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Abstract The omnipresence of pathogens makes them a strong selective pressure for most organisms, generat-

ing a variety of defensive responses to fight them. One mechanism by which organisms can release

this pressure is avoidance of the pathogens in a spatial or temporal context. To date, only a few bio-

logical systems provide evidence that habitat selection can favour an escape from pathogens. An abi-

otic factor that varies across habitats and influences the evolution of host life history is humidity,

which correlates positively with pathogen levels in the environment. Entomopathogenic fungi are

abundant in soils and are obligate killers that require humidity for host infection. Antlions (Neu-

roptera: Myrmeleontidae) are typical soil-dwelling insects that can live several years as larvae, buried

in dry and fine substrates where they build their traps. This lifestyle may release them from selective

pressure by entomopathogenic fungi. Here, we investigated whether living underground provides

protection against the generalist entomopathogenic fungus Beauveria bassiana (Bals.-Criv.) Vuill. in

the antlionMyrmeleon timidusGerstaecker under low or high humidity in the environment. Individ-

uals that were inoculated with the fungus showed greater survival rates when buried in dry sand com-

pared to individuals that were kept half-buried or without sand, with similar outcomes across

humidity levels. Given that the diversity of antlions is higher in arid environments, this benefit

obtained from pit-building behaviour seems to be a coincidental by-product of this foraging strategy,

which would be particularly beneficial in environments where fungal pathogens are common.

Introduction

The omnipresence of pathogens and parasites has made

them a strong selective force for most organisms, driving

genetic diversity (Haldane, 1949), leading to arms race

coevolution between host and pathogen (Pedrini et al.,

2015), influencing population dynamics (Hudson et al.,

1992), or even affecting community structure and ecosys-

tem functioning (Hudson et al., 2006). In the case of

insects, hosts have evolved a number of mechanisms to

resist pathogen pressures, including genetic, physiological,

and behavioural responses; or even acquiring symbionts

that provide protection (Currie et al., 1999; Rolff &

Reynolds, 2009; de Roode & Lef�evre, 2012; Ye et al., 2013).

Another proposed evolutionary mechanism to cope with

natural enemies is simply moving away from them. For

instance, arboreality in vertebrates and invertebrates seems

to reduce the pressure by predators, pathogens, or other

hazards found in the ground, providing an adaptive signif-

icance and reducing the investment in defences (Shattuck

& Williams, 2010; Walker & Hughes, 2011; Saeki et al.,

2017).

To date, only a few biological systems provide evidence

that habitat selection may produce an escape from patho-

gens or parasites in a spatial, temporal, or evolutionary

context (Wcislo, 1996; Mendes et al., 2005; Horrocks et al.,

2011). For instance, an abiotic factor that varies regionally

and seems to influence host life-history evolution is

humidity, which positively correlates with the levels of par-

asites and pathogens in the environment (Evans, 1974;

Moyer et al., 2002). Besides, species living in the humid
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tropics are presumably exposed to more diverse parasites

(Moyer et al., 2002; Mendes et al., 2005; Froeschke et al.,

2010).

Soils are an example of environments rich in patho-

gens in which humidity plays an important role for host

infection, as is the case for entomopathogenic fungi

(Meyling & Eilenberg, 2007; Reber & Chapuisat, 2012).

A typical soil-dwelling group of insects are antlion larvae

(Neuroptera: Myrmeleontidae). They are distributed

worldwide and typically live several years in dry and

sandy substrates where they spend a major part of their

life buried, using funnel-shaped pits to trap arthropod

prey (Topoff, 1977). This lifestyle suggests that building

their traps in fine and dry substrates, besides being ideal

for foraging (Devetak & Arnett, 2015), may release the

antlions from the pressure of entomopathogenic fungi.

Here, we investigated whether the pit-building behaviour

of antlions provides protection against pathogenic fungi.

For this, we studied the antlion Myrmeleon timidus Ger-

staecker and the generalist entomopathogenic fungus

Beauveria bassiana (Bals.-Criv.) Vuill., which is found in

soils globally including urban, agricultural, and natural

areas (Rehner, 2005). There is evidence that this fungus

is able to kill other fossorial insects in dry soil that shares

the same habitats as antlions (Fuxa & Richter, 2004). As

successful host infection occurs through the cuticle and

depends on humidity (Luz & Fargues, 1999), we mea-

sured infection and survival of antlions in soils with dif-

ferent air humidity levels to test whether the pit-building

behaviour provides protection in environments that vary

in humidity.

Materials and methods

We collected all antlions in the campus of Ciudad del

Saber, Panama City, Panama (9.0014°N, 79.5814°W),

which is outside any protected area and did not require

permission for collection.We identified the species follow-

ing Heckman’s (2017) key for adults and this species is

abundant around Panama City. We kept them 1 week in

the laboratory and fed them once with one worker of the

ant Atta sexdens (L.) before the experiments. We cultured

B. bassiana on a potato dextrose agar for 6 days at 26 °C
and harvested the conidia into a water solvent (0.05%

Tween 20). We challenged antlions by placing 2 ll of a
LD50 solution (8.5 9 107 conidia ml�1), on the thorax

and abdomen of each individual, a concentration deter-

mined in an unpublished pilot study. The control antlions

consisted of individuals treated only with 2 µl of the sol-
vent. To avoid loss of the inoculated solutions, we placed

all antlions initially in containers without sand during at

least 15 min.

To test whether living underground influences death

caused by the pathogen, one third of the antlions were

placed in a 460-ml (16 oz) lidded container with 149 g of

sterilized sand (n = 51), one third of them with 10.5 g of

sterilized sand (n = 50), and the other third in sandless

containers (n = 50; hereafter buried, half-buried, and

exposed, respectively). We used sieved sand that was on

average 18 � 0.03 lm in diameter. To test whether

humidity influences the rate of infection, about half of the

antlions from each sand treatment were placed under

high-humidity conditions (ca. 88%), similar to conditions

observed in Panama during the rainy season (ca. 87–93%).

To achieve this, we placed 6 ml of water on a piece of cot-

tonwool, hung it from the lid with a 5-cmwire, and re-hu-

midified it every 2 days with 2 ml of water. The other half

of each sand treatment was placed under low-humidity

conditions (ca. 55%), with the wire but no wet cotton, and

the experiments ran for 21 days. We maintained all the

containers at 26 °C under a L12:D12 photoperiod regime.

We assured similar distribution of body sizes for all treat-

ments (0.71 � 0.13 cm) and humidity conditions. In

order to monitor survival, we disturbed all individuals by

touching them with a spatula to detect responsiveness. We

surface-sterilized dead antlions by following Lacey (2012);

the method consists of placing and rinsing corpses in 70%

alcohol, NaClO, and distilled water. After the surface ster-

ilization, we placed them in tubes with wet cotton wool to

confirm death by the fungus (Table S1). Only one of all

the challenged individuals did not sporulate (one from the

buried treatment); perhaps due to unfavourable environ-

mental conditions for sporulation in that particular con-

tainer and it was not removed from the analysis as it did

not change the output of the analysis.

Statistical analysis

We carried out all the analyses with the statistical software

R v.3.6.1 (R Core Team, 2016). We assessed differences in

survival rates between treatments using Cox proportional

hazard models, as implemented in the survival package.

We performed separate analyses for each humidity condi-

tion (high or low). We performed pairwise comparisons

with the function ‘subset’ in R and included: (1) challenges

as compared to their respective controls, (2) comparisons

between challenges, and (3) comparisons between con-

trols. Moreover, we performed pairwise comparisons of

the same challenge treatments in the two humidity levels

(e.g., exposed – challenge: low vs. high humidity).

Results

In the exposed treatment, the fungal challenge reduced the

survival of antlions (control vs. challenge, low humidity: 0

2 G�alvez et al.



vs. 37.5% mortality, logrank = 10.9, P<0.001; high

humidity: 3.8 vs. 65.4% mortality, logrank = 21.5,

P<0.0001; Figure 1). The fungal challenge reduced the sur-

vival of antlions only at high humidity for the half-buried

(control vs. challenge: 3.8 vs. 46.1% mortality,

logrank = 12.2, P<0.001; Figure 1B) and buried treat-

ments (control vs. challenge: 0 vs. 19.2% mortality,

logrank = 5.4, P = 0.02; Figure 1B), but not at low

humidity (control vs. challenge, half-buried: 4.1 vs. 4.2%

mortality, logrank = 0, P>0.05; buried: 0 vs. 12% mortal-

ity, logrank = 3.0, P = 0.08; Figure 1A).

We found evidence that being buried provided protec-

tion against the fungal challenge because antlions that were

buried showed higher survival after challenge with the

pathogen compared to the exposed antlions (buried vs.

exposed, low humidity: 12 vs. 37.5% mortality,

logrank = 4.3, P = 0.04; high humidity: 19.2 vs. 65.4%

mortality, logrank = 12.8, P<0.001; Figure 1). Similarly,

buried antlions showed higher survival than half-buried

antlions with the pathogen at high humidity (19.2 vs.

46.1% mortality, logrank = 4.3, P = 0.04; Figure 1B) but

not at low humidity (12 vs. 4.2% mortality,

logrank = 0.96, P = 0.3; Figure 1A).

The benefit in surviving the fungal challenge when bur-

ied is likely due to reduction of humidity in the sand and

not merely due to stress when infected in the exposed con-

dition (challenge, buried vs. exposed), as exposed antlions

showed higher mortality against the fungal challenge at

high humidity than at low humidity (65 vs. 37.5%mortal-

ity, logrank = 4.7, P = 0.03). The same trend was

observed for half-buried antlions at low and high humidity

(4.2 vs. 46.1%mortality, logrank = 10.08, P = 0.001).

Discussion

We found evidence that the underground pit-building

behaviour of antlions provides protection against a com-

mon soil-dwelling pathogenic fungus and this adaptation

seems to be protective in environments with varying levels

of air humidity, an important factor for fungal infection

(Evans, 1974; Luz & Fargues, 1999). Our results also sug-

gest that pit rebuilding by the buried individuals, due to

monitoring with the spatula during the experiments, was

not metabolically expensive, similar to other studies (Eltz,

1997; Meißner et al., 2012) and did not influence their sur-

vival. Moreover, the similar survival rates of controls

0 5 10 15 20

0.0

0.2

0.4

0.6

0.8

1.0

Time (days)

Su
rv

iv
al

Control-exposed (n = 24)
Control-half-buried (n = 24)
Control-buried (n = 24)
Challenge-exposed (n = 24)
Challenge-half-buried (n = 24)
Challenge-buried (n = 25)

0 5 10 15 20

0.0

0.2

0.4

0.6

0.8

1.0

Time (days)

Control-exposed (n = 26)
Control-half-buried (n = 26)
Control-buried (n = 26)
Challenge-exposed (n = 26)
Challenge-half-buried (n = 26)
Challenge-buried (n = 26)

b

a
ab

b

c

c

A B

a
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indicate that the exposed condition per se was not a signif-

icant stress factor influencing the results. Besides, the

higher mortality of exposed and half-buried antlions when

challenged at high humidity corroborates that the cause

was not stress.

Other soil-dwelling insects such as ants and termites

show behavioural and physiological adaptations to coun-

teract hazards from pathogenic fungi in the ground, both

at the individual and collective levels, such as grooming,

spreading of antiseptic substances, and trophallaxis,

among others (Rosengaus et al., 1999; Hughes et al., 2004;

Fern�andez-Mar�ın et al., 2006; Hamilton et al., 2011). Less

is known about how solitary sedentary organisms such as

trap-building predators deal with pathogens, with few

studies finding that gregarine parasites (Marques &

Ormi�eres, 1978; Devetak & Kloko�covnik, 2011) and sym-

biotic bacteria could perhaps influence pathogen resis-

tance (Dunn & Stabb, 2005; Nishiwaki et al., 2007).

Because the rate of pit relocationmay be low due to preda-

tion risk and metabolic cost as seen in other Myrmeleon

species (Crowley & Linton, 1999), selecting dry substrates

for their traps may have coincidentally provided an evolu-

tionary way of escape, as theoretically predicted for host–
pathogen coevolution (Gilman et al., 2012). This lower

pathogen pressure in dry substrates perhaps contributed

to the higher diversity and success of antlions to colonize

arid habitats as compared to other myrmeleontiforms

(Badano et al., 2018).

However, a phylogenetic approach across species of

Myrmeleontiformia could reveal whether there are alter-

native defences against fungal pathogens. For instance, a

prediction could be that species that hunt just beneath the

surface without a trap while changing their ambush site

frequently (sit-and-pursue strategy) or camouflagers

(Loria et al., 2008; Kloko�covnik & Devetak, 2014; Badano

et al., 2018) are under higher pathogen pressures and pos-

sess a higher investment in immune defences than trap-

building species (sit-and-wait). In fact, the two strategies

may show differences in their metabolic rates (higher in

sit-and-pursue; van Zyl et al., 1997) and respond differ-

ently to other biotic factors. For instance, in the sit-and-

wait antlion Myrmeleon hyalinus Olivier, individuals were

less active in the presence of an active predatory beetle than

a sit-and-wait spider. On the contrary, the sit-and-pursue

antlion Lopezus fedtschenkoi McLachlan showed the

reversed pattern, indicating that responses of the two

antlion strategies are associated with their distinct foraging

modes and to the foraging mode of their predators (Loria

et al., 2008).

Our results suggest a multifunctional role of the fosso-

rial trap-building behaviour in antlions, not only for hunt-

ing and predator evasion (Badano et al., 2018) but also for

avoidance of pathogenic fungi in environments where they

might be common. We could exclude that the passive

removal of the conidia by the digging behaviour of the

antlions act as a mechanism to avoid the cuticle infection,

as we recorded an increase in the mortality of buried chal-

lenged individuals compared to controls, at high humid-

ity. Finally, whether specialist pathogenic fungi of antlion

larvae exist is unknown, nor is it known whether the rela-

tionship antlion – fungus is influenced by other factors

such as type of habitat or season. However, we used a gen-

eralist pathogenic fungus which is likely to represent the

response of other pathogenic fungi to abiotic conditions

such as humidity, in line with our hypothesis (Lacey,

2012). Moreover, it is possible that this benefit is observed

in other insects with convergent pit-building behaviours

(wormlions; Dor et al., 2014).
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1. Total number of antlion corpses that showed

sporulation of Beauveria bassiana after surface sterilization

and isolation in a humid container, from the experiments

with low- and high-humidity conditions. Almost all the

corpses that were inoculated with the fungal solution

(Challenge) showed evidence of fungal infection.

Figure S1. Example of the containers used for the exper-

iments, showing buried, half-buried, and exposed treat-

ments.

Figure S2. Example of exposed individuals in which the

fungus has sporulated after death of the antlion.
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