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Abstract 
 

Some parasites modify host behavior to their own benefit. One such parasite is 

Ophiocordyceps unilateralis, an entomopathogenic fungus specializing in manipulating 

Camponotus ants. Infection causes muscle atrophy and novel behaviors such as full body 

tremors, phototaxis, and synchronized “death grip” biting, all of which help position the ant in 

ideal environmental conditions for fungal growth. At the morphological level, these changes are 

due to fungal invasion of the ant’s head and brain. Novel behaviors also seem to result from 

fungal proteins and secondary metabolites with putative neurological effects differentially 

secreted throughout the process of behavioral manipulation. This parasite-host system is so 

intricately coevolved that colonies do not seek to remove the parasite as they do with generalist 

pathogens. Understanding the mechanism behind O. unilateralis manipulation of Camponotus 

ants has impacts in ecological theory surrounding the “extended phenotype” as well as 

commercial impacts in the drug and cosmetics industries.
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Introduction 

Parasitic relationships function as interesting studies of coevolution of host/parasite 

behaviors. A parasite and its host evolve side by side, living together and affecting each other’s 

behavior. The result is often a highly specialized parasite that fully depends on the host’s 

behavior to go through its life cycle. In order to optimize their own fitness, many parasites have 

evolved the ability to modify their host’s behavior. The “manipulation hypothesis” posits that a 

parasite can alter the phenotype of its host (often its behavior) for its own adaptive benefit 

(Thomas et al., 2005). The proximate causes of behavioral manipulation vary from species to 

species, making it a difficult topic to fully characterize. However, all behavior originates from 

the central nervous system, so it is assumed that any behavioral changes in the host are caused by 

a parasite-specific chemical or immune cascade that targets the CNS (Thomas et al., 2005). 

As an adaptive behavior, parasitic manipulation of host behavior must be motivated by a 

clear benefit to the parasite. In general, the motivation behind behavioral manipulation by a 

parasite can fall into one of two camps, the first of which is offspring care (Libersat et al., 2009). 

Interspecific brood parasitism in birds is an example of manipulation for offspring care that 

occurs through exogenous interactions. Parasite birds lay eggs in the nest of a heterospecific host 

bird and leave the energetic cost of raising its offspring to the host (Feeney et al., 2012). Such 

parasitic relationships result in an evolutionary arms race where both parasite and host adapt to 

thwart the strategies of the other to maximize their own fitness. In the case of avian brood 

parasites, the parasite may evolve mimicry or crypticity in their chicks, and in response, the host 

bird evolves the ability to recognize and reject foreign species (Feeney et al., 2012). Studying 

behavioral adaptations that arise from the arms race helps us to understand how two organisms 

can constantly impact the behavior of others (Feeney et al., 2012). This strategy is also seen in 
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arthropod systems, like Hymenoepimecis argyraphaga, a parasitic wasp that takes advantage of 

Plesiometa argyra spiders (Libersat et al., 2009). The wasp stings its host spider while it is 

spinning a web, paralyzing it so the wasp can lay its eggs in the spider (Libersat et al., 2009). 

The spider then continues as if nothing occurred, but as the wasp larvae develop, they illicit a 

change in the spider’s behavior, causing the host to build a web (never woven by healthy spiders) 

specifically suited for the needs of a metamorphosing wasp (Libersat et al., 2009).  

The other major motivation for parasitic manipulation of host behavior is manipulation 

for suicide (Libersat et al., 2009). This strategy involves behavioral changes that put the host in 

compromising positions, or even changes that cause the host to perform actions that directly 

result in its own death with the end goal of allowing the parasite to reproduce (Libersat et al., 

2009). These often include behavioral changes in the CNS, so most systems that fall under this 

category center around endogenous interactions. A well-characterized example is Toxoplasma 

gondii, a parasitic protozoan which propagates its life cycle through cats. Sexual reproduction of 

T. gondii occurs in the cat intestine. After reproduction in a cat’s intestines, T. gondii oocytes are 

excreted in the host’s feces, which are then ingested by grazers like rodents. In rodents, T. gondii 

blocks the innate fear of cats, increasing their likelihood of predation (Vyas & Sapolsky, 2010). 

This is a clear and direct benefit to T. gondii since the altered behavior of its rodent host results 

in a higher chance that it will be ingested by the specific host it needs to reproduce.  

 Many parasitic fungi that infect insects also take the route of behavioral manipulation for 

suicide. Ophiocordyceps unilateralis is a perfect example of a such a parasite. This 

entomogenous fungus infects ants of the genus Camponotus, which can be found around the 

world in both tropical and temperate forests. In general, entomopathogenic fungi infect their host 

by penetration of the cuticle, the hard chitinous layer covering the exoskeleton (Clarkson & 
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Charnley, 1992). The fungus produces a cuticle-degrading enzyme, opening the protective outer 

layer for penetration by a hypha that grows down into the insect’s hemolymph (Clarkson & 

Charnley, 1992). Once the fungus has gained access to the insect’s circulatory system it can 

reproduce and spread throughout the host’s body, emitting toxins that affect the host’s CNS, and 

therefore, its behavior (Clarkson & Charnley, 1992). Though the exact proximate causes for 

behavioral change in the Ophiocordyceps – Camponotus system are not well studied, it is known 

that O. unilateralis causes a myriad of behavioral changes in its host throughout its lifecycle, 

giving infected ants the nickname “zombie ants” as reference to their loss of control over their 

behavior. After around 2 weeks, the infected ant will bite into a leaf or twig in a “death grip”, 

promptly dying, and in another 2 or so days it produces a fruiting body (Mongkolsamrit et al., 

2012; de Bekker et al., 2015).  Further investigation into the specific mechanisms through which 

O. unilateralis infects Camponotus spp. can provide insight into the range of behavioral changes 

seen in infected ants and the proximate causes behind the parasite’s manipulation of its host.  

 

 

Figure 1 a) Ascoma 
(fruting body) of 
Ophiocordyceps 
unilateralis emerging from 
the head of an infected 
Camponotus bisponosus 
ant. b) Frontal view of 
death grip behavior in an 
infected ant. Bar = 100 µm 
(Adapted from Araujo et 
al., 2015) 
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Behavioral and Morphological Consequences of Infection (Hughes et al., 2011) 

 There is contention surrounding the adaptive value of behavioral manipulation in early 

studies on parasite-host manipulation. Some view the host’s behavioral changes as a defense 

mechanism of the host to try and maximize its own fitness, but the prevailing view is that the 

phenotypes expressed in the host are in fact adaptive to the fungus. When zombie ants die, they 

tend to be concentrated in “ant graveyards” located in ideal microbiomes for fungal growth. This 

points towards the view that host manipulation is directly benefitting the fungus. Research 

suggests that zombie ants should not be viewed as an autonomous ant, but as a fungus expressing 

“fungal behavior” through the body of an ant since their behavior varies so dramatically from 

their healthy counterparts. 

 In order to understand the full suite of morphological and behavioral differences between 

healthy and infected ants, researchers observed Camponotus leonardi ants in Thailand. 

Researchers searched the understory for lone individuals, signaling a potentially infected ant, and 

performed focal observations on the ant from its discovery up until 15 minutes after its death 

grip. In total, focal observations were conducted on 16 infected individuals. After death, heads 

were removed, sectioned, and stained for light and electron microscopy.  

 A healthy C. leonardi worker ant lives in the rainforest canopy of tropical forests in 

Thailand at an elevation of approximately 20m. It rarely leaves the canopy, only venturing to the 

forest floor on foraging trips where it travels along pre-established paths. They are diurnal, seen 

throughout the forest from early morning to sunset. When experimentally removed from their 

canopy nests, worker ants immediately began to ascend to the canopy without stopping to walk 

along the understory vegetation. 
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 Like healthy ants, a zombie ant is also diurnal, but that is where the similarities end. 

Infected ants were only active from 9:30-12:45 h, a very limited period in which they can be 

found walking alone on low vegetation (<50 cm above ground level). Within this activity period, 

the death grip is concentrated around noon (Fig. 2). Under the lens of an adaptationist approach 

focused on the fungus, the very specific timing of the death grip bite is thought to be triggered by 

ideal light, temperature, and humidity conditions at noon. Before the suicidal death grip, infected 

ants wander in a random, circuitous pattern often referred to as the “drunkard’s walk” that keeps 

them in a 3m area surrounding where they were first observed. As the zombies wander the forest 

floor and understory vegetation, their bodies go through random convulsions (never observed in 

healthy ants) that cause them to fall to the ground (Fig. 2). The narrow area to which infected 

ants are constricted by these behavioral changes in walking pattern suggest that the behaviors are 

a fungal adaptation to keep the ant’s body close to the ground and in a specific, favorable area.  

 

 

Figure 2 
Periodogram of 
focal ants infected 
by Ophiocordyceps 
unilateralis. 
Horizontal bars 
indicate observation 
period, vertical tic 
marks represent 
spasm events, and 
red triangles mark 
the moment of death 
grip biting (adapted 
from Hughes et al., 
2011) 



 

 
 

6 

 After wandering randomly through a small area of the understory, an infected ant bites 

the vein of a leaf, locking its jaw in the death grip and dying within the next 6 hours. Post-

mortem analysis of head cross sections showed that the head was full of fungal cells. 

Specifically, hyphal bodies were abundant around (but not inside) the brain and between 

mandibular muscle cells (Fig. 3). Mandibular muscle fibers were highly atrophied and hyphal 

bodies appeared to cause stretching and detachment of muscle fibers (Fig. 3). In fact, the 

stretching was so pronounced it was impossible to differentiate between opening and closing 

muscles. Although the specific proximate cause of mandibular atrophy in zombie ants is not yet 

known, this evidence shows that it is more than likely caused by the fungus in the head 

interfering with muscle structure. Sarcomeres, the basic units of muscle fibers, are anchored by 

z-lines. In infected ants, z-lines were interrupted or completely severed. Irregular and interrupted 

z-lines make muscle contraction impossible because it takes away the anchor point. On top of 

that, infected ants had significantly less sarcoplasmic and mitochondrial density. This means that 

after death grip, ants no longer have the energy to open or close their mandibles. The atrophy 

process seems to be very rapid because the zombies retain strength to bite irrevocably hard into a 

leaf right until their final action is finished.  

 
Figure 3 Light micrograph sagittal section through the head of an ant infected with 
Ophiocordyceps unilateralis. B) shows healthy mandibular muscles and C) shows the 
mandibular muscle of an infected ant. Small ovals between muscle are hyphal bodies 
(Adapted from Hughes et al., 2011).   
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Phototaxis in Zombie Ants (Andriolli et al., 2019) 
 
 As demonstrated by Hughes et al. (2011), zombie ants are active in a very short window 

of time and they congregate in ant graveyards located in specific microenvironments. The sun 

seemingly plays a role in this synchronized period of activity, but it still begs the question, what 

exactly is the role of sunlight in the behavioral modification of zombie ants? Researchers 

attempted to answer this question by investigating sunlight as a potential proximate cue to trigger 

the death grip mechanism. This study, located in Central Amazonia, Brazil, focused on the role 

light plays in ultimate location of Camponotus atriceps ants infected by O. unilateralis.  

Researchers located 10 ant graveyards and set up 10 x 10 m plots around each site. Half 

of each plot was experimentally shaded with 80% polyethylene screen installed 2m above the 

ground, while the other half was left unshaded as a “control region”. To account for the greater 

illuminance of light at the edge of a plot a 50 cm “border region” was delineated around both 

control and experimental plots. Over a period of 5 months weekly inspections were performed to 

monitor height, and relative location to the center of the plot of each ant’s death site.  

 Of 162 dead ants, significantly more were found in control than shaded plots (67.3% 

control, 32.7% shaded). Of the ants that died in the shaded plot, 88.7% were located in the border 

region where light incidence was higher. Data show a significant effect of light incidence on 

dead ant location. Infected ants preferred the brighter control region and within the shaded plots, 

they preferred the brighter border region. The height at which zombie ants died also suggests a 

positive phototaxis in infected ants. Between the experimental regions, ants died at a 

significantly lower average height in the control area (80 cm) compared to the shaded area (113 

cm) (Fig. 4). Ants also died at lower heights in border regions (60 cm control, 90 cm shaded) 

than central regions (110 cm control, 140 cm shaded) (Fig. 4). Since infected ants bite at higher 
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elevations in shaded conditions, these data suggest that the relative strength of light determines 

the height at which an infected ant takes its final bite. Height of death is a direct correlate of 

illuminance at place of death, since sunlight is brighter the higher an ant is in vegetation.  

 

  

Dead ants were monitored for presence of an ascoma (fruiting body). Of the 56 ants that 

produced an ascoma, a significantly higher number were located in the control areas (41) than 

shaded areas (15) (Fig. 5). All ants with a fruiting body in the shaded area were located in the 

border region. Therefore, the reproductive phase of this fungus seems to be reliant on light since 

the more incident light an ant had, the more likely the parasitic fungus was to fruit. Past studies 

suggested that infected ants died near the forest floor because temperature and humidity were 

more stable and favorable to fungal development (Andersen, 2009). These data do not discount 

the role of temperature and humidity as factors in the location of a zombie’s death. However, 

Figure 4 Height of 
dead ants biting leaves 
in control and shaded 
areas. Both ants found 
in the interior (blue) 
and border (green) are 
shown. Points 
represent individual 
dead ants, blue and 
green horizontal lines 
represent regional 
averages, and black 
horizontal lines 
represent averages of 
whole area (Adapted 
from Andriolli et al., 
2019) 
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they more so suggest that light is the driving environmental condition since the number of 

fruiting bodies was higher in the control areas, which had lower and less stable humidity levels 

than experimentally shaded areas.  

 

 

 

Not only does light determine where and how high in vegetation an ant bites, but light 

incidence has a clear and significant effect on reproductive fitness of the fungus. The results of 

this study also add onto past work that shows the death grip has an element of temporal 

synchronization (Hughes et al., 2011). This suggests that O. unilateralis may affect the circadian 

clock of zombie ants in order to manipulate them into performing their final death grip at the 

perfect time for fungal growth.  

 

 

Figure 5 Number of dead ants (a) and number of dead ants with fruiting bodies (b) in 
control and shaded regions. Lines indicate data taken from the same study plot (Adapted 
from Andriolli et al., 2019) 
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Gene-Level Mechanisms of Manipulation (de Bekker et al., 2015) 
 
 The suite of behavioral changes accompanying Ophiocordyceps infection is widely 

assumed to be a result of parasitic gene expression. However, few studies have been able to show 

a genetic basis for observed behaviors. The Ophiocordyceps system is especially difficult to 

study because most behaviors are completely novel, and therefore, there are no pathways with 

preestablished functions genetic analysis can focus on. 

Through mixed transcriptome RNA analysis, researchers were able to catalog gene 

expression across the genomes of both C. castaneus (a carpenter ant species native to temperate 

forests of South Carolina, US) and its O. unilateralis specialist. Analysis was performed on the 

heads of infected ants directly after synchronized biting behaviors and 4 hours after biting when 

the ant was dead in order to compare gene expression during and after death grip. Additionally, 

analyses were performed on healthy ants and non-parasitizing O. unilateralis grown in insect 

tissue culture as controls. In total, this study found numerous up-regulated O. unilateralis genes 

involved in pathways associated with behavioral control. Genes of interest tended to fall into the 

following categories: secretome-related, immune response-related, and secondary metabolite or 

neurotransmitter-related. 

Genomic analysis showed that 191 O. unilateralis genes involved in the fungus’ 

secretome (the set of protein gene products secreted from a cell) were dynamically up and 

downregulated during infection of ants. These genes encode small secreted proteins (SSPs) that 

serve a variety of functions including pathogenicity, metabolism, and cell signaling. It is 

important to note that almost all genes putatively involved in behavioral manipulation were up-

regulated at the time of biting and subsequently down-regulated at the time of death, a pattern 

indicative of a gene’s involvement in death grip performance. Almost half of these genes (49%) 
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were unique to the O. unilateralis genome, of which 34 code for a bacterial like enterotoxin 

homologous to cholera toxins. Enterotoxins are rarely encountered in fungal genomes, which sets 

these genes apart as important pathogenicity factors in the process of behavioral manipulation. 

Six enterotoxins showed a spike in secretion during manipulated behavior. Enterotoxins can 

impair communication and the production of chemical signaling molecules in insects, so the 

increased production of enterotoxins may be why infected ants are unresponsive to stimulus. 

Another large bin of SSPs upregulated during behavior manipulation were proteases. These 

enzymes are important virulence factors that could be involved in pathogenicity by allowing the 

fungus to break down ant tissues and spread throughout the body.    

Yet another SSP upregulated more than 100-fold during manipulation was a homolog of 

kynurenine formidase, an enzyme involved in the kynurenine pathway of tryptophan 

metabolism. Tryptophan is a precursor to many bioactive secondary metabolites, so an excess 

could have possible psychoactive effects. This pathway also produces quinolinic acid and 

kynurenic acid. An excess of these chemicals paired with unbalanced tryptophan metabolism 

pathways may lead to serotonin deficit. This may reduce an ant’s ability to walk long distances 

and respond to foraging trails, both of which align with behavioral changes observed in the field 

(Hughes et al. 2011). A homolog of acid sphingomyelinase (ASM), a gene that codes for 

sphingomyelin phosphodiesterase, was upregulated more than 1500-fold during manipulation. 

This enzyme is important in the metabolism of sphingolipids, a class of lipid especially prevalent 

in the cell membrane of neuronal cells. Sphingolipids are involved in cell regulation and 

signaling, so upregulation in their metabolism can lead to defects in neuronal cell regulation and 

communication. Specifically, the degeneration of motor neurons resulting from increased 
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sphingolipid metabolism can lead to muscular atrophy characteristic of O. unilateralis behavioral 

manipulation.  

Other genes upregulated by the fungus during behavior manipulation were related to the 

synthesis of secondary metabolites and neurotransmitters. Two tryptophan dimethyltransferases 

that were turned off in the control fungal culture were greatly expressed during death grip 

behavior. These enzymes catalyze the first step of ergot alkaloid synthesis from tryptophan (the 

production of which was already upregulated in the kynurenine pathway). Ergot alkaloids have 

similar structures to serotonin, noradrenaline, and dopamine, and therefore can act on the CNS. 

In mammals, ergot alkaloids produced by a related fungus can cause muscle spasms and 

hallucinations, so it is probable that these alkaloids have a similar effect on ants. Multiple genes 

homologous to the pax pathway were also highly expressed during the biting event. This 

pathway produces metabolites called penitrems, known to regulate smooth muscle contraction 

and in excess, cause tremors. Both of these metabolites have tremorgenic effects in animals, so it 

is likely that expression of both gene groups play a role in the tremors that occur as an infected 

ant walks along leaves.  

Most genes involved in behavior manipulation seemed to be of fungal origin, but analysis 

of gene regulation in the head of infected ants showed a suppressed immune response. Ant genes 

involved in pathogen recognition, cell signaling, and immune response effectors were all 

downregulated during biting behavior. If this gene regulation was of the ant’s own volition, it 

would be a maladaptive response to infection. Rather, the downregulation of immune response 

genes implies that O. unilateralis exerts control over the host’s immune system. Common stress 

response genes were also downregulated in ants. A homolog of the insect lipocalin protein 

lazarillo involved in stress response was downregulated by ants, while a fungal lipocalin was 
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upregulated. Again, this suggests that the fungus hijacks the host’s immune response by 

suppressing host genes and replacing the secreted products with proteins of its own.  

There is clearly a very wide array of genes could be involved in this system of behavioral 

manipulation. Multiple pathways could cause erratic walking behavior, muscle degeneration, and 

fungal proliferation within the ant. Therefore, more studies into gene expression throughout the 

entire process of manipulation are needed since this study only focused on the ultimate moments 

of expression. The Ophiocordyceps – Camponotus system is clearly very nuanced, so it is also 

likely that a delicate cascade is responsible for producing novel behaviors rather than a massive 

increase of expression across the entire genome. 
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Social Impacts of Behavioral Manipulation (Solá Gracia et al., 2018) 
 
 Eusocial insects such as ants exist in colonies where workers place colony fitness before 

individual fitness. Therefore, an analysis of the behavioral impacts of O. unilateralis infection 

would be incomplete without consideration of a colony’s social response to infection. Structures 

based upon altruism, such as an ant colony, are susceptible to harm by parasites, since 

provisioning the parasite detracts from the colony’s fitness. It seems adaptive for conspecifics to 

detect and remove the infected individuals to prevent further spread of parasites. In fact, research 

shows that Camponotus ants infected by the generalist fungal parasite Metarhizium brunneum act 

aggressively towards sick individuals, while the infected become asocial (Bos et al., 2011). 

However, a recent study on infected Camponotus ants shows the opposite: zombie ants were 

treated no differently than healthy ants.  

 This study, conducted on Camponotus castaneus examined how infection by O. 

kimflemingiaea (a sub-species within the O. unilateralis clade) affects aggression towards the 

infected, time spent socially exchanging food (trophallaxis), and spatial position to nestmates. 

Three wild-caught colonies were collected from temperate forests in South Carolina and brought 

into a lab setting where they were separated into six sub-colonies of 35 individuals. Within each 

sub-colony, 15 individuals were kept “healthy”, 10 were experimentally injected with O. 

kimflemingiaea, and 10 were given a sham treatment. Individuals were marked with unique dot 

patterns and nests were observed on a 24-hour loop using cameras.  

 Healthy ants did not display any aggression towards infected ants, nor did infected ants 

display any aggression. This means that healthy ants made no attempt to remove infected ants 

from their nest. Additionally, there was no significant difference in the proportion of an ant’s 

time spent in trophallaxis between healthy and infected individuals (Fig. 6). Healthy ants 
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continued to provision infected ants, wasting valuable food sources on the fungal parasite. This 

suggests that healthy ants do not recognize O. kimflemingiaea infection, since it would benefit 

the colony to exclude infected individuals from trophallaxis. 

 

 

  

The unexpected results of this study seem maladaptive at first but begin to make sense 

when considered in the context of these species’ ecology. O. kimflemingiaea and any O. 

unilateralis fungal parasites are specialists. They have coevolved alongside one species of 

Camponotus ant to a point where their lifecycles are inextricably tied to that one species. 

Although the fungus has a massive impact on the behavior of an individual, its impact on the 

colony as a whole is not costly enough for the colony to evolve a response, a reason why this 

fungal parasite has worldwide success. Worker ants only make up about 30% of a colony, and of 

those workers, an even smaller percent is infected. The number of individuals lost to this parasite 

is negligible compared to the number of healthy ants, so this parasite can thwart the colony’s 

Figure 6 Proportion of time 
ants spend engaged in 
trophallaxis (social 
provisioning). Red dots 
indicate healthy ants, green 
dots infected ants, and blue 
dots sham ants. Error bars 
represent ± standard error 
for each treatment group. 
(Adapted from Solá Gracia 
et al., 2018) 
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defenses, something a generalist such as Metarhizium brunneum cannot do. For all these reasons, 

O. unilateralis has evolved to be a chronic pest to carpenter ants. It can continue manipulating an 

individual’s behavior in the shadows, keeping the colony as a whole healthy enough that there is 

no risk of exhausting its pool of hosts.    
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Conclusion 
 
 The behavioral consequences of O. unilateralis fungal infection in ants should not be 

viewed as ant behavior. Rather, the changes are fungal behavior expressed through the body of 

an ant. Erratic walking, body tremors, phototaxis, and sun-synchronized death grip biting are all 

novel behaviors that serve a clear adaptive purpose to the fungal parasite (Andriolli et al., 2019; 

Hughes et al., 2011). Furthermore, analyses of gene expression throughout the period of 

infection show that the majority of novel behaviors originate from the expression of fungal genes 

(de Bekker et al., 2015). This only expounds upon the idea that behavioral changes in the ant are 

under fungal control, for fungal benefit. The complexity and specificity of mechanisms involved 

in behavioral manipulation paired with the lack of colonial response to infection by a specialized 

parasite (Solá Gracia et al., 2018) show that coevolution has resulted in a fungus adapted to host 

manipulation for suicide from the gene all way to the social level.  

 All findings summarized in this review contribute to the wider ecological theory of the 

Extended Phenotype, the idea that phenotype should not be limited to how a gene’s expression 

affects protein production and bodily tissues. Rather, the phenotype should consider a gene’s 

effect on the environment as a whole (Dawkins, 1982). In other words, gene expression can 

result in behavior, and the behaviors of an individual have consequences on the outside world 

that should be considered a part of the organism. This theory originated with observations of 

ecosystem engineers like beavers and termites (Dawkins, 1982), but it also encompasses parasitic 

behavioral manipulation because the expression of parasite genes has a direct impact on other 

members of its environment. Considering behavioral manipulation as an extended phenotype of 

O. unilateralis begins to explain the root evolutionary cause of this one-sided symbiosis. 

Expression of a gene functions to maximize the fitness of its holder, so interactions with the 
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environment (which result from gene expression) should also maximize fitness, even at the 

expense of others. Further study into the mechanisms of behavioral manipulation will continue to 

add to the theory of the Extended Phenotype, redefining ecological frameworks and creating a 

more holistic concept of “the organism” and its place within the web of life.   

 Finally, exploring the metabolite production of O. unilateralis can have positive 

outcomes in multiple industries such as pharmaceuticals and commercial food production. 

Systems of behavioral manipulation are a potential treasure for drug discovery because of 

preexisting work on bioactive metabolites. For example, O. unilateralis produces red pigments 

called naphthoquinones with known anti-viral and anti-malarial effects (Unagal et al., 2005; 

Amnuaykanjanasin et al., 2011). Naphthoquinones can also be used as food and cosmetic-safe 

pigments (Unagal et al., 2005). If further research into harnessing the natural processes of O. 

unilateralis is pursued, careful thought should be put into sustainable and ethical use of this 

potentially valuable environmental resource.  
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