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abstract: The ecological and evolutionary success of social insects
relies on their ability to efficiently discriminate between group mem-
bers and aliens. Nestmate recognition occurs by phenotype matching,
the comparison of the referent (colony) phenotype to the one of an
encountered individual. Based on the level of dissimilarity between
the two, the discriminator accepts or rejects the target. The tolerated
degree of mismatch is predicted by the acceptance threshold model,
which assumes adaptive threshold shifts depending on the costs of
discrimination errors. Inherent in the model is that rejection (type I)
and acceptance (type II) errors are reciprocally related: if one type
decreases, the other increases. We studied whether alarm pheromones
modulate the acceptance threshold. We exposed Camponotus aethiops
ants to formic acid and subsequentlymeasured aggression toward nest-
mates and nonnestmates. Formic acid induced bothmore nonnestmate
rejection and more nestmate acceptance than a control treatment, thus
uncovering an unexpected effect of an alarm pheromone on responses
to nestmates. Nestmate discrimination accuracy was improved via a
decrease in both types of errors, a result that cannot be explained by
a shift in the acceptance threshold. We propose that formic acid in-
creases the amount of information available to the ants, thus decreasing
the perceived phenotypic overlap between nestmate and nonnestmate
recognition cues. This mechanism for improved discrimination reveals
a novel function of alarm pheromones in recognition processes and
may have far-reaching implications in our understanding of themodus
operandi of recognition systems in general.
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Introduction

Social insects have evolved highly organized societies based
on division of labor and defense of colony resources. The
latter relies on nestmate recognition, the ability to discrim-
inate between nestmates and nonnestmates. This faculty
favors the evolution and maintenance of sociality because
it allows rejecting alien competitors (nonnestmate con- and
heterospecifics) while being tolerant toward group members,
which are typically related (Hamilton 1987). Apart from the
rare exception of few social wasp species, where vision also
plays a role in nestmate discrimination (Tibbetts 2002; Ba-
racchi et al. 2016), the recognition of colony members in so-
cial insects is predominantly mediated by chemical cues (Le-
noir et al. 1999; van Zweden and d’Ettorre 2010). Insect
cuticles are covered by complex mixtures of hydrocarbons
forming a waterproof layer (Blomquist and Bagnères 2010)
that prevents body dehydration and plays a prominent com-
munication role in insects living in groups (Blomquist and
Bagnères 2010). Cuticular hydrocarbons (CHCs) are low vol-
atile compounds with long carbon chain lengths (approxi-
mately C20 to C40; van Zweden and d’Ettorre 2010) that can
be detected through antennal contact or at very short dis-
tances (Brandstaetter et al. 2008). Typically, CHCs vary qual-
itatively among species and quantitatively among colonies of
the same species (vander Meer et al. 1989).
A long-standing hypothesis is that information about an

individual’s own CHC profile (and therefore about nest-
mate CHC profiles) is represented as a neural template in
the nervous system (Lenoir et al. 1999; Leonhardt et al. 2007).
During encounters with other individuals, their chemical
profile (label) would be compared with the stored template
in a process described as phenotype matching (Lacy and
Sherman 1983). Aggressive behaviors would thus result from
amismatch between the label and the template, which ismore
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likely to occur when facing a nonnestmate than a nestmate
(Lacy and Sherman 1983). As CHC profiles are influenced by
environmental factors, such as wax comb in honey bees, that
affect both the label (d’Ettorre et al. 2006) and the template
(Couvillon et al. 2007) and vary with age, reproductive status,
and caste (d’Ettorre and Lenoir 2010), an adjustment of the
template should occur in order to prevent rejection of nest-
mates with slightly different profiles. The formation and ad-
justment of the template are thought to require sensory adap-
tation or simple forms of learning (e.g., habituation; Guerrieri
et al. 2009) and frequent interactions among colonymembers
to unify the CHC label (Blomquist and Bagnères 2010).

The ability to correctly discriminate groupmembers (typ-
ically kin) from strangers (usually nonkin) is central to the
evolution and maintenance of social life (Hamilton 1987).
Therefore, recognition systems have been of ongoing inter-
est to researchers in evolutionary biology in general (e.g.,
Breed 2014). The study of recognition systems can be divided
into three components: the expression, the perception, and
the action (Reeve 1989; Sherman et al. 1997; Liebert and Starks
2004). The expression component refers to the production
of the cues used for recognition; they consist of any aspect
of the phenotype that predicts group membership reliably.
The perception component refers to both the recognition
template and the matching algorithm between the perceived
cues and this template. The action component refers to the
decision rules derived from recognition, the actual behavioral
response. The acceptance threshold model of Reeve (1989)
predicts this action component, that is, how the discrimi-
nator’s action should vary in different recognition contexts.
According to this model, the discriminator would have only
two options when facing another individual: acceptance or re-
jection. The acceptance threshold is the level of phenotype-
template dissimilarity below which the actor will accept and
above which it will reject a conspecific. Because of interindi-
vidual variation and overlap between nestmate and non-
nestmate recognition cues, discrimination errors are inevitable.
The model predicts the acceptance threshold that optimally
balances the errors of rejecting nestmates (type I) and ac-
cepting nonnestmates (type II) in different contexts. Several
studies have supported the acceptance threshold model with
experimental data in different social insect species. It has
been shown that the acceptance threshold varies as predicted
by themodel with, for instance, proximity to the nest (Starks
et al. 1998; Buczkowski and Silverman 2005), food availabil-
ity (Downs and Ratnieks 2000), robbing intensity (Couvillon
et al. 2008), stage of colony cycle (Gamboa et al. 1991), wax
comb cues (d’Ettorre et al. 2006), and number of queens
(Starks et al. 2010). However, there is little empirical evi-
dence about the proximate mechanisms modulating the
threshold; in particular, whether pheromones affect it and
change the propensity of individuals to accept or reject nest-
mates and nonnestmates remains unknown.
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Pheromones are substances emitted by an individual that
elicit behavioral or physiological responses in individuals of
the same species (Karlson and Lüscher 1959). They are used
in various contexts, such as foraging, defense, and repro-
duction (Wyatt 2014), and are key factors in coordinating
social interactions and maintaining the organization of so-
cieties, such as those of social insects (Wilson 1971; d’Ettorre
andMoore 2008). Pheromones typically elicit a stereotyped
response that is species specific and does not depend on ex-
perience (Karlson and Lüscher 1959; Wyatt 2014). How-
ever, recent findings indicate that the biological effects of
pheromones are more complex than previously thought,
as they can also act as modulators of either experience-
dependent behaviors (Vergoz et al. 2007; Urlacher et al.
2010) or behaviors that are not explicitly related with the
specific message they convey (Baracchi et al. 2017; Rossi
et al. 2018). Therefore, pheromones appear to be key players
in behavioral plasticity, an aspect that is still underexplored.
Couvillon et al. (2010) hypothesized that alarm phero-

monesmay shift the acceptance threshold toward a less per-
missive one, but no significant effects of alarm pheromones
on the acceptance or rejection rate of nestmates or nonnest-
mates by honey bee guards could be found (see “Discus-
sion”). We thus decided to test the possible effect of formic
acid (FA) on ant nestmate recognition; FA is an alarm pher-
omone released by most ants belonging to the Formicinae
subfamily (O’Rourke 1950). It is the main component of
the secretion of the venom gland (Stumper 1952), and its
exposure results in increased spontaneous locomotor activ-
ity, which is part of a stereotyped alarm behavioral response
(Löfqvist 1976).
We asked whether besides eliciting stereotyped responses

FA modulates nestmate discrimination, in particular when
the pheromone is no longer present. In a natural scenario,
the situation would be that of an ant colony after an alarm
situation.Does thenestmatediscriminationbehaviorofwork-
ers change after an alert, consistent with a shift of the accep-
tance threshold toward a less permissive one? Does FAmod-
ulate rejection (type I) and acceptance (type II) errors? To
tackle these questions, we used carpenter ants Camponotus
aethiops, which use FA as alarm pheromone (Stumper 1952)
and are aggressive against nonnestmates (Stroeymeyt et al.
2010). Two experiments were designed to determine whether
and how FA modulates nestmate discrimination in these
ants. The first experiment tested the effect of FA on ants’ re-
sponsiveness to different concentrations of nonnestmate odor,
which were used to mimic an odor gradient emanating from
a nonnestmate depending on its distance from the receiving
ant. The second experiment tested whether FA affects the
level of discrimination between nestmate and nonnestmate
odor cues. We conceived this experiment to test the hypoth-
esis that an alarm pheromone not only triggers acute and
stereotyped defensive responses toward potential enemies
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Formic Acid Improves Nestmate Recognition 269
but also elicits a prolonged action resulting in a fine-tuned
modulation of nestmate recognition behavior. In particular,
this behavioral modulation would be adaptive if FA would
cause an increase in effective aggressive responses toward
nonnestmates and a decrease in erroneous aggressive re-
sponses toward nestmates. This hypothesis introduces a new
perspective on the role played by alarm pheromones by pro-
posing that these semiochemicals regulate defensive behav-
ior and, additionally, modulate the attention of the defender
to select appropriately the targets of its responses.
Material and Methods

Experiments were conducted in February and March 2017
at the Laboratory of Experimental and Comparative Ethol-
ogy, Villetaneuse, France. We used five queen-right colo-
nies of Camponotus aethiops collected in 2016 at Pomper-
tuzat (Midi-Pyrénées, France; lat. 43.5, long. 1.5167) and
kept in the laboratory under controlled conditions (257C;
light-dark cycle of 12∶12, 40% humidity), each in two Fluon-
coated plastic boxes connected by a tube. One box was pro-
vided with plaster floor and covered by cardboard (nest),
and the other was exposed to light and had sand on the floor
(foraging area). Ants were fed twice a week with a mixture
of honey and apples for carbohydrates and vitamins and
pieces of crickets and flour worms for proteins; water was
provided ad lib.

We conducted two experiments to determine the poten-
tial modulatory effect of FA on the perception and the asso-
ciated action component of the olfactory recognition sys-
tem. Experiment 1 was conducted to determine whether
FA modulates responsiveness to nestmate and nonnestmate
cuticular extracts.We tested different odorant concentrations
to mimic an odor gradient emanating from a nonnestmate.
In this case, each ant was its own control (within-subjects de-
sign), as responsiveness was measured before and after pher-
omone exposure. Experiment 2 was an aggressive encounter
protocol, which allowed determination of whether FA mod-
ulates nestmate discrimination. We aimed at determining
whether FA, besides enhancing defensive responsiveness to-
ward nonnestmates, also affects recognition of nestmates. In
this experiment, one focal ant met two target ants—a nest-
mate and a nonnestmate—presented simultaneously and
close to each other (dual-choice situation); this design was
therefore more prone to errors (both type I and type II) than
when encountering a single ant and could allow observing
subtle changes due to FA exposure. Target ants were previ-
ously killed by freezing so that their behavior would not in-
fluence the focal ant (C. aethiops ants are aggressive toward
freshly killed nonnestmates; Stroeymeyt et al. 2010). Fig-
ure A1 (figs. A1, A2 are available online) summarizes the
experimental procedure for all experiments. Data are depos-
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https://dx.doi.org/10.5061/dryad.14k55m8).
Experiment 1: Responsiveness of Ants to Recognition Cues
Measured with Mandible Opening Response (MOR)

Medium-sized forager ants from two different colonies were
used to study responsiveness to nestmate and nonnestmate
odors (foragers are typically very aggressive in C. aethiops;
Larsen et al. 2016). We used the MOR as a proxy for aggres-
sion (Guerrieri and d’Ettorre 2008; fig. A2). Each ant was
cold anesthetized until immobility (∼3–4min) and harnessed
within a small plastic holder using adhesive tape placed be-
tween the head and the thorax. Ants restrained in this way
can freely move only their antennae and mouthparts. Once
harnessed, the ants were kept in a dark and humid cardboard
box (70%) at 257517C to recover from anesthesia and accli-
matize to the harness. After the 3-h rest, ants were randomly
allocated to two different groups (a control group exposed to
water and an experimental group exposed to FA) and tested
for their responsiveness using MOR.
In the MOR assay, one ant at a time was placed under a

stereomicroscope (Leica S8 APO; magnification,#10). Re-
sponsiveness to nestmate andnonnestmate odorswas quan-
tified by recording the MOR to different concentrations
of cuticular extracts. Cuticular extracts were obtained by
washing 20 nestmate or nonnestmate ants in 10 mL of sol-
vent (pentane, HPLC grade; Sigma-Aldrich) for 10min; con-
centrations were obtained by serial dilutions (see Larsen et al.
2016). The amount of nestmate odor used was equivalent to
that of a single ant, while nonnestmate odor was used in six
different concentrations (0.03, 0.06, 0.125, 0.25, 0.5, and 1 ant
equivalents).An additional presentation of pure solvent (pen-
tane) was performed as a control. The stimulus presentation
was performed by placing a glass rod coated with the chem-
ical extract next to the antennae, without touching them. The
solvent evaporated prior to positioning the rod next to the
antenna. At room temperature, pentane evaporates in a few
seconds. The rods were let dry for 1 h before starting the ex-
periment. The tips of the rodswere carefully coated by adding
drops of the chemical extracts using aGilson pipette. The dis-
tance between the rod and the antennae coincided with the
diameter of the rod (1.5 mm). The presentation lasted 1 s.
The evaluation of the response was done immediately after
the rod reached the right position because usually the ants
that respond do it immediately. Each ant was presented with
the eight stimuli in a randomized order (pentane, nestmate
extract, and six nonnestmate extracts). Each stimulus was
preceded by the presentation of a clean rod in order to famil-
iarize the ants with the visual component of this stimulus.
The occurrence of MOR (yes/no) to each stimulus presenta-
tion was recorded during the presentation.
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Fifteen minutes later, ants were exposed either to FA (ex-
perimental group) or to the solvent alone (pure water, con-
trol group). FA (Sigma-Aldrich) was diluted to 12% (3 mL of
pheromone plus 22 mL of water, equivalent to one-third of
the content of one poison gland; Stumper 1952). Control
ants were exposed to 25 µL of water. Ants in their plastic
holders were individually confined for 15 min in a 50-mL
plastic flask containing a filter paper (1#5 cm) soaked with
the pheromone (or water) placed under a hood. After the
exposure, ants were kept resting for an additional 30 min
and then tested again for responsiveness using the MOR
assays (fig. A1). A total of 244 ants were tested (124 ants ex-
posed to FA and 120 ants exposed to water).
Experiment 2: One-to-Two Encounters

The arena used for aggressive encounters was a circular ring
in Plexiglas (h p 5:3 cm, ∅ p 8 cm), which delimitated a
portion of the foraging area of the focal colony. It was
placed in the foraging area the day before the experiment to
familiarize the ants with it. The inner walls of the ring were
coated with Fluon to impede the experimental ant to es-
cape. We used three arenas, each placed in the foraging area
of a colony (colonies A, B, and C), and used the foragers of
each colony as reciprocal nestmates and nonnestmates. On
the day of the experiment, 10 ants from the focal colony and
10 ants from another colony were killed by freezing and
then warmed up for 15 min at ambient temperature just be-
fore the experiment. One focal ant was collected from the
foraging area of the focal colony and exposed either to FA
(12% in water) or to pure water. Exposure lasted 15 min.
Each focal ant was placed inside a small glass vial (3.14 mL)
placed in the middle of a 50-mL plastic flask containing the
filter paper to avoid direct contact between the ant and FA
or water. Trials were therefore spaced by 15 min (the expo-
sure time).We used 21 focal ants from colony A, 19 focal ants
from colony B, and 29 focal ants from colony C. When focal
ants from colony A were tested, nonnestmates from colony C
were used as aggression targets; when focal ants from col-
ony B were tested, nonnestmates from colony A were used
as aggression targets; and when focal ants from colony C
were tested, nonnestmates from colony B were used as ag-
gression targets.

After exposure, the focal ant was placed in a Fluon-coated
ring (h p 3 cm, ∅ p 2:2 cm) inside the arena. Two target
dead ants (a nestmate and a nonnestmate), presented simul-
taneously and interspaced at 1 cm, were placed at one ex-
tremity of the arena, and the focal ant was released from
the opposite extremity after 3 min of acclimatization. The re-
spective positions of the nestmate and the nonnestmate were
randomized over trials. All trials were videotaped. Target
ants were marked with a small paint dot on the thorax for
identification during video analysis. Trials lasted 3 min, dur-
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All use subject to University of Chicago Press Term
ing which duration and occurrence ofmandible opening, bit-
ing, and gaster flexing were recorded (ascending order of ag-
gressiveness, from low to high; Stroeymeyt et al. 2010). All
behaviors were exclusive, meaning that only themost aggres-
sive behavior was recorded when two behaviors occurred at
the same time. Video analysis was done blindly, as video
recordings were labeled in such a way that it was not possible
to know a priori the treatment to which the focal ant had
been exposed. This information was obtained a posteriori,
once the analysis was achieved. For video analysis, we used
BORIS software (Friard and Gamba 2016). Only ants that
contacted both nestmates and nonnestmates were kept in
the analyses (69 in total; 35 ants exposed to FA and 34 ants
exposed to water).
Data Analysis

For experiment 1, ants exhibiting inconsistent responses
to nonnestmate odors (i.e., responding to a low but not to
a higher concentration) were discarded (31 of the FA-
exposed ants [i.e., ∼25%] and 34 of the water-exposed ants
[i.e., ∼28%]) because the lack of response to the highest
concentrations may have been due to an uncontrolled mo-
tor problem and not to odor sensitivity itself. The percent-
age of inconsistent ants did not differ between the two treat-
ments (x2 test, water vs. FA: x2 p 0:35, df p 1, P p :55).
For each ant retained in the analysis (ants exposed to FA:
n p 93; ants exposed to water: n p 86), an individual MOR
score was calculated as the number of nonnestmate odor
stimulations eliciting MOR. MOR scores ranged from 0 to
6; that is, ants with a MOR score of 0 did not respond to any
stimulation, while ants with a MOR score of 6 responded to
all nonnestmate odor stimulations. Delta scores were calcu-
lated by subtracting the MOR score measured after exposure
from theMOR scoremeasured before exposure to FA (or wa-
ter) and were compared using a Z-test, since the distribution
was approximately normal and the sample size was large
(n 1 30).
Stimulus responses (MOR: 1 or 0) of individual ants were

examined using generalized linear mixed models (GLMMs)
with a binomial error structure (logit link function), using
the glmer function of the R package lme4 (Bates et al. 2015).
In all models colony of origin was entered as random factor,
and when appropriate (i.e., repeated measures) ant individ-
ual identity was entered as a random factor nested inside
colony of origin.
We first analyzed the effect of the treatment (“treatment

time”; i.e., before/after exposure to either water or FA) on
ants’ response to nonnestmate odor concentrations (“stim-
ulus concentration”; i.e., nonnestmate ant equivalents), us-
ing independent models for ants exposed to water and ants
exposed to FA, as these groups were independent. In a sec-
ond analysis, we tested the effect of the exposure to FA or
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Formic Acid Improves Nestmate Recognition 271
water on ants’ MOR to pentane (solvent only) and to nest-
mate and nonnestmate odors, both with a concentration
of 1 ant equivalent (“odor stimulus”). Independent models
were run for ants exposed to water and ants exposed to FA.
Responses of ants to 1 ant equivalent of nestmate and non-
nestmate odors were classified as either “increased aggres-
sion” or “decreased aggression” according to their variation
before and after exposure to water or FA. To compare these
proportions, x2 tests were used. Post hoc x2 tests were ap-
plied within and between treatments.

For experiment 2, we used mandible opening, biting, and
gaster flexing as aggressive behaviors, and we analyzed the
occurrence and duration of the sum of these three behav-
iors. Occurrence of aggressive behaviors was examined us-
ing GLMMs with a Poisson distribution for count data
(link p ‘log’; glmer function of the R package lme4), while
duration of aggressive behaviors was examined using linear
models (lme function of the R package nlme), with permu-
tation tests to make sure that inferences were not biased
by the nonnormal distribution of the data (PermTest func-
tion of the R package pgirmess; 1,000 permutations). For
both “occurrence” and “duration” responses, the full mod-
els were retained, that is, with the interaction between “treat-
ment” (FA/water) and “targeted ant” (nestmate/nonnestmate).
We added “ID” as a random factor nested in “colony of
origin” to account for the dependency of the data. As the
interaction between “treatment” and “targeted ant” was
significant for both response variables, we proceeded with
models on nestmate and nonnestmate subsets separately.

In all analyses, we retained the significant model with the
highest explanatory power (i.e., the lowest Akaike informa-
tion criterion value). When we used post hoc tests, we ap-
plied the Bonferroni correction to correct for the familywise
error rate (p.adjust function in the R package stats; R Devel-
opment Core Team 2017). All statistical analyses were per-
formed using R version 3.4.2 (R Development Core Team
2017), and the significance threshold was set at .05.
Results

Experiment 1: MOR Assays

The aggressive response of harnessed ants, expressed as
MOR, increased significantly with the concentration of non-
nestmate chemical extract (0.03, 0.06, 0.125, 0.25, 0.5, and
1 ant equivalents) in both water-exposed and FA-exposed
ants: the higher the concentration, the higher the percent-
age of ants displayingMOR (GLMM, water-exposed group,
stimulus concentration: x2 p 114:66, df p 5, n p 86, P !

:001; FA-exposed group, stimulus concentration:x2 p 125:33,
df p 5, n p 93, P ! :001; fig. 1A, 1B). The concentration of
nonnestmate odor was the only factor that had a significant
effect for the water-exposed group and was consequently the
This content downloaded from 087.02
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only predictor retained in the model. Thus, the responses of
water-exposed ants were similar before and after exposure
such that this treatment did not affect the MOR to non-
nestmate odors (fig. 1B). In contrast, ants were generally
more likely to respond aggressively (MOR) to nonnestmate
odors after being exposed to FA (GLMM, treatment time:
x2 p 24:10, df p 1, P ! :001; fig. 1A). In particular, a
higher proportion of ants responded to the two lowest concen-
trations of nonnestmate extracts after FA exposure (GLMM,
stimulus concentration#treatment time: x2 p 10:73, df p
5, P p :057; post hoc GLMM with Bonferroni correction:
0.03 ant equivalents, P ! :001; 0.06 ant equivalents, P p
:002).
The analysis of the MOR delta scores provides informa-

tion about the variability of individual responses; it con-
firmed that FA affects the aggressive response of ants to-
ward nonnestmate odors. In particular, ants exposed to the
pheromone (n p 93) had higher delta scores than ants ex-
posed towater (n p 86; Z-test, Z p 2:80, P p :005), mean-
ing that individual ants had a higher responsiveness to non-
nestmate odors after FA exposure than before (fig. 1C).
We then focused on the analysis of MOR to pentane (sol-

vent) and to 1 ant equivalent of nonnestmate and nestmate
odors to represent the potential encounter with one enemy
or nestmate. Pheromone exposure induced a change in the
ant discrimination ability between nestmate and nonnest-
mate odors. In particular, FA exposure decreased MOR to-
ward nestmates (GLMM, odor stimulus# treatment time:
x2 p 17, df p 2, P ! :001; post hoc GLMM with Bon-
ferroni correction: pentane, P p :128; nonnestmate, P p
:134; nestmate, P p :032). In contrast, water exposure did
not affect ant responsiveness, as the treatment time factor
(before/after exposure) was not retained in the model. The
only predictor retained, therefore, was the odor stimulus
(i.e., the chemical stimulus presented to the ants [nestmate
odors, nonnestmate odors, or pentane]; GLMM, odor stim-
ulus: x2 p 77:05, df p 2, P ! :001). This effect was also
present in the group exposed to FA (GLMM, odor stimulus:
x2 p 56:92, df p 2, P ! :001). In general, ants responded
more to both nestmate and nonnestmate odors than to pen-
tane as well as more to nonnestmate odors than to nestmate
odors (post hoc GLMM with Bonferroni correction: in all
cases, P ! :001).
Pheromone exposure also affected nestmate recognition

accuracy. Of the 86 ants exposed to water, 6% and 14% in-
creased their aggression level when stimulated with 1 non-
nestmate equivalent and 1 nestmate equivalent, respectively.
In contrast, 14% and 19% decreased their aggression level
when stimulated with 1 nonnestmate equivalent and 1 nest-
mate equivalent, respectively. Of the 93 ants exposed to FA,
14%and6% increased aggressionwhen stimulatedwith1non-
nestmate equivalent and 1 nestmate equivalent, respectively.
In contrast, 5% and 24% decreased aggression when stimu-
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lated with 1 nonnestmate equivalent and 1 nestmate equiva-
lent, respectively (table 1). The number of ants that showed
both an increase in aggression toward nonnestmates and a
decrease in aggression toward nestmates was higher after
FA exposure than after water exposure (post hoc x2 test with
Bonferroni correction: x2 p 7:00, df p 1, P p :033). We
then subdivided the data into changes of responses toward
nestmate and nonnestmate extracts separately to see if this
treatment effect was dependent on the identity of the targeted
ant (fig. 2). When stimulated with the nestmate extract, the
percentage of ants that stopped responding with MOR after
FA exposure was higher than the percentage of ants that
started responding with MOR (post hoc x2 test with Bon-
ferroni correction: x2 p 9:83, df p 1, P p :021). This was
This content downloaded from 087.02
All use subject to University of Chicago Press Term
not the case when stimulated with 1 nonnestmate equivalent
extract (post hoc x2 test with Bonferroni correction: x2 p
3:82, df p 1, P p :607) or after exposure to water (post hoc
x2 test with Bonferroni correction, nestmate: x2 p 0:66, df p
1, P p 1; nonnestmate: x2 p 3:35, df p 1, P p :806).
Experiment 2: One-to-Two Encounters

Ants showed more aggressive behaviors toward nonnest-
mates than toward nestmates (GLMM, x2 p 87:89, df p
1, P ! :001), but the magnitude of their responses was mod-
ulated by the treatment (FA or water exposure: GLMM,
x2 p 6:08, df p 1, P p :014; fig. 3A). In particular, the ef-
fect of FA depended on whether the targeted ant was a
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toward the different concentrations of nonnestmate odor was detected. Means are represented with their standard errors. Post hoc gener-
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nestmate or a nonnestmate (GLMM, x2 p 19:68, df p 1,
P ! :001). Formic acid–exposed ants were less aggressive
toward nestmates than water-exposed ants (GLMM, x2 p
9:14, df p 1, P p :002), while they were more aggressive
toward nonnestmates than water-exposed ants (GLMM,
x2 p 12:73, df p 1, P ! :001). Regarding the duration of
aggressive behaviors, the analysis revealed very similar re-
sults (fig. 3B). Thus, compared with water exposure, FA ex-
posure increased differentiation between nestmates and non-
nestmates, triggering in each case the appropriate response
(nonaggression and aggression, respectively).
Discussion

Our study aimed at investigating the role of FA as a possible
modulator of nestmate discrimination in the ant Campo-
notus aethiops. To this end, we exposed ants to FA and de-
This content downloaded from 087.02
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termined its effect on the ability to discriminate nestmates
and nonnestmates when the pheromone was no longer pres-
ent. We assessed response modulation rather than acute re-
sponses to FA in two independent experiments. The first ex-
periment relied on a protocol for harnessed ants, which also
allowed testing for responsiveness to different concentrations
of nonnestmate odor using MOR as a proxy for aggression.
We found that FA increased the aggressive response of ants
and in particular improved responsiveness to low concentra-
tions of nonnestmate odor. The second experiment relied on
a protocol for free-walking ants, which allowed testing ants in
an experimental arena in one-to-two encounters. This arena
was located within the foraging area of the colony and there-
fore provided a suitable scenario for potential agonistic en-
counters with intruders hunting for colony resources. When
FA-exposed ants encountered a nestmate and a nonnestmate
at the same time, they both increased aggressive behaviors to-
Table 1: Number of ants that increased or decreased aggression to one nestmate
or nonnestmate equivalent following water or formic acid exposure
No change
Change in aggression
0.124.174 on September 04, 2019 0
s and Conditions (http://www.journ
Total changed
Increased
 Decreased
Water:

Nonnestmate
 69 (80)
 5 (6)
 12 (14)
 17 (20)

Nestmate
 58 (67)
 12 (14)
 16 (19)
 28 (33)
Formic acid:

Nonnestmate
 75 (81)
 13 (14)
 5 (5)
 18 (19)

Nestmate
 65 (70)
 6 (6)
 22 (24)
 28 (30)
Note: Data are no. (%).
FA nestmate

FA non−nestmate

W nestmate

W non−nestmate

0 25 50 75 100
% ants

Increased aggression
Decreased aggression

*

Figure 2: Percentage of ants that changed their mandible opening response (MOR) to 1 ant equivalent of nestmate and nonnestmate extracts
after water (W) or formic acid (FA) exposure. Change is expressed in terms of the percentage of ants that increased or decreased MOR on
presentation of nestmate/nonnestmate odor. Water exposure did not induce significant differences between the increase and the decrease in
aggressive behavior to both a nonnestmate (first row) and a nestmate (second row) ant equivalent. In contrast, FA exposure tended to in-
crease aggression toward nonnestmate odor (third row) and induced significant differences between the increase and the decrease in aggres-
sion toward the nestmate odor (fourth row). Post hoc x2 test with Bonferroni correction: *P p .021.
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ward nonnestmates and decreased them against nestmates,
compared with water-exposed ants. This unforeseen effect
of FA was also found in the first experiment, where ants de-
creased recognition errors toward cuticular extracts of nest-
mates. FA increases accuracy in the process of nestmate dis-
crimination. We thus describe a novel function of an insect
pheromone that is highly relevant in the context of colony
defense, where nestmates and nonnestmates are encountered
at the same time around the nest.

Alarm pheromones in social insects have been typically
considered acute signals used in a defensive context, which
are essential for colony survival (Blum 1985). For social
species, alarm pheromones constitute a major evolutionary
achievement that allows the collective resources of the col-
ony to be rapidly recruited in response to a threat. Different
strategies and modes of action are observed. In large colo-
nies, alarm behavior is a syndrome characterized by the
rapid attraction of aggressive workers to the source of pher-
omonal emission followed by attacks toward intruders. For
small colonies, alarm pheromones also constitute an in-
eludible signal necessary for colonial survival, but in this
case they may prompt dispersion in response to threats in-
stead of a display of overt aggressive behaviors (Blum 1985).
This content downloaded from 087.02
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Our results add a new twist to the traditional view of alarm
pheromones by including a long-term action and responses
to nestmates as a behavior potentially targeted by FA. In
this novel framework, the function of alarm pheromones
would be more comprehensive than previously thought:
not only do they enhance aggressive responses toward po-
tentially noxious stimuli and enemies but they also decrease
erroneous aggressive responses toward nestmates, which
should be preserved during a contest.
Testing this hypothesis in other social insects employing

different alarm pheromones would reveal whether this dou-
ble effect of alarm pheromones is conserved across species
or is a specificity of ants using FA. A first attempt has been
done in honey bees, where alarm pheromone components
isopentyl acetate and 2-heptanone were delivered to the hive
entrance to guard bees presented with a nestmate or a non-
nestmate (Couvillon et al. 2010). In this case, no effect of
alarm pheromones on the percentage of nestmate/nonnest-
mate acceptance was found, but the apparent discrepancy
with our results could be explained by considering the differ-
ent behavioral responses recorded in the two studies. While
Couvillon et al. (2010) scored the behavior of guard honey
bees as an absolute binary response (accept/reject) during
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Figure 3: Formic acid (FA) increases aggressive behaviors toward nonnestmates and decreases aggressive behaviors toward nestmates. A, In
one-to-two encounters, FA-exposed ants displayed aggressive behaviors more frequently toward nonnestmates and less frequently toward
nestmates than water-exposed ants. Generalized linear mixed model: **P ! :01, ***P ! :001. B, Ants exposed to FA spent less time in aggres-
sive interactions with nestmates than water-exposed ants (linear mixed model [LMM] with permutation test, x2 p 4:06, df p 1, P p :045)
but showed a tendency to spend more time in aggressive interactions with nonnestmates (LMM with permutation test, x2 p 3:49, df p 1,
P p :065). Means are represented with their standard errors. LMM with permutation test: 1P ! :1, *P ! :05, ***P ! :001.
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pheromone exposure, we quantified a range of aggressive be-
haviors in one-to-two encounters (experiment 2) and the
MOR variation following pheromone exposure (i.e., before
vs. after exposure; experiment 1). Having an individual refer-
ence level (within-subjects design) for estimating response
variation may provide a fine-tuned analysis of the effect of
alarm pheromones. Alternatively, the double effect found
for FA may be specific for this substance and species.

Our results show that FA affects aggressive responsive-
ness to nonnestmate cues when these are presented in
low but not high concentrations (fig. 1A). This differential
modulation is commonly found in different forms of be-
havioral responsiveness that are enhanced by pheromones
(e.g., honeybee sting extension responses to electric shock
of increasing voltages; Tedjakumala et al. 2014; Rossi et al.
2018). Higher levels of the stimulus triggering responsiveness
(i.e., concentration of nonnestmate cuticular chemical ex-
tract) may bring responsiveness close to its maximum, thus
rendering the observation of fine enhancements difficult. In
contrast, lower levels of stimulation inducing low responsive-
ness facilitate the observation of modulatory enhancements.

What are the neural mechanisms underlying the ob-
served effect of FA? Our behavioral results do not allow a
direct answer to this question in the absence of neural anal-
yses identifying the circuits underlying pheromone modu-
lation in the ant brain. Yet we provide information here
that may be useful for designing future experiments to this
end. Information from olfactory receptor neurons located
within cuticular structures of the antennae termed sensilla
is conveyed to the antennal lobes, where inhibitory local in-
terneurons reshape the olfactory message, thereby enhanc-
ing the contrast between glomeruli, the constitutive units of
the antennal lobes. From the antennal lobes, information is
passed via projection neurons to higher-order brain centers
(e.g., mushroom bodies and lateral horns). FA might affect
the sensitivity to recognition cues by modulating the re-
sponses to CHC of olfactory receptor neurons. The ant cu-
ticular signature consists of dozens of CHCs (∼40 in C.
aethiops; van Zweden and d’Ettorre 2010), but at very low
concentrations (e.g., when the target ant is at some dis-
tance) only the most abundant CHCs will be detected. The
modulatory effect of FA may consist in an improvement of
CHC detection and perception and thus in an increase of
the amount of information (e.g., the number of detected
CHCs) available to the ant (fig. 4). In Camponotus ants,
FA is processed by a set of specific glomeruli in the antennal
lobes (Mizunami et al. 2010), with uniglomerular projec-
tion neurons. This specific FA pathway could mediate ag-
gressive behaviors, triggered by CHCs (Mizunami et al. 2010).
In addition, improved discrimination between nestmates
and nonnestmates could be due to the ability of FA to mod-
ulate neural modulatory pathways distinct from those of
olfactory circuits but affecting activity in these circuits.
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Candidates for this action could be biogenic amine path-
ways (dopaminergic, octopaminergic, serotonergic), which
are known to modulate the response of olfactory neurons at
both the peripheral level (olfactory receptors; Pophof 2000,
2002) and the central level (Sachse and Galizia 2002; Jefferis
et al. 2007). Interestingly, some of these pathways, such as
the dopaminergic and serotonergic pathways, have been
shown to modulate attentional processes in bees and flies
(Van Swinderen and Andretic 2011; Tedjakumala et al.
2014).
Even though our results do not allow identification of the

precise mechanisms of action of FA, they help us under-
stand how recognition systems operate in general. The ac-
ceptance threshold model (Reeve 1989) states that, when
the cue distribution of nestmates and nonnestmates over-
lap, there is a risk of error. The behavior of the discriminat-
ing individual is an all-or-none response with a threshold
above which all recipients are rejected. If the threshold is
too restrictive, the discriminator runs the risk of erroneously
rejecting desirable recipients (type I errors); if the threshold
is too permissive, the risk is for erroneous acceptance of un-
desirable recipients (type II errors). According to thismodel,
regardless of which direction this threshold moves, in no
case is it possible to obtain both an increase in rejection fre-
quency of nonnestmates and a decrease in rejection frequency
of nestmates: if rejection errors increase, acceptance errors
decrease, and vice versa. However, our results show that an
alarm pheromone induces a decrease in both types of error.
Hence, it seems unlikely that alarm pheromones simply shift
this threshold. This apparent incompatibility between the
model predictions and the observed alarm pheromonemod-
ulation of nestmate recognition in ants can be reconciled by
focusing on a sentence in Reeve (1989, p. 409): “Discrimina-
tion errors are inevitable whenever phenotype matching is
based on a finite set of cues” (emphasis added). We propose
that alarm pheromones act on this set of cues by increasing
the amount of information available to the individual per-
forming the discrimination. Specifically, alarm pheromones
would lower a perception threshold, allowing the discrimina-
tor to perceive more cues. This increase of information
would be associated with an increase in the probability of
detecting differences between a perceived label and the inter-
nal template of the discriminator, which would result, in the
case of social insects, in a better discrimination between nest-
mates and nonnestmates (fig. 4A). This means a decrease in
variance and possibly a shift in the dissimilarity mean values
for nestmates and nonnestmates, thereby decreasing both
their perceived overlap and the resulting acceptance and re-
jection errors (fig. 4B). Our hypothesis is supported by a
model by Lehmann and Perrin (2002) showing that the dis-
tributions of similarities between a recipient and the discrim-
inator depend on the number of recognition traits sampled:
sampling a high number of traits decreases overlap and thus
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increases discrimination ability. According to Sherman et al.
(1997), the changes inmagnitudes of andbalance between ac-
ceptance and rejection errors are either the result of changes
in the recognition cues (production component) or of changes
in the recognition template ormatching algorithm (perception
component). Alarm pheromone–induced changes in the pro-
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duction of CHCs in social insects seem highly unlikely due to
the rapid action of the pheromone. Therefore, the most likely
scenario is that FA acts at the perception level, as we argued
above. Alarm pheromones would thus provide an adaptive
mechanism to increase the amount of perceived information
in the crucial defensive context, which might be less costly in
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Figure 4: Putative modulation of an olfactory perception threshold by formic acid (FA). A, Example of a cuticular profile (adapted from van
Zweden et al. 2009): the X-axis represents the retention time of different components of the cuticular profile (cuticular hydrocarbons
[CHCs]) in a gas chromatograph, and the Y-axis represents their abundance. After exposure to FA, the olfactory perception threshold of
an ant (horizontal line) would be lowered (black arrow), allowing detection of a higher number of components. B, Frequency of cues that
differ between the discriminator’s template and the recipient’s phenotype for undesirable (nonnestmate) and desirable (nestmate) recipients
(adapted from van Zweden and d’Ettorre 2010). By lowering the olfactory perception threshold, FA would allow ants to access more cues,
thereby decreasing the perceived variance (dotted arrows) and accentuating the dissimilarity between nestmate and nonnestmate (dotted
arrows) CHCs. This would result in the decrease of acceptance and rejection errors (dotted arrows). Vertical dashed lines represent mean
values of perceived dissimilarity between recipient and template for desirable and undesirable recipients.
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terms of brain processing than having to apprehend all olfac-
tory cues available at any time.

To our knowledge, few works have discussed recognition
models from a perceptual perspective because accessing
an animal’s brain on an interindividual recognition task is
difficult. Our study shows that behavior can provide clues
about mechanisms that are not necessarily related to the ac-
tion component. The amount of information available for
decision-making is not necessarily fixed. Selection can act
by changing the recognition cues used (Crozier 1979; Hol-
man et al. 2013) or by changing the template cue matching
algorithm (Sherman et al. 1997). Our study suggests that, at
the perceptual level, this amount of information can bemod-
ulated by “priming,” that is, exposure to one stimulus that
influences a response to a subsequent stimulus. The priming
effect is not restricted to pheromones and can be generally
observed in all organisms that require recognition of self,
kin, mates, neighbors, prey, predators, and so on to survive
and reproduce. Odors may influence human behavior via
the modulation of other sensory inputs (visual, auditory;
Castiello et al. 2006; d’Ettorre et al. 2018; reviewed in Bueno
and Frenck-Mestre 2008). If we smell orange odor, it is easier
to identify an orange in a complex visual scene (e.g., among
12 other items; Seigneuric et al. 2010). Taking into account
the priming effect of pheromones opens new perspectives for
a deeper understanding of recognition systems and decision-
making in general.
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