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Slowing them down will make them lose: a role for

attine ant crop fungus in defending pupae against

infections?
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Summary

1. Fungus-growing ants (Attini) have evolved an obligate dependency upon a basidiomycete

fungus that they cultivate as their food. Less well known is that the crop fungus is also used

by many attine species to cover their eggs, larvae and pupae.

2. The adaptive functional significance of this brood covering is poorly understood. One

hypothesis to account for this behaviour is that it is part of the pathogen protection portfolio

when many thousands of sister workers live in close proximity and larvae and pupae are not

protected by cells, as in bees and wasps, and are immobile.

3. We performed behavioural observations on brood covering in the leaf-cutting ant Acromyr-

mex echinatior, and we experimentally manipulated mycelial cover on pupae and exposed them

to the entomopathogenic fungus Metarhizium brunneum to test for a role in pathogen resistance.

4. Our results show that active mycelial brood covering by workers is a behaviourally plastic

trait that varies temporally, and across life stages and castes. The presence of a fungal cover

on the pupae reduced the rate at which conidia appeared and the percentage of pupal surface

that produced pathogen spores, compared to pupae that had fungal cover experimentally

removed or naturally had no mycelial cover. Infected pupae with mycelium had higher sur-

vival rates than infected pupae without the cover, although this depended upon the time at

which adult sister workers were allowed to interact with pupae. Finally, workers employed

higher rates of metapleural gland grooming to infected pupae without mycelium than to

infected pupae with mycelium.

5. Our results imply that mycelial brood covering may play a significant role in suppressing

the growth and subsequent spread of disease, thus adding a novel layer of protection to their

defence portfolio.

Key-words: Acromyrmex echinatior, brood, fungal parasite, metapleural gland, Metarhizium,

mycelial cover, public health

Introduction

Among animals, the younger immature stages are gener-

ally more vulnerable (Ricklefs & Miller 1999), which

explains why some form of parental care has evolved

repeatedly across diverse animal taxa (Tallamy 1984; Rey-

nolds, Goodwin & Freckleton 2002). Parental care is com-

mon in vertebrates but proportionately rare in arthropods

(Reynolds, Goodwin & Freckleton 2002). Eusocial Hyme-

noptera, however, have evolved extensive cooperative

brood care, including sibling care. Similar to other holo-

metabolous insects, eusocial hymenopteran pupae can be

completely enveloped in protective cocoons that are not

opened until adult eclosion (Craig 1997; Chapman 1998).

The ants (Formicidae), however, have no brood cells, as

found in some other Hymenoptera (e.g. Qui~nones &
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Wcislo 2015 and references therein). Furthermore, in

many ant lineages, the cocoon has been lost, so that

pupae are exposed (Wheeler 1915; Armitage et al. 2012).

Pupae may also be less frequently tended by adults than

larvae, because they are not fed. Mass-rearing in open

chambers may appear to facilitate spread of disease, yet

ants have some of the largest and most long-lived colonies

known (Dornhaus, Powell & Bengston 2012), such as the

Atta fungus-growing leafcutter ants that can have millions

of individuals per colony (Weber 1972). This contradic-

tion has led to the increasing appreciation that ants have

sophisticated collective prophylaxis and social immunity

defences so they can control and/or eliminate generalist

pathogens (Boomsma, Schmid-Hempel & Hughes 2005;

Cremer, Armitage & Schmid-Hempel 2007). The mecha-

nisms by which ants achieve their formidable hygienic

successes have only just begun to be explored in detail

(Fern�andez-Mar�ın et al. 2006, 2015; Ugelvig & Cremer

2007; Tragust et al. 2013a).

The fungus-growing ants (Attini) have a mutualistic

relationship with basidiomycete fungal symbionts that are

used as food sources (Weber 1972; De Fine Licht,

Boomsma & Tunlid 2014). Several microbes are also asso-

ciated with this mutualism, such as Escovopsis, a fungal

parasite of the fungus garden (Currie, Bot & Boomsma

2003); stable colony-specific actinomycete bacterial com-

munities (Andersen et al. 2013), including Pseudonocardia,

that grow on the ant cuticle (Currie et al. 2006) and that

have antifungal activity (Currie et al. 1999; Sen et al.

2009); and black yeasts, which also grow on the ant cuti-

cle (Little & Currie 2007) and seem to negatively affect

the ants’ ability to suppress a parasitic fungus, Escovopsis

(Little & Currie 2008). Attine pupae do not spin cocoons

and it has long been known that the fungal mycelia also

cover brood (including eggs, larvae and pupae) (Wheeler

1907). Such covers occur in many but not all species that

have been studied (for a review see Armitage et al. 2012).

At least in some taxa, initiation of fungal growth on the

larvae results from workers actively planting tufts of fun-

gal hyphae on the larval cuticle (e.g. Lopes et al. 2005;

Camargo et al. 2006; Fern�andez-Mar�ın et al. 2013) rather

than passive overgrowth. Once the tufts have been

planted, they become interconnected with mycelium

(Ramos Lacau et al. 2008), so brood appear as having a

mycelial cocoon when fungal cover becomes extensive.

Histological sections of larvae from phylogenetically more

basal species showed that the fungal hyphae emit projec-

tions to the interior of the cuticle, suggesting that the rela-

tionship between the fungal covering and the larval

cuticle is intimate (Ortiz, Mathias & Bueno 2012).

Several hypotheses have been proposed to explain the

evolution of mycelial covering behaviours, but are

untested. Ramos Lacau et al. (2008) hypothesized that the

fungal mycelium might facilitate moulting by aiding

degradation of the soon-to-be moulted cuticle. A mycelial

brood cover may also protect against adverse abiotic envi-

ronmental factors (Mueller, Ortiz & Bacci 2010) and may

provide protection against predators such as army ants or

macroparasites such as parasitoid wasps (LaPolla et al.

2002; Powell & Clark 2004; Fern�andez-Mar�ın, Zimmer-

man & Wcislo 2006; P�erez-Ortega et al. 2010). However,

none of these appear to be compelling general explana-

tions: abiotic factors seem unlikely to vary in an under-

ground nest beyond what ants can normally control by

moving their brood around. Available information for

mycelial cover and its correlation with predation and par-

asitism neither supports nor refutes this kind of protective

function (see Discussion in Armitage et al. 2012).

Here, we explore whether the cover protects brood

from microbial parasites (Lopes et al. 2005; Mueller,

Ortiz & Bacci 2010; Armitage et al. 2012). Indeed, a num-

ber of animals use symbiotic microbes and fungi for pro-

tection against parasites (Fl�orez et al. 2015). If this is the

case for fungus-growing ants, the defence could be pro-

phylactic, induced or constitutively active. Furthermore,

the barrier could be of a chemical or a physical nature,

minimizing or blocking contact between pathogens and

brood. In support of a potential chemical prophylaxis

role, Lepiota, a fungal cultivar of Cyphomyrmex costatus

fungus-growing ants, produces lepiochlorin, which has

activity against the bacterium Staphylococcus aureus (Her-

vey & Nair 1979; Wang, Mueller & Clardy 1999). In addi-

tion, the fungal cultivar of Atta colombica inhibits the

growth of endophytic fungi growing in the leaves that the

ants cut (Van Bael et al. 2009). Finally, attine species that

have lower mycelial cover on their brood more frequently

use metapleural gland (MG) grooming as a defensive

behaviour (Armitage et al. 2012), suggesting that these

defences trade-off, but this study did not examine mycelial

cover in the context of experimental parasite exposure, so

the results remained correlative.

The first objective of our present study was to quantify

the consequences of experimental removal of mycelial

brood cover and to obtain observations of the behaviours

that produce mycelial brood covering on larvae and

pupae of a leaf-cutting ant, Acromyrmex echinatior Forel

(Hymenoptera: Formicidae), which frequently covers its

eggs, larvae and pupae with crop fungus (Armitage et al.

2012). Three experiments tested the hypothesis that the

mycelial cover of pupae represents a defensive function

after exposure to a generalist entomopathogenic fungus

Metarhizium brunneum [Hypocreales: Clavicipitaceae; for-

merly known as Metarhizium anisopliae var. anisopliae

(Bischoff, Rehner & Humber 2009)]. This fungus has been

isolated from areas around leaf-cutting colonies (Hughes

et al. 2004b) and is known to infect and kill leaf-cutting

ants in the laboratory (Hughes et al. 2004a). Metarhizium

has been used to address host-pathogen interactions in

A. echinatior (e.g. Hughes & Boomsma 2004; Hughes

et al. 2004a) and sanitary behaviours in other ant species

(e.g. Ugelvig & Cremer 2007; Ugelvig et al. 2010; Tragust

et al. 2013b). We first tested whether mycelial cover

retards growth of M. brunneum in the absence of active

brood care. The second experiment tested whether

© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 1210–1221
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mycelial cover affected hygienic behaviour, that is the effi-

ciency by which workers detect and remove diseased

brood (Arathi, Burns & Spivak 2000; Wilson-Rich et al.

2009), following exposure to M. brunneum. Lastly, we

tested whether pupal mycelial cover affected the use of

MG grooming, a known alternative hygienic strategy in

attine ants (Fern�andez-Mar�ın et al. 2009, 2015) after

M. brunneum exposure.

Materials and methods

For detailed materials and methods, please see Appendix S1,

Supporting Information.

ants and fungus

For the behavioural observations and the first exposure experi-

ment, we used Acromyrmex echinatior colonies that had been col-

lected between 2001 and 2007 from Gamboa, Panama, and taken

to Copenhagen, Denmark. For the second exposure experiment,

we used nine A. echinatior colonies collected in 2008 in Panama

and taken to Copenhagen and another seven colonies collected in

2011 and maintained in Panama. For experiment 3, 10 A. echina-

tior colonies were collected in 2011 and maintained in Panama.

Ant colony codes are given in the raw data file (deposited in

Dryad). Acromyrmex echinatior worker voucher specimens were

deposited at the Museo de Invertebrado, Universidad de Panama.

Metarhizium brunneum (KVL-0272: Hughes et al. 2004b) was

isolated from the same area in Panama as where ant colonies were

collected.

quantif ication of mycelial cover and
behavioural observations

Mycelical brood cover on larvae and pupae

We examined whether colonies differed consistently in the amount

of mycelial brood cover that they applied after disturbance. Ten

final instar large worker larvae were removed from each of 10 colo-

nies (see Appendix S1 for details) to estimate their percentage

mycelial cover under a stereomicroscope, after which they were

transferred to the edge of a Petri dish containing ~180 mg of fun-

gus garden. Two large, four medium and 10 small workers were

added and every day the mycelial cover was scored for each larva

or pupa using a dissecting microscope. Larvae were checked 18 h

after the start of the experiment (day 1), and every subsequent day

until 2 days after all larvae had pupated (day 10). Larval sample

sizes decreased over time as individuals pupated; therefore, we pre-

sent differences in cover between days 0, 1, 2, 3 and 10 (see raw

data file for details). In one colony (Ae265), nine larvae died, and

one became a pupa, but mortality was negligible in all other colo-

nies. The data were analysed using JMP
�, version 9.0.0 for Macin-

tosh (SAS Institute Inc., Cary, NC, USA, 1989–2007).

Mycelical cover on sexual brood

Sexual brood (gynes and males) are more costly to produce given

their larger size and are more valuable given their greater poten-

tial reproductive value for the colony than workers. In queen-

right colonies of Acromyrmex subterraneus brunneus planting of

fungal hyphae on worker larvae occurred more frequently than

planting on male (sexual) larvae, but sexual pupae or gynes were

not examined (Camargo, Lopes & Forti (2006). We therefore

quantified mycelial cover on reproductive brood of both sexes

and tested whether it differed from that found on the workers.

We estimated per cent mycelial cover for a minimum of 20 brood

items (either male pupae, gyne pupae or older sexual larvae) from

five colonies and also surveyed worker pupae from the same colo-

nies where possible.

Behavioural observations on workers and mycelial cover

in relation to pupal age

We asked the following questions: (i) How long it took for naked

pupae to be covered in mycelia, (ii) Whether workers differen-

tially covered pupae of different ages and (iii) What the frequency

was with which tufts of mycelium were placed on the pupae?

Two young white worker pupae and two older worker pupae

with brown cuticle were removed from each of nine colonies.

Petri dishes were prepared as described as above, and mycelial

cover was recorded for all pupae and then removed with a fine

dry paintbrush, which was washed thoroughly in 96% ethanol

and allowed to dry between handling different colonies. The

pupae were placed in the Petri dish away from the fungus garden

fragment. Each Petri dish was observed constantly for 60 min

after adding the pupae, and the time when the pupae were moved

to the fungus garden was recorded. The percentage mycelial cover

of each pupa was recorded every hour until 9 h after set-up and

then observed again at 25 and 72 h. We analysed the differences

in the mean cover per colony of young and old pupae before

mycelial removal and then at 9, 25 and 72 h after mycelial

removal (Appendix S1).

Brood covering behaviour has been previously described (Lopes

et al. 2005; Camargo et al. 2006; Ortiz, Mathias & Bueno 2012)

and is similar to fungal planting behaviour that occurs on the gar-

den substrate (Lopes et al. 2005). Prior to planting fungus for

brood covering, an immature is thoroughly licked (Lopes et al.

2005), after which a worker – usually a small one (Camargo et al.

2006) – picks up a mycelial tuft from the fungus garden close to the

pupa with its mandibles. It then antennates the pupa before placing

the tuft on the pupal body in an area that is clear of mycelium and

secures it into position by alternate patting movements with the

front legs. One small adult ant per subcolony was watched con-

stantly for 10 min and the number of mycelial tufts placed on the

pupa during this time was recorded (n = 7 subcolonies). For 10

tufts, the number of securing pats with the front legs were also

recorded (n = 8 subcolonies). Our behavioural observations were

made after the aforementioned 9-h observation period. By this

time, the pupae already had considerable cover; therefore, in order

to standardize cover across colonies, we observed the behaviour

towards white pupae that already had 70% cover.

does mycelial brood cover provide
protection from a generalist pathogen?

Exposure experiment 1: Does mycelial cover slow

growth of Metarhizium brunneum?

Four small Petri dishes were prepared for each colony (n = 11

colonies; Appendix S1). Twelve young pupae with over 75%

mycelial cover and four young pupae with no mycelial cover were

© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 1210–1221
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removed from the fungus garden of each colony. The four pupae

‘Without natural’ mycelial cover (WONatural; Table 1) were ran-

domly assigned to one of the four Petri dishes (Fig. S1). The

twelve pupae with mycelial cover were randomly allocated to one

of three degrees of mycelial cover: ‘Without Removed’

(WORemoved) were manipulated so that the pupae had the myce-

lial cover on their gaster (hymenopteran ‘abdomen’) gently

removed with a brush. Only the gaster was treated because it is

exposed and hence easy to apply fungal conidia to it, and the

appendages of the pupae can be easily damaged if manipulated.

‘With Natural’ (WNatural) were unmanipulated so that mycelial

cover remained all over the pupae, and ‘With Sham’ (WSham)

were sham treated so that mycelial cover remained all over the

pupae, but the mycelial cover on the gaster was touched gently

with a brush as a control for the mechanistic part of the removal

of mycelium in WORemoved. One pupa from each category

(WONatural, WORemoved, WNatural and WSham) was then added to

each Petri dish. For each colony, two Petri dishes were randomly

assigned as controls and two were randomly assigned as treatments.

Infections were done under a stereomicroscope: dry M. brun-

neum spores were removed from a freshly sporulating agar plate

and, using a sterile dissection needle, approximately

31 500 � 2256 spores (�1 SE) were gently dispersed across an

area (~1 9 1 mm) of the gaster – on a tergite near the junction

with the sternite (Fig. S1). The control pupae were gently touched

with a sterile dissection needle in the same place. Pupae were left

without workers and were checked daily for fungal germination

and fungal sporulation on the cuticle. After 1–3 days, dry

Metarhizium spores germinate into white hyphae, and 3–4 days

later the new conidia (or spores) start to grow progressively over

the pupae. After 10 days, the percentage cover with M. brunneum

conidia was recorded for each pupa. We only analysed the treat-

ment pupae because no control pupae showed evidence of

M. brunneum conidia. Time until conidia appearance was analysed

using the R statistical package (R Core Team 2014) version 2.13.0

using Cox models. Per cent spore cover 10 days after application

was analysed using linear mixed-effects models (Appendix S1).

Exposure experiment 2: Does mycelial cover increase

survival of pupae after Metarhizium brunneum

exposure?

We tested whether mycelial cover affected hygienic behaviour,

that is worker detection and removal of diseased brood after

M. brunneum exposure. Sixteen colonies were used to determine

the survivorship of M. brunneum-exposed pupae isolated tem-

porarily from adult workers. Twenty-four small Petri dishes were

prepared per colony, as detailed above. From each colony, we

removed 48 white pupae that had over 75% mycelial cover. Half

of these pupae were randomly allocated to the WORemoved treat-

ment and half to WSham treatment (Fig. S2). Within WORemoved

and WSham, half of the pupae were left as controls, and the other

half had dry spores of M. brunneum applied to their gaster as

detailed for exposure Experiment 1. We allocated the pupae to

Petri dishes, such that six Petri dishes contained two WORemoved

spore-exposed pupae, six contained two WSham unexposed pupae,

six contained two WORemoved spore-exposed pupae and six con-

tained two WSham unexposed pupae. One of each of these four

treatment combinations was allocated to one of six time periods:

0, 12, 24, 36, 48 and 60 h. These times correspond to the hour

after set-up at which a group of workers, including two large,

two medium and eight small, were added to each Petri dish. Once

the workers had been added we recorded every 12 h for 4 days

whether the pupae remained in the fungus garden, or in the

dump area where they would almost certainly die, which is an

assay of hygienic behaviour (Tragust et al. 2013b). The removal

of control pupae was rare (Appendix S1), so we only analysed

the data for the removal of the M. brunneum-exposed pupae,

using mixed-effects Cox models (Appendix S1).

Exposure experiment 3: Does mycelial cover affect

metapleural gland grooming in the presence of

Metarhizium brunneum?

Ten colonies were used to test whether mycelial cover affects the

number of workers attending brood and their metapleural gland

use when pupae had been exposed to M. brunneum. Twelve small

Petri dishes were prepared for each colony, as detailed for the

previous experiment. From each colony, we removed 36 white

pupae that had over 95% mycelial cover. Half of the pupae were

randomly allocated to the WORemoved treatment and the other

half to the WSham treatment. We allocated the pupae to Petri

dishes such that there were three pupae of the same treatment in

each Petri dish (Fig. S3). Eighteen pupae (six Petri dishes) were

infected with dry M. brunneum conidia (~30 000 conidia), and 18

pupae were controls. Ten workers from the same colony as the

pupae, and of only one size class (large, medium or small), were

added to each Petri dish and allowed to acclimatize for 5 min

prior to behavioural observations (Fern�andez-Mar�ın et al. 2009).

Once every 10 min for 1 h, we recorded the number of ants

attending the pupae, and for the entire hour, we recorded the

number of times that pupae were contacted following metapleural

Table 1. Mycelial cover manipulation for each of the four treat-

ment groups used in the M. brunneum exposure experiments

Mycelial cover

Mycelia

manipulated

WONatural No

No cover anywhere

(natural)

WORemoved Yes

Cover on gaster

experimentally removed

WNatural No

Natural cover everywhere

WSham Yes

Natural cover everywhere,

gaster sham treated

© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 1210–1221
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gland grooming (Fern�andez-Mar�ın et al. 2006; Fern�andez-Mar�ın

et al. 2009). The data were analysed in R using generalized linear

models with quasibinomial errors. We tested (i) whether there

was an effect of spore exposure, mycelial cover presence and

worker size on the mean number of workers attending pupae per

10-min ‘snapshot’ and (ii) whether there was an effect of these

factors on the total number of metapleural gland grooming

events (Appendix S1).

Results

quantif ication of mycelial cover and
behavioural observations

Mycelial brood cover on larvae and pupae

Seventy per cent of the larvae had no cover, and the aver-

age cover across all laboratory colonies was less than 1%

when removed from their mother colonies (Fig. 1a).

However, we observed a monotonic increase in the

amount of mycelial cover after removal from the mother

colony (Overall effect of day: v2 = 28�44, df = 4,

P < 0�0001; for statistics see Appendix S2, Table S1), and

in comparisons with day 0, all days had significantly more

mycelial cover. However, after excluding Ae265 from the

analysis (see Methods), and after sequential Bonferroni

corrections, the day 0 vs. days 1 and 2 comparisons were

no longer statistically significant (Appendix S2, Table S2).

There were also significant differences between colonies in

the degree of cover (day 0: v2 = 34�52, df = 9, P < 0�0001;
day 10: v2 = 56�72, df = 9, P < 0�0001; Appendix S2,

Table S3); some colonies had no cover on the larvae at

day 0 whereas all colonies had a minimum of 50% pupal

cover by the end of the experiment at day 10. Finally,

there were significantly different variances in mycelial

cover across colonies (day 0: F9,90 = 12�86, P < 0�0001;
day 10: F8,79 = 5�24, P < 0�0001; Appendix S2, Table S4).

Fig. 1. Quantification of mycelial cover

and behavioural observations. (a) Mycelial

brood cover on larvae and pupae in

response to disturbance. Mean (�1 SE)

mycelial brood cover after removal from

the mother colony. Ten larvae were

observed from each colony, but as some

pupated the means across days are derived

from sequentially fewer observations of

larvae. Diamonds next to colony names

indicate where the mycelial cover on

pupae in the mother colony was on aver-

age <25% at the time of larval collection.

(b) Mycelial cover on sexual larvae, and

gyne, male and worker pupae. The num-

bers of colonies examined for each caste

were 5, except for male pupae where it

was 4. Significant differences are given as:

*P < 0�05, **P < 0�01. (c) The increase in

mycelial brood cover over a 72-h post-

removal period, for younger (white) and

older (brown) pupae. Each point repre-

sents the mean for two pupae from nine

colonies, except for old pupae after 25 h

(N = 17 individuals from nine colonies)

and after 72 h (N = 11 individuals from

seven colonies), because some pupae had

emerged into adults. *indicates significant

differences (P < 0�05) and n.s. indicates

no significant difference. The means to the

left of the dashed grey line show cover

before removal of the mycelial cover at

the start of the experiment.

© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 1210–1221
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Mycelical cover on sexual brood

There was a significant overall effect of brood caste on

the degree of mycelial cover (v2 = 12�61, df = 3,

P = 0�0056; Fig. 1b; Appendix S2, Table S5). Worker

pupae were covered with significantly more mycelium

than sexual larvae (Z = 2�59, P = 0�0097; Appendix S2,

Table S6), female pupae (Z = 2�51, P = 0�0122) and male

pupae (Z = 2�09, P = 0�0365).

Behavioural observations on workers and mycelial cover

in relation to pupal age

There was no significant difference in mycelial cover

between young and old pupae when they were removed

from the maternal colonies (Z = 0�23, P = 0�822; Fig. 1c;
Appendix S2, Table S7). Just over sixty per cent of the

pupae were moved to the fungus garden in the first hour

of observations and for these pupae it took on average

17 min (�SE 16 min 51 s) to be placed in the fungus gar-

den; the remaining pupae had all been moved within

2¾ h. There was an increase in cover of both young and

old pupae from 0 to 72 h (Fig. 1c). Young pupae had sig-

nificantly more cover compared to old pupae at both 9

and 25 h after experimental removal from their natural

garden environment to Petri dishes (9 h: t = 2�64, df = 16,

P = 0�0178; 25 h: t = 2�70, df = 16, P = 0�0157), but there
was only a non-significant trend in this direction after

72 h (Z = �1�91, n = 9 and 7, P = 0�0564). Covering of

the brood with mycelium was carried out almost exclu-

sively by small workers: tens of observations vs. only two

observations of a medium worker performing this beha-

viour (large workers never covered brood). The mean

number of tufts added to a young pupa in 10 min per

worker was 23�9 (�4�9), so the average time per tuft was

29�3 s (�5�3). The mean number of pats with the front

legs to secure one tuft was 20�9 (�1�8).

does mycelial brood cover provide
protection from a generalist pathogen?

Exposure experiment 1: Does mycelial cover slow

growth of Metarhizium brunneum?

Spores appeared significantly more quickly on pupae with

their mycelial cover experimentally removed (WORemoved)

than on pupae with mycelial cover intact (comparison

with WNatural: Z = �5�23, P < 0�0001 and with WSham:

Z = �5�12, P < 0�0001; Fig. 2a; Appendix S2, Table S8).

However, there was no difference in the time to spore

appearance between WONatural and WORemoved (Z = 0�5,
P = 0�84), implying that mycelial removal from the gaster

is sufficient for eliciting a similar increase in pathogen effi-

ciency as pupae that naturally lacked cover. Treatment

significantly affected the M. brunneum spore cover

(F3,39 = 44�28, P < 0�0001; Appendix S2, Table S9):

WORemoved had significantly higher spore covers than

WNatural and WSham, but significantly lower cover than

WONatural (Fig. 2b).

Exposure experiment 2: Does mycelial cover increase

survival of pupae after Metarhizium brunneum

exposure?

When workers were added 24 h after M. brunneum expo-

sure, the removal of mycelial cover (WORemoved) signifi-

cantly increased the proportion of pupae that workers

removed from the fungus garden and disposed of, com-

pared to WSham pupae (Z = 2�36, P = 0�018, Fig. 3a;

Appendix S2, Table S10): the absence of mycelial cover

doubled the percentage of pupae removed from the fun-

gus garden 96 h after adding workers (WORemoved: 25%

in fungus garden, WSham 56% in fungus garden; Fig. 3a,

b). However, mycelial cover treatment had no significant

Fig. 2. First conidia exposure experiment: Pupal mycelial cover

was left in the natural state (WONatural or WNatural), removed

(WORemoved) or sham treated (WSham) after which M. brunneum

spores were applied and the time at which conidia appeared was

recorded. (a) Cumulative proportion of pupae with visible

M. brunneum conidia. A survival analysis was performed but the

data are presented as the inverse for clarity. ***indicate signifi-

cant differences (P < 0�001) between WONatural and WNatural, and

WONatural and WSham. (b) Mean percentage cover with M. brun-

neum spores 10 days after infection for the four treatment

groups. Figures are based on means from 11 colonies.
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effect on the proportion of pupae found in the fungus

garden for any of the other times (0, 12, 36, 48 and 60 h)

at which workers were added (P > 0�081 in all cases,

Appendix S2, Table S10; Figs 3b and S4), meaning that

both WORemoved and WSham treatment pupae were

removed from the fungus garden at the same rate.

Exposure experiment 3: Does mycelial cover affect

metapleural gland grooming in the presence of

Metarhizium brunneum?

Significantly more workers attended pupae exposed to

M. brunneum than unexposed pupae (F1,118 = 165�47,
P < 0�0001; Fig. 4a; Appendix S2, Table S11), but there

was no difference in the number of workers attending

WORemoved compared to WSham pupae (F1,117 = 1�774,
P = 0�186). There was a significant difference in the num-

ber of attending ants relative to caste-specific body size:

small workers attended more than medium workers, which

attended more than large workers (Fig. 4a; Appendix S2,

Table S11). We observed only one incident of MG groom-

ing on a control pupa (n = 180), whereas exposed pupae

(n = 180) received 262 MG grooming events over 60 min

for all colonies, suggesting that this behaviour is related

to the spore exposure. We therefore only tested MG use

on pupae that had been exposed to M. brunneum. In the

presence of M. brunneum, the MG was used more than

twice as often when pupae had no mycelial cover com-

pared to sham-treated pupae (F1,58 = 4�97, P = 0�029;
Fig. 4b; Appendix S2, Table S12), and there was a signifi-

cant effect of worker size on the number of MG grooming

events (Appendix S2, Table S12), with smaller workers

grooming more frequently.

Discussion

Our behavioural observations showed that mycelial cover

is a plastic trait: it varied across castes, time, life stages

and across time within colonies. The fungal spore expo-

sure experiments clearly indicate that a cover with cultivar

mycelium provides some degree of protection against a

fungal entomopathogen, so that the ants work less to san-

itize their brood.

quantif ication of mycelial cover and
behavioural observations

Laboratory colonies had very little or no mycelial cover

on the larvae, and at the time at which they were col-

lected from their colonies, it was lower than what we

(a)

(b)

Fig. 3. Second conidia exposure experi-

ment: (a) The proportion of pupae found

in the fungus garden vs. the dump when

workers were added 24 h (t = 24 h, see

Fig. S2) after the pupae had been exposed

to M. brunneum conidia and followed for

96 h. Each curve is from two pupae

(WONatural or WSham) from each of 16

colonies. None of the pupae from the two

control treatments were removed to the

dump; hence, both control treatment lines

appear as one line. *indicates a significant

difference between survival curves

(P < 0�05). The dotted vertical line corre-

sponds to figure (b) below. For figures of

other times at which workers were added

see Fig. S4. (b) Summary figure of the

proportion of pupae found in the fungus

garden versus the dump, including all time

points at which the workers were added

(i.e. t = 0, 12, 24, 36, 48 and 60 h), but

the status at only 96 h after adding the

workers, that is the last census point, is

shown. The lines do not indicate survival

curves, rather they aim to aid interpreta-

tion by joining data points of the same

mycelial/exposure treatment. The dotted

vertical line corresponds to the same time

point after adding workers as shown in

survival figure (a).
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previously reported for A. echinatior (1% this study vs.

34% in Armitage et al. 2012). This might be explained by

the fact that we used established laboratory colonies in

this experiment, whereas Armitage et al. (2012) used

recently collected (disturbed) field colonies, in which

brood might have been recovered in direct response to the

disturbance. The workers generally increased larval cover

the longer that larvae were kept in artificial subcolonies:

by day 3 after collection some colonies had more than

35% cover, comparable to Armitage et al. (2012). On

average pupae in Petri dishes had >80% cover, irrespec-

tive of the fact that pupae examined from four of the

colonies before the start of the experiment had less than

25% cover on their pupae, suggesting again that this

could be a response to disturbance. In addition to the

general increase in cover over the course of the experi-

ment, there was significant variation among colonies,

which might be due to overall behavioural differences or

to differences in the vigour with which different symbiont

strains grow on brood cuticle. Overall, these results

indicate that the extent of mycelial cover is plastic over

relatively short time spans and that mechanical distur-

bance and exposure to stressful conditions (such as being

placed in Petri dishes) might be one of the cues that cause

more complete mycelial cocoons, although further

experimental tests are needed.

Pupal caste influenced the degree of mycelial cover in

laboratory-kept colonies: both gyne and male pupae had

significantly less cover than worker pupae. Sexual larvae

also had less cover than worker pupae, but we did not

test whether they differed from worker larvae because it is

difficult to discriminate between worker and young (small)

sexual larvae. Our results for pupae mirror the results of

Camargo, Lopes & Forti (2006) from queen-right colo-

nies, where workers tended to plant fungal hyphae on

worker larvae more frequently than on male sexual larvae.

Despite clear differences, such as the material from which

the covering is made, the mycelial cover is similar to a

pupal cocoon, creating partial to complete envelopes

around the pupae (Armitage et al. 2012). In this respect,

it is interesting to note that caste dimorphism in cocoon

spinning has also been observed in Neivamyrmex and

Aenictus army ants, but here worker pupae are naked

(Brady & Ward 2005) and sexual pupae spin their own

cocoons (Wheeler & Wheeler 1976); the functional signifi-

cance of this behavioural difference is not known. We do

not have data to address this point, but speculate that

A. echinatior adult workers may attend sexual brood more

frequently than worker brood and hence keep sexuals

healthy using other defensive mechanisms.

Both young and old naked pupae were actively covered

in mycelium by adult workers, and in some cases, this

began within an hour after pupae were moved to Petri

dishes. This shows that the response can be modulated

relatively rapidly, supporting the findings of Lopes et al.

(2005) who observed an increase in fungal planting beha-

viour 90–120 min after adding Acromyrmex workers to

isolated pupae. Workers tended to cover older pupae to a

lesser degree than younger pupae: if the mycelium indeed

protects the pupae in some way, it may be that older

pupae with darker harder cuticles are better protected and

require less cover due to shorter times until emergence,

implying that cues to cover the pupae with mycelia are

age-linked, but this remains to be tested. The younger

and older pupae had similar mycelial cover upon removal

from the mother colony at the start of the experiments,

but it might be possible that the mycelia establish them-

selves less readily on older pupae. Similar to Camargo

et al.’s (2006) observations on A. subterraneus brunneus,

the small workers predominantly engaged in brood cover-

ing behaviour. The number of small tufts of mycelia to be

added to each brood item will depend upon the size of

the item. Considering that mature A. echinatior colonies

contain approximately 40 000 workers (Baer et al. 2009),

the numbers of brood to be taken care of by colonies for

fungal brood covering represent an intense collective

behaviour of small workers and thus a significant social

(a)

(b)

Fig. 4. Third conidia exposure experiment: Pupal mycelial cover

was sham treated (WSham) or removed (WORemoved), after which

pupae were either not exposed (Control) or exposed to M. brun-

neum spores before 10 workers of a specific size class (indicated

in the legend in the top left of the figures) were added and their

metapleural gland grooming behaviours observed. (a) The mean

number of workers of each size attending pupae per 10-min

‘snapshot’. (b) The total number of times that secretion from the

metapleural gland was used for disinfecting pupae in 60 min.

Bars are means from 10 colonies (for statistics see text).
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cost. Our behavioural observations hint that it might be

worthwhile to explore the role of disturbance in mycelial

cover. There are many outstanding questions remaining

about this intriguing behaviour – Is the mycelia growing

on the brood? Does it need nutrients for growth, and if

so are the nutrients coming from secretions from the cuti-

cle, or is the saliva a fungal growth promoter that is

applied to the brood whilst grooming and before the

mycelia are added (Weber 1972; Lopes et al. 2005)?

does the mycelial brood cover provide
protection from a fungal pathogen?

In the absence of adult workers, the mycelial cover on

pupae slowed, but did not stop, the growth of the

entomopathogen. For example, by 6 days after expo-

sure, around 40% of WORemoved and WONatural pupae

showed M. brunneum spores, whereas it took 8–9 days for

WNatural and WSham to reach this percentage. We also

found that a lower proportion of the body of WNatural

and WSham had spore cover compared to WONatural. Inter-

estingly, the spore cover on the body of the WORemoved

group was lower than the WONatural group. This is consis-

tent with the manipulation that we applied (i.e. removing

mycelial covers only from the gaster), because the cover

on the rest of the pupae might have still afforded some

protection from entomopathogenic fungal growth, espe-

cially if the protection is chemical in nature. If we mark

the start of the fungal pathogen life history once it has

infected a host (Schmid-Hempel 2011), then the stage at

which the fungal pathogen becomes transmissible will be

delayed when the pupae are covered in mycelia. The cover

might therefore affect the rate of parasite transmission,

one of the four main factors governing the dynamics of

the spread of disease from infected to susceptible hosts

(Anderson & May 1979).

Our second exposure experiment tested whether myce-

lial cover affected hygienic behaviour after M. brunneum

spore exposure, that is, where workers detect and remove

diseased brood (Arathi, Burns & Spivak 2000; Wilson-

Rich et al. 2009). By exposing pupae to M. brunneum

spores and adding adult workers at different times after

exposure, we found that there was a critical window

within which pupae were either kept in the fungus garden

or taken to the dump area and that the addition of work-

ers 24 h after exposure is potentially late enough for them

to detect a difference due to M. brunneum treatment yet

early enough to make a difference in rescuing some of the

pupae. When the workers were added shortly after

M. brunneum exposure (0 or 12 h), the pupae had rela-

tively low overall probabilities of being removed to the

dump; if workers were added after 36 h or later then

exposed pupae had a 75% or higher chance of being dis-

carded overall, indicating that M. brunneum is particularly

virulent at this stage, and that the presence or absence of

mycelial cover made little difference. One possible expla-

nation for the critical time window is that M. anisopliae

conidia require 12–24 h to adhere to and germinate on a

host cuticle (Vestergaard et al. 1999; Arruda et al. 2005),

consistent with observations that fungal spores did not

penetrate the cuticle within the first 24 h after spore expo-

sure in larvae of the ant Cardiocondyla obscurior (Ugelvig

et al. 2010). It seems likely that workers added before

24 h would have been able to groom some of the spores

off the pupae. These findings suggest that there is a win-

dow of time in which infections can be brought under

control, potentially by grooming (e.g. Ugelvig et al. 2010)

before spores have had a chance to germinate and that

infections may be incurable after 24 h unless slowed by

mycelial cover. Tragust et al. (2013b) tested brood

removal behaviour in response to M. brunneum exposure

for non-attine ant pupae, either with or without cocoons,

and found that naked pupae were discarded more fre-

quently. As described above, although there are clear dif-

ferences between a silken cocoon and mycelial pupal

covering, they potentially both offer a barrier against

microbes circulating in the local environment. Interest-

ingly, and by analogy, adult Acromyrmex subterraneus

subterraneus workers derive survival benefits after infec-

tion by Metarhizium anisopliae from another of their sym-

biotic partners – the Pseudonocardia bacteria (Mattoso,

Moreira & Samuels 2012).

Metapleural glands are unique to ants (H€olldobler &

Wilson 1990; Yek & Mueller 2011). In Attini, they secrete

antimicrobial compounds that are deployed to combat

disease agents such as fungal conidia (e.g. Fern�andez-

Mar�ın et al. 2006, 2009), employing specific chemical

compounds that inhibit the growth of fungal pathogens

(Fern�andez-Mar�ın et al. 2015). The metapleural gland

extract from a sister species to A. echinatior, A. oc-

tospinosus, has been shown to have powerful sanitary

action against fungi, including M. brunneum (Yek et al.

2012). We hypothesized that the mycelial cover provides

additional protection against M. brunneum and tested

whether the presence of mycelial cover affects the number

of ants attending the pupae and MG grooming rates. As

expected, M. brunneum spores increased the number of

workers attending the pupae, but WORemoved and WSham

pupae were attended to a similar degree. In ants, and

specifically in Acromyrmex, MG grooming was earlier

shown to be almost exclusively used on fungal ento-

mopathogen-exposed brood, but without taking into

account brood mycelial cover (e.g. Fern�andez-Mar�ın et al.

2006). In our study, MG grooming was used significantly

more frequently on M. brunneum-exposed WORemoved

pupae than on WSham pupae. The workers therefore

appeared to modulate their MG behaviour at this time

after exposure, not only in response to a fungal pathogen,

but also to whether an alternative defence is present. As

with the mycelial covering behaviour, small workers were

largely responsible for MG grooming on the pupae.

Two other insect clades have evolved agricultural myco-

phagy: some beetle species (Farrell et al. 2001) and

macrotermitine termites (Aanen & Eggleton 2005). Unlike
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ants, where the eggs, larvae and pupae are immobile, only

the eggs and pupae of beetles and the eggs of termites

(hemimetabolous insects without a pupal stage) are immo-

bile. To the best of our knowledge, there are no reported

cases where farmed fungi from these beetle or termite spe-

cies are placed or grow on the cuticle of immature or adult

individuals, but two antibiotics have been isolated from a

fungal strain associated with the ambrosia beetle Xyleborus

validus (Nakashima et al. 1982) and numerous plants make

use of symbiotic fungi such as endophytes for defensive

purposes, including making leaves tougher through

increased lignification and chemical defences (Van Bael,

Estrada & Wcislo 2011). From a broader perspective, it is

interesting to note that female European beewolves, Philan-

thus triangulum, apply Streptomyces bacteria from their

antennal glands to the brood cell before they oviposit (Kal-

tenpoth et al. 2005). Larval beewolves subsequently incor-

porate the bacteria into their pupal cocoons, which provide

protection against fungal infestation (Kaltenpoth et al.

2005). The protection comes from nine cocoon-derived

antibiotic substances produced by the bacteria that have

activity against different entomopathogenic fungi and bac-

teria (Kroiss et al. 2010). Our results suggest that the fungal

symbiont is used in more than one way by A. echinatior,

that is, as a food source and brood cover. There is also evi-

dence from other organisms that symbionts may play more

than one role with their partner. For example, the commu-

nity of symbionts in lower termite guts break down dietary

lignocellulose and are important for nitrogen fixation (re-

viewed in Brune 2014), and in Zootermopsis angusticollis,

the hindgut protozoa, and/or their associated bacteria, pro-

duce b-1,3-glucanases that break down ingested fungal cell

walls and are proposed to help protect the termites against

fungal pathogens (Rosengaus et al. 2014). Furthermore,

entomopathogenic nematodes harbour symbiotic bacteria,

which can assist the nematode in killing its insect host (re-

viewed in Forst & Nealson 1996) and subsequently protect

the cadaver from microbial competitors via the production

of defensive chemicals (Fl�orez et al. 2015).

In conclusion, the functionality of mycelial brood cov-

ering in fungus-growing ants appears to be a rewarding

target for further study of the multilayered intricacies of

disease defence in complex symbioses. Our results clearly

suggest that mycelial brood covering behaviour slows

down the spread of disease, either as a physical defence

that prevents or slows pathogenic fungal spore germina-

tion, or the result of fungistatic properties of the cultivar

or one of the other microbes associated with the ant-fun-

gus mutualism. The cover delays death from a generalist

insect pathogen at a critical point during infection and

disease progression, so the cover buys the ants time to

respond by making their social immune defences more

secure. Therefore, in addition to the more familiar per-

sonal immunity (Siva-Jothy, Moret & Rolff 2005; Cotter

& Kilner 2010), the fungus-growing ants have co-opted

their crop fungus to provide a novel social level of immu-

nity (Cremer, Armitage & Schmid-Hempel 2007; Cotter &

Kilner 2010; Meunier 2015), that is symbiont-derived

defence for their brood.

Acknowledgements

We would like to thank Anna Thome, Sophia Madril, Santiago Mendez

and Gaspar Bruner for experimental help and Sylvia Cremer for her com-

ments on an earlier version of the manuscript. Comments by the associate

editor and two anonymous reviewers greatly improved the manuscript.

SAOA was supported by an Intra-European Marie Curie Fellowship

(MEIF-CT-2005-010507) and Volkswagen Foundation Postdoctoral Fel-

lowships (I 83516 and AZ 86020); HFM was supported by a Tupper Post-

doctoral Fellowship from the Smithsonian Tropical Research Institute

(STRI) and SENACYT Postdoctoral Fellowships, and SNI grants, and

HFM and JJB were supported by the Danish National Research Founda-

tion (DNRF57). Additional funds were provided by STRI to WTW. We

thank the Autoridad Nacional del Ambiente (now, Ministerio de Ambi-

ente) of the Republic of Panama for permits to collect and export ants.

We also thank the support staff at the Center for Social Evolution,

University of Copenhagen and STRI, Panama.

Data accessibility

Data are available from the Dryad Digital Repository: http://dx.doi.org/10.

5061/dryad.6rn29 (Armitage et al. 2016).

References

Aanen, D.K. & Eggleton, P. (2005) Fungus-growing termites originated in

African rain forest. Current Biology, 15, 851–855.
Andersen, S.B., Hansen, L.H., Sapountzis, P., Sørensen, S.J. & Boomsma,

J.J. (2013) Specificity and stability of the Acromyrmex-Pseudonocardia

symbiosis. Molecular Ecology, 22, 4307–4321.
Anderson, R. & May, R. (1979) Population biology of infectious diseases:

part I. Nature, 280, 361–367.
Arathi, H.S., Burns, I. & Spivak, M. (2000) Ethology of hygienic beha-

viour in the honey bee Apis mellifera L. (Hymenoptera: Apidae): beha-

vioural repertoire of hygienic bees. Ethology, 106, 365–379.
Armitage, S.A.O., Fern�andez-Mar�ın, H., Wcislo, W.T. & Boomsma, J.J.

(2012) An evaluation of the possible adaptive function of fungal brood

covering by attine ants. Evolution, 66, 1966–1975.
Armitage, S., Fern�andez-Mar�ın, H., Boomsma, J. & Wcislo, W. (2016)

Data from: Slowing them down will make them lose: A role for attine

ant crop fungus in defending pupae against infections? Dryad Digital

Repository, http://dx.doi.org/10.5061/dryad.6rn29

Arruda, W., Lubeck, I., Schrank, A. & Vainstein, M. (2005) Morphologi-

cal alterations of Metarhizium anisopliae during penetration of Boophilus

microplus ticks. Experimental and Applied Acarology, 37, 231–244.
Baer, B., Dijkstra, M., Mueller, U., Nash, D. & Boomsma, J. (2009)

Sperm length evolution in the fungus-growing ants. Behavioral Ecology,

20, 38–45.
Bischoff, J., Rehner, S. & Humber, R. (2009) A multilocus phylogeny of

the Metarhizium anisopliae lineage. Mycologia, 101, 512–530.
Boomsma, J.J., Schmid-Hempel, P. & Hughes, W.O.H. (2005) Life histo-

ries and parasite pressure across the major groups of social insects.

Insect Evolutionary Ecology (eds M.D.E. Fellowes, G.J. Holloway & J.

Rolff), pp. 139–175. CABI Publishing, Wallingford, UK.

Brady, S.G. & Ward, P.S. (2005) Morphological phylogeny of army ants

and other dorylomorphs (Hymenoptera: Formicidae). Systematic Ento-

mology, 30, 593–618.
Brune, A. (2014) Symbiotic digestion of lignocellulose in termite guts. Nat-

ure Reviews Microbiology, 12, 168–180.
Camargo, R.S., Lopes, J.F.S. & Forti, L.C. (2006) Behavioural responses

of workers towards worker-produced male larvae and queen-produced

worker larvae in Acromyrmex subterraneus brunneus Forel, 1911 (Hym.,

Formicidae). Journal of Applied Entomology, 130, 56–60.
Camargo, R.S., Forti, L.C., Lopes, J.F.S. & Andrade, A.P.P. (2006)

Brood care and male behavior in queenless Acromyrmex subterraneus

brunneus (Hymenoptera: Formicidae) colonies under laboratory condi-

tions. Sociobiology, 48, 717–726.
Chapman, R.F. (1998) The Insects: Structure and Function. Cambridge

University Press, Cambridge, UK.

© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 1210–1221

Do ants co-opt fungus for pathogen defence? 1219

http://dx.doi.org/10.5061/dryad.6rn29
http://dx.doi.org/10.5061/dryad.6rn29
http://dx.doi.org/10.5061/dryad.6rn29


Cotter, S.C. & Kilner, R.M. (2010) Personal immunity versus social immu-

nity. Behavioral Ecology, 21, 663–668.
Currie, C.R., Scott, J.A., Summerbell, R.C. & Malloch, D. (1999) Fungus-

growing ants use antibiotic-producing bacteria to control garden para-

sites. Nature, 398, 701–704.
Currie, C.R., Bot, A.N.M. & Boomsma, J.J. (2003) Experimental evidence

of a tripartite mutualism: bacteria protect ant fungus gardens from spe-

cialized parasites. Oikos, 101, 91–102.
Currie, C.R., Poulsen, M., Mendenhall, J., Boomsma, J.J. & Billen, J.

(2006) Coevolved crypts and exocrine glands support mutualistic bacte-

ria in fungus-growing ants. Science, 311, 81–83.
Craig, C.L. (1997) Evolution of arthropod silks. Annual Review of Ento-

mology, 42, 231–267.
Cremer, S., Armitage, S.A.O. & Schmid-Hempel, P. (2007) Social immu-

nity. Current Biology, 17, R693–R702.

De Fine Licht, H.H., Boomsma, J.J. & Tunlid, A. (2014) Symbiotic adap-

tations in the fungal cultivar of leaf-cutting ants. Nature Communica-

tions, 5, 5675.

Dornhaus, A., Powell, S. & Bengston, S. (2012) Group size and its effects

on collective organization. Annual Review of Entomology, 57, 123–141.
Farrell, B.D., Sequeira, A.S., O’Meara, B.C., Normark, B.B., Chung,

J.H. & Jordal, B.H. (2001) The evolution of agriculture in beetles

(Curculionidae: Scolytinae and Platypodinae). Evolution, 55, 2011–
2027.

Fern�andez-Mar�ın, H., Zimmerman, J.K. & Wcislo, W.T. (2006) Acantho-

pria and Mimopriella parasitoid wasps (Diapriidae) attack Cyphomyr-

mex fungus-growing ants (Formicidae, Attini). Die Naturwissenschaften,

93, 17–21.
Fern�andez-Mar�ın, H., Zimmerman, J.K., Rehner, S.A. & Wcislo, W.T.

(2006) Active use of the metapleural glands by ants in controlling fungal

infection. Proceedings of the Royal Society B: Biological Sciences, 273,

1689.

Fern�andez-Mar�ın, H., Zimmerman, J.K., Nash, D.R., Boomsma, J.J. &

Wcislo, W.T. (2009) Reduced biological control and enhanced chemical

pest management in the evolution of fungus farming in ants. Proceed-

ings of the Royal Society B: Biological Sciences, 276, 2263–2269.
Fern�andez-Mar�ın, H., Bruner, G., Gomez, E., Nash, D., Boomsma, J. &

Wcislo, W. (2013) Dynamic disease management in Trachymyrmex fun-

gus-growing ants (Attini: Formicidae). American Naturalist, 181, 571–
582.

Fern�andez-Mar�ın, H., Nash, D.R., Higginbotham, S., Estrada, C., van

Zweden, J.S., d’Ettorre, P. et al. (2015) Functional role of phenylacetic

acid from metapleural gland secretions in controlling fungal pathogens

in evolutionarily derived leaf-cutting ants. Proceedings of the Royal

Society B: Biological Sciences, 282, 20150212.

Fl�orez, L., Biedermann, P., Engl, T. & Kaltenpoth, M. (2015) Defensive

symbioses of animals with prokaryotic and eukaryotic microorganisms.

Natural Product Reports, 32, 904–936.
Forst, S. & Nealson, K. (1996) Molecular biology of the symbiotic-patho-

genic bacteria Xenorhabdus spp. and Photorhabdus spp. Microbiological

Reviews, 60, 21–43.
Hervey, A. & Nair, M.S.R. (1979) Antibiotic metabolite of a fungus culti-

vated by gardening ants. Mycologia, 71, 1064–1066.
H€olldobler, B. & Wilson, E.O. (1990) The Ants. Harvard University Press,

Cambridge, MA, USA.

Hughes, W.O.H. & Boomsma, J.J. (2004) Genetic diversity and disease

resistance in leaf-cutting ant societies. Evolution, 58, 1251–1260.
Hughes, W.O.H., Petersen, K.S., Ugelvig, L.V., Pedersen, D., Thomsen,

L., Poulsen, M. et al. (2004a) Density-dependence and within-host com-

petition in a semelparous parasite of leaf-cutting ants. BMC Evolution-

ary Biology, 4, 45.

Hughes, W.O.H., Thomsen, L., Eilenberg, J. & Boomsma, J.J. (2004b)

Diversity of entomopathogenic fungi near leaf-cutting ant nests in a

neotropical forest, with particular reference to Metarhizium anisopliae

var. anisopliae. Journal of Invertebrate Pathology, 85, 46–53.
Kaltenpoth, M., G€ottler, W., Herzner, G. & Strohm, E. (2005) Symbiotic

bacteria protect wasp larvae from fungal infestation. Current Biology,

15, 475–479.
Kroiss, J., Kaltenpoth, M., Schneider, B., Schwinger, M., Hertweck, C.,

Maddula, R. et al. (2010) Symbiotic streptomycetes provide antibiotic

combination prophylaxis for wasp offspring. Nature Chemical Biology,

6, 261–263.
LaPolla, J.S., Mueller, U.G., Seid, M. & Cover, S.P. (2002) Predation by

the army ant Neivamyrmex rugulosus on the fungus-growing ant Trachy-

myrmex arizonensis. Insectes Sociaux, 49, 251–256.

Little, A.E.F. & Currie, C.R. (2007) Symbiotic complexity: discovery of a

fifth symbiont in the attine ant-microbe symbiosis. Biology Letters, 3,

501–504.
Little, A.E.F. & Currie, C.R. (2008) Black yeast symbionts compromise

the efficiency of antibiotic defenses in fungus-growing ants. Ecology, 89,

1216–1222.
Lopes, J.F.S., Hughes, W.O.H., Camargo, R.S. & Forti, L.C. (2005) Lar-

val isolation and brood care in Acromyrmex leaf-cutting ants. Insectes

Sociaux, 52, 333–338.
Mattoso, T.C., Moreira, D.D.O. & Samuels, R.I. (2012) Symbiotic bacte-

ria on the cuticle of the leaf-cutting ant Acromyrmex subterraneus sub-

terraneus protects workers from attack by entomopathogenic fungi.

Biology Letters, 8, 461–464.
Meunier, J. (2015) Social immunity and the evolution of group living in

insects. Philosophical Transactions of the Royal Society B: Biological

Sciences, 370, 20140102.

Mueller, U.G., Ortiz, A. & Bacci, M. Jr (2010) Planting of fungus onto

hibernating workers of the fungus-growing ant Mycetosoritis clorindae

(Attini, Formicidae). Insectes Sociaux, 57, 209–215.
Nakashima, T., Iizawa, T., Ogura, K., Maeda, M. & Tanaka, T. (1982)

Isolation of some microorganisms associate with five species of ambro-

sia beetles and two kinds of antibiotics produced by Xv-3 strain in these

isolates. Journal of the Faculty of Agriculture, 61, 60–72.
Ortiz, G., Mathias, M.I.C. & Bueno, O.C. (2012) First evidence of an inti-

mate symbiotic association between fungi and larvae in basal attine

ants. Micron, 43, 263–268.
P�erez-Ortega, B., Fern�andez-Mar�ın, H., Loi�acono, M.S., Galgani, P. &

Wcislo, W.T. (2010) Biological notes on a fungus-growing ant, Trachy-

myrmex cf. zeteki (Hymenoptera, Formicidae, Attini) attacked by a

diverse community of parasitoid wasps (Hymenoptera, Diapriidae).

Insectes Sociaux, 57, 317–322.
Powell, S. & Clark, E. (2004) Combat between large derived societies: a

subterranean army ant established as a predator of mature leaf-cutting

ant colonies. Insectes Sociaux, 51, 342–351.
Qui~nones, A. & Wcislo, W. (2015) Cryptic extended brood care in the fac-

ultatively eusocial sweat bee Megalopta genalis. Insectes Sociaux, 62,

307–313.
R Core Team (2014) A Language and Environment for Statistical Comput-

ing. R Foundation for Statistical Computing, Vienna, Austria.

Ramos Lacau, L.D.S., Villemant, C., Bueno, O.C., Delabie, J.H.C. &

Lacau, S. (2008) Morphology of the eggs and larvae of Cyphomyrmex

transversus Emery (Formicidae: Myrmicinae: Attini) and a note on the

relationship with its symbiotic fungus. Zootaxa, 54, 37–54.
Reynolds, J.D., Goodwin, N.B. & Freckleton, R.P. (2002) Evolutionary

transitions in parental care and live bearing in vertebrates. Philosophical

Transactions of the Royal Society of London. Series B: Biological

Sciences, 357, 269–281.
Ricklefs, R.E. & Miller, G.L. (1999) Ecology, 4th edn. W.H. Freeman,

New York, NY, USA.

Rosengaus, R., Schultheis, K., Yalonetskaya, A., Bulmer, M., DuComb,

W., Benson, R. et al. (2014) Symbiont-derived beta-1,3-glucanases in a

social insect: mutualism beyond nutrition. Frontiers in Microbiology, 5,

607.

Schmid-Hempel, P. (2011) Evolutionary Parasitology. Oxford University

Press, Oxford, UK.

Sen, R., Ishak, H.D., Estrada, D., Dowd, S.E., Hong, E. & Mueller, U.G.

(2009) Generalized antifungal activity and 454-screening of Pseudono-

cardia and Amycolatopsis bacteria in nests of fungus-growing ants.

Proceedings of the National Academy of Sciences, 6, 17805–17810.
Siva-Jothy, M., Moret, Y. & Rolff, J. (2005) Insect immunity: an evolu-

tionary ecology perspective. Advances in Insect Physiology, 32, 1–48.
Tallamy, D.W. (1984) Insect parental care. BioScience, 34, 20–24.
Tragust, S., Mitteregger, B., Barone, V., Konrad, M., Ugelvig, L.V. &

Cremer, S. (2013a) Ants disinfect fungus-exposed brood by oral uptake

and spread of their poison. Current Biology, 23, 76–82.
Tragust, S., Ugelvig, L.V., Chapuisat, M., Heinze, J. & Cremer, S. (2013b)

Pupal cocoons affect sanitary brood care and limit fungal infections in

ant colonies. BMC Evolutionary Biology, 13, 225.

Ugelvig, L.V. & Cremer, S. (2007) Social prophylaxis: group interaction

promotes collective immunity in ant colonies. Current Biology, 17,

1967–1971.
Ugelvig, L., Kronauer, D., Schrempf, A., Heinze, J. & Cremer, S. (2010)

Rapid anti-pathogen response in ant societies relies on high genetic

diversity. Proceedings of the Royal Society B: Biological Sciences, 277,

2821–2828.

© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 1210–1221

1220 S. A. O. Armitage et al.



Van Bael, S.A., Estrada, C. & Wcislo, W.T. (2011) Fungal-fungal interac-

tions in leaf-cutting ant agriculture. Psyche, 2011, 617478.

Van Bael, S.A., Fern�andez-Marin, H., Valencia, M.C., Rojas, E.I., Wcislo,

W.T. & Herre, E.A. (2009) Two fungal symbioses collide: endophytic

fungi are not welcome in leaf-cutting ant gardens. Proceedings of the

Royal Society B: Biological Sciences, 276, 2419.

Vestergaard, S., Butt, T., Bresciani, J., Gillespie, A. & Eilenberg, J. (1999)

Light and electron microscopy studies of the infection of the western

flower thrips Frankliniella occidentalis (Thysanoptera: Thripidae) by the

entomopathogenic fungus Metarhizium anisopliae. Journal of Inverte-

brate Pathology, 73, 25–33.
Wang, Y., Mueller, U.G. & Clardy, J.O.N. (1999) Antifungal diketopiper-

azines from symbiotic fungus of fungus-growing ant Cyphomyrmex min-

utus. Journal of Chemical Ecology, 25, 935–941.
Weber, N.A. (1972) Gardening ants: the attines. Memoirs of the American

Philosophical Society, 92, 1–146.
Wheeler, W.M. (1907) The fungus-growing ants of North America. Bul-

letin of the American Museum of Natural History, 23, 669–807.
Wheeler, W.M. (1915) On the presence and absence of cocoons among

ants, the nest-spinning habits of the larvae and the significance of the

black cocoons among certain Australian species. Annals of the Entomo-

logical Society of America, 8, 323–342.
Wheeler, G.C. & Wheeler, J. (1976) Ant larvae: review and synthesis. The

Entomological Society of Washington, 7, 1–108.
Wilson-Rich, N., Spivak, M., Fefferman, N.H. & Starks, P.T. (2009)

Genetic, individual, and group facilitation of disease resistance in insect

societies. Annual Review of Entomology, 54, 405–423.
Yek, S.H. & Mueller, U.G. (2011) The metapleural gland of ants. Biologi-

cal Reviews, 86, 774–791.
Yek, S., Nash, D., Jensen, A. & Boomsma, J. (2012) Regulation and

specificity of antifungal metapleural gland secretion in leaf-cutting

ants. Proceedings of the Royal Society B: Biological Sciences, 279,

4215–4222.

Received 7 October 2015; accepted 12 April 2016

Handling Editor: Sheena Cotter

Supporting Information

Additional Supporting Information may be found in the online version

of this article.

Fig. S1. Experimental design for first conidia exposure experiment.

Fig. S2. Experimental design for second conidia exposure experi-

ment.

Fig. S3. Experimental design for third conidia exposure experi-

ment.

Fig. S4. Survival curves for all time points for second conidia

exposure experiment.

Appendix S1. Supplementary materials and methods.

Appendix S2. Detailed statistical results.

© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 1210–1221

Do ants co-opt fungus for pathogen defence? 1221


