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Introduction
A leafcutter ant colony represents a remarkable example 
of multipartite symbiosis, including a mutualism between 
an ant colony, a clonal cultivated food fungus and, in the 
genus Acromyrmex, a predominantly single strain of Pseu-
donocardia actinobacteria (Fig. 1, Box 1) (Weber 1966, 
Hölldobler & Wilson 1990, Currie 2001, Andersen & al. 
2013). The food fungus provides the ants with the ability 
to break down fresh plant material, which opened up a 
food source that was inaccessible to ancestral attine ants, 
a development that significantly enhanced larval provi-
sioning so that colonies could become large (Mueller & 
al. 1998, sCHultz & brAdy 2008, de Fine liCHt & al. 2010, 
AylWArd & al. 2013). There is also a parasitic symbiont, 
the specialised mycoparasite Escovopsis, which kills and 
feeds on the hyphae of the Leucoagaricus gongylophorus 
cultivar (Currie & al. 1999a, yek & al. 2012, de MAn & al. 
2016). The Pseudonocardia bacteria maintained by Acro-
myrmex leafcutter ants have a positive effect on the fitness 
of the ant colonies by producing antifungal compounds 
that are antagonistic towards Escovopsis (sAMuels & al. 
2013). While it is generally agreed upon that the cultivars 

of the higher attine ants, including the leafcutters, evolved 
the special hyphal tips called gongylidia that the farming 
ants feed on in response to full domestication, the extent to 
which mutualistic and antagonistic coevolution has shaped 
the details of extant interactions between the higher attine 
and leafcutter ants and their fungal and bacterial symbionts 
has remained remarkably controversial.

Attine ants are found throughout Central and South 
America with around 250 species belonging to 15 recog-
nised genera. 95% of these are located in South and Central 
America and 5% are from the nearctic region (MAyHé-nunes 
& JAFFé 1998, brAnstetter & al. 2017). Across the genera, 
there are five grades of farming: lower agriculture, coral 
fungus agriculture, yeast agriculture, higher agriculture, and 
leafcutter agriculture (reviewed in sCHultz & brAdy 2008). 
Here, we focus on the positive and negative interactions 
between mutualists and parasites in the leafcutter ants (Atta 
and Acromyrmex) as these are the most conspicuous and 
evolutionarily derived genera and have been studied most 
intensively. Atta leafcutter ants develop large colonies capable 
of collecting enough leaf material to equal consumption of 
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a large terrestrial mammal (Hölldobler & Wilson 1990, 
Herz & al. 2007). Colonies of Acromyrmex can number 
up to 50,000 workers and Atta up to 5 million. These ants 
are thus a considerable pest to farmers whose crops they 
consume (Hölldobler & Wilson 1990).

Attines first began to farm fungus from a single origin 
in the Neotropics approximately 55 - 60 million years ago 
(Currie 2001, sCHultz & brAdy 2008, de Fine liCHt & al.  
2010, nygAArd & al. 2016). At the outset of fungus farming,  
the ants appear to have farmed a variety of fungal cultivars, 
all belonging to a paraphyletic clade within the Leucoco-

prineae, which may have been regularly acquired de novo 
from their environment (Mueller & al. 1998, Currie 2001, 
de Fine liCHt & al. 2010). The emergence of the obligately 
dependent, “higher attine” lineages occurred approximately 
30 million years ago and coincided with a shift in garden 
substrate, from the debris collected by lower attines to 
supplementation with other plant material, and with a shift 
to drier habitats (sCHultz & brAdy 2008, brAnstetter & 
al. 2017). This trajectory culminated in the evolution of the 
leafcutter ant genera (consisting of Atta and Acromyrmex spe-
cies) approximately 15 million years ago (sCHultz & brAdy 
2008, nygAArd & al. 2016, brAnstetter & al. 2017). These 
genera almost exclusively collect fresh plant substrates for 
their fungal gardens that only ever consist of related clones 
of the fungus Leucoagaricus gongylophorus (sCHultz & 
brAdy 2008, de Fine liCHt & al. 2014). Recently, it has 
been suggested that the fungal cultivar of leafcutters can be 
divided into two clades: one comprising L. gongylophorus 
which is often grown using dicotyledonous plants (though 
it has also been observed to be cultivated on grasses) found 
distributed in North America, Central America and South 
America, and another which is often grown using grasses 
found only in South America (Mueller & al. 2017).

Processing plant material: fungal enzymes
The primary importance of the attine fungal cultivar is to 
convert otherwise indigestible foraged plant material into 
nutrients that can be consumed by the ants, thus allowing 
them to make use of a food source that is not available to 
other ant species (de Fine liCHt & al. 2010). These nutrients 
are available to the ants in the form of lipid and carbohydrate 
rich hyphal swellings, called gongylidia (de Fine liCHt & 
al. 2014). These specialised feeding structures first evolved 
in the fungus when it became an obligate symbiont of the 
higher attines, approximately 30 million years ago (sCHultz 
& brAdy 2008, de Fine liCHt & al. 2014). Gongylidia 
cluster together to form structures known as staphylae that 
are the primary food source for the colony, particularly the 
larvae, which exclusively feed on the fungus (Currie 2001, 
de Fine liCHt & al. 2014).

The necessity to break down plant substrates in order 
to fuel fungal growth and supply important nutrients to 
their ant symbionts, has resulted in substantial changes 
to the metabolic and enzymatic capabilities of the fungal 
cultivar over evolutionary time (de Fine liCHt & al. 2010). 
The fungal cultivars of lower attine species, which receive 
predominantly dead plant material and debris, are known 

Leafcutter ants (Order Hymenoptera: Family Formicidae) comprise the genera Atta and Acromyrmex. They actively 
cut leaves to manure gardens of their mutualist food fungus Leucoagaricus, which they groom and weed particularly 
to control the spread of Escovopsis mycopathogens.
Leucoagaricus gongylophorus (Order Agaricales: Family Agaricaceae) is a vertically transmitted obligate fungal 
cultivar of Atta and Acromyrmex species. The ants house and feed this fungus and in return it provides nutrients in 
the form of hyphal tips called gongylidia that are rich in lipids and sugars.
Pseudonocardia spp. (Order Actinomycetales: Family Pseudonocardiaceae) is a vertically transmitted bacterial 
mutualist that grows on the cuticles of Acromyrmex, but not Atta workers. It provides antifungal compounds used by 
the ants to control Escovopsis and antibacterials that prevent most other bacteria from invading its niche.
Escovopsis spp. (Order Hypocreales: Family Hypocreaceae) are co-evolved parasites of leafcutter ants that feed on 
the Leucoagaricus fungus and can cause colony collapse.

Box 1: Important players in Attini-symbiont relationships.

Fig. 1: Summary of the symbiotic relationships between 
Acromyrmex leafcutter ants and their partners. The ants 
provide freshly cut leaves to their clonal food cultivar 
Leucoagaricus gongylophorus, which in return is the sole 
food source for the ant larvae. Parasitic mycopathogens of 
the genus Escovopsis can infect the Leucoagaricus food 
fungus, an antagonism that the farming ants can control 
by weeding and grooming infected fungus-garden patches. 
Acromyrmex ants also have a mutualism with filamentous 
actinomycete bacteria of the genus Pseudonocardia that 
grow on their cuticle and have been inferred to be maintained 
via secretions of tiny subcuticular glands. These bacteria 
provide antifungal compounds to control Escovopsis and 
antibacterials to monopolise their cuticular niches. How-
ever, the mycopathogens have also evolved antibacterials 
to neutralise Pseudonocardia defences and neurotoxins to 
induce incoherent behaviour and enhanced mortality in 
the farming ants.
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to have a similar enzymatic profile to those of free-living 
saprotrophic fungi which break down plant material by 
attacking the complex polysaccharide components of the 
cell wall such as hemicellulose (cross-linking glycans) and 
pectin, before fully degrading other cellular components 
such as cellulose and intracellular starch (de Fine liCHt & 
al. 2010). However, an investigation of the Leucoagaricus 
gongylophorus fungal cultivar associated with leafcutting 
Atta and Acromyrmex species has revealed several differ-
ences in its metabolic profile (de Fine liCHt & al. 2010, 
2014). The L. gongylophorus genome encodes approximately 
145 lignocellulase enzymes, including many pectinases, 
xylanases and amylase enzymes (AylWArd & al. 2013). 
Comprehensive microarray polymer profiling of the garden 
strata of Acromyrmex echinatior colonies has suggested a 
rapid degradation of pectin in the upper layers of the garden 
where fresh leaf substrate is integrated by the ants (Moller 
& al. 2011). This initial disassociation of the pectin cell wall 
matrix causes disruption of plant cell walls and potentially 
allows the fungus better access to intracellular resources 
such as starch and protein (de Fine liCHt & al. 2010, sCHiøtt 
& al. 2010, Moller & al. 2011, AylWArd & al. 2013, kooiJ 
& al. 2014). Metaproteomic data and expression analysis 
also suggest a much higher level of endo-protease and al-
pha-amylase activity in the fungus compared to free-living 
counterparts and lower attines (de Fine liCHt & al. 2010, 
AylWArd & al. 2013). Cellulose and some xylans, on the 
other hand, are still found in high abundance in the lower 
garden strata as well as the waste dump material (Moller & 
al. 2011) and cellulases are expressed at much lower levels 
than in free-living fungi, suggesting that this is only partially 
degraded by the leafcutter crop fungus (de Fine liCHt & 
al. 2010, kooiJ & al. 2014). In support of this, expression 
analysis has suggested that cellulose conversion primarily 
occurs only towards the end of the plant decomposition 
process (at the bottom of the fungus garden) and may be 
more important in supporting the continued growth of the 
fungus and avoiding the build up of decaying mycelia in 
this region, rather than for providing nutrients to the ants 
(grell & al. 2013). Together, these results suggest that L. 
gongylophorus has evolved to target superior plant cell 
resources, such as protein and starch, for the generation of 
fungal biomass and gongylidia, the primary nutrients source 
for the ants, rather than recalcitrant cell wall polysaccharides 
such as cellulose (de Fine liCHt & al. 2010, Moller & al. 
2011). This increasingly targeted use of specific plant cell 
material by L. gonglyophorus is thought to be a logical 
corollary of the much higher nutritious quality of the garden 
substrate in leafcutter ants (kooiJ & al. 2014), because fresh 
plant material contains higher levels of protein than dead 
leaf litter, and increasing protein availability to the ants is 
desirable as this is normally a major factor limiting insect 
growth (grell & al. 2013, kooiJ & al. 2014). Down-prior-
itizing recalcitrant polysaccharides may also explain why 
increasingly larger quantities of leaf material are often 
collected by the more derived leafcutter genera since only 
a fraction of the molecular components are actually used 
by the fungus for biomass generation and the remainder is 
deposited as waste (Moller & al. 2011).

Fecal droplet enzymes
An additional layer of complexity in the degradation of plant 
material and further evidence of the emerging complementa-
rity between the ants and their fungal symbiont is the finding 

that leafcutter ants are also able to concentrate key plant 
degrading enzymes in their faecal droplets, including cell 
wall degrading pectinases, proteases and laccases (MArtin 
1970, sCHiøtt & al. 2010, de Fine liCHt & al. 2014, kooiJ 
& al. 2014). Laccases are thought to be involved in the 
degradation of lignin as well as the detoxification of plant 
secondary metabolites (de Fine liCHt & al. 2014). When 
adding new material to the fungus garden the ants first 
masticate the plant material into tiny fragments to enhance 
fungal entry into the plant cell matrix as hyphae exclusively 
colonise the cut leaf edges (ertHAl & al. 2009). The ants 
then apply the enzyme-containing fecal droplets to the 
newly inserted leaf fragments before inoculating them with 
fungal hyphae (Currie 2001, ertHAl & al. 2009). However, 
although these enzymes are applied by the ant, studies have 
revealed that they initially derive from the gongylidia of 
the fungal cultivar (MArtin 1970, MArtin & MArtin 1971, 
sCHiøtt & al. 2010, kooiJ & al. 2014). Substituting the ants’ 
fungal diet with glucose eliminates enzymatic activity in 
fecal droplets (sCHiøtt & al. 2010, kooiJ & al. 2014) and 
several of the genes encoding the production of fecal fluid 
enzymes are upregulated in the gongylidia (sCHiøtt & al. 
2010, de Fine liCHt & al. 2014, kooiJ & al. 2014). In fact, of 
the seven protease enzymes identified in the fecal droplets 
of Acromyrmex echinatior, only a single one is produced 
by the ants (kooiJ & al. 2014). These findings imply that 
coevolution between leafcutter ants and their fungal cul-
tivar has enabled the ants to vector crucial enzymes from 
the more prolific central parts of the garden where there is 
an abundance of gongylidia, to the newly established and 
fast growing peripheral parts where no gongylidia are as 
yet produced (kooiJ & al. 2014). At the garden periphery 
(usually mostly the top layer), these enzymes primarily aid 
in the initial breakdown of plant material (sCHiøtt & al. 
2010, de Fine liCHt & al. 2014, kooiJ & al. 2014). Evidence 
from the sequences of these fungus-derived enzymes also 
suggested signatures of positive selection, possibly to allow 
passage and survival through the ant gut (de Fine liCHt 
& al. 2014). This, along with reciprocal benefits provided 
by the ants, may explain the evolution of gongylidia which 
represent a major metabolic investment by the mutualistic 
fungal cultivar (de Fine liCHt & al. 2014).

Division of labour: the production of essential  
amino acids
The fungal cultivar plays a key role in providing ants access 
to carbohydrate and protein resources, allowing them to fill 
a niche not occupied by non-herbivorous species. However, 
another common outcome of an obligate mutualistic sym-
biosis is a close dependency of partner organisms upon one 
another due to the production and exchange of essential 
amino acids (FisHer & al. 2017). This can subsequently 
result in the reduction of the genomes of symbiotic partners 
(MArtinez-CAno & al. 2014). A study of the Acromyrmex 
echinatior genome has revealed that this species lacks two 
key genes involved in arginine biosynthesis (nygAArd & al. 
2011, 2016), similar to Atta (suen & al. 2011). It is postulated 
that the ants receive all of their arginine from the fungal 
cultivar, since Leucoagaricus gonglyophorus encodes and 
expresses the full set of genes for arginine biosynthesis in 
its gongylidia (de Fine liCHt & al. 2014). Genes for phe-
nylalanine and tyrosine are also upregulated here, both of 
which are essential amino acids that are required in high 
abundance for cuticle production and growth of immature 
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insects (de Fine liCHt & al. 2014). Phenylalanine and 
tyrosine are amongst the most expensive amino acids to 
produce in terms of ATP requirements (bArton & al. 2010), 
implying a division of labour between the ants and their 
cultivar (de Fine liCHt & al. 2014).

Growing a fungal monoculture: ant and fungal  
defence strategies
Attine ant colonies and their fungal cultivars have a tight 
dependency upon one another in terms of accessing and 
exchanging essential nutrients and enzymatic compounds. 
However, it is vital that processes are in place to ensure the 
fungal cultivar is maintained free of parasitic microorgan-
isms, and has preferential access to the leaf material supplied 
by the ants. Numerous studies of the makeup of ant fungus 
gardens have shown that, although the gardens are predom-
inantly made up of the fungal cultivar, a diversity of other 
microorganisms can also be observed in the fungus-garden 
habitat. For example, several species of microfungi and yeast 
have been identified (rodrigues & al. 2005, 2008a, 2009 
& 2011) as well as a low diversity core group of bacteria, 
particularly consisting of gamma proteobacteria (sCott & 
al. 2010, suen & al. 2010, AylWArd & al. 2012a). Since the 
fungus is the sole food source of the ant brood it is expected 
that there will be a strong selective pressure to maintain 
the purity of the fungal cultivar. This has resulted in a suite 
of defensive and prophylactic adaptations in both the ants 
and the garden cultivars, many of which have attracted 
interest given that this fungal farming symbiosis appears 
to have suffered little from emerging resistance problems 
against its defences to pathogens and parasites (Poulsen & 
al. 2010). Monocultures of clonal fungal cultivars appear to 
be actively maintained, because chimeric fungus gardens 
have not been observed in field colonies (green & al. 2002, 
Poulsen & booMsMA 2005, dentinger & al. 2009, Mueller 
& al. 2010b, MeHdiAbAdi & al. 2012, kooiJ & al. 2015), which 
appears to be mediated by incompatibility compounds in 
the mycelia and cultivar-derived fecal droplets that tend 
to eliminate newly introduced cultivars from sympatric 
colonies, particularly in Acromyrmex (Poulsen & booMsMA 
2005, kooiJ & al. 2015).

Prophylactic ant behaviour
In Atta and Acromyrmex species, waste is carried away 
to underground compost chambers of spatially separate 
waste piles downstream in order to minimise the spread 
of infection (bot & al. 2001, HArt & rAtnieks 2002). 
The ants also try to minimise the introduction of foreign 
microbes into fungal gardens through a behaviour called 
“licking”, which implies processing all freshly cut sub-
strates through a filtering device within their oral cavity, 
known as the infrabuccal pocket, which acts to selectively 
remove microbes and hazardous debris from the newly 
collected forage-material (eisner & HAPP 1962, Currie 
& stuArt 2001). These are later expelled as compressed 
pellets onto the waste dump (eisner & HAPP 1962, Currie 
& stuArt 2001, little & al. 2006). The ants also carry out 
“grooming” behaviours by pulling pieces of the growing 
fungus though their mouth parts to remove foreign microbes 
and their spores (Currie & stuArt 2001). Studies of the 
composition of infrabuccal pellets show that they contain 
non-viable fungal spores and tissue implicating the role of 
the pocket in detoxification of foreign material (little & 
al. 2006). Several viable actinomycete bacterial species 

can also be isolated from pellets, particularly in colonies 
infected with the specialised fungal parasite Escovopsis (see 
little & al. 2006). Bioassays have shown that these bacteria 
can inhibit Escovopsis in vitro suggesting that antibiotics 
produced by these bacteria may be partially responsible for 
the detoxification of fungal spores within the infrabuccal 
pockets (little & al. 2006). It remains unclear whether these 
actinobacteria are permanently housed within the pocket 
or continuously acquired from the ants’ cuticle (discussed 
later) in response to infections (little & al. 2006). All of 
these protective behaviours increase upon the introduction 
of invasive spores to ant sub-colonies (Currie & stuArt 
2001). These behaviours are even more intense when the 
cultivar is infected with Escovopsis but are not observed 
when irradiated non-viable Escovopsis spores are applied 
to the nest. This suggests that ants have the ability to detect 
foreign fungal infections, an observation which is supported 
by the fact that workers rapidly move into infected parts 
of the garden, possibly in response to chemicals signals 
(Currie & stuArt 2001, ugelvig & CreMer 2007). Attine 
ants regularly carry out “weeding” of the fungus garden 
which can include the removal of infected areas of the 
cultivar (Currie & stuArt 2001).

Chemical defences of the ants
Leafcutter ants have a number of chemical adaptations to 
protect their fungal cultivar from aggressive microbes. One 
of these, the metapleural glands (MGs), is located on the 
posterior lateral end of the metathorax and continuously 
secrete a mixture of chemicals onto the surface of ants 
(yek & Mueller 2011, vieirA & al. 2012). Such secretions 
are used by almost all major lineages of ants to ward off 
infection, but leafcutter ants groom their MG openings using 
specific foreleg movements and then spread the secretions 
to their cultivar (FernAndez-MArin & al. 2006, AylWArd 
& al. 2012b, vieirA & al. 2012). MG secretions contain an 
abundance of hydroxyacids, including indolacetic acid and 
myrmicacin, which negatively influence bacterial and fungal 
growth and spore germination (do nAsCiMento & al. 1996, 
ortius-leCHner & al. 2000, bot & al. 2002). In addition, 
a study of the MG secretions of A. octospinosus identified 
20 other compounds including several fatty acids and alco-
hols, many of which have general antimicrobial properties 
against an array of bacteria and fungi (ortius-leCHner & 
al. 2000, bot & al. 2002). One of the most abundant se-
cretions from the MGs of Atta is phenylacetic acid (PAA), 
which is absent in Acromyrmex species (vieirA & al. 2012, 
FernAndez-MArin & al. 2015). It has been demonstrated 
that this compound can act to inhibit mitosis and also the 
germination of fungal spores (vieirA & al. 2012, FernAn-
dez-MArin & al. 2015). In addition to the direct antimicro-
bial functions seen in vitro for many MG compounds, the 
acidic nature of the combined set of secreted compounds 
is thought to play a primary role in maintaining a low pH 
in the fungal garden (ortius-leCHner & al. 2000, bot & 
al. 2002). This is likely to maintain an optimal pH for the 
growth of the Leucoagaricus gongylophorus cultivar, and 
has been hypothesised to inhibit the spread of unwanted 
microbes in the garden – for example, the growth of several 
pathogenic bacteria is detrimentally affected by low pH 
(ortius-leCHner & al. 2000, bot & al. 2002).

Beyond bioassays of individual MG compounds, several 
attempts have been made to determine the extent to which 
the secretions have hygienic functions in vivo. Some authors 
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have suggested that the greater number of MG cells per unit 
biomass and the greater relative size of MGs of minor garden 
workers, which are more important in the maintenance of 
the crop fungus, is circumstantial evidence for their explicit 
role in the protection of the fungus garden (Poulsen & al. 
2003, vieirA & al. 2012). Poulsen & al. (2003) used a more 
direct approach and showed that, although the secretions 
impose substantial metabolic costs on the ant, they are 
continuously secreted under natural conditions. Active 
secretion was also important in protecting the ants against 
an entomopathogenic fungus Metarhizium anisopliae. When 
glands were experimentally closed there was a much greater 
level of mortality caused by these infections, suggesting 
that the antifungal activity of MG secretions was impor-
tant for the protection of the ants themselves (Poulsen & 
al. 2003). Another study showed that the observed level of 
MG grooming and the transfer of compounds to the fungus 
significantly increased when Atta colonies were exposed to 
fungal infection (FernAndez-MArin & al. 2015). PAA could 
be detected in these gardens, as well as on the forelegs of ants, 
but only in infected fungal gardens (FernAndez-MArin & 
al. 2015). This selective and pointed application on demand, 
rather than continuous prophylactic use, of PAA has been 
suggested to be a key factor in reducing the evolution of 
resistance to metapleural gland secretions in the ant-fungus 
system (FernAndez-MArin & al. 2015). Other authors have 
also suggested that ants may be able to alter the composi-
tion and relative concentrations of their MG secretions to 
specifically target individual pathogenic species, increasing 
the specificity of this process and minimising unnecessary 
exposure to preserve the efficacy of these antimicrobials 
(bot & al. 2002, FernAndez-MArin & al. 2006, yek & 
Mueller 2011, FernAndez-MArin & al. 2015).

In addition to MG secretions, mandibular secretions and 
compounds in the fecal fluid of Atta ants also reduce spore 
germination of particular species of microfungi found in 
their fungal gardens (rodrigues & al. 2008b). Together, 
these chemical adaptations act in a synergistic fashion with 
protective ant behaviours and likely reinforce protection 
provided by symbiotic actinobacteria in Acromyrmex spe-
cies. Such a multifaceted and adaptable set of defences is 
believed to have been a key factor underlying the success of 
leafcutter ants, and likely fungus-growing ants in general, 
in preventing the overgrowth of fungal cultivars and the 
evolution of resistance against defensive compounds. The 
prudency of operating with multiple lines of defence that can 
each be applied specifically rather than prophylactically is 
now beginning to take hold in human medical endeavours 
(FortMAn & MukHoPAdHyAy 2016).

The evolutionary dynamics of ant defences against 
disease
In general, ants are remarkably efficient in disease defence, 
which has meant that very few specialised diseases of ants 
are known (CreMer & al. 2018). This appears to be medi-
ated by extremely efficient combinations of individual and 
social immune defences that have remained robust over 
evolutionary time. With that perspective it is perhaps not 
surprising that the leafcutter ants were able to both maintain 
these general defences, and to extend them to include active 
control of diseases in their fungus gardens, where as far 
as known their only specialised and co-evolving diseases 
occur. More efficient defence against disease pressure has 
likely been one of the selective forces shaping the evolution 

of obligate multiple insemination of queens in the Atta and 
Acromyrmex leafcutter ants (villesen & al. 2002). Multiple 
queen mating implies that colonies become “chimeric” 
in the sense that workers are an assembly of full-sisters 
(patrilines) that are half-sisters to each other. The ensuing 
higher genetic diversity of colony workers as collective likely 
gave a series of advantages related to division of labour and 
disease defence in the leafcutter ants with their large and 
long-lived colonies, relative to the basal attine genera with 
smaller colonies that retained ancestral single insemination 
of queens (booMsMA & al. 2009). The leafcutter ants also 
evolved higher degrees of caste polymorphism, that is, 
distinct small and large workers in Acromyrmex and even 
higher worker caste diversity in Atta, which also evolved a 
specialised soldier caste. Several studies have shown that 
this enhanced social diversity boosted colony-level social 
immunity of Acromyrmex colonies (HugHes & booMsMA 
2004, 2006, HugHes & al. 2008). Another study showed that 
there is significant genetic variation in the relative size of 
metapleural glands, particularly in small workers who are 
most active in disease defence. This suggests that some 
worker-patrilines specialise on specific defence activities 
not shared by other patrilines, consistent with the hypothesis 
that genetically diverse colonies are more robust in their 
collective social immune defences (HugHes & al. 2010).

Fungal defence compounds
Although the ants play an integral role in providing pro-
tection to their fungal cultivars, the crop-symbionts have 
also evolved their own set of defences that work in concert 
with the ants and respond to a variety of infections. Basid-
iomycete fungi are generally known to encode a diversity 
of secondary metabolites including several antimicrobial 
compounds (AylWArd & al. 2012b). Despite this, relatively 
few studies have actually investigated the bioactive po-
tential of the ant fungal cultivar and there have often been 
variable results. Several of the attempts to demonstrate 
antifungal activity of ant cultivar extracts have been neg-
ative (MArtin & al. 1969, Weber 1972, Hervey & al. 1977) 
but two compounds, 7-Chloro-4,6-dimethoxy-1(3H)-iso-
benzofuranone and basidalin, have been isolated from the 
fungal species Leucoagaricus carneifolia (a close relative 
of L. gongylophorus), which demonstrated weak to strong 
bioactivity against several bacterial and fungal species 
in vitro (HuFF & al. 1994). Another study has shown that 
fungal cultivars isolated from the nests of a basal attine 
ant of the genus Apterostigma can, at least to some extent, 
suppress the growth of a variety of morphologically distinct 
Escovopsis lineages on agar plates, suggesting the cultivars 
may also have some of these defensive capacities in vivo 
(gerArdo & al. 2006a). A study of the uniquely unicellular 
yeast form of the cultivar maintained by Cyphomyrmex 
minutus ants, also showed that the fungus was capable of 
strong antifungal activity when grown on plates (WAng & 
al. 1999). Organic extracts from the fungus revealed three 
diketopiperazines which, when isolated, showed moderate 
inhibition of fungi in bioassays (WAng & al. 1999). It was 
hypothesised that this fungal cultivar may actually secrete 
a more potent mixture of these compounds in vivo leading 
to a greater degree of inhibition when live cultivars rather 
than extracts would be used. Diketopiperazine compounds 
have additionally been implicated to have antibacterial 
properties (Arnone & al. 1966). Leafcutter cultivars are 
also able to inhibit Escovopsis strains isolated from sym-
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patric colonies of phylogenetically more basal attine ants, 
especially those isolated from Apterostigma colonies with 
pterulaceous fungal cultivars (birnbAuM & gerArdo 2016). 
These small colonies are often found in considerable numbers 
in the close proximity of Atta and Acromyrmex colonies, 
so further work on the chemical interactions underlying 
these patterns of defence specificity would be of interest.

Diversity and virulence of Escovopsis
Parasitism of attine ant nests by Escovopsis fungi is an 
ancient symbiosis that evolved shortly after the ancestral 
attine ants adopted a farming lifestyle 55 - 60 million 
years ago (yek & al. 2012, nygAArd & al. 2016). Escov-
opsis belongs to the order Hypocreales, which comprises 
a number of mycoparasitic fungi, including the biocontrol 
agents Trichoderma and Clonostachys and the specialised 
Tolypocladium species that are insect pathogens and can 
also attack ectomycorrhizal truffle fruiting bodies (for a 
recent review of necrotrophic mycoparasites see kArlsson 
& al. (2017). Traditionally there were just two species of 
Escovopsis recognised, E. weberi and E. aspergilloides, 
based on the formation of cylindrical or globose vesicles on 
their spore-bearing cells. However, a recent phylogenetic 
study suggests there are in fact nine lineages of Escovopsis 
belonging to five species (Meirelles & al. 2015). A sixth 
species, E. trichodermoides, was subsequently isolated from 
a nest of the lower attine ant, Mycocepurus goeldii, and 
does not have vesicles and phialides, but instead develops 
spores on a trichoderma-like conidiophore (gerArdo & 
al. 2006b, MAsiulionis & al. 2015). Although Escovopsis 
evolution is heavily dependent on its ability to parasitise 
attine ant cultivars, the phylogeny of Escovopsis strains 
does not match the phylogeny of the attine ants they were 
isolated from (Currie & al. 2003b). This may be due to rare 
horizontal transfers of Leucoagaricus cultivars across attine 
ant genera or may suggest that closely related Escovopsis 
strains are capable of infecting a wide variety of attine ant 
cultivars (Currie & al. 1999a).

Escovopsis hyphae can be observed to grow towards 
Leucoagaricus in vitro (Fig. 2) and direct contact between 
their hyphae can be an important factor in causing the 
degradation of Leucoagaricus (MArFetán & al. 2015, 
vArAndA-HAiFig & al. 2017). However, this process does 
not necessarily require contact between hyphae since 

Escovopsis can also produce soluble factors, including a 
number of toxins and enzymes, which may diffuse towards 
Leucoagaricus from a distance and contribute to cultivar 
degradation (reynolds & Currie 2004, MArFetán & al. 
2015, vArAndA-HAiFig & al. 2017). The 27 Mbp genome 
of Atta-derived Escovopsis weberi is small relative to its 
closest free-living relatives consistent with specialisation 
and gene loss in this parasite (de MAn & al. 2016). This was 
further supported by sequencing of Escovopsis genomes 
from Acromyrmex echinatior (~30 Mbp) and additional 
Atta colonies (~27 Mbp) (Heine & al. in press). Primary 
metabolism genes are still present in E. weberi, but the 
number of carbohydrate metabolism genes has been reduced 
and genes necessary for sexual reproduction have also been 
lost. Escovopsis has not been isolated from environments 
outside attine ant nests, consistent with this genus being 
fully specialised on its attine host cultivars and being unable 
to reproduce away from attine ant colonies (seiFert & al.  
1995, Currie & al. 1999a).

Attine ants suppress Escovopsis using behavioural 
mechanisms, as well as bioactive molecules produced by 
their MGs and their bacterial mutualists. Anecdotal evidence 
suggests that when infections are severe the ants abandon 
their garden after which it is rapidly overgrown by Escov-
opsis (Currie & al. 1999a). This implies that weeding and 
grooming behaviours of worker ants are essential to keep 
Escovopsis at bay. Escovopsis is consistently present in the 
waste dumps of uninfected nests and spores can thus be 
picked up by worker ants (Augustin & al. 2017). A possible 
infection mechanism suggested by these observations is that 
spores of Escovopsis are washed from waste dumps of attine 
ants into the soil of nearby foraging tracks where they may 
be picked up by foraging workers and carried back to the 
nest. Unlike the mutualist cultivar fungus, Escovopsis is not 
vertically transmitted by founding queens and the claustral 
founding colonies of Atta do not contain Escovopsis, so that 
infections only emerge after the first foraging workers start 
to leave the nest (Currie & al. 1999a). More detailed studies 
on the spread of Escovopsis species between attine colonies 
are sadly lacking and should be the focus of future research.

Escovopsis compounds
The first Escovopsis weberi genome sequence, from a strain 
isolated from an Atta cephalotes colony, revealed that it 

Fig. 2: Escovopsis fungi are attracted by and feed upon Leucoagaricus gongylophorus cultivars. Escovopsis grown on 
potato glucose agar plates with pieces of Leucoagaricus gongylophorus (right panel) grow faster than when grown alone 
(centre panel). The left panel displays a culture of Leucoagaricus gongylophorus growing alone.
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encodes a number of putative secondary metabolites (de 
MAn & al. 2016). Furthermore, RNA sequencing of this E. 
weberi strain growing towards its host revealed that some of 
the genes for these compounds were upregulated, implying a 
role in pathogenesis. A separate study attempted to identify 
secondary metabolites produced by an Escovopsis species 
growing alongside an ant-associated Streptomyces strain 
using imaging mass spectrometry (boyA & al. 2017). The 
Escovopsis species was not identified but the study showed 
that this isolate produced shearinines D, F and J (Fig. 3). 
The shearinines are triterpenic indole alkaloids with activity 
against calcium-activated potassium channels (Xu & al. 
2007) and were first isolated from an endophytic fungus 
Penicillium janthinellum. More recently, cultivation of an 
E. weberi strain on solid agar led to the detection of five 
shearinines (A, E, D, L & M), cycloarthropsone and emodin 
(Fig. 3) (dHodAry & al. 2018). These compounds were also 
detected on plates with Leucoagaricus gongylophorus and 
two of the shearinines, L and M, are novel compounds. The 
shearinines are part of a larger group of metabolites, the 
penitrems, which are mycotoxins associated with insecti-
cidal and tremorgenic activity (stAub & al. 1993). Similar 
fungal alkaloids are encoded by Ophiocordyceps fungi 
(de bekker & al. 2015) and induce “zombie” behavior 
in infected ants (details below). Provision of oat flakes 
coated with shearinine L to subcolonies of A. octospinosus 
eventually led to them being rejected for incorporation 
into the fungus garden (dHodAry & al. 2018), presumably 
due to shearinine L being repellent as a substrate for L. 
gongylophorus. Shearinine L didn’t directly lead to a zone 
of inhibition against L. gongylophorus whereas emodin 
and cycloarthropsone both displayed antifungal activity 
against the nest cultivar (dHodAry & al. 2018). Emodin 
has previously been known to have a number of activi-
ties including antibacterial (levin & al. 1988), antifungal 
(izHAki 2002), antiviral (bArnArd & al. 1992), anticancer 
(liu & al. 2011), anti-inflammatory (PArk & al. 2009) and 
antiulcerogenic (goel & al. 1991) effects. It is also known 
to be an insecticidal compound against mosquitoes (yAng 

& al. 2003), caterpillar larvae (triAl & diMond 2012) and 
adults of the white fly Bemisia tabaci (georges & al. 2008). 
Cycloarthropsone has been isolated previously as a fungal 
metabolite from Arthropsis truncata (Ayer & CrAW 1992), 
but a functional role for this compound has not been deter-
mined. More recently, artificial infection of Leucoagaricus 
nest material with E. weberi led to the identification of two 
upregulated compounds; shearinine D and melinacidin IV 
(8.9- and 3.4-fold, respectively), when E. weberi was grown 
on Leucoagaricus (Heine & al. 2018). However, monocul-
tures of E. weberi also produced shearinine D, shearinine 
A, 22,23-dehydroshearinine A, melinacidin IV, melinacidin 
III, chetracin B and C and emodin (Fig. 3) (Heine & al. 
2018). Shearinine D was shown to reduce the mobility of A. 
echinatior worker ants, leading to uncoordinated behaviour, 
spasmodic leg movements, and ultimately death. These 
observations are consistent with the roles of shearinines as 
ion channel modulators and potential neurotoxins. Finally, 
shearinine D was also shown to be active against the two 
Pseudonocardia species associated with A. echinatior ants, 
P. echinatior and P. octospinosus, previously known as Ps1 
and Ps2 (Poulsen & booMsMA 2005, Andersen & al. 2013, 
HolMes & al. 2016), suggesting that this might be used 
by E. weberi to antagonistically suppress the antifungal 
producing mutualist Pseudonocardia bacteria (Heine & 
al. 2018). Melinacidins have antibacterial activity against 
Gram-positive bacteria (reusser 1968) and also inhibit 
the Pseudonocardia strains associated with A. echinatior 
ants, suggesting they also play a role in counteracting the 
inhibitory effects of Pseudonocardia on Escovopsis (Heine 
& al. 2018). The chetracins are cytotoxic compounds, previ-
ously identified from the fungus Oidiodendron truncatum 
(li & al. 2012), but their effects on the mutualists in the A. 
echinatior system have not been tested.

The Pseudonocardia mutualists
Many attine worker ants have a visible white bloom on their 
cuticles, often concentrated on their laterocervical plates 
(Fig. 4). This white covering was eventually identified 

Fig. 3: Bioactive compounds produced by Escovopsis fungi. Escovopsis mycopathogens synthesise triterpenic indole 
alkaloid shearinine compounds as well as emodin, cycloarthropsone, and epipolythiodiketopiperazine alkaloids of 
melinacidins and chetracins. 



66

as a dense filamentous growth of actinomycete bacteria, 
mostly belonging to the genus Pseudonocardia which can 
be isolated from the cuticles of Acromyrmex but not Atta 
leafcutter ant workers (Currie & al. 1999b). On a smaller 
scale, these bacterial patches concentrate in species-specific 
cuticular regions where subcuticular exocrine glands are 
hypothesised to provision the bacteria (Currie & al. 2006). 
The bacteria were shown to produce antifungal antibiotics, 
presumably in return for ant resources, that inhibit the 
growth of Escovopsis (Fig. 5) (Currie & al. 1999b, Currie 
& al. 2003a). These defensive compounds, in addition to 
the ants’ behavioral defences, are likely to be important in 
providing protection to the fungus gardens, which may be 
particularly prone to infection because they grow as mon-
ocultures and have low genetic diversity (kost & al. 2007, 
Mueller & al. 2010b). Pseudonocardia has since been found 
to be faithfully transmitted between generations within a 
colony with newly eclosed workers being inoculated by 
older workers within 24 hours after hatching (MArsH & 
al. 2014). Partner Fidelity Feedback (PFF) has therefore 
been suggested to help maintain this mutualism since the 
fitness interests of both partners remain aligned during the 
life of a colony; ant colony productivity increases due to 
the bacterially-derived antimicrobial substances and this, 
in turn, improves the likelihood of bacterial transmission 
to the next generation via dispersing virgin queens that 
found new colonies (Foster & Wenseleers 2006, bArke 
& al. 2011). A tight relationship between the Acromyrmex 
worker ants and their Pseudonocardia mutualist strains may 
also have facilitated the on-going dynamics of a co-evolu-
tionary arms race between these bacterial symbionts and 
the Escovopsis pathogen, possibly helping to explain the 
apparently low levels of observed antimicrobial resistance 
(Mueller & al. 2005, Currie & al. 2006). It is noteworthy 
that Atta leafcutter ants lack the cuticular crypts that main-
tain the Pseudonocardia symbionts in Acromyrmex and 
that isolation of Pseudonocardia in Atta yields negligibly 
low results which are comparable to levels expected for 
contaminations (Mueller & al. 2008, MArsH & al. 2013). 

The loss of Pseudonocardia might be attributed to the 
gain of PAA produced by the MG secretions, a powerful 
antifungal compound that may have made the antifungals 
produced by Pseudonocardia redundant (vieirA & al. 2012, 
FernAndez-MArin & al. 2015).

Strains of mutualistic Pseudonocardia produce antifun-
gal antibiotics with novel structures, such as the cyclic dep-
sipeptide dentigerumycin in the lower attine Apterostigma, 
and the polyene nystatin P1 (Fig. 5) in Acromyrmex (oH 
& al. 2009, bArke & al. 2010). Further evidence of the 
interaction specificity between Pseudonocardia and leaf-
cutter ants has emerged from the finding that colonies of 
Acromyrmex echinatior tend to maintain a single strain of 
Pseudonocardia, either Ps1 or Ps2 (Poulsen & al. 2005, 
Andersen & al. 2013). Cross-fostering experiments have sug-
gested some degree of co-adaption between each particular 
Pseudonocardia strain and the ants that vertically-transmit 
them (Andersen & al. 2015). A population of each of the 
two Pseudonocardia strains was genome sequenced, which 
allowed them to be identified as two distinct species, named 
P. octospinosus (Ps1) and P. echinatior (Ps2) (HolMes & al.  
2016).

Construction of a wider attine ant derived Pseudo-
nocardia phylogeny revealed that the predicted model of 
vertical transmission which would result in coevolution and 
codivergence does not fit observed taxonomic trees based 
on 16S rRNA gene sequencing (Mueller & al. 2010a). 
This suggests that Pseudonocardia strains either occur 
in other microbiomes of the ants (e.g., the guts) or that 
they can be free-living in the environment before they are 
acquired as ant symbionts, possibly to replace an existing 
Pseudonocardia symbiont whose secondary metabolites 
Escovopsis has become resistant to (Poulsen & al. 2010). 
Pseudonocardia strains have also been predicted to set up a 
complex partner choice mechanism using the antibacterial 
antibiotics that they produce to defend their primacy of 
place in the ant cuticular biofilms (sCHeuring & yu 2012). 
That scenario implies that only other actinobacteria with 
similar antibiotics production can invade Pseudonocardia 

Fig. 4: Filamentous actinobacterial mutualists growing on Acromyrmex echinatior ants. Pseudonocardia bacteria can be 
seen growing on the integument of Acromyrmex echinatior ants (left panel) where they appear as a white covering on 
young callow ants or on the laterocervical plates of more mature workers. The filamentous growth of this actinobacterial 
mutualist can be readily observed using electron microscopy (right panel). 
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biofilms established by vertical transmission within colo-
nies, because these producers are usually also resistant to 
multiple antibiotics (bArke & al. 2011).

Pseudonocardia-produced antifungal compounds
The first compound to be detected from a Pseudonocardia 
mutualist of attine ants was the antifungal dentigerumycin 
(oH & al. 2009). Dentigerumycin is a cyclic depsipeptide 
made by a Pseudonocardia strain associated with the lower 
attine Apterostigma dentigerum in Panama. It is active 
against the nest pathogen Escovopsis and can be actively 
used by the ants to keep their fungus garden clear of Esco-
vopsis infection (oH & al. 2009). Dentigerumycin was later 
shown to be produced by another Pseudonocardia strain 
associated with Panamanian Trachymyrmex cornetzi ants 
(sit & al. 2015), suggesting this molecule might also occur 
in fungus-farming ants with cuticular Pseudonocardia. 
Variants of dentigerumycins called gerumycins A-C are 
produced by another Pseudonocardia strain associated 
with A. dentigerum ants (sit & al. 2015). Gerumycins A-C 
contain an almost identical depsipeptide to dentigerumycin 
but are distinguished by the absence of the PKS derived side 
chain (Fig. 5). The arrangement of genes in the biosynthetic 
gene clusters that encode these molecules show hallmarks 
of recent evolution (sit & al. 2015). A full suite of PKS and 
NRPS genes are present in one chromosomal location for 
dentigerumycin but the PKS genes are absent and do not 
contribute to the final molecule for the gerumycins. Instead, 
the clusters are situated on mobile elements and are either 
spatially distributed on plasmids and split into pieces or 
located in so-called recently acquired “genomic islands” 
on the chromosome (sit & al. 2015). The genes are likely 
under direct selective pressure to keep up in an arms race 

with the Escovopsis strains that infect the fungus gardens 
that the ants maintain.

Pseudonocardia octospinosus (Ps1) isolated from a 
captive colony of Acromyrmex octospinosus ants was 
discovered to produce a nystatin-like polyene (bArke & 
al. 2010). Nystatin A1 was originally discovered from the 
terrestrial strain Streptomyces noursei and is widely used as 
an antifungal drug (brAutAset & al. 2000). P. octospinosus 
(Ps1) was demonstrated to make a similar molecule with 
an additional hexose sugar that was subsequently named 
nystatin P1 (Fig. 5). More recently, genome sequencing of 
P. echinatior and P. octospinosus populations associated 
with captive colonies of A. echinatior ants demonstrated 
they have matching nystatin polyene biosynthetic clusters 
(HolMes & al. 2016). P. echinatior strains also have nysta-
tin-like biosynthetic gene clusters that do not resemble those 
encoding nystatin A1 or P1 biosynthesis and potentially 
encode as yet unidentified novel nystatin-like polyenes. 
Furthermore, a Pseudonocardia strain isolated from Trach-
ymyrmex cornetzi also contained a biosynthetic gene cluster 
that encodes a polyene resembling nystatin P1 (sit & al. 
2015). A free-living terrestrial strain of Pseudonocardia 
autotrophica was also shown to make the polyene molecule 
NPP, which is similar to nystatin P1 (kiM & al. 2009), and it 
was shown that a similar additional hexose sugar made NPP 
100x more soluble in water (lee & al. 2012). Deletion of 
the additional glycosyl transferase gene in Pseudonocardia 
autotrophica and heterologous expression of the nypY gly-
cosyl transferase gene from Pseudonocardia P1 resulted in 
addition of D-mannose which demonstrated lower antifungal 
activity than nystatin A1, but is presumably more soluble in 
aqueous solutions (kiM & al. 2017). This raises interesting 
questions as to the functional relevancy of these molecules 

Fig. 5: Bioactive compounds produced by filamentous actinobacteria isolated from attine ants. Pseudonocardia isolated 
from various attine ants have been demonstrated to make antifungal polyenes such as nystatin P1 and selvamicin as well 
as the antifungal gerumycins. Streptomyces isolated from lab colonies of Acromyrmex octospinosus and Trachymyrmex 
cornetzi make the antifungals candicidin and the antimycins.
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in different ecological settings (e.g., dry and wet habitats) 
that may be associated with different Escovopsis strains. 
Further evidence that polyenes are important antifungals 
in the attine fungus farming symbiosis comes from the 
discovery of the polyene selvamicin from a Pseudonocar-
dia strain associated with Apterostigma ants (vAn ArnAM 
& al. 2016). Selvamicin is a structurally distinct (Fig. 5) 
and shorter polyene than nystatin A1, P1 or NPP. It has a 
6-deoxymannose sugar added at the canonical glycosylation 
site, but it also has a distinctive 4-O-methyldigitoxose on 
the other side of the molecule. The genomes of P. echina-
tior and P. octospinosus strains also suggest evolutionary 
divergence in their nystatin-like biosynthetic gene clusters 
with a set of representative strains demonstrating subtle 
variations and individual clusters sometimes being split into 
separate loci (HolMes & al. 2016). The variety of polyenes 
and their encoding biosynthetic gene cluster arrangements 
are generally consistent with ongoing evolutionary selection 
pressure and may also suggest a certain degree of variation 
in the compounds that can be produced across different 
colonies of the same attine ant species.

Other ant-associated symbionts
A diversity of other antibiotic-producing bacterial species 
have been isolated from the cuticles of attine ants, some 
of which have also been shown to inhibit the growth of 
Escovopis and other pathogenic microbial species (kost 
& al. 2007, HAeder & al. 2009, sen & al. 2009, bArke 
& al. 2010, sCHoeniAn & al. 2011). In particular, several 
members of the genus Streptomyces, which are common 
in soil, and produce ~55% of the antibiotics used in human 
medicine and husbandry, have been shown to associate 
with Acromyrmex leafcutter ants, although with a high 
level of variability across different colonies of the same 
ant species (Andersen & al. 2013). Such findings have led 
to the suggestion that leafcutter ants may be actively and 
dynamically recruiting other antibiotic-producing bacterial 
symbionts from their environment, following the initial 
colonisation of their cuticular chest plates with vertically 
acquired Pseudonocardia (kost & al. 2007, Mueller & 
al. 2008, bArke & al. 2010, Andersen & al. 2013). The 
external morphology of the ant cuticular crypts may have 
evolved to facilitate this process (Mueller & al. 2008), 
but it remains to be seen how common such secondary  
acquisitions are under natural field conditions since most 
studies that have isolated sctinobacterial symbionts have 
been conducted using laboratory-maintained colonies of 
Acromyrmex. Secondary acquisitions of non-Pseudono-
cardia actinobacteria may give the ants access to a more 
diverse set of antimicrobial compounds, possibly enabling 
defence against a larger variety of pathogens (bArke & 
al. 2011), but it has also become clear that P. echinatior 
(Ps2) and P. octospinosus (Ps1) biofilms on the cuticles of 
Panamanian Acromyrmex workers differ in the degree to 
which they allow secondary invasion by other actinobacteria 
(Andersen & al. 2013).

It is not known how the ants accumulate, regulate and 
maintain their cuticular microbiome, allowing antibiotic 
producers to dominate, whilst preventing colonisation by 
non-producers. A recent theoretical model suggests that 
the cuticular microbiomes are regulated via a screening 
process, whereby the nutrient rich conditions surrounding 
the cuticular crypts on the surface of the ant sets up a highly 
competitive environment for colonising microorganisms 

(sCHeuring & yu 2012). This would select for greater anti-
biotic production by both the native Pseudonocardia sym-
bionts and any other bacteria able to invade. Since antibiotic 
producing bacteria also carry antibiotic resistance genes 
they are likely to preferentially survive in this demanding 
environment so the ants will always end up being covered 
with antibiotic-producing actinomycetes independent of 
their taxonomic identity (sCHeuring & yu 2012). Consistent 
with this, the Pseudonocardia symbionts have been shown 
to encode and produce a broad spectrum of antibacterial 
compounds (HolMes & al. 2016). Streptomyces found on 
leafcutter ants have been shown to make various antimicro-
bials including candicidin and antimycins (Fig. 5)(HAeder 
& al. 2009, bArke & al. 2010, sCHoeniAn & al. 2011, seiPke 
& al. 2011), both of which have antifungal activity and are 
active against Escovopsis. A study using matrix-assisted 
laser desorption ionization (MALDI) on A. echinatior ants 
and their Streptomyces symbionts detected the production 
of antimycins, valinomycins and actinomycins (sCHoeniAn 
& al. 2011). Valinomycin was also detected directly on the 
exterior of the ants, whereas valinomycin and actinomycins 
were identified from the waste dump. To our knowledge 
this is the only report showing antibiotics being produced 
in situ in a leafcutter ant colony, but whether Streptomyces 
species are associated with Acromyrmex colonies in the 
field remains to be confirmed.

In addition to cuticular symbionts, Panamanian Ac-
romyrmex leafcutter ants also harbor a relatively simple 
community of gut bacteria. Four bacterial taxa (a Wol-
bachia species, a species from the order Rhizobiales and 
two Mollicutes species from the order Entomoplasmatales) 
dominate the gut microbiome (sAPountzis & al. 2015). 
Wolbachia bacteria appear to be obligate symbionts that are 
maintained across all developmental stages of Acromyrmex 
but not Atta leafcutter ants, and to be maternally transmitted 
because they could be retrieved from the eggs (zHukovA & 
al. 2017). They exist intracellularly, interacting closely with 
mitochondria in the ant cytoplasm (zHukovA & al. 2017), but 
can also be found extracellularly. Further work is required 
to clarify their functional significance. The functions of 
the Entomoplasmatales species are also unknown but they 
appear to be facultative symbionts as there is variation in 
their abundance across and within Acromyrmex colonies 
(zHukovA & al. 2017). Rhizobiales bacteria are confined to 
the gut lumen where they form biofilms along the hindgut 
cuticle (sAPountzis & al. 2015). These bacteria have been 
shown to produce bacterial NifH proteins that are normally 
associated with the fixation or preservation of nitrogen 
(sAPountzis & al. 2015). Although further confirmation is 
needed, it is hypothesised that these highly compartmen-
talised symbionts somehow help to alleviate the nutritional 
constraints that emerge from an exclusive fungal diet which, 
in turn, is provisioned solely with leaf material (zHukovA 
& al. 2017). Finally, the bacterial genus Enterobacter was 
shown to be abundant in larval guts of both Acromyrmex 
and Atta but to be absent in the guts of adult workers. It 
has been suggested that these may be involved in immune 
priming, reducing the susceptibility of larvae to pathogens 
that they may encounter later in life (zHukovA & al. 2017).

In addition to symbionts found on or within the ants, 
strains of antibiotic producing bacteria have also been iso-
lated directly from the fungus gardens of leafcutter ants. 
For example, a member of the bacterial genus Burkholderia 
was isolated from the garden material of Atta sexdens 
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rubropilosa (sAntos & al. 2004). Isolates of this species 
had potent anti-fungal activity against entomopathogenic 
fungi as well as the specialist pathogen Escovopsis weberi 
(sAntos & al. 2004), while not inhibiting the growth of the 
mutualistic cultivar fungus (sAntos & al. 2004). These 
results suggest that a broad consortium of bacteria may 
contribute to fungal garden defence including both those 
associated with the ants and the fungus gardens.

Other putative pathogens
As well as Escovopsis, there are additional reports of other 
exploiters of the attine fungus-farming symbiosis, despite the 
production of antibiotics by mutualistic bacteria associated 
with the ants and defensive MG secretions. Black yeast in 
the genus Phialophora were shown to live on the body of 
attine ants exploiting the resource base meant to nourish 
mutualistic actinobacteria (little & Currie 2007). Their 
presence matches a wider observation of black yeasts in the 
order Chaetothyriales that have been isolated from across 
the family of ants (Formicidae), including in species that 
maintain carton nests or domatia (voglMAyr & al. 2011, 
vAsse & al. 2017). In vitro experiments suggested that the 
black yeast associated with Apterostigma can outcompete 
Pseudonocardia for nutrients as well as directly parasitise 
the cuticular actinobacteria (little & Currie 2008), al-
though the interaction seems complex. The black yeast 
was unable to directly affect the ants or the Leucoagaricus 
fungus garden, but their presence made the colony as a 
whole more susceptible to Escovopsis infection, presum-
ably because Pseudonocardia defence was compromised. 
Black yeasts have predominantly been found in extreme 
environments (de Hoog 2014) and their ability to withstand 
those environments may allow them to survive on attine 
ants where they are likely to encounter metapleural gland 
secretions and symbiont derived secondary metabolites 
(little & Currie 2008).

Other yeasts have also been documented to be associated 
with attine ants (CrAven & al. 1970, CArreiro & al. 1997, 
PAgnoCCA & al. 2008, 2010, rodrigues & al. 2009, Mendes 
& al. 2012). These yeasts likely play a role in detoxifica-
tion of the plant material, which would benefit both the 
Leucoagaricus cultivar and the farming ants (Mendes & 
al. 2012). They may also play a protective role in prevent-
ing other fungal pathogens from getting a foothold in the 
nest (rodrigues & al. 2009). Yeasts and filamentous fungi 
were also found on the body of gynes (dispersing virgin 
queens), whereas Escovopsis was not present, suggesting 
that they are transported in a passive fashion to new nests 
(PAgnoCCA & al. 2008).

Filamentous fungi other than Escovopsis have also been 
observed in the nests of attine ants (reviewed by PAgnoCCA 
& al. 2012). When the farming ants are removed from nests 
the fungus gardens are quickly overgrown by other fungi. 
This is believed to involve mainly opportunistic species, 
whereas Escovopsis endures as a specialised infectious agent 
for a greater length of time in the presence of ants tending 
the nest. The presence of additional fungal species is most 
likely connected to the live plant material used to grow 
Leucoagaricus cultivars, suggesting that the colony-wide 
microbiome of fungus gardens is not fully static and de-
termined to some extent by the forage material available to 
the colony (FisHer & al. 1996). Another potential pathogen 
of attine ants are filamentous Syncephalastrum fungi, 
which have been shown able to infect laboratory colonies 

of Atta sexdens rubropilosa (bArCoto & al. 2016), though 
the importance of these fungi in infecting wild attine ant 
colonies is unknown.

Finally, Ophiocordyceps fungi have been well docu-
mented to infect ants of the Camponotini tribe causing the 
well-known “zombie ant” phenomenon (HugHes & al. 2011, 
de bekker & al. 2014), but they have also occasionally been 
found to infect leafcutter ants both in natural settings and 
laboratory experiments (HugHes & al. 2009). Infections 
were documented from several Panamanian isolates, some 
of which induced the characteristic Ophiocordyceps stroma 
growing out of the back of the head. Although rare, it does 
suggest that Ophiocordyceps may be able to overcome 
taxonomic barriers to infect a wider range of ant genera. As 
we mentioned above, both Ophiocordyceps and Escovopsis 
share the ability to produce alkaloids, which can act as ion 
channel blockers during infection (de bekker & al. 2015, 
Heine & al. 2018).

Summary of recent insights in symbiotic partnerships 
of leafcutter ants
The attine ant fungus-farming symbiosis is one of the best-
known examples of obligate multipartite mutualism and has 
been intensively studied for more than 25 years. During the 
last ten years, advanced molecular techniques have allowed 
a series of novel insights in the chemical characteristics of 
the evolutionary arms race between the mutualistic partners 
and their fungal parasites in the genus Escovopsis. It is 
becoming increasingly clear that these arms race dynamics 
are likely to drive complex co-adaptation processes even 
though most studies continue to be based on two-partner 
interactions. The intricacy of novel discoveries leave little 
doubt that the attine fungus-growing ants will continue 
to provide a cutting edge and experimentally tractable 
model, not only for studying mutualisms and microbiome 
formation, but also for analysing multi-partite co-evolu-
tionary interactions. The recent work that this review is 
primarily focused on shows that the specialised cultivars 
and Pseudonocardia mutualists make potent antifungals 
that can be effective in controlling parasitic Escovopsis 
mycoparasites. However, the E. weberi strains that spe-
cialise on infecting the gardens of the most derived genera, 
Atta and Acromyrmex, have streamlined genomes able to 
maintain virulence factors and toxins such as shearinines. 
These compounds can kill the cuticular Pseudonocardia 
bacteria that assist Acromyrmex species in controlling Es-
covopsis infections while also adversely affecting foraging, 
grooming and weeding behaviour of Atta and Acromyrmex 
workers. Despite these recent advances there is still much 
to be clarified. Just a handful of the secondary metabolites 
encoded by Escovopsis species have been characterised and 
we still know nothing about the putative secreted or volatile 
compounds produced by the Leucoagaricus gongylophorus 
cultivar that inadvertantly induce accelerated growth of 
Escovopsis hyphae towards host fungus gardens. Neither 
do we know what compounds the tiny subcuticular glands 
that nourish cuticular actinobacteria produce. In addition, 
much of the knowledge gained about the chemical ecology 
of this complex mutualism has been obtained via in vitro 
experiments and needs to be validated under field conditions. 
Recent technological advances, including stable isotope 
probing combined with next generation sequencing and 
imaging mass spectrometry, should now allow the study of 
these molecules in vivo to exactly determine the chemical 
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interactions that occur between these multiple symbiotic 
partners. We expect that future studies will reveal an even 
greater breadth of chemical compounds produced by the 
various mutualists and parasites involved in the attine ant 
fungus-farming symbiosis, and will help to unravel their 
adaptive functions in much greater detail than possible at 
present.

Acknowledgements
SFW is supported by a Natural Environment Research Coun-
cil (NERC) PhD studentship (DTC grant NE/L002582/1). 
NH is supported by NERC research grant NE/M015033/1 
awarded to MIH, BW, JCM and DWY; TMI was supported 
by a Marie Curie Individual European Fellowship (IEF 
grant 627949) and by an Advanced ERC Grant (323085) 
awarded to JJB.

References

Andersen, s.b., HAnsen, l.H., sAPountzis, P., sorensen, s.J. 
& booMsMA, J.J. 2013: Specificity and stability of the Acro-
myrmex-Pseudonocardia symbiosis. – Molecular Ecology 
22: 4307-4321.

Andersen, s.b., yek, s.H., nAsH, d.r. & booMsMA, J.J. 2015: 
Interaction specificity between leaf-cutting ants and vertically 
transmitted Pseudonocardia bacteria. – BioMed Central Evo-
lutionary Biology 15: art. 27.

Arnone, A., CAPelli, S., nAsini, G., Meille, S.V. & dePAvA, O.V. 
1966: Secondary mould metabolites 52. Structure elucidation of 
diatretola – a new diketopiperazine metabolite from the fungus 
Clitocybe diatreta. – Liebigs Annalen der Chemie 11: 1875-1877.

Augustin, J.o., siMoes, t.g., diJksterHuis, J., elliot, s.l. & evAns, 
H.C. 2017: Putting the waste out: a proposed mechanism for 
transmission of the mycoparasite Escovopsis between leafcutter 
ant colonies. – Royal Society Open Science 4: art. 161013.

Ayer, W.A. & CrAW, P.A. 1992: Biosynthesis and biogenetic inter-
relationships of metabolites of the fungus Arthropsistruncata. 
– Canadian Journal of Chemistry 70: 1348-1355.

AylWArd, F.o., burnuM, k.e., sCott, J.J., suen, g., tringe, s.g., 
AdAMs, s.M., bArry, k.W., niCorA, C.d., PieHoWski, P.d., 
Purvine, s.o., stArrett, g.J., goodWin, l.A., sMitH, r.d., 
liPton, M.s. & Currie, C.r. 2012a: Metagenomic and metap-
roteomic insights into bacterial communities in leaf-cutter ant 
fungus gardens. – International Society for Microbial Ecology 
Journal 6: 1688-1701.

AylWArd, F.o., burnuM-JoHnson, k.e., tringe, s.g., teiling, 
C., treMMel, d.M., Moeller, J.A., sCott, J.J., bArry, k.W., 
PieHoWski, P.d., niCorA, C.d., MAlFAtti, s.A., Monroe, M.e., 
Purvine, s.o., goodWin, l.A., sMitH, r.d., WeinstoCk, g.M., 
gerArdo, n.M., suen, g., liPton, M.s. & Currie, C.r. 2013: 
Leucoagaricus gongylophorus produces diverse enzymes for 
the degradation of recalcitrant plant polymers in leaf-cutter 
ant fungus gardens. – Applied Environmental Microbiology 
79: 3770-3778.

AylWArd, F.o., Currie, C.r. & suen, g. 2012b: The evolutionary 
innovation of nutritional symbioses in leaf-cutter ants. – In-
sects 3: 41-61.

bArCoto, M.O., PedrosA, F., bueno, O.C. & rodrigues, A. 2017: 
Pathogenic nature of Syncephalastrum in Atta sexdens rubropi-
losa fungus gardens. – Pest Management Science 73: 999-1009.

bArke, J., seiPke, r.F., grusCHoW, s., HeAvens, d., drou, n., bibb, 
M.J., goss, r.J.M., yu, d.W. & HutCHings, M.i. 2010: A mixed 
community of actinomycetes produce multiple antibiotics for 
the fungus farming ant Acromyrmex octospinosus. – BioMed 
Central Biology 8: art. 109.

bArke, J., seiPke, r.F., yu, d.W. & HutCHings, M.i. 2011: A mu-
tualistic microbiome: How do fungus-growing ants select their 

antibiotic-producing bacteria? – Communicative & Integrative 
Biology 4: 41-43.

bArnArd, d.l., HuFFMAn, J.H., Morris, J.l.b., Wood, s.g., HugHes, 
b.g. & sidWell, r.W. 1992: Evaluation of the antiviral activity 
of anthraquinones, anthrones and anthraquinone derivatives 
against human cytomegalovirus. – Antiviral Research 17: 63-77.

bArton, M.d., delneri, d., oliver, s.g., rAttrAy, M. & berg-
MAn, C.M. 2010: Evolutionary systems biology of amino acid 
biosynthetic cost in yeast. – Public Library of Science One 5: 
art. e11935.

birnbAuM, S.S.L. & gerArdo, N.M. 2016: Patterns of specificity 
of the pathogen Escovopsis across the fungus-growing ant 
symbiosis. – The American Naturalist 188: 52-65.

booMsMA, J.J., kronAuer, D.J.C. & Pedersen, J.S. 2009: The 
evolution of social insect mating systems. In: gAdAu, J. & 
FeWell, J. (Eds.): Organization of insect societies: from genome 
to sociocomplexity. – Harvard University Press, Cambridge, 
MA, pp. 3-25.

bot, A.n.M., Currie, C.r., HArt, A.g. & booMsMA, J.J. 2001: 
Waste management in leaf-cutting ants. – Ethology Ecology 
& Evolution 13: 225-237.

bot, A.n.M., ortius-leCHner, d., Finster, k., MAile, r. & 
booMsMA, J.J. 2002: Variable sensitivity of fungi and bacteria to 
compounds produced by the metapleural glands of leaf-cutting 
ants. – Insectes Sociaux 49: 363-370.

boyA, P.C., FernAndez-MArin, H., MeJiA, l.C., sPAdAForA, C., 
dorrestein, P.C. & gutierrez, M. 2017: Imaging mass spec-
trometry and MS/MS molecular networking reveals chemical 
interactions among cuticular bacteria and pathogenic fungi 
associated with fungus-growing ants. – Scientific Reports 7: 
art. 5604.

brAnstetter, M.g., Jesovnik, A., sosA-CAlvo, J., lloyd, M.W., 
FAirClotH, b.C., brAdy, s.g. & sCHultz, t.r. 2017: Dry habitats 
were crucibles of domestication in the evolution of agriculture in 
ants. – Proceedings of the Royal Society B-Biological Sciences 
284: art. 20170095.

brAutAset, t., sekurovA, o.n., slettA, H., ellingsen, t.e., 
strøM, A.r., vAllA, s. & zotCHev, s.b. 2000: Biosynthesis 
of the polyene antifungal antibiotic nystatin in Streptomyces 
noursei ATCC 11455: analysis of the gene cluster and deduction 
of the biosynthetic pathway. – Chemistry & Biology 7: 395-403.

CArreiro, s.C., PAgnoCCA, F.C., bueno, o.C., bACCi, M.J., Hebling, 
M.J. & dA silvA, o.A. 1997: Yeasts associated with nests of the 
leaf-cutting ant Atta sexdens rubropilosa Forel, 1908. – Antonie 
Van Leeuwenhoek 71: 243-248.

CrAven, s.e., diX, M.W. & MiCHAels, g.e. 1970: Attine fungus 
gardens contain yeasts. – Science 169: 184-186.

CreMer, s., Pull, C.d. & Furst, M.A. 2018: Social immunity: 
emergence and evolution of colony-level disease protection. – 
Annual Review of Entomology 63: 105-123.

Currie, C.r. 2001: A community of ants, fungi, and bacteria: a 
multilateral approach to studying symbiosis. – Annual Review 
of Microbiology 55: 357-380.

Currie, C.r., bot, A.n.M. & booMsMA, J.J. 2003a: Experimental 
evidence of a tripartite mutualism: bacteria protect ant fungus 
gardens from specialized parasites. – Oikos 101: 91-102.

Currie, C.r., Mueller, u.g. & MAlloCH, d. 1999a: The agri-
cultural pathology of ant fungus gardens. – Proceedings of the 
National Academy of Sciences of the United States of America 
96: 7998-8002.

Currie, C.r., Poulsen, M., MendenHAll, J., booMsMA, J.J. & 
billen, J. 2006: Coevolved crypts and exocrine glands support 
mutualistic bacteria in fungus-growing ants. – Science 311: 81-83.

Currie, C.r., sCott, J.A., suMMerbell, r.C. & MAlloCH, d. 
1999b: Fungus-growing ants use antibiotic-producing bacteria 
to control garden parasites. – Nature 398: 701-704.



71

Currie, C.r. & stuArt, A.e. 2001: Weeding and grooming of 
pathogens in agriculture by ants. – Proceedings of the Royal 
Society B-Biological Sciences 268: 1033-1039.

Currie, C.r., Wong, b., stuArt, A.e., sCHultz, t.r., reHner, s.A., 
Mueller, u.g., sung, g.H., sPAtAForA, J.W. & strAus, n.A. 
2003b: Ancient tripartite coevolution in the attine ant-microbe 
symbiosis. – Science 299: 386-388.

de bekker, C., oHM, r.A., loreto, r.g., sebAstiAn, A., Albert, 
i., MerroW, M., brACHMAnn, A. & HugHes, d.P. 2015: Gene 
expression during zombie ant biting behavior reflects the com-
plexity underlying fungal parasitic behavioral manipulation. 
– BioMed Central Genomics 16: art. 620.

de bekker, C., Quevillon, l.e., sMitH, P.b., FleMing, k.r., gHosH, 
d., PAtterson, A.d. & HugHes, d.P. 2014: Species-specific ant 
brain manipulation by a specialized fungal parasite. – BioMed 
Central Evolutionary Biology 14: art. 166.

de Fine liCHt, H.H., booMsMA, J.J. & tunlid, A. 2014: Symbiotic 
adaptations in the fungal cultivar of leaf-cutting ants. – Nature 
Communications 5: art. 5675.

de Fine liCHt, H.H., sCHiott, M., Mueller, u.g. & booMsMA, 
J.J. 2010: Evolutionary transitions in enzyme activity of ant 
fungus gardens. – Evolution 64: 2055-2069.

de Hoog, g.s. 2014: Ecology and phylogeny of black yeast-like 
fungi: diversity in unexplored habitats. – Fungal Diversity 
65: 1-2.

de MAn, t.J., stAJiCH, J.e., kubiCek, C.P., teiling, C., CHen-
tHAMArA, k., AtAnAsovA, l., druzHininA, i.s., levenkovA, 
n., birnbAuM, s.s., bArribeAu, s.M., boziCk, b.A., suen, g., 
Currie, C.r. & gerArdo, n.M. 2016: Small genome of the 
fungus Escovopsis weberi, a specialized disease agent of ant 
agriculture. – Proceedings of the National Academy of Sciences 
of the United States of America 113: 3567-3572.

dentinger, b.t., lodge, d.J., MunkACsi, A.b., desJArdin, d.e. & 
MClAugHlin, d.J. 2009: Phylogenetic placement of an unusual 
coral mushroom challenges the classic hypothesis of strict 
coevolution in the apterostigma pilosum group ant-fungus 
mutualism. – Evolution 63: 2172-2178.

dHodAry, b., sCHilg, M., WirtH, r. & sPiteller, d.s. 2018: Sec-
ondary metabolites from Escovopsis weberi and their role in 
attacking the garden fungus of leaf cutting ants. – Chemistry 
– a European Journal 24: 4445-4452.

do nAsCiMento, r.r., sCHoeters, e., MorgAn, e.d., billen, J. & 
strAdling, d.J. 1996: Chemistry of metapleural gland secretions 
of three attine ants, Atta sexdens rubropilosa, Atta cephalotes, 
and Acromyrmex octospinosus (Hymenoptera: Formicidae). – 
Journal of Chemical Ecology 22: 987-1000.

eisner, t. & HAPP, g.M. 1962: The infrabuccal pocket of a 
formicine ant: a social filtration device. – Psyche 69: 107-116.

ertHAl, M., Jr., silvA, C.P., CooPer, r.M. & sAMuels, r.i. 2009: 
Hydrolytic enzymes of leaf-cutting ant fungi. – Comparative 
Biochemistry and Physiology Part B: Biochemistry and Mo-
lecular Biology 152: 54-59.

FernAndez-MArin, H., nAsH, d.r., HigginbotHAM, s., estrAdA, 
C., vAn zWeden, J.s., d’ettorre, P., WCislo, W.t. & booMsMA, 
J.J. 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: art. 20150212.

FernAndez-MArin, H., ziMMerMAn, J.k., reHner, s.A. & WCislo, 
W.t. 2006: Active use of the metapleural glands by ants in con-
trolling fungal infection. – Proceedings of the Royal Society 
B-Biological Sciences 273: 1689-1695.

FisHer, P.J., strAdling, d.J., sutton, b.C. & Petrini, l.e. 1996: 
Microfungi in the fungus gardens of the leaf-cutting ant Atta 
cephalotes: a preliminary study. – Mycological Research 100: 
541-546.

FisHer, r.M., Henry, l.M., CornWAllis, C.k., kiers, e.t. & 
West, s.A. 2017: The evolution of host-symbiont dependence. 
– Nature Communications 8: art. 15973.

FortMAn, J.l. & MukHoPAdHyAy, A. 2016: The future of anti-
biotics: emerging technologies and stewardship. – Trends in 
Microbiology 24: 515-517.

Foster, k.r. & Wenseleers, t. 2006: A general model for the 
evolution of mutualisms. – Journal of Evolutionary Biology 
19: 1283-1293.

georges, k., JAyAPrAkAsAM, b., dAlAvoy, s.s. & nAir, M.g. 2008: 
Pest-managing activities of plant extracts and anthraquinones 
from Cassia nigricans from Burkina Faso. – Bioresource 
Technology 99: 2037-2045.

gerArdo, n.M., JACobs, s.r., Currie, C.r. & Mueller, u.g. 
2006a: Ancient host-pathogen associations maintained by 
specificity of chemotaxis and antibiosis. – Public Library of 
Science Biology 4: art. e235.

gerArdo, n.M., Mueller, u.g. & Currie, C.r. 2006b: Complex 
host-pathogen coevolution in the Apterostigma fungus-grow-
ing ant-microbe symbiosis. – BioMed Central Evolutionary 
Biology 6: art. 88.

goel, r.k., dAs guPtA, g., rAM, s.n. & PAndey, v.b. 1991: 
Antiulcerogenic and anti-inflammatory effects of emodin, 
isolated from Rhamnus triquerta WAll. – Indian Journal of 
Experimental Biology 29: 230-232.

green, A.M., Mueller, u.g. & AdAMs, r.M. 2002: Extensive 
exchange of fungal cultivars between sympatric species of 
fungus-growing ants. – Molecular Ecology 11: 191-195.

grell, M.n., linde, t., nygAArd, s., nielsen, k.l., booMsMA, 
J.J. & lAnge, l. 2013: The fungal symbiont of Acromyrmex 
leaf-cutting ants expresses the full spectrum of genes to degrade 
cellulose and other plant cell wall polysaccharides. – BioMed 
Central Genomics 14: art. 928.

HAeder, s., WirtH, r., Herz, H. & sPiteller, d. 2009: Candici-
din-producing Streptomyces support leaf-cutting ants to protect 
their fungus garden against the pathogenic fungus Escovopsis. 
– Proceedings of the National Academy of Sciences of the 
United States of America 106: 4742-4746.

HArt, A.g. & rAtnieks, l.W. 2002: Waste management in the 
leaf-cutting ant Atta colombica. – Behavioural Ecology 13: 
224-231.

Heine, D., HolMes, N.A., Worsley, S.F., Alve dos sAntos, A.C., 
innoCent, T.M., sCHerlACH, K., PAtriCk, E., yu, D.W., Murell, 
J.C., booMsMA, J.J., HertWeCk, C., HutCHings, M.I. & Wilkinson, 
B. 2018: Chemical warfare between leafcutter ant symbionts and 
a co-evolved pathogen. – Nature Communications 9: art. 2208.

Hervey, A., rogerson, C.t. & leong, I. 1977: Studies on fungi 
cultivated by ants. – Brittonia 29: 226-236.

Herz, H., beysCHlAg, W. & Hölldobler, b. 2007: Herbivory rate 
of leaf-cutting ants in a tropical moist forest in Panama at the 
population and ecosystem scales. – Biotropica 39: 482-488.

Hölldobler, b. & Wilson, e.o. 1990: The ants.– Belknap Press, 
Cambridge, MA, 732 pp.

HolMes, n.A., innoCent, t.M., Heine, d., bAssAM, M.A., Worsley, 
s.F., trottMAnn, F., PAtriCk, e.H., yu, d.W., Murrell, J.C., 
sCHiott, M., Wilkinson, b., booMsMA, J.J. & HutCHings, M.i. 
2016: Genome analysis of two Pseudonocardia phylotypes 
associated with Acromyrmex leafcutter ants reveals their bio-
synthetic potential. – Frontiers in Microbiology 7: art. 2073.

HuFF, t., kubAll, H.g. & Anke, t. 1994: 7-Chloro-4,6-dimeth-
oxy-1(3H)-isobenzofurane and basidalin: antibiotic secondary 
metabolites from Leucoagaricus carneifolia gillet (Basidi-
omycetes). – Zeitschrift für Naturforschung C 49: 407-410.

HugHes, d.P., Andersen, s.b., HyWel-Jones, n.l., HiMAMAn, W., 
billen, J. & booMsMA, J.J. 2011: Behavioral mechanisms and 



72

morphological symptoms of zombie ants dying from fungal 
infection. – BioMed Central Ecology 11: art. 13.

HugHes, d.P., evAns, H.C., HyWel-Jones, n., booMsMA, J.J. & 
ArMitAge, s.A.o. 2009: Novel fungal disease in complex 
leaf-cutting ant societies. – Ecological Entomology 34: 214-220.

HugHes, W.o. & booMsMA, J.J. 2004: Genetic diversity and disease 
resistance in leaf-cutting ant societies. – Evolution 58: 1251-1260.

HugHes, W.o. & booMsMA, J.J. 2006: Does genetic diversity 
hinder parasite evolution in social insect colonies? – Journal 
of Evolutionary Biology 19: 132-143.

HugHes, W.o., bot, A.n. & booMsMA, J.J. 2010: Caste-specific 
expression of genetic variation in the size of antibiotic-producing 
glands of leaf-cutting ants. – Proceedings of the Royal Society 
B-Biological Sciences 277: 609-615.

HugHes, W.o., PAgliArini, r., MAdsen, H.b., diJkstrA, M.b. & 
booMsMA, J.J. 2008: Antimicrobial defense shows an abrupt 
evolutionary transition in the fungus-growing ants. – Evolution 
62: 1252-1257.

izHAki, i. 2002: Emodin – a secondary metabolite with multiple 
ecological functions in higher plants. – New Phytologist 155: 
205-217.

kArlsson, M., AtAnAsovA, l., Jensen, d.F. & zeilinger, s. 2017: 
Necrotrophic mycoparasites and their genomes. – Microbiology 
Spectrum 5: art. UNSP FUNK-0016-2016.

kiM, b.g., lee, M.J., seo, J., HWAng, y.b., lee, M.y., HAn, k., 
sHerMAn, d.H. & kiM, e.s. 2009: Identification of functionally 
clustered nystatin-like biosynthetic genes in a rare actinomy-
cetes, Pseudonocardia autotrophica. – Journal of Industrial 
Microbiology & Biotechnology 36: 1425-1434.

kiM, H.J., kAng, s.H., CHoi, s.s. & kiM, e.s. 2017: Redesign 
of antifungal polyene glycosylation: engineered biosynthesis 
of disaccharide-modified NPP. – Applied Microbiology and 
Biotechnology 101: 5131-5137.

kooiJ, P.W., Poulsen, M., sCHiott, M. & booMsMA, J.J. 2015: 
Somatic incompatibility and genetic structure of fungal crops 
in sympatric Atta colombica and Acromyrmex echinatior 
leaf-cutting ants. – Fungal Ecology 18: 10-17.

kooiJ, P.W., rogoWskA-WrzesinskA, A., HoFFMAnn, d., roeP-
storFF, P., booMsMA, J.J. & sCHiott, M. 2014: Leucoagaricus 
gongylophorus uses leaf-cutting ants to vector proteolytic 
enzymes towards new plant substrate. – International Society 
for Microbial Ecology Journal 8: 1032-1040.

kost, C., lAkAtos, t., böttCHer, i., ArendHolz, W.-r., reden-
bACH, M. & WirtH, r. 2007: Non-specific association between 
filamentous bacteria and fungus-growing ants. – Naturwissen-
schaften 94: 821-828.

lee, M.J., kong, d., HAn, k., sHerMAn, d.H., bAi, l., deng, z., 
lin, s. & kiM, e.s. 2012: Structural analysis and biosynthetic 
engineering of a solubility-improved and less-hemolytic nys-
tatin-like polyene in Pseudonocardia autotrophica. – Applied 
Microbiology and Biotechnology 95: 157-168.

levin, H., HAzenFrAtz, r., FriedMAn, J., PAlevitCH, d. & Perl, M. 
1988: Partial purification and some properties of an antibacterial 
compound from Aloe vera. – Phytotherapy Research 2: 67-69.

li, l., li, d., luAn, y., gu, Q. & zHu, t. 2012: Cytotoxic metab-
olites from the antarctic psychrophilic fungus Oidiodendron 
truncatum. – Journal of Natural Products 75: 920-927.

little, A.e. & Currie, C.r. 2007: Symbiotic complexity: dis-
covery of a fifth symbiont in the attine ant-microbe symbiosis. 
– Biology Letters 3: 501-504.

little, A.e. & Currie, C.r. 2008: Black yeast symbionts com-
promise the efficiency of antibiotic defenses in fungus-growing 
ants. – Ecology 89: 1216-1222.

little, A.e., MurAkAMi, t., Mueller, u.g. & Currie, C.r. 2006: 
Defending against parasites: fungus-growing ants combine 

specialized behaviours and microbial symbionts to protect their 
fungus gardens. – Biology Letters 2: 12-16.

liu, A., CHen, H., Wei, W., ye, s., liAo, W., gong, J., JiAng, z., 
WAng, l. & lin, s. 2011: Antiproliferative and antimetastatic 
effects of emodin on human pancreatic cancer. – Oncology 
Reports 26: 81-89.

MArFetán, J.A., roMero, A. & FolgArAit, P.J. 2015: Pathogenic 
interaction between Escovopsis weberi and Leucoagaricus sp.: 
mechanisms involved and virulence levels. – Fungal Ecology 
17: 52-61.

MArsH, s.e., Poulsen, M., gorosito, n.b., Pinto-toMAs, A., 
MAsiulionis, v.e. & Currie, C.r. 2013: Association between 
Pseudonocardia symbionts and Atta leaf-cutting ants suggested 
by improved isolation methods. – International Microbiology 
16: 17-25.

MArsH, s.e., Poulsen, M., Pinto-toMás, A. & Currie, C.r. 2014: 
Interaction between workers during a short time window is 
required for bacterial symbiont transmission in Acromyrmex 
leaf-cutting ants. – Public Library of Science One 9: art. e103269.

MArtin, M.M., MACConnell, J.G. & gAle, G.R. 1969: The chemical 
basis for the attine ant-fungus symbiosis. Absence of antibiotics. 
– Annals of the Entomological Society of America 62: 386-388.

MArtin, M.M. 1970: The biochemical basis of the fungus-attine 
ant symbiosis. – Science 169: 16-20.

MArtin, M.M. & MArtin, J.s. 1971: The presence of protease 
activity in the rectal fluid of primitive attine ants. – Journal of 
Insect Physiology 17: 1897-1906.

MArtinez-CAno, d.J., reyes-Prieto, M., MArtinez-roMero, e., 
PArtidA-MArtinez, l.P., lAtorre, A., MoyA, A. & delAye, l. 
2014: Evolution of small prokaryotic genomes. – Frontiers in 
Microbiology 5: art. 742.

MAsiulionis, v.e., CAbello, M.n., seiFert, k.A., rodrigues, 
A. & PAgnoCCA, F.C. 2015: Escovopsis trichodermoides sp. 
nov., isolated from a nest of the lower attine ant Mycocepurus 
goeldii. – Antonie Van Leeuwenhoek 107: 731-740.

MAyHé-nunes, A.J. & JAFFé, k. 1998: On the biogeography of 
Attini (Hymenoptera:Formicidae). – Ecotropicos 11: 45-54.

MeHdiAbAdi, n.J., Mueller, u.g., brAdy, s.g., HiMler, A.g. & 
sCHultz, t.r. 2012: Symbiont fidelity and the origin of species 
in fungus-growing ants. – Nature Communications 3: art. 840.

Meirelles, l.A., soloMon, s.e., bACCi, M., Jr., WrigHt, A.M., 
Mueller, u.g. & rodrigues, A. 2015: Shared Escovopsis 
parasites between leaf-cutting and non-leaf-cutting ants in the 
higher attine fungus-growing ant symbiosis. – Royal Society 
Open Science 2: art. 150257.

Mendes, t.d., rodrigues, A., dAyo-oWoyeMi, i., MArson, F.A. & 
PAgnoCCA, F.C. 2012: Generation of nutrients and detoxification: 
possible roles of yeasts in leaf-cutting ant nests. – Insects 3: 
228-245.

Moller, i.e., de Fine liCHt, H.H., HArHolt, J., WillAts, W.g. 
& booMsMA, J.J. 2011: The dynamics of plant cell-wall poly-
saccharide decomposition in leaf-cutting ant fungus gardens. 
– Public Library of Science One 6: art. e17506.

Mueller, u.g., dAsH, d., rAbeling, C. & rodrigues, A. 2008: 
Coevolution between attine ants and actinomycete bacteria: a 
reevaluation. – Evolution 62: 2894-2912.

Mueller, u.g., gerArdo, n.M., AAnen, d.k., siX, d.l. & sCHultz, 
t.r. 2005: The evolution of agriculture in insects. – Annual 
Review of Ecology, Evolution, and Systematics 36: 563-595.

Mueller, u.g., isHAk, H., lee, J.C., sen, r. & gutell, r.r. 
2010a: Placement of attine ant-associated Pseudonocardia 
in a global Pseudonocardia phylogeny (Pseudonocardiaceae, 
Actinomycetales): a test of two symbiont-association models. 
– Antonie Van Leeuwenhoek 98: 195-212.



73

Mueller, u.g., isHAk, H.d., brusCHi, s.M., sMitH, C.C., HerMAn, 
J.J., soloMon, s.e., MikHeyev, A.s., rAbeling, C., sCott, J.J., 
CooPer, M., rodrigues, A., ortiz, A., brAndAo, C.r.F., lAttke, 
J.e., PAgnoCCA, F.C., reHner, s.A., sCHultz, t.r., vAsConCelos, 
H.l., AdAMs, r.M.M., bollAzzi, M., ClArk, r.M., HiMler, 
A.g., lAPollA, J.s., leAl, i.r., JoHnson, r.A., roCes, F., so-
sA-CAlvo, J., WirtH, r. & bACCi, M., Jr. 2017: Biogeography 
of mutualistic fungi cultivated by leafcutter ants. – Molecular 
Ecology 26: 6921-6937.

Mueller, u.g., reHner, s.A. & sCHultz, t.r. 1998: The evolution 
of agriculture in ants. – Science 281: 2034-2038.

Mueller, u.g., sCott, J.J., isHAk, H.d., CooPer, M. & rodrigues, 
A. 2010b: Monoculture of leafcutter ant gardens. – Public 
Library of Science One 5: art. e12668.

nygAArd, s., Hu, H., li, C., sCHiott, M., CHen, z., yAng, z., 
Xie, Q., MA, C., deng, y., dikoW, r.b., rAbeling, C., nAsH, 
d.r., WCislo, W.t., brAdy, s.g., sCHultz, t.r., zHAng, g. 
& booMsMA, J.J. 2016: Reciprocal genomic evolution in the 
ant-fungus agricultural symbiosis. – Nature Communications 
7: art. 12233.

nygAArd, s., zHAng, g., sCHiott, M., li, C., WurM, y., Hu, H., 
zHou, J., Ji, l., Qiu, F., rAsMussen, M., PAn, H., HAuser, F., 
krogH, A., griMMelikHuiJzen, C.J., WAng, J. & booMsMA, J.J. 
2011: The genome of the leaf-cutting ant Acromyrmex echinatior 
suggests key adaptations to advanced social life and fungus 
farming. – Genome Research 21: 1339-1348.

oH, d.-C., Poulsen, M., Currie, C.r. & ClArdy, J. 2009: Den-
tigerumycin: a bacterial mediator of an ant-fungus symbiosis. 
– Nature Chemical Biology 5: 391-393.

ortius-leCHner, d., MAile, r., MorgAn, d. & booMsMA, J.J. 
2000: Metapleural gland secretion of the leaf-cutter ant Acro-
myrmex octospinosus: new compounds and their functional 
significance. – Journal of Chemical Ecology 26: 1667-1683.

PAgnoCCA, F.C., legAsPe, M.F., rodrigues, A., ruivo, C.C., nAg-
AMoto, n.s., bACCi, M., Jr. & Forti, l.C. 2010: Yeasts isolated 
from a fungus-growing ant nest, including the description of 
Trichosporon chiarellii sp. nov., an anamorphic basidiomycetous 
yeast. – International Journal of Systematic and Evolutionary 
Microbiology 60: 1454-1459.

PAgnoCCA, F.C., MAsiulionis, v.e. & rodrigues, A. 2012: Spe-
cialized fungal parasites and opportunistic fungi in gardens 
of attine ants. – Psyche 2012: art. 905109.

PAgnoCCA, F.C., rodrigues, A., nAgAMoto, n.s. & bACCi, M., 
Jr. 2008: Yeasts and filamentous fungi carried by the gynes 
of leaf-cutting ants. – Antonie Van Leeuwenhoek 94: 517-526.

PArk, M.-y., kWon, H.-J. & sung, M.-k. 2009: Evaluation of 
aloin and aloe-emodin as anti-inflammatory agents in Aloe by 
using murine macrophages. – Bioscience, Biotechnology, and 
Biochemistry 73: 828-832.

Poulsen, M. & booMsMA, J.J. 2005: Mutualistic fungi control 
crop diversity in fungus-growing ants. – Science 307: 741-744.

Poulsen, M., bot, A.n. & booMsMA, J.J. 2003: The effect of 
metapleural gland secretion on the growth of a mutualistic 
bacterium on the cuticle of leaf-cutting ants. – Naturwissen-
schaften 90: 406-409.

Poulsen, M., CAFAro, M., booMsMA, J.J. & Currie, C.r. 2005: 
Specificity of the mutualistic association between actinomycete 
bacteria and two sympatric species of Acromyrmex leaf-cutting 
ants. – Molecular Ecology 14: 3597-3604.

Poulsen, M., CAFAro, M.J., erHArdt, d.P., little, A.e., gerArdo, 
n.M., tebbets, b., klein, b.s. & Currie, C.r. 2010: Variation in 
Pseudonocardia antibiotic defence helps govern parasite-induced 
morbidity in Acromyrmex leaf-cutting ants. – Environmental 
Microbiology Reports 2: 534-540.

reusser, F. 1968: Mode of action of melinacidin, an inhibitor 
of nicotinic acid biosynthesis. – Journal of Bacteriology 96: 
1285-1290.

reynolds, H.t. & Currie, C.r. 2004: Pathogenicity of Escovopsis 
weberi: The parasite of the attine ant-microbe symbiosis directly 
consumes the ant-cultivated fungus. – Mycologia 96: 955-959.

rodrigues, A., bACCi, M., Jr., Mueller, u.g., ortiz, A. & 
PAgnoCCA, F.C. 2008a: Microfungal “weeds” in the leafcutter 
ant symbiosis. – Microbial Ecology 56: 604-614.

rodrigues, A., CAble, r.n., Mueller, u.g., bACCi, M., Jr. & 
PAgnoCCA, F.C. 2009: Antagonistic interactions between garden 
yeasts and microfungal garden pathogens of leaf-cutting ants. 
– Antonie Van Leeuwenhoek 96: 331-342.

rodrigues, A., CArletti, C.d., bueno, o.C. & PAgnoCCA, F.C. 
2008b: Leaf-cutting ant faecal fluid and mandibular gland 
secretion: effects on microfungi spore germination. – Brazilian 
Journal of Microbiology 39: 64-67.

rodrigues, A., Mueller, u.g., isHAk, H.d., bACCi, M., Jr. & 
PAgnoCCA, F.C. 2011: Ecology of microfungal communities in 
gardens of fungus-growing ants (Hymenoptera: Formicidae): 
a year-long survey of three species of attine ants in Central 
Texas. – Federation of European Microbiological Societies 
Microbiology Ecology 78: 244-255.

rodrigues, A., PAgnoCCA, F.C., bACCi, M.J., Hebling, M.J., bueno, 
o.C. & PFenning, l.H. 2005: Variability of non-mutualistic 
filamentous fungi associated with Atta sexdens rubropilosa 
nests. – Folia Microbiologica (Praha) 50: 421-425.

sAMuels, R.I., MAttoso, T.C. & MoreirA, D.D. 2013: Chemical 
Warfare: Leaf-cutting ants defend themselves and their gardens 
against parasite attack by deploying antibiotic secreting bac-
teria. – Communicative & Integrative Biology 6: art. e23095.

sAntos, A.v., dillon, r.J., dillon, v.M., reynolds, s.e. & 
sAMuels, r.i. 2004: Ocurrence of the antibiotic producing bac-
terium Burkholderia sp. in colonies of the leaf-cutting ant Atta 
sexdens rubropilosa. – Federation of European Microbiological 
Societies Microbiology Letters 239: 319-323.

sAPountzis, P., zHukovA, M., HAnsen, l.H., sorensen, s.J., sCHiott, 
M. & booMsMA, J.J. 2015: Acromyrmex leaf-cutting ants have 
simple gut microbiota with nitrogen-fixing potential. – Applied 
Environmental Microbiology 81: 5527-5537.

sCHeuring, i. & yu, d.W. 2012: How to assemble a beneficial mi-
crobiome in three easy steps. – Ecology Letters 15: 1300-1307.

sCHiøtt, M., rogoWskA-WrzesinskA, A., roePstorFF, P. & 
booMsMA, J.J. 2010: Leaf-cutting ant fungi produce cell wall 
degrading pectinase complexes reminiscent of phytopathogenic 
fungi. – BioMed Central Biology 8: art. 156.

sCHoeniAn, i., sPiteller, M., gHAste, M., WirtH, r., Herz, H. & 
sPiteller, d. 2011: Chemical basis of the synergism and an-
tagonism in microbial communities in the nests of leaf-cutting 
ants. – Proceedings of the National Academy of Sciences of 
the United States of America 108: 1955-1960.

sCHultz, t.r. & brAdy, s.g. 2008: Major evolutionary transitions 
in ant agriculture. – Proceedings of the National Academy 
of Sciences of the United States of America 105: 5435-5440.

sCott, J.J., budsberg, k.J., suen, g., WiXon, d.l., bAlser, t.C. & 
Currie, C.r. 2010: Microbial community structure of leaf-cut-
ter ant fungus gardens and refuse dumps. – Public Library of 
Science One 5: art. e9922.

seiFert, k.A., sAMson, r.A. & CHAPelA, i.H. 1995: Escovopsis 
aspergilloides, a rediscovered hyphomycete from leaf-cutting 
ant nests. – Mycologia 87: 407-413.

seiPke, r.F., bArke, J., breArley, C., Hill, l., douglAs, W.y., 
goss, r.J. & HutCHings, M.i. 2011: A single Streptomyces 
symbiont makes multiple antifungals to support the fungus 



74

farming ant Acromyrmex octospinosus. – Public Library of 
Science One 6: art. e22028.

sen, r., isHAk Hd FAu - estrAdA, d., estrAdA d FAu - doWd, 
s.e., doWd se FAu - Hong, e., Hong e FAu - Mueller, u.g. 
& Mueller, u.g. 2009: Generalized antifungal activity and 
454-screening of Pseudonocardia and Amycolatopsis bacteria 
in nests of fungus-growing ants. – Proceedings of the National 
Academy of Sciences of the United States of America 106: 
17805-17810.

sit, C.s., ruzzini, A.C., vAn ArnAM, e.b., rAMAdHAr, t.r., 
Currie, C.r. & ClArdy, J. 2015: Variable genetic architectures 
produce virtually identical molecules in bacterial symbionts of 
fungus-growing ants. – Proceedings of the National Academy 
of Sciences of the United States of America 112: 13150-13154.

stAub, g.M., gloer, k.b., gloer, J.b., WiCkloW, d.t. & doWd, 
P.F. 1993: New paspalinine derivatives with antiinsectan ac-
tivity from the sclerotia of Aspergillus nomius. – Tetrahedron 
Letters 34: 2569-2572.

suen, g., sCott, J.J., AylWArd, F.o., AdAMs, s.M., tringe, s.g., 
Pinto-toMAs, A.A., Foster, C.e., PAuly, M., WeiMer, P.J., 
bArry, k.W., goodWin, l.A., bouFFArd, P., li, l., osterberger, 
J., HArkins, t.t., slAter, s.C., donoHue, t.J. & Currie, C.r. 
2010: An insect herbivore microbiome with high plant bio-
mass-degrading capacity. – Public Library of Science Genetics 
6: art. e1001129.

suen, g., teiling, C., li, l., Holt, C., AbouHeiF, e., born-
berg-bAuer, e., bouFFArd, P., CAlderA, e.J., CAsH, e., CAvA-
nAugH, A., denAs, o., elHAik, e., FAve, M.J., gAdAu, J., gibson, 
J.d., grAur, d., grubbs, k.J., HAgen, d.e., HArkins, t.t., 
HelMkAMPF, M., Hu, H., JoHnson, b.r., kiM, J., MArsH, s.e., 
Moeller, J.A., Munoz-torres, M.C., MurPHy, M.C., nAugHton, 
M.C., nigAM, s., overson, r., rAJAkuMAr, r., reese, J.t., 
sCott, J.J., sMitH, C.r., tAo, s., tsutsui, n.d., vilJAkAinen, 
l., Wissler, l., yAndell, M.d., ziMMer, F., tAylor, J., slAter, 
s.C., CliFton, s.W., WArren, W.C., elsik, C.g., sMitH, C.d., 
WeinstoCk, g.M., gerArdo, n.M. & Currie, C.r. 2011: The 
genome sequence of the leaf-cutter ant Atta cephalotes reveals 
insights into its obligate symbiotic lifestyle. – Public Library 
of Science Genetics 7: art. e1002007.

triAl, H. & diMond, J.b. 2012: Emodin in buckthorn: a feeding 
deterrent to phytophagous insects. – The Canadian Entomol-
ogist 111: 207-212.

ugelvig, l.v. & CreMer, s. 2007: Social prophylaxis: group 
interaction promotes collective immunity in ant colonies. – 
Current Biology 17: 1967-1971.

vAn ArnAM, e.b., ruzzini, A.C., sit, C.s., Horn, H., Pinto-toMAs, 
A.A., Currie, C.r. & ClArdy, J. 2016: Selvamicin, an atypical 
antifungal polyene from two alternative genomic contexts. – 
Proceedings of the National Academy of Sciences of the United 
States of America 113: 12940-12945.

vArAndA-HAiFig, s.s., AlbAriCi, t.r., nunes, P.H., HAiFig, i., 
vieirA, P.C. & rodrigues, A. 2017: Nature of the interactions 
between hypocrealean fungi and the mutualistic fungus of 
leaf-cutter ants. – Antonie Van Leeuwenhoek 110: 593-605.

vAsse, M., voglMAyr, H., MAyer, v., gueidAn, C., nePel, M., 
Moreno, l., de Hoog, s., selosse, M.A., MCkey, d. & blA-
triX, r. 2017: A phylogenetic perspective on the association 
between ants (Hymenoptera: Formicidae) and black yeasts 
(Ascomycota: Chaetothyriales). – Proceedings of the Royal 
Society B-Biological Sciences 284: art. 20162519.

vieirA, A.s., MorgAn, e.d., driJFHout, F.P. & CAMArgo-MAtHiAs, 
M.i. 2012: Chemical composition of metapleural gland secretions 
of fungus-growing and non-fungus-growing ants. – Journal of 
Chemical Ecology 38: 1289-1297.

villesen, P., MurAkAMi, t., sCHultz, t.r. & booMsMA, J.J. 2002: 
Identifying the transition between single and multiple mating 
of queens in fungus-growing ants. – Proceedings of the Royal 
Society B-Biological Sciences 269: 1541-1548.

voglMAyr, H., MAyer, v., MAsCHWitz, u., Moog, J., dJieto-lor-
don, C. & blAtriX, r. 2011: The diversity of ant-associated black 
yeasts: insights into a newly discovered world of symbiotic 
interactions. – Fungal Biology 115: 1077-1091.

WAng, Y. M., Mueller, U.G. & ClArdy, J. 1999: Antifungal 
diketopiperazines from symbiotic fungus of fungus-growing 
ant Cyphomyrmex minutus. – Journal of Chemical Ecology 
25: 935-941.

Weber, n.A. 1966: Fungus-growing ants. – Science 153: 587-604.
Weber, N.A. 1972: Gardening ants, the attines. –Memoirs of the 

American Philosophical Society 92: 146.
Xu, M., gessner, g., grotH, i., lAnge, C., CHristner, A., bruHn, 

t., deng, z., li, X., HeineMAnn, s.H., grAbley, s., bringMAnn, 
g., sAttler, i. & lin, W. 2007: Shearinines D-K, new indole tri-
terpenoids from an endophytic Penicillium sp. (strain HKI0459) 
with blocking activity on large-conductance calcium-activated 
potassium channels. – Tetrahedron 63: 435-444.

yAng, y.C., liM My FAu - lee, H.-s. & lee, H.s. 2003: Emodin 
isolated from Cassia obtusifolia (Leguminosae) seed shows 
larvicidal activity against three mosquito species. – Journal 
of Agricultural and Food Chemistry 51: 7629-7631.

yek, s.H., booMsMA, J.J. & Poulsen, M. 2012: Towards a better 
understanding of the evolution of specialized parasites of fun-
gus-growing ant crops. – Psyche 2012: art. 23939.

yek, s.H. & Mueller, u.g. 2011: The metapleural gland of ants. 
– Biological Reviews of the Cambridge Philosophical Society 
86: 774-791.

zHukovA, M., sAPountzis, P., sCHiott, M. & booMsMA, J.J. 2017: 
Diversity and transmission of gut bacteria in Atta and Acro-
myrmex leaf-cutting ants during development. – Frontiers in 
Microbiology 8: art. 1942.


