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Introduction

Parasites exploit all free-living organisms and comprise 
the majority of species on Earth (Windsor 1998, Schmid-
Hempel 2011). Their biomass in ecosystems is substantial, 
and they play important ecological roles in shaping com-
munities (Kuris & al. 2008). One of the best investigated 
social insects, Apis mellifera Linnaeus, 1758, has over 70 
described macro- and micro-parasites (Schmid-Hempel 
1998). While this number is impressive, it is likely an un-
derestimate and not unique to A. mellifera. Other social in-
sect hosts, with societies equal in complexity and size, have 
few or no reported parasite species. This may be attributed 
to a lack of commercial interest and limited funding for 
such investigations, instead of a true lack of parasites 
(Schmid-Hempel 2011). The high levels of biodiversity 
and biomass of parasites alter energy flux to other trophic 
levels and change community structure through modified 
competitive abilities. Behavior is central to enormous im-
pacts on host growth rates as it influences factors such as 
seed dispersal, prey capture, and soil excavation. Beyond 
the consumptive effects of parasites, host energy can be 

drained further by reallocating energy to the display of 
resistance behaviors (Rigby & al. 2002). Furthermore, 
parasites that modify the behavior of intermediate hosts, 
to ascertain trophic transmission to ultimate host pred-
ators, drastically affect food webs (Lafferty & Morris 
1996). In fact, parasites can alter the behavior of their host 
to such an extent that they change its ecological function 
as infected animals can react differently to abiotic stim-
uli compared to their conspecifics. They can also display 
different activity levels, sounds, smells, distribution, and 
social roles (Moore 1995). 

While parasites are biomass rich, so are ants (Fittkau 
& Klinge 1973, Erwin 1989). Ants are among the most 
abundant animal groups and often comprise more than 
80% of the arthropods in tropical rain forests (Hölldo-
bler & Wilson 1990, Davidson & Patrell-Kim 1996). 
This success can be attributed to their complex social 
organization and intriguing behavioral ecology. Ant spe-
cies display an array of unique behaviors that should be 
studied at the individual, caste, and colony level, then 
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placed in the context of the species’ natural environment 
(Sudd & Franks 1987). Parasites are key components 
of that environment as they influence ant behaviors by 
providing pressures that select for adaptive host behav-
ioral traits, such as parasite recognition, prevention, and 
defense (Lozano 1991, Agnew & al. 2000). In addition 
to displaying behaviors that protect individuals and the 
colony against parasites, infected ants can also be viewed 
as the parasites’ extended phenotype and display behav-
iors that benefit the parasite’s life cycle and transmission 
(Dawkins 1982). Such manipulated behaviors can be very 
apparent, such as the novel, fungus-induced substrate 
biting behavior observed in infected worker ants that are 
thought to be mainly of the foraging caste (Boer 2008, An-
dersen & al. 2009). Modifications can also be subtler, as  
described for a cestode that reduces activity of infected 
individuals of the nursing caste and aggression displayed 
by uninfected nestmates, to seemingly facilitate trophic 
transmission towards the woodpecker host (Plateaux 
1972, Scharf & al. 2012, Beros & al. 2015). The altered 
behavior of infected individuals, such as reduced or less 
effective foraging activity, could thus impact the fitness of 
the colony as a whole. Parasites could also affect behavior 
at the colony level, for instance, through changes in the 
chemical profiles of infected individuals, as reported for 
certain ectoparasites (e.g., Csata & al. 2017). This makes 
the colony’s gestalt odor (i.e., the uniform odor of a col-
ony) more heterogeneous and relaxes the margin of error 
used by uninfected nestmates when assessing chemical 
profiles to distinguish kin from non-kin. This could lead to 
increased susceptibility to competing conspecifics, social 
parasites and parasitoids that drain the colony’s resources 
and reduce colony fitness. Alternatively, certain behavioral 
responses to infection might represent mere side-effects 
without clear functions. Deciphering where parasitic ma-
nipulation begins and host response ends is, thus, a com-
plicated endeavor that requires thorough experimentation 
to determine which of the interacting organisms, if at all, 
adaptively benefits from the altered behavior.

Behavioral changes are especially important to con-
sider in ants because of their role as ecosystem engineers 
(Folgarait 1998, Griffiths & al. 2018). Ants are re-
sponsible for a substantial part of the nutrient redistri-
bution performed by animals in the rainforest. Moreo-
ver, their removal of food resources is not compensated 
by other invertebrates and vertebrates when ants are 
removed from a habitat. This makes them key players 
in maintaining rainforest ecosystem processes (Grif-
fiths & al. 2018). Modifications of ant behavior, to either 
avoid or as a result of infection, might impact such eco-
system processes. However, research linking parasite 
pressures and infection levels to resulting ant behaviors 
and their possible ripple effects throughout ecosystems 
have not been conducted yet. To better understand these 
effects and their evolutionary basis, rigorous investi-
gations of parasites and their level of influence on host 
behavior are thus warranted (Weinersmith & Earley  
2016).

In recent years, manipulating parasites and their hosts 
has gained the interest of researchers and the general pub-
lic. New manipulative species interactions are being dis-
covered (Steinkraus & al. 2017). Yet, there are many sig-
nificant outstanding questions, even in systems that were 
described decades ago (Badie & al. 1973, Loos-Frank & 
Zimmermann 1976, Romig & al. 1980). Next-generation 
sequencing has made it possible to unveil gene expression 
and potential mechanisms underlying parasitically altered 
host behaviors (de Bekker & al. 2015, Malagocka & al. 
2015, Feldmeyer & al. 2016). Such efforts can reveal how 
and when parasites influence host activity, especially in 
organisms that are as experimentally approachable as 
ants. We aim to create a broader interest in parasite-ant 
interactions by summarizing what is known and high-
lighting knowledge gaps waiting to be filled. We hope to 
entice more myrmecologists and behaviorists to integrate 
the effect that parasites might have on the behavior and 
biology of their focal ant species.

Parasites influencing ant behavior

Phenotypic changes in the host – as a result of parasite 
pressures and infection – can be adaptive to that host and 
aid its survival. Alternatively, parasites can manipulate 
host physiology, morphology, life history, and behavior, 
to directly benefit their own survival (Poulin & Thomas 
1999, Thomas & al. 2010). Adaptive manipulation of host 
behavior can range from slight changes in existing be-
haviors to the induction of completely novel ones (Poulin 
1994, Thomas & al. 2002). Ants are favorable parasite 
targets because of their dominance in most ecosystems 
and ubiquity among habitat types. Furthermore, because 
of their social tendencies (e.g., nest living, food sharing, 
brood care), ant societies can spread parasites among 
colony members (Cremer & al. 2007, Hughes 2012, Kon-
rad & al. 2012, Beros & al. 2015). As such, parasite-in-
duced behavioral shifts in ants have been widely reported. 
However, we suspect the records to be far from complete 
(Schmid-Hempel 1998). We summarize and discuss some 
of the present-day literature on entomopathogenic vi-
ruses, prokaryotes, fungi, protozoans, helminths, and 
insects, with our main focus on those that manipulate ant 
behavior. This reveals that information on ant-infecting 
viruses, prokaryotes, and protozoans is largely lacking. 
More in-depth research on fungi, helminths and para-
sitizing insects is actively underway. Moreover, this review 
demonstrates the parallels between observed manipulated 
behaviors caused by parasites across taxa (Tab. 1). Such 
parallels include climbing and biting vegetation by infected 
individuals, reduced aggression levels and task abandon-
ment, and wandering behavior.

Viruses: Massive declines in honeybee populations 
have prompted the characterization of insect parasites 
and their effects on individual and colony-level fitness. 
Additionally, the search for effective biocontrol agents 
against insect pests provides a primary motivation to 
study entomopathogenic viruses. This motivation has led 
to in-depth studies on baculoviruses (double stranded 
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DNA viruses) that are effective enough to cause epizootics 
(i.e., insect epidemics) (Vega & Kaya 2012), as seen in 
infected caterpillars with “tree-top disease” (Goulson 
1997, Hoover & al. 2011). Baculovirus-infected lepido-
pteran larvae display hyperactive behavior that results in 
higher dispersal rates compared with uninfected larvae. 
Additionally, unlike healthy larvae, infected individuals 
summit to the top and edge of plant leaves. These behav-
iors are thought to optimize dispersal of viral disease 
particles over a larger area and onto the plant foliage below 
(Goulson 1997, Kamita & al. 2005, Hoover & al. 2011, 
van Houte & al. 2012). The baculovirus gene ecdysteriod 

uridine 5’-diphosphate-glycosyltransferase (egt), appears 
to be essential for the observed climbing behavior seen in 
caterpillars (Hoover & al. 2011). The gene encodes for the 
enzyme EGT, which is known to inactivate the molting 
hormone 20-hydroxyecdysone (20E) in the host (Riddi-
ford & al. 2003). Indeed, RNAi-mediated knockdown and 
hormone-treatment assays showed that the regulation of 
20E is involved in virus-induced tree-top disease (Zhang 
& al. 2018). Nevertheless, this extended phenotype of 
viral egt appears to be species specific. Its effects are not 
observed for all baculovirus-caterpillar interactions (Ros 
& al. 2015). Expression of the viral gene protein tyrosine 

Tab. 1: Summary of ant hosts and their manipulative parasites detailed in this review.

Host subfamily Host genus Parasite Reported manipulation

Dolichoderinae Dolichoderus  Ophiocordyceps (Fungus) elevation seeking, biting

Formicinae Camponotus Brachyleicthum 
mosquensis 

(Helminth) elevation seeking

Dicrocoelium hospes (Helminth) elevation seeking

Ophiocordyceps (Fungus) task abandonment, increased (early 
infection) and decreased (late infection) 
nest occupation, elevation seeking, light 
seeking, hyperactivity, biting

Colobopsis Mermis (Helminth) water seeking

Ophiocordyceps (Fungus) elevation seeking, biting

Formica Dicrocoelium 
dendriticum

(Helminth) elevation seeking, biting

Elasmosoma michaeli (Insect) aggregation

Pandora (Fungus) elevation seeking, biting

Lasius Pheromermis villosa (Helminth) water seeking

Oecophylla Ophiocordyceps (Fungus) elevation seeking, biting

Polyrhachis Ophiocordyceps (Fungus) elevation seeking, biting

Myrmicinae Cephalotes Myrmeconema 
neotropicum 

(Helminth) gaster flagging, reduced alarm response, 
reduced aggression

Ophiocordyceps (Fungus) elevation seeking, biting

Daceton Ophiocordyceps (Fungus) elevation seeking, biting

Solenopsis Pseudacteon tricuspis (Insect) increased nest occupation, reduced 
aggression, microclimate seeking,  
timed dispersal from nest

Strepisi ptera: 
Myrmecolacidae

(Insect) elevation seeking, light seeking

Temnothorax Anomotaenia brevis (Helminth) increased nest occupation,  
task abandonment, reduced alarm 
response, colony reduced aggression

Trachymyrmex Megalomyrmex 
adamsae

(Insect) colony reduced reproduction  
(gyne castration)

Paraponerinae Paraponera Ophiocordyceps (Fungus) elevation seeking , biting

Ponerinae Pachycondyla Myrmecolax incautus (Insect) increased nest occupation,  
task abandonment, elevation seeking, 
hyperactivity
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phosphatase (ptp) appears to be a more conserved host 
manipulation strategy among baculoviruses that infect 
lepido pterans (van Houte & al. 2012). It induces enhanced 
locomotory activity in infected larvae and causes them to 
display wandering behavior (Kamita & al. 2005). Such 
hyperactivity is also observed in ants that are affected by 
certain fungal parasites and parasitoids (see Tab. 1 and 
sections Fungi as well as Insect parasites below). Moreo-
ver, light has been suggested to play a key role in wandering 
activity and the synchronized timing of baculovirus-in-
duced ascension. Hyperactivity intensified under light  
conditions, and infected larvae showed positive photot-
ropism (van Houte & al. 2014, Han & al. 2017). Similar 
influences of light on fungus-infected and trematode-in-
fected ants have also been reported (see Tab. 1 and sections 
Fungi as well as and Helminths below). Moreover, the ac-
tivation of ptp homologs in Ophiocordyceps-manipulated 
carpenter ants (see section Fungi) have also been found 
(de Bekker & al. 2015). This suggests that similar mech-
anisms could be underlying behavioral modifications that 
show parallels across different parasite-host interactions. 

Conspicuous extended phenotypes, induced by viruses, 
have not yet been reported for ants. However, this could be 
due to the fact that only a handful of the ant-associated vi-
ruses that likely exist have been found. Early studies have 
described “virus-like particles” in ants (Steiger & al. 1969, 
Avery & al. 1977). This was later followed by studies on 
viral infections in ants with a specific baculovirus to iden-
tify possible biocontrol agents (Dhandapani & al. 1994, 
Li & al. 1999), which has also sparked the discovery of the 
Solenopsis invicta viruses (SINVs) that infect the imported 
fire ant Solenopsis invicta Buren, 1972 (see Valles & al. 
2004, Valles & Strong 2005, Valles & al. 2007, Valles & 
Hashimoto 2009). More recent studies have revealed ad-
ditional ant viruses (Valles & al. 2013, Valles & al. 2016, 
Olendraite & al. 2017, Valles & al. 2018) as well as novel 
strains of viruses (Sébastien & al. 2015) that have been 
linked to the massive worldwide decline of honeybees (de 
Miranda & Genersch 2010). These recent identifications 
demonstrate the likely ubiquity of viral pathogens in ants 
waiting to be discovered. Among the known ant viruses, 
the single-stranded RNA viruses that infect the imported 
fire ant S. invicta (SINV-1 and SINV-1A; SINV-2; SINV-3) 
(Valles & al. 2004, Valles & Strong 2005, Valles & al. 
2007, Valles & Hashimoto 2009) are probably best de-
scribed. All three viruses (SINV-1, -2, and -3) are present 
in field colonies of S. invicta (see Porter & al. 2013) and 
are found in all developmental stages (Valles 2012). Viral 
effects on ant behavior at the individual and colony level 
are generally not well understood. However, in S. invicta, 
there is some evidence for colony-level behavioral effects 
of infection. One study revealed that SINV-1 weakened 
the competitive ability of S. invicta, despite infection 
symptoms being hardly discernable. This made the colony 
more susceptible to elimination by sympatric ant species 
(Chen & al. 2011). Investigating how this behavioral ef-
fect could benefit the SINV-1 virus, if at all, could be an 
interesting follow-up study. The pathogenicity of SINV-3 

is more apparent. Infection in the colony results in large 
numbers of dead ants and brood, followed by colony col-
lapse (Porter & al. 2013). The queens of SINV-3-infected 
colonies undergo weight loss and produce fewer eggs 
(Valles & al. 2014). These disease outcomes appear to be 
related to changes in feeding behavior in infected workers, 
which leads to deprivation of protein in larvae and the 
queen (Valles & al. 2014). If any of these behaviors have 
an adaptive benefit to the virus or if they are mere symp-
toms of infection is also unknown. Further studies that 
would start to distinguish these scenarios by addressing 
optimal conditions for virus particle transmission would 
enrich our knowledge of viral infections in S. invicta  
communities.

While non-model systems can yield critical infor-
mation about key biological questions (Russell & al. 
2017b), insect species with little commercial interest are 
less valued and are often seen as unimportant (Dunn 
2005). Thus, current knowledge on viruses affecting ants 
has been driven largely by the urgency for the biological 
control of invasive species. A diversity of ants, however, 
are key players in ecosystem maintenance and function-
ing (Folgarait 1998, Griffiths & al. 2018). Identifying 
viruses and understanding how viral infections affect ant 
behavior at the individual and colony level are warranted. 
Studying many systems – not just those of economic value 
– will provide a broader foundation for more applied and 
urgent needs. Metagenomic and bioinformatic approaches 
have revolutionized the rate of viral discovery and are 
currently widely applied to characterize the viral ecology 
of infectious diseases (Dutilh & al. 2017). Moreover, 
these characterizations might lead to the unveiling of 
pathogens related to the baculoviruses that infect lepido-
pterans or completely novel ones that induce parallel 
behavioral manipulations. Such discoveries could be fol-
lowed by comparative studies that make use of next-gen-
eration sequencing to reveal mechanisms underlying 
such extended phenotypes and their possible convergent  
evolution.

Prokaryotes: The characterization and transmission 
of ant-associated bacteria have been studied in a variety 
of ant systems (Ishak & al. 2011, Andersen & al. 2012a, 
Kautz & al. 2013, Liberti & al. 2015, Zhukova & al. 2017). 
Although descriptive studies based on pyrosequencing 
of 16S rRNA gene amplicons provide an important over-
view of the microbiota, they do not address the biological 
relevance of the bacteria discovered (i.e., metabolic capa-
bilities and function) (Engel & al. 2012). Bacteria such as 
Spiroplasma Saglio, 1973 and Wolbachia Hetrig & Burt, 
1924 associate with a wide variety of insects (Hilgen-
boecker & al. 2008, Zug & Hammerstein 2015) and are 
found in the gut or haemolymph (Engel & Moran 2013). 
While Wolbachia strains infect a diversity of ant species 
(Wenseleers & al. 1998, Frost & al. 2010, Ramalho 
& al. 2017a, b), their prevalence can vary among castes 
within colonies, among colonies within populations, and 
among species (Wenseleers & al. 1998, Russell & al. 
2009, Russell 2012). In some species, Wolbachia are even 



considered to have mutualistic relationships (  
& al. 2012a,  & al. 

 
& al. 2012a). 

Wolbachia manipulate reproductive systems in certain 
hosts (
vertical transmission (i.e., through female inheritance) of 
Wolbachia -

-
ductive alterations include: (a) incompatible mating (

 2002), (b) asexual reproduction (
 2001), (c) feminization of males (  & 

al. 1998), and (d) male killing (  & al. 2000). A recent 
study on the pharaoh ant Monomorium pharaonis ( -

-
tween increased Wolbachia infections and a female-biased 
sex-ratio. Pharaoh ant workers are known to cannibalize 
sexual larvae, and infected colonies reared more virgin 
queens and fewer males. As such, Wolbachia-induced lar-

-
erentially consume male larvae have been suggested as a 

further experiments will be required to test for causation. 
Wolbachia-infected Formica truncorum 

(virgin queens and males) compared with healthy colonies 
(  & al. 2002, 
of Wolbachia in leafcutter ants has also been investigated. 
Infections have been found in focal species of the genus 
Acromyrmex Atta 

Acromyrmex echinatior ( , 1899), Acromyrmex 
insinuator  1998, Ac-
romyrmex octospinosus ( Atta cephalotus 
( Atta colombica , 

Atta sexdens ( Atta texana ( -
, 1860)) (  & al. 2001). How these and other 

Wolbachia 

colony behavior is, however, still poorly understood. In-
Wolbachia prevalence between 

colonies and their castes correlate with variations in sex 
ratios and behaviors could thus be a worthwhile avenue 
of research.

Spiroplasma spp. are found widely in insects, includ-
ing ants. However, these reproductive manipulators are 
generally present at low levels compared with Wolbachia 
strains. (  & al. 2012). In certain cases, mutualistic 
Spiroplasma 
hosts such as protection against nematodes (  & al. 
2010) and parasitoid wasps (  & al. 

Spiroplasma also have been 
found to induce increased host mortality (
and reproductive manipulation, especially male killing as 

 & al. 2000), ladybird beetles 
(  2006), and Drosophila 

-
standing of the molecular mechanism underlying male 
killing is available (  2000, 
no unequivocal evidence for Spiroplasma-induced male 
killing has been found in ants yet. Some studies suggest a 

Fig. 1: Infographic depicting the various parasite groups discussed in this review and the possible parasite-adaptive behavioral 

in this review, is depicted.
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mutualistic relationship between Spiroplasma and their 
ant hosts (Funaro & al. 2011, Kautz & al. 2013, Ball-
inger & al. 2018). However, the pyrosequencing work of 
Kautz & al. (2013) indicated a potential pathogenic role for 
Spiroplasma in ants. Given the ubiquity of Spiroplasma 
infections in ants, further studies to detect functionality 
of the apparently facultatively mutualistic and parasitic 
symbioses could be a very rewarding frontier.

In ants, social communication is primarily pheromone- 
mediated (Morgan 2009) and a plausible entryway for 
bacteria to modify host behavior. The proper detection 
of the numerous chemical communication signals among 
colony members requires individual ants to possess spe-
cialized odorant receptor neurons (de Bruyne & Baker 
2008, Sharma & al. 2015). If the genes that encode for 
these receptors are experimentally altered, social com-
munication is affected, which in turn changes task allo-
cation and results in the disruption of social organization 
(Yan & al. 2017). Additionally, there is growing evidence 
that the host’s microbiome can modulate the chemical 
profile and olfactory responses of that host, thus influ-
encing their social behavior (Vuong & al. 2017, Engl & 
Kaltenpoth 2018). Hijacking the social communication 
of the host could be adaptive to the bacterial symbiont if 
such changes increase transmission. In fact, such bac-
teria-mediated altered social communication has been 
observed in Drosophila melanogaster Meigen, 1830. 
Flies infected with Pseudomonas entomophila Mulet & 
al., 2012, Serratia marascens Bizio, 1823, and Erwinia 
carotovora (Jones, 1901) secrete increased amounts of fly 
odors, including aggregation pheromones. This attracts 
healthy flies and increases dispersal rates toward new 
fruits, vegetables, and hosts (Keesey & al. 2017). A recent 
study by Silva-Junior & al. (2018) found that a strain of 
S. marascens produces certain pyrazines that were previ-
ously identified as trail pheromones of their host ant Atta 
sexdens rubropilosa (Forel, 1908). Ants use a special 
class of molecules known as volatile organic compounds 
(VOCs) as pheromones. Among them, pyrazines are com-
monly found to play a role in ant communication and alarm 
(Wheeler & Blum 1973, Cross & al. 1979, Morgan 2009, 
Showalter & al. 2010). However, microbes themselves 
also secrete VOCs that can have semiochemical signaling 
activity for insects (Davis & al. 2013), including Hymeno-
ptera (Davis & al. 2012). In this case, it remains to be seen 
if the VOCs produced by S. marascens are being used as 
pheromones by their ant hosts or if it is indeed a case of 
semiochemical activity adaptive to the bacteria. It should 
be noted, however, that the genera Serratia and Erwinia 
are known to contain species that produce anti-microbial 
secretions (Wilf & Salmond 2012). Species from these 
two genera have been found to dominate the cuticular 
microbiome of arboreal ants in the genera Allomerus 
Mayr, 1878 and Tetraponera Smith, 1852 (see Seipke & 
al. 2013). Taken together, these studies point at the huge 
potential that certain bacteria have to influence signaling 
among colony members and thus adaptively hijack their 
chemical communication. Hence, more research focusing 

on semiochemicals in ants and the odors emitted in the 
presence of associated bacteria is greatly needed.

Fungi: Records of fungal manipulation of insect be-
havior can be found for entomopathogenic fungi of the 
divisions Ascomycota and Entomophthoromycota. While 
certain fungal species can infect a broad range of insects 
and do not induce conspicuous behavioral manipulations, 
others can have high species-fidelity and cause dramatic 
altered behaviors. Fungi of the genus Ophiocordyceps 
Petch, 1931 (Ascomycota, order: Hypocreales) are ma-
jor players in tropical rainforests as they help maintain 
rainforest stability by regulating arthropod populations 
(Evans 1982). Many currently described Ophiocordyceps 
species are specialists of ants where each host ant species 
has its own highly specialized Ophiocordyceps parasite 
(Hughes & al. 2016, Araújo & al. 2018, Sakolrak & al. 
2018). While ants of the genus Camponotus have been 
most frequently described as victims of Ophiocordy-
ceps, species from other genera also serve as hosts (e.g., 
Colobopsis Mayr, 1861, Polyrhachis Smith, F., 1861, 
Oecophylla Smith, F., 1860, Dolichoderus Lund, 1831, 
Cephalotes Latreille, 1802, Daceton Perty, 1833, and 
Paraponera Smith, F., 1858; see Evans & Samson 1982, 
Evans & al. 2011, Luangsa-Ard & al. 2011, Kobmoo & 
al. 2012, Araújo & al. 2015, Kobmoo & al. 2015, Araújo 
& al. 2018). Typically, foraging ants become infected as 
they encounter fungal spores outside the nest. After the 
fungus has entered the ant, the parasite colonizes its body. 
Initially, the ant’s behavior is unaltered, but as incubation 
time progresses, the forager abandons its daily tasks and 
remains within the nest (Andersen & al. 2009). In the 
final stages of infection, parasitized individuals start to 
spend more time outside the nest (de Bekker & al. 2014b, 
Solá Gracia & al. 2018). This is not an effect of social 
immunity, as nestmates do not appear to keep a notable 
distance or aggress the infected individuals (Solá Gracia 
& al. 2018). In laboratory experiments, the fungus appears 
to induce its host to leave the nest ca. 2 - 4 weeks after 
infection at the end of the incubation period (de Bekker 
& al. 2014b, de Bekker & al. 2015, Fredericksen & al. 
2017, Sakolrak & al. 2018). At this stage, infected ants are 
frantically moving around the foraging arena (de Bekker 
& al. 2015). This is followed by climbing a vertical structure 
(in the lab) or vegetation (in the field) where the infected 
ant attaches itself, using its mandibles, in a final death 
grip. At this stage, the ant succumbs to the infection, and 
the fungus begins using ant tissues as a carbon source to 
form a stalk and fruiting body carrying infective spores 
(Andersen & al. 2009, de Bekker & al. 2015).

Research on Ophiocordyceps-manipulated ant behav-
ior has focused on species of the tribe Camponotini Mayr, 
1861. Field studies on Colobopsis leonardi (Emery, 1889) 
revealed that manipulated ants can end up in so-called 
graveyards, areas with high densities of dead, manipulated 
ants (Pontoppidan & al. 2009). Such graveyards have been 
confirmed for Camponotus rufipes (Fabricius, 1775) (An-
dersen & al. 2012b, Loreto & al. 2014), and Camponotus 
atriceps (Smith, F., 1858) (F.A. Andriolli, N.K. Ishikawa, 
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R.V. Isla, T.S. Cabral, C. de Bekker & F.B. Baccaro, unpubl.). 
What exactly drives infected ants to these specific spots 
in the forest remains unclear. Infected C. atriceps display 
positive phototactic behavior suggesting illumination 
may be an important factor (F.A. Andriolli, N.K. Ishi-
kawa, R.V. Isla, T.S. Cabral, C. de Bekker & F.B. Baccaro, 
unpubl.). Humidity and temperature levels that benefit 
fungal growth and dispersal have also been suggested 
(Andersen & al. 2009). Field observations of C. leonardi 
also revealed that manipulated ants climb and bite around 
solar noon (Hughes & al. 2011). Similar synchronization 
of manipulated biting behavior is observed in the lab in 
experimentally infected Camponotus castaneus (La-
treille, 1802) (see de Bekker & al. 2015). Such precise 
daily timing indicates that circadian rhythms exhibited by 
the fungus’ and / or ant’s biological clock play a role in the 
observed manipulation (de Bekker & al. 2014a, de Bekker 
& al. 2017b). Involvement of biological clock has also been 
suggested for baculoviruses that manipulate lepido pteran 
host behavior (van Houte & al. 2013). At the moment 
of biting, the muscles within the ant’s body are heavily 
atrophied. In contrast, the brain tissue is not physically 
invaded and degraded (Hughes & al. 2011, Fredericksen 
& al. 2017). Instead of physical invasion, the fungus likely 
secretes bioactive compounds to alter the ant’s behavior. 
Such compounds could act as agonists and antagonists 
that activate and deactivate pathways related to behavior 
(Molnár & al. 2010, de Bekker & al. 2014b, de Bekker & 
al. 2015, de Bekker & al. 2017a). Indeed, next-generation 
sequencing technology revealed that Ophiocordyceps kim-
flemingiae Araújo, Evans & Hughes, 2018 activates the 
expression of numerous secreted bioactive proteins and 
secondary metabolite pathways in C. castaneus workers 
during the final death grip stage (de Bekker & al. 2015). 
In addition, various odor receptors were down-regulated in 
infected, manipulated ants. This likely makes infected ants 
less receptive to social chemical cues. Biogenic amines are 
well-known for affecting animal behavior, including ants 
(Kamhi & Traniello 2013, Smith & al. 2013, Szczuka & 
al. 2013). Genes involved in the reception and production 
of biogenic amines (e.g., octopamine and dopamine) were 
also differentially expressed in infected versus healthy ants 
(de Bekker & al. 2015). Moreover, at the time of manip-
ulation, putative protein-tyrosine phosphatase-encoding 
genes (ptp’s) were up-regulated in both the fungus and ant 
(de Bekker & al. 2015). In parallel, PTP has been found in 
baculoviruses that induce enhanced locomotory activity 
in the lepido pteran hosts they infect (see section Viruses 
above) (Kamita & al. 2005, van Houte & al. 2012). An 
increase in activity can also be observed in Ophiocordy-
ceps-infected ants (de Bekker & al. 2015). These findings 
demonstrate that parallels between phenotypic and mech-
anistic parasitic influences on insect behavior likely exist.

Summiting (i.e., fixation at elevated positions) is also 
observed in ants and other insects infected with Ento-
mophthorales fungi (Entomophthoromycotina). The num-
ber of ant-killing species among the Entomophthorales is 
still being debated. Recent reports suggest that there are at 

least two species, based on morphological data: Pandora 
formicae Humber & Balazy, 1989 and Pandora myr-
mecophaga (Turian & Wuest, 1969) (see Malagocka 
& al. 2017). These species have been exclusively found in 
association with the genus Formica Linnaeus, 1758 (e.g., 
F. rufa Linnaeus, 1761, F. polyctena Foerster, 1850, F. 
pratensis Retzius, 1783, and F. cf. lemani Bondroit, 
1917 (see Loos-Frank & Zimmermann 1976, Balazy & 
Sokolowski 1977, Turian & Wuest 1977, Balazy 1993, 
Sosnowska & al. 2004, Boer 2008, Csata & al. 2013, 
Malagocka & al. 2015). Ants killed by Pandora Hum-
ber, 1989 have been found biting grasses and twigs in 
the proximity of foraging trails and nests (Loos-Frank 
& Zimmermann 1976, Boer 2008, Malagocka & al. 
2017). Malagocka and colleagues speculate that infected F. 
polyctena ants die near the nest where humidity levels are 
optimal for P. formicae sporulation rather than inside the 
nest where humidity would be too low (Coenen-Stass & al. 
1980, Steinkraus 2006). Similar to Ophiocordyceps-in-
fected host species, F. polyctena foragers appear more 
susceptible to Pandora than their nestmates that fulfill 
tasks inside the nest (Malagocka & al. 2017). Fixation 
at elevated positions likely facilitates ideal spore disper-
sal while at the same time protecting the cadavers from 
nestmates that would normally dispose or remove dead 
ants from the nesting area (Loos-Frank & Zimmermann 
1976, Boer 2008).

Colony and individual host level responses to Pandora 
infections are surprisingly similar to those of host ants 
infected with the distantly related fungus Ophiocordyceps. 
Rejection of infected nestmates might be expected as part 
of a social immune defense against parasites (Cremer & 
al. 2007). However, in both systems, healthy nestmates 
do not aggress or remove infected individuals from the 
nest (Boer 2008, Solá Gracia & al. 2018). Moreover, 
both manipulative parasites precisely time when they 
make their hosts leave the nest, climb the vegetation, and 
latch on until death. Entomophthoralean fungi, including 
Pandora, seem to time this to the late afternoon or evening 
(Marikovsky 1962), with an exquisitely precise synchro-
nization of attachment reported for infected Formica 
species (Loos-Frank & Zimmermann 1976). Detailed 
field observations further describe how infected Formica 
pratensis and Formica rufa move in an uncoordinated 
manner. Parasitized ants continuously open and close their 
mandibles while summiting, before attaching themselves 
with the head upward. Manipulated individuals also move 
up and down the leaf and never return to the ground. The 
fungus grows rhizoids that firmly attach the ant to the 
substrate. Subsequently, hyphal structures with infective 
spores emerge from intersegmental parts of the mesosoma 
and gaster (Loos-Frank & Zimmermann 1976, Boer 
2008). Dissections of field-collected samples showed that 
Pandora does not grow into the ant’s brain tissue. This 
suggests that bioactive compound secretion might be the 
mechanism of manipulation, similarly to what is hypothe-
sized for Ophiocordyceps. Verification of the mechanisms 
used by entomophthoralean fungi are, however, somewhat 
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complicated. Unlike Ophiocordyceps, fungal isolation and 
culturing is difficult, which makes experimental infections 
of Formica challenging. Transcriptomics studies on field 
samples revealed fungal gene expression post manipu-
lation (Malagocka & al. 2015), but gene activation and 
deactivation during summiting have yet to be explored. 
However, the parallels with Ophiocordyceps infections, 
in which the mechanisms underlying behavioral manip-
ulation have likely convergently evolved (Loreto & al. 
2018), suggest that findings from Ophiocordyceps-ant in-
fections might be homologous to those in the Pandora-ant  
systems.

Despite the many studies of Metarhizium Sorokin, 
1883 (Ascomycota, order: Hypocreales) infecting various 
arthropods, these generalist fungal parasites are con-
sidered to not have any behavioral effect on their hosts. 
However, alterations of ant behavior upon infection have 
been reported for parasite-host interactions in which 
behavior has been studied more closely. Metarhizium 
brunneum Petch, T., 1935-infected Myrmica rubra (Lin-
naeus, 1758) ants become phototropic (Leclerc & De-
train 2017). Ultraviolet light can kill spores and heat can 
stimulate the innate immune system, thus infected ants 
attracted to light may be exhibiting an adaptive mecha-
nism that benefits the ant (Rotem & al. 1985, Blanford 
& Thomas 2001, Braga & al. 2015). However, heat could 
also aid fungal development inside the host (Blanford & 
al. 1999). Additionally, M. brunneum-infected M. rubra 
gradually lose attraction for social cues. This results in in-
fected individuals socially secluding themselves from nest-
mates and eventually leaving the nest (Leclerc & Detrain 
2017). As with Ophiocordyceps and Pandora infections, 
no aggression was observed against M. brunneum-infected 
individuals. Similar observations have been made for other 
generalist fungi (Bos & al. 2012, Leclerc & Detrain 
2016). Such behavior limits exposure of conspecifics to the 
parasite (Cremer & al. 2007). Therefore, leaving the nest 
upon infection might be a behavior that is adaptive to the 
host ant, while it is assumed to be adaptive to the parasite 
in summit-inducing fungi (see above). The question who 
the true benefactor of this behavior is (maybe it is adaptive 
to both!) begs further detailed experimentation. 

Ectoparasitic fungi have also been observed infecting 
ants, regularly with unknown consequences (Adams & al. 
2012). Ectoparasite Rickia wasmannii Cavara, F., 1899 
(Ascomycota, order: Laboulbeniales) is an obligatory par-
asite of ants of the genus Myrmica Latreille, 1804, with 
the majority of infections found in Myrmica scabrinodis 
Nylander, 1846. The fungal thalli on the outer layer of the 
cuticle make infected ants look unusually hairy. While the 
fungus can spread to nestmates, older individuals of the 
foraging caste are predominantly infected (Markó & al. 
2016). Behavioral response to infected individuals at the 
colony level have been observed. Allogrooming frequency 
increases drastically in infected nests (Csata & al. 2014). 
Moreover, infected workers display reduced aggression 
towards non-nestmates and unrelated queens. This makes 
polygyny in Rickia-infected colonies much more likely. 

Parasitic butterfly larvae also have a higher chance to be 
accepted into the colony (Csata & al. 2017). This might 
be due to increased heterogeneity of the colony’s cuticu-
lar hydrocarbon (CHC) gestalt odor (vander Meer & al. 
1998, Barbero 2016), which is used by workers to assess 
an ant’s chemical profile and recognize nestmates. Rickia 
wasmanii changes the relative concentrations of its host’s 
CHC (Csata & al. 2017), which results in a more flexible 
margin of error in infected M. scabrinodis colonies. The 
similarity threshold used to distinguish nestmates from 
parasites and non-nestmates likely also becomes less 
stringent. The fungal parasite thus appears to shape asso-
ciations of Myrmica with other organisms. Myrmica ants 
interact with a variety of invertebrates and myrmecophilic 
parasites (Witek & al. 2014). Such fungal influence on 
their behavior could therefore have rather large ecological 
consequences (Csata & al. 2017).

Great strides have been made towards unraveling how 
certain fungal parasites manipulate ant host behavior. 
However, much more detailed work is needed to truly 
uncover the mechanisms. Even though transcriptomics 
studies have been performed on certain species inter-
actions, the returned candidate-gene list is long and not 
definitive. Follow-up functional studies and comparative 
transcriptomics studies on other, related species interac-
tions could help narrow down the key components. This 
is an especially exciting endeavor because of the parallels 
that exist between the behavioral changes induced by 
highly unrelated fungal species, viruses, trematodes, and 
Strepsi ptera (e.g., summiting, biting, wandering, photo-
taxis, daily timing; see sections Viruses, Helminths as well 
as Insect parasites). As the discoveries of ptp homologs in 
virus-Lepido ptera and Ophiocordyceps-ant systems sug-
gest, unraveling the underlying mechanism in one system 
could inform us about the mechanisms of others as well.

Protozoans: The few protozoans of insects that have 
been described have been reported to appear relatively 
harmless, having little to no effect on their hosts (Schmid-
Hempel 1998). However, this could be due to our limited 
understanding of their biology and natural history. The re-
ports on protozoan symbionts of ants are minimal and are 
generally discussed in the context of biological pesticide 
use against fire ants (Williams & al. 2003). They either 
reside among the apicomplexan gregarines, or within the 
Microsporidia, which is currently recognized as a fungal 
phylum rather than protozoan (Hibbett & al. 2007). Only 
a few microsporidian parasite species of ants have been 
described to date. All were discovered within the context 
of their potential use as biocontrol agents without the 
reporting of any behavioral impacts (Oi & Valles 2009, 
Plowes & al. 2015). Gregarines have been found to affect 
the foraging behavior of the social wasp Polybia occiden-
talis (Olivier, 1791) by lowering foraging rates in infected 
adults. As a consequence, adult mortality rates dropped 
in infected colonies, as did overall colony productivity 
(Bouwma & al. 2005). For fire ant species infected with 
Mattesia Naville, 1930, no effect on colony or individual 
behavior has been reported. Mattesia infects the hypo-
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dermis of larval stages. This results in disruption of eye 
development and cuticle melanization, followed by death 
(Jouvenaz & Anthony 1979, Jouvenaz 1983). In the 
primitive Australian ant Myrmecia pilosula Smith, F., 
1858, larvae are also infected by gregarines. Here, infected 
larvae do eclose, resulting in adults with conspicuous, 
brown (instead of black) cuticles (Crosland 1988). It is 
not known if this color alteration has adaptive function. 
Due to the fact that protozoan-ant interactions are largely 
unexplored, it is difficult to determine if investigation into 
the possible behavioral influences of protozoans on ants 
is a worthwhile endeavor. However, the sheer absence of 
knowledge about this group of parasites – and the ants 
that they might infect – is a knowledge gap that is ready 
for the taking.

Helminths: Helminths include some of the most 
striking cases of macroparasite-induced alterations of host 
behavior. A quintessential example is the trematode Dicro-
coelium dendriticum (Rudolphi, 1819) (Dicrocoeliidae), 
which induces a biting behavior and convulsions in ants on 
the tips of vegetation. This summiting behavior facilitates 
trophic transmission by exposing manipulated individuals 
to the parasite’s definitive grazing-mammal hosts (e.g., 
sheep) (Hohorst & Graefe 1961, Manga-González & 
al. 2001). Infection has most commonly been found and 
studied in Formica species such as F. fusca Linnaeus, 
1758, F. polyctena, F. pratensis, F. rufa, and F. rufibarbis 
Fabricius, 1793 (see Hohorst & Graefe 1961, Lucius & 
al. 1980, Paraschivescu & Micev 1980, Romig & al. 1980, 
Spindler & al. 1986, Moore 1995, Manga-González & 
al. 2001, Botnevik & al. 2016). Manipulated biting is co-
ordinated with changes in temperature and follows a daily 
rhythm between the evening and morning hours. Outside 
this period, the trematode loosens its grasp on the host and 
the ant leaves the plant to presumably return to normal 
activity (Manga-González & al. 2001, Botnevik & al. 
2016). The timing of manipulated biting and placement at 
the tips of vegetation appear to be stereotypic constants. 
Such constants in placement and timing have also been 
observed in fungus-infected ants, for instance (see section 
Fungi). However, no rigorous selection of vegetation type 
or fidelity to a precise biting location over successive days 
has been observed (Paraschivescu & Micev 1980). Biting 
and tetany appear tightly, and solely, tied to temperature 
(Botnevik & al. 2016). Temperature might influence the 
expression of biting behavior to align tetany with defini-
tive host availability. Physiological effects of temperature 
on the ability of the parasite to dysregulate host behavior 
have also been suggested. Additionally, operating within 
precise temperatures might avoid risk of death due to 
temperatures outside of the ant’s or trematode’s tolera-
ble range (Manga-González & González-Lanza 2005, 
Botnevik & al. 2016). 

The precise mechanisms that underlie Dicrocoelium 
dendriticum manipulation of ant behavior have yet to be 
fully described. However, elements of the parasite’s natural 
history inform hypotheses about possible mechanisms. 
Ants are infected by ingestion of free-living larvae (i.e., 

cercariae) released by intermediate snail hosts. Upon 
infection, a single cercaria settles within the suboesopha-
geal ganglion of the ant’s brain, in close association to the 
mandibular nerve. The other ingested cercariae develop 
into metacercariae elsewhere in the body of the host. 
Although the “brainworm” cercaria does not encyst and 
develop further, it is thought to be critical in inducing the 
altered behavior of parasitized ants (Manga-González & 
al. 2001, Mehlhorn 2015). Whether the parasite acts by 
chemical secretion, tissue destruction and impingement, 
or other means is currently unknown.

Other trematodes appear to drive similar behavioral 
changes in ants. Dicrocoelium hospes Looss, 1907 infects 
Camponotus compressiscapus André, 1889 and causes 
infected ants to sit at elevated, exposed sites in a manner 
similar to Dicrocoelium dendriticum. These ants, how-
ever, do not display the characteristic biting behavior and 
temperature coordination as observed in D. dendriticum 
(see Romig & al. 1980). Dicrocoelium hospes-infected 
ants showed reduced startle responses to changes in light, 
temperature, and humidity (Lucius & al. 1980). While D. 
dendriticum infects multiple Formica species, D. hospes 
has only been observed in C. compressicapus (see Lucius 
& al. 1980). Additionally, infections typically include two 
brainworms; one located in each antennal lobe (Romig 
& al. 1980, Mehlhorn 2015). Infections by Brachyleci-
thum mosquensis (Skrjabin & Isaitschikoff, 1927) of 
Camponotus herculeanus (Linnaeus, 1758) and Cam-
ponotus pennsylvanicus (De Geer, 1773) also cause ants 
to linger at exposed locations and have reduced activity 
and responsiveness (Carney 1969). This parasite simi-
larly infects the ant brain, but, again, in a stereotypically 
different position; B. mosquensis brainworms inhabit the 
supraesophageal ganglion.

The shared and unique elements among the natural 
history of these trematodes offer a significant opportu-
nity for researchers to perform comparative studies and 
unravel mechanisms of host manipulation. The summit-
ing phenotype in a range of ant hosts may be established 
in similar fashion. The brainworms of each parasite are 
intimately placed in the ant’s central nervous system and 
could be secreting similar neuromodulatory compounds. 
Such compounds might be homologous to those secreted 
by fungi that induce similar summiting behavior in ants 
(see section Fungi) or viruses that induce climbing in 
lepido pteran larvae (see section Viruses). Yet, there are 
also differences in the manipulated phenotypes. The biting 
by D. dendriticum hosts may be connected to the unique 
placement of the brainworm in this interaction. One may 
speculate that the specific location of D. dendriticum near 
the mandibular nerve suggests a physical interaction to 
elicit biting. Alternatively, the key may lie in differences 
among the ant hosts. They might vary in susceptibility 
and response to similar parasite mechanisms. Deeper 
investigations of possible mechanisms, for instance by 
ways of comparative transcriptomics, would add critical 
knowledge to interpreting the biology of these fascinating 
trematode-ant interactions.
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Host modifications can also include concomitant mor-
phological changes. Cephalotes atratus (Linnaeus, 1758) 
ants infected by Myrmeconema neotropicum Poinar & 
Yanoviak, 2008 (Tetradonematidae) nematodes develop 
a conspicuous, berry-like gaster. This modification is 
hypothesized to attract birds to feed on modified ants 
(Yanoviak & al. 2008). Ant larvae, fed nematode-contam-
inated food, suffer reduced growth with further behavioral 
and morphological changes in adulthood (Yanoviak & al. 
2008). Gravid with nematode eggs, their gaster appears 
bright red and berry-like and has a weakened gaster-post-
petiole junction (Yanoviak & al. 2008). These modifica-
tions would advertise the gaster as ripe fruit to attract 
frugivorous host-birds and allow ease of detachment of the 
egg-laden gaster from the ant’s body (Hughes & al. 2008, 
Yanoviak & al. 2008). Furthermore, the morphological 
changes are accompanied by deviations from typical C. 
atratus behavior. Infected ants display gaster-flagging 
behavior, making the berry-like gaster even more con-
spicuous to foraging birds. Reduced activity and alarm 
responses also coincide with progressively developed 
parasite burdens (Poinar & Yanoviak 2008, Yanoviak 
& al. 2008). Taken together, such modifications plausibly 
create a visible, attractive, and easy-to-capture meal for 
passing birds to promote nematode transmission.

Researchers have begun to test hypotheses and reveal 
possible mechanisms underlying the observed changes in 
C. atratus. Myrmeconema neotropicum achieves the fruit 
mimicry, at least in part, by thinning the walls of the gaster 
and the production of yellowish eggs. Cuticular thinning 
is fairly constrained to the gaster area and appears to be 
well controlled to produce a stereotypic thickness. This 
suggests that the parasite is regulating the degree of thin-
ning, perhaps by incorporating cues such as incoming light 
(Verble & al. 2012). Whether other mechanisms, such 
as altered melanin levels, act in concert has not yet been 
explored. Yanoviak & al. (2008) also noted that parasites 
do not damage host tissues in the gaster haphazardly. Only 
the ventral nerve cord showed signs of distress and injury. 
If, and how, this may be related to the observed manipu-
lated phenotype has not yet been shown. Gaster-flagging 
behavior by infected C. atratus is not a simple response 
to the host’s large and unwieldy load of parasites. Adding 
weight to the gasters of healthy ants to mimic a parasitized 
gaster changed their gait but did not invoke gaster flagging 
(Yanoviak & al. 2008). Flagging behavior is thus quite 
possibly a true manipulation. The precise drivers of host 
lethargy are yet to be understood. However, the important 
step of using quantitative approaches to attempt to con-
trast metabolic rates of healthy ants and those harboring 
M. neotropicum have been taken (Shik & al. 2011). 

Shifts in host behavior can also be less dramatic. This 
complicates the differentiation between parasite-adaptive 
manipulation, host-adaptive responses, and a specific 
disease symptom. Anomotaenia brevis (Clerc, 1902) 
(Dilepididae) cestodes infecting Temnothorax nylanderi 
(Foerster, 1850) ants present a subtle case of behavior 
changes in the individual worker. Additionally, they offer 

an interesting example of possibly colony-wide manipu-
lation of uninfected individuals. This raises the point that 
manipulation may operate at multiple scales in eusocial 
superorganisms such as ants (Hughes & al. 2012). At 
the single-ant level, infected larvae develop into smaller, 
yellow adults that show reduced escape responses and 
lower aggression toward conspecifics. They spend more 
time inside the nest, display less activity of colony duties, 
and live longer (Moore 1995, Beros & al. 2015). Infected 
individuals also appear well cared for and tolerated. This 
leaves the parasites in a cozy position until the colony 
is attacked by a predating woodpecker. The slow-to-flee 
infected individuals are easy targets, increasing trophic 
transmission of the parasite to the bird. The possible 
manipulation has been reported to extend beyond the 
single worker by reducing whole colony aggression against 
conspecifics (Scharf & al. 2012, Beros & al. 2015). Re-
laxation of colony CHC identity by sharing of atypical 
parasitized ant CHC profiles have been hypothesized to 
underlie reduced aggression (Trabalon & al. 2000, Beros 
& al. 2015). Similar effects from changes in colony CHC 
and gestalt odor have been observed in the fungal parasite 
Rickia wasmannii (see section Fungi). However, Beros & 
al. (2017) propose that the presence of infected nestmates 
does not drive colony-wide CHC shifts and suspect other 
mechanisms to reduce aggression.

Gene expression in brains of A. brevis-infected ants 
correlate with changes in host infection status (Feld-
meyer & al. 2016). Comparing ants under different par-
asite pressures returned differentially expressed genes 
among infected ants, their nestmates, and unexposed con-
trols from parasite-free colonies. Genes reported include 
ones possibly linked to muscular atrophy and longevity. 
Such candidates align well with a story of feeble, long-
lived hosts. Moreover, Feldmeyer & al. (2016) report the 
finding of a putative gene that is related to aggression in 
Drosophila. They propose this gene to be involved in me-
diating the reported changes in aggression in uninfected 
nestmates. These efforts are a start to uncover the mech-
anisms underlying the subtle host changes. They should, 
however, be followed by further examinations. Func-
tionally testing candidate genes proposed to underscore 
changes in host behavior would be a critical next step.

Enhanced trophic transmission is not the only result of 
helminth-driven behavior. Infection by nematodes of the 
genus Mermis Dujardin, 1842 (Mermithidae) has been 
observed to drive a water-seeking behavior in Colobopsis 
Mayr, 1861 ants. This allows the parasite to emerge from 
the host in an environment that is necessary for its re-
production (Maeyama & al. 1994). Pheromermis villosa 
Kaiser, 1986 is implicated in a very similar behavior 
in ants of Lasius flavus (Fabricius, 1782) and Lasius 
niger (Linnaeus, 1758) (Kaiser 1986). Parasitized ants 
displayed great determination in reaching water, even if 
repeatedly removed by experimenters. Poinar & al. (2007) 
demonstrated that Allomermis solenopsis Poinar, 2007 
nematodes, infecting the fire ant Solenopsis invicta, de-
pend on standing water for emergence from their hosts. 
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The authors go on to suggest water seeking as a plausible 
strategy to improve the parasite’s chances of reaching this 
necessary water. Mermis infections have additionally been 
shown to be associated with less dramatic behavioral and 
morphological changes such as reduced colony activities 
and aggression, increased photophobic responses, higher 
trophallaxis demands, and developmental changes in head 
width, limb length, wing size, and coloration (Wheeler 
1928, Laciny & al. 2017). These perhaps more general 
shifts in host behavior are hard to interpret without clear 
analyses of fitness outcomes and driving mechanisms.

Crickets infected with analogous nematomorph hair-
worms can be major players in their ecosystem, with the 
manipulated host acting as a novel and abundant food 
source for aquatic organisms (Sato & al. 2011a, b). Given 
the substantial biomass of ants in many communities, 
nematode-manipulated individuals may also be play-
ing a notably different ecological role from their healthy 
conspecifics. Moreover, the exploration of the molecular 
underpinnings in the cricket-hairworm system using 
proteomics tools (Biron & al. 2005a) can serve as an in-
spiration to those who wish to investigate the proximate 
mechanisms underlying nematode-induced manipulation 
of ant host behavior.

Insect parasites: Ants are also attractive hosts to 
other insects. Studies frequently focus on flies, but para-
sitoid wasps and “twisted-wing” parasites have also been 
reported, in addition to socially parasitic ants and various 
myrmecophilic insects. These insect parasites attack in-
dividuals or invade host colonies. 

A considerable number of parasitoid wasp species that 
afflict ants have been documented (Pérez-Lachaud & al. 
2012 and references therein), with many more cryptic spe-
cies likely to be revealed with wide-scale barcoding efforts 
(Smith & al. 2008, Hall & al. 2017). Most parasitoid wasps 
consume host larvae or pupae and gain access to the nest in 
a variety of ways. Some wasp larvae are transported to the 
host nest by worker ants (i.e., phoretic attachment) during 
early developmental stages (e.g., Orasema Cameron, 1884 
spp. parasitizing Camponotus spp.) (Herreid & Heraty 
2017). Other wasp species likely enter the host nest to 
lay an egg directly into the host brood or attack brood as 
it is being transported (e.g., Hybrizon buccatus (Brebi-
sson, 1825) parasitizing Lasius grandis Forel, 1909) (see 
Durán & Achterberg 2011). The infected hosts are shel-
tered in the protective ant nest, shielding the developing 
wasp from predators and pathogens (Feener 2000). This 
obscures the detection of possible behavioral manipula-
tion caused by parasitoids that infect ants in the larval 
and pupal stage. Infected larvae could be manipulated to 
solicit food more frequently from the ant workers if larvae 
are young and still feeding. Additionally, the parasitoids 
might elicit a response in adult workers to spend more 
time and energy grooming infected individuals. Research 
questions asking how brood-infecting parasitoids might 
affect ant behavior, if at all, and how this would impact 
colony fitness, would, to our knowledge, be a novel field of  
study.

Within the parasitoid wasp family Braconidae, there 
are several known species from the tribe Neoneurini 
Bengtsson, 1918 that attack adult ants (Durán & Ach-
terberg 2011). Extant genera include Elasmosoma Ru-
the, 1858, Kollasmosoma van Achterberg & Argaman, 
1993, and Neoneurus Haliday, 1838. Elasmosoma asso-
ciate with the Formicine genera Lasius Fabricius, 1804, 
Camponotus, and Formica, the latter being the most 
common (Durán & Achterberg 2011). Elasmosoma 
michaeli Shaw, 2007 wasps cause colony-level distress 
in Formica obscuriventris Mayr, 1940 while hovering 
above the ants before oviposition (Poinar 2004). The ants 
have been observed responding violently, attempting to 
catch the wasps in the air. Similar oviposition behavior 
is recorded for Elasmosoma luxemburgense Wasmann, 
1909 on Formica rufibarbis (see Durán & Achterberg 
2011). Both parasitoid species lay their eggs in the ant’s 
gaster. After oviposition by the wasp, the parasitized ants 
are visibly agitated but eventually resume normal duties. 
When E. michaeli is in the late third instar stage, infected 
F. obscuriventris clivia ants appear to be manipulated by 
the wasp. They show reduced aggression, abandon their 
tasks, and assemble in groups just outside the nest to re-
ceive food from returning foragers after which they either 
go back into the nest or wander off. Poinar (2004) spec-
ulates that such nest abandonment may be an indicator 
of parasite readiness to emerge. Just before pupation, the 
wasp exits the ant gaster through the anus leaving the ant 
dead or dying. Interestingly, the larva is not attacked by 
uninfected host ants and is left to make a small impression 
in the soil and start spinning a cocoon (Poinar 2004). 
Despite having the wasp larvae consuming the contents of 
the gaster, parasitized individuals appear to perform tasks 
that benefit the colony for most of their lives, lessening the 
parasitoid’s impact on the colony (Poinar 2004). Such a 
low impact on colony fitness could explain why the ants 
have not evolved to attack emerging wasp larvae. The 
mechanisms responsible for the solicitation of food and 
wandering behavior by the host ants are currently un-
known. This parasite-host interaction is, however, tracta-
ble from initial infection all the way to manipulation and 
wasp emergence. Such tractability makes transcriptomics 
studies to investigate the gene expression of wasp larvae 
and ant hosts up to the late third instar phase feasible. This 
will give a mechanistic insight into the subtle behavioral 
changes observed and might encourage more research on 
the behavior of the ants and their wasp parasitoids, which 
is currently severely lacking.

Unlike hymeno pteran parasitoids that only parasitize 
arthropods, di pteran parasitoids have a wide range of 
hosts from five phyla, including social insects (Feener 
& Brown 1997 and references therein). The Phoridae, 
Chloropidae, Syrphidae, and Tachinidae contain species 
that attack ants (Gösswald 1950, Hölldobler & Wilson 
1990, Feener 2000). There are a diversity of known ant- 
associated genera among the Phoridae, such as Pseudac-
teon Coquillett, 1907 (see Patrock & al. 2009, Morri-
son 2012), Apocephalus Coquillett, 1901 (see Brown & 
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Feener 1991), Eibesfeldtphora Disney, 1996 (see Brown 
2001, Disney & al. 2009), Myrmosicarius Borgmeier, 
1928 (Disney & al. 2006), and Neodohrniphora Malloch, 
1914 (see Disney & al. 2009, Pérez-Lachaud & al. 2017). 
These have been found to parasitize ants in the genera 
Solenopsis, Plagiolepis Mayr, 1861, Atta, Acromyrmex, 
Formica, Pheidole Westwood, 1839, Pachycondyla, and 
Linepithema Mayr, 1866 (see Hölldobler & Wilson 
1990 and references therein). With the exception of species 
from Apocephalus and Ceratoconus that attack brood,  
flies most often target workers with a range of oviposi-
tion sites (e.g., head, thorax, gaster) (Porter & al. 1995, 
Tonhasca & al. 2001, Bragança & al. 2002, Brown & al. 
2017, Pérez-Lachaud & al. 2017).

Colony-level distress is obvious when flies are present 
and threatening. As the flies hover over foragers, the ants 
will contort their bodies to limit oviposition sites or vio-
lently snap at the flies with their mandibles (Cônsoli & 
al. 2001). Di pteran parasitoids can also have significant 
ecological implications for the host species, affecting for-
aging patterns spatially and temporally as well as changing 
dominance hierarchies in ant communities (Mehdiabadi 
& Gilbert 2002, LeBrun 2005, LeBrun & Feener 2007). 
Such behavioral changes have been observed in fire ant 
colonies that face phorid threats and result in negative 
fitness consequences for the host. These behaviors are, 
however, considered to be host-behavioral responses to 
the parasite, rather than host manipulations that benefit 
the parasitoid. Much parasitoid research is focused on 
identifying potential fly species with host specificity and 
colony-level impact to determine if a biocontrol effort is 
feasible (Guillade & Folgarait 2011, Guillade & Fol-
garait 2014). As such, research on fire ant parasitoids has 
advanced considerably because of the S. invicta threat in 
North America (Jetter & al. 2008).

Pseudacteon parasitoid fly species have already been 
tested as biological controls against fire ants. However, 
their impact at the colony level is not yet clear (Cônsoli & 
al. 2001, Oi & al. 2015 and references therein). Of the Pseu-
dacteon genus, a substantial number of parasitoid species 
have been associated with the Solenopsis saevissima and 
Solenopsis geminata (Fabricius, 1804) species groups 
(Patrock & al. 2009, Plowes & al. 2009). However, most 
research has focused on the red imported fire ant, Sole-
nopsis invicta, a member of the former group. Pseudacteon 
species are conveniently referred to as the decapitating 
flies because their final developmental stages take place in 
the host ant head, causing it to fall off (Porter & al. 1995). 
Pseudacteon tricuspis Borgmeier, 1925 attacks S. invicta 
by injecting an egg into the thorax where the developing 
larvae will increase 100-fold in volume as it consumes 
the ant’s hemolymph (Cônsoli & al. 2001, Tschinkel 
2006). After an egg has been laid, the victim ant freezes, is 
groomed by her sister workers, then apparently continues 
performing tasks as usual (Tschinkel 2006). The young 
elongate P. tricuspis larvae molt as they migrate from the 
thorax towards the head where they remain for the second 
and third instar. During this last instar, the ant acts notice-

ably different as the maggot consumes the content of her 
head capsule leaving the brain for last. As this ant leaves 
the nest, an enzyme is secreted by either the fly or the ant 
that softens the intersegmental membrane between the 
head and thorax causing the head to fall off. Then the mag-
got pupariates inside the head capsule outside of the host  
nest.

Besides when ants are visibly disturbed and distracted 
from their foraging efforts by hovering phorids, parasitized 
ant behavior is manipulated by the flies albeit in subtle 
ways. Henne & Johnson (2007) conducted an observa-
tional laboratory study and found that fire ants infected 
by Pseudacteon tricuspis largely remain in the nest until 
ca. 8 - 10 hours before host decapitation. This behavior 
occurs in host ants regardless of the developmental suc-
cess of the parasitoid. Accessory gland openings in young 
phorids were not observed, nor did preliminary work with 
cultured larvae detect larvae-derived chemicals. These ob-
servations suggest chemicals that influence this behavioral 
change may be injected by the fly with the egg (Cônsoli & 
al. 2001). Parasitized individuals tend brood and remain 
near the brood pile but are less aggressive than non-para-
sitized individuals are. Still, infected ants will expel venom 
and attempt to escape when being handled with forceps 
(Henne & Johnson 2007). The cessation of foraging be-
havior and the maintenance of personal defense directly 
benefits the survival of the developing parasitoid. There-
fore, Fritz (1982) proposed a hypothesis that parasitoids 
alter the behavior of host ants to ensure personal survival. 
In other words, behavioral manipulation ensures that the 
ant remains in microclimatic conditions that are ideal 
for parasitoid development and additionally protect the 
parasitoid inside the host ant from predators and possible 
hyperparasites. In a laboratory experiment, infected ants 
that left the nest moved into sand, soil, and sod thatch 
layers burying themselves despite their limited ability 
to move their mandibles (Henne & Johnson 2007). The 
results suggest that during the late stages of their larval 
development, phorid flies may influence searching and 
digging behavior of the host ant. Furthermore, leaving the 
host colony before the flies emerge from the head should 
reduce the possibility of attack by uninfected nestmates. 
Interestingly, similar “nest desertion” behavior has been 
reported in honeybees parasitized by the phorid Apoceph-
alus borealis (see Core & al. 2012).

The extent to which the altered behavior of phorid-in-
fected fire ants affects colony fitness is not yet well un-
derstood. Moreover, the exact mechanisms that phorids 
employ to manipulate the host as to further their own life 
cycle has not been identified either. There are several es-
tablished labs breeding and releasing phorids for biological 
control providing great opportunities to study interactions 
between the hosts and parasitoids. In the cases where 
the parasitoids attack adult ants, host behavior manip-
ulation is a plausible element of the infected phenotype. 
Such manipulation could involve reduced foraging and 
aggression behavior, followed by the infected ant stray-
ing from the nest to allow the phorid larva to emerge and 
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finish its life cycle without risking attack by nestmates. 
Because fly parasitoids lack venom and the associated 
accessory glands, physiological and potential behavioral 
manipulation is likely achieved by different mechanisms 
than wasp parasitoids (Feener & Brown 1997). Compar-
ative transcriptomics methods that explore and compare 
gene expression across fire ant-phorid species interac-
tions could reveal common mechanisms underlying the  
changed behaviors observed.

The order Strepsi ptera contains several hundreds of 
known species of “twisted wing parasites” that infect a 
variety of insect orders across a worldwide distribution. 
The Myrmecolacidae, are the only family of strepsi pterans 
that are known to attack ants (Kathirithamby 2009). 
Myrmecolacids are most often reported to parasitize For-
micinae and Myrmicinae, but have also been observed in 
Dolichoderinae, Ecitoninae, Ponerinae, and Pseudomyr-
mecinae (Hughes & al. 2003, Kathirithamby 2009). 
Intriguingly, only male myrmecolacids parasitize ants; the 
females infect mantids or ortho pterans, such as crickets. 
The obligate parasitism of different host orders by the two 
sexes of the parasitoid appears nearly unique, with other 
examples currently only documented in the family Aphe-
linidae (Kathirithamby 2009). In addition to differing 
host use, the life cycles and morphology of male and female 
myrmecolacids are strikingly dimorphic. The Myrmeco-
lacidae, and most other strepsi pterans, have ephemeral, 
free-living adult males. Females retain larva-like morphol-
ogy into adulthood, are long-lived, and remain endopar-
asitic. Once the short-lived adult male parasite emerges 
from his ant host, he has only hours to seek females resid-
ing within their still-living host (Kathirithamby 2009). 
The female keeps her head subtly exposed between the 
abdominal segments of the host, but otherwise remains 
fully within and hidden. Her head contains a brood canal 
for insemination and for release of larvae. Pheromone cues 
released by the otherwise cryptic female assist the male in 
locating a mating partner (Cook 2014). She then live-births 
first-instar larvae that invade new ortho pteran or mantid 
nymphs and infect ant brood presumably via phoretic 
transport on foraging workers (Kathirithamby 2009). 
The emergence of either the adult male or the release of 
larvae are sufficiently traumatic that the host typically dies 
shortly after due to injury and opportunistic infections. 
However, until this time, infected hosts continue to de-
velop and may even out-live their conspecifics as they are 
castrated by the parasite but not otherwise significantly 
damaged (Kathirithamby 2009). Myrmecolacidae sex de-
termination and acquisition of sex-specific hosts remains 
unclear. Three main possibilities have been proposed: 
environmental sex determination after infection, sexually 
dimorphic host seeking behavior, or production of numer-
ous offspring to overcome mismatches from untargeted 
infection attempts (Kathirithamby 2009, Cook 2014).

Initial observations of Neoponera apicalis (Latreille, 
1802) and Neoponera verenae Forel, 1922 ants para-
sitized by male Myrmecolax incautus Oliveira & Ko-
gan, 1959 indicate two stages of behavioral changes in 

infected ants. First, once the male parasite extrudes its 
head through the infected ant’s abdomen and begins to 
pupate, the host becomes more lethargic, abandons tasks, 
and remains in the nest more often. Then, shortly before 
emergence of the parasite, the ant becomes increasingly 
active, running along vegetation to an elevated position 
(Kathirithamby & al. 2010). Similarly, parasitized So-
lenopsis become positively phototactic and summit to a 
raised location (Cook 2014). Cook (2014) additionally 
notes that Ogloblin (1939) was only successful in col-
lecting parasitized ants by sweeping tall grass at midday 
– a location and time outside normal host activity. We 
discuss summit disease and enhanced locomotion activity 
as extended phenotypes of manipulating parasites in this 
review (see sections Viruses, Fungi, as well as Helminths), 
and these manipulations appear to be in play with myr-
mecolacid infection as well. Such changes in behavior 
could plausibly facilitate dispersal and mate seeking by 
the parasite.

A well-studied example of strepsi pteran influences 
on a hymeno pteran host is the primitively eusocial paper 
wasp Polistes dominula (Christ, 1791) parasitized by 
the strepsi pteran Xenos vesparum Rossi, 1793 (Family: 
Xenidae). Healthy P. dominula gynes aggregate when 
overwintering. However, parasitism by X. vesparum 
would induce the early formation of inactive, multi-col-
ony aggregates that include workers (Hughes & al. 2004, 
Geffre & al. 2017). Hughes & al. (2004) suggest that the 
observed aggregations may play a role in allowing the 
short-lived males to locate females, and hence be a case 
of parasite-adaptive manipulation. Induction of aberrant 
aggregation behavior in worker wasps is correlated with 
changes in host gene expression profiles, shifting infected 
workers to a more gyne-like pattern (Geffre & al. 2017). 
Furthermore, infected wasps are castrated by the parasite 
and display reduced activity and aggression. According to 
Dapporto & al. (2007) the reduction of juvenile hormone, 
as a result of castration, possibly underlies this altered 
behavior. Subsequently, during the nesting season after 
winter, host wasps carrying female parasites visit multiple 
nesting sites, allowing infectious parasite larvae to escape 
and invade new hosts (Beani & Massolo 2007).

Ants hold a unique place in the biology of Strepsi ptera 
as the obligate host for male myrmecolacid strepsi pterans, 
and in turn may be subjected to manipulations to meet 
the demands of the male parasite’s short life. The work in 
paper wasps offers inspiration for myrmecologists, illus-
trating how one strepsi pteran interacts with its eusocial 
hymeno pteran host. The combination of behavioral ob-
servations and molecular techniques could reveal under-
lying mechanisms that can and should be applied to ants. 
Myrmecolacidae species have been notoriously difficult to 
positively identify and study due to their cryptic endopara-
sitic lifestyle, sexually dimorphic host use, and nondescript 
females. However, current molecular approaches equip 
researchers with the tools to delimit species and begin 
investigating these parasites and the effects on their hosts 
(Kathirithamby & al. 2010).
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A variety of parasitic ants use chemical signals to deter, 
confuse, and fool hosts. Social parasitism, defined as the 
coexistence of two social insects in the same nest where 
one is parasitically dependent on the other, is widespread 
among social Hymeno ptera (Hölldobler & Wilson 
1990). Social parasites and myrmecophiles, organisms 
that live at least some part of their life inside ant nests 
(Hölldobler & Wilson 1990), take advantage of the 
social structure and communication systems of social 
insect colonies. There are varieties of ant nest associates 
that have converged on similar infiltration strategies that 
allow them to enter the protected host nest. Some use 
“propaganda” chemicals and weaponry to gain access to 
the host colony (Allies & al. 1986, Martin & al. 2007, 
Neupert & al. 2018) while others alter (Cristina Lorenzi 
& al. 2011, Włodarczyk & Szczepaniak 2017), acquire 
(D’Ettorre & al. 2002, Kather & al. 2015), mimic (Akino 
& al. 1999), or have muted CHC profiles (Neupert & al. 
2018). Cuticular hydrocarbons are used as nestmate rec-
ognition signals (e.g., chemical passwords), and a variety 
of ant-nest invaders take advantage of this system and fool 
their host colony into thinking they are kin (Guillem & 
al. 2014). Once inside, the intruders have access to shelter 
and the stored resources of a colony (e.g., brood and food). 
They may even solicit food directly from the unsuspect-
ing host ants. In addition to being fed, they may also be 
groomed and tended by the host ants (Adams & al. 2012).  
The numerous examples of myrmecophilic parasites and 
the mechanisms they employ to induce behavioral changes 
in their hosts (e.g., chemical trickery) are reviewed by 
others and are beyond the scope of this review (Lenoir 
& al. 2001, Akino 2008, Cushing 2012, Parker 2016).

Here, we focus on the understudied special case of 
castration by social parasites. Castration is an act that 
forces a redirection of energetic expenditure by the host 
(Baudoin 1975) where they shift resources once allocated 
for reproduction to growth and / or maintenance (Forbes 
1993). A broad range of parasite taxa castrate their hosts, 
which is predicted to have an adaptive significance that 
benefits the parasite (Baudoin 1975, Lafferty & Kuris 
2009). Host castration can be caused by the direct de-
struction of gonadal tissues (i.e., parasite consumes or 
lives within host gonads) or indirect alteration of second-
ary sexual characters and / or gonads (Noble & Noble 
1971). Some social parasites enter the nest and castrate  
the colony by killing the host queen (the sole reproductive). 
The parasite then takes over the reproductive duties and 
uses the newly acquired worker force and energy stores to 
boost colony growth early in her life cycle (Wheeler 1910, 
Buschinger 2009). This indirect behavioral manipulation 
of host worker labor – gained through chemical trickery 
and elimination of the queen – presents a less physiolog-
ically invasive form of host manipulation as discussed in 
other sections of this review.

A perhaps more comparable type of castration is when 
parasites attack host gynes (virgin queens) forcing them 
to stay in their natal nest and forgo their nuptial flight and 
subsequent dispersal (Adams & al. 2012). Trachymyrmex 

cf. zeteki Weber, 1940 gynes are castrated via wing clip-
ping by guest ant parasites, Megalomyrmex adamsae 
Longino, 2010. This is an example of the modification of a 
secondary sexual characteristic that prohibits mating. The 
experimental removal of the wings from gynes of another 
fungus-growing ant species, Acromyrmex echinatior, 
prompted a behavioral repertoire shift where wing-clipped 
gynes carried out worker tasks (Nehring & al. 2012). If 
castrated, gynes complete tasks for the betterment of the 
colony, as the worker caste does. These individuals then 
serve the social parasite’s interests by remaining in the 
nest and not dispersing. This type of behavioral altera-
tion is most likely seen in parasites that are dependent on 
their host for long periods of time (Baudoin 1975) as is 
the case in M. adamsae and Megalomymex symmetochus 
Wheeler, W.M., 1925. The same would be true for endo-
parasites that require a long developmental time period 
inside the host. Although wing clipping has been observed 
in two Megalomyrmex guest ant social parasites (Adams 
& al. 2012, Adams & al. 2013, Boudinot & al. 2013) it 
may also be found in other guest ant social parasites (e.g., 
Formicoxenus, Polyrhachis) or in inquiline parasites that 
live beside rather than kill their host queen. Searching 
for castration by social ant parasites in other systems, 
especially when the parasite remains in the host nest for 
many years may prove fruitful.

Discussion

Parasite-induced changes of host behavior in ecologically 
significant social insect species provide broad-scale in-
sights for the potential impacts of host-parasite interac-
tions. The nematode Sphaerularia bombi Dufour, 1837 
castrates bumblebee queens. Before they are killed, the 
queens are controlled by the parasite that dysregulates 
instinctual digging behavior in the bee to favor nematode 
reproduction rather than their own (Poinar & Van der 
Laan 1972, Lundberg & Svensson 1975). Such modifi-
cations of host behavior have ecological repercussions as 
pollinator species have wide-ranging impacts (Kadoya & 
al. 2015). Equally, or perhaps more, significant are ant spe-
cies with huge colonies that can make up over half the an-
imal biomass (Hölldobler & Wilson 2009) and heavily 
influence nutrient flow in tropical rainforests (Griffiths 
& al. 2018). Like honeybees and bumblebees, a range of 
parasites target ants. However, most ant parasites are  
yet to be discovered as the frequent motivation to study 
them stems from biocontrol efforts against specific inva-
sive species and pests. Moreover, the behavioral effects of 
parasite pressures and infections at the individual-ant and 
colony level and the repercussions for colony fitness and 
possibly the ecosystem processes that ants are involved in, 
are vastly underexplored. Parasites affect colony fitness, 
albeit indirectly, when their interactions with individuals 
lead to a reduction of participation in caste-level tasks that 
benefit the colony. Moreover, the colony’s defenses against 
competing conspecifics, social parasites and parasitoids 
can be lowered because of parasite-induced changes. 
Such parasite pressures could be missed when research 
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questions only focus on colony-level behavior and exper-
iments are done with multiple ants from the same colony 
to average out idiosyncratic behaviors. Recognizing and 
acknowledging abnormal behaviors of individual ants, by 
further investigating them, could thus lead to the discovery 
of novel parasites, as well as a better understanding of 
caste-level behaviors and their impact on colony fitness.

Though reports of evident parasitic modification of ant 
hosts do exist (Tab. 1), they are missing critical data that 
allow an understanding of individual- and colony-level 
fitness impacts. In fact, in some cases, host modifications 
are so severe that myrmecologists initially misinterpreted 
the taxonomy of parasitized individuals. For example, 
Cephalotes atratus ants having berry-like gasters filled 
with Myrmeconema neotropicum were originally mis-
diagnosed as a novel variety (Poinar & Yanoviak 2008), 
and nematode-infected Pheidole pallidula with enlarged 
gasters and reduced aggression were first thought to be 
social parasites (Borowiec & Salata 2015). Perhaps, a 
closer inspection of abnormal individuals in other ant 
species may reveal new parasites as well. Alternatively, 
broad screening with molecular tools would help elu-
cidate the prevalence and abundance of parasites, and 
provide a more accurate estimate of the selection pres-
sures involved in an ant colony, at least due to parasites.  
This could then be followed by colony-level observations, 
comparing how infected and uninfected individuals be-
have. 

The abnormal behaviors resulting from an infection 
can be adaptive to the parasite, adaptive to the host, or a 
mere side-effect with no clear function. Rigorous experi-
mental testing and observation are thus required to deci-
pher where host response ends, and parasitic manipulation 
begins. Even in what may seem to be textbook examples 
of host manipulation, a deep understanding of the mech-
anisms and fitness outcomes are not always well under-
stood. Nematomorph-manipulated water-seeking crickets 
have been leveraged to probe the important distinction 
between parasitic manipulation and host response. Biron 
& al. (2005b) compared reproductive capability for hosts 
that were allowed to release the parasite in water and hosts 
that did not have access to water. They concluded there 
were no meaningful fitness benefits to “collaboration” 
with the parasite, and the hosts are indeed manipulated 
by the nematomorphs. These conclusions even err on the 
conservative side. Factors such as the risks of predation of 
infected hosts (Sato & al. 2011a) and possible host castra-
tion have clear consequences for host and parasite but are 
often ignored. Carefully designed experiments to assess 
fitness outcomes are desirable and necessary to consider 
the adaptive significance of proposed host manipulations 
by parasites.

Integrative efforts that combined behavioral assays 
with next-generation sequencing have resulted in candi-
date genes and pathways that are possibly involved in the 
altered behavioral outcomes upon infection, offering ex-
citing new insights. In addition, the Global Ant Genomics 
Alliance will sequence ca. 200 ant species, in addition to 

the 20 already completed, by 2020 (Boomsma & al. 2017). 
Efforts for sequencing 100 - 200 more species are being 
encouraged, thus, potentially hundreds of high-quality 
genome assemblies are on the horizon. With these genomic 
resources, future studies can better integrate “-omics”  
data with behavioral ecology, advancing our understand-
ing of the molecular mechanisms that parasites use to 
adaptively influence their hosts, and additionally reveal 
how ant behavior is controlled and regulated. Moreover, 
such endeavors could demonstrate that similar molecular 
strategies have evolved across parasite-ant interactions 
that show behavioral parallels. The next step, to ascertain 
function and involvement of found candidate genes and 
compounds, would be to design gene function assays. 
Such efforts will be easier in some, and more difficult or 
likely impossible in other systems. However, because of 
the many parallels that can be found among the behav-
ioral outcomes of a wide variety of infections, detailed 
investigations into more experimentally approachable 
systems could potentially be informative to other, less 
approachable ones, as well.

Acknowledgments

C.d.B. is supported by the University of Central Flor-
ida. R.M.M.A. is supported by The Ohio State University. 
We would like to thank Roel Fleuren from sciencetrans-
mitter.com for designing the infographic accompanying 
this article. The authors have no potential conflicts of 
interest with respect to the research, authorship, and / or 
publication of this article.

References

Adams, R.M.M., Liberti, J., Illum, A.A., Jones, T.H., Nash, 
D.R. & Boomsma, J.J. 2013: Chemically armed mercenary 
ants protect fungus-farming societies. – Proceedings of the 
National Academy of Sciences of the United States of America 
110: 15752-15757.

Adams, R.M.M., Shah, K., Antonov, L.D. & Mueller, U.G. 
2012: Fitness consequences of nest infiltration by the mu-
tualist-exploiter Megalomyrmex adamsae. – Ecological 
Entomology 37: 453-462.

Agnew, P., Koella, J.C. & Michalakis, Y. 2000: Host life 
history responses to parasitism. – Microbes and Infection 
2: 891-896.

Akino, T. 2008: Chemical strategies to deal with ants: a review 
of mimicry, camouflage, propaganda, and phytomimesis by 
ants (Hymeno ptera: Formicidae) and other arthropods. – 
Myrmecological News 11: 173-181.

Akino, T., Knapp, J.J., Thomas, J.A. & Elmes, G.W. 1999: 
Chemical mimicry and host specificity in the butterfly Ma-
culinea rebeli, a social parasite of Myrmica ant colonies. 
– Proceedings of the Royal Society B-Biological Sciences 
266: 1419-1426.

Allies, A.B., Bourke, A.F.G. & Franks, N.R. 1986: Propa-
ganda substances in the cuckoo ant Leptothorax kutteri 
and the slave-maker Harpagoxenus sublaevis. – Journal 
of Chemical Ecology 12: 1285-1293.

Andersen, S.B., Boye, M., Nash, D.R. & Boomsma, J.J. 2012a: 
Dynamic Wolbachia prevalence in Acromyrmex leaf-cutting 
ants: potential for a nutritional symbiosis. – Journal of Evo-
lutionary Biology 25: 1340-1350.



16

Andersen, S.B., Ferrari, M., Evans, H.C., Elliot, S.L., 
Boomsma, J.J. & Hughes, D.P. 2012b: Disease dynamics 
in a specialized parasite of ant societies. – Public Library of 
Science One 7: art. e36352.

Andersen, S.B., Gerritsma, S., Yusah, K.M., Mayntz, D., 
Hywel-Jones, N.L., Billen, J., Boomsma, J.J. & Hughes, 
D.P. 2009: The life of a dead ant: the expression of an adap-
tive extended phenotype. – The American Naturalist 174: 
424-433.

Araújo, J.P., Evans, H.C., Geiser, D.M., Mackay, W.P. & 
Hughes, D.P. 2015: Unravelling the diversity behind the 
Ophiocordyceps unilateralis (Ophiocordycipitaceae) com-
plex: three new species of zombie-ant fungi from the Bra-
zilian Amazon. – Phytotaxa 220: 224-238.

Araújo, J.P., Evans, H.C., Kepler, R.M. & Hughes, D.P. 2018: 
Zombie-ant fungi across continents: 14 new species and new 
combinations within Ophiocordyceps. I. Myrmecophilous 
hirsutelloid species. – Studies in Mycology 90: 119-160.

Avery, S.W., Jouvenaz, D.P., Banks, W.A. & Anthony, D.W. 
1977: Virus-like particles in a fire ant, Solenopsis sp., 
(Hymeno ptera: Formicidae) from Brazil. – The Florida 
Entomologist 60: 17-20.

Badie, A., Vincent, M., Morel-Vareille, C. & Rondelaud, D. 
1973: Cycle of Dicrocoelium dendriticum (Rudolphi, 1819) 
in Limousin. Ethology of ants parasited by the metacercaria. 
– Comptes rendus des séances de la Société de biologie et de 
ses filiales 167: 725-727.

Balazy, S. 1993: Flora of Poland. Fungi (Mycota), Vol 24: Ento-
mophthorales. – Polish Academy of Science, Kraków, 356 pp.

Balazy, S. & Sokolowski, A. 1977: Morphology and biology 
of Entomophthora myrmecophaga. – Transactions of the 
British Mycological Society 68: 134-137.

Ballinger, M.J., Moore, L.D. & Perlman, S.J. 2018: Evolu-
tion and diversity of inherited Spiroplasma symbionts in 
Myrmica ants. – Applied and Environmental Microbiology 
84: art. e02299-17.

Barbero, F. 2016: Cuticular lipids as a cross-talk among ants, 
plants and butterflies. – International Journal of Molecular 
Sciences 17: art. 1966.

Baudoin, M. 1975: Host castration as a parasitic strategy. – 
Evolution 29: 335-352.

Beani, L. & Massolo, A. 2007: Polistes dominulus wasps 
(Hy menoptera Vespidae), if parasitized by Xenos vesparum 
(Strepsi ptera Stylopidae), wander among nests during the 
pre-emergence phase. – Redia 90: 161-164.

Beros, S., Foitzik, S. & Menzel, F. 2017: What are the mecha-
nisms behind a parasite-induced decline in nestmate recog-
nition in ants? – Journal of Chemical Ecology 43: 869-880.

Beros, S., Jongepier, E., Hagemeier, F. & Foitzik, S. 2015: 
The parasite’s long arm: A tapeworm parasite induces be-
havioural changes in uninfected group members of its so-
cial host. – Proceedings of the Royal Society B-Biological 
Sciences 282: art. 20151473.

Biron, D.G., Marche, L., Ponton, F., Loxdale, H.D., Gale-
otti, N., Renault, L., Joly, C. & Thomas, F. 2005a: Behav-
ioural manipulation in a grasshopper harbouring hairworm: 
a proteomics approach. – Proceedings of the Royal Society 
B-Biological Sciences 272: 2117-2126.

Biron, D.G., Ponton, F., Joly, C., Menigoz, A., Hanelt, B. & 
Thomas, F. 2005b: Water-seeking behavior in insects har-
boring hairworms: Should the host collaborate? – Behavioral 
Ecology 16: 656-660.

Blanford, S. & Thomas, M.B. 2001: Adult survival, matu-
ration, and reproduction of the desert locust Schistocerca 
gregaria infected with the fungus Metarhizium anisopliae 
var. acridum. – Journal of Invertebrate Pathology 78: 1-8.

Blanford, S., Thomas, M.B. & Kedwards, T. 1999: Role of 
thermal biology in disease dynamics. – Aspects of Applied 
Biology 53: 73-82.

Boer, P. 2008: Observations of summit disease in Formica 
rufa Linnaeus, 1761 (Hymeno ptera: Formicidae). – Myr-
mecological News 11: 63-66.

Boomsma, J.J., Brady, S.G., Dunn, R.R., Gadau, J., Heinze, 
J., Keller, L., Moreau, C.S., Sanders, N.J., Schrader, L., 
Schultz, T.R., Sundström, L., Ward, P.S., Wcislo, W.T., 
Zhang, G. & The GAGA Consortium 2017: The Global 
Ant Genomics Alliance (GAGA). – Myrmecological News 
25: 61-66.

Borowiec, L. & Salata, S. 2015: Pheidole symbiotica Wasmann, 
1909, an enigmatic supposed social parasite, is a nematode- 
infested form of Pheidole pallidula (Nylander, 1849) 
(Hymeno ptera: Formicidae: Myrmicinae). – Sociobiology 
62: 181-186.

Bos, N., Lefèvre, T., Jensen, A.B. & d’Ettorre, P. 2012: Sick 
ants become unsociable. – Journal of Evolutionary Biology 
25: 342-351.

Botnevik, C.F., Malagocka, J., Jensen, A.B. & Fredens-
borg, B.L. 2016: Relative effects of temperature, light, and 
humidity on clinging behavior of metacercariae-infected 
ants. – Journal of Parasitology 102: 495-500.

Bouchon, D., Rigaud, T. & Juchault, P. 1998: Evidence for 
widespread Wolbachia infection in isopod crustaceans: mo-
lecular identification and host feminization. – Proceedings 
of the Royal Society B-Biological Sciences 265: 1081-1090.

Boudinot, B.E., Sumnicht, T.P. & Adams, R.M.M. 2013: 
Central American ants of the genus Megalomyrmex Forel 
(Hymeno ptera: Formicidae): six new species and keys to 
workers and males. – Zootaxa 3732: 1-82.

Bouwma, A.M., Howard, K.J. & Jeanne, R.L. 2005: Parasit-
ism in a social wasp: effect of gregarines on foraging behav-
ior, colony productivity, and adult mortality. – Behavioral 
Ecology and Sociobiology 59: 222-233.

Bove, J.M. 1997: Spiroplasmas: infectious agents of plants,  
arthropods and vertebrates. – Wiener Klinische Wochen-
schrift 109: 604-612.

Braga, G.U., Rangel, D.E., Fernandes, E.K., Flint, S.D. & 
Roberts, D.W. 2015: Molecular and physiological effects of 
environmental UV radiation on fungal conidia. – Current 
Genetics 61: 405-425.

Bragança, M.A.L., Tonhasca, A. Jr. & Moreira, D.D.O. 
2002: Parasitism characteristics of two phorid fly species 
in relation to their host, the leaf-cutting ant Atta laevigata 
(Smith) (Hymeno ptera: Formicidae). – Neotropical Ento-
mology 31: 241-244.

Brown, B., Hash, J., Hartop, E., Porras, W. & Amorim, D. 
2017: Baby killers: documentation and evolution of scuttle 
fly (Di ptera: Phoridae) parasitism of ant (Hymeno ptera: For-
micidae) brood. – Biodiversity Data Journal 5: art. e11277.

Brown, B.V. 2001: Taxonomic revision of Neodohrniphora, 
subgenus Eibesfeldtphora (Di ptera: Phoridae). – Insect 
Systematics and Evolution 32: 393-409.

Brown, B.V. & Feener, D.H. Jr. 1991: Behavior and host loca-
tion cues of Apocephalus paraponerae (Di ptera: Phoridae), 
a parasitoid of the giant tropical ant, Paraponera clavata 
(Hymeno ptera: Formicidae). – Biotropica 23: 182-187.

Buschinger, A. 2009: Social parasitism among ants: a review 
(Hymeno ptera: Formicidae). – Myrmecological News 12: 
219-235.

Carney, W.P. 1969: Behavioral and morphological changes in 
carpenter ants harboring dicrocoeliid metacercariae. – The 
American Midland Naturalist 82: 605-611.



17

Chen, Y.C., Kafle, L. & Shih, C.J. 2011: Interspecific competi-
tion between Solenopsis invicta and two native ant species, 
Pheidole fervens and Monomorium chinense. – Journal of 
Economic Entomology 104: 614-621.

Coenen-Stass, D., Schaarschmidt, B. & Lamprecht, I. 1980: 
Temperature distribution and calorimetric determination of 
heat production in the nest of the wood ant, Formica polyc-
tena (Hymeno ptera, Formicidae). – Ecology 61: 238-244.

Cônsoli, F.L., Wuellner, C.T., Vinson, S.B. & Gilbert, L.E. 
2001: Immature development of Pseudacteon tricuspis 
(Di ptera: Phoridae), an endoparasitoid of the red imported 
fire ant (Hymeno ptera: Formicidae). – Annals of the Ento-
mological Society of America 94: 97-109.

Cook, J.L. 2014: Review of the biology of parasitic insects in the 
order Strepsi ptera. – Comparative Parasitology 81: 134-151.

Core, A., Runckel, C., Ivers, J., Quock, C., Siapno, T.,  
DeNault, S., Brown, B., DeR isi, J., Smith, C.D. &  
Hafernik, J. 2012: A new threat to honey bees, the parasitic 
phorid fly Apocephalus borealis. – Public Library of Science 
One 7: art. e29639.

Cremer, S., Armitage, S.A. & Schmid-Hempel, P. 2007: Social 
immunity. – Current Biology 17: R693-R702.

Cristina Lorenzi, M., Cervo, R. & Bagnères, A.-G. 2011: 
Facultative social parasites mark host nests with branched 
hydrocarbons. – Animal Behaviour 82: 1143-1149.

Crosland, M.W.J. 1988: Effect of a gregarine parasite on the 
color of Myrmecia pilosula (Hymeno ptera, Formicidae). – 
Annals of the Entomological Society of America 81: 481-484.

Cross, J.H., Byler, R.C., Ravid, U., Silverstein, R.M.,  
Robinson, S.W., Baker, P.M., Sabinodeoliveira, J.,  
Jutsum, A.R. & Cherrett, J.M. 1979: Major component of 
the trail pheromone of the leaf-cutting ant, Atta sexdens ru-
bropilosa Forel. – Journal of Chemical Ecology 5: 187-203.

Csata, E., Czekes, Z., Eros, K., Nemet, E., Hughes, M., Csosz, 
S. & Marko, B. 2013: Comprehensive survey of Romanian 
myrmecoparasitic fungi: new species, biology and distribu-
tion. – North-Western Journal of Zoology 9: 23-29.

Csata, E., Eros, K. & Marko, B. 2014: Effects of the ectopar-
asitic fungus Rickia wasmannii on its ant host Myrmica 
scabrinodis: changes in host mortality and behavior. – In-
sectes Sociaux 61: 247-252.

Csata, E., Timus, N., Witek, M., Casacci, L.P., Lucas, C., 
Bagneres, A.G., Sztencel-Jablonka, A., Barbero, F., 
Bonelli, S., Rakosy, L. & Marko, B. 2017: Lock-picks: 
fungal infection facilitates the intrusion of strangers into 
ant colonies. – Scientific Reports 7: art. 46323.

Cushing, P.E. 2012: Spider-ant associations: an updated review 
of myrmecomorphy, myrmecophily, and myrmecophagy in 
spiders. – Psyche 2012: art. 151989.

Dapporto, L., Cini, A., Palagi, E., Morelli, M., Simonti, A. 
& Turillazzi, S. 2007: Behaviour and chemical signature 
of pre-hibernating females of Polistes dominulus infected by 
the strepsi pteran Xenos vesparum. – Parasitology 134: 545.

Davidson, D.W. & Patrell-Kim, L. 1996: Tropical ants: why so 
abundant? In: Gibson, A.C. (Ed.): Neotropical biodiversity 
and conservation. – Mildred E. Mathias Botanical Garden, 
University of California, Los Angeles, CA, pp. 127-140.

Davis, T.S., Boundy-Mills, K. & Landolt, P.J. 2012: Volatile 
emissions from an epiphytic fungus are semiochemicals for 
eusocial wasps. – Microbial Ecology 64: 1056-1063.

Davis, T.S., Crippen, T.L., Hofstetter, R.W. & Tomberlin, 
J.K. 2013: Microbial volatile emissions as insect semiochem-
icals. – Journal of Chemical Ecology 39: 840-859.

Dawkins, R. 1982: The extended phenotype. – Oxford Univer-
sity Press, Oxford, UK, 307 pp.

de Bekker, C., Merrow, M. & Hughes, D.P. 2014a: From 
behavior to mechanisms: an integrative approach to the 
manipulation by a parasitic fungus (Ophiocordyceps unilat-
eralis s.l.) of its host ants (Camponotus spp.). – Integrative 
& Comparative Biology 54: 166-176.

de Bekker, C., Ohm, R.A., Evans, H.C., Brachmann, A. & 
Hughes, D.P. 2017a: Ant-infecting Ophiocordyceps genomes 
reveal a high diversity of potential behavioral manipulation 
genes and a possible major role for enterotoxins. – Scientific 
Reports 7: art. 12508.

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 complexity underlying fungal parasitic behavio-
ral 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. 2014b: Spe-
cies-specific ant brain manipulation by a specialized fungal 
parasite. – BioMed Central Evolutionary Biology 14: art. 166.

de Bekker, C., Will, I., Hughes, D.P., Brachmann, A. & 
Merrow, M. 2017b: Daily rhythms and enrichment patterns 
in the transcriptome of the behavior-manipulating parasite 
Ophiocordyceps kimflemingiae. – Public Library of Science 
One 12: art. e0187170.

de Bruyne, M. & Baker, T.C. 2008: Odor detection in insects: 
volatile codes. – Journal of Chemical Ecology 34: 882-897.

de Miranda, J.R. & Genersch, E. 2010: Deformed wing 
virus. – Journal of Invertebrate Pathology 103 Supplement 
1: S48-61.

D’Ettorre, P., Mondy, N., Lenoir, A. & Errard, C. 2002: 
Blending in with the crowd: social parasites integrate into 
their host colonies using a flexible chemical signature. – 
Proceedings of the Royal Society B-Biological Sciences 269: 
1911-1918.

Dhandapani, N., Jayaraj, S. & Rabindra, R.J. 1994: Activity 
of ants on cotton plants sprayed with nuclear polyhedrosis 
virus and adjuvants against Heliothis armigera (Hubner). 
– Journal of Entomological Research 18: 65-68.

Disney, R.H.L., Elizalde, L. & Folgarait, P.J. 2006: New 
species and revision of Myrmosicarius (Di ptera: Phoridae) 
that parasitize leaf-cutter ants (Hymeno ptera: Formicidae). 
– Sociobiology 47: 771-809.

Disney, R.H.L., Elizalde, L. & Folgarait, P.J. 2009: New 
species and new records of scuttle flies (Di ptera: Phoridae) 
that parasitize leaf-cutter and army ants (Hymeno ptera: 
Formicidae). – Sociobiology 54: 1-32.

Dunn, R.R. 2005: Modern insect extinctions, the neglected 
majority. – Conservation Biology 19: 1030-1036.

Durán, J.-M.G. & Achterberg, C.V. 2011: Oviposition be-
haviour of four ant parasitoids (Hymeno ptera, Braconidae, 
Euphorinae, Neoneurini and Ichneumonidae, Hybrizonti-
nae), with the description of three new European species. 
– ZooKeys 125: 59-106.

Dutilh, B.E., Reyes, A., Hall, R.J. & Whiteson, K.L. 2017: 
Virus discovery by metagenomics: The (im)possibilities. – 
Frontiers in Microbiology 8: art. 1710.

Ebbert, M.A. & Nault, L.R. 1994: Improved overwintering 
ability in Dalbulus maidis (Homo ptera: Cicadellidae) vectors 
infected with Spiroplasma kunkelii (Mycoplasmatales: Spi-
roplasmataceae). – Environmental Entomology 23: 634-644.

Engel, P., Martinson, V.G. & Moran, N.A. 2012: Functional 
diversity within the simple gut microbiota of the honey bee. 
– Proceedings of the National Academy of Sciences of the 
United States of America 109: 11002-11007.



18

Engel, P. & Moran, N.A. 2013: The gut microbiota of insects – 
diversity in structure and function. – Federation of European 
Microbiological Societies Microbiology Reviews 37: 699-735.

Engl, T. & Kaltenpoth, M. 2018: Influence of microbial 
symbionts on insect pheromones. – Natural Product Reports 
35: 386-397.

Erwin, T.L. 1989: Canopy arthropod biodiversity: a chronology 
of sampling techniques and results. – Revista Peruana de 
Entomología 32: 71-77.

Evans, H.C. 1982: Entomogenous fungi in the tropical forest 
ecosystems: an appraisal. – Ecological Entomology 7: 47-60.

Evans, H.C., Elliot, S.L. & Hughes, D.P. 2011: Hidden diver-
sity behind the zombie-ant fungus Ophiocordyceps unilater-
alis: four new species described from carpenter ants in Minas 
Gerais, Brazil. – Public Library of Science One 6: art. e17024.

Evans, H.C. & Samson, R.A. 1982: Cordyceps species and their 
anamorphs pathogenic on ants (Formicidae) in tropical for-
est Ecosystems .I. The Cephalotes (Myrmicinae) complex. – 
Transactions of the British Mycological Society 79: 431-453.

Feener, D.H. Jr. 2000: Is the assembly of ant communities 
mediated by parasitoids? – Oikos 90: 79-88.

Feener, D.H. Jr. & Brown, B.V. 1997: Di ptera as parasitoids. 
– Annual Review of Entomology 42: 73-97.

Feldmeyer, B., Mazur, J., Beros, S., Lerp, H., Binder, H. & 
Foitzik, S. 2016: Gene expression patterns underlying par-
asite-induced alterations in host behaviour and life history. 
– Molecular Ecology 25: 648-660.

Fittkau, E.J. & Klinge, H. 1973: On biomass and trophic 
structure of the central Amazonian rain forest ecosystem. 
– Biotropica 5: 2-14.

Folgarait, P.J. 1998: Ant biodiversity and its relationship to 
ecosystem functioning: a review. – Biodiversity and Conser-
vation 7: 1221-1244.

Forbes, M.R.L. 1993: Parasitism and host reproductive effort. 
– Oikos 67: 444-450.

Fredericksen, M.A., Zhang, Y., Hazen, M.L., Loreto, R.G., 
Mangold, C.A., Chen, D.Z. & Hughes, D.P. 2017: Three- 
dimensional visualization and a deep-learning model re-
veal complex fungal parasite networks in behaviorally ma-
nipulated ants. – Proceedings of the National Academy of 
Sciences of the United States of America 114: 12590-12595.

Fritz, R.S. 1982: Selection for host modification by insect 
parasitoids. – Evolution 36: 283-288.

Frost, C.L., Fernandez-Marin, H., Smith, J.E. & Hughes, 
W.O.H. 2010: Multiple gains and losses of Wolbachia sym-
bionts across a tribe of fungus-growing ants. – Molecular 
Ecology 19: 4077-4085.

Funaro, C.F., Kronauer, D.J., Moreau, C.S., Goldman- 
Huertas, B., Pierce, N.E. & Russell, J.A. 2011: Army ants 
harbor a host-specific clade of Entomoplasmatales bacteria. 
– Applied and Environmental Microbiology 77: 346-350.

Geffre, A.C., Liu, R., Manfredini, F., Beani, L., Kathirith-
amby, J., Grozinger, C.M. & Toth, A.L. 2017: Transcriptom-
ics of an extended phenotype: parasite manipulation of wasp 
social behaviour shifts expression of caste-related genes. 
– Proceedings of the Royal Society B-Biological Sciences 
284: art. 20170029.

Gösswald, K. 1950: Pflege des Ameisenparasiten Tamiclea 
globula Meig. (Dipt.) durch den Wirt mit Bemerkungen über 
den Stoffwechsel in der parasitierten Ameise. – Verhandlun-
gen der Deutschen Zoologen 1949: 256-264.

Goulson, D. 1997: Wipfelkrankheit: Modification of host 
behaviour during baculoviral infection. – Oecologia 109: 
219-228.

Griffiths, H.M., Ashton, L.A., Walker, A.E., Hasan, F., 
Evans, T.A., Eggleton, P. & Parr, C.L. 2018: Ants are the 
major agents of resource removal from tropical rainforests. 
– Journal of Animal Ecology 87: 293-300.

Guillade, A.C. & Folgarait, P.J. 2011: Life-history traits and 
parasitism rates of four phorid species (Di ptera: Phoridae), 
parasitoids of Atta vollenweideri (Hymeno ptera: Formici-
dae) in Argentina. – Journal of Economic Entomology 104: 
32-40.

Guillade, A.C. & Folgarait, P.J. 2014: Optimal conditions to 
rear phorid parasitoids (Di ptera: Phoridae) of Atta vollen-
weideri and Acromyrmex lundii (Hymeno ptera: Formici-
dae). – Environmental Entomology 43: 458-466.

Guillem, R., Drijfhout, F. & Martin, S.J. 2014: Chemical 
deception among ant social parasites. – Current Zoology 
60: 62-75.

Hall, A.A.G., Steinbauer, M.J., Taylor, G.S., Johnson, S.N., 
Cook, J.M. & Riegler, M. 2017: Unravelling mummies: 
cryptic diversity, host specificity, trophic and coevolutionary 
interactions in psyllid – parasitoid food webs. – BioMed 
Central Evolutionary Biology 17: art. 127.

Han, Y., van Houte, S., van Oers, M.M. & Ros, V.I.D. 2017: 
Timely trigger of caterpillar zombie behaviour: temporal 
requirements for light in baculovirus-induced tree-top dis-
ease. – Parasitology 145: 822-827.

Henne, D.C. & Johnson, S.J. 2007: Zombie fire ant workers: 
behavior controlled by decapitating fly parasitoids. – In-
sectes Sociaux 54: 150-153.

Herreid, J.S. & Heraty, J.M. 2017: Hitchhikers at the din-
ner table: a revisionary study of a group of ant parasitoids 
(Hymeno ptera: Eucharitidae) specializing in the use of ex-
trafloral nectaries for host access. – Systematic Entomology 
42: 204-229.

Hibbett, D.S., Binder, M., Bischoff, J.F., Blackwell, M., 
Cannon, P.F., Eriksson, O.E., Huhndorf, S., James, T., 
Kirk, P.M., Lucking, R., Lumbsch, H.T., Lutzoni, F., 
Matheny, P.B., Mclaughlin, D.J., Powell, M.J., Red-
head, S., Schoch, C.L., Spatafora, J.W., Stalpers, 
J.A., Vilgalys, R., Aime, M.C., Aptroot, A., Bauer, R.,  
Begerow, D., Benny, G.L., Castlebury, L.A., Crous, 
P.W., Dai, Y.C., Gams, W., Geiser, D.M., Griffith, G.W.,  
Gueidan, C., Hawksworth, D.L., Hestmark, G., Hosaka, 
K., Humber, R.A., Hyde, K.D., Ironside, J.E., Koljalg, U., 
Kurtzman, C.P., Larsson, K.H., Lichtwardt, R., Long-
core, J., Miadlikowska, J., Miller, A., Moncalvo, J.M., 
Mozley-Standridge, S., Oberwinkler, F., Parmasto, E., 
Reeb, V., Rogers, J.D., Roux, C., Ryvarden, L., Sampaio, 
J.P., Schussler, A., Sugiyama, J., Thorn, R.G., Tibell, L., 
Untereiner, W.A., Walker, C., Wang, Z., Weir, A., Weiss, 
M., White, M.M., Winka, K., Yao, Y.J. & Zhang, N. 2007: 
A higher-level phylogenetic classification of the Fungi. – 
 Mycological Research 111: 509-547.

Hilgenboecker, K., Hammerstein, P., Schlattmann, P., 
Telschow, A. & Werren, J.H. 2008: How many species are 
infected with Wolbachia? – A statistical analysis of current 
data. – Federation of European Microbiological Societies 
Microbiology Letters 281: 215-220.

Hohorst, W. & Graefe, G. 1961: Ameisen – obligatorische 
Zwischenwirte des Lanzettegels (Dicrocoelium dendriti-
cum). – Naturwissenschaften 7: 229-230.

Hölldobler, B. & Wilson, E.O. 1990: The ants. – The Belknap 
Press of Harvard University Press, Cambridge, MA, 732 pp.

Hölldobler, B. & Wilson, E.O. 2009: The superorganism: the 
beauty, elegance, and strangeness of insect societies. – W.W. 
Norton, New York, NY, xxi + 522 pp.



19

Hoover, K., Grove, M., Gardner, M., Hughes, D.P., McNeil, 
J. & Slavicek, J. 2011: A gene for an extended phenotype. 
– Science 333: 1401.

Hughes, D., Brodeur, J. & Thomas, F. 2012: Host manipu-
lation by parasites. – Oxford University Press, Oxford, UK, 
224 pp.

Hughes, D.P. 2012: Parasites and the superorganism. In: 
Hughes, D.P., Brodeur, J. & Thomas, F. (Eds.): Host ma-
nipulation by parasites. – Oxford University Press, Oxford, 
UK, pp. 140-154.

Hughes, D.P., Andersen, S.B., Hywel-Jones, N.L., Himaman, 
W., Billen, J. & Boomsma, J.J. 2011: Behavioral mecha-
nisms and morphological symptoms of zombie ants dying 
from fungal infection. – BioMed Central Ecology 11: art. 13.

Hughes, D.P., Araujo, J.P.M., Loreto, R.G., Quevillon, L., 
de Bekker, C. & Evans, H.C. 2016: From so simple a be-
ginning: the evolution of behavioral manipulation by fungi. 
– Genetics and Molecular Biology of Entomopathogenic 
Fungi 94: 437-469.

Hughes, D.P., Kathirithamby, J., Turillazzi, S. & Beani, L. 
2004: Social wasps desert the colony and aggregate outside 
if parasitized: parasite manipulation? – Behavioral Ecology 
15: 1037-1043.

Hughes, D.P., Moya-Raygoza, G. & Kathirithamby, J. 2003: 
The first record among Dolichoderinae (Formicidae) of 
parasitism by Strepsi ptera. – Insectes Sociaux 50: 148-150.

Hughes, D.P., Kronauer, D.J.C. & Boomsma, J.J. 2008: Ex-
tended phenotype: nematodes turn ants into bird-dispersed 
fruits. – Current Biology 18: 294-295.

Hurst, G.D. & Jiggins, F.M. 2000: Male-killing bacteria in in-
sects: mechanisms, incidence, and implications. – Emerging 
Infectious Diseases 6: 329-336.

Hurst, G.D.D., Johnson, A.P., von der Schulenburg, J.H.G. 
& Fuyama, Y. 2000: Male-killing Wolbachia in Drosophila: 
a temperature-sensitive trait with a threshold bacterial 
density. – Genetics 156: 699-709.

Ishak, H.D., Miller, J.L., Sen, R., Dowd, S.E., Meyer, E. & 
Mueller, U.G. 2011: Microbiomes of ant castes implicate 
new microbial roles in the fungus-growing ant Trachy-
myrmex septentrionalis. – Scientific Reports 1: art. 204.

Jaenike, J., Unckless, R., Cockburn, S.N., Boelio, L.M. & 
Perlman, S.J. 2010: Adaptation via symbiosis: recent spread 
of a Drosophila defensive symbiont. – Science 329: 212-215.

Jetter, K.M., Hamilton, J. & Klotz, J. 2008: Red imported 
fire ants threaten agriculture, wildlife and homes. – Califor-
nia Agriculture 56: 2634.

Jiggins, F.M., Hurst, G.D., Jiggins, C.D., v. d. Schulenburg, 
J.H. & Majerus, M.E. 2000: The butterfly Danaus chrysip-
pus is infected by a male-killing Spiroplasma bacterium. 
– Parasitology 120: 439-446.

Jouvenaz, D.P. 1983: Natural enemies of fire ants. – Florida 
Entomologist 66: 111-121.

Jouvenaz, D.P. & Anthony, D.W. 1979: Mattesia geminata 
sp. n. (Neogregarinida, Ophrocystidae) a parasite of the 
tropical fire ant, Solenopsis geminata (Fabricius). – Journal 
of Protozoology 26: 354-356.

Kadoya, E.Z., Ishii, H.S. & Williams, N.M. 2015: Host manip-
ulation of bumble bee queens by Sphaerularia nematodes 
indirectly affects foraging of non-host workers. – Ecology 
96: 1361-1370.

Kageyama, D., Anbutsu, H., Shimada, M. & Fukatsu, T. 2007: 
Spiroplasma infection causes either early or late male killing 
in Drosophila, depending on maternal host age. – Naturwis-
senschaften 94: 333-337.

Kaiser, V.H. 1986: Über Wechselbeziehungen zwischen Nema-
toden (Mermithidae) und Ameisen. – Zoologischer Anzeiger 
217: 156-177.

Kamhi, J.F. & Traniello, J.F.A. 2013: Biogenic amines and 
collective organization in a superorganism: neuromodula-
tion of social behavior in ants. – Brain Behavior and Evolu-
tion 82: 220-236.

Kamita, S.G., Nagasaka, K., Chua, J.W., Shimada, T., Mita, 
K., Kobayashi, M., Maeda, S. & Hammock, B.D. 2005: A 
baculovirus-encoded protein tyrosine phosphatase gene 
induces enhanced locomotory activity in a lepido pteran 
host. – Proceedings of the National Academy of Sciences of 
the United States of America 102: 2584-2589.

Kather, R., Drijfhout, F.P., Shemilt, S. & Martin, S.J. 2015: 
Evidence for passive chemical camouflage in the parasitic 
mite Varroa destructor. – Journal of Chemical Ecology 41: 
178-186.

Kathirithamby, J. 2009: Host-parasitoid associations in 
Strepsi ptera. – Annual Review of Entomology 54: 227-249.

K athiritha mby, J., Hay ward, A., Mcmahon, D.P.,  
Ferreira, R.S., Andreazze, R., Almeida Andrade, H.T.D. 
& Fresneau, D. 2010: Conspecifics of a heterotrophic het-
eronomous species of Strepsi ptera (Insecta) are matched 
by molecular characterization. – Systematic Entomology 
35: 234-242.

Kautz, S., Rubin, B.E.R. & Moreau, C.S. 2013: Bacterial 
infections across the ants: frequency and prevalence of Wol-
bachia, Spiroplasma, and Asaia. – Psyche 2013: art. 936341.

Keesey, I.W., Koerte, S., Khallaf, M.A., Retzke, T., Guillou, 
A., Grosse-Wilde, E., Buchon, N., Knaden, M. & Hansson, 
B.S. 2017: Pathogenic bacteria enhance dispersal through 
alteration of Drosophila social communication. – Nature 
Communications 8: art. 265.

Kobmoo, N., Mongkolsamrit, S., Tasanathai, K., Thanak-
itpipattana, D. & Luangsa-Ard, J.J. 2012: Molecular phy-
logenies reveal host-specific divergence of Ophiocordyceps 
unilateralis sensu lato following its host ants. – Molecular 
Ecology 21: 3022-3031.

Kobmoo, N., Mongkolsamrit, S., Wutikhun, T., Tasanathai, 
K., Khonsanit, A., Thanakitpipattana, D. & Luangsa-Ard, 
J.J. 2015: New species of Ophiocordyceps unilateralis, an 
ubiquitous pathogen of ants from Thailand. – Fungal Biology 
119: 44-52.

Konrad, M., Pamminger, T. & Foitzik, S. 2012: Two path-
ways ensuring social harmony. – Naturwissenschaften 99: 
627-636.

Kuris, A.M., Hechinger, R.F., Shaw, J.C., Whitney, K.L., 
Aguirre-Macedo, L., Boch, C.A., Dobson, A.P., Dunham, 
E.J., Fredens borg, B.L., Huspeni, T.C., Lorda, J., Mababa, 
L., Mancini, F.T., Mora, A.B., Pickering, M., Talhouk, 
N.L., Torchin, M.E. & Lafferty, K.D. 2008: Ecosystem 
energetic implications of parasite and free-living biomass 
in three estuaries. – Nature 454: 515-518.

Laciny, A., Zettel, H., Metscher, B., Kamariah, A.S., 
Kopchinskiy, A., Pretzer, C. & Druzhinina, I.S. 2017: 
Morphological variation and mermithism in female castes 
of Colobopsis sp. nrSA, a Bornean “exploding ant” of the 
Colobopsis cylindrica group (Hymeno ptera: Formicidae). 
– Myrmecological News 24: 91-106.

Lafferty, K.D. & Kuris, A.M. 2009: Parasitic castration: the 
evolution and ecology of body snatchers. – Trends in Para-
sitology 25: 564-572.

Lafferty, K.D. & Morris, A.K. 1996: Altered behavior of 
parasitized killifish increases susceptibility to predation by 
bird final hosts. – Ecology 77: 1390-1397.



20

LeBrun, E.G. 2005: Who is the top dog in ant communities? 
Resources, parasitoids, and multiple competitive hierar-
chies. – Oecologia 142: 643-652.

LeBrun, E.G. & Feener, D.H. 2007: When trade-offs interact: 
balance of terror enforces dominance discovery trade-off 
in a local ant assemblage. – The Journal of Animal Ecology 
76: 58-64.

Leclerc, J.B. & Detrain, C. 2016: Ants detect but do not 
discriminate diseased workers within their nest. – Science 
of Nature 103: art. 70.

Leclerc, J.B. & Detrain, C. 2017: Loss of attraction for social 
cues leads to fungal-infected Myrmica rubra ants withdraw-
ing from the nest. – Animal Behaviour 129: 133-141.

Lenoir, A., d’Ettorre, P., Errard, C. & Hefetz, A. 2001: 
Chemical ecology and social parasitism in ants. – Annual 
Review of Entomology 46: 573-599.

Li, J., Heinz, K.M., Flexner, J.L. & McCutchen, B.F. 1999: 
Effects of recombinant baculoviruses on three nontarget 
heliothine predators. – Biological Control 15: 293-302.

Liberti, J., Sapountzis, P., Hansen, L.H., Sorensen, S.J., Ad-
ams, R.M. & Boomsma, J.J. 2015: Bacterial symbiont sharing 
in Megalomyrmex social parasites and their fungus-growing 
ant hosts. – Molecular Ecology 24: 3151-3169.

Loos-Frank, B. & Zimmermann, G. 1976: Über eine dem 
Dicrocoelium-Befall analoge Verhaltensänderung bei Amei-
sen der Gattung Formica durch einen Pilz der Gattung En-
tomophthora. – Zeitschrift für Parasitenkunde 49: 281-289.

Loreto, R.G., Araujo, J.P.M., Kepler, R.M., Fleming, K.R., 
Moreau, C.S. & Hughes, D.P. 2018: Evidence for convergent 
evolution of host parasitic manipulation in response to envi-
ronmental conditions. – Evolution, doi: 10.1111/evo.13489.

Loreto, R.G., Elliot, S.L., Freitas, M.L., Pereira, T.M. 
& Hughes, D.P. 2014: Long-term disease dynamics for a 
specialized parasite of ant societies: a field study. – Public 
Library of Science One 9: art. e103516.

Lozano, G.A. 1991: Optimal foraging theory: a possible role 
for parasites. – Oikos 60: 391-395.

Luangsa-Ard, J.J., Ridkaew, R., Tasanathai, K., Thanak-
itpipattana, D. & Hywel-Jones, N. 2011: Ophiocordyceps 
halabalaensis: a new species of Ophiocordyceps pathogenic 
to Camponotus gigas in Hala Bala Wildlife Sanctuary, 
Southern Thailand. – Fungal Biology 115: 608-614.

Lucius, R., Romig, T. & Frank, W. 1980: Camponotus com-
pressiscapus André (Hymeno ptera, Formicidae) an exper-
imental second intermediate host of Dicrocoelium hospes 
looss, 1907 (Trematodes, Dicrocoeliidae). – Zeitschrift für 
Parasitenkunde-Parasitology Research 63: 271-275.

Lundberg, H. & Svensson, B. 1975: Studies on the behaviour 
of Bombus Latr. species (Hym., Apidae) parasitized by 
Sphaerularia bombi Dufour (Nematoda) in an alpine area. 
– Norwegian Journal of Entomology 22: 129-134.

Ma, W.J., Vavre, F. & Beukeboom, L.W. 2014: Manipulation 
of arthropod sex determination by endosymbionts: diversity 
and molecular mechanisms. – Sexual Development 8: 59-73.

Maeyama, T., Terayama, M. & Matsumoto, T. 1994: The 
abnormal behavior of Colobopsis sp. (Hymeno ptera, For-
micidae) parasitized by Mermis (Nematoda) in Papua New 
Guinea. – Sociobiology 24: 115-119.

Malagocka, J., Grell, M.N., Lange, L., Eilenberg, J. & 
Jensen, A.B. 2015: Transcriptome of an entomophthoralean 
fungus (Pandora formicae) shows molecular machinery 
adjusted for successful host exploitation and transmission. 
– Journal of Invertebrate Pathology 128: 47-56.

Malagocka, J., Jensen, A.B. & Eilenberg, J. 2017: Pandora 
formicae, a specialist ant pathogenic fungus: new insights 

into biology and taxonomy. – Journal of Invertebrate Pa-
thology 143: 108-114.

Manga-González, M.Y. & González-Lanza, C. 2005: Field 
and experimental studies on Dicrocoelium dendriticum and 
dicrocoeliasis in northern Spain. – Journal of Helminthology 
79: 291-302.

Manga-González, M.Y., González-Lanza, C., Cabanas, E. 
& Campo, R. 2001: Contributions to and review of dicro-
coeliosis, with special reference to the intermediate hosts 
of Dicrocoelium dendriticum. – Parasitology 123: 91-114.

Marikovsky, P.I. 1962: On some features of behavior of the 
ants Formica rufa L. infected with fungous disease. – In-
sectes Sociaux 9: 173-179.

Markó, B., Csata, E., Eros, K., Nemet, E., Czekes, Z. & Rozsa, 
L. 2016: Distribution of the myrmecoparasitic fungus Rickia 
wasmannii (Ascomycota: Laboulbeniales) across colonies, 
individuals, and body parts of Myrmica scabrinodis. – Jour-
nal of Invertebrate Pathology 136: 74-80.

Martin, S.J., Jenner, E.A. & Drijfhout, F.P. 2007: Chemical 
deterrent enables a socially parasitic ant to invade multi-
ple hosts. – Proceedings of the Royal Society B-Biological 
Sciences 274: 2717-2721.

Mehdiabadi, N.J. & Gilbert, L.E. 2002: Colony-level impacts 
of parasitoid flies on fire ants. – Proceedings of the Royal 
Society B-Biological Sciences 269: 1695-1699.

Mehlhorn, H. 2015: The brain worm story. In: Mehlhorn, 
H. (Ed.): Host manipulations by parasites and viruses. – 
Springer, Cham, pp. 101-108.

Molnár, I., Gibson, D.M. & Krasnoff, S.B. 2010: Secondary 
metabolites from entomopathogenic hypocrealean fungi. – 
Natural Product Reports 27: 1241-1275.

Moore, J. 1995: The behavior of parasitized animals. – Bio-
Science 45: 89-96.

Morgan, E.D. 2009: Trail pheromones of ants. – Physiological 
Entomology 34: 1-17.

Morrison, L.W. 2012: Biological control of Solenopsis fire ants 
by Pseudacteon parasitoids: theory and practice. – Psyche 
2012: art. 424817.

Nehring, V., Boomsma, J.J. & D’Ettorre, P. 2012: Wingless 
virgin queens assume helper roles in Acromyrmex leaf-cut-
ting ants. – Current Biology 22: R671-R673.

Neupert, S., DeMilto, A., Drijfhout, F., Speller, S. & Ad-
ams, R.M.M. 2018: Host colony integration: Megalomyrmex 
guest ant parasites maintain peace with their host using 
weaponry. – Animal Behaviour 139: 71-79.

Noble, E.R. & Noble, G.A. 1971: Parasitology; the biology 
of animal parasites. – Lea & Febiger, Philadelphia, PA, vii 
+ 617 pp.

Ogloblin, A.A. 1939: The Strepsi ptera parasites of ants. – 
International Congress of Entomology, Berlin (1938) 2: 
1277-1284.

Oi, D.H., Porter, S.D. & Valles, S.M. 2015: A review of the 
biological control of fire ants (Hymeno ptera: Formicidae). – 
Myrmecological News 21: 101-116.

Oi, D.H. & Valles, S.M. 2009: Fire ant control with ento-
mopathogens in the USA. In: Hajek, A.E., Glare, T.R. & 
O’Callaghan, M. (Eds.): Use of microbes for control and 
eradication of invasive arthropods. – Springer, Dordrecht, 
pp. 237-257.

Olendraite, I., Lukhovitskaya, N.I., Porter, S.D., Valles, 
S.M. & Firth, A.E. 2017: Polycipiviridae: a proposed new 
family of polycistronic picorna-like RNA viruses. – Journal 
of General Virology 98: 2368-2378.



21

Oliveira, T.B.d., Ferro, M., Bacci, M., Souza, D.J.d., Fon-
tana, R., Delabie, J.H.C. & Silva, A. 2016: Bacterial com-
munities in the midgut of ponerine ants (Hymeno ptera: 
Formicidae: Ponerinae). – Sociobiology 63: 637-644.

Oliver, K.M., Russell, J.A., Moran, N.A. & Hunter, M.S. 
2003: Facultative bacterial symbionts in aphids confer re-
sistance to parasitic wasps. – Proceedings of the National 
Academy of Sciences of the United States of America 100: 
1803-1807.

O’Neill, S.L., Hoffmann, A.A. & Werren, J.H. (Eds.) 1997: 
Influential passengers: inherited microorganisms and ar-
thropod reproduction. – Oxford University Press, New York, 
NY, 232 pp.

Paraschivescu, D. & Micev, C. 1980: Experimental ecological 
investigations on the tetany of the species Formica pratensis 
complementary host of the trematode Dicrocoelium dendrit-
icum. – Travaux du Museum National d’Histoire Naturelle 
“Grigore Antipa” 22: 299-302.

Parker, J. 2016: Myrmecophily in beetles (Coleo ptera): evo-
lutionary patterns and biological mechanisms. – Myrmeco-
logical News 22: 65-108.

Patrock, R.J.W., Porter, S.D., Gilbert, L.E. & Folgarait, 
P.J. 2009: Distributional patterns of Pseudacteon associated 
with the Solenopsis saevissima complex in South America. 
– Journal of Insect Science 9: art. 60.

Pérez-Lachaud, G., Jahyny, B.J.B., Ståhls, G., Rotheray, 
G., Delabie, J.H.C. & Lachaud, J.-P. 2017: Rediscovery 
and reclassification of the di pteran taxon Nothomicrodon 
Wheeler, an exclusive endoparasitoid of gyne ant larvae. 
– Scientific Reports 7: art. 45530.

Pérez-Lachaud, G., Noyes, J. & Lachaud, J.-P. 2012: First 
record of an encyrtid wasp (Hymeno ptera: Chalcidoidea) as a 
true primary parasitoid of ants (Hymeno ptera: Formicidae). 
– Florida Entomologist 95: 1066-1076.

Plateaux, L. 1972: Sur les modifications produite chez une 
fourmi par la présence d’un parasite cestode. – Annales des 
Sciences Naturelles, Zoologie 14: 203-220.

Plowes, R.M., Becnel, J.J., LeBrun, E.G., Oi, D.H., Valles, 
S.M., Jones, N.T. & Gilbert, L.E. 2015: Myrmecomorba 
nylanderiae gen. et sp. nov., a microsporidian parasite of the 
tawny crazy ant Nylanderia fulva. – Journal of Invertebrate 
Pathology 129: 45-56.

Plowes, R.M., LeBrun, E.G., Brown, B.V. & Gilbert, L.E. 
2009: A review of Pseudacteon (Di ptera: Phoridae) that par-
asitize ants of the Solenopsis geminata complex (Hymeno-
ptera: Formicidae). – Annals of the Entomological Society 
of America 102: 937-958.

Poinar, G. 2004: Behaviour and development of Elasmosoma 
sp. (Neoneurinae: Braconidae: Hymeno ptera), an endopar-
asite of Formica ants (Formicidae: Hymeno ptera). – Para-
sitology 128: 521-531.

Poinar, G. & Yanoviak, S.P. 2008: Myrmeconema neotrop-
icum n. g., n. sp., a new tetradonematid nematode para-
sitising South American populations of Cephalotes atratus 
(Hymeno ptera: Formicidae), with the discovery of an appar-
ent parasite-induced host morph. – Systematic Parasitology 
69: 145-153.

Poinar, G.O., Porter, S.D., Tang, S. & Hyman, B.C. 2007: 
Allomermis solenopsi n. sp. (Nematoda: Mermithidae) para-
sitising the fire ant Solenopsis invicta Buren (Hymeno ptera: 
Formicidae) in Argentina. – Systematic Parasitology 68: 
115-128.

Poinar, G.O. & Van der Laan, P.A. 1972: Morphology and life 
history of Sphaerularia bombi. – Nematologica 18: 239-252.

Pontieri, L., Schmidt, A.M., Singh, R., Pedersen, J.S. & 
Linksvayer, T.A. 2017: Artificial selection on ant female 
caste ratio uncovers a link between female-biased sex ratios 
and infection by Wolbachia endosymbionts. – Journal of 
Evolutionary Biology 30: 225-234.

Pontoppidan, M.B., Himaman, W., Hywel-Jones, N.L., 
Boomsma, J.J. & Hughes, D.P. 2009: Graveyards on the 
move: The spatio-temporal distribution of dead Ophio-
cordyceps-infected ants. – Public Library of Science One 
4: art. e4835.

Porter, S.D., Pesquero, M.A., Campiolo, S. & Fowler, H.G. 
1995: Growth and development of Pseudacteon phorid fly 
maggots (Di ptera: Phoridae) in the heads of Solenopsis fire 
ant workers (Hymeno ptera: Formicidae). – Environmental 
Entomology 24: 475-479.

Porter, S.D., Valles, S.M. & Oi, D.H. 2013: Host specificity 
and colony impacts of the fire ant pathogen, Solenopsis in-
victa virus 3. – Journal of Invertebrate Pathology 114: 1-6.

Poulin, R. 1994: Meta-analysis of parasite-induced behav-
ioural changes. – Animal Behaviour 48: 137-146.

Poulin, R. & Thomas, F. 1999: Phenotypic variability induced 
by parasites. – Parasitology Today 15: 28-32.

Ramalho, M.O., Bueno, O.C. & Moreau, C.S. 2017a: Micro-
bial composition of spiny ants (Hymeno ptera: Formicidae: 
Polyrhachis) across their geographic range. – BioMed Cen-
tral Evolutionary Biology 17: art. 96.

Ramalho, M.O., Bueno, O.C. & Moreau, C.S. 2017b: Spe-
cies-specific signatures of the microbiome from Camponotus 
and Colobopsis ants across developmental stages. – Public 
Library of Science One 12: art. e0187461.

Riddiford, L.M., Hiruma, K., Zhou, X. & Nelson, C.A. 2003: 
Insights into the molecular basis of the hormonal control 
of molting and metamorphosis from Manduca sexta and 
Drosophila melanogaster. – Insect Biochemistry and Mo-
lecular Biology 33: 1327-1338.

Rigby, M.C., Hechinger, R.F. & Stevens, L. 2002: Why should 
parasite resistance be costly? – Trends in Parasitology 18: 
116-120.

Romig, T., Lucius, R. & Frank, W. 1980: Cerebral larvae in 
the second intermediate host of Dicrocoelium dendriticum 
(Rudolphi, 1819) and Dicrocoelium hospes Looss, 1907 
(Trematodes, Dicrocoeliidae). – Zeitschrift für Parasiten-
kunde-Parasitology Research 63: 277-286.

Ros, V.I.D., Van Houte, S., Hemerik, L. & Van Oers, M.M. 
2015: Baculovirus-induced tree-top disease: How extended 
is the role of egt as a gene for the extended phenotype? – 
Molecular Ecology 24: 249-258.

Rotem, J., Wooding, B. & Aylor, D.E. 1985: The role of so-
lar-radiation, especially ultraviolet, in the mortality of fungal 
spores. – Phytopathology 75: 510-514.

Russell, J.A. 2012: The ants (Hymeno ptera: Formicidae) 
are unique and enigmatic hosts of prevalent Wolbachia 
(Alphaproteobacteria) symbionts. – Myrmecological News 
16: 7-23.

Russell, J.A., Moreau, C.S., Goldman-Huertas, B., Fuji-
wara, M., Lohman, D.J. & Pierce, N.E. 2009: Bacterial gut 
symbionts are tightly linked with the evolution of herbivory 
in ants. – Proceedings of the National Academy of Sciences 
of the United States of America 106: 21236-21241.

Russell, J.A., Funaro, C.F., Giraldo, Y.M., Goldman-Huer-
tas, B., Suh, D., Kronauer, D.J.C., Moreau, C.S. & Pierce, 
N.E. 2012: A veritable menagerie of heritable bacteria from 
ants, butterflies, and beyond: broad molecular surveys and 
a systematic review. – Public Library of Science One 7: art. 
e51027.



22

Russell, J.A., Sanders, J.G. & Moreau, C.S. 2017a: Hotspots 
for symbiosis: function, evolution, and specificity of ant-mi-
crobe associations from trunk to tips of the ant phylogeny 
(Hymeno ptera: Formicidae). – Myrmecological News 24: 
43-69.

Russell, J.J., Theriot, J.A., Sood, P., Marshall, W.F., 
Landweber, L.F., Fritz-Laylin, L., Polka, J.K., Oliferenko, 
 S., Gerbich, T., Gladfelter, A., Umen, J., Bezanilla, 
M., Lancaster, M.A., He, S., Gibson, M.C., Goldstein, B., 
Tanaka, E.M., Hu, C.K. & Brunet, A. 2017b: Non-model 
model organisms. – BioMed Central Biology 15: art. 55.

Sakolrak, B., Blatrix, R., Sangwanit, U., Arnamnart, N., 
Noisripoom, W., Thanakitpipattana, D., Buatois, B., 
Hossaert-McKey, M. & Kobmoo, N. 2018: Ant-produced 
chemicals are not responsible for the specificity of their Ophi-
ocordyceps fungal pathogens. – Fungal Ecology 32: 80-86.

Sato, T., Watanabe, K., Kanaiwa, M., Niizuma, Y., Harada, 
Y. & Lafferty, K.D. 2011a: Nematomorph parasites drive 
energy flow through a riparian ecosystem. – Ecology 92: 
201-207.

Sato, T., Watanabe, K., Tokuchi, N., Kamauchi, H., Harada, 
Y. & Lafferty, K.D. 2011b: A nematomorph parasite ex-
plains variation in terrestrial subsidies to trout streams in 
Japan. – Oikos 120: 1595-1599.

Scharf, I., Modlmeier, A.P., Beros, S. & Foitzik, S. 2012: Ant 
societies buffer individual-level effects of parasite infections. 
– The American Naturalist 180: 671-683.

Schmid-Hempel, P. 1998: Parasites in social insects. – Prince-
ton University Press, Princeton, NJ, 392 pp.

Schmid-Hempel, P. 2011: Evolutionary parasitology. – Oxford 
University Press, Oxford, UK, 496 pp.

Sébastien, A., Lester, P.J., Hall, R.J., Wang, J., Moore, N.E. 
& Gruber, M.A.M. 2015: Invasive ants carry novel viruses 
in their new range and form reservoirs for a honeybee path-
ogen. – Biology Letters 11: art. 20150610.

Seipke, R.F., Barke, J., Heavens, D., Yu, D.W. & Hutchings, 
M.I. 2013: Analysis of the bacterial communities associated 
with two ant-plant symbioses. – Microbiology 2: 276-283.

Sharma, K.R., Enzmann, B.L., Schmidt, Y., Moore, D., Jones, 
G.R., Parker, J., Berger, S.L., Reinberg, D., Zwiebel, L.J., 
Breit, B., Liebig, J. & Ray, A. 2015: Cuticular hydrocarbon 
pheromones for social behavior and their coding in the ant 
antenna. – Cell Reports 12: 1261-1271.

Shik, J.Z., Kaspari, M. & Yanoviak, S.P. 2011: Preliminary as-
sessment of metabolic costs of the nematode Myrmeconema 
neotropicum on its host, the tropical ant Cephalotes atratus. 
– Journal of Parasitology 97: 958-959.

Showalter, D.N., Troyer, E.J., Aklu, M., Jang, E.B. & Si-
derhurst, M.S. 2010: Alkylpyrazines: alarm pheromone 
components of the little fire ant, Wasmannia auropunctata 
(Roger) (Hymeno ptera, Formicidae). – Insectes Sociaux 
57: 223-232.

Silva-Junior, E.A., Ruzzini, A.C., Paludo, C.R., Nascimento, 
F.S., Currie, C.R., Clardy, J. & Pupo, M.T. 2018: Pyrazines 
from bacteria and ants: convergent chemistry within an 
ecological niche. – Scientific Reports 8: art. 2595.

Smith, A.R., Muscedere, M.L., Seid, M.A., Traniello, J.F.A. 
& Hughes, W.O.H. 2013: Biogenic amines are associated 
with worker task but not patriline in the leaf-cutting ant Ac-
romyrmex echinatior. – Journal of Comparative Physiology 
A 199: 1117-1127.

Smith, M.A., Rodriguez, J.J., Whitfield, J.B., Deans, A.R., 
Janzen, D.H., Hallwachs, W. & Hebert, P.D.N. 2008: 
Extreme diversity of tropical parasitoid wasps exposed by 
iterative integration of natural history, DNA barcoding, 

morphology, and collections. – Proceedings of the National 
Academy of Sciences of the United States of America 105: 
12359-12364.

Solá Gracia, E., de Bekker, C., Hanks, E.M. & Hughes, D.P. 
2018: Within the fortress: A specialized parasite is not dis-
criminated against in a social insect society. – Public Library 
of Science One 13: art. e0193536.

Sosnowska, D., Balazy, S., Prishchepa, L. & Mikulskaya, N. 
2004: Biodiversity of arthropod pathogens in the Białowieża 
forest. – Journal of Plant Protection Research 44: 313-321.

Spindler, E.-M., Zahler, M. & Loos-Frank, B. 1986: Be-
havioural aspects of ants as second intermediate hosts of 
Dicrocoelium dendriticum. – Zeitschrift für Parasiten-
kunde-Parasitology Research 72: 689-692.

Steiger, U., Lamparter, H.E., Sandri, C. & Akert, K. 1969: 
Virus-like particles in cytoplasm of neurons and glial cells of 
wood ants. – Archives of Virology 26: 271-282. (in German)

Steinkraus, D.C. 2006: Factors affecting transmission of fun-
gal pathogens of aphids. – Journal of Invertebrate Pathology 
92: 125-131.

Steinkraus, D.C., Hajek, A.E. & Liebherr, J.K. 2017: Zombie 
soldier beetles: epizootics in the goldenrod soldier beetle, 
Chauliognathus pensylvanicus (Coleo ptera: Cantharidae) 
caused by Eryniopsis lampyridarum (Entomophthoro-
mycotina: Entomophthoraceae). – Journal of Invertebrate 
Pathology 148: 51-59.

Sudd, J.H. & Franks, N.R. 1987: The behavioural ecology of 
ants. – Chapman and Hall, New York, NY, 206 pp.

Szczuka, A., Korczyńska, J., Wnuk, A., Symonowicz, B., 
Gonzalez Szwacka, A., Mazurkiewicz, P., Kostowski, W. 
& Godzińska, E.J. 2013: The effects of serotonin, dopamine, 
octopamine and tyramine on behavior of workers of the ant 
Formica polyctena during dyadic aggression tests. – Acta 
Neurobiologiae Experimentalis 73: 495-520.

Thomas, F., Poulin, R. & Brodeur, J. 2010: Host manipulation 
by parasites: a multidimensional phenomenon. – Oikos 119: 
1217-1223.

Thomas, F., Schmidt-Rhaesa, A., Martin, G., Manu, C., 
Durand, P. & Renaud, F. 2002: Do hairworms (Nematomor-
pha) manipulate the water seeking behaviour of their terres-
trial hosts? – Journal of Evolutionary Biology 15: 356-361.

Tinsley, M.C. & Majerus, M.E. 2006: A new male-killing 
parasitism: Spiroplasma bacteria infect the ladybird beetle 
Anisosticta novemdecimpunctata (Coleo ptera: Coccinelli-
dae). – Parasitology 132: 757-765.

Tonhasca, A. Jr., Bragança, M.A.L. & Erthal, M. Jr. 2001: 
Parasitism and biology of Myrmosicarius grandicornis (Di-
ptera, Phoridae) in relationship to its host, the leaf-cutting 
ant Atta sexdens (Hymeno ptera, Formicidae). – Insectes 
Sociaux 48: 154-158.

Trabalon, M., Plateaux, L., Péru, L., Bagnères, A.G. & 
Hartmann, N. 2000: Modification of morphological char-
acters and cuticular compounds in worker ants Leptothorax 
nylanderi induced by endoparasites Anomotaenia brevis. 
– Journal of Insect Physiology 46: 169-178.

Tram, U. & Sullivan, W. 2002: Role of delayed nuclear enve-
lope breakdown and mitosis in Wolbachia-induced cytoplas-
mic incompatibility. – Science 296: 1124-1126.

Tschinkel, W.R. 2006: The fire ants. – The Belknap Press of 
Harvard University Press, Cambridge, MA, 752 pp.

Turian, G. & Wuest, J. 1977: Description complémentaire 
de Zoophthora (Entomophthora) myrmecophaga Turian 
& Wuest, agent d’une mycose chez Serviformica fusca 
L. – Mitteilungen der Schweizerischen Entomologischen 
Gesellschaft 50: 285-289.



23

Valles, S.M. 2012: Positive-strand RNA viruses infecting the 
red imported fire ant, Solenopsis invicta. – Psyche 2012: 14.

Valles, S.M. & Hashimoto, Y. 2009: Isolation and character-
ization of Solenopsis invicta virus 3, a new positive-strand 
RNA virus infecting the red imported fire ant, Solenopsis 
invicta. – Virology 388: 354-361.

Valles, S.M., Oi, D.H., Becnel, J.J., Wetterer, J.K., LaPolla, 
J.S. & Firth, A.E. 2016: Isolation and characterization of 
Nylanderia fulva virus 1, a positive-sense, single-stranded 
RNA virus infecting the tawny crazy ant, Nylanderia fulva. 
– Virology 496: 244-254.

Valles, S.M., Porter, S.D. & Calcaterra, L.A. 2018: Pros-
pecting for viral natural enemies of the fire ant Solenopsis 
invicta in Argentina. – Public Library of Science One 13: 
art. e0192377.

Valles, S.M., Porter, S.D., Choi, M.Y. & Oi, D.H. 2013: Suc-
cessful transmission of Solenopsis invicta virus 3 to So-
lenopsis invicta fire ant colonies in oil, sugar, and cricket 
bait formulations. – Journal of Invertebrate Pathology 113: 
198-204.

Valles, S.M., Porter, S.D. & Firth, A.E. 2014: Solenopsis 
invicta virus 3: Pathogenesis and stage specificity in red 
imported fire ants. – Virology 460: 66-71.

Valles, S.M. & Strong, C.A. 2005: Solenopsis invicta virus-1A 
(SINV-1A): distinct species or genotype of SINV-1? – Journal 
of Invertebrate Pathology 88: 232-237.

Valles, S.M., Strong, C.A., Dang, P.M., Hunter, W.B., 
Pereira, R.M., Oi, D.H., Shapiro, A.M. & Williams, D.F. 
2004: A picorna-like virus from the red imported fire ant, 
Solenopsis invicta: Initial discovery, genome sequence, and 
characterization. – Virology 328: 151-157.

Valles, S.M., Strong, C.A. & Hashimoto, Y. 2007: A new pos-
itive-strand RNA virus with unique genome characteristics 
from the red imported fire ant, Solenopsis invicta. – Virology 
365: 457-463.

Van Borm, S., Wenseleers, T., Billen, J. & Boomsma, J.J. 
2001: Wolbachia in leafcutter ants: a widespread symbiont 
that may induce male killing or incompatible matings. – 
Journal of Evolutionary Biology 14: 805-814.

vander Meer, R.K., Breed, M.D., Espelie, K.E. & Winston, 
M.L. (Eds.) 1998: Pheromone communication in social in-
sects: ants, wasps, bees, and termites. – Westview Press, 
Boulder, CO, xi + 368 pp.

van Houte, S., Ros, V.I., Mastenbroek, T.G., Vendrig, N.J., 
Hoover, K., Spitzen, J. & van Oers, M.M. 2012: Protein 
tyrosine phosphatase-induced hyperactivity is a conserved 
strategy of a subset of baculoviruses to manipulate lepido-
pteran host behavior. – Public Library of Science One 7: 
art. e46933.

van Houte, S., Ros, V.I. & van Oers, M.M. 2013: Walking with 
insects: molecular mechanisms behind parasitic manipula-
tion of host behaviour. – Molecular Ecology 22: 3458-3475.

van Houte, S., van Oers, M.M., Han, Y., Vlak, J.M. & Ros, V.I. 
2014: Baculovirus infection triggers a positive phototactic 
response in caterpillars to induce “tree-top” disease. – Bi-
ology Letters 10: art. 20140680.

Vega, F.E. & Kaya, H.K. (Eds.) 2012: Insect pathology. 2nd 
edition. – Academic Press, San Diego, CA, 490 pp.

Verble, R.M., Meyer, A.D., Kleve, M.G. & Yanoviak, S.P. 
2012: Exoskeletal thinning in Cephalotes atratus ants 
(Hymeno ptera: Formicidae) parasitized by Myrmeconema 
neotropicum (Nematoda: Tetradonematidae). – Journal of 
Parasitology 98: 226-228.

Vuong, H.E., Yano, J.M., Fung, T.C. & Hsiao, E.Y. 2017: The 
microbiome and host behavior. – Annual Review of Neuro-
science 40: 21-49.

Weeks, A.R. & Breeuwer, J.A.J. 2001: Wolbachia-induced 
parthenogenesis in a genus of phytophagous mites. – Pro-
ceedings of the Royal Society B-Biological Sciences 268: 
2245-2251.

Weinersmith, K.L. & Earley, R.L. 2016: Better with your 
para sites? Lessons for behavioural ecology from evolved 
dependence and conditionally helpful parasites. – Animal 
Behaviour 118: 123-133.

Wenseleers, T., Ito, F., van Borm, S., Huybrechts, R.,  
Volckaert, F. & Billen, J. 1998: Widespread occurrence 
of the micro-organism Wolbachia in ants. – Proceedings 
of the Royal Society B-Biological Sciences 265: 1447-1452.

Wenseleers, T., Sundström, L. & Billen, J. 2002: Deleterious 
Wolbachia in the ant Formica truncorum. – Proceedings of 
the Royal Society B-Biological Sciences 269: 623-629.

Wheeler, J.W. & Blum, M.S. 1973: Alkylpyrazine alarm pher-
omones in ponerine ants. – Science 182: 501-503.

Wheeler, W.M. 1910: The effects of parasitic and other kinds 
of castration in insects. – Journal of Experimental Zoology 
8: 377-438.

Wheeler, W.M. 1928: Mermis parasitism and intercastes 
among ants. – Journal of Experimental Zoology 50: 165-237.

Wilf, N.M. & Salmond, G.P. 2012: The stationary phase sigma 
factor, RpoS, regulates the production of a carbapenem an-
tibiotic, a bioactive prodigiosin and virulence in the entero-
bacterial pathogen Serratia sp. ATCC 39006. – Microbiology 
158: 648-658.

Williams, D.F., Oi, D.H., Porter, S.D., Pereira, R.M. & 
Briano, J.A. 2003: Biological control of imported fire ants 
(Hymeno ptera: Formicidae). – American Entomologist 49: 
150-163.

Windsor, D. 1998: Most of the species on Earth are parasites. 
– International Journal for Parasitology 28: 1939-1941.

Witek, M., Barbero, F. & Markó, B. 2014: Myrmica ants host 
highly diverse parasitic communities: from social parasites 
to microbes. – Insectes Sociaux 61: 307-323.

Włodarczyk, T. & Szczepaniak, L. 2017: Facultative 
slave-making ants Formica sanguinea label their slaves with 
own recognition cues instead of employing the strategy of 
chemical mimicry. – Journal of Insect Physiology 96: 98-107.

Xie, J., Butler, S., Sanchez, G. & Mateos, M. 2014: Male kill-
ing Spiroplasma protects Drosophila melanogaster against 
two parasitoid wasps. – Heredity 112: 399-408.

Yan, H., Opachaloemphan, C., Mancini, G., Yang, H.,  
Gallitto, M., Mlejnek, J., Leibholz, A., Haight, K., 
Ghaninia, M., Huo, L., Perry, M., Slone, J., Zhou, X., 
Traficante, M., Penick, C.A., Dolezal, K., Gokhale, K., 
Stevens, K., Fetter-Pruneda, I., Bonasio, R., Zwiebel, 
L.J., Berger, S.L., Liebig, J., Reinberg, D. & Desplan, C. 
2017: An engineered orco mutation produces aberrant social 
behavior and defective neural development in ants. – Cell 
170: 736-747.

Yanoviak, S.P., Kaspari, M., Dudley, R. & Poinar, G. 2008: 
Parasite-induced fruit mimicry in a tropical canopy ant. – 
The American Naturalist 171: 536-544.

Zhang, S., An, S., Hoover, K., Li, Z., Li, X., Liu, X., Shen, 
Z., Fang, H., Ros, V.I.D., Zhang, Q. & Liu, X. 2018: Host 
miRNAs are involved in hormonal regulation of HaSN-
PV-triggered climbing behaviour in Helicoverpa armigera. 
– Molecular Ecology 27: 459-475.



24

Zhukova, M., Sapountzis, P., Schlott, M. & Boomsma, J.J. 
2017: Diversity and transmission of gut bacteria in Atta and 
Acromyrmex leaf-cutting ants during development. – Fron-
tiers in Microbiology 8: 1942.

Zug, R. & Hammerstein, P. 2015: Bad guys turned nice? A 
critical assessment of Wolbachia mutualisms in arthropod 
hosts. – Biological Reviews 90: 89-111.


