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Abstract

It is assumed that social life can lead to the rapid spread of infectious diseases and out-
breaks. In ants, disease outbreaks are rare and the expression of collective behaviors is
invoked to explain the absence of epidemics in natural populations. Here, we address
the ecological approach employed by many studies that have notably focused (89% of
the studies) on two genera of generalist fungal parasites (Beauveria and Metarhizium).
We ask whether these are the most representative models to study the evolutionary
ecology of ant—fungal parasite interactions. To assess this, we critically examine the
literature on ants and their interactions with fungal parasites from the past 114 years
(1900—2014). We discuss how current evolutionary ecology approaches emerged
from studies focused on the biological control of pest ants. We also analyzed the
ecological relevance of the laboratory protocols used in evolutionary ecology studies
employing generalist parasites, as well as the rare natural occurrence of these parasites
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on ants. After a detailed consideration of all the publications, we suggest that using
generalist pathogens such as Beauveria and Metarhizium is not an optimal approach
if the goal is to study the evolutionary ecology of disease in ants. We conclude by advo-
cating for approaches that incorporate greater realism.

1. INTRODUCTION

The emergence of the insect societies is one of the great evolutionary
transitions in organic life (Maynard Smith & Szathmary, 1995), and the
notable dominance of ants, and social insects in general, implies advantages
of group living over solitary life. One advantage is the extended life span of
reproductive castes as a result of the protective nature of a colony (Keller &
Genoud, 1997). As a counterpoint, major costs may exist for social life.
Notably, group living presents conditions that are assumed to be ideal for
parasite development and transmission. The organization and dynamics of
the colony depend on the exchange of information and resources among
nestmates, resulting in high rates of contact within the confined environ-
ment that is the nest. This close contact is compounded by elevated related-
ness, an overlap of generations with reproducing and sterile adults, pupae,
larvae, and eggs in the same space, and the controlled microclimate within
the nest. Thus, it is assumed that social life can lead to the rapid spread of
infectious diseases and outbreaks (Cremer, Armitage, & Schmid-Hempel,
2007).

Social insects, like all insects, are host to a diverse array of macroparasites
and microparasites. Macroparasites include parasitic insects (eg, flies, wasps,
and strepsipterans), worms (nematodes, trematodes, and cestodes) as well
as mites, beetles, lepidopterans, and other arthropods that enter the nest to
sequester resources (Schmid-Hempel, 1998). However, we know from
standard epidemiological theory that macroparasitic infections tend not to
lead to major disease outbreaks that strongly affect the host population
(Anderson & May, 1979). On the other hand, microparasites (bacteria,
fungi, protozoa and viruses) can cause epidemics that in turn slow down
population growth. In ants, the abundance of entomopathogenic fungi in
tropical forests has been suggested to act as an important control of ant pop-
ulations (Evans, 1974). The potential for these microparasites to cause infec-
tious diseases has been hypothesized as a major break on the evolution of
sociality (Alexander, 1974; Arneberg, Skorping, Grenfell, & Read, 1998;
Coté & Poulin, 1995).
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A second hypothesis emerged from studies motivated by the use of
infectious disease agents as biological control tools of ants and termites
(Chouvenc, Su, & Grace, 2011), as well as the efforts aimed at reducing in-
fectious disease spread in bees (Bailey & Ball, 1991). Overall, these studies
indicate that those same conditions that could facilitate disease spread would
also result in complex collective behaviors that could mitigate the parasite
threat, a phenomena described as “social immunity” (Cremer et al.,
2007). This second hypothesis (the social immunity hypothesis) predicts
that the emergent properties of sociality, such as collective behavior, in
fact lead to disease control and not necessarily an increased rate of transmis-
sion, as predicted by the previous hypothesis (ie, that social living promotes
epidemics). This socially mediated dampening down of disease inside the
nest may be particularly true for ants (discussed in this chapter) and termites
(Chouvenc et al., 2011), where a summary of the literature would conclude
that they are very efficient at collectively avoiding and controlling disease
spread. For these two important groups of insects, social immunity is often
used to explain the absence of disease outbreaks in natural populations,
despite the apparently ideal ecological conditions for the rapid spread of
infectious diseases within the colony.

Recently in the literature on disease in ant societies, we have encoun-
tered many studies supporting the social immunity hypothesis. The major-
ity of them use fungal parasites as a source of disease (Fig. 1A and
Boomsma, Schmid-Hempel, and Hughes (2005)). Overall, these studies
show changes in the behavior of the colony and conclude that social im-
munity in ant societies is very efficient. To examine this in more detail,
we analyzed 114 years of literature (1900—2014) on ant—fungal parasite
interactions. Most studies used the generalist entomopathogenic fungi
Beauveria and Metarhizium (89% of studies on ant—fungal parasite interac-
tions, Fig. 1B). This is likely due to the enthusiasm and then subsequent
failure of the attempt to use these two genera of fungi to control pest
ants (this chapter), which mirrors a review of 50 years of similar studies
in termites (Chouvenc et al., 2011). Although these fungi did not result
in successful biological control in the field, they were found to kill ant
workers, thus elevating these fungi to important tools for laboratory-based
assays of infection. From there the approach has shifted to a framework that
draws general conclusions about the evolutionary ecology of ant—parasite
interactions.

It appears to us that our current knowledge on the ecology and evolution
of ant—fungal parasite interactions is heavily drawn from studies using
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Figure 1 Number of publications exploring the different group of microparasites of
ants over last 14 years (2001—14). (A) Number of published papers exploring each of
the four categories of microparasites: bacteria (10), fungi (106), protozoa (2), and
viruses (31). When more than one parasite was used in the same publication, the pub-
lication was listed once for each parasite. (B) Number of publications on ant—parasite
interactions using Beauveria or Metarhizium as infectious disease agents.

simplistic conditions, using far higher doses of parasite propagules than those
experienced in nature, and often presented to ants in unrealistic routes
(Table ST). We suggest that employing a methodology that lacks ecological
relevance may lead to incorrect conclusions. This, in turn, possibly prevents
general insights into the evolution and ecology of ant—fungal parasite
interactions. The equivocal assumption that such studies illuminate our
understanding of ant—fungal coevolution is now being compounded by
the adoption of formal mathematical models (Novak & Cremer, 2015;
Theis, Ugelvig, Marr, & Cremer, 2015). However, if the biology is not real-
istic to begin with, then such approaches have limited utility. In addition, we
also observed few records of natural infections of ants by generalist fungi. In
line with that, it has been suggested that Beauveria and Metarhizium are not
obligate insect parasites, but rather facultative/opportunistic associates that
also interact with plants (Gao et al., 2011; Vega, 2008). We also raise the issue
for how the sublethal effect of these infections has been considered in ant—
generalist parasite studies. Taken together, we argue that the use of Beauveria
and Metarhizium as a tool to understand infectious diseases in ants will better
serve us when implemented in conditions that reflect natural conditions.
Additionally, studies on parasites known to be specialized on ants are encour-
aged, as they would significantly complement our current knowledge.
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g 2. ORIGIN AND TRENDS OF USING GENERALIST
FUNGAL PARASITES TO STUDY ANT—FUNGAL
PARASITE INTERACTIONS

During the second half of 1980s, the economic importance of leat-
cutting ants (Atta and Acromyrmex) and fire ants (Solenopsis) led to efforts
to develop entomopathogenic fungi as biological control agents of these
ants. Special attention was devoted to fungi from the genera Beauveria and
Metarhizium due to their successful application on other groups of insects
(Goettel, Eilenberg, & Glare, 2010). The initial tests for pathogenicity and
host susceptibility to different strains of Beauveria and Metarhizium were
promising, with high mortality and sporulation rates on individual workers
(Alves, Stimac, & Camargo, 1988; Sanchéz-pena & Thorvilson, 1992; Silva
& Diehl-Fleig, 1988; Stimac, Alves, & Camargo, 1987). However, the
application of these fungi at the colony level both in laboratory and field
conditions had inconsistent results that were not sufficiently robust for
effective pest control (Diehl-Fleig, Silva, Specht, & Valim-Labres, 1993;
Kermarrec, Febvay, & Decharme, 1986; Pereira & Stimac, 1992; Stimac,
Alves, & Camargo, 1989). For example, Stimac et al. (1989) reported an
average of 80% of control in Solenopsis spp. nests by Beauveria bassiana, while
O4, Pereira, Stimac, and Wood (1994) reported 24% of nest mortality using a
similar technique of fungal application.

In the biological control of pest insects, the social life of ants can add dif-
ficulties for controlling these organisms compared to solitary insects. In gen-
eral, only a small portion of the colony explores the outside environment at
one time, limiting the exposure of the colony to the fungi. Compounding
the problem of using such fungi as biological control tools is that the queen,
the reproductive unit of the colony, tends to be well protected, especially in
mature colonies, making it unlikely that an application of fungi would elim-
inate her. Thus, the application of the fungus may decrease the number of
ants temporarily, but it does not necessarily lead to control. Additionally,
the behavioral ecology of the ants could be a barrier for the establishment
of the onward infection chain needed for successful biological control.
From the earliest reports of field applications of entomopathogenic fungi
in ant colonies, researchers found that the ants would abandon areas of
the nest where the inoculation with the fungi occurred (Machado, Diehl-
Fleig, Silva, & Lucchese, 1988), as well as removing the inoculated baits
(Diehl-Fleig & Lucchese, 1991) and infected cadavers (Pereira & Stimac,
1992) away from their nest.
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In an attempt to link the inconsistency around ant control following the
application of entomopathogenic fungi with general insights into colony de-
fenses, Jaccoud, Hughes, and Jackson (1999) studied the epizootiology of
Metarhizium infections in leaf-cutting ants. Although they seemed to be
motived by biological control, these authors stepped away from the tradi-
tional framework, focusing more on the ecology of the interaction. A few
years later, Hughes, Eilenberg, and Boomsma (2002) published the first pa-
per on ant—fungal parasite interactions that explicitly considered the ability
of ants to survive fungal infections, making clear that the framework of the
paper was not biological control. Before this, biological control focused
studies used ant mortality, never survival, as the most relevant measurement
(Table S1). It was the beginning of a new trend, which would shift the focus
of the ant—fungal parasite studies from biological control to the ecology and
evolution of infectious diseases in ants.

S 3. THE ECOLOGICAL RELEVANCE OF LABORATORY
EXPERIMENTATION WITH BEAUVERIA AND
METARHIZIUM IN ANTS

The difficulty of working with ant colonies in the wild and the con-
venience of generalist parasites likely explain why the majority of ant—
fungal parasite studies have been performed in the laboratory. These studies
have shaped our understanding of ant—fungal parasite interactions and, more
broadly, the ecology and evolution of disease threats in ant societies. The
controlled conditions of laboratory experiments, achieved by simplifying
setups, do provide valuable information on how general defenses are orga-
nized. However, basing our view only on studies performed in such contexts
can be problematic because they may not translate to defenses implemented
in more complex environments. Environmental complexity, such as daily
temperature fluctuation (Murdock, Paaijmans, Cox-Foster, Read, &
Thomas, 2012), spatial heterogeneity (Brockhurst & Koskella, 2013), and
community diversity (Orlofske, Jadin, Preston, & Johnson, 2012; Thrall,
Hochberg, Burdon, & Bever, 2007), is known to play an important role
in host—parasite interactions. We could reasonably assume that is also true
where ants are the host.

One major issue with laboratory setups is how the conidia (ie, infective
propagule of the fungal pathogen) encounter ants. This is the first step of the
infection, and is, therefore, ecologically relevant for the interaction. As in
other insects, ants can get infected when they encounter fungal conidia
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(Hajek & St. Leger, 1994; Kermarrec et al., 1986). These conidia would be
scattered on the soil and other surfaces where the ants nest and forage for
food. Therefore, a realistic protocol for infection would be mixing fungi
into the soil and exposing the ants to it. This was often done in biological
control research (Pereira & Stimac, 1992; Pereira, Stimac, & Alves, 1993),
where it was established that applying spores in soil considerably decreased
the infection rate (Fuxa & Richter, 2004; Pereira & Stimac, 1992; Pereira
etal., 1993; Stimac, Pereira, Alves, & Wood, 1993). In studies on behavioral
immunity of ants, the experimental arenas are often sterile petri dishes
(Konrad et al., 2012; Tragust, Mitteregger, et al., 2013).

Despite the appeal of naturalistic conditions such as placing spores in soil
or having ants walk over conidia applied on filter paper (Castella, Chapuisat,
& Christe, 2008; Chapuisat, Oppliger, Magliano, & Christe, 2007; Mattoso,
Moreira, & Samuels, 2012; Reber, Castella, Christe, & Chapuisat, 2008;
Schmidt, Linksvayer, Boomsma, & Pedersen, 2011), most researchers have
adopted a peculiar approach that is not natural. Out of the 57 papers
published in the last 12 years on ant ecological immunology, 31 used a
topical application of conidia in a suspension applied directly onto the ant
cuticle (Fig. 2 and Table S1). These conidia suspensions are often very
concentrated, with the number of spores ranging from 10* to 10” conidia
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Figure 2 Number of conidia applied per ant in experiments using topical application of
conidial suspension as exposure method to Beauveria or Metarhizium. The blue (black in
print versions) bars represent the experiments where survival was not decreased by the
parasite. The red (dark gray in print versions) bars represent the experiments where
survival was decreased by the parasite. Gray bars are studies where survival was not
measured. The doses in the first five studies were below or equal to those found in
nature (see Table S2).
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per mL (Fig. 2). Such concentrations are unlikely to be found in nature. The
highest reported concentration of conidia in the soil for either Beauveria or
Metarhizium is 6.8 x 10> and 5 x 10* colony-forming units (CFU) per
gram, respectively (Hughes, Thomsen, Eilenberg, & Boomsma, 2004;
Keller, Kessler, & Schweizer, 2003). It is difficult to estimate how many
spores an ant would come in contact with based on the number of CFU
found in 1 g of soil. It would also be challenging to translate the number
of CFU per gram into a solution of conidia (per mL). However, for the ma-
jority of studies, the experimental dosages are orders of magnitude higher
than what can be found in natural situations (Fig. 2). In those studies, justi-
fications for the applied dosages are rare. When provided, they are often
related to experimental need to ensure the infection process (Reber, Purcell,
Buechel, Buri, & Chapuisat, 2011) or to elicit a behavioral response (Pull,
Hughes, & Brown, 2013). Moreover, the topical application of conidia
solution does not reflect the natural route of infection, which is via ants
brushing against a source of spores or walking over them. The application
method in the laboratory setup eliminates ecological features of what is an
important step of the ant—fungal parasite interactions.

Fungal conidia could also potentially be transmitted inside the nest by
contacting a nestmate that had direct contact with the fungi. As discussed
above, the sibling—sibling transmission is assumed to be an important
constraint of social living. Konrad et al. (2012) showed that ants infected
with a high dosage of conidia (10° mL™") subsequently transmitted conidia
to 17 ants out of 45 (37%) they had contact with. However, in the same
study, the mortality of these secondarily exposed nestmates due to the fun-
gus was only 3 out of 150 worker ants (2%). A study by Reber et al. (2011)
had shown that in two different experiments, using a total of 1555 ants, only
one was infected and died by secondary contact with conidia via nestmates.
Therefore, if realistic spore loads were applied, it is unlikely that secondary
infections and subsequent deaths would have occurred.

We suggest, based on our review of the literature, that ants might not
naturally encounter the high amounts of conidia typically used for experi-
mental infections and certainly not as highly concentrated solutions of con-
idia directly applied to their bodies. However, it could be possible that
worker ants come in contact with a large amount of conidia if they are
handling infectious cadavers (either of an ant or some other insect). The
encounter with an infectious cadaver may happen when the ants are digging
the nest galleries or foraging directly on the forest floor. The amount of con-
idia produced by a cadaver varies according to the ant species (Walker &
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Hughes, 2011), but it was estimated in the leaf-cutter ant Acromyrmex
echinatior to be 1.2 x 107 (1.6 x 10°) conidia per cadaver (Hughes et al.,
2002). Studies on biological control have investigated the mortality of
workers following the introduction of cadavers in the nest, showing that
it correlates with the number of cadavers (Pereira & Stimac, 1992). Howev-
er, it remains to be investigated how ants react to situations where they
encounter infectious cadavers.

Since the initial infection is a key point in any host—parasite interaction,
we looked at 31 studies that topically applied conidia of Beauveria or Meta-
thizium. For those that compared infected and control ants, we found, not
surprisingly, that ant survival is less where researchers expose the ants to
higher loads of conidia (Fig. 2). The lower doses of fungi (10" mL™") used
in the studies also did not affect grooming levels (Reber et al., 2011).
Grooming is the most common behavior used to measure social immunity.
In some cases, the higher doses of conidia (10" mL™") resulted in decreased
grooming levels (Okuno, Tsuji, Sato, & Fujisaki, 2012). In some cases, the
approach taken is perhaps not as objective as it should be. For example, in a
study of founding Lasius niger queens, Pull et al. (2013) state that queens
were “exposed to a higher dosage of conidia (2 pL of conidia solution at
a concentration of 5 X 10°® conidia mL™") in order to elicit a greater anti-
septic grooming response from the queens.” In Fig. 3 of the same study
(Pull et al., 2013), the researchers report an increase in self-grooming
behavior as a response to the parasite. These are possible examples of how
our ecologically unrealistic setups could produce misleading conclusions
into the evolutionary ecology of diseases in ant societies.

During our literature research we came across very few negative results.
This implies that most of the publications discovered an effect of fungal
application on the tested subject. This could be due to the robustness of
our current knowledge or, after evaluating the implemented protocols, a
bias toward positive results, likely driven by the nonrealistic applications
of conidia. Only one publication was entirely based on a negative result
(Reber & Chapuisat, 2012b), while the other ones had the negative results
buried among the highlighted, positive, results (Okuno et al., 2012; Tragust,
Ugelvig, Chapuisat, Heinze, & Cremer, 2013). As such, the negative results,
when present, did not receive their due attention. In studies of disease
dynamics, reporting the failure of the disease agent to transmit (ie, a negative
result) is of fundamental interest because it reveals aspects of context-
dependent virulence, which is a property of both host and parasite (Ebert,
1994; Read, 1994).
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Very recently, researchers started adopting mathematical models to
explore disease transmission within ant societies (Novak & Cremer, 2015;
Theis et al., 2015). These models are based on assumptions from empirical
data, collected following laboratory studies, such as those that elicited
grooming (Theis et al., 2015) or those which observed cross infections
among nestmates (Novak & Cremer, 2015). We have already discussed
that such results might be due to the nature of the laboratory setups, and
likely do not represent the real ecology of ant—fungal interactions. Conse-
quently, the theoretical models based on these results may also be only appli-
cable to these nonnatural conditions. Mathematical explorations are
certainly illuminating, but we encourage them to be parameterized based
on a realistic ecological basis (Andersen et al., 2012).

Although we highlight the limitation of the laboratory studies that do not
reflect natural conditions, we do not suggest that laboratory studies themselves
are the problem. The simplification of the system is necessary to establish cause
and effect. We suggest that it would be fairly easy to use more realistic conidia
loads and/or exposure methods, and to change some other aspects to incor-
porate more biological relevance into laboratory setups. Despite the limita-
tions of the protocols in the published studies, the generally held view that
an ant nest is a “fortress” (Schmid-Hempel, 1998), well defended against dis-
eases, seems to be corroborated by the absence of outbreaks of Beauveria or
Metarhizium in their societies. However, as other fungi are commonly found
infecting ants (Araujo, Evans, Geiser, Mackay, & Hughes, 2015; Csata et al.,
2013; Evans, Elliot, & Hughes, 2011), we question if the absence of Beauveria
or Metarhizium is in fact due to the efficient social defenses.

S 4. NATURAL OCCURRENCE OF BEAUVERIA AND
METARHIZIUM IN ANTS: OPPORTUNISTIC PARASITES?

The use of Beauveria and Metarhizium to study ant diseases is often
justified by the assumption that they are common parasites of ants (Reber
etal., 2011; Ribeiro et al., 2012; Tragust, Mitteregger, et al., 2013; Tranter,
LeFevre, Evison, & Hughes, 2015; Walker & Hughes, 2011). The reasons
for this assumption are (1) these fungi are soil-borne parasites, commonly
associated with the soil of ant nests, and (2) a few records of natural infections
of these parasites in ants do exist. Although Beauveria and Metarhizium
do cause epizootics in other insects, such as coleopterans (Townsend, Glare,
& Willoughby, 1995), hemipterans (Shimazu, 1989), and lepidopterans
(Tefera & Pringle, 2003; Townsend et al., 1995), there is no record of a
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natural epizootic events in ant colonies and natural infections are rather iso-
lated and very rare (Fig. 3 and Table S3).

Beauveria and Metarhizium incidence is relatively higher on ground nest-
ing founding queens—up to 10% (Cardoso, 2010) (Fig. 3 and Table S3).
Following the nuptial flight, the reproductive female attempts to found a
colony. This is a critical and vulnerable stage for the future queen, where
she has limited resources until the first batch of workers emerge and start
foraging. At this stage of the colony, generalist and opportunistic parasites
may represent a bottleneck for the next generation of colonies, since the
infected, nonresistant queens will die. Consequently, the workers may be
potentially preselected (via their mother) for resistance, since only the queen
lays eggs in the colony. Because the parasites are not equally distributed on
soil (Hughes, Thomsen, et al., 2004; Keller et al., 2003), the variation in the
level of exposure of the queens may be an important source of selection,
removing from the population queens that are more susceptible to generalist
parasites or priming the immune system of the queen. It might be the reason
for the strong “colony effect,” where workers from different colonies have
different responses under laboratory conditions (Baer, Krug, Boomsma, &
Hughes, 2005; Fountain & Hughes, 2011; Hughes, Petersen, et al., 2004;
Ribeiro et al., 2012). Nonetheless, the overall success of the founder queens
is low and more than 95% of them die before laying the first batch of eggs
(Holldobler & Wilson, 1990).

The bottleneck the queens go through in the founding stage of the
colony could, in part, explain why there are few records of worker cadavers
infected by these generalist fungi in nature. Hughes, Thomsen, et al. (2004)
actively searched for ant cadavers around the nests of leaf-cutting ants and
found zero cadavers of Beauveria or Metarhizium infected ants. They also
collected 3300 live ants over a year to verify infections from which only 3
(0.09%) were infected by Metarhizium anisopliae (Fig. 3 and Table S3).
The fungus Beauveria was not detected. Reber and Chapuisat (2012a)
collected 4050 ants from 81 colonies of Formica selysi. They found that
Beauveria prevalence at the colony level was 17% (14 colonies out of 81),
but at individual level, it was only 0.42% (17 ants out of 4050). In that study,
zero workers were infected by Metarhizium. A tew other publications have
reported that live ants collected in field and kept in the laboratory until death
showed fungal growth following few days of postmortem incubation of the
cadaver (Baird, Woolfolk, & Watson, 2007; Hughes, Thomsen, et al., 2004;
Sanchéz-pena & Thorvilson, 1992) (Fig. 3 and Table S3).

These sampling methodologies, which collect ants and establish infection
status following their death and the subsequent growth of the fungus
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following incubation do not account for sublethal infections. Sublethal ef-
fects of parasites, such as reduced fertility and competitiveness, are consid-
ered important ecological and evolutionary impacts of diseases (Boots
etal., 2003; Boots & Norman, 2000). This important aspect of host—parasite
ecology has not been considered in the ant studies we examined. Interest-
ingly, in our opinion, this would be one of the aspects to be explored and
better characterized in laboratory setups. Considering that ant workers are
sterile, a reduction in fertility or competitiveness might not be the most
appropriate parameter for studying sublethal effect. On the other hand, their
social nature can open new avenues to study sublethal effects of parasite. For
example, do worker ants infected by either Metarhizium or Beauveria forage
less or generally alter their expression of altruism to nestmates?

Other fungi in the genus Aspergillus are also used (Table S1) because they
are considered opportunistic parasites, while species in the genera Beauveria
and Metarhizium, are considered to be obligate pathogens in ant studies
(Novak & Cremer, 2015; Tranter et al., 2015). Ironically, the fungus
Aspergillus, claimed as an opportunistic parasite, is often present in ants
collected both in the field and those reared in the laboratory (Lacerda
et al., 2014; Lacerda, Della Lucia, Pereira, Peternelli, & Totola, 2010;
Rodrigues, Silva, Bacci, Forti, & Pagnocca, 2010; Tranter, Graystock,
Shaw, Lopes, & Hughes, 2014). If Beauveria and Metarhizium were common
parasites in ants, as claimed, we would expect to find them as frequently or
more often than the opportunistic parasite, Aspergillus. It is worth noting that
Beauveria and Metarhizium play a role in other ecological interactions, such as
their role as endophytes, or as associates of roots in the rhizosphere and as
mycoparasites (Vega et al., 2009). For example, Metarhizium spp. are known
to colonize roots and promote plant growth (St. Leger, 2008). Genomes of
Metarhizium species reveal many genes involved in the colonization of plant
tissue (Gao etal., 2011). In fact, an emerging view among mycologists is that
they are facultative parasites of insects (Bidochka, Clark, Lewis, & Keyhani,
2010; Oulevey, Widmer, Koelliker, & Enkerli, 2009; Padilla-Guerrero,
Barelli, Gonzalez-Hernandez, Torres-Guzman, & Bidochka, 2011). Addi-
tionally, these two fungi have been treated as opportunistic parasites in
the biological control arena (Brodeur, 2012).

The notion that the fungi Beauveria and Metarhizium are a common para-
site of ants is widespread, but most likely not true. For Metarhizium, there are
some extreme cases in the ant literature where it is even described as a
“specialist parasite” (Tranter et al., 2014, 2015). The rare natural infection
of ants by Beauveria and Metarhizium (discussed in this chapter), their alterna-
tive lifestyles in plants (Vega et al., 2009), and their opportunistic nature
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recognized by both mycology and biological control disciplines (Brodeur,
2012) indicate that these fungi are not necessarily a potent threat for ants.
Therefore, we suggest that there is no evidence for assuming that Beauveria
and Metarhizium are common parasites of ants in natural populations, and the
designation of any of them as “specialized parasites” is wrong.

5. FUTURE PERSPECTIVES

Beauveria and Metarhizium have been and continue to be important
tools to understand how ants organize their defenses against opportunistic
threats. However, we consider the unjustified methodologies implemented
by researchers as a barrier to knowledge collection. It is important to recon-
sider the unrealistic doses of conidia and exposure routes, a reality also
discussed in other host—parasite systems (Poulin, 2010a, 2010b). High con-
centrations of microbial parasites will always affect ant mortality or behavior,
but they do not allow us to objectively understand the link between social
behavior and evolved behaviors that function to mitigate diseases. We are
not implying that high doses cannot be used, when, for example, the goal
is simply to kill, study within host growth or better understand the terminal
stages of the infection (ie, prior to death) (Heinze & Walter, 2010). How-
ever, where the goal is to understand hygienic behaviors, ant-to-ant cross
infection and social network disruption following exposure, we strongly
recommend future research efforts incorporate ecologically relevant
conditions. Recently, a few studies have used more realistic setups to inves-
tigate ants and diseases (Loreto, Elliot, Freitas, Pereira, & Hughes, 2014;
Quevillon, Hanks, Bansal, & Hughes, 2015), which prove that it is feasible
and fairly simple to implement. We hope to see more ant—parasite studies
continue in this direction.

Although we highlight that the two focal parasites on ant studies are
rather rare and likely opportunistic in natural populations, we understand
the importance of these models. However, we were surprised by the lack
of information on sublethal doses and its effects, both at individual and
colony levels. Perhaps, it is due to the experimental ease by which high doses
of conidia can be used to produce high mortality rates (Fig. 3). Additionally,
there were no studies on the detection and response to infectious cadavers, a
likely real scenario. Beauveria and Metarhizium may be useful models to inves-
tigate these unknown aspects of ant—parasites interactions, but we would
also argue that our view could be biased by the limitation of these models.
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While the current studies on ant—parasite interactions support the view
that they possess a robust social immunity, there are many other parasites,
including other fungi, which are specialized in infecting ant societies (Csata
et al., 2013; Loreto et al., 2014; Marikovsky, 1962). It is worth noting that
studies investigating immune defenses in honeybees and bumblebees
predominantly focus on specialized parasites (Bailey & Ball, 1991), which
can contribute to the loss of these beneficial insects. These fungi have
been overlooked in studies focused on the ecology and evolution of ant—
parasite interactions. They are very common in the natural habitat of ants
(Table S3), have a prevalence as high as 100% at the colony level (Konrad,
Grasse, Tragust, & Cremer, 2015; Loreto et al., 2014), and allow for both
field and laboratory experimentation (de Bekker et al., 2014). We see a
lot of potential in exploring these specialized interactions: they could lead
us to a broader understanding of social immunity and how parasites can
overcome collective defenses.

Finally, models are often chosen for particular reasons. Due to ethical and
logistical reasons, most of what we know about the molecular mechanisms
of diseases in humans comes from artificial models, such as Drosophila
melanogaster (Keebaugh & Schlenke, 2014; Lemaitre & Hoftmann, 2007),
Caenorhabditis elegans (Markaki & Tavernarakis, 2010), and the mouse
(Rosenthal & Brown, 2007). However, these models often lack the social
component of disease spread, which is an important factor in human
societies. In addition, a disease model that reflects the low genetic diversity
and high density of our agricultural and livestock groups would be benefi-
cial. Social insects have the social properties that reflect high-density living of
closely related individuals. The effort to prevent colony collapse disorder in
bees has advanced our knowledge on diseases in insect societies. However,
we suggest that ants may be a better model to study the ecology and evolu-
tion of group living disease dynamics due to the larger sizes of their colonies
of the nonwinged workers. If we study these social models in the proper
way, many valuable lessons could be learned from them.
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