Chapter 10
Ontogeny of Nestmate Recognition
in Social Hymenoptera

Lisa Signorotti, Rita Cervo and Patrizia d’Ettorre

Abstract The ability to discriminate between friends and foes is a central feature
of social life. In social insects, nestmate recognition is mediated by colony spe-
cific cuticular hydrocarbons (CHCs) (label) that are perceived by an individual and
compared with its neural representation of the colony odour (template). Although
numerous advances have been made in understanding the identity, origin and pro-
duction of recognition cues in social hymenoptera, relatively little is known about
the ontogeny of nestmate recognition, and the learning processes that might be
involved. It appears that wasps and bees learn the recognition cues required for
template formation from their nest/comb odour, while ants learn principally from
their nestmates. In general, the referent template is learned during the early stages
of adult life, although pre-imaginal learning might play a role. The CHC blend can
change over time; cue-exchange among nestmates is therefore needed to reduce
chemical variability among individuals and to integrate environmental compounds
into the colony odour. As a result of this process, the referent template is updated
during life. This relative plasticity of the recognition system can be exploited by
insect social parasites to integrate themselves within the host colonies and to fool
host workers about their real identity. By studying the chemical integration strate-
gies of social parasites new insights on the ontogeny of nestmate recognition could
be acquired. However, further studies are needed to reveal the neural substrates
implicated in learning and memory at different stages of social insect life to better
understand how and when template formation occurs.
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Introduction

Recognition plays a central role in parent-offspring interactions, competition, mat-
ing and cooperative behaviours such as group defence, brood care, foraging and
grooming (e.g., Waldman 1988). Although evidences of recognition abilities in dif-
ferent invertebrate taxa have rapidly accumulated during the past decades (this book),
social living certainly generates the most sophisticated and efficient recognition sys-
tems. Among invertebrates, insects with eusocial organization represent the most
fascinating examples of cooperative group living. Different species of ants, wasps
and bees have been traditionally used as model organisms for studying the evolu-
tion of cooperative behaviour and recognition systems (Starks 2004). Recognition of
group members, i.e., the ability to discriminate between foes and friends, is essential
to maintain sociality because it allows altruistic acts to be directed towards related
recipients (Hamilton 1987), while excluding competitors and parasites. Differential
treatment of relatives and non-relatives, or of different classes of relatives, constitutes
kin discrimination. In social insects, colonies typically consist of related individuals,
and thus recognition of group membership can act as a proxy for kin recognition (cf.
Lenoir et al. 1999). Indeed, no clear evidence of within-colony discrimination based
on degree of kin has been provided so far (Boomsma and d’Ettorre 2013).

Here we focus on recognition of group identity (nestmate recognition), the
most widespread form of recognition in social insects (d’Ettorre and Lenoir 2010).
Group members are usually directly recognized because of traits they express
(label) that are perceived by conspecifics and compared with an internal reference
(template) stored somewhere in the nervous system. Recognition occurs through
the evaluation of how well the label matches the template. This form of identity
assessment may be imperfect, leading to acceptance/rejection errors (see Ratnieks
1991), but social insect evolved mechanisms to optimize the system by achiev-
ing a unique colony label/template, shared by all colony members, and with mini-
mal overlapping among neighbouring colonies (van Zweden and d’Ettorre 2010).
Although we know a great deal about the nature of recognition cues in social
insects (which are mainly chemicals, see Fig. 10.1 and this volume Breed et al. and
Steiger), we are just starting to understand the perception rules of these nestmate
recognition cues and their information processing (Ozaki and Wada-Katsumata
2010; Ozaki and Hefetz 2014). However, relatively little is known about the ontog-
eny of nestmate recognition, and in particular about the template formation and
timing processes. By manipulating individuals’ opportunities to interact with con-
specifics and/or environment during their life, or part of their life, we may gain a
better understanding of the mechanisms underlying nestmate recognition.

Here we present a general overview of the studies that have addressed the
ontogeny of nestmate recognition in social hymenoptera, by paying particu-
lar attention to the process of template acquisition. Moreover, we will discuss
the potential future directions to better understand how recognition information
is represented and processed at the peripheral and central level. We begin our
overview with highlighting the main general mechanisms that have been proposed
to be at the basis of the recognition process.
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Fig. 10.1 Recognition cues: cuticular hydrocarbons (CHCs) in social insects. a Example
of chromatogram resulting from CHC analysis by gas chromatography coupled with
mass spectrometry (GC-MS). Each peak represents one hydrocarbon (or a mixture of few
co-eluding hydrocarbons). b Examples of the different structural classes of hydrocarbons that
can be typically found on the cuticle of social insects. The main structure of hydrocarbons is
generally a backbone of carbon atoms with hydrogen atoms attached on empty binding sites.
Cuticular hydrocarbons in social insects generally range in size from about 20 to over 40 car-
bon atoms. CHCs are part of the lipid layer present on the cuticle that protects the insect body
against desiccation (Hadley 1994), abrasion and micro-organism infection (Lockey 1988). How-
ever, CHCs have assumed a communicative role in several behavioural contexts, especially in
social insects where they communicate identity (van Zweden and d’Ettorre 2010; Bruschini et al.
2010). A typical chemical profile of ants, bees and wasps is a complex blend of CHCs, which
gives a specific odour to different species and, within a species, to each colony (Singer 1998;
Dani 2006; Hefetz 2007; Bruschini et al. 2010; van Zweden and d’Ettorre 2010). There are dif-
ferent classes of hydrocarbons on the cuticle of social insects, although not all of them appear
to have the same importance as recognition cues (Chaline et al. 2005; Dani 2006; Hefetz 2007;
Zweden and d’Ettorre 2010). Methyl-alkanes and alkenes are considered to be relevant nestmate
recognition cues (Dani et al. 2001, 2005; Chaline et al. 2005; Cervo et al. 2008; Martin et al.
2008; Guerrieri et al. 2009; van Zweden et al. 2010), possibly due to their complex chemical
structure compared to linear alkanes, which are more likely involved in water-loss prevention. On
the other hand, in the ant Formica japonica, all CHC classes appear to be important to achieve
discrimination (Akino et al. 2004). The colony odour is generally uniform, but small differences
in CHC profiles within the colony can correlated to task (e.g., Greene and Gordon 2003) or caste
(Liebig 2010). Moreover, some hydrocarbons, overproduced by queens relative to workers, can
act as queen pheromones regulating worker sterility (Peeters et al. 1999; Liebig et al. 2000; Hol-
man et al. 2010, 2013; Monnin 2006; van Oystaeyen et al. 2014)
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Recognition Mechanisms

During the last three decades different potential mechanisms underlying recog-
nition of identity have been proposed (reviewed in: d’Ettorre and Lenoir 2010).
There is general agreement that these mechanisms are not mutually exclusive or
necessary exhaustive, and that their generalization is difficult because ecological
constraints and life history trade-offs could affect the recognition mechanism of a
particular species (cf. Dreier and d’Ettorre 2009). Generally, recognition could be
based on an indirect or a direct assessment. In the first case recognition is context-
based and individuals recognize group members not by their phenotype, but for
instance by the specific spatial location where they are encountered. A location,
such as the nest site, predictably indicates group membership and all conspecifics
encountered therein are recognized as relatives. Alternatively, individuals might
recognize group members in a more accurate way, i.e., by directly assessing their
phenotypic cues through different mechanisms.

Prior association: During social life an individual learns cues from other individ-
uals that are regularly encountered (e.g., group members). These become ‘famil-
iar’ individuals and in subsequent encounters they will elicit acceptance and/or
cooperative behaviour. This type of mechanism requires that each individual must
be encountered to become familiar, and thus the recognition process takes place
at individual level. There are few examples of individual recognition in social
insects, which could be based on this mechanism (Tibbetts 2002; d’Ettorre and
Heinze 2005; Dreier et al. 2007; Foubert and Nowbahari 2008). Usually, individ-
ual/familiar recognition could work only in small societies, such as those of prim-
itively eusocial wasps (e.g., Polistes and Stenogastrinae wasps), in which visual
cues are used for the discrimination process (Tibbetts 2002; Baracchi et al. 2013,
2015). On the other hand, ants appear to use chemical cues to achieve individual
recognition. For instance, unrelated founding queens of the ant Pachycondyla vil-
losa likely use cuticular hydrocarbons (CHCs) to recognize each other individu-
ally (d’Ettorre and Heinze 2005).

Phenotype matching: This mechanism allows discrimination of individuals not
encountered before. Here, an individual compares the phenotypic cues (label)
of the encountered individual with an internal representation (neural template)
(Reeve 1989; Crozier and Pamilo 1996; Mateo 2004; d’Ettorre and Lenoir 2010;
van Zweden and d’Ettorre 2010). Acceptance/rejection will depend on the simi-
larity/dissimilarity between the template and the label. The template is usually
acquired by a learning process. This mechanism is considered as the most used by
social insects, being the phenotype (its own or that of nestmates/nest material) a
reliable source of cues for recognition of group members (Fig. 10.2).

Recognition alleles (green beard): According to this mechanism, an allele at a single
locus (or closely linked genes) should code for three traits linked together: a detectable
phenotypic cue (green beard), the ability to recognize this cue and the expression of
altruistic behaviour towards individuals with this cue (Hamilton 1964; Dawkins 1976;
Holmes and Sherman 1982). In this case, no learning experience is needed.



10 Ontogeny of Nestmate Recognition in Social Hymenoptera

Phenotype matching

169

Pre-imaginal Early-imaginal Adult \
stages stages life
Source of - 5
-y
recognition — “
.
/ Pre-imaginal  Early-imaginal Adult \
on stages stages life
Nest /(Comb —-——
Source of
recognition - — — ===
\_ [Nestmates ] )
( Pre-imaginal Early-imaginal Adult \
o stages stages life
Nest /Comb
Source of
recognition
cues
X )

Fig. 10.2 Schematic view of the ontogeny of nestmate recognition ability in ants, wasps and
bees according to the phenotype matching model (a possible mechanisms of direct recognition,
see text). For each taxonomic group, life stages in which recognition cues can be learned (when)
and their source (source of recognition cues) are represented. Continued lines indicate factors
that have been experimentally shown to play a role in the ontogeny of nestmate recognition,
while dotted lined indicate factors that are possibly involved

Source of Recognition Cues for Template Formation

In order to build a template, each individual must be in contact with some
relevant recognition cues (see Fig. 10.1) during at least part of its life. A parsi-
monious mechanism for providing all colony members with similar recognition
cues could be the exposure to a common source of cues, such as the nest material
(Gamboa et al. 1986a). Social wasps of the Polistes genus often transfer chemical
cues from themselves to the nest material (paper, which easily adsorbs chemical
cues) through specific behavioural patterns (Cervo and Turillazzi 1989; Dani et al.
1992; van Hooser et al. 2002). The presence of these cues on the nest surface pro-
vides information about colony membership to any new member of the colony
(Gamboa et al. 1986a, b). Chemical analyses revealed that the nest material of
Polistes wasps possesses the same chemical compounds present on the cuticle of
the resident wasps (Espelie and Herman 1990; Espelie et al. 1990; Lorenzi 1992;
Singer et al. 1992; Cotoneschi et al. 2007). Recognition cues deposition on nest
material could thus be important for creating uniformity in the odour label, the so
called “Gestalt odour” (cf. Crozier and Dix 1979), and may also contribute to the
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formation of the referent template. Cues involved in nestmate recognition process
are spread within the colony so that nestmates acquire the same or a very simi-
lar odour (Crozier and Dix 1979), i.e., a common colony phenotype acting as a
uniform identity badge. The Gestalt model implies a continuous exchange of rec-
ognition cues among nestmates; such mechanism could minimize fluctuation of
colonial and individual odours during time due to environmental factors (Carlin
and Holldobler 1983; Dahbi and Lenoir 1998; Dahbi et al. 1999; van Zweden et al.
2010). According to the Gestalt model, each member of a colony has an odour
which is representative of the entire colony. This common odor can thus be used
for the formation of the referent template.

There is evidence that some species of Polistes wasps learn the referent col-
ony odour (template) from their natal comb early during adult life (Pfennig et al.
1983a, b; Gamboa et al. 1986b; Gamboa 2004; Singer and Espelie 1992). It has
been experimentally shown that the presence of the nest material, but not neces-
sarily of nestmates, is important in the ontogeny of nestmate recognition ability in
Polistes fuscatus wasps (Shellman and Gamboa 1982). P. fuscatus gynes (repro-
ductive females) isolated from their natal nest, and gynes exposed only to nest-
mates after emergence, do not discriminate later between nestmates and unrelated
individuals. Similarly, young Polistes metricus workers fail to recognize nestmates
if they have spent the first four days of their adult life on a comb washed with
solvent to remove nest surface compounds (Singer and Espelie 1992). However,
in Polistes dominula workers, template formation appears to happen in a differ-
ent way since the absence of nest material (or the presence of alien nest material)
during the first four days of adult life does not affect nestmate recognition ability
(Signorotti et al. 2014a).

Honeybee guards learn their colony odour from the wax combs in their
nest similarly to social wasps (Breed et al. 1995, 1998; d’Ettorre et al. 2006;
Couvillon et al. 2007). On the other hand, evidence that nest cues have a recog-
nition function in ants is lacking, although in Camponotus aethiops it has been
reported that recognition cues can be transferred from one ant to another via the
nest soil and this action could affect recognition behaviour (Bos et al. 2011).
Ants can leave chemical recognition cues passively on the nest substrate through
the contact of their body; however, the resulting deposit is not necessarily col-
ony specific (Lenoir et al. 2009). In ants, template formation appears to be based
on cues learned from nestmate workers (e.g., Boulay and Lenoir 2001; Boulay
et al. 2003) or from the queen in small colonies (Carlin and Holldobler 1986). In
two Camponotus species, there is also evidence that newly eclosed ants familiar-
ize with recognition cues of adult nestmate workers assisting them during eclo-
sion (Morel 1983, 1988). Whatever the source of recognition cues, social insects
must be able to identify the common colonial phenotype (e.g., a mix of individ-
ual odours to form a single common Gestalt odour), perceive it, possibly learn it
and form the referent template, on the basis of such phenotype, during a given
period of their life.
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Timing of Template Formation

Upon emergence, social insects are surrounded by a world of odours that could
contain the recognition cues. For the recognition system to be effective, social
insects must learn the odour of their specific colony. The role of learning in nest-
mate recognition is still debated and it remains unclear whether the process of cue
learning and template formation is acquired through familiarization during a spe-
cific sensitive period (e.g., Jaisson 1987), and when this sensitive period occurs.
Indeed, learning could occur at different stages of the insect life (Fig. 10.2).

Early learning: The ability to learn environmental cues during the first moments
of life as imago insect (adult) has been investigated since long time. For instance,
Camponotus vagus and Formica polyctena ants develop a preference for a specific
habitat as consequence of an early exposure to particular environmental cues, e.g.,
thyme aroma (Jaisson 1980). In most of the social insect species studied so far,
the nestmate recognition cues necessary to build the referent template appear to be
learned during the early stages of adult life.

Honeybees learn colonial cues from the wax comb even within an hour after
emergence (Breed and Stiller 1992). Studies on the ontogeny of the olfactory nerv-
ous system of honeybees have suggested the existence of a critical period, rang-
ing from 3 days before to 4-8 days after emergence, during which the olfactory
system appears very flexible in response to environmental changes (Masson et al.
1993). Similarly to honeybees, in Polistes wasps early experience after emergence
affects nestmate recognition (Gamboa 2004). Gynes of P. carolina and P. fuscatus
isolated at emergence both from their natal nest and their nestmates later failed
to recognize nestmates (Pfenning et al. 1983b; Gamboa et al. 1986b). This means
that early experience after emergence is crucial for the template development in
these species. It has been suggested that the template acquisition in Polistes wasps
is complete within the first hours after emergence (4 h) (Gamboa 2004); indeed,
longer exposure of newly emerged P. fuscatus gynes to their natal nest has no
effect on discrimination abilities (Pfenning et al. 1983a). P. fuscatus wasps are
able to remember recognition cues learned during the first hours of adult life up to
20 days later (Pfenning et al. 1983a).

Although numerous evidences suggest that this recognition model is wide-
spread within the genus Polistes (including more than 200 species; Carpenter
1996), further investigations are needed since almost all studies were performed
on gynes’ recognition ability and on limited number of North American species
(P. fuscatus, Pfenning et al. 1983a; P. carolina, Pfenning et al. 1983b; P. metricus,
Singer and Espelie 1992). Indeed, a recent study conducted on P. dominula, an
Old World species, suggested the possible implication of other life stages, such as
pre-imaginal ones, in which the learning process for the template formation could
occur (Signorotti et al. 2014a).
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The timing of template formation in ants appears to follow the same general
mechanisms as for wasps and bees (Holldobler and Michener 1980; Jaisson 1991;
Lenoir et al. 1999). Early in adult life, each ant learns the colonial cues, which,
when encoded as a neural template, serve for colonial membership determination
of each encountered individual (Crozier and Pamilo 1996). In C. vagus (Morel
1983) and Camponotus floridanus (Morel 1988), interactions with older nestmates
during the first hours of adult life are necessary to a young worker both to be
fully recognized as a nestmate and to develop the ability to recognize nestmates.
In some species of ants the recognition of brood can be influenced by the post-
eclosion experience (Jaisson 1991). For instance, in Ectatomma tuberculatum, an
early familiarization of workers with foreign conspecific larvae induces a subse-
quent preference directed towards them, compared to their own non-familiar lar-
vae (Fénéron and Jaisson 1995). The fact that young workers usually spend the
first few days of their life inside the brood chamber may facilitate this learning
process (Fénéron and Jaisson 1995).

The use of experimental mixed species groups of ants (rare in nature with the
exception of colonies invaded by social parasites) has provided further insight
into the timing of template acquisition and its memorization. For instance, newly
eclosed workers of Formica selysi and Manica rubida, reared in artificial mixed
colonies, were able to learn allospecific recognition cues, to integrate them into
their “colonial template” and to retain them even after one year of separation
(Errard 1994a). This implies long-term memory of the template (Errard 1994b),
suggesting that the template resides in higher brain centers, such as the mushroom
bodies, although, after the long separation, traces of heterospecific hydrocarbons
were still present on the cuticle of ants, and could have served as reference (cf.
Bos and d’Ettorre 2012).

Pre-imaginal learning: In some ant species, individuals acquire a recognition
template for queen recognition (Berton et al. 1991), brood and nestmates recog-
nition (Isingrini et al. 1985; Carlin and Schwartz 1989; Signorotti et al. 2014b)
during the pre-imaginal life (i.e., before eclosion). Pre-imaginal olfactory experi-
ence affects colony-brood recognition, particularly when experience starts during
the first stages of larval development in the ant Cataglyphis cursor (Isingrini et al.
1985). Therefore, the first larval instars might be more sensitive to environmental
social cues, and/or the total duration of the exposure to the colony odour during
pre-imaginal life might affect brood recognition in C. cursor adult ants. Similarly,
in the ant Aphaenogaster senilis, the odour experience during early stages of larval
development affects recognition in an adult-adult context (nestmate recognition)
(Signorotti et al. 2014b).

Memories from pre-imaginal olfactory experiences can survive after metamor-
phosis suggesting that the template is probably stored in the higher brain centres.
Social insects during their pre-imaginal life are often in contact with recognition
cues (nest material/nestmates), therefore the learning process could start dur-
ing immature stages, when the olfactory system is being formed. Very little is
known about structural modifications of social insects’ brain during development
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(Gronenberg et al. 1996; Farris et al. 1999). The mushroom bodies (higher brain
centres) are involved in higher associative functions (learning and memory) and
play a key role in the neuronal control of adaptive behavioural modifications and
in the processing and storage of chemosensory information (Erber et al. 1980;
Menzel 1993; Heisenberg 1994). Certain brain structures, such as the mushroom
bodies, develop during larval life (Farris et al. 1999). Indeed, studies on adult
mushroom bodies in Apis mellifera showed that there are no signs of cell prolif-
eration (neurogenesis) after pupation (Fahrbach et al. 1995; Cayre et al. 1996).
Similarly, in the ant C. floridanus, neurogenesis is complete in young pupae and
no new Kenyon cells (intrinsic neurons of the mushroom bodies), that might con-
tribute to mushroom bodies growth, are produced in adults. Thus, the increase of
mushroom bodies’ volume in adults is most likely the result of an outgrowth of
existing neurons (Gronenberg et al. 1996). The connection between pre-imaginal
experience and adult behaviours could be a consequence of the survival of larval/
pupal neurons during metamorphosis in the higher brain centres, enabling the per-
sistence of memories formed during pre-imaginal stages in the adult brain (Tully
et al. 1994; Lee et al. 1999; Ray 1999).

There are no specific studies on pre-imaginal learning of nestmate recogni-
tion cues in social wasps, although some insight comes from studies on faculta-
tive social parasites (Lorenzi et al. 2007, 2011; Costanzi et al. 2013). Usually,
Polistes dominant female performs a typical abdomen stroking behaviour over
the nest surface to possibly release chemical cues on the comb, thus spreading
her own odour (Dani et al. 1992; van Hooser et al. 2002; Dapporto et al. 2007).
Wasp social parasites also perform this behaviour after invading the host nest
(Cervo and Turillazzi 1989; Zacchi et al. 1996; Turillazzi et al. 2000). Costanzi
et al. (2013) suggested that P. dominula workers could memorize the colony
odour experienced during pre-imaginal development. They performed an experi-
ment in which natural nests of P. dominula wasps were divided into two parts
and brood emerged either in the part marked by their genetic mothers or in the
part overmarked by Polistes nimphus usurpers, in absence of adults. P. dominula
workers emerged in usurped nests accepted both their usurper and their genetic
mother, suggesting that they could have learned their mother’s odour during pre-
imaginal life. Moreover, worker discrimination abilities were lowest in colonies
where the odour changes due to usurpation were largest, indicating a possible
process of comparison between the previously learned odour and the new one,
i.e., the odour of the parasite (Costanzi et al. 2013). The occurrence of pre-
imaginal learning for template formation in P. dominula wasps has been recently
proposed also by us (Signorotti et al. 2014a). We showed that workers, taken
from their natal comb when the natural emergence occurs, displayed correct dis-
crimination abilities at the age of five days, regardless of their olfactory expe-
rience during the first four days of adult life. Ecological pressures might have
led to the evolution of an advantageous precocious cues learning in P. dominula
wasps (Signorotti et al. 2014a), a species characterized by high rate of inter- and
intraspecific social parasitism (Cervo 2006).
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In the Stenogastrinae wasp Liostenogaster flavolineata, chemicals on the nest
material are scarce since the comb is made with mud; however, in this species an
abdominal substance secreted by the Dufour’s gland, rich of the same compounds
as the wasp cuticle (Cervo et al. 2002; Keegans et al. 1993), is transferred directly
on eggs and small larvae (Turillazzi 1985). Although this secretion could contain
suitable cues for the acquisition of the recognition template during pre-imaginal
stages, behavioural experiments did not confirm the use of this abdominal sub-
stance for the formation of the template (Cervo et al. 2002; Turillazzi et al. 2008).
Further studies on different species are needed to clarify the possible implication
of pre-imaginal learning in template formation.

Template updating during adult life: The occurrence of early and/or pre-
imaginal template formation does not exclude a subsequent template updating
during adult life. Individual odour and thus colonial odour are dynamic and
change over time (Vander Meer and Morel 1998; Lahav et al. 2001; Sledge et al.
2004; Dapporto et al. 2005; van Zweden et al. 2009; Newey et al. 2009; Sturgis
and Gordon 2012), suggesting that the template should be updated through-
out the adult life for an effective recognition system to be maintained (Liu
et al. 1998). We have direct evidences that in several species of Myrmicinae,
Formicinae and Ponerinae ants, workers exchange recognition cues (Vienne
et al. 1995; Meskali et al. 1995; Soroker et al. 1995, 1998; Dahbi et al. 1999;
Boulay et al. 2000; van Zweden et al. 2010) allowing the formation of a unique
colonial odour; therefore workers need frequent social contacts with nestmates
to maintain an accurate referent template reflecting the current shared odour.
In the ant Camponotus fellah, the isolation of adult workers for 20 days from
the colonial cues can partially erase the workers’ template, leading to errors in
nestmate recognition due to the impossibility to update the template (Boulay and
Lenoir 2001). Social contact during adult life appears to be necessary to main-
tain a referent template and thus the capacity to discriminate between aliens and
nestmates.

Studies with artificial mixed-species groups provided further insight
regarding cue-exchange among colony members and the template forma-
tion using “collective” nestmate recognition compounds (Stuart 1988; Errard
et al. 2006). Ant workers reared in mixed-species groups learn and memorize
the homo- and heterospecific chemical cues (i.e., mixed colonial odour) and
they incorporate them into their recognition template (Errard 1994b). This
template reformation, on the basis of the presence of heterospecific cues into
the colonial odour, likely allows the cohabitation of two species in the same
nest without displaying interspecific aggression (Vienne et al. 1990; Errard
1994a). Two hypotheses have been suggested (Errard 1994b) to explain the tol-
erance between two different cohabiting species in mixed colonies: (1) workers
could learn two different recognition template (homo- and heterospecific); or
(2) workers could compare during each encounter the chemical cues exhibited
by the encountered individual with its own chemical profile that possesses
heterospecific cues.
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Even though no direct evidences for a template updating process are available
for social wasps, some information comes again from studies on social parasit-
ism in Polistes wasps and indirectly indicates a similar process of updating. For
instance, Polistes biglumis wasps recognize only the odour of their species in non-
parasitized colonies, but learn a template that fits the odour of their own species
and that of the social parasite, Polistes atrimandibularis, in parasitized colonies
(Lorenzi et al. 1999). The process of template updating has also been shown in
Apis mellifera: guard bees change their referent template after a unidirectional
combs transfer from a ‘donor’ hive to a ‘receiver’ hive. Couvillon et al. (2007)
suggested that the wax comb transfer increases the acceptance of non-nestmates
belonging to the ‘comb donor’ not by changing the odour of the bees, but by
updating their colony odour template directly from the wax comb rather than from
the contact with conspecifics.

Individual Acquisition of Colonial Cues

Several strong evidences indicate that CHCs are involved in nestmate recogni-
tion in social insects (see Fig. 10.1). A particular CHC blend provides the label
to each individual, which reveals colony membership. Young individuals produce
their own CHCs (genetic components) and later adsorb colonial cues from nest-
mates or surrounding environment (environmental components) (Vander Meer
and Morel 1998; van Zweden et al. 2009), in order to achieve a chemical integra-
tion by developing a Gestalt odour (Dahbi et al. 1998; Lenoir et al. 1999). Indeed,
newly eclosed social insects appear to be “chemically insignificant”, i.e., they have
only low amounts of CHCs. This allows acceptance of newly eclosed individuals
in foreign colonies (Stuart 1992; Lenoir et al. 1999; Breed et al. 2004; Lorenzi
et al. 2004; Mitra et al. 2014), since the total quantity of the CHCs on their cuticle
is probably below the quantitative perceptual threshold for nestmate recognition
(Cini et al. 2009; Ichinoise and Lenoir 2010; Cappa et al. 2014). The acceptance
threshold may shift in an adaptive way according to environmental conditions
(e.g., Downs and Ratnieks 2000), although how this behavioral shift relates to the
underlying perceptual mechanisms is not known.

Newly emerged honeybees gain tolerance inside their colony by presenting the
so-called “blank state”, i.e., fewer total quantity of chemicals on the cuticular sur-
face than older bees (Breed et al. 2004). P. fuscatus adult wasps do not discrimi-
nate between nestmate and non-nestmate young gynes (less 48 h-old). Indeed,
these young gynes show a slightly quantitatively different chemical profile than
72 h-old gynes, which are instead well recognized (Gamboa et al. 1986b; Panek
et al. 2001). It has been shown that P. fuscatus and P. dominula young wasps
change significantly their CHC blend between 24 and 72 h particularly in respect
of abundance, relative abundance, and colony specificity of compounds (Panek
et al. 2001; Lorenzi et al. 2004). In P. dominula wasps, the percentage of certain
hydrocarbon classes in the profile decrease significantly during the first 72 h after
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emergence together with the increase of other hydrocarbon classes. This suggests
that certain CHCs may be more important for recognition in younger Polistes
wasps and/or newborns are recognized by adults as a group with a specific collec-
tive profile (Lorenzi et al. 2004).

Likewise, recognition cues of newly emerged bees are consistent across colo-
nies. This suggests that newly emerged bees could have a typical profile that may
serve as a cue to older bees for recognizing the newly emerged bee’s status (Breed
et al. 2004). Laboratory reared A. mellifera younger than 12 h are accepted in
alien conspecific nests, but acceptance rapidly declines when introduced bees are
older (Breed et al. 1988). In many ant species, newly eclosed workers are readily
adopted by an unrelated colony (Jaisson 1991). In the ant, Camponotus pennsyl-
vanicus, the acceptance of young workers in alien conspecific nests is maximal
during the first hours after birth and gradually decreases from 5-8 days after eclo-
sion (Carlin and Holldobler 1986). Adult C. cursor workers are accepted in alien
colonies if 4 days old or younger (Nowbahari and Lenoir 1989). However, this
is not always the case. In three North American species of Leptothorax ants, the
transfer of workers 8 months after birth between groups originating from the same
colony caused very little aggression (Stuart 1987a). It has also been suggested that
young workers might be highly acceptable in alien colonies because they produce
an attractive secretion that inhibits the aggression of older workers (Jaisson 1972),
but chemical data supporting this hypothesis are still lacking. Callow workers of
the slave-making ant Polyergus rufescens appear to emit a secretion that is very
attractive for Formica host workers; they excrete fluid droplets from the tip of the
gaster and Formica workers actively lick these secretions (proctodeal trophallaxis).
This fluid might act as an appeasement signal facilitating the adoption of the slave
makers (d’Ettorre and Errard 1999).

Overcoming the Recognition System: Social Parasites

The recognition system as well as its constituent parts (template and label-CHCs)
is flexible. As explained above, individual recognition cues can change over time
due to environmental factors, and thus the referent template needs to be updated
accordingly. This flexibility can be exploited by social parasites to infiltrate the
host colonies. The study of parasite strategies to overwhelm the host colony’s
defence gives the opportunity to better understand the mechanisms at the basis of
nestmate recognition process.

Insect social parasites use the social system of other species to exploit the
colony worker-force over an extended period of time so that host workers rear par-
asite reproductives (Wilson 1971). The first problem the parasite has to solve is
to be accepted into the host colony as nestmate. One strategy, named “‘chemical
insignificance” (also “blank state”), is to possess a weak quantity of labels on



10 Ontogeny of Nestmate Recognition in Social Hymenoptera 177

the cuticle that allows the parasite being undetected by the host (Lenoir et al.
2001). For instance, Acromyrmex insinuator, social parasite of the leaf-cutting ant
Acromyrmex echinatior, appears to adopt this strategy: even if they show remark-
ably different cuticular hydrocarbon profiles compared to the host, they possess a
lower total amount of compounds, which are possibly not perceived by the hosts
(Lambardi et al. 2007). Such feature, present in most of newly emerged social
insects, could represent an effective strategy employed by the parasites to usurp
host colonies. An “insignificant status” could allow parasites to initially gain
entrance into a host colony, before achieving chemical integration (Lenoir et al.
2001). Two other strategies are possible to reach some degree of chemical con-
gruency with the host: chemical mimicry (in which the parasite actively biosyn-
thesizes the host cues) or camouflage (in which the parasite gets the cues from
the host both by passive acquisition, i.e., via contact with host and nest material,
and by active acquisition, i.e., via allogrooming and trophallaxis) (Dettner and
Liepert 1994; Lenoir et al. 2001). Before usurpation of a P. dominula nest, females
of the obligate social parasite Polistes sulcifer have a chemical profile both sim-
pler and different from that of the host species. A chemical integration process to
match the host odour occurs as soon as 90 min after usurpation (Turillazzi et al.
2000). Similarly, chemical analysis of P. rufescens ant parasites and its host spe-
cies revealed that the newly hatched slaver-markers lack a chemical signature at
emergence but later develop or acquire a chemical profile matching that of the host
species present in the nest (d’Ettorre et al. 2002). Queens of Polyergus breviceps
and P. rufescens fatally attack the resident queen of their Formica host species and,
during aggressive interactions, cuticular compounds from the host queen are pos-
sibly transferred to the parasite queen (Johnson et al. 2001; Lenoir et al. 2001).
Parasites often exhibit behaviours involving physical contacts with both the nest
surface and their hosts, which may facilitate the mutual transfer of cuticular chem-
icals (Turillazzi et al. 1990; Lenoir et al. 1992, 2001 Cervo and Dani 1996; Errard
et al. 1997; Cervo 20006).

Although the parasite’s chemical integration strategies are fundamental during
colony invasion, it is possible that chemical host-parasite congruency is not fully
achieved at this stage. Therefore, host acceptance could later be improved by
modifying the host’s referent template. If the host workers, emerging in parasitized
colonies, find a good match between the template (referent colonial chemical pro-
file) and the parasite’s odour, the parasite will be recognized as nestmate. Indeed,
as outlined above, early experiences can be crucially important for the development
of the recognition template. Social parasites can exploit early experiences of their
hosts by intervening at the right time. For example, slave-making ants during raids
usually pillage host pupae so that new host workers will emerge in a colony con-
taining the slave-makers’ odour on which they will form the template. This appears
to be an effective strategy, indeed, among the ten ant genera displaying interspe-
cific slavery, only one is known to form slave-maker colonies resulting from the
mix with adult host workers (Holldobler and Wilson 1990). Early experience
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with the odour of parasites in Temnothorax unifasciatus ants, the principal host
species of Chalepoxenus muellerianus and Myrmoxenus ravouxi slave-makers,
affects nestmate discrimination ability and the successful enslavement by two
slave-maker species. However, this is not the case of Temnothorax parvulus,
a species that in nature is never parasitized. This could be due to a genetically based
system of odour discrimination or to an earlier sensitive period for the template
formation, namely the pre-imaginal stages (Blatrix and Sermage 2005).

Nestmate discrimination has been shown to be less influenced by social
environment during early stages in the ant genus Camponotus than in the
genus Formica (Carlin et al. 1987). Interestingly, no species of Camponotus is
parasitized by slave-makers, while many Formica species are regular hosts to
slave-makers. Early behavioural plasticity could thus facilitate the evolution of
parasitism. Coevolution occurs between parasites and their hosts (Foitzik et al.
2001; Hare and Alloway 2001) and hosts and parasites species usually show
similar cuticular hydrocarbon profiles (Kaib et al. 1993; Brandt et al. 2005),
which might facilitate learning of the parasite profile by the host species. Slave-
making P. rufescens workers are able to adopt a different cuticular signature,
both qualitatively and quantitatively, when reared by different Formica hosts
species as a result of certain plasticity; however, when reared in isolation
they show higher chemical similarities with their primary host F. cunicularia
(d’Ettorre et al. 2002). This similarity could promote the formation of the host
template based on the odour of the parasite. In parasitized wasp colonies, the
hosts’ early experience is also important for the parasite acceptance. Wasp
social parasites normally usurp the host nest before emergence of the first gen-
eration of workers (Cervo 2006), thus having the opportunity to manipulate the
colony odour in absence of workers. This process could allow both the usurpers
and their future brood to be recognized as nestmates. Young P. atrimandibula-
ris parasites already possess the specific compounds that allow discrimination
in P. biglumis non-parasitized colonies, however, they are accepted in para-
sitized nests because of the incorporation of the parasite-specific components
in the referent template of the host species (Lorenzi et al. 1999). Parasites could
manipulate colony odours by supplementing with their specific compounds
the nest material on which the hosts likely form the template (Lorenzi and
Bagneres 1996; Lorenzi et al. 1996; Turillazzi et al. 2000).

Social insects’ referent template must be flexible to incorporate all the changes
of colonial recognition cues due to the environmental factors, for instance to avoid
rejection errors (rejection of nestmates). Yet, this plasticity represents a weakness
of the recognition system because the parasites can be part of the environmental
factors that cause fluctuations of recognition labels (by depositing their own cues
and rearing their own brood). Moreover, parasites developing strategies to mask
themselves as nestmates, are more easily accepted. In a cost—benefit balance the
host should accept the parasites if the costs of correct discrimination exceed the
benefits (Zahavi 1977) because recognition errors in which nestmates would be
rejected are very costly.
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Concluding Remarks and Future Directions

Social insects have been largely used as models for studying detection, perception,
learning and memory of recognition cues through the manipulation of their olfac-
tory experiences and their consequent behavioural responses. Workers in a colony
gather experience during their whole life, and almost all behavioural responses are
fine-tuned through learning (cf. Jeanson and Weidenmiiller 2013). Despite this,
some fundamental aspects of nestmate recognition system, such as the timing of
template formation and its neural location, remain to be clarified.

Self-Referent Phenotype Matching for Recognition

During the last decades, studies on the ontogeny of nestmate recognition have
revealed the presence of a sensitive period for learning, during which the template
for the colony odour is formed. Social insects appear to learn the crucial recogni-
tion cues (heritable, environmental or both) during a sensitive temporal window
after birth (early learning) and then use them as referent according to a pheno-
type matching process. However, they could also use their own phenotypes as ref-
erent for nestmate recognition and theoretically this would be the most accurate
way to assess relatedness (Mateo 2004). Self-referencing might turn out to be the
mechanism of recognition in several contexts that had previously been thought to
depend solely on genetic (innate) cues (Jutsum et al. 1979; Getz and Smith 1983;
Mintzer and Vinson 1985; Breed et al. 1985; Stuart 1987b). Nevertheless, in the
case of social insects, self-referencing could lead to evaluation problems. First, the
individuals of a colony usually show differences, although small, in their chemi-
cal profile and so every slightly “different” nestmates could be rejected. Indeed,
optimal acceptance thresholds theory predicts when an individual should accept or
reject in a given encounter, despite incurring the double costs of errors in rejecting
true nestmates and accepting alien individuals (Reeve 1989; Johnson et al. 2011).
Second, phenotypes used for self-referencing are themselves malleable con-
structs because CHCs can be subjected to changes due to environmental factors
and/or the physiology of the individuals (Wagner et al. 1998; Nielsen et al. 1999;
Buczkowski et al. 2005; Provost et al. 2008). Third, in multiple paternity or mater-
nity systems, this process of learning and discrimination could favour nepotistic
behaviours and thus it would not be advantageous in ants, bees and wasp societies
where such mating systems can be present (Boomsma and d’Ettorre 2013).
Self-referent phenotype matching could be favoured when there is a high risk
to learn from foes, such as social parasites. Living in different habitats and under
different ecological pressures (e.g., social parasitism) could promote the devel-
opment of recognition systems with different characteristics. Few studies have
reported self-matching in eusocial hymenoptera (Page and Breed 1987; Michener
and Smith 1987). Other sources of recognition cues appear to be important in
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the template acquisition process, such as experience with nest material (Gamboa
2004) or nestmates (Jaisson 1991; Lenoir et al. 1999) during the early stages of
life. However, an individual can never be separated from self-cues. Exclusion of
self-referencing in P. fuscatus gynes was supported by the fact that individuals iso-
lated from eclosion were not able to develop correct recognition ability but were
recognized by the adults. This suggests that the recognition cues were present on
the young gynes’ body but were not used by them to form the referent template
(Gamboa et al. 1986b). However, P. dominula workers reared in isolation (without
nestmates or nest material) for four days from birth are able to perform correct dis-
crimination between nestmates and non-nestmates (Signorotti et al. 2014a), sug-
gesting the possible occurrence of self-referencing for template formation during
the first days of life, at least in this species.

Learning cues from self during the first hours of adult life implies that such
recognition cues are already present and perceptible. However, most of the stud-
ies report that newly eclosed individuals possess low amounts of recognition cues
(see above). More studies are needed to investigate whether the amount of CHCs
present on young individuals is over the perception thresholds (cf. Cini et al. 2009;
Ichinose and Lenoir 2010; Cappa et al. 2014). Evidence for self-referent pheno-
type matching in honeybees (Getz and Smith 1983, 1986) has been criticized due
to the difficulty of entirely eliminating pre-imaginal and social learning. Futures
studies manipulating the breeding environment are needed to elucidate whether
self-referent phenotype matching occurs in social insects.

Pre-imaginal Learning and the Neural
Machinery at the Basis

Despite prenatal olfactory learning has been demonstrated in a wide variety of ani-
mals (Hepper and Waldman 1992; Hudson 1993; Schaal et al. 2000; Hepper 2003;
Caubet et al. 1992), the possible importance of learning during immature life in
the ontogeny of recognition abilities and social memories has been neglected so
far in social insects. The ability of individuals to learn prenatally may be of par-
ticular importance in the development of social recognition by ensuring that indi-
viduals learn about genetically related conspecifics (Hepper 1987; Robinson and
Smotherman 1991). There is evidence that pre-imaginal experience affects recog-
nition abilities in Myrmicinae (Signorotti et al. 2014b) and Formicinae (Isingrini
et al. 1985; Carlin and Schwartz 1989) ants. This means that some important infor-
mation could be processed during the larval stages, retained across the pupal stage,
and then integrated into the adult nervous system. Adults and larvae of holome-
tabolous insects are morphologically divergent, reflecting their different lifestyles.
Metamorphosis could imply dramatic changes in larval organization, including
replacement of the integument and many other tissues, and histolysis of almost all
muscles. However, radical changes in neuronal design from the larval to the adult
system is not very likely, given that the metamorphosis of the nervous system is
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largely parsimonious (Tissot and Stocker 2000). Persistence of neurons is not only
economic in terms of minimal numbers of neurons to be formed, but might also
be crucial for complex metamorphic processes such as axon guidance or memory
retention (Tissot and Stocker 2000). Most of the studies on larval chemosensory
system have been conducted using Drosophila as model (Singh and Singh 1984;
Ito and Hotta 1992; Heimbeck et al. 1999; Lee et al. 1999). The larval olfactory
circuit of Drosophila shows a strong overall similarity to the adult design, but it is
organized in a numerically much reduced and almost completely non-redundant
way (Ramaekers et al. 2005; Python and Stocker 2002). Young individual neu-
rons could possess integrative capacities as high as that of their adult counterparts;
indeed, larvae already exhibit appetitive olfactory learning that relies on a small
subset of embryonic-born Kenyon cells (Cobb and Domain 2000; Pauls et al.
2010). Very little is known about the development of larval chemosensory system
in social insects.

To elucidate unexplored phenomena, such as pre-imaginal learning, it is essen-
tial to determine the actual cognitive load of this particular process and identify
how many neurons, connections, and sequential stages of information processing
are required to form stable memories until the adult age. From the experimental
point of view, one of the major problems in studying pre-imaginal learning lays in
the difficulty to assess the behaviour of individuals just after emergence (in most
cases they will not respond because too young), and thus there might always be a
component due to early learning during the first phase of adult life. Moreover, it
could be hard to differentiate between pre-imaginal and self-referent learning if
some recognition cues are transferred from the pupal to the adult stage (see Corbet
1985 for discussion on the “chemical legacy hypothesis™). Although recognition
cue exchange is possible between adult-adult or adult-nest material (Soroker et al.
1994, 2003; Dahbi et al. 1999; Breed et al. 1995), we do not know whether the
larval-adult cue-transfer is possible in social insects.

Regardless of the cue-source, sensitive periods are reflected in behaviour but
they are actually a property of neural circuits: behavioural responses are not pos-
sible without the processing of the information in the neural machinery. We think
that much needs to be learned about nervous system development, neuronal plas-
ticity and the adaptation by studying the brain of social insects. For instance, there
are no studies on olfactory organ and receptor cells in ants, bees or wasp larvae.

The Neural Substrates for Nestmate Recognition

Memory has an important role in the discrimination process, both in pre-imaginal
and early learning. Several species of ants and paper wasps show long-term mem-
ory of nestmate cues, even after overwintering, and there are some evidences that
their templates, formed through an imprinting-like process, are maintained over
time (Ross and Gamboa 1981; Pfennig et al. 1983b; Gamboa 1988; Jaisson 1991;
Errard 1994b; but see Dapporto et al. 2004). However, some characteristics of the
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recognition system (see above) suggest that the template is not as stable as pre-
viously thought and that it could be reformed during life (template updating). It
is largely accepted that the neural substrates of memories are parts of the higher
brain centers such as mushroom bodies and/or lateral horn (d’Ettorre and Lenoir
2010; Bos and d’Ettorre 2012), but how do they contribute to the behavioural plas-
ticity is less well understood (Heisenberg 1998).

Template updating may result from the formation of new memories each time
the referent colonial odour changes or from sensory adaptation or habituation
processes, thus the template could be decentralized. In Camponotus japonicus
ants, the olfactory sensilla have been proposed as processing organs for nestmate
recognition cues (Ozaki et al. 2005). These sensilla show a physiological activ-
ity only if exposed to CHCs of non-nestmates, suggesting sensory adaptation as
proximate mechanism of nestmate recognition due to the permanent exposure
to the colonial odours. However, there are neurophysiological evidences that,
for instance in C. floridanus ants, colony odours from both nestmates and non-
nestmates are perceived and produce a response in the antennal lobes, the first-
order integration centers of the central nervous system, contradicting the sensory
adaptation hypothesis for nestmate recognition (Brandstaetter et al. 2011). The
template reformation is a relatively slow process, taking several hours (Leonhardt
et al. 2007; Stroeymeyt et al. 2010) while sensory adaptation at antennal level is
much faster. Template adjustment could probably not reverse immediately the own
colonial template previously learned (Leonhardt et al. 2007; Harano and Sasaki
2006). During the early phase of template renewal, old memories could be use-
ful to avoid recognition errors while the colony odour is changing. Even if mem-
ory is costly (Guerrieri et al. 2011), it could play a key role in the discrimination
process. Habituation and/or sensory adaptation, being less costly, could partly
replace the use of long-term memory to discriminate nestmates and could be use-
ful during template updating, but the use of memories from the pre-imaginal and/
or early adult stages of life remain a key feature in the ontogeny of recognition. A
fundamental debate that continues to the present is whether specific mechanisms
underlie sensitive periods for learning recognition cues, or whether the presence of
sensitive periods is a natural consequence of functional brain development. Future
integrated studies are needed to establish how social insect brains develop to allow
the complex communication signals to be generated and processed, enlightening
certain unclear phenomena such as pre-imaginal learning.
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