmes
in multiple taxa. If this explanation were indebeé tase,
then the Wasmann glands of Clavigeritae are noe"tr
novelties but enlarged, exaggerated glands that hawe
homologues across the Pselaphinae. An importaigthins
into the evolutionary development of clavigeriieibomes
may be provided by the transitional fof8ibtoclaviger
a stem-group of Clavigeritae. Unlike all modernv@jer-
itae, Protoclavigets abdomen is segmented dorsally, with-
out the derived fusion of tergites into the tergate found
in extant species BRKER & GRIMALDI 2014). Each of the
still-distinct tergites bears trichomes: large, kitike ones
emerge from paratergites IV and V, and an additismel|
trichome emerges from paratergite VI (Fig. 5D). Beeg-
mental repetition of the trichomes implies that ¢fends
that fuel the trichomes with exudate may themsebes
present in each of the corresponding abdominal eatgm
In the majority of insects, abdominal segments meso-
cytes: large glandular lipid-processing cells tiyatthe-
sise cuticular hydrocarbons and pheromoneskil &
al. 2014). When living clavigerites are observéxd tri-
chomes often appear to be covered in a waxy sutestan
(PARK 1942, AXRE & HILL 1973), and at least some of the
enlarged gland cells that sit underneath the trie®con-
tain lipid-rich deposits (ML & al. 1976). Such lipid-based
secretions, and the possible segmental repetiticheo
cells that produce them in ancestral Clavigerisae,con-
sistent with an oenocytic identity of the Wasmaiand
cells. This conclusion fits with H. & al.'s (1976) hypo-
thesis that, based on a detailed histological stfdye
clavigeriteAdranes taylorithe expanded glandular system
that fuels the trichomes arose from "hypertrophylef-
mal glands ... which are present in the general epice
of many insects".

A scenario may be envisioned in which a myrmeco-

philous ancestor of Clavigeritae — symbolised l&yd¢har-
acter states seen Rrotoclaviger— modified its oenocytes

sister group of Clavigeritae is a clade comprisegart

of the tribe Arhytodini (see ARKER & GRIMALDI 2014),

a group with poorly known biology but which are tight

by some authors to be myrmecophilouR(B8H 1918,
CHANDLER & WOLDA 1986, RRKER & GRIMALDI 2014).
Several arhytodine genera have sponge-like "squatmou
pubescence on the margins of tergites, as welhaxtwer
parts of the body (Fig. 5C). Squamous pubescenae pr
bably serves to conduct secretions from nearbydgan
and unlike modern ClavigeritaBrotoclavigerhas what
appear to be traces of this kind of pubescencdsoab-
domen (RRKER & GRIMALDI 2014). The arhytodine ab-
domen may thus embody a still earlier precursothef
clavigerite abdominal modifications than is seeinto-
claviger.

The hypothesis that clavigerite appeasement glasis
an oenocytic origin is, of course, untested at ¢gmes
However, it provides a realistic basis for explagithe
recurrent evolution of basal abdominal trichomegse-
laphines. Oenocytes are presumably present inselaP
phinae, and could have been repeatedly cooptedyin m
mecophiles. However, no equivalent "intermediatstes
taxa with serially repeated trichomes akirPtotoclaviger
are known for the other seven trichome-bearing neyrm
cophilous taxa, and the exact evolutionary scendeio
scribed here for Clavigeritae may not have playetdso
milarly in these other lineages. It is worth notititat
outside of Pselaphinae, the trichome-bearing "ddopt
glands ofLomechusand related genera (Aleocharinae:
Lomechusini: Lomechusina) are serially repeatetbagites
I, IV and V (Fig. 2I) (HOLLDOBLER 1970), which again
may point to an oenocytic origin.

In addition to the existence of preadaptive (presum
ably glandular) ancestral anatomy, there is a s ¢ea-
ture of pselaphines that has likely contributethtwemer-
gence of abdominal trichomes multiple times. Unlike
Aleocharinae, the exposed abdomen of most Pselaphin
is more compact, robust and inflexible. The thiokaticle
means the body as a whole is far more capable thf wi
standing mechanical force — a feature discussedeaa®
a primary preadaptation serving a defensive purparse
possibly encouraging physical interactions withtedbat
lead to cuticular hydrocarbon transfer. Howevee, ttick
cuticle may have also been preadaptive for theution
of closely integrated symbioses in some groups,r&vhe
ants have been observed to pick the beetles ugamg
them. In the vast majority of pselaphines, a trersy an-
tebasal sulcus is present on tergite I\WASDLER 2001),
and in the trichome-bearing taxa, this has beenidasd
into a deep basin flanked by the paratergites.l&viGer-
itae, and probably the other taxa that possessribipho-
logical feature, the antebasal sulcus functiore ggsping
notch (LESCHEN1991), allowing the ants to lock their man-

to synthesise lipid-based host appeasement comgounddibles around the beetle. The strong supportinigleutas

The increased production of hydrophobic substafioes
these cells necessitated the evolution of serialheated
trichomes on tergites IV - VI, which helped to decate
and direct the spread of the oenocytic exudates&ub
quently, the derived remodelling of the abdomemio+
dern Clavigeritae restricted this oenocytic modifion to
tergite IV alone, seen in modern species as thenVas
glands and the trichomes that emerge from this sagm
To extend this scenario even further back, theriate
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effectively permitted the antebasal sulcus anchtmge-
associated glands to combine into a focal point logt
ants habitually target, licking the trichomes amahdiiing
the beetle. The heavy pselaphine integument haspibis
mitted the evolution of physical interactions betwenost
ant and beetle that may be less likely in othetlbdaxa
with less robust morphology. Indeed, in the fewoklear-
inae known to be carried by their hosts, such@se-
chusaand allies, and some myrmecoid genera, the body



is uncharacteristically robust and heavily sclesedi for
the subfamily. This represents a derived modifaabf
the integument that socially integrated pselaphheese
not needed to undergo, although weaker areas mieut
such as the intersegmental membranes and antegahal p
cels, have experienced reductions or fusions.

may feasibly exist in any clade that has a desa#rlde
eage that has undergone specialisation to coldaylh
this regard, secondary and primary preadaptatidfes:d
a clade that lacks the requisite primary preadmptsitto
regularly transition to myrmecophily may have yisid
only a single myrmecophilous lineage; yet during évo-

In Histeridae, a comparable phenomenon to the palution of that lineage, an ancestral trait may hageved

rallel evolution of trichomes seen in Pselaphinasgym
exist. Glandular openings decorating the exoskelatre
widespread in histerids, and may be broadly honisésg
able across large swathes of higher taxa, if nefdimily
as a whole (&TERINO & TISHECHKIN 2013a). One set of
glands on the pronotum may provide the basis feri:
velopment of trichomes, which have evolved in thigion
several times in the family: on multiple independec-
casions in Hetaeriinae (A. Tishechkin, pers. comt)
least twice in the Chlamydopsing@qmyopsisandChla-
mydopsiscaledoniag see [EGALLIER 1984, Q\TERINO
2006) and once more in the onthophilfPeploglyptugsee
CATERINO 2004). In theEciton hamaturassociated he-
taeriinePulvinister nevermannpores open out onto the

as a progenitor structure for specialisation. @etsif the
main myrmecophily-prone beetle clades, secondagdpr
aptations may have provided the template for sfisaia
tion in other, more isolated myrmecophilous lineageor
example, in Paussinae (Carabidae), the g@achyteles
(Ozaenini) is not myrmecophilous; free-living lagvave
a disc-like abdominal apex which has glandularvagti
and is used as a lure to capture prey. Howevdabiora-
tory experiments, the larval disc has been shovietat-
tractive to workers of various ant species @ULIO &
TAGLIANTI 2001). In the related and wholly myrmeco-
philous tribe Paussini, the larval terminal diskpresent
but has undergone a fusion of constituent partspre
vents it from being used to capture prey. Instédaadisk's

pronotum (KSTNER 1982), the part of the body that is most glandular secretions appear to be involved in Apptase-

often licked by host ants. Histological examinatadrthe
Eciton quadriglumeassociated haeteriinéhrysetaerius

ment (O GluLIO & al. 2011).
The paussine larval disc provides yet another oése

iheringi revealed many gland cells in this pronotal areaan ancestral structure being coopted during théugea

(SEYFRIED 1928), and it is tempting to think that they re-

present adaptive expansions of a more ancestnateeg
system.

Collectively, the secondary preadaptations ideifin
Aleocharinae, Pselaphinae and Histeridae are mbsite
have contributed to much of the complex anatoniical

of socially-integrated myrmecophily. However, ttiime

the example is confined to just one or a limiteanber

of lineages (perhaps underlying rare cases of myrme
cophily in some other ozaenine genera@JLIO & al.
2011). It remains to be seen if secondary preatiapta
have been more generally involved in other groupsrey

novation observed among myrmecophiles belonging tospecialised myrmecophily has not evolved to theeseen

these taxa. Given that these three groups accourhé
majority of specialised myrmecophiles within thel€n
ptera, it follows that secondary preadaptationsehaken
a central role in the adaptive phenotypic diveratfon of
beetle myrmecophiles. Although morphological chiec

provide the most obvious examples of secondarydsrea

aptations, it is conceivable, indeed likely, thétey kinds
of traits present in free-living ancestors — bebaval,
physiological and life history attributes — couldahave
provided the raw foundations for subsequent evahatiy
modification in specialised taxa. One such exangple;
gested to me by Alfred Newton (Field Museum, Chijag
concerns the habitual use of patchily distributgburces

by free-living members of some of the myrmecophily-

prone beetle clades. Many histerids, scarabs audtla-
rines utilise carrion, dung, fungi or other spdfistattered
and ephemeral resources, which are located by shaell
ring flight. Free-living species in these groups adapted
for targeting widely dispersed resources, with clifay
systems that are highly sensitive to volatile sigta ex-

tremely low ambient concentrations. Such specieg ma

therefore be preadapted for locating spatiallyates ant
colonies, with simple fine-tuning of olfactory regxter re-
pertoires to detect colony odours occuring in spethat
have evolved myrmecophily (A. Newton, pers. comm.).

curring extent seen in Aleocharinae, Pselaphinade-is-
teridae. In addition to Paussini, perhaps the spised
morphologies seen in other isolated myrmecophitaxa,
such as eremoxine brentids and ptinine anobiides also
built on preexisting secondary preadaptations.

Preadaptations and contrasting routes to specialis@an

When viewed through the lens of preadaptationspmyr
cophiles — though often enigmatic and amongst thetm
morphologically derived arthropods — are not socabs
as to be indecipherable. The biased evolution afmego-
phily in a few myrmecophily-prone clades can beint
preted as a consequence of these groups posséssing
appropriate primary preadaptations to engage inessc
ful, facultative nest exploitation. Furthermoresubstan-
tial amount of the apparent morphological innovateen
in myrmecophile-rich clades such as Aleocharinae)d?
phinae and Histeridae can be decomposed intovelgti
straightforward modifications or re-use of predrigtse-
condary preadaptations.

Based on the primary and secondary preadaptations
identified in this work, hypotheses for the recogripat-
terns seen during the evolution of myrmecophilthie two
groups most familiar to me — Aleocharinae and Pégla
nae — are summarised in Figure 6. While the phenoty

Secondary preadaptations reveal their existencé mogroundplans of free-living species predispose batifam-

clearly in clades that repeatedly evolve myrmedgmnd
exhibit parallel trait evolution: the recurring gin of si-
milar traits implies some predisposing charactes@nt in
the clade's ancestral groundplan. However, an itapor
additional consideration is that secondary preadats

ilies to target colonies, their contrasting anatsriave
caused them to employ different evasive stratedjiesg
the initial facultative stage of myrmecophily. Alda-
rines employ tergal gland-based chemical defense-{c
bining it with rapid escape), whereas pselaphimngsoé
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Fig. 6: Hypotheses for the repeated evolution ofm@cophily in Aleocharinae and Pselaphinae basquutative primary
and secondary preadaptations. Preadaptive plespgiitogroundplans of each taxon are shown. The nmeshes by
which the primary preadaptations of these taxa pterfacultative colony exploration are indicatedhia "initial facul-
tative strategy" box. Secondary preadaptationstheid resultant functionally adaptative traits arghlighted in blue;
the hypothetical "typical” routes of evolutionapesialisation for each taxon are shown, with seaongreadaptations
becoming relevant during the advanced stagesxasetamlve ways to socially integrate inside colgniéxemplar spe-
cialised taxa are shown (left to righkfyrmoecia confragosgAleocharinae: Lomechusini) representing glandtiplid
cation, with medial gland openings in tergites iWlav labelled with blue arrows (credit: P. Krasepskcitocryptus
(Aleocharinae: Lomechusini), an ant mimic assodiatéh Neivamyrmexphoto credit: K.T. Eldredge) and unrelated to
Aenictosymbian Figure 2H, representing parallel evolution ofrmecoid syndromeClaviger testaceugPselaphinae:
Clavigerini) andAttapseniugPselaphinae: Attapseniini; photo credit: K.T. feldge) together representing the indepen-
dent evolution of basal abdominal / apical elytradhomes, which are labelled with blue arrows atlke species; both
species show antennomere consolidation, via antearefusion irClavigerand antennomere compactionitiapsenius
Note that cuticular hydrocarbon (CHC) mimicry magt be a general rule for chemical disguise in Aleotae and

is thus indicated with a dashed line; CHC mimicag lalso yet to be demonstrated in the majority yinmecophilous
Pselaphinae although it is strongly suspected.aBterisk indicates that the small, putative defengland present in
some pselaphines is not thought to be involveténetvolution of myrmecophily in this subfamily.

their strengthened exoskeleton for physical prisle¢com-  ready present in ancestral free-living speciesbd alear,
bined with conglobation). This initial strategy hasnifi- however, secondary preadaptations are invokedystael
cations for subsequent steps: aleocharines contiintedy ~ explain parallel evolution of constructed novelties
on chemical-based strategies by modifying tergahdl  they new morphologies, behaviours, or chemicalagn
chemistry, whereas pselaphines are hypothesisexptoit Secondary preadaptations need not be invoked taiaxp
physical contact with hosts to procure the colodypws; reductive or so-called "regressive" specialisatifsT-
synthesis of cuticular hydrocarbons to match hosy NER 1979), such as eye loss, aptery, and mouthpait dim
also occur (Fig. 6). Ultimately, in both subfanslienajor  nution. These modifications are widespread in mywne
phenotypic specialisation has occured through readif  philes (Box 2), and probably represent adaptive ‘lusr
tion of the abdomen. The exposed, flexible aleanbaab-  lose it" morphological changes associated withragtc
domen has stimulated the evolution of myrmecoidnfor lifestyle. Their evolution may be mechanisticaltyagght-
and the development of novel gland types in difieeb-  forward, with removal of purifying selection on the-
dominal segments. In pselaphines, the exposed, aigi ~ derlying developmental mechanism leading to tregjethe-
domen has facilitated the evolution of basal abdaini ration. The fusion of antennomeres and / or tesgieen
glands with associated trichomes, possibly buildimg in Clavigeritae and Paussini may have arisen sihyila

oenocytic progenitors; consolidation of appendages/ While preadaptations may promote the evolution of
or fusion of segments has been an adaptive resgonse specialisation in some beetle clades, they mayodanhit
pselaphines physically interacting with hosts. the progression of the relationship in others. &@mple,

Secondary preadaptations reveal that core aspécts @ the ancestral saprophagous or phytophagous afistsa-
the morphological innovation of myrmecophiles wate  rabaeids predispose this family to the exploitabbmest
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refuse, then there is no historical, geneticallyrearched
urge to access the central, better-policed partelohies
to target the brood. Consequently, major phenotypar-
acters that mediate contact or communication witstd)
and which are seen repeatedly in aleocharinesagiseks

Sphecomyrminae, and these collectively comprisg anl
small fraction (far less than 1%) of the total nembf in-
sects in this deposit ((GEL & GRIMALDI 2005, laPoLLA
& DLUSSKY 2013, BARDEN & GRIMALDI 2014). Through-
out the Upper Cretaceous, ants continue to be (eme

and histerids, are scarce among scarab myrmecgphilejudged by their frequency in fossil deposits), wdefini-

because the degree of interaction is generally riore
ited. The plesiomorphic diet that predisposesdlide to
myrmecophily in fact favours one kind of myr-
mecophily, and poses a significant genetic andiphys
logical barrier to evolving alternative modes oforty ex-
ploitation. This apparent ceiling to the elaborataf the
myrmecophilous relationship is not impassable, h@mre
In the rare instances among scarabaeids where lpreed
dation has evolved, such as in the Cremastocheitidi
some Eupariini, heavy cuticular modifications amchbmes
can sometimes be observed. With this in mind iihtier-
esting to contrast myrmecophilous scarabs with iterm
philes belonging to this family — in particularptie species
that frequent the gardens of fungus-growing tersnite
these species, trichomes, glandular areas, graspiebes
and even physogastric forms may be more commaérV
DAL & FORSHAGE 2010, MARUYAMA 2012a, b). The de-
gree of specialisation therefore appears to departtbw
far the beetle translocates into the nest durirgution —
a factor contingent on diet, a primary preadaptaiier-
ited from free-living ancestors.

In other cases, the plesiomorphic morphology dadec
may lack readily evolvable secondary preadaptatiehih

tive examples of crown-group ants vanishingly soaly,
during the Early-Middle Eocene, modern ant subfesiil
prevail (and sphecomyrmines no longer persist),antd
as a whole start to increase in frequency reldtivether
insects, approaching their present day dominanee- (G
MALDI & AGOSTI2000, WLSON & HOLLDOBLER 2005,
LAPOLLA & DLUSSKY 2013, BA\RDEN & GRIMALDI 2014).
Contemporaneous with the earliest ants, modernihgok
scydmaenines (@aTzIMANOLIS & al. 2010) and higher
(compact-bodied) Pselaphinae (J. Parker, unpubizeh
been recovered from Burmese amber; so too hasaa put
tive histerid (®INAR & A. E.BROWN 2009). The antiquity
of these beetle groups argues that they were pygiRot
cally outfitted for both general ecological coegiste with
ants and exploitation of colonies by the time drggan
to dominate terrestrial environments. An aleocheatias
also been found in Burmese ambenl(& HUANG 2015),
although it belongs to the basal, tergal-glandielss Dei-
nopsini. Higher (gland-bearing) aleocharines ates tiar
not known from the Cretaceous, but are neverthekess
latively common in Middle Eocene Baltic amber, it
ing some that have been assigned to modern geagi (
listed in GHATZIMANOLIS & ENGEL 2011). This implies

would dampen the capacity of any emerging myrmeco-hat the higher Aleocharinae may have likewise el

philous lineages to undergo specialisation. Fongta,
despite the large number of scydmaenine myrmeaaghil
no socially integrated species have yet been foand,
none bear trichomes or other clear morphologicét ha
marks indicating an obligate dependence on aninado
By possessing long elytra, scydmaenines lack thema
secondary preadaptation of Aleocharinae and Psatgah
the exposed abdomen. This may be an impedimehgeto t
evolution of abdominal exocrine glands, which irttbo
aleocharines and pselaphines have been instruntental
evolving more complex associations with ants. This-
phological constraint of scydmaenines may be furtben-
pounded by an ancestral dietary constraint: maahih-

ly specialised mite predators, and may simply enésts
to target the numerous other microarthropods iveathere.

In the absence of any impetus to access the cdlmud
galleries or interact with hosts, there may béelitielec-
tion pressure for derived morphological or beharabat-
tributes mediating more intimate forms of myrmedbph

Ant selection: the Cenozoic rise of ants as a drivef
myrmecophily-prone beetle diversification

With this preadaptation-based explanation for traution
of beetle myrmecophily in mind, it is illuminating con-
sider the influence ants have had on coleopteraerdi
sity. Comparing the fossil records of the myrmedbph
prone beetle clades to that of ants, a scenariogasen
which these beetle groups existed in their preadept
crown-group forms probably long before ants diverdi
and began to proliferate ecologically. Mid-Cretace8ur-
mese amber, dated to 99.8 million years oldi (& al.
2012), houses the earliest-known definitive anluisions,
mostly assignable to the extinct stem group subfgmi

and undergone substantial diversification some befere
the Early-Middle Eocene when modern ants begamito d
minate.

Not only did all four groups go on to evolve myrraec
phily with great frequency, but, given the capaocitghese
groups for coexistence with ants, their own ecaalgsuc-
cess and evolutionary diversification may have bieen
voured by the ascent of ants. By clearing out o#intro-
pods from the forest floor (including would-be pagats
such as carabids and spiders, which do not fardeimaht-
rich habitats, BRLINGTON 1971, WLSON 1990), ants may
have permitted these beetle taxa the freedom tersify
in this novel, social insect-dominated world. Thybuthis
mechanism of "ant selection" a vast and largelymgne
free space may have been created for these preadapt
beetle clades — the entirety of the lowland tropiceest
floor. By permitting these clades to radiate irs thhviron-
ment, the now-ubiquitous ants may have been anrmpo
tant driver of these beetles' contemporary speitibsess.

Future studies on myrmecophily: the value of focusig
on preadaptations

The ideas put forward in this article have beentmsgised
based on a patchwork of biological information doeated
in a massively dispersed myrmecophile literaturesiiite
more than a century of study, myrmecophile biology
mains very much in its infancy. Yet, exploring hawd
why myrmecophily evolves is to ask fundamental ques
tions about the starting conditions necessaryriarspecies
relationships to arise, and the factors leadindp safation-
ships to increase in intimacy and phenotypic comiple
Myrmecophily is a form of ecological specialisati@nd
in its most advanced incarnation represents a jgaraof
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obligate symbiosis between multicellular organisits.
repeated emergence in some clades signals thespimsse
of traits that are evolutionarily predisposing histkind
of lifestyle. Identifying what these preadaptati@ms, and
examining how they promote ecological engagemetit wi
ants, offers an opportunity to observe the biolalgiheno-
mena at play as species abandon a free-livingexndst
and begin evolving an increasingly intimate, paiasym-
biosis.

Clades that exhibit repeated evolution have spealak
in evolutionary biology, because the acquisitiorsiofi-
lar traits by independent lineages evolving unaengar-
able selective regimes provides a compelling arguirfos
the non-random nature of evolutionary changef@
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Maruyama, Harald Schillhammer, Taku Shimada, Maxim
Smirnov, Alexey Tishechkin, and Zi-Wei Yin. Finally
thank the editors of Myrmecological News for thepop
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