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Abstract The small cockroachAttaphila paucise-
tosa, a myrmecophilic species, was recently reported
in nests of the leafcutter ant Atta cephalotes in South-
western Colombia. We carried out both behavioral
bioassays and field observations to learn more about
this cockroach-myrmecophilous association. When
we excavated the nests of A. cephalotes did not found
cockroaches out of the anthills. We collected all life-
cycle stages of At. paucisetosa (ootheca, nymphs,
male and female adults) inside of fungus chambers
of the leafcutter ants’ nests. In lab, we observed
that At. paucisetosa recognized artificial trails of A.
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cephalotes as well as worker ants. Our results show
that At. paucisetosa is recognized by A. cephalotes
workers as an intruder, triggering aggressive behav-
ior, but the aggressiveness reduced in the presence of
the ants’ fungus. Also, the cockroach may use forag-
ing trails and its attachment abilities to ride on for-
aging ant, facilitating the entrance to the stablished
colonies, but the cockroach must take risks (from
being mutilated or killed) since it is recognized as an
intruder, so it takes advantage of its small size to try
to find refuge in the fungus crevices, taking recogni-
tion profile hydrocarbons from the ants.

Keywords Aggression - Leaf-cutter ants -
Behavior - Myrmecophily - Nestmate recognition

Introduction

A large variety of arthropods live in association with
ants (Holldobler and Wilson 1990; Allan and Elgar
2001). This association, called myrmecophily, occurs
because ant nests represent well-protected and sta-
ble environments that are rich in various resources,
mainly stored food and waste materials (Maurizi et al.
2012). The myrmecophilic arthropods display several
adaptations, including morphological and chemical
mimicry, behavioral mimicry, feeding behaviors, and
corporal modifications that allow them to avoid ant
attacks and be accepted by ants (di Giulio et al. 2011;
Maurizi et al. 2012).
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A good example of the of this adaptation is rep-
resented by species of the genus Attaphila Wheeler
1900 (Blattodea: Blaberoidea) which are associ-
ated with the monophyletic group of the genera Atta,
Acromyrmex and Amoimyrmex (Bohn et al. 2021).
Attaphila species are distributed from Louisiana and
Texas (USA) to Uruguay and Argentina (Bolivar
1905; Moser 1964; Rodriguez et al. 2013; Nehring
et al. 2015). Until recently, Attaphila was composed
of six recognized myrmecophilous species (Becca-
loni 2014). Recently, three additional species, among
them At. paucisetosa (Fig. 1), were described (Bohn
et al. 2021).

All known Aftaphila cockroaches live in colonies
of leaf-cutting and fungus-gardening ants, including
the recently proposed Amoimyrmex (Phillips et al.
2017; Cristiano et al. 2020; Bohn et al. 2021). Overall,
these roaches are small (2.6-3.0 mm length), which is
a very common characteristic of social insect guests
(Kistner 1982; Holldobler and Wilson 1990; Parker
2016). Also, this myrmecophilous organism has short
legs and antennae. Females are apterous while males
are brachypterous (Wheeler 1900; Nehring et al. 2015;
Bohn et al. 2021). Attaphila roaches display cryptic
habits and have never been collected independently
of the ants. There are three known dispersal strategies
well described by Phillips et al. (2021): First, verti-
cal transmission or riding female alates during mat-
ing flights. Second, direct horizontal transmission or
independent movement of the roaches between nests.
Third, horizontal transmission which roaches ride
on female alates and abandon them during dispersal
to entry in matures colonies, such behavior also was
observed by Zubaran and Di lorio (2020) with Acro-
myrmex lundi and its host At. bergi.

Fig. 1 Attaphila paucise-
tosa (female) A. Lateral A
and B. ventral view.

In contrast, At. schuppi individuals follow Ac. niger
foraging trails by joining ant workers (Bolivar 1905).
Moser (1964) also observed that Az. fungicola indi-
viduals perceived artificial foraging trails of A. rex-
ana and Trachymyrmex septentrionalis. The recently
described At. paucisetosa, formerly misidentified as
At. fungicola, was recorded in nests of Atta cephalotes
in Colombia (Rodriguez et al. 2013). In this study, we
investigated if Attaphila paucisetosa is recognized as
an intruder by Atta cephalotes and what strategy it
uses to avoid attacks inside the nest. For this reason,
we propose as objectives: To study the strategy of
entry and establishment of At. paucisetosa in a nest of
A. cephalotes and to analyze the role of the fungus as
a possible place of refuge for these individuals.

Materials and Methods
Species and Sample Collection

During January to May 2015 a total of 70 ant colonies
of Atta cephalotes nests were entirely excavated in
two separated places in Cali, Colombia: Los Andes,
a rural area (3°24'58.78" N; 76°35'30.69” W); and
campus of the Universidad del Valle (3°2223.07"
N; 76°31'50.59" W). The collected material, which
included queens, workers, mutualistic fungus and Az.
paucisetosa cockroaches, was transported in plastic
bowls to the entomological lab of the Universidad del
Valle. Ant colonies were maintained under a photo-
period 12:12 at room temperature and fed on Man-
gifera indica leaves and oat flakes. Experiments were
carried out over the five days following collection.
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Tracking Experiments

Artificial trails were prepared following the technique
of Moser and Blum (1963). Separately, the gasters
of a minor (head length: 0.4 -2.0 mm) and a major
(head length: 4.4-8.8 mm) worker were macerated
in 1 mL hexane. We considered the fully pigmented
workers to avoid using young workers. An extract was
prepared with ants gaster from each collection site.
The extract was used to draw 18 cm diameter circles
on acid free paper (attempting to avoid any chemical
cue that affect the experiment). In the center of each
circle, an ant and a cockroach were deposited sepa-
rately. An event was considered positive when the ant
or the cockroach perceived and walked more than half
of the circle in a time of five minutes. This experi-
ment was done with 20 ants and 20 cockroaches. The
ants were from same colony, and we used four colo-
nies; two replicated for each colony. The cockroaches
were from a single colony. Serial dilutions were used
to estimate the minimum concentration that roaches
could perceive. As control tests, artificial trails were
made only of hexane.

Aggression Test

The methods proposed by Larsen et al. (2014),
with slight modifications, were used to measure
the aggressiveness of the ants toward the cock-
roaches. Using cockroaches from a same colony,
we performed aggression tests which consisted of
an encounter between three discriminator ants and
one target organism (this was a cockroach or an ant,
depending on the test). The arena was a fluon-coated
plastic container (40 mm diameter, 60 mm height)
the bottom of which was covered with filter paper
exposed for 24 h inside a discriminator colony (Guer-
rieri et al. 2009). Discriminator ants were placed in
the arena five minutes before the beginning of each
test. Each test was recorded with an observer using
a DinoLite AM4113T camera for five minutes or
until the test organism was killed. The behavior of
the discriminator ant toward the target organism was
classified as follows: (i) no contact, (ii) antennation,
(iii) mandible opening, and (iv) biting. Each of these
behavioral responses was scored from 0O to 2, where
0 was antennation (lowest), 1: mandible opening, and
2: biting (aggressive response). The aggression index

(AI) for each encounter was calculated following the
d’Ettorre et al. (2000) formula:

_ELAL %,
- T

Al

where, A, is the aggression level and ¢, is duration of
event. T is total interaction time, defined as the sum
of times (in seconds) which a discriminator ant was
in physical contact with the target organism. Ants and
cockroaches were used only once and not returned to
the colonies, and only cockroaches from Los Andes
site were used (Additional file 1).

Ant-Cockroach Encounters

To test if ants recognize At. paucisetosa as an
intruder, a test with six replicates was carried out
allowing the encounter between three-discriminator
ants (cockroach nestmate or non-nestmate) vs one
cockroach, with six replicates of each test. The possi-
ble combinations were: Af. paucisetosa vs three major
non-nestmate, At. paucisetosa vs three medium non-
nestmate (head length: 2.1-4.3 mm), and At. pauci-
setosa vs minor non-nestmate ants (Additional file 1).
An identical set of combinations was used as control
but employing nestmate ants instead. In all behav-
ioral essays we used once the organisms (ants and
cockroaches).

Ant-Cockroach-Mutualistic Fungus Encounters

To determine whether the aggressiveness of A. ceph-
alotes against At. paucisetosa is modified by the pres-
ence of the mutualistic fungus, encounters between
three-discriminator ants and one cockroach were car-
ried out as just described but adding a piece of fungus
with a volume of 0.5 g was added in the arena five
minutes before each test. For this test, we considered
nestmate fungus as the fungus from colony where the
cockroach was found, and non-nestmate fungus as
the fungus from another colony where cockroaches
were not found. Six replicates of each of the possible
combinations were carried out: At. paucisetosa with
a non-nestmate fungus vs. non-nestmate workers;
At. paucisetosa with non-nestmate fungus vs. nest-
mates workers; At. paucisetosa with nestmate fun-
gus vs. non-nestmate workers. As a control event, Af.
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paucisetosa with nestmate fungus vs nestmate work-
ers was performed (Fig. 2, Additional file 1).

Statistical Analyses

Data were analyzed using a generalized linear mixed
model Ime4 (Bates et al. 2011) and an aggression
index (AI) as the dependent variable. As explana-
tory factors, worker castes (major, medium, minor),
presence of fungus in the arena, origin of colony and
fungus (Cali or Los Andes), and target organism (ant
or cockroach) were considered. Tracking experiments
were analyzed using the Zero Inflated Poisson regres-
sion model (Jackman 2008), considering worker size,
origin of collected ants, and dilution of extract as ran-
dom variables. For all data, the R statistical package
was used (v. 3.2.1, R Core Team 2020).

Results

A total of 210 Attaphila paucisetosa cockroaches were
collected from 30 ant nests of ages ranging from one to
four years, in Los Andes (rural area); 42.8% of the nests
had at least one roach. No cockroaches were founded

in the other place (Universidad del Valle). One colony,
Fig. 2 This diagram Los Andes
explains the encounter com-
binations of ants, roaches,

Major

N8

and fungus in behavioral SN
tests. All combinations used \L
0s Andes

Table 1 Artaphila paucisetosa cockroaches found in Atta
cephalotes nests of different ages

Nest Age Exca- Female Male

vated

Nest Nymph Adult Nymph Adult
2-10 months 35 0 0 0 0
1 year old 5 0 0 0 0
1-3 yearsold 15 11 8 0 0
4 years old 14 38 30 2 22
12 years old 1 37 27 2 33
Total 70 86 65 4 55

with 100 cockroaches, was 12 years old (Table 1). All At.
paucisetosa individuals, including nymphs and adults,
were inside the fungus chamber; 46.67% of the cock-
roaches were nymphs (Table 1). The sex ratio (female:
male) was 3:1, and of all roaches collected, 73.3% were
females. A female with an ootheca attached to her abdo-
men was found in the largest excavated nest (Fig. 3).
Many of the cockroaches had mutilated limbs: 29.2% had
lost at least one leg, and 71.9% had a mutilated antenna.

Tracking Artificial Trails of Atta cephalotes
Both ants and cockroaches perceived artificial trails,

but ants had more positive events (Z=23,605;
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Fig. 3 Attaphila pauci-
setosa individuals found
inside Atta cephalotes nests.
A. Nymph dorsal view. B.
Nymph lateral view. C.
Adult female dorsal view.
D. Ootheca found attached
to female abdomen lateral
view. E. Crest and suture
line of ootheca. F. Adult
male

p<0.005). In the case of At. paucisetosa, all indi-
viduals detected artificial trails until 10~ dilutions
(Table 2). At the first phase of the tracking, the

Table 2 Atta cephalotes
and Attaphila paucisetosa
responses to artificial trails

(*) Control test using
individuals and ant gaster
extracts from the same
colony. (**) Control test to
verify hexane influence in
the perception of trails. ()
Initial extract

cockroach started to move slowly on the trail, then
it stayed still and finally began to move faster. We
observed that most positive events were those tracks

Extract Organism Serial dilutons

Locality Component Locality Individuals 110" 102 10° 10

Cali Major worker ~ Cali A. cephalotes 20 17 11 3 0

Los Andes  At. paucisetosa 18 11 7 1 0

Minor worker ~ Cali A. cephalotes 20 14 5 0 0

Los Andes  At. paucisetosa 14 2 0 0 0

Los Andes*  Major worker  Los Andes  A. cephalotes 20 18 12 4 0

At..paucisetosa 20 18 10 3 0

Minor worker A. cephalotes 20 15 7 0 0

At. paucisetosa 18 7 3 0 0

Hexane** Cali A. cephalotes 0 - - - -

Andes At. paucisetosa 0 - - - -

Andes A. cephalotes 0 - - - -
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made with gaster extract from the major worker
(t37=5.30; p<0.05). On the other hand, if we con-
sider the origin of the gaster extract, the number of
positive events increased if cockroaches and the
extract came from the same colony (Z=23.605;
p<0.05). Neither ants nor cockroaches perceived
control (hexane) trails.

Aggression tests
Ant-Cockroach Interaction

Aggressiveness levels of A. cephalotes toward At.
paucisetosa differed depending on nest origin and
worker caste (Fig. 4). The minor workers displayed
the highest level of aggression against non-nestmate
cockroaches (p<0.001). Medium workers occasion-
ally reacted aggressively while major workers did
not attack. No cockroaches were attacked by their ant

1.5

Aggression Index

05

0.0

T T T T T T
Major Medium  Minor Major  Medium  Minor

Non-nestmate Nestmate

Fig. 4 Aggression indices of three different Atta cephalotes
castes (major, medium, minor) were greater toward Attaphila
paucisetosa cockroaches when they were exposed to non-
nest mate (left) than to nest mate (right) target workers. Box
plots depict the median and interquartile range. Significance
indicators above the boxes are derived from a generalized lin-
ear mixed model (*** p<0.001). Circles denote atypical or
extreme data. It is noteworthy that each encounter combination
was replicated six times

@ Springer

nestmates (p<0.001 compared with non-nestmates).
We observed cockroaches avoid touching the most of
time the ants and shows no interaction between the
ants and the cockroach, however it uses the fungus to
hide from non-nestmate ants.

Ant-cockroach-symbiont fungus interaction

Ant reactions toward cockroaches changed when
mutualistic fungus was added to the arena (Fig. 5).
Nestmates and non-nestmate worker ants reacted
more aggressively against the cockroaches when a
piece of non-nestmate fungus was placed in the arena
(p<0.01); both biting and mandible opening behavior
increased. Again, the minor workers were the most
aggressive caste (p<0.05). In one event a non-nest-
mate major worker killed a cockroach, the cockroach
was moving towards the arena so fast that it ran into a
major worker’s mandible with a fatal result, this may
have been an artifact of captivity.

When nestmate ants were used as discriminators,
they did not react aggressively when a piece of nest-
mate fungus was placed in the arena. However, when
the origin of fungus changed, we observed more
aggressive behavior toward the cockroach (p<0.01).
As in other cases, minor workers were the most
aggressive (p<0.01).

Discussion

This study presents new insights and corroborates
previous information about the biology and life his-
tory of Attaphila sp. cockroaches. The At. paucisetosa
cockroaches were mainly collected moving through
the fungus chambers, and 90% of the specimens
were obtained from mature nests (estimated to be
more than four years old). The large number of cock-
roaches found in mature nests, as well as the different
developmental stages of At. paucisetosa, including
an ootheca attached to the body of a female; sug-
gesting their entire life cycle occurs inside the nests.
Our field observations are supported by Phillips et al.
(2021) which Attaphila roaches are not compatible
with incipient or recent nests given their extremely
fragility.

According to the sex present in the colonies,
Waller and Moser (1990) during an excavation of A.
texana nests in Austin (Texas, US) reported a lack of
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(a)

Fig. 5 Aggression indices of three different Atta cephalotes
castes (major, medium, minor) towards Attaphila paucisetosa
with a piece of mutualistic fungus in the arena. a) Worker
castes and non-nestmates of cockroaches, coming from Cali
nests, the piece of fungus belonging to Los Andes nests (left
side) and to Cali nests (right side). b) Worker castes and nest-

males of At. fungicola males; but Phillips et al. (2017)
proposed that a limited sampling or a parthenogenesis
strategy (at least for North America) could explain
this absence of males. Nevertheless, both sexes of At.
paucisetosa were found in the present study.

But how does the cockroach interact with ants
to integrate into the colony? In our study we found
that Az. paucisetosa cockroaches recognize ant trails
in lab. During the field phase we did not find any
cockroach attached to an alate queen like At. fungi-
cola in or out of the colony. However, it is notewor-
thy that our study was in few places, possibly would
be the exception but not the rule. Bohn et al (2021)
mention two ways to disperse to reach another col-
ony: join to the ant dispersal activities (known as
vertical transmission, e.g., mate flights) or move
by its own, independent of the ants (or horizontal
transmission). As we mention before, in this study
we did not find any At. paucisetosa cockroach in

(b)

mates of cockroaches coming from Andes nests are both con-
fronted with a piece of fungus from a Cali nest (left side) and
an Andes nest (right side). The significance indicators above
the boxes are derived from a generalized linear mixed model
(** P<0.01; ***P<0.001). Circles denote atypical or extreme
data. Each combination depicted had six replicates

newly founded colonies, indicating possibly verti-
cal transmission is rare or not very effective, since
according with Phillips et al. (2017) observations
At. fungicola females did not survive in newly
founded nest, corroborating our field observations.
Then the option of horizontal transmission would
acquire ever more relevance, since as mentioned
Bohn et al. (2021) one prerequisite is Attaphila
cockroaches can follow the pheromone traces,
something observed under lab conditions that At.
paucisetosa followed artificial trails of A. cepha-
lotes. But it is not only study with the same behav-
ior. Moser (1964) found At. fungicola in lab condi-
tions not only follow pheromone trails of its host
Atta texana, but also Trachimyrmex ants. On another
hand, At. schuppi has been found on foraging trails
in field (Bolivar 1905), however this strategy is not
a plausible and unique way to disperse because for-
aging trails are unlikely connected between nests.
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Phillips (2021) suggests that Attaphila cockroaches
do not use just one way, but rather a combination of
ways of dispersion from observations in field which
showed At. fungicola uses foraging trails after it aban-
doned A. fexana foundress. Once found the forag-
ing trail, the cockroaches use presumably its strong
attachment abilities via well-developed pretarsal aro-
lia and it is riding on foraging ant workers or foraged
leaf carried by ants (Brossut 1976; Bohn et al. 2021;
Phillips 2021).

This combined strategy possibly function as safety
way to reach and enter a new colony as Bohn et al.
(2021) suggest cockroaches take advantage of being
on the back of the worker to avoid the hosts’ recog-
nition system, that is probably via chemical odor
(Nehring et al. 2016; Adams et al. 2020), and in lab
we could corroborate Atf. paucisetosa individuals
tries riding on foraging worker, without success, in
change, the ant reacted aggressively. While one indi-
vidual was killed in this study, occasional killings
do occur in many others ant-myrmecophile systems
(e.g., Rettenmeyer 1963; Akre and Torgerson 1969;
Witte et al. 2009; von Beeren et al. 2011; Parmentier
et al. 2016).

The aggressiveness in ants is determined by the
size of the opponent and the task inside the nest. We
know that Az. paucisetosa is recognized as intruder by
Atta workers, however the major caste did not react
aggressively as expected, and this is possibly because
as mentioned Montoya-Correa et al. (2007) the major
workers are the first line of defense if a nest is dis-
turbed, and they modulate their aggression according
to the opponent size to maintain energy (Nowbahari
et al. 1999). Therefore, the major caste might per-
ceive cockroach as a threat that minor castes could
face easily. Another possible reason lies in the task
for each caste to accomplish within the colony. Leaf
cutting ants have a very stratified society where minor
workers accomplish maintenance tasks. One of their
functions is prevent external contaminants that affect
symbiotic fungus. An effective way to keep off poten-
tial infecting organisms is by attacking aggressively
regardless of whether it is a nestmate or not (Larsen
et al. 2014). Hence, we consider that myrmecophile’s
life represent a risk in or out the nest.

The next step is: How could At paucisetosa
establish inside the colony? It can be explained
in terms of our results that showed when the fun-
gus comes into equation. The ants perceived the

@ Springer

cockroach did not belong to their colony, but when
we put the fungus piece the ants decrease or did not
attack, but why? As Jaffé (1983) mentioned, ants
do not react aggressively if intruders do not move.
So, when the cockroach was in the arena, the ants
reacted aggressively, but immediately the cockroach
reach the fungus and hiding in its crevices, reduc-
ing the ants’ aggression (Nehring et al. 2015). Then,
At. paucisetosa could use the fungus as a shelter,
but while trying to reach it, the roach must avoid
the contact with ant workers. For this, its small
size could help to avoid the attacks (Kistner 1979;
Buschinger 2009; Parker 2016), but this physical
trait is not completely effective since in many cases
by accident or by aggressive response could suffer
mutilation (Wheeler 1900). However, body size has
not been studied as a predictor of host attacks and it
is not clear whether this trait is related to host tol-
erance (Parker 2016; Parmentier et al. 2016, 2017).
Once inside the fungus garden, At. paucisetosa like
other Attaphila species probably they start acquir-
ing chemical substances from their host ants (while
mounted) or fungus garden via constant touching
(Akino 2008; Nehring et al. 2016; Mendoga et al.
2019; Bohn et al. 2021).

Nevertheless, despite our findings, we are aware
the limitations of our research. The cryptic peculiari-
ties of the studied species, determining with certainty
the interaction that occurs within an underground sys-
tem brings logistic inconveniences such as a possible
alteration of the behavior of cockroaches and ants
while the nest is extracted and transported to the labo-
ratory, which would be difficult to know their behav-
iors are natural or a consequence of the stress due to
researcher handling in lab. In addition, another logis-
tical limitation is the reduced number of ant workers
used, since this number interacting with the cock-
roach may be much higher than that proposed in our
aggression tests. Hence, we believe that this factor
must be considered in the future tests. Although this
study is a step closer to elucidating the biology of this
cockroach, it is important to be clear that communica-
tion between ants occurs mainly through the chemi-
cal pathway (d’Etorre et al. 2017; Adams et al. 2020).
Nehring et al. (2016) observed A. paucisetosa bear
same cuticular hydrocarbon profile than its nestmate
workers, which confirms such species uses chemical
mechanisms to live inside the nests. Our results show
the key role.
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of symbiont fungus as a recognition substances
source. We assume then that Az. paucisetosa possibly
exploits the A. cephalotes colonies using chemical
mechanisms to enter and integrate. Hence, it would be
advisable in future studies use chemical approaches to
better explain the ant-cockroach observed behaviors.

In conclusion, the present study highlights the pos-
sible mechanism of entry and interaction between the
At. paucisetosa in an A. cephalotes colony. Evidently,
the cockroach recognizes the artificial trails, possibly
it uses this ability along its capacity of attachment to
ride on ants’ backs, but this interaction is not friendly,
due to is recognized as a foe, but, when it achieves its
goal, the ant may be useful as a less aggressive entry
mechanism. Once inside, the establishment may bring
certain risk complexities such as mutilation or death,
and the ant symbiont fungus stars playing a funda-
mental role for the survival of the myrmecophilic
roach inside the colony.
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