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Preface 

 
 

This thesis is the result of a three‐year PhD project, carried out at both the University 

of Florence under supervision of Prof. Rita Cervo and at the University of Paris 13 

(LEEC) under supervision of Prof. Patrizia d’Ettorre. 

My thesis has been financed by a grant of the Université Italo-Française.  

The thesis consists of three main parts. The first is a general introduction about 

social recognition and the ontogeny of this process in social insects. Part of this 

introduction represents the first chapter of the thesis and it has been submitted as a 

book chapter. The second part includes three additional chapters, which consist in 

research papers: one already published in an international scientific journal, one 

submitted and one in preparation. The last section of the thesis discusses the 

contributions that this work has made to the field, and points out questions that will 

be worth addressing in the future. 
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General introduction  
 
Social recognition 
 
The word recognition refers to the ability to recall and identify someone from past 

experience or knowledge (from the Latin recognoscere: to know again). Social 

recognition can be broadly defined as the ability of an individual to distinguish one 

conspecific from another (Ferguson et al. 2002). This includes identification of an 

individual’s specific features such as sex or any other possible trait of the phenotype. 

Across species, the ability to distinguish particular features in a familiar 

individual forms the foundation upon which all social relationships are built. In some 

cases it may be advantageous to remember only very general characteristics about 

other individuals, such as gender or reproductive state, but in other cases it may be 

necessary to remember specific details of individual social status, fellowship or 

kinship. Social recognition has been studied across many taxa, even in plants (Dudley 

and File 2007) and there is a substantial body of evidence that this process is 

involved in controlling a wide range of behaviors such as offensive and defensive 

aggressions, sex and parental behavior, social communication (Bradshaw 1991; 

Gheusi et al. 1994; Tate et al. 2006; Frommen et al. 2007; Choleris et al. 2009; 

Vermeij et al. 2009; Bierbach et al. 2011; Coffin et al. 2011; Sheehan and Tibbetts 

2011; Bos and d’Ettorre 2012; Gherardi et al. 2012; Wacker and Ludwig 2012). The 

ability to recognize closely related from non-related individuals could be important 

to assure the cooperation among relatives, to avoid kin competition and inbreeding 

phenomena (Hamilton 1964; Waldman 1988). For instance, zebra finch (Taeniopygia 

guttata) fledglings are able to perform kin discrimination through the perception of 

olfactory cues, thus avoiding mating with relatives (Krause et al. 2012). Salmonid 

fishes have the ability to discriminate unfamiliar kin from unrelated conspecifics on 

first encounter (Winberg and Olsén 1992; Brown et al. 1993); indeed agonistic 

interactions are known to decrease in the presence of kin and increased growth has 

been observed as a benefit of kin discrimination as it increases the potential for 

overwintering survival (Brown and Brown 1993). 
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The ability to recall specific social memories is crucial for the structure and 

stability of the networks of relationships that define societies especially in complex 

systems such as social insect colonies. Social insects provide an excellent model for 

studying recognition because workers need to discriminate between nestmates, i.e. 

individuals belonging to the same nest, and non-nestmates enabling them to direct 

altruistic behaviours towards colony members (which usually are close kin) and to 

protect the colony resources by the attack of intruders. Recognition is a fundamental 

mechanism for the evolution of cooperation based on altruism (Hamilton 1964; 

Trivers 1971).The colony members’ benefits from cooperation are expressed as 

indirect fitness profits resulting from the reproductive success of closely related kin 

(Hamilton 1964; Hughes et al. 2008). 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).  

From a functional perspective the benefit of social recognition is clear but the 

processes underlying it can be quite complex and it is not completely understood.  

When one individual meets another individual, three different components of 

recognition systems come into play (Figure 1): the expression (also called 

production), the perception, and the action component (Gamboa et al. 1991; Starks 

2004). The expression component refers to all the processes involved to form the 

phenotypic recognition cues (labels) by the recipient individual. During the 

perception process one individual (evaluator) asses the recipient’s labels and it 

compares these cues with some kind of template. The result of this comparison is 

expressed by the response of the evaluator (action component) which is, when 

observable, often behavioural. Recognition per se includes cues detection and 

phenotypic matching, which are used for making decisions regarding actions 

(d’Ettorre and Lenoir 2010). 

Recognition labels and perception abilities provide proximate or mechanistic 

explanations for social recognition, whereas the action component provides a 

functional or adaptive explanation of recognition because it involves behaviours with 

fitness cost or benefits (cf. Mateo 2004). 
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Figure 1 Scheme of the recognition system distinguished into its three components (details in the 

text): 1) expression; 2) perception; 3) action  
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Outline of the thesis 

 

Living in societies means sharing a common place to live. Social insects build nests, 

their fortress, in which the colonial organization takes shape. The nest represents an 

important resource to defend against intra- and interspecific competitors and 

parasites because of the resources contained on it in terms of stored food, eggs, 

larvae, pupae and adult individuals. The selective value of nestmate recognition is 

thus evident: social insect must be able to discriminate among individuals belonging 

to the same colony so that the altruistic acts are directed towards related recipients 

and foreigners are rejected (Hamilton 1987). For this purpose, ants, wasps and bees 

have evolved an efficient recognition system. Social insects are surrounded by 

odours which can be used as chemical messengers (Vander Meer et al. 1998; 

Morgan 2009; Bruschini et al. 2010); in particular a mix of many long chain cuticular 

hydrocarbons (CHCs) gives a distinct odour to each colony and thus they represent 

the primary compounds involved in nestmate discrimination (for review Dani 2006; 

Hefetz 2007; van Zweden and d'Ettorre 2010). Cuticular hydrocarbons can be 

analyzed by gas chromatography coupled with mass‐spectrometry. This technique 

allows for separating each compound present in the label, according to its volatility 

(gas chromatography), after which each individual compound can be identified by its 

pattern of fragmentation (mass‐spectrometry). 

Recognition likely occurs through a phonotype matching process in which the 

label (CHCs) is compared with a referent template (sensory image of the colonial 

odour) (d’Ettorre and Lenoir 2010; and see Chapter 1 of this thesis). Indeed, for 

label‐template matching to occur, the template must be learned first. However, 

contradictory evidence about when and how an individual acquires this template 

exists.  

In this thesis I first present a general overview of the studies that have 

addressed the ontogeny of nestmate recognition in social hymenoptera, by paying 

particular attention to the process of template acquisition (Chapter 1). 



14 
 

Concerning the experimental part of my thesis, the overall aim of my research 

project was to investigate the main features of the ontogeny of nestmate 

recognition with a comparative approach, using two different models, ants and 

social wasps. The comparison is useful to highlight the importance of certain 

phenomena that might have been maintained in the course of evolution in different 

families of Vespoidea (including wasps and ants).  

The current view is that there is a particular sensitive period after birth 

(eclosion) in which insects learn the relevant recognition cues from the environment 

around them (including the social environment) (Jaisson 1991; Breed and Stiller 

1992; Gamboa 2004). To date, we have poor knowledge about learning capabilities 

in other stages than adult ones, probably due to the difficulty of investigate these 

phenomena during the developmental stages. I used the wasp Polistes dominula and 

the ant Aphaenogaster senilis as models of my research because they are excellent 

model systems from a practical perspective: nests are easy to collect, we can easily 

rear the colonies in the laboratory, mark individuals permanently in order to identify 

them after several days/weeks and we can have acces to brood items to manipulate 

them.  

First of all I wanted to verify whether the general recognition model 

proposed for Polistes genus (Gamboa 2004) was actually applicable to P. dominula 

wasp (Chapter 2). In fact, previous studies have been conducted only on American 

species within the genus (P. fuscatus, Pfenning et al. 1983a; P. carolina, Pfenning et 

al. 1983b; P. metricus, Singer and Espelie 1992).  

Second, I wanted to investigate whether pre-imaginal learning is a real 

phenomenon in wasps and ants. We studied whether recognition ability of adults 

could be affected by olfactory experience had durind larval or pupal stages. 

In order to investigate whether larvae were able to form social memories of 

olfactory cues I used larvae of A. senilis which are easily accepted by conspecific 

colonies in adoption experiment (Chapter 4). Moreover, A. senilis pupae are naked 

(no cocoon) and this allows to observe the developmental progress and thus to 

standardize some important steps in the experimental procedure (details in Chapter 

4). Conversely, larvae of P. dominula wasps are not easily exchanged between nests 

and quickly detected by the adoptive colony and expulsed. However, we successfully 
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reared pupae outside their own nest cells in different olfactory experimental 

conditions to investigate whether pupae were able to learn social olfactory 

information and use them later for nestmate recognition process (Chapter 3). 
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Chapter 1 

“Ontogeny of nestmate recognition in social hymenoptera” 

The ability to discriminate between friends and foes is a central feature of social life. 

In social insects, nestmate recognition is mediated by colony specific cuticular 

hydrocarbons (label) that are perceived by an individual and compared with its 

neural representation of the colony odour (template) (d’Ettorre and Lenoir 2010). 

Although numerous advances have been made in understanding the identity, 

origin and production 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 (Gamboa 2004), while 

ants learn principally from their nestmates (Lenoir et al. 1999). In general, the 

referent template is learned during the early stages of adult life, although pre-

imaginal learning might play a role. Cuticular hydrocarbons 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 (Hefetz 2007). 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 social parasites’ chemical 

integration strategies 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. 

 

Chapter 2 

“Novel insights into the ontogeny of nestmate recognition in Polistes 

social wasps” 

Early experiences in life can have significant consequences on the behaviour of 

animals. In particular early learning typically occurs during a particular temporal 

sensitive window, which restricts crucial processes of information storage to a 
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peculiar phase of development. By narrowing the sensitive temporal window for 

learning, individuals reduce the risk to commit evaluation errors in biologically 

relevant context such as parental and social recognition, mate and host preferences, 

etc. (e.g. Bateson 1966). Vertebrates have been largely used as biological models for 

investigating the characteristics of the sensitive period possibly because of their 

complexity and plasticity; both in behaviour and in the neural machinery at the basis 

(cf. Knudsen 2004). Nonetheless, the existence of sensitive windows has also been 

demonstrated in invertebrates, including social insects, with a critical role in shaping 

recognition abilities and social interactions. 

According to previous studies (reviewed in Gamboa 2004), Polistes wasps 

learn olfactory recognition cues used for the nestmates recognition process, from 

the paper of their natal nest during a strict sensitive window – the first few hours 

after emergence. The nest material has been so far considered the primary source 

for the acquisition of recognition cues and chemical analysis revealed that paper 

wasps nest material conveys the same chemicals, i.e. recognition cues, of the colony 

inhabitants, providing information about colony membership (Espelie and Hermann 

1990; Espelie et al. 1990; Lorenzi 1992; Singer et al. 1992; Cotoneschi et al. 2007). 

Nevertheless, to date no studies investigated the ontogeny of nestmate 

recognition process in Polistes dominula wasps. In our experiments we extracted P. 

dominula workers from their nest cells just before the natural emergence occurs and 

we isolated these individuals for four days in a neutral condition, without nest 

material or in contact with paper fragments taken from their natal nest, or from a 

foreign conspecific nest. Then we performed recognition bioassays to investigate 

whether these experimental wasps had developed correct recognition abilities in 

each of the three odour experience treatments. Surprisingly, P. dominula wasps 

were able to display correct discrimination capacity bot in absence of nest paper and 

in presence of nest paper, independently of origin. We definitively challenged the 

general Polistes recognition model previously proposed. These results give us 

significant insight into the ontogeny of nestmate recognition in wasps and social 

insects and point to the possible importance of previously neglected cognitive 

processes, such as pre-imaginal learning and self-reference phenotype matching.  
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Chapter 3 

“Pupal experience and nestmate recognition in Polistes dominula wasps” 

Social insects can recognise nestmates even among unfamiliar individuals by 

comparing the phenotype of an individual with the neural representation of their 

own colony odour (template) previously learned (phenotype matching, cf. d’Ettorre 

and Lenoir 2010). The nestmate recognition process has been largely studied in ants, 

wasps and bees and although numerous advances have been made in understanding 

how and where the recognition cues are produced and transferred, we still do not 

know exactly when the cue-learning process starts.  

In Polistes wasps, the nest paper (which easily adsorbs chemical cues) has 

been considered the principal common source of recognition cues that are learned 

to form the referent template (Gamboa 2004). Regarding the timing of learning, it 

has been shown that Polistes wasps learn the colony odour early during adult life, 

but our recent study on Polistes dominula revealed that wasps do not use the nest 

material as source for cue-learning early in life (Chapter 2, Signorotti et al. 2014). 

Here, for the first time, we investigate other stages of wasps’ life than the adult 

stage to study the ontogeny of nestmate recognition. Indeed, if the nest paper is 

actually a good candidate as source of recognition cues, the learning process may 

start earlier, such as during pre-imaginal stages, being the nest material always 

present from the beginning of the wasps’ development. We reared pupae of P. 

dominula in artificial conditions to investigate whether the absence of nest substrate 

or the exposure to nest fragments taken from a foreign conspecific colony would 

alter the nestmate recognition ability in adult workers. Our results showed that 

pupae do not use the nest paper as source of recognition cues for the template 

formation. Different hypotheses are possible to explain the intact discrimination 

ability present in our experimental wasps. If the nest material is important for cue-

learning, this could happen during other pre-imaginal stages, such as larval ones. 

Alternatively, wasps could use other source of recognition cues for the formation of 

the template, such as compounds present on their own body surface.  
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Chapter 4 

“Larval memory affects adult nestmate recognition in the ant 

Aphaenogaster senilis” 

Prenatal olfactory learning has been demonstrated in a wide variety of animals, 

where appears to be crucial for their development and to shape important 

behaviours including maternal recognition and attachment, habitat choice and social 

behaviour (Caubet et al. 1992; Schaal et al. 1995; Hudson and Distel 1999; Gandolfi 

et al. 2003). In social insects this phenomenon has been so far neglected, although it 

has been shown to affect brood recognition and care in few species of Formicinae 

ants (Isingrini et al. 1985; Carlin and Schwartz 1989). To date, no studies investigated 

the effect of pre-imaginal experience on an adult-adult context, for example in 

nestmate recognition abilities. Ants usually learn the chemical signature of their 

colony as young adults (Lenoir et al. 1999).  

In our study we transferred larvae of Aphaenogaster senilis ant in adoptive 

foreign colonies and we left them inside these nests the necessary time to become 

pupae. Then, we re-transferred them in their original nests and we performed 

aggression bioassays in order to investigate whether the larval olfactory experience 

had an effect on the nestmate recognition ability of adults. We show that A. senilis 

ants learn chemical cues important to achieve the discrimination between nestmates 

and alien individuals during larval life. This is the first evidence that pre-imaginal 

olfactory learning occurs in Myrmicinae ants, a major subfamily of Formicidae. The 

larval phase of the ant’s life has been so far neglected in the ontogeny of social 

memories and we thus believe that our results give significant insight on 

developmental processes underlying efficient recognition systems in ants and other 

social insects.  
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Study organisms (in order of appearance in the thesis) 

 

Polistes dominula wasp 

Polistes is a species-rich genus of social paper wasps within the vespid subfamily 

Polistinae (Carpenter 1996). The genus comprises 206 species (Carpenter 1996) and  

Polistes dominula is among the best studied of all primitively eusocial wasps 

(Bruschini et al. 2010). It is a widespread temperate species with a cosmopolitan 

distribution (Pardi 1996). P. dominula has its native range from Europe to China 

(Pardi 1996; Cervo et al. 2000) but 

recently it has invaded the North and 

South America, and Australia (Cervo 

et al. 2000, Liebert et al. 2006). The 

colony cycle of P. dominula is typical 

of temperate Polistes species (Reeve 

1991) Nests are built in the spring, 

generally by the beginning of April. 

The colony can be founded by a single 

female (solitary  foundation) but more frequently more inseminated females 

(foundresses), after overwintering, co-operate in the same nest (associative  

foundation). In these associations linear dominance hierarchies are quickly 

established (Pardi 1942, 1946). The ⍺-female becomes the principal egg layer, 

whereas subordinate females do not reproduce, but act as worker like auxiliaries if 

they remain on the nest (Queller et al. 2000). At the end of May, the ‘worker phase’ 

begins with the emergence of the first generation of workers. From this moment on 

all the colonial activities, except laying eggs, are undertaken by the workers, which 

regulate the temperature, build and defend the nest, feed the larvae, and so on 

(Pardi 1996). These “helpers” (which include both subordinate co-foundresses and 

the dominant’s offspring) are not sterile as in advanced eusocial species, but are 

capable of independent reproduction (Reeve 1991), however they renounce to their 

direct fitness (Pardi 1942, 1946). 
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In late summer (August) the reproductives emergence; usually males start to emerge 

before gynes (female reproductives). They leave the maternal nests to mate and 

after the mating period (late summer-autumn), males die and inseminated females 

(future foundresses) entre in diapauses until the next spring season when they will 

start a new colony cycle (Pardi 1996).  

P. dominala wasps, due to its behavioural flexibility and easy manipulation, 

has been widely used as model organisms for the study of the evolution of 

cooperative behaviours and for understanding nestmate recognition processes 

(Turillazzi and West-Eberhard 1996; Starks et al. 2006; Bruschini et al. 2010) 

All the colonies used in this thesis were collected in the natural environment 

during two consecutive summer seasons (2012, 2013) near Florence, Italy.  

Picture by Iacopo Petrocelli. 

 

Aphaenogaster senilis ants 

Aphaenogaster (Mayr 1853) belong to one of the largest and most diversified sub-

families of ants in the world, Myrmicinae. Aphaenogaster genus includes 180 species 

that are widely distributed in all geographical regions of the world except Ethiopian 

region despite a recorded presence in 

Madagascar (Fisher 1996). 

Aphaenogaster senilis is a strictly 

monogynous and monodomous (single 

nest) Myrmicinae ant distributed around 

the western Mediterranean basin. Nests 

are excavated in the soil. A. senilis is a 

diurnal and thermophilic species, with an 

optimal foraging temperature of 42°C. It 

feeds on a large variety of food items, 

including animal (mainly insect corpses) 

and plant remains (flower petals, twigs, or 

seeds). It does not hibernate but produces most of its brood in spring (Boulay et al. 

2009). Males and gynes may be produced throughout the year, with a peak of 

http://www.sciencedirect.com.gate1.inist.fr/science/article/pii/S0003347209004047#bib9
http://www.sciencedirect.com.gate1.inist.fr/science/article/pii/S0003347209004047#bib9
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production in early summer (Boulay et al. 2009). Gynes have short wings but do not 

fly, while males can fly from their nest; hence mating occurs in or near the nest that 

contains the gyne. A. senilis founds nests by dependent colony foundation, i.e. by 

fission (Peeters and Molet 2009). During the colony reproductive process or for 

example in orphaned colonies, workers produce several (up to 5) new queens but 

they fight each other until monogyny is restored (Chéron 2009). First-born queens, 

usually produced on average seventeen days before subsequent queens, are 

behaviourally dominant over subsequent queens and actually inherit the colony 

(Chéron 2009, Cronin and Monnin 2009). As this species is monandrous and 

monogynous, workers and replacement queens are full sisters and there is thus no 

option for nepotism (Chéron 2009).  

A. senilis ant does not perform trophallaxis, a tipical form of food transfer in 

social insects that also allows recognition cues exchange among colony members; 

however all the individuals within a colony share their own recognition cues to form 

a “gestalt colony odour” via physical contacts (e.g. allogrooming) (Lenoir et al. 

2001a,b). 

The ants used in this study were collected in March 2011 from mature queen 

right colonies in the field in Banyuls-sur-Mer (France). 

Picture by Serafino Teseo. 

http://www.sciencedirect.com.gate1.inist.fr/science/article/pii/S0003347209004047#bib9
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Introduction 

Recognition plays a central role in parent-offspring interactions, competition, mating 

and cooperative behaviours such as group defence, brood care, foraging and 

grooming (cf. Waldman 1988). Although evidences of recognition abilities in 

different invertebrate taxa have rapidly accumulated during the past decades (this 

book), social living certainly generates the most sophisticated and efficient 

recognition system. 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 evolution 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 (cf. Ratnieks 

1991), but social insect evolved mechanisms to optimize the system by achieving a 

unique colony label/template, shared by all colony members, and with minimal 

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 box 1), we are just starting to understand the 
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perception rules of these nestmate recognition cues and their information 

processing (Ozaki and Wada-Katsumata 2010). However, relatively little is known 

about the ontogeny of nestmate recognition, and in particular about the template 

formation and timing processes. By manipulating individuals’ opportunities to 

interact with conspecifics 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 particular 

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.  

 

Recognition mechanisms 

During the last three decades different potential mechanisms underlying recognition 

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 2008). 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 individuals 

that are regularly encountered (e.g. group members). These become ‘familiar’ 
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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 very 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, individual 

recognition works only in small societies, such as those of Polistes paper wasps 

(Tibbetts 2002).  

 

Figure1 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.  

 

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). 

Acceptance/rejection will depend on the similarity/dissimilarity between the 
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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 (Figure1). 

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. 

 

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 box 1) during at least part of its life. A parsimonious 

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 provides 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 formation of the 

referent template. There is evidence that some species of Polistes wasps learn the 

referent colony 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 
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not necessarily of nestmates, is important in the ontogeny of nestmate recognition 

ability in Polistes fuscatus wasps (Shellman and Gamboa 1982). Polistes fuscatus 

gynes (reproductive females) isolated from their natal nest, and gynes exposed only 

to nestmates 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 different 

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.2014).   

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). On the other 

hand, evidence that nest cues have a recognition 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 recognition cues passively on 

the nest substrate through the contact of their body; however, the resulting deposit 

is not necessarily colony 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 Hölldobler 

1986). In two Camponotus species, there is also evidence that newly eclosed ants 

familiarize with recognition cues of adult nestmate workers assisting them during 

eclosion (Morel 1983, 1988). Whatever the source of recognition cues, social insects 

must be able to perceive them, learn them and form the referent template during a 

period of their life. 
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Timing of template formation 

Social insects at the emergence 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 nestmate 

recognition is still debated and it remains unclear whether the process of cue 

learning and template formation is acquired through familiarization during a specific 

sensitive period (Jaisson 1987), and when this sensitive period occurs. Indeed, 

learning could occur at different stages of the insect life (Figure 1). 

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, i.e. 

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 during a short critical period, the first hour 

after emergence (Breed and Stiller 1992). Studies on the ontogeny of the olfactory 

nervous system of honeybees have suggested the existence of a critical period, 

ranging 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 from their natal nest and 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 hours) (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 
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recognition model is widespread 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 

Polistes 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. 2014b).  

The timing of template formation in ants appears to follow the same general 

mechanisms as for wasps and bees (Hölldobler 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 Camponotus vagus (Morel 

1983) and C. 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 subsequent preference directed 

towards them, compared to their own non-familiar larvae (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.  
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Pre-imaginal learning: In some ant species, individuals acquire a recognition 

template for queen recognition (Berton et al. 1991), brood and nestmates 

recognition (Isingrini et al. 1985; Carlin and Schwartz 1989; Signorotti et al. 2014a) 

during the pre-imaginal life (i.e. before eclosion). Pre-imaginal olfactory experience 

affects colony-brood recognition, particularly when experience starts during the first 

stages of larval development in the ant Cataglyphis cursor (Insingrini 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. 2014a). 

Memories coming from pre-imaginal olfactory experiences can survive after 

metamorphosis suggesting that the template is probably stored in the higher brain 

centers. Social insects are often in contact with recognition cues from the beginning 

of their pre-imaginal life; therefore the learning process could start when these cues 

are present (nest material/nestmates) and when the olfactory system is formed. 

Very little is known about structural modifications of social insects’ brain during 

development (Gronemberg 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 

proliferation (neurogenesis) after pupation (Fahrbach et al. 1995; Cayre et al. 1996). 

Similarly, in the ant Camponotus floridanus, neurogenesis is complete in young 

pupae and no new Kenyon cells (intrinsic neurons of the mushroom bodies), that 

might contribute 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 
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survival of larval/pupal neurons during metamorphosis in the higher brain centres, 

enabling the persistence 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 

recognition cues in social wasps, although interesting insights come from studies on 

facultative social parasites (Lorenzi et al. 2007; Lorenzi et al. 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 the host nest invasion 

(Cervo and Turillazzi 1989; Zacchi et al. 1996; Turillazzi et al. 2000). Costanzi et al. 

(2013) suggested that Polistes dominula workers could memorize the colony odour 

experienced during pre-imaginal development. They performed an experiment in 

which the original 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 their usurpers and also their genetic mothers, 

suggesting that they could have learned their mother’s odour during pre-imaginal 

life. Moreover, worker discrimination abilities were the lowest in those colonies 

where the odour changes due to usurpation were the 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. in revision). We showed that workers, taken from their 

natal combs when the natural emergence occurs, displayed correct discrimination 

abilities at age of five days, regardless of their olfactory experience 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. 

2014b), a species characterized by high rate of inter- and intraspecific social 

parasitism (Cervo 2006). 

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 
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abdominal substance secreted by the Dufour’s gland, rich of the same compounds of 

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 substance for the 

template formation (Cervo et al. 2002; Turillazzi et al. 2008). Therefore, further 

studies 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), suggesting that the template 

should be updated throughout 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; Boulay et al. 2000) 

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 confusion in nestmate recognition due to the impossibility to update the 

template (Boulay and Lenoir, 2001). Therefore, social contact during adult life 

appears to be necessary to maintain 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 formation 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 
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cohabitation of two species in the same nest without displaying interspecific 

aggression (Vienne et al. 1990; Errard, 1994a). Even though no direct evidences for a 

template updating process are available for social wasps, some information comes 

again from studies on social parasitism 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 

been also shown in Apis mellifera: the guard bees change the reference template 

after a unidirectional combs transfer from a ‘donor’ hive to a ‘receiver’ hive. 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 

(Couvillon et al. 2007).  

 

Individual acquisition of colonial cues  

Several strong evidences indicate that cuticular hydrocarbons (CHCs) are involved in 

nestmate recognition in social insects (see box). 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 

nestmates or surrounding environment (environmental components) (Vander Meer 

and Morel 1998; van Zweden et al. 2009), in order to achieve a chemical integration 

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). Polistes fuscatus adult wasps do not 

discriminate between nestmates and non-nestmates young gynes (less 48 h-old). 

Indeed, these young gynes show a slightly quantitatively different chemical profile 
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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 hours 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 

hydrocarbons classes in the profile decrease significantly during the first 72 h after 

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 collective profile 

(Lorenzi et al. 2004).  

Similarly, recognition cues of newly emerged bees are consistent across 

colonies suggesting 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 hours 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 

pennsylvanicus, 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 eclosion (Carlin and Hölldobler 1986). Adult Cataglyphis 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 after 8 months from 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 and can be acquired by abdominal 

trophallaxis, facilitating the adoption of the slave makers (d’Ettorre and Errard 

1999). 
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Overcoming the recognition system: social parasites 

The recognition system as well as its constituent parts (template and label-CHCs) is 

flexible. As explained above, the individual recognition cues can change over the 

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 

themselves into 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 

parasite reproductives (Wilson 1971). The first problem the parasite has to solve is to 

be accepted into the host colony as nestmate. One strategy is to possess a weak 

label 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 “chemically insignificance” strategy: even if they 

show remarkably 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). Other two strategies are possible to achieve some 

degree of chemical congruency with the host: chemical mimicry (in which the 

parasite actively biosynthesizes 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). Females of the obligate social parasite 

Polistes sulcifer before usurpation of Polistes dominula nests, have a chemical profile 

both simpler and different from that of the host species but a chemical integration 

process to match the host odour occurs as soon as 90 min after usurpation (Turillazzi 

et al. 2000). Chemical analysis of Polyergus rufescens ant parasites and its host 

species revealed that the newly hatched slavers-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, 
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during aggressive interactions, cuticular compounds from the host queen are 

possibly 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 

chemicals (Turillazzi et al. 1990; Cervo and Dani 1996; Errard et al. 1997; Lenoir et al. 

2001; Cervo 2006). 

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 

profile) 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 ant during raids usually pillage host pupae so that new host workers will 

emerge in a colony containing 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 interspecific slavery, only one is known to form slave-maker colonies 

resulting from the mix with adult host workers (Hölldobler and Wilson 1990). Early 

experience 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 
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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 Polyergus 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 generation 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 Polistes atrimandibularis parasites 

possess already their own specific compounds that allow discrimination in Polistes 

biglumis non-parasitized colonies, however, they are accepted in parasitized nests: 

this happens 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 Bagnères 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, avoiding for 

example 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 could 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 olfactory 

experiences and their consequent behavioural responses. Despite this, some 

fundamental aspects of nestmate recognition system, such as the timing of template 

formation and its neuronal 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 recognition 

cues (heritable, environmental or both) during a sensitive temporal window after 

birth (early learning) according to a phenotype matching process. However, they 

could use their own phenotypes as referent for nestmate recognition and 

theoretically it 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, this form of learning 

could lead to some evaluation problems. First, the individuals of a colony ususally 

show differences, although small, in their chemical profile and so every slightly 

“different” nestmates would be rejected. Second, phenotypes used for self-

referencing are themselves malleable constructs 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 maternity 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). On the other side, self-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 development of recognition systems with different 
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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 the template acquisition process, such as experience with 

nest material (Gamboa 2004) or fellows (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 Polistes fuscatus gynes was supported by the fact 

that individuals isolated from eclosion were not able to develop correct recognition 

ability but were recognized by the adults; suggesting 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 discrimination between nestmates and non-nestmates (Signorotti et al. 

2014b), suggesting 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 studies 

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 phenotype 

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-

matching is present and widespread in social insects.  

Pre-imaginal learning and the neural machinery at the basis  

The possible importance of learning during immature life in the ontogeny of 

recognition abilities and social memories has been so far neglected. There are 

evidences that pre-imaginal experience affects recognition abilities in Myrmicinae 

(Signorotti et al. 2014a) and Formicinae (Isingrini et al. 1985; Carlin and Schwartz 

1989) ants. This means that some important information could be processed during 

the larval stages, retained across the pupal stage, and then integrated into the adult 

nervous system. Adults and larvae of holometabolous insects are morphologically 
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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 

nervous system metamorphosis is 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). Individual 

young neurons could possess high integrative capacities as their adult counterparts 

and 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 

essential 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 is that it is difficult to test 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 difficult 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 don’t 

know whether the larval-adult cue-transfer is possible in social insects. Regardless of 
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the cue-source, sensitive periods are reflected in behaviour but they are actually a 

property of neural circuits: behavioural responses are not possible without the 

processing of the information in the neural machinery. We think that much needs to 

be learned about nervous system development, neuronal plasticity 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 

Both in pre-imaginal and early learning, memory takes an important role in the 

discrimination process. Several species of ants and paper wasps show long-term 

memory 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 

recognition system (see above) suggest that the template is not as stable as 

previously 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 plasticity 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 2005). These 

sensilla show a physiological activity 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 example in Camponotus 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 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Heisenberg%20M%5Bauth%5D
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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 useful to avoid recognition errors while the colony 

odour is changing. Even if memory 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 useful 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 integrate studies are needed to establish how social insect 

brains develop to allow the complex communication signals to be generated and 

processed, enlightening certain phenomena such as pre-imaginal learning.  
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BOX 1 

Recognition cues: cuticular hydrocarbons 

 

Cuticular hydrocarbons (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). However, 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). 

 

 

Figure box Cuticular hydrocarbons (CHCs) in social insects. a) Example of chromatogram resulting 
from CHCs 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 carbon atoms. 

 

A typical chemical profile of ants, bees and wasps is a complex blend of CHCs (see 

Figure box), 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 different classes of hydrocarbons on the cuticle of 

social insects (see Figure box), although not all of them appear to have the same 
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importance as recognition cues (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; 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 (Holman et al. 2010; 

Holman et al. 2013; van Oystaeyen et al. 2014).  
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Abstract 

The importance of early experience in an animal’s life is unquestionable, and 

learning phenomena like imprinting may shape important aspects of animal 

behaviour. Early learning typically occurs during a sensitive period, which restricts 

crucial processes of information storage to a specific phase of development. The 

characteristics of the sensitive period have been largely investigated in vertebrates, 

because of their complexity and plasticity, both in behaviour and neurophysiology, 

but early learning is also present in invertebrates. Social insects represent for many 

aspects the apex of social organization and early learning appears to influence 

important social behaviours such as nestmate recognition. Yet, the mechanisms 

underlying recognition systems in social insects are not fully understood. It is 

currently believed that Polistes social wasps are able to discriminate nestmates from 

non-nestmates following the perception of olfactory cues present on the paper of 

their natal nest, which are learned during a strict sensitive period, few hours 

immediately after emergence. Here, through differential odour experience 

experiments, we show that workers of Polistes dominula are able to develop correct 

nestmate recognition abilities soon after emergence even in absence of what have 

been so far considered the necessary cues. P. dominula workers were exposed for 

the first four days of adult life to paper fragments from their natal nest, or from a 

foreign conspecific nest or to a neutral condition, without nest material. Wasps were 

then transferred to their original nests where recognition abilities were tested. Our 

results show that P. dominula wasps do not alter their recognition ability if exposed 

only to nest material, or in absence of nest material, during the early phase of adult 

life. It thus appears that the nest paper is not used as a source of recognition cues to 

be learned in a specific time window. Our study provides a novel perspective for the 

study of the ontogeny of nestmate recognition in Polistes wasps and in other social 

insects.   
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Introduction  

Early experiences in life can have significant consequences on the behaviour of 

animals and on their survival. Since the pioneer work of Konrad Lorenz [1] “critical” 

or sensitive periods in neural, cognitive and behavioural development have been 

largely investigated, focusing on peculiar forms of learning such as imprinting or 

imprinting-like phenomena [2]. The restriction of learning to a sensitive temporal 

window during ontogeny allows the acquisition of biologically relevant information 

while reducing the risk of evaluation errors. The most suitable learning period, in 

general, corresponds to an early phase of the individual's life. For example, in ducks 

and chickens auditory and visual stimuli that identify the parents are learned within 

a few days from hatching [3,4], being the parents the first individuals met in natural 

conditions. These stimuli are later used to recognize and follow the parents but also 

to recognize and avoid other adults as well as heterospecifics that could be potential 

predators [5]. 

The characteristics of the sensitive period have typically been investigated in 

birds and mammals because of their complexity and plasticity, both in behaviour and 

in the neural machinery at the basis [6]. Nonetheless, the existence of sensitive 

windows for learning has also been demonstrated in invertebrates, including social 

insects, with a critical role in shaping recognition abilities and social interactions [7].  

In social insects, the ability to recognize nestmates (individuals belonging to the own 

colony) plays a critical role in the maintenance of cooperative behaviour [8]. 

Nestmate recognition is mediated by chemical cues (i.e. a blend of cuticular 

hydrocarbons, CHCs, covering the body surface of each individual) that are 

qualitatively similar in a given species but can vary in their relative amounts among 

colonies of the same species [9,10,11,12]. According to the phenotype matching 

model, social insects discriminate among nestmates and alien individuals by 

comparing the chemical cues perceived on the body surface of the encountered 

individual (CHCs profile) with a neural “template” (referent colony odour previously 

learned) [13,14].  

Several studies have investigated the role, timing and form of learning 

underlying the ontogeny of nestmate recognition in social insects [15,16,17,18]. 

Polistes paper wasps have been used as a traditional model in these studies, and the 
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acknowledged idea is that each wasp learns the olfactory recognition cues from the 

paper of their natal nest during a strict sensitive window, namely the first few hours 

after emergence [19,20]. The nest material conveys the same chemicals of the 

colony inhabitants, providing information about colony membership 

[21,22,23,24,25], and it is therefore considered to be the primary source of cues for 

the acquisition of the referent template [26,27]. Although it is generally believed 

that the nestmate recognition mechanism is shared within the Polistes genus 

[28,29,30], to date there is no evidence that in Polistes dominula, a model species for 

nestmate recognition in the genus [11], such mechanism follows the same rules. The 

eusocial lifestyle likely facilitates the development of common features in the 

mechanisms at the basis, but different factors (e.g., colony kin structure, 

environmental pressure,) could shape alternative patterns of recognition in different 

species [31]. Moreover, in the context of ontogeny of nestmate recognition, only 

American species of the subgenus Aphanilopterus [32] have been experimentally 

tested so far [28,29,30], while P. dominula belongs to Polistes sensu stricto [32].   

Here, for the first time, we investigated whether in P. dominula wasps the 

early olfactory experience through contact with nest material is a fundamental 

prerequisite for the development of correct recognition abilities. We experimentally 

exposed pre-eclosing workers to their natal nest material, to foreign nest material, 

or to neutral filter paper, during four days in absence of nestmates. Afterwards, the 

experimental wasps were transferred onto their original nests and bioassays were 

performed to assess their recognition abilities towards nestmate, alien or familiar 

(i.e. coming from the foreign nest that provided the material) lure wasps. If the 

Polistes recognition model applies to all the Polistes species, we predict that: 1) 

wasps in contact with their natal nest material during the early phase of their adult 

life should develop correct nestmate recognition abilities (i.e. non aggressive 

towards nestmates whereas aggressive towards alien individuals); 2) wasps in 

contact with foreign nest material in the early phase of their adult life should show 

incorrect nestmate recognition (i.e. less aggressive towards individuals belonging to 

the foreign nest (“familiar”) with respect to actual nestmates and completely 

unfamiliar alien wasps); 3) wasps not exposed to nest material during the early 

phase of their adult life should be unable to form a referent template and thus 
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unable to perform a correct nestmate discrimination. Our results challenge this 

model.  

 

Materials and Methods  

Ethic Statement 

The collection of colonies and the performed behavioural experiments comply with 

the current laws in Italy. No specific permits are required for collection of wasps, and 

the species used in the experiments is not endangered or protected in Italy. 

Study species  

Polistes dominula (Christ) is the most common species of the genus Polistes among 

Old World species, with a native range from Europe to China [33,34]. Nevertheless, 

recently, by accidental introductions, it invaded the New World, both in North and 

South America, expanding its original range [34,35]. The colony cycle starts in 

springtime when the inseminated females (foundresses) emerge from hibernacula 

and found a new nest. Nests can be founded either by a single or by a group of 

foundresses (associative foundation). During the founding phase, co-foundresses 

coexist and establish a linear dominancy hierarchy [36,37] that mirrors the division 

of labour and the reproductive skew in the colony: the dominant female remains on 

the nest, dominates the associates and lays the majority of eggs [38], while the 

subordinate females behave as worker force and renounce to their direct fitness 

[36,37]. The first generation of workers starts to emerge at the end of May, whereas 

males and reproductive females emerge in late summer and leave the nests to mate. 

Colonies are proterandric in the production of sexuals, therefore females eclosing 

before the emergence of males are considered workers, even though workers 

emerge throughout the colony cycle. After the mating period (mid- to late Autumn), 

males die and inseminated females (future foundresses) entre in diapauses until the 

next spring season when they will start a new colony cycle [33]. 

Colonies collection and laboratory rearing 

Associative foundations of P. dominula (n =38) were collected in late June 2013 in 

different localities of Tuscany (Italy). We collected colonies in which the first 

generation of workers had already eclosed. Nests had approximately 80 cells and 

contained immature brood (i.e. eggs, larvae and pupae). Colonies were transferred 
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in glass boxes (15 x 15 x 15 cm) and provided with sugar, larvae of Tenebrio molitor 

and water ad libitum. Boxes were kept in the laboratory under natural photoperiod 

at ~25C° for 2 weeks. Foundresses and workers, found on the nests at collection, 

were marked on the wings with acrylic colours (Testor Enamel) to distinguish them 

from newly emerging workers. After four days, when marked adults were at least 3 

days old, a time window essential to allow the development of a complete cuticular 

chemical profile in this species [39], five marked workers were removed from each 

nest and killed by freezing to be used later as lure wasps in recognition bioassays.  

Selection of experimental pre-eclosing wasps 

Paper wasps at the end of their pupal development cut the cell cups with their 

mandibles immediately before emergence. Soon after eclosion, newly emerged 

individuals get in contact with their natal comb and nestmates, having the 

opportunity to learn chemical cues useful for the development of their nestmate 

recognition abilities. The main purpose of our study was to experimentally 

manipulate the first olfactory experience of adult individuals during the phase that is 

considered critical for learning, namely the first hours after emergence [29]. 

Therefore, we developed a method to remove workers from their natal nest at the 

end of their pupal stage (just before eclosion), to ensure that they were not exposed 

to their colony odour in the early phase of their adult life. To evaluate the correct 

timing to select emerging individuals from the natal combs, we partially removed the 

cell cups before wasps’ emergence with clean forceps and we observed the colour 

and the movements of pre-eclosing workers. We selected as experimental 

individuals, pre-eclosing workers with both bright yellow / black colours and moving 

heads and antennae. After cell uncapping, wasps were left in their own natal cell and 

monitored for emergence every 10 min for up to four hours and then the day after. 

All the 25 individuals monitored for this preliminary observation emerged within 24 

hours from cell uncapping. The result confirmed that our criteria (i.e. colour and 

movements of head and antennae), used to select pre-emerging wasps, were 

accurate allowing us to collect individuals that will emerge within a day.  

Experimental design  

We monitored each nest for pre-eclosing wasps from 1st to 10th July by partially 

removing the cell cups of pupae, as explained above. Wasps emerging at times when 
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nests were not monitored were not used in this study. Pre-eclosing workers, that 

met the selected criteria mentioned above, were gently removed from their cells 

with soft tweezers and transferred individually into small plastic Petri dishes 

(diameter 2 × 1.5 cm). Experimental workers were divided into three groups: 1) 40 

wasps  ("N" = Neutral) were transferred to individual Petri dishes containing a piece 

of filter paper (2.5 cm2); 2) 40 wasps ("C" = Control) were transferred to Petri dishes 

containing own nest material (corresponding to about three empty nest cells) and a 

piece of filter paper (2×1 cm); 3) 40 wasps ("F" = Familiarized) were transferred to 

Petri dishes containing nest material from a foreign unrelated nest and a piece of 

filter paper (2×1 cm). The filter paper was previously washed with pentane for 15 

minutes in order to remove any contaminations. Each Petri dish was provided with a 

hole for air entrance and with a small candy as food for the newly-eclosed wasp. 

Wasps of the three groups experienced a different odour exposure during the early 

hours of their adult life: “N” workers were exposed to no odours; conversely, "C" and 

“F” workers were exposed to the odour of their natal nest and of a foreign nest 

respectively. To guarantee that the sensitive phase for learning (few hours after 

emergence) reported for other Polistes species [19,20] was included in our 

experimental temporal window, wasps were left in Petri dishes for four days. Each 

wasp was then individually marked, transferred back to their natal nest and tested in 

recognition bioassays the following day, to allow acclimatization.  

Recognition bioassays 

Before starting the bioassays, we removed all the resident wasps from each nest 

except the experimental individual. Each experimental wasp was left undisturbed on 

its nest for at least 15 min. Experimental wasps that did not remain on their nests 

within 20 minutes from the removal of nestmates (about 37%) were not used for 

bioassays. A total of seventy-five experimental wasps were tested: 24 “C”, 25 “N” 

and 26 “F” workers. To evaluate the recognition abilities of experimental individuals, 

we presented each wasp with three different kinds of lures, i.e. the body of dead 

wasps freshly killed by freezing, and we recorded their behavioural responses. For 

the “N” and “C” experimental wasps one lure was represented by a nestmate while 

the other two were alien wasps from foreign colonies (designated as alien 1 and 

alien 2 in the results section) collected several kilometres apart to avoid any 
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relatedness with tested wasps. For the “F” group, one lure was represented by a 

nestmate, one by a wasp belonging to the colony that provided nest fragments for 

the exposure phase (familiar), and the third one by an alien, completely unfamiliar 

wasp (collected far from both natal and familiar colony collection sites). Each lure 

wasp was warmed to room temperature for several minutes after removal from the 

freezer, before recognition tests. During the bioassay, each lure was held with 

forceps and slowly introduced into the cage containing the experimental wasp on its 

natal nest. The lure was held about 1 cm from the nest and maintained for 1 min 

after the first contact between the experimental wasp and the lure (bite or simple 

antennal inspection). The three different lures were presented to experimental 

wasps in a random order and subsequent presentations were performed at least 30 

min apart. Each lure wasp was used only once. The experimenter performing the 

lure presentations was blind to the origin of the lures and a second experimenter 

video recorded the behavioural tests. Videos were watched by a third observer, who 

was blind to the treatments used. The time spent by each experimental individual 

biting the lure wasp was counted for statistical analysis. 

Statistical analyses  

For all statistical analyses we used Statsoft Statistica 6.0 for Windows (StatSoft Inc., 

Tulsa, OK, U.S.A.). Duration of aggression of the experimental wasps towards the 

different lures (nestmates, alien, familiar) was analyzed with a non-parametric 

Friedman test. Post hoc tests (Wilcoxon signed-ranks tests) were used to assess 

whether a significant difference existed between pairs of treatments with a P value 

lower than α/number of comparisons (0.05/3=0.0167) considered significant. Since, 

in some cases, wasps from the same colony were used as experimental individuals, 

we checked the data for pseudoreplication by running a Spearman’s correlation 

between the level of aggression towards alien lures and the colony of origin. We did 

not find any colony effect (n = 75, rs = 0.084, P = 0.472).  

 

Results 

We found significant differences in the time spent by the experimental wasps in 

biting the three categories of lure wasps in each of the three treatments (“Control”: 
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χ² = 17.761, N = 24, P < 0.001; “Neutral”: χ² = 35.293, N = 25, P < 0.0001; 

“Familiarized”: χ² = 28.645, N = 26, P < 0.0001).  

 

 

Figure 1. Behavioural tests. Aggressive responses (time spent biting) of experimental wasps towards 
lure wasps belonging to three different categories (nestmates, familiar, alien) for the three 
experimental conditions: A) “Control”: pre-eclosing workers were exposed for four days to the paper 
of their natal nest; B) “Neutral”: pre-eclosing workers were exposed for four days to no odours (filter 
paper); C) “Familiarized”: pre-eclosing workers were exposed for four days to the paper of a foreign 
nest .Thick horizontal lines represent medians, boxes are upper and lower quartiles and whiskers 
indicate the highest and lowest values excluding outliers (circles). ** P < 0.01; *** P < 0.001 
 

In particular, “C” wasps spent more time biting alien than nestmate lures (nestmate 

vs alien 1: Z = 3.619, N = 24, P < 0.001; nestmate vs alien 2: Z = 3.128, N = 24, P = 

0.0017) but they made no differences between alien lures (Z = 0.8, N = 24, P = 0.424) 
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(Figure 1A). Similarly, “N” wasps spent more time biting alien lures than nestmate 

lures (nestmate vs alien 1: Z = 4.286, N = 25, P < 0.0001; nestmate vs alien 2: Z = 

4.049, N = 25, P < 0.0001), with no differences between alien lures (Z = 1.628, N = 25, 

P = 0.103) (Figure 1B). Finally, “F” wasps were equally aggressive towards alien and 

familiar lures (Z = 0.4, N = 26, P = 0.689), while they were significantly less aggressive 

towards nestmate lures (nestmate vs alien: Z = 3.733, N = 26, P = 0.0002; nestmate 

vs familiar: Z = 4.107, N = 26, P < 0.0001) (Figure 1C). Therefore, the pattern of the 

wasps’ response was similar in the three experimental conditions, indicating no 

detectable effects of early olfactory experience through contact with the nest 

material on wasps’ recognition ability. 

 

Discussion and Conclusions 

Our results show that in P. dominula the nest material is not the primary and 

fundamental source of recognition cues for the template formation during the first 

hours after emergence, as suggested by studies on other Polistes species [20]. 

Experimental workers of P. dominula, taken from their natal combs when the natural 

emergence occurs, are able to develop correct discrimination abilities regardless of 

their olfactory experience during the first four days of adult life. Neither the 

presence of alien nest fragments nor the total absence of nest material altered the 

wasps’ recognition abilities. This is a completely novel result concerning the 

ontogeny of nestmate recognition in Polistes wasps.  

One possible explanation for our results is that P. dominula wasps may form 

the referent template at the adult stage from a direct contact with nestmates, as in 

some species of ants in which the template formation appears to be based on cues 

learned from other workers [40,41,42,43]. During the first days of adult life, P. 

dominula wasps do not leave the nest and therefore the contact with nestmates is 

frequent. However, in our experimental procedure, wasps were isolated from other 

individuals for the first four days of adult life, and they spent only one day on their 

natal nest along with their nestmates before bioassays were performed. They may 

have had the opportunity to learn from their nestmates at that time. If this is the 

case, the sensitive period for learning is not strict in terms of time-window, as 

previously thought, but it might be context-dependent: the wasps could learn from 
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nestmates once met. In order to investigate the possible importance of direct 

contact with conspecific individuals, it will be necessary to perform further 

experiments in which wasps are exposed only to conspecifics (nestmates or non-

nestmates) during the earlier stages of adult life.  

Nestmate recognition ability represents a common feature of all the species 

of Polistes investigated so far [11]. Nonetheless, the ontogeny of the mechanism 

underlying such discrimination ability has been experimentally tested only in the 

three American species (P. fuscatus, P. carolina, P. metricus; respectively [28,29,30]), 

out of more than 200 species belonging to the genus [32], and then generalized for 

all Polistes species, without direct experimental evidence. Different Polistes species, 

however, experience different colony structures and different ecological pressures 

that could somehow affect nestmate recognition mechanisms. Indeed, Queller and 

co-workers [38] found that, differently from American species (P. bellicosus, [44]; P. 

fuscatus, [45]; P. carolina, [46]), in an Italian population of P. dominula, 35% of 

nestmate foundresses in spring colonies are unrelated (a result later confirmed by 

Zanette and Field [47]  for a Spanish population). Unrelated co-foundresses are 

unexpected as social insect colonies are usually composed by close relatives, so that 

helping behaviour can be favored by kin-selection [8], however, a shift of power can 

occur if an unrelated co-foundress usurps the colony from the previous queen 

[37,48]. Furthermore, P. dominula represents the host species of two out of the 

three species of obligate interspecific social parasites known in the Polistes genus 

[49]. Thus, after either intra- or interspecific colony usurpation, the social structure a 

P. dominula colony can be dramatically altered with important consequences for the 

recognition system [50]. 

In particular, P. dominula wasps differ from the traditional ontogenetic model 

proposed for Polistes in two main aspects: nest material could not be the source of 

recognition cues for the template formation and/or the first hours after the 

emergence may not represent the sensitive period crucial for template acquisition. 

Alternative explanations for these differences may be plausible. One possibility is 

that, in P. dominula wasps, the first hours of adult life are not as sensitive as 

previously thought [20], but the nest material could still represent an important 

source of recognition cues to form the referent template later in life. There is strong 
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evidence that the exposure to nest material is an essential step in the colony odour 

learning process, and thus in the template formation, in other social insects such as 

honeybees [51,52,53]. Moreover, the paper of Polistes wasps’ combs is a very good 

absorbent substrate rich of chemicals [21,22,23,24]. The nest material is also the 

substrate marked by the dominant foundress with her own odour [54,55,56], and 

both intra- and inter-specific Polistes social parasites, soon after host nest invasion, 

perform an accurate abdominal stroking behaviour on nest surface, presumably to 

acquire the colony chemical profile and/or incorporate their own cues on the host 

nest [49,57,58,59]. In this way, social parasites alter the source of recognition cues 

and the colonial reference template of the host to maximize their chances to be 

accepted in the usurped colony [50,60,61].  

Given the importance of the nest as source of recognition cues, we could also 

suggest that the presence (or the absence) of the nest itself modulates the beginning 

and the end of the sensitive period for learning.  In our experiment, wasps were 

exposed to fragments of nest paper without brood or other adults. Then, wasps 

were returned to their natal nests for a day, i.e., they were exposed to a novel, 

biologically relevant object (a nest with alive brood and wasps). Consequently, the 

time-window for learning the recognition cues might have been extended and 

experimental wasps might have formed their “correct” templates on the second 

stimulus (i.e., their natal nests), due to a reversible imprinting-like phenomenon [62]. 

This would explain why wasps under all our experimental conditions recognized their 

nestmates. 

Another possible explanation for our intriguing results might be occurrence 

of self-referent phenotype matching [14,63], in which an individual learns the 

referent template from cues present on its own body. There are not many examples 

of self-referencing in social insects, but few studies carried out on honeybees have 

suggested the existence of this mechanism in the ontogeny of recognition abilities 

[64,65]. Own cues might be suitable for learning, provided that they are available. 

Newly eclosed social insects, however, are reported to bear only little amounts of 

CHCs [17,39,66,67], and we currently do not know whether CHCs of young 

individuals are over the perception threshold [68,69,70]. Moreover, P. fuscatus and 

P. dominula young wasps change significantly their CHCs mixture between 24 and 72 
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hours from eclosion, particularly with respect to abundance, relative abundance, and 

colony specificity of compounds [39,71]. In our study, P. dominula workers were 

tested on the fifth day after emergence (four days in Petri dish and one day on their 

natal nests); therefore, it is likely that their CHCs profile were sufficiently developed 

to allow the template formation through a self-referencing process. However, newly 

emerged P. dominula workers (younger than 24 h) passively and readily (2 h of 

treatment) acquire chemical compounds onto the cuticle [39]. Therefore, the cuticle 

of our experimental workers could have acquired different chemical profiles 

accordingly to the treatments. In this case, we would expect different responses to 

recognition tests but we had similar results in all our bioassays. In particular, the 

treatment without nest odour suggests that self-referencing may occur. It is possible 

that newly emerged workers learn their own cues (genetic components) before 

acquiring colonial cues from the comb (environmental components) or they perform 

a sort of selective learning, i.e. by preferring the genetic component. Self-referent 

phenotype matching for template formation could be favored in P. dominula when 

there is a high risk to learn cues from unrelated nestmates. It has been suggested 

that the colony kin structure likely affects colonial odours [12] and P. dominula 

shows a strong relationship between CHCs composition and level of relatedness [72]. 

Therefore, in spring associations among unrelated individuals the compounds spread 

on the nest material could mirror the odour of several different unrelated individuals 

that share the nest. In this case, for a worker, the nest paper would not be a reliable 

source of recognition cues for template acquisition because it does not exactly 

correspond to the mother’s profile. A better reference source for template 

formation could be the own genetic cues through a self-referent matching process, 

which would allow nepotistic or selfish behaviour in generally heterogeneous 

colonies. Colony-level costs could preclude workers from replacing subordinate 

unrelated foundresses at an early stage of colony growth, but workers may delay 

their response and expel subordinates later in the season, thus seeking direct fitness 

benefits by producing males [73]. Also, self-referent phenotype matching would 

allow better recognition of social parasites. Indeed, P. dominula workers parasitized 

by P. sulcifer, after six weeks from the usurpation of their colony by the social 

parasite, show more developed ovaries and lay more eggs than non-parasitized P. 
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dominula workers [74]. The development of workers’ ovaries could be due to an 

incomplete physiological control by the social parasite but also to the fact that 

workers can detect, through a basic nestmate recognition process, that their colony 

is being parasitized [74] 

Finally, another possible explanation for our results is that other sensitive 

periods of a wasp’s life, such as pre-imaginal larval or pupal stages, could be 

important for the formation of the referent template in P. dominula. Wasp larvae 

and pupae are reared inside the nest cells and they are in close contact with the nest 

material for the entire duration of their developmental period. Ecological pressures 

such as social parasitism might have led to the evolution of an advantageous 

precocious cues learning. The opportunity to learn the referent template from the 

nest material before emergence could ensure that wasps are less “corruptible” to 

the parasites’ odour manipulation. On the other side, parasites normally usurp the 

host nests during the pre-workers phase [49] i.e., when workers are not eclosed yet. 

This could be interpreted as the result of an arm race in which parasites try to alter 

the referent template of the host during the pre-imaginal phase to ensure the 

collaboration of the first generation of host workers, which are crucial for the 

success of the parasite [49]. The ability to learn recognition cues during pre-imaginal 

stages have been recently proposed in a study focusing on recognition performed by 

P. dominula workers emerged in nests usurped by the facultative social parasite P. 

nimphus [75]. Moreover, a rather neglected phenomenon as pre-imaginal learning 

has been recently demonstrated to play a role in nestmate recognition in 

Aphaenogaster senilis ant [76], and thus it could be more widespread among social 

insects than previously thought.  

Our study shows for the first time that the general mechanisms of 

recognition proposed for the paper wasps of the Polistes genus [20], which is 

actually very strict concerning the timing of template formation, is not applicable to 

all species within this genus and cannot be generalized. Although increasing progress 

on the study of the ontogeny of nestmate recognition abilities has been achieved 

and different underlying mechanisms have been proposed, future studies are 

needed to enlighten neglected phenomena such as pre-imaginal learning, self-

referencing or reversible imprinting-like phenomena.  
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Abstract 

Social insects can recognize unfamiliar individuals among nestmates by comparing 

the chemical phenotype of an individual with the neural representation of their own 

colony odour (template). In social paper wasps of the genus Polistes, a general 

recognition model has been proposed and tested on few North American species: 

wasps learn recognition cues from the nest paper during the first hours after 

emergence as adults. However, a recent experiment conducted on the well-studied 

European species, Polistes dominula, revealed that workers of this species do not 

necessarily use the nest material as source for cue-learning early in adult life, 

suggesting that cues for referent template formation could be learned in different 

life stages. Pre-imaginal learning is a widespread phenomenon in animals and it can 

influence the development of adult behaviour in various contexts. Here we 

investigated for the first time whether pre-imaginal learning affects nestmate 

recognition in P. dominula wasps. We reared wasp pupae in artificial conditions to 

test whether the absence of nest material or the exposure to nest fragments taken 

from a foreign conspecific colony would alter the nestmate recognition ability in 

adult workers. Our results show that wasps maintain their correct recognition ability 

regardless the treatment, suggesting that individuals do not form their referent 

template during the pupal stage by learning from the nest paper. We discuss 

alternative hypothesis for template formation timing and source of recognition cues, 

such as learning during larval stages or self-referent phenotype matching. We also 

performed chemical analysis of cuticular hydrocarbons of newly emerged wasps 

reared in artificial conditions to test whether in absence of exposure to nest material 

they possess on their own body reliable colonial cues to form a recognition 

template.  
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Introduction 

Living in society often involves cooperation among individuals, therefore the ability 

to recognize group members is essential for the maintenance of social life. In social 

insects, which represent the pinnacle of social evolution, the ability to discriminate 

nestmates from non-nestmates is crucial for group integrity and is favored by kin 

selection (Hamilton 1964). Living in complex social systems implies encoding and 

recalling specific recognition cues underlying social group identity. Ants, bees, wasps 

and termites communicate colony affiliation mainly through a chemical code based 

on variations in the blend of cuticular hydrocarbons (CHCs) (Howard & Blomquist 

2005). Typically, CHCs are qualitatively similar in a given species but vary in their 

relative amounts among colonies (Dani 2006; van Zweden & d’Ettorre 2010). 

Nestmate recognition is based on a process of phenotype matching that involves the 

perception of a label present on the body surface of the encountered individual (CHC 

profile) and the comparison of this label with a referent template (a neural 

representation of the colony odour) of the evaluator (Crozier & Pamilo 1996; 

d’Ettorre & Lenoir 2010). The response of the evaluator depends of the degree of 

mismatch between the label and the template (van Zweden & d’Ettorre 2010). The 

higher the similarities of the encountered individual’s chemical profile to the 

referent template, the higher the probability of acceptance (Crozier & Pamilo 1996; 

Gamboa 2004).  

Despite we know a great deal about the origin and identity of recognition 

cues (label) in social insects, the process and timing of template formation is still 

unclear. The paper wasp Polistes dominula, a model organism for sociobiology and 

nestmate recognition studies (Turillazzi & West-Eberhard 1996, Starks et al. 2006; 

Bruschini et al. 2010), provides excellent opportunities to investigate the ontogeny 

of nestmate recognition. It is currently believed that Polistes social wasps are able to 

discriminate nestmates from non-nestmates on the basis of the comparison of the 

label present on the body of the encountered individual with olfactory cues present 

on the paper of their natal nest, which are learned during a strict sensitive period, 

few hours immediately after emergence (Gamboa 1996; 2004). The nest paper, 

which easily adsorbs chemical cues, has been considered the principal source of 

recognition cues for the formation of the referent template (Shellman & Gamboa 
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1982; Pfennig et al. 1983a,b; Singer & Espelie 1992; reviewed in Gamboa 2004). 

Hydrocarbons on the surface of Polistes nests are similar to those present on the 

cuticle of resident adults (Espelie & Hermann 1990; Espelie et al. 1990; Lorenzi 1992; 

Cotoneschi et al. 2007), and thus the nest paper may represent a reliable source of 

common cues. However, a recent study (Signorotti et al. in revision) demonstrated 

that the contact with nest material during the first four days after emergence is not 

fundamental to develop correct discrimination abilities in P. dominula wasps. 

Neither the presence of alien nest fragments nor the total absence of nest material 

during the first days after emergence altered recognition ability in P. dominula wasps 

(Signorotti et al. in revision).  

To date, no studies have investigated other stages of the wasp’s life, such as 

pre-imaginal stages, during which the nest material could contribute to the 

formation of the template. Indeed, contact with nest material begins from the first 

moments of the wasp’s immature life, inside the nest cell. Pre-imaginal stages have 

been so far neglected in early learning processes but interesting insights may come 

from studies on social parasites of P. dominula wasps (see Cervo 2006). Beside the 

acquisition of the host colonial signature (“camouflage” see Lorenzi 2006), some 

Polistes obligate social parasites mark the host nests; Cervo 2006), i.e. they transfer 

their own recognition cues on the usurped nest from which the host species forms 

the referent template (Turillazzi et al. 2000). Insights that clarify the role of nest 

chemicals in netsmate recognition come from studies on P. nimphus, which is the 

facultative parasite of P. dominula (Cervo et al. 2004a, Lorenzi et al. 2007). P. 

dominula workers emerged in nests marked by their genetic mothers before their 

birth but later overmarked by P. nimphus usurpers, are still able to recognize their 

genetic mother, although they accept the parasite (Lorenzi et al. 2007; Costanzi et al. 

2013). One explication for this result could be that these young wasps have learned 

their mother’s odour during pre-imaginal life, i.e. when she was present on the nest 

(Costanzi et al. 2013). Learning colonial odours before emergence could be 

advantageous in such a species in which intra- and interspecific social parasitism is a 

common phenomenon, thus representing a strong selection pressure (Cervo 2006).  

It has been shown that the pre-imaginal environment has an important 

influence on shaping insects’ adult behaviour (Caubet et al. 1992). Adult responses 
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to pre-imaginal experience have been reported in various contexts, such as location 

and acceptance of food sources and choice of oviposition substrates (Alloway 1972; 

Tully et al. 1994; van Emden et al. 1996; Ray 1999; Rietdorf & Steidle 2002; Chow et 

al. 2005). In social insects, particularly in ants, pre-imaginal experience can regulate 

social interactions (Isingrini et al. 1985; Carlin & Schwartz 1989; Signorotti et al. 

2014) and individual diversity in task-related behaviours (Weidenmuller et al. 2009). 

For example, in Aphaenogaster senilis ants, the olfactory experience during larval life 

affects the nestmate discrimination ability of adult workers (Signorotti et al. 2014).  

In the present study we reared P. dominula wasps outside their natal nest for 

the entire pupal stage to investigate whether the absence of nest material, or the 

exposure to nest material from a foreign conspecific colony, during the pupal stage 

would alter nestmate recognition ability in adult workers. We also analyzed cuticular 

hydrocarbon profiles of newly emerged wasps to check whether they possess 

potentially reliable recognition cues.  

 

Materials and Methods  

Studied species 

Polistes dominula (Christ) is the most common species of the genus Polistes in 

Mediterranean and Caspian countries (Pardi 1996). The native area extends from 

Europe to China (Pardi 1996, Cervo et al. 2000), but recently, by accidental 

introductions, P. dominula invaded the North and South America, expanding its 

original range (Cervo et al. 2000; Liebert et al. 2006). P. dominula colony cycle starts 

in spring with the emergence of the future foundresses from hibernacula. As soon as 

they found a sheltered place, they start to build a new nest. Nests can be founded 

either by a single (solitary foundation) or by a group of foundresses (associative 

foundation). In the first part of the colony cycle, only the foundresses are present on 

the nests (‘pre-emergence phase’). In the case of an associative foundation, co-

foundresses coexist on the nest and establish a linear dominancy hierarchy (Pardi 

1942; 1946) with one female dominating the others and laying the majority of eggs 

(Queller et al. 2000); afterwards, the subordinate females behave as worker force 

(Pardi 1942; 1946). At the end of May, the ‘worker phase’ begins with the 

emergence of workers and it continues throughout the colony cycle. Usually, in July 
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males and reproductive females start to emerge. Females born before the 

emergence of males are considered workers because colonies are proterandric in 

the production of sexuals. During the mating period (late Summer-mid Autumn) the 

reproductives leave the nest to reproduce. After mating, the males die and the 

inseminated females (future foundresses) entre in diapauses until the next spring 

season when they will start a new colony cycle (Pardi 1996).  

Colonies collection and rearing  

Associative foundations of P. dominula in post-emergence phase (n =75) were 

collected in late May 2012 in different localities of Tuscany (Italy). The number of 

cells per nest varied from 60 to 90 cells. We collected colonies containing immature 

brood (i.e. eggs, larvae and pupae) and the first generation of workers. Colonies 

were transported in the laboratory and transplanted in glass boxes (15 x 15 x 15 cm) 

where larvae of Tenebrio molitor, sugar, water and paper for nest building have been 

provided ad libitum. Boxes were kept in the laboratory under natural photoperiod at 

~25C° for 5 weeks. Foundresses and workers, found on the nests at collection, were 

marked on the wings with acrylic colours (Testor Enamel) to distinguish them from 

newly-emerging workers. After four days, when marked adults on the nest were at 

least 3 days old, i.e. the necessary time to develop a complete chemical profile in 

this species (Lorenzi et al. 2004), five marked workers were removed from each nest 

and killed by freezing to be used later as lure wasps in recognition bioassays (see 

below).  

Experimental design  

We monitored each nests daily from 1st to 25th June in order to detect the 

appearance of new pupae. The day after the pupae’s cell cups formation, we gently 

removed the pupae with forceps from their cells. These pupae were divided into 

three groups: 1) 75 pupae ("N" = Neutral) were individually transferred into an 

empty Eppendorf tube; 2) 162 pupae ("C" = Control) were transferred into an 

Eppendorf tube containing own nest material (corresponding to one large nest cell) 

and 3) 125 pupae ("F" = Familiarized) were transferred into an Eppendorf tube 

containing nest material from a foreign unrelated nest (the same paper surface put 

in the “C” pupae tubes). The nest material introduced in Eppendorf tubes was freshly 

taken from the nest (own or foreign, according to the experimental condition) the 
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same day of the pupae transfer. We gently placed the nest material inside the 

Eppendorf tubes so to allow contact of the nest material with the pupae’s body, 

similarly to what occurs in natural developmental conditions in the nest cells.  

In P. dominula, the pupal development usually takes ten days on average 

(Cervo et al. 2004b) but, can last up to fifteen days depending on environmental 

conditions, i.e. temperature, humidity, seasonal period (personal observations). We 

left the experimental pupae in the laboratory conditions under natural photoperiod 

at an average temperature of 25C°. To guarantee the exposure to a neutral 

environment (no odours: “N” group), or to nest material (“C” and “F” groups) only 

during the pupal stage, we left the pupae in their respective experimental conditions 

until the tenth day from the beginning of pupal development (one day in their natal 

nests and nine days in Eppendorf tubes). Afterwards, we transferred each pupa in a 

neutral Petri dish (2 cm diameter × 1.5 cm), provided with a hole for air entrance. 

The pupae were left in the Petri dishes for the necessary time to conclude the pupal 

development (ranging from one to four days). During this temporal window, the 

pupae were observed daily to determine the beginning of adult life, which 

corresponds, in natural conditions, to the emergence from the nest cells. In our 

experiment, this moment was detectable by observing wasps performing 

movements, i.e. “active wasps”, and having their wings completely open. We left 

these “active” wasps in their Petri dishes for two additional days from the beginning 

of adult life providing a small candy as food. Each wasp was then individually 

marked, transferred back to their natal nest and tested in recognition bioassays (see 

below) after two days, when the wasps were four days old and thus full reactive to 

stimuli. Spending the first two days of adult life in neutral condition (Petri dish) 

should prevent early olfactory experience on the natal nest (being the early stages of 

adult life so far considered the most sensitive for recognition cue learning in the 

Polistes genus, see Gamboa 2004).  

In total, we removed 362 pupae from their nests but only 150 completed 

their development in Eppendorf tubes and Petri dishes (41.44 %); 14 individuals had 

to be excluded because were males, and 12 additional individuals were excluded 

because infected by a strepsipteran endoparasite (Xenos vesparum), which may alter 



96 
 

wasps’ behaviour (Beani 2006). We were thus able to reintroduce 124 wasps to their 

original nests, but 7 wasps died before performing recognition bioassays. 

Recognition bioassays 

Before starting the bioassays, we removed all the resident wasps from each nest 

except for the experimental individual (that has been reintroduced on its own nest 

two days earlier, see above). This wasp was left undisturbed on its nest for at least 

15 min. Experimental wasps that did not remain on their nests within 20 minutes 

from the removal of nestmates (31.62 %) were not used for bioassays. A total of 80 

experimental wasps were tested in recognition bioassays: 36 “C”, 13 “N” and 31 “F” 

workers. We presented each wasp with three different kinds of lures, i.e. the body of 

dead wasps freshly killed by freezing, and we recorded their behavioural responses. 

For the “F” group, one lure was represented by a nestmate, one by a wasp belonging 

to the colony that provided nest material for the exposure phase (familiar), and the 

third one by an alien, completely unfamiliar wasp (collected far from both natal and 

familiar colony collection sites). For the “N” and “C” experimental individuals, one 

lure was represented by a nestmate while the other two were alien wasps from two 

different foreign colonies (designated as alien 1 and alien 2 in the result section) 

belonging to colonies collected several kilometres apart to avoid any possible 

relatedness with tested wasps. Each frozen lure wasp was warmed to room 

temperature for several minutes before recognition tests. During the bioassay, each 

lure was held with forceps and slowly introduced into the cage containing the 

experimental wasp on its natal nest. The lure was held about 1 cm from the nest and 

maintained there for 1 min after the first contact between the experimental wasp 

and the lure (bite or simple antennal inspection). The three different lures were 

presented to experimental wasps in a random order and subsequent presentations 

were performed at least 30 min apart. Each lure wasp was used only once. The 

experimenter performing the lure presentations was blind to the origin of the lures 

and a second experimenter video recorded the behavioural tests. Videos were 

watched by a third observer, who was blind to the treatments used. Two kinds of 

behaviours in response to the presentation of lures were observed in the bioassays: 

1) the time spent touching and exploring the stimulus (antennation) by each 

experimental wasps and 2) the time spent biting the lure wasp. We considered 1 
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second for each single bite and in the case of protracted bites (wasp attached to the 

lure) we counted the total time spent attacking the lure.  

Chemical analysis  

We collected two nests of P. dominula in August 2013 near Florence, Central Italy. 

We used these colonies to perform chemical analysis of cuticular hydrocarbons of 

experimental wasps i.e. pupae reared outside their own nest (see below) and adults 

of the same colony. This analysis allowed us to assess whether the experimental 

individuals, after having been reared outside their nest as pupae without contact 

with nest paper (Eppendorf tube and Petri dish), possess a developed cuticular 

profile and how this matches that of adult individuals. We reproduced the 

experimental rearing condition explained above, i.e. we removed the pupae (N= 9) 

from their nest the day after the pupae’s cell cups formation and we reared them 

first in Eppendorf tubes as for the “neutral” condition (without nest material) and 

then in Petri dishes. Afterwards, these wasps were frozen at -20 C° before 

performing chemical analysis. For the adult wasps, we used the individuals already 

present in the nests at collection. We marked on the wings five wasps on each nest 

and before freezing them, we waited three days to be sure that they had developed 

the complete chemical profile (Lorenzi et al. 2004). CHCs were extracted by washing 

each wasp in 500 μl of pentane for 10 min. The solvent was then evaporated and the 

extract re-dissolved in 50 μl of pentane containing 40 ng internal standard (C17). 

Extracts were analyzed by gas chromatography coupled with mass spectrometry 

(GC-MS) following the protocol described in Sledge et al. (2001). Compounds were 

identified on the basis of their mass spectra and retention time, and compared with 

standards and published results (Sledge et al. 2001). The area under each peak 

(representing cuticular hydrocarbons) was calculated using the Agilent Chem Station 

software (Agilent Technologies, Waldbronn, Germany). For quantification of 

hydrocarbons, the peak areas were compared with the area of the internal standard.  

Statistical analyses  

For all statistical analyses we used Statistica 6.0 for Windows (StatSoft Inc., Tulsa, 

OK, U.S.A.). Duration of aggression and antennation of the experimental wasps 

towards the different lures (nestmate, alien, familiar) was analyzed with a non-

parametric Friedman test for multiple comparisons of paired data. Post hoc tests 
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(Wilcoxon signed-ranks tests) were used to assess whether a significant difference 

existed between pairs of treatments with a P value lower than α/number of 

comparisons (0.05/3=0.0167) considered significant. 

 

 
 
 
Figure 1. Aggressive responses (time spent biting) of experimental wasps towards lure wasps 
belonging to three different categories (nestmates, familiar, alien) for the three experimental 
conditions of pupal rearing: a) “Control”: wasps exposed during their pupal stage to the paper of their 
natal nest; b) “Familiarized”: wasps exposed during their pupal stage to the paper of a foreign nest; c) 
“Neutral”: wasps not exposed to nest paper during their pupal stage. Thick horizontal lines represent 
medians, boxes are upper and lower quartiles and whiskers indicate the highest and lowest values 
excluding outliers (circles). 
* P <0.01; ** P < 0.001; *** P < 0.0001 
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Results 

Behavioural data 

Antennation time towards the three categories of lure wasps by the experimental 

individuals was not significantly different in each of the three treatments groups 

(“Control” χ² = 2.01, N = 36, P =0.36; “Familiarized” χ² = 3.03, N = 31, P = 0.22; 

“Neutral” χ² = 5.06, N = 13, P = 0.08) (Figure S1). On the other side, we found 

significant differences in the time spent biting the three categories of lure wasps in 

each treatment (“Control”: χ² = 26.86, N = 36, P < 0.0001; “Familiarized”: χ² = 16.47, 

N = 31, P < 0.0001; “Neutral”: χ² = 12.53, N = 13, P = 0.002). In particular, “C” wasps 

spent more time biting alien lures than nestmate lures (nestmate vs alien 1: Z = 4.06, 

N = 36, P < 0.0001; nestmate vs alien 2: Z = 3.98, N = 36, P < 0.0001) but they made 

no differences between alien lures (Z = 0.56, N = 36, P = 0.57) (Figure 1a). “F” wasps 

were equally aggressive towards alien and familiar lures (Z = 0.08, N = 31, P = 0.93) 

while they were significantly less aggressive towards nestmate lures (nestmate vs 

alien: Z = 3.81, N = 31, P < 0.0001; nestmate vs familiar: Z = 3.58, N = 31, P < 0.0001) 

(Figure 1b). “N” wasps were less aggressive towards nestmate than towards “alien 1” 

lures (Z = 3. 19, N = 13, P < 0.001) but we found no differences among nestmate and 

“alien 2” lures (Z = 1.48, N = 13, P = 0.14) and among “alien1” and “alien 2” lures (Z = 

1.29, N = 13, P = 0.19) (Figure 1c). 

Overall, Figure 1 shows that the pattern of aggressive response of the 

experimental wasps reared in the three experimental conditions was similar, 

indicating that olfactory experience during the pupal stage through contact, or not, 

with the nest material did not affect recognition ability in adult wasps. 

Cuticular hydrocarbons analysis 

A total of 57 compounds were found in the whole body extracts of P. dominula 

individuals (Figure S2). These compounds were linear alkanes and alkenes, and 

branched alkanes (23–35 carbon atoms). We identified 44 out of 57 compounds 

detected (Figure S2). All compounds were found both in young experimental wasps 

(N=9) and adults (N=5), except three dimethylated hydrocarbons with 33 carbon 

atoms corresponding to peak 51, 52, 53, which were detected in adults of both 

colonies but not in young individuals, although their relative abundance in adults is 

mostly below 1% of the total chemical profile (Table S1). Young individuals show a 
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complex cuticular profile but they possess a lower total amount of CHCs than adults 

(36% on average of the total amount of adults). Moreover, young wasps show some 

differences in the relative proportion of cuticular compounds compared to adults 

(Table S1).  

 

Discussion 

Our results show that different odour experience during the pupal stage does not 

affect nestmate recognition abilities in Polistes dominula adult wasps. Pupae reared 

in artificial conditions in contact with their own nest paper, or nest paper from a 

conspecific alien colony or in absence of nest paper are able, during their adult life, 

to recognize  individuals belonging to their original colony (nestmates) and those 

belonging to foreign colonies (alien or familiar individuals). The differences in 

aggressive response showed by the experimental wasps towards the different 

categories of lures (nestmates, familiar, alien) is due specifically to their 

discrimination abilities, since the analysis of the explorative response (antennation 

time) revealed that they contacted and chemically perceived all the stimuli in the 

same way. 

The early studies on the ontogeny of nestmate recognition ability in Polistes 

wasps have emphasized the role of the nest paper as source of recognition cues for 

the learning process involved in template formation (Shellman & Gamboa 1982; 

Pfennig et al. 1983a,b; Gamboa et al. 1986; Singer & Espelie 1992). It has been 

suggested that the template acquisition in Polistes wasps is complete within the first 

hours after emergence (4 hours) (Gamboa 2004). However, a recent study on P. 

dominula (Signorotti et al. in revision) challenged the critical role of this strict 

sensitive window for learning. Indeed, P. dominula workers, taken from their natal 

combs when the natural emergence occurs, are able to develop correct 

discrimination abilities regardless of their olfactory experience during the first four 

days of adult life. The nest material does not seem to be the primary and 

fundamental source of recognition cues for template formation (Signorotti et al. in 

revision). In the present study, we show that nest material is also not relevant during 

the pupal development. To date, no studies on pre-imaginal learning have been 
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conducted on Polistes wasps and our study is the first one investigating this 

neglected phenomenon.  

However, if the compounds present on nest are important for the formation 

of “social memories” (template) used during the phenotype matching process, they 

could play this role during other sensitive stages of the wasp’s life: wasps could learn 

such information during the larval stages, for instance. In some ant species, 

individuals acquire the referent template for queen recognition (Berton et al. 1991), 

brood and nestmates recognition (Isingrini et al. 1985; Carlin & Schwartz 1989; 

Signorotti et al. 2014) during pre-imaginal life (e.g. as larvae). In particular, the 

learning process appears to be more effective if starts at very early stages of pre-

imaginal life, i.e. during the first larval instars (Isingrini et al. 1985; Signorotti et al. 

2014). Future investigations are needed to reveal whether a pre-imaginal learning 

process occurs in P. dominula larvae.  

Another possible explanation of our results is that P. dominula wasps learn 

the referent template from their nestmates during the adult life, similarly to what 

has been suggested for some ant species (Morel 1983; 1988; Boulay & Lenoir 2001; 

Boulay et al. 2003), but our results indicate that this process does not necessarily 

happen during a strict sensitive period (e.g. four hours after emergence). Our 

experimental wasps, before performing bioassays, spent two days on their natal 

nests with nestmates, which could provide relevant colonial recognition cues, 

although this contact occurred after the classical “sensitive period” (few hours after 

emergence).  

Moreover, wasps could learn the recognition cues from the nest material 

once adults but after having evaluated the biological significance of the stimulus 

“nest”. In other words it is possible that adult wasps learn only from nest fragments 

provided of brood and when the first opportunity is encountered (Signorotti et al in 

revision). This opportunity could be represented, in our experimental design, by the 

moment when wasps returned on their own nests, in which they spent two days 

before performing bioassays.  

Finally, P. dominula wasps could form the referent template for nestmate 

recognition at the early stage of adult life using their own cuticular cues as referent 

phenotype. Theoretically, self-referent phenotype matching would be the most 
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accurate way to assess relatedness (Mateo 2004), and it would be advantageous in 

societies with particular kin-structures, such as with multiple paternity or maternity. 

Social insect colonies are nearly always composed of close relatives (Crozier & 

Pamilo 1996; Queller & Strassmann 1998) but in P. dominula unrelated foundresses 

can associate together (Queller et al. 2000, Zanette & Field 2008) and collaborate to 

increase colony productivity and to ensure survival benefits (Tibbetts & Reeve 2003). 

Few studies have reported self-referent phenotype matching in eusocial 

hymenoptera (Getz & Smith 1983; 1986), and in Polistes wasps this phenomenon has 

been excluded because of a study conducted on P. fuscatus species (Gamboa et al. 

1986): P. fuscatus gynes isolated from eclosion were not able to develop correct 

recognition ability but were recognized by the adults; suggesting that the recognition 

cues were already developed on the young gynes’ body (Gamboa et al. 1986). A 

contradictory result has been shown in P. dominula workers that, after being reared 

for four days from birth in isolation (reared without nest), were able to perform 

correct discrimination among nestmate and non-nestmate. A possible explanation 

for this result in P. dominula is the occurrence of self referencing for template 

formation during the first days of adult life. (Signorotti et al. in revision). In our 

study, the experimental wasps tested in recognition bioassays have been reared for 

the first two days of their life in isolation in a neutral condition (Petri dish), thus they 

may have had the opportunity to learn the recognition cues from themselves. 

Indeed, the chemical analysis revealed that young individuals (2-days old) reared in 

neutral conditions have basically the same CHCs on their body surface compared to 

older adults. However, adults and young wasps differed in the total amount of 

hydrocarbons that is always lower in young individuals. These results largely match 

an earlier study on cuticular hydrocarbon dynamics in P. dominula workers (Lorenzi 

et al. 2004) carried out on individuals of different age collected on their nests. 

Moreover, here, for the first time, we analyzed the cuticular profiles of young 

individuals that have never been in contact with nest material during the adult stage 

of their life, thus the recognition cues we found on their body are not acquired from 

the environment as previously suggested (Lorenzi et al. 2004). The own chemical 

profile could be a reliable source of recognition cues for template acquisition in 

young P. dominula wasps, provided the recognition cues are over the perception 
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threshold (Cini et al. 2009). More studies are needed to enlighten whether young 

wasps are able to perceive their own cuticular compounds.  

Whatever the source of recognition cues (nest material, nestmates or self) 

and the timing of learning (larval stages, early during adult life or later) our study 

confirms that in P. dominula the recognition mechanisms and its ontogenesis cannot 

be directly compared to that of the other Polistes species investigated so far (P. 

carolina, Pfenning et al. 1983a; P. fuscatus, Pfenning et al. 1983b; P. metricus, Singer 

& Espelie 1992), as already suggested (Signorotti et al in revision). The next step will 

disentangle whether, in P. dominula wasps, a sensitive period for learning exists and 

whether wasps make use of self or nestmates chemical cues instead of nest paper in 

such a process.  
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Figure 2. Explorative responses (time spent antennating) of experimental wasps towards lure wasps 

belonging to three different categories (nestmates, familiar, alien) for the three experimental 

conditions: a) “Control”: pupae exposed to the paper of their natal nest; b) “Familiarized”: pupae 

exposed to the paper of a foreign nest; c) “Neutral”: pupae exposed to no odours.Thick horizontal 

lines represent medians, boxes are upper and lower quartiles and whiskers indicate the highest and 

lowest values excluding outliers (circles). * P <0.01; ** P < 0.001; *** P < 0.0001 
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Figure S2 Typical chromatogram showing the cuticular hydrocarbons of an individual adult (a) and 

young (b) female of Polistes dominula obtained by pentane extraction. The substances were 

identified as: 1 C23, 2 11MeC23, 3 3Me C23,4 C24, 5 2MeC24, 6 C25:1, 7 C25, 8 11MeC25, 9 5MeC25, 10 

3MeC25, 11 C26, 12 11MeC26, 13 12+10MeC26, 14 4MeC26, 15 C27:1, 16 C27, 17 13+11+9+7MeC27, 18 

5MeC27, 19 9,13diMeC27, 20 3MeC27, 21 diMeC27, 22 C28, 23 mix 3,ydiMeC27, 24 14+13+12+11MeC28, 

25 4MeC28, 26 C29:1, 27 2MeC28, 28 C29:1, 29 C29, 30 15+13+11+9+7MeC29, 31 5MeC29, 32 

9,15+13,17+11,15+9,3diMeC29, 33 3MeC29, 34 5,15diMeC29, 35 C30, 3612MeC30, 37 8MeC30, 38 mix 

diMeC30, 39 diMeC30, 40 4MeC30, 41 C31:1, 42 C31, 43 15+13+11+9MeC31, 44 

5,25+5,23+5,21+5,19+5,17+5,15diMeC31, 45 5,11diMeC31, 46 mix diMeC31, 47mix diMeC31, 48 mix 

diMeC31, 49 11+9MeC33, 50 mix 5,ydiMeC33, 51 5,15diMeC33, 52 mix diMeC33, 53 mix diMeC33, 54 mix 

diMeC35, 55 mix diMeC35, 56 unknown 1, 57 unknown 2. In the chromatogram, the most abundant 

peaks found both in adult and young individuals are labeled with the corresponding number.  
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Table S1 Mean total amount (ng) (bold) and mean amount (ng), SE and mean percentage of each 
cuticular hydrocarbon (peaks) found in young and adults of Polistes dominula belonging to two 
different colonies.  
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Summary 

Prenatal olfactory learning has been demonstrated in a wide variety of animals, 

where it affects development and behaviour. Young ants learn the chemical 

signature of their colony. This cue-learning process allows the formation of a 

template used for nestmate recognition in order to distinguish alien individuals from 

nestmates, thus insuring that cooperation is directed towards group members and 

aliens are kept outside the colony. To date, no study investigated the possible effect 

of cue learning during early developmental stages on adult nestmate recognition. 

Here we show that odour familiarization during preimaginal life affects recognition 

abilities of adult Aphaenogaster senilis ants, particularly when the familiarization 

process occurs during the first larval stages. Ants eclosed from larvae exposed to the 

odour of an adoptive colony showed reduced aggression towards familiar, adoptive 

individuals belonging to this colony compared to alien individuals (true unfamiliar), 

but they remained non aggressive towards adult individuals of their natal colony”. 

Moreover, we found that the chemical similarity between the colony of origin and 

the adoptive colony does not influence the degree of aggression, meaning that the 

observed effect is likely due only to preimaginal learning experience. These results 

help understanding the developmental processes underlying efficient recognition 

systems. 
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Introduction 

Prenatal experience may structure the nervous system, determine body organ 

function and shape behaviour to ensure and enhance an individual’s survival in the 

immediate and longer-term postnatal period [1]. In particular, prenatal learning of 

chemosensory stimuli in mammals may determine food preferences after birth since 

flavours of the mother's diet pass rapidly into the amniotic fluid and reach the foetus 

[2]. For instance, rabbits exposed as foetuses to the odour of cumin are selectively 

attracted as neonates to this odour [3]. In parasitoid insects, host chemical cues 

learned during preimaginal stages may influence host-searching ability in adults. For 

example, larvae of Hyssopus pallidus wasps exposed to fruit odour at early 

preimaginal stages significantly increased the adult response to frass from fruit fed 

caterpillars [4]. In a variety of animal taxa, prenatal olfactory learning appears to be 

crucial for several important decision-making processes and for the expression of 

certain behaviours, including maternal recognition and attachment, habitat choice 

and social behaviour [5,6,7,8,9]. The widespread occurrence of this phenomenon 

suggests that prenatal learning of chemosensory stimuli by simple exposure may 

affect ontogeny of behaviour in many animal groups. 

The anatomical organization of the insect olfactory nervous system shares 

many fundamental similarities with that of mammals, suggesting the presence of 

analogous mechanisms for olfactory perception, discrimination and learning [10]. 

However, the parallel between pre/neo-natal stages in vertebrates and pre/neo-

imaginal stages in insects is complex due to the scarcity of experimental behavioural 

studies on insect embryos. Some important insights came from studies on 

preimaginal olfactory learning in formicine ants. Isingrini and collaborators [11] 

introduced small and large larvae of Cataglyphis cursor ants in an alien adoptive 

colony where they developed until the pupal stage; at this point they were 

transferred back to their original colony. After eclosion, workers originated from the 

small larvae group preferred to care for brood belonging to the adoptive colony 

rather than for their sister brood, but this was not the case for the large larvae 

group. The authors inferred that the first instars of larval life might be the more 

sensitive to cue learning or the total duration of the exposure to the colony odor 

might have a significant effect on brood recognition. In another study, Camponotus 
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floridanus ants spent their larval stage and their young adult stage in two different 

unrelated colonies: these experimental ants preferred to care for brood belonging to 

the colony in which they had spent time as larvae rather than for brood belonging to 

the other colony [12]. It thus appears that the preimaginal experience has an effect 

on brood recognition. Even queen recognition might be affected by larval 

experience, since callow workers of Cataglyphis cursor adopted by a new alien 

queen for two months were still attracted by their mother queen [13]. 

Effective recognition systems are essential to structure social interactions in a variety 

of taxa [14,15,16]. Nestmate recognition is one of the major features of eusocial 

insects and therefore the study of recognition mechanisms allows understanding 

their advanced social organization. Recognition cues are chemicals, namely a mixture 

of cuticular hydrocarbons that are qualitatively similar in a given species but can vary 

in their relative amounts between colonies [17,18,19]. Nestmate recognition would 

thus results from the matching of the chemical “label” present on the body surface 

of the encountered individual (cuticular hydrocarbon profile) with a neural 

“template” of the evaluator (referent colony odour) [20,21]. The degree of mismatch 

between the label and the template generally results into a graded response, from 

body investigation to threat and overt aggression [e.g. 22,23]. Indeed, the degree of 

aggression exhibited by ants reared in experimentally mixed groups decreases when 

the degree of chemical proximity between colonies increases [24]. Studies on 

artificially mixed colonies of different ant species showed that allospecific members 

are recognized as nestmates; this implies that familiarization to different odours may 

affect the odour template [24,25,26]. 

The recognition mechanism is essentially based on cue learning and for 

discrimination to take place, the template has to be acquired first. There is evidence 

that young ants learn their colony odour template just after eclosion [27,28,29,30]. 

However, to date, no study investigated the possible impact of cue learning during 

early developmental stages on discrimination between adult individuals. Since 

preimaginal learning of odour cues used in brood recognition has been 

demonstrated earlier [11,12], here we investigated whether exposure to an alien 

colony odour during the larval stage might affect nestmate recognition  at the adult 

stage, thus in a novel adult-adult context. We transferred larvae of the ant 
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Aphaenogaster senilis for a period of time into an “adoptive colony” of the same 

species to test whether adult ants, proceeding from these adoptees, would treat 

differently individuals belonging to the familiar, adoptive colony compared to alien, 

completely unfamiliar individuals. We also investigated, for the first time in the 

preimaginal learning context, whether the chemical similarity between colonies had 

a modulating effect on aggression showed by the adoptees.  

 

 

Figure 1  
Schematic overview of the experiment; 1: Small and large larvae were transferred from the parent 
colony to the adoptive colony; 2: Larvae developed into pupae; 3: Pupae were transferred back into 
the parent colony; 4: Pupae developed into adult ants; 5: These experimental ants encountered, in 
aggression bioassays, either parent (a) or adoptive (b), or alien individuals (c). 

 

 

Material and Methods 

(a) Colonies collection and rearing laboratory conditions 

Aphaenogaster senilis is a monogynous Myrmicinae ant distributed in the North-

Mediterranean area. Nine mature queenright colonies were collected in March 2011 

in Banyuls-sur-Mer (France). The ants were kept under laboratory conditions 

(temperature=24±4 °C; relative humidity 50-60%; 12:12 h light:dark cycle) housed in 

artificial nests consisting of spherical plastic boxes (12.5 cm diameter) with a plaster 

floor. A hole gave access to the foraging area, a larger plastic box (18 25.5 cm) 

containing the nest. The plaster was regularly moistened and the ants were fed 

three times per week with insects, a mix of apple and honey, and water ad libitum.  

(b) Experimental setup 
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Nine experimental groups, containing a queen and 100 workers, were formed from 

each original colony. Workers were chosen randomly both from the nest and the 

foraging area and were marked with a dot of enamel paint on the thorax to 

recognize them from newborns. From these experimental colonies, three were 

selected as “parent colonies”, three as “adoptive colonies” and three as “alien 

colonies” (Table S1). According to the number of larval instars of A. senilis 

determined by [31], larvae of two different developmental categories (“small 

larvae”, between stage 2 and stage 3, and “large larvae” between stage 3 and 

prenymph) were selected from the three “parent colonies”. About 60 small and 60 

large larvae were transferred into each "adoptive colony" whose own brood at the 

same development stage was previously eliminated (Figure 1). Large larvae spent 

between 4 and 14 days in the “adoptive colony” before pupation, while small larvae 

experienced adoption for17 to 35 days. We thus obtained two experimental groups, 

in which larvae differed for the duration of the adoption experience. The transferred 

larvae developed in the “adoptive colony” for the time necessary to become pupae. 

Once the adopted pupae’s eyes were clearly pigmented, these pupae were 

transferred back to their “parent colony”. Soon after eclosion, each experimental ant 

was marked individually on the thorax in order to know exactly its age. After ten 

days of adult life, the aggressive response of these experimental ants was measured 

in dyadic encounters with adult individuals either from the “adoptive colony”, or 

from the “parent colony” or from an “alien colony” (completely unfamiliar). Each ant 

was therefore tested only once.  

The “control colonies” (Table S1) were treated in the same way except the 

actual transfer of larvae into an adoptive colony: the small and large larvae from 

these control colonies were just removed and replaced back into their parent colony. 

The aggressive response of these control ants towards individuals belonging to two 

different alien colonies (Alien 1 and Alien 2), and to their own colony was then 

measured. 

(c) Aggression bioassays  

The behavioural test consisted in a dyadic encounter in a circular arena (4.5 cm 

diameter) coated with Fluon® and lined with a filter paper bearing the parent-colony 

odour (i.e. previously left in the nest for 24 hours). In this condition, the arena was 
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likely perceived as home territory by the focal ant. Before the start of the aggression 

test, the focal ant and the stimulus ants were placed in the arena, separated by a 

cylinder and left 5 minutes to acclimatize. The test began when the cylinder was 

removed, allowing the ants to interact for 3 minutes during which we recorded the 

duration of four different behaviours of the focal ant using the software Etholog 2.25 

[32]. Each behaviour was given an arbitrary score related to increasing aggression: 

0=investigate with antennae, 1= antennal boxing, 2= open mandibles, 3=bite. Overall 

aggression index for each test were calculated using [24]: 

AIo=            
      in which AIo is the overall aggression level, AIi and ti are the 

aggression score and the duration of the ith behaviour, and T is the total interaction 

time. 

(d) Chemical analyses 

In order to investigate the possible correlation between the chemical profile 

of the colonies and the observed aggression, we analysed the ants’ cuticular 

hydrocarbons by gas chromatography coupled with mass spectrometry (GC–MS) (for 

details on the chemical analyses see Electronic Supplementary Material). 

Compounds were identified on the basis of their mass spectra and retention time, 

and compared with standards and published results.  

(e) Statistical analyses 

Behavioural data. The aggression index represents the response variable. The 

variables considered to potentially affect the aggression response of ants were 

“treatment” (control, experimental small larvae, and large larvae) and “encounter” 

(parent, adoptive, and alien). These variables were used as fixed factors with three 

levels. The effects of these predictor variables on the response (aggression index) 

were analysed using linear mixed models (LMM), carried out with the package lme4 

[33] of the program R version 2.8.1 [34]. The respective full model included the 

interaction of “treatment” and “encounter”. We used colony of origin as random 

factor to correct for possible intrinsic behavioural differences among colonies. The 

response variable (aggression index) showed a right-skewed distribution and thus it 

was square root-transformed prior to analysis in order to normalize it. 

Moreover, we tested whether the differences in aggression index among the 

three encounter classes (parent, adoptive and alien) within the group of small larvae 
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and the large larvae were modulated by the chemical distance between the colony 

of origin and the adoptive colony. For this, we used linear models (LM) again with 

square root-transformed response and tested for the interaction between 

“encounter” (three levels) and “chemical distance” (covariate). 

We made sure that the residuals of models were adjusted to a normal 

distribution by visually checking normal probability plots and we checked for 

homogeneity of variances by plotting the fitted values versus the residuals. P-values 

were calculated using likelihood-ratio tests based on changes in deviance when each 

term was dropped from the full model. 

Chemical data. The area of 29 regularly occurring peaks (representing cuticular 

hydrocarbons) was calculated using the Agilent Chem Station software (Agilent 

Technologies, Waldbronn, Germany). Before multivariate analysis, each peak area 

was transformed (according to [35]) and then analyzed by principal components 

analysis (PCA) to reduce the number of variables (8 PCs explaining 91.2% of variance) 

subsequently used in a discriminant analysis (DA). We carried out discriminant 

analysis to determine whether predefined groups (colonies) could be discriminated 

on the basis of their chemical profiles, and to assess the degree of chemical similarity 

among groups (Mahalanobis chemical distances). The correct classification of 

individual samples to the respective groups was verified. All the statistical analyses 

of chemical data were performed using Statsoft Statistica 6.0 for Windows (Stat Soft 

Inc., Tulsa, OK, U.S.A.). 

 

Result 

There was a significant interaction between treatment (control, small larvae, large 

larvae) and encounter (parent, adoptive, alien) indicating that the differences in 

aggression among the three encounter categories were modulated by the treatment 

(LMM:  =24.22, p< 0.001, see Table S2 for full model outputs). Post hoc analysis 

within the different treatments revealed a significant influence of the types of 

encounters on the aggressive response of ants (p< 0.001). Within all treatment 

groups, we found a significantly lower aggression index in encounter situations with 

parent ants than with aliens or individuals from the adoptive colony (post hoc 

2

4
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comparisons in Fig. 2a-c). In the treatment group with longer adoption period (small 

larvae), ants were significantly more aggressive towards alien individuals than 

towards individuals from the adoptive colony (post hoc comparisons, Fig. 2c). 

However, this difference was not significant in the treatment group with shorter 

adoption period (large larvae) (Fig. 2b). Ants from the control group were equally 

aggressive towards individuals from the two alien colonies (Fig. 2a). Post hoc analysis 

across treatments within the same encounter class revealed that ants from different 

treatment reacted differently to unfamiliar alien individuals.  Both the small and 

large larvae group showed as adults significantly lower aggression towards alien 

individuals than the control group (small larvae vs. control: p< 0.001; large larvae vs. 

control: p< 0.01; small larvae vs. large larvae: p= 0.24). 

The chemical data showed that certain colonies were more chemically similar 

than others (Table S3). We thus tested whether the differences in the aggression 

index among the three encounter classes within the treatment group of the small 

larvae and large larvae were modulated by the chemical distance between the 

“parent colony” and the “adoptive colony” (see below). However, a non-significant 

interaction between these two predictor variables (encounter  chemical distance) 

was found (LM: F2, 128= 0.52, p = 0.59), indicating no such modulation. The same 

applies to large larvae group (F2, 95= 0.29, p = 0.75). 

A typical chemical profile of Aphaenogaster senilis workers contains linear, 

methylated and dimethylated alkanes and alkenes (see [36] and Figure S1).The 

results of the discriminant analysis (Figure S2) show that cuticular hydrocarbon 

profiles were colony specific in all nine colonies (Lambda Wilks: 0.013; F (64.16) = 

2.81 p < 0.001), with 81.39% of individuals correctly classified (range: 100% - 50%). 

However, there is some overlap and certain colonies appear to be more chemically 

similar than others (Table S3, Mahalanobis distances between colonies pairs). In 

particular, we considered chemical distance between “parent colonies” and 

“adoptive colonies”. Colony pairs 7-4 show the shorter chemical distance (2.93), 

colonies 6-3 the higher distance (12.85) and colonies 8-9 an intermediate distance 

(6.08); but this did not influence the aggression response (see above).  
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Figure 2 Aggression index showed by different treatments in different encounters. The bars represent 
means and 95% confidence intervals. Numbers inside the bars represent the ants tested for each 
group. Lowercase letters indicate significant differences (after Bonferroni correction). (a) Ants from 
“control colonies” were more aggressive towards alien individuals than towards parent individuals (p< 
0.001; alien1 vs. alien 2: NS p=0.92). (b) Ants that spent shorter time inside “adoptive colonies” (Large 
larvae treatment) were equally aggressive towards alien and adoptive individuals (p< 0.001; adoptive 
vs. alien: NS p=0.27). (c) Ants that spent longer time inside the “adoptive colonies” (Small larvae 
treatment) were significantly less aggressive towards adoptive individuals in comparison with alien 
individual (parent vs. adoptive: p< 0.001; parent vs. alien p< 0.001; adoptive vs. alien p< 0.01). 
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Discussion 

Our results show that odour familiarization during preimaginal life can affect 

nestmate recognition abilities at the adult stage in the ant Aphaenogaster senilis, 

this is the first time that preimaginal experience has been investigated in 

Myrmicinae, a major subfamily of Formicidae, characterized by high evolutionary 

divergence and abundance of social parasitic species. Adult ants that develop as 

larvae into an “adoptive colony”, adjust their aggression level towards adult 

conspecifics on the basis of the familiarization period with social odour.  

Although previous studies in experimentally mixed groups of ants showed 

that the degree of aggression decreases with increased cuticular hydrocarbon 

proximity [24], we found that the degree of chemical similarity between paired 

colonies (parent and adoptive) does not affect the degree of aggression towards 

familiar, adoptive individuals; thus, our results are likely due only to the 

experimental treatment. This is the first study considering other factors that may be 

involved in the efficacy of preimaginal olfactory learning, i.e. the chemical distance 

among colonies. 

Ants transferred as larvae from the first stages (small larvae) into an adoptive 

colony and thus left in that colony for longer time, familiarize with the odour of the 

adoptive colony and show as adults a lower aggression level towards adoptive 

individuals than towards aliens. However, ants transferred as last larval stage (large 

larvae) into an adoptive colony, do not familiarize with odours of that colony at the 

same extent of small larvae, but they treat adoptive individuals more similarly to 

aliens once they reach adulthood. These results are consistent with previous results 

reported by Isingrini and collaborators [11] concerning brood recognition, which 

typically happens inside the colony. We now demonstrate that preimaginal olfactory 

learning is important in the context of colony defence, namely adult-adult 

recognition, which is fundamental to maintain the cooperation inside the nest, to 

reject potential competitors, predators and parasites.  

Olfactory learning capacity appears to be influenced by the exposition time to 

chemosensory stimuli. Adopted ants developing from small larvae had a prolonged 

preimaginal odour experience compared to those developing from large (i.e. older 

and closer to pupation) larvae, the larva size being inversely related to the duration 
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of experience. Alternatively, it could be possible that olfactory learning is better 

achieved in certain sensitive early developmental stages, as already hypothesized by 

Isingrini and co-authors [11], related to the degree of development of the nervous 

system. 

Adult ants coming from both the adopted small- and large-larvae group 

showed lower aggression towards alien conspecifics than the control group, 

although within treatments aggression against aliens was always the highest. This 

effect could be due to a broadening of the recognition template in adoptees. Indeed, 

preimaginal experience in the adoptive colony could have contributed to the 

formation of a wider template, which includes cues form the adoptive colonies 

(learned during larval life), and cues from the parent colony (learned during the first 

10 days after eclosion). A broader recognition template would increase the 

probability of acceptance errors [19] and thus explain the observed result.  

The olfactory pathway of adult Hymenoptera is well investigated [37,38] and 

has been recently reviewed extensively [39,40]. We know how the nervous system is 

organized but we do not know at which level of the olfactory system the odour 

quality ‘nestmate’ or ‘non-nestmate’ is attributed to the brain representation, the 

template. The mushroom bodies, regions of neuropile, are connected with higher 

associative functions (learning and memory) and play a key role in the neuronal 

control of adaptive behavioural modifications [41,42,43] and in the processing and 

storage of chemosensory information [44]. We tested the adoptees’ recognition 

capacity in adults at the age of 10 days, this implies that ants were able to store the 

cues learned during the preimaginal life in their long-term memory. A possible brain 

site for the storage of preimaginal memory could be the mushroom bodies. Very 

little is known about structural modification of ants’ brain during the development 

and about larval olfactory systems. Gronenberg and collaborators [45] showed in 

Camponotus floridanus that proliferative cells or mitotic cell stages are present in 

young larvae and they found no signs of cell proliferation after the second larval 

stage. This suggests that neurogenesis is complete in young pupae and no new 

Kenyon cells (intrinsic neurons of the mushroom body) that might contribute to 

mushroom body growth are produced in adult ants. The connection between larval 

and adult experience could be a consequence of the survival of larval neurons during 
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metamorphosis, enabling the persistence, in the adult brain, of memories formed 

during the larval stage [46,47,48]. A radical change in neuronal design from the larval 

to the adult system is not very likely, considering that the nervous system 

metamorphosis is largely parsimonious [49]. Memory has to start at a time probably 

determined by the maturation of the nervous system. It may be possible that 

mechanisms crucial during adult life (as nestmate recognition) are established 

before adulthood to ensure their functioning at the right time. Moreover, it has been 

established that the structure of the central nervous system is partly under the 

control of activity within the system [50,51]. It may be that neural activity generated 

by larval use of memory also exerts an influence on the structural development of 

those parts of the central nervous system involved in the template formation 

process. 

Although adoptees are able to distinguish between familiar and alien 

individuals, our results show that olfactory preimaginal learning does not affect the 

adoptees’ ability to recognize nestmates (individuals of the parent colony that were 

encountered upon eclosion). Memory for familiar cues learned during preimaginal 

life appears not to be erased but possibly updated by an imprinting-like 

phenomenon soon after emergence [29]. This is different from the results of Isingrini 

et al. [11], where preimaginal experience had a stronger effect on brood recognition, 

i.e. at the age of 5 days ants preferred to care familiar larvae (from the adoptive 

colony) instead of kin larvae (from the parent colony). However, this preference 

declined with age: workers tested at the age of 25 days did not show a clear 

preference between familiar and parent larvae. This suggests that a post-hatching 

experience in the parent colony may alter the effect of preimaginal learning, but 

without reversing the preference learned early in life [11]. In our study we tested 

workers at the age of 10 days and we thus assume that any possible effect of post-

hatching experience is taken into account.  

Memory involves costly protein synthesis [52,53] and thus would not always 

necessarily be adaptive. Ozaki and co-workers [54] suggested a sensory adaptation 

model as proximate mechanism of nestmate recognition that focuses on olfactory 

sensilla present in the antenna as processing organs for nestmate recognition cues. 

On the other hand, there is evidence that habituation at the level of the antennal 
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lobe might play a role in the nestmate recognition process [55,56,57]. According to 

these two models, the template is decentralized and thus localized somewhere else 

than higher brain centres. We propose that the decentralized and centralized model 

might not be mutually exclusive. Habituation and sensory adaptation can both take 

place when continuous exposure to the stimuli occurs. Our results show that some 

important information are processed during the larval stages, retained across the 

pupal stage, and then integrated into the adult nervous system, even if no more 

contact with the stimuli (specific hydrocarbons of the “adoptive colony”) occurs. We 

hypothesize that habituation and/or sensory adaptation, being less costly, could 

partly replace, during the adult life of ants, the use of long-term memory to 

discriminate nestmates. However, the ants should be efficient in discrimination even 

when they are not in constant contact with the relevant stimuli, such as when they 

are distant from the colony to forage. In this case the use of memories could play a 

key role in the discrimination process. 

Further studies of ants’ nervous system development and of the mechanisms 

that govern the preimaginal learning process are needed to improve our 

understanding of how ants acquire the recognition template in order to clarify the 

mechanisms underlying recognition. The discovery of larval memories for nestmate 

recognition should stimulate future studies investigating the developmental 

processes that spawn cognitive behaviours. 
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 Colony number  

Parent Colony 
(Alien1)  

6  7  8  

Adoptive Colony  
(Alien2)  

3  4  9  

Alien Colony 
(Control colony)  

1  2  5  

 
Table S1 Colonies used in the experiment. Experimental colonies example procedure: larvae from the 

parent colony 6 were transferred to adoptive colony 3 and then put back as pupae into parent colony 

6. Once adults, they encountered either individuals from colony 6 (parent colony), or 3 (adoptive 

colony) or 1 (alien, completely unfamiliar colony). Control colonies example procedure: larvae from 

the control colony 1 were taken and then put back into the same control colony 1. Once adults, they 

encountered either individuals from colony 1, or 3 and 6 (two alien colonies, completely unfamiliar).  

 
 
 
 
 

Independent variable  Chi-square  d.f.  p-values  

treatment  49.17  2  <0.001  

encounter  149.69  2  <0.001  

treatment : encounter  24.22  4  <0.001  

 
Table S2 Model used to analyse the parameters considered to potentially affect the aggression 

response of ants. The dependent variable is the aggression index.   
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Figure S1 Typical chromatogram showing the cuticular hydrocarbons of an individual worker of 

Aphaenogaster senilis obtained by pentane extraction. The substances were identified as: 1 C25, 2 

11MeC25, 3 7MeC25, 4 3MeC25, 5 C26, 6 11MeC26, 7 8MeC26, 8 10,12diMeC26, 9 8,12+6,12diMeC26, 10 

4,10diMeC26, 11 C27:1, 12 C27, 13 13+11+9MeC27, 14 7MeC27, 15 12,19diMeC27, 16 5MeC27, 17 

9,13diMeC27, 18 3MeC27, 19 C28, 20 3,11+3,9+3,7diMeC27, 21 14+13+12+11+10MeC28, 22 6MeC28, 23 

4MeC28, 24 3MeC28, 25 C29, 26 11MeC29, 27 7MeC29, 28 5MeC29, 29 3MeC29. 

 

 
Figure S2 Discriminant analysis of the chemical profile of workers of A. senilis from the nine colonies 

used in the experiment. 81.38% of individuals were correctly assigned to their colony of origin. 

Different symbols represent different colonies. The percentage of the variance explained by each 

function is given in parentheses.  
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Colony 
Mahalanobis distances 

1 2 3 4 5 6 7 8 9 

1          

2 31.06         

3 8.13 15.57        

4 4.87 32.34 7.79       

5 11.14 11.68 7.87 17.93      

6 21.13 14.01 12.85 23.75 13.92     

7 4.98 41.21 10.31 2.93 19.29 32.38    

8 22.33 12.85 9.74 24.64 5.33 13.73 27.92   

9 9.42 22.35 4.75 11.69 6.75 19.88 10.73 6.08  

 

Table S2 Mahalanobis distances between paired colonies. Chemical distances between “parent 

colonies” and “adoptive colonies” pairs used for the statistical analysis are represented by the 

highlighted numbers. 
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Conclusion & Perspectives 
 

For my thesis project I studied the ontogeny of nestmate recognition in social insects 

using ants and social wasps as models, both belonging to the Vespoidea taxon. The 

ability to distinguish nestmates from non-nestmates is an important driving force in 

the evolution of social behaviour and altruism, and this capacity is one of the most 

important features shared by social wasps and ants. They are interesting models for 

comparative studies on ontogeny of nestmate recognition as they constitute two 

groups with different colony kin structures, a great diversity of life histories, 

ecological features and evolutionary adaptations.  

As I have widely discussed through my thesis, nestmate recognition in social insects 

likely occurs via phenotype matching, where a neural representation of the own 

colony odour (referent template) is compared to the chemical profile of an 

encountered individual (d’Ettorre and Lenoir 2010). This comparative process implies 

three fundamental requirements: 1) the template must be formed before the 

perception phase; 2) the insect’s brain must be conformed to acquire, store, and 

later recall learned information; 3) the learning process must be confined to a 

particular temporal window in which the information is meaningful for the 

discrimination purpose. Although in social insects the mechanisms at the basis of the 

discrimination capacity appear to follow the same rules (phenotype matching), some 

elements of this process, such as timing of template formation, could be different in 

different species. 

The study of the ontogeny of nestmate recognition ability in Aphaenogaster 

senilis ant has revealed that an odour exposure (alien nest odour) during the larval 

phase can affect the formation of the referent template and thus the development 

of correct discrimination abilities between related and unrelated individuals in 

adults. Therefore, we can suggest that already during pre-imaginal stages social 

memories are formed and stored in the brain to be used later during the adult life.  

The result we obtained studying the recognition process in Polistes dominula 

showed that wasps do not learn the recognition cues used for the template 

formation neither during the early stages of adult life (Chapter 2) nor during the 

pupal phase (Chapter 3). However, this statement is true if we stay with the general 
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idea that the chemicals spread on the nest paper are the only recognition cues used 

for learning (Gamboa 2004). Four hypotheses could explain our result: 1) the source 

of cues is represented by nestmates and thus the learning process starts only when 

possible, i.e. when nestmates are met; 2) the learning process begins during earlier 

pre-imaginal stages, such as larval ones; 3) wasp extract information from the source 

“nest” when it is in a relevant biological context - i.e. when it contains brood and/or 

other individuals are present- thus the sensitive phase for learning, if it exists, could 

be flexible and adaptable to the context; 4) wasps use their own cues, spread on 

their body, to form the referent template via self-referent phenotype matching.  

 

1. Nestmates as source of recognition cues 

From previous studies (see Gamboa 2004) it emerged that wasps achieve the 

learning process during the first hours after emergence, during a strict temporal 

window. However, we showed that wasps do not learn from nest fragments during 

the first days of adult life. In our experiments, wasps may have learned the 

recognition cues from their nestmates, once back on their natal nests, before 

performing behavioural tests. This hypothesis implies that wasps do not learn 

recognition cues during a restricted sensitive period, but when the opportunity 

occurs (i.e. at first encounter with nestmates).  

On the other side, learning in most of imprinting or imprinting-like 

phenomena is something that happens during sensitive periods (i.e., “critical 

periods”) of life. The presence or absence of a particular experience at a particular 

time in the life cycle may exert an extraordinary and dramatic influence over body 

structures and their functions as well as over individuals’ activity and behaviour 

(Knudsen 2004). Most neurobiologists agree with the idea that sensitive periods are 

limited by specific neuronal events that respond to sensory or hormonal stimulation 

and shape the functional organization of the nervous system (cf. Nordeen and 

Nordeen 1990). In other words, learning itself could promotes the incorporation 

and/or growth of new neurons, and memories resulting from the acquired 

experiences and could, in turn, favor the development of synapse connections 

among these new born neurons. Sensitive periods have been considered important 

in shaping behaviour since the pioneering studies of Lorenz (1937) for the 
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development of mating preferences of birds, and Harlow (1958) for the development 

of social behaviours of monkeys. Although sensitive periods have been studied most 

in vertebrates (Knudsen 2004), they are also present in invertebrates, possibly due 

to the importance in regulating crucial behaviours and the neuronal machinery at 

the bases.  

We think that it is more likely that imprinting-like phenomena are involved 

during the process of template formation in wasps, therefore there would be an 

implication of sensitive periods for learning during life. Contrarily to the common 

view that considers the sensitive temporal window for learning very strict in Polistes 

wasps (less than 4 hours after birth) (Gamboa 2004), in P. dominula it could be 

possible that either the temporal window is extensible on the basis of the 

circumstances, or it is much longer than the sensitive period of other Polistes species 

studied so far.  More studies are needed to better understand whether the contact 

with conspecific is crucial to develop the recognition ability in P. dominula wasps; in 

particular it would be interesting to know whether there is a sensitive temporal 

window for learning and how much it could be extended when the possible relevant 

stimulus is not immediately present.   

 

2. Pre-imaginal learning 

In the paper wasps P. dominula a sensitive period for learning the colony odour 

could be present during the larval phase. Indeed, the contact with the nest material 

begins soon after the egg has been laid, inside the nest cell, and continues for the 

entire pre-imaginal development. The next step is to experimentally verify the 

“larval pre-imaginal hypothesis” by developing a protocol in which it is possible to 

delimit the exposure to the stimuli that are to be learned only during the larval 

phase.  

With this thesis project we have showed for the first time that pre-imaginal 

learning is effective in Aphaenogaster senilis ant and that the larval memory of 

colony odour survives to adulthood and shapes nestmate recognition ability 

(Chapter 4). Olfactory learning capacity in larvae appears to be influenced by the 

exposure time to chemosensory stimuli, i.e. the more the individual has been 

exposed to the stimulus, the more it is able to learn. But another explanation cannot 
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be excluded, namely that olfactory learning could be better achieved in certain 

earlier sensitive developmental stages, i.e. when larvae are in the first 

developmental instars. I think that this point deserves attention and future studies 

should focus on investigating whether sensitive period is restricted to early larval 

stages. Such a study could offer a unique opportunity to better understand the 

complexity and the characteristics of sensitive periods. 

In our experiment we also showed that ants that have spent their larval 

period into an unrelated alien colony do not alter their ability of discriminating 

nestmates and that the pre-imaginal experience influences rather the discrimination 

of non-nestmates (familiar versus non-familiar). This is likely due to a process of 

template updating during adult life that happened when ants were in their parent 

colony before performing the recognition bioassays. In ants, it is known that post-

hatching experience is important in various contexts such as brood, and nestmate 

recognition, habitat choice and it could also influence aggression (Lenoir 1979; 

Jaisson 1980; Morel 1983; Le Moli and Mori 1984; Jaisson 1991; Djieto-Lordon and 

Dejean 1999). In our study, the post-hatching experience in the parent colony may 

have altered the effect of pre-imaginal learning, but without reversing the memories 

formed early in life.  

Sensitive periods likely coincide with periods of transitions in the neuronal 

arrangement of brain regions and important processes connected to the formation 

of certain stable memories, as the template in social insects, can hardly occur when 

the neuronal development has finished. This does not mean that the brain cannot 

change further during adult life; for example, environmental enrichment remains 

capable of stimulating the brain and of modifying some memories, even in 

adulthood (Uylings 2006). In order to better understand the significance of updating 

processes during adult life and to distinguish them from true “sensitive periods” for 

learning, it would be interesting to design protocols in which the individuals are 

exposed to three different odour experiences, one during pre-imaginal life, one 

during the early stages of adult life and the last one later in life, just before 

performing the recognition bioassays. The behavioural response that results from 

the different combinations of these three olfactory experiences could be correlated 
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to the consolidated memories resulting from the three learning processes (pre-

imaginal, early learning, adult updating).  

Learning is associated with memory, which is the capacity of storing 

information in a given physiological substrate, from which it can be recovered in 

appropriate circumstances to generate adaptive responses (Tulving and Craik 2000). 

In the experiment with A. senilis ants, the fact that adults are able to recall social 

memories learned during larval life means that these larvae had already the neural 

substrate in which the information has been stored. Memory structures and learning 

abilities are relatively well studied in social insects but most of the knowledge is 

about adults’ brain (Gronenberg et al. 1996; Heisenberg 1998; Dupuy et al. 2006; 

Menzel et al. 2006; Fahrbach 2006; Menzel 2012; Giurfa 2013) (Figure 2).  

 

 

 

Figure 2 A 3D reconstruction of the ant brain viewed dorsally. The olfactory information is primarily 

processed in the antennal lobe (AL) and then in higher-order centers such as the mushroom body 

(MB), which has been repeatedly associated with learning and memory capabilities. 

Figure adapted from Mizunami et al. (2009).  
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The mushroom body's (MB) involvement in the consolidation of memory was 

discovered more than 30 years ago using localized cooling experiments in the 

honeybees (Erber et al. 1980) and Drosophila mutants with defects in mushroom 

bodies structures (Heisenberg et al. 1985). If the MBs are linked to memory and if 

larvae are able to form memories that are used during adult life, these structures 

must be already formed and functional in larvae and must survive to the major 

morphological and physiological changes expected during metamorphosis. While it is 

well established that metamorphosis is accompanied by extensive destruction of the 

larval nervous system, it is also known that cellular destruction in the insect brain 

occurs simultaneously with neurogenesis (Sceiman and Tiras 1966; Ray 1999; 

Truman 2009). Memory retention through metamorphosis implies developmentally 

continuous structures. Indeed, MBs have an embryonic origin and, unlike most other 

brain structures, they exhibit developmental continuity, being prominent 

components of both the larval and the adult central nervous system (Armstrong et 

al. 1998; Farris et al. 1999) (Figure3).  

There are not many studies on wasps and ants’ brain development that can 

help us in understanding how larval memories survive and make connections with 

adults’ responses to stimuli but we know that, for example in Camponotus floridanus 

ants, some specific neuronal cells of MBs are already present in young larvae and 

survive in adults (Gronenberg et al. 1996). The development of neural grafting 

techniques in insects (Quinn et al. 1974; Martin et al. 1978) has enabled a direct 

study of the influence of cells present in exposed larvae on subsequent development 

and behaviour of adults (Ray 1999). In an elegant study conducted on Musca 

domestica, Ray (1999) showed that fly larvae are capable of olfactory learning and it 

appears that these individuals are able to recall their larval training as adults. 

Moreover, in order to investigate the possible role of cell survival through 

metamorphosis as a mechanism of the persistence of memory in adults, neural cells 

of exposed/trained larvae have been transplanted into untrained ones; this 

operation produced specific changes in odour preference of untrained larvae 

reflecting the donor larvae training (Ray 1999). From the experimental point of view, 

such a complementary technique coupled with a behavioural approach could offer a 

unique opportunity to study the substrates of learning and memory.  
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Figure 3 3D brain reconstructions of representative developmental stages of sphinx moth Manduca 

sexta. Neural structures transition between the larval and the adult brain during pupal development 

are represented. Antennal lobe is colored in blue, mushroom body in red. Figure modified from 

Huetteroth et al. (2010). 

 

Why the ability to learn before birth should be selected for? Which selective 

forces and which ecological conditions might favour the development of such 

ability?  
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Ecological pressures such as social parasitism might have led to the evolution of an 

advantageous precocious cue-learning. Both ants and wasps are under parasite 

selection pressure (Lenoir et al. 2001c; Cervo 2006; Buschinger 2009). In particular, 

Polistes wasps present conspecific and eterospecific social parasites (Cervo 2006) 

and, at the colonial level, the parasite presence can modify the host colony signature 

(Lorenzi and Bagnères 1996, Lorenzi et al. 2011; Costanzi et al. 2013). The parasites 

could manipulate the colony chemical profile, for example by applying their specific 

compounds (Turillazzi et al. 2000; Van Hooser et al. 2002; Lorenzi et al. 2011) so that 

newly emerged host workers could form the referent template on the basis of the 

perception of the newly added cues. In an evolutionary arms race, the opportunity 

to learn the referent template before birth could be an advantage against the 

parasite’s integration strategies into the host colony.  

Other ecological factors could have promoted the establishment of pre-

imaginal learning phenomena. For example, pre-imaginal learning could result 

adaptive for certain dispersal strategies, such as colony fission, which is common in 

A. senilis ant (Ichinose et al. 2005). This particular mode of dispersal consists on a 

splitting process in which mature colonies divide into two or few independent 

daughter colonies that disperse over a short distance. After separation, individuals 

belonging to new born colonies start to modify their chemical signature on the basis 

of environmental factors that arise in their social context, i.e. the new born colony, 

and become aggressive towards former nestmates (Ichinose et al. 2009). However, it 

has been suggested that, in the field, small groups of workers can rejoin their mother 

colony, because for instance the new nest location is not entirely suitable or because 

of a dramatic environmental change (Ichinose et al. 2009). This process could be 

possible due to the low level of aggression showed by individuals belonging to the 

colonies that have recently undergone fission (Ichinose et al. 2005). However, the 

modifications of A. senilis workers chemical profile occur rapidly (5 days) and 

increase gradually in a time-dependent manner (Ichinose et al. 2009). We can 

hypothesize that the low level of aggression showed during this particular 

circumstance of colonies reunification is due to the ability to recall information 

contained in the original template learned during the pre-imaginal period. In former 

nestmates, the template resulting from pre-imaginal and adult experience coincides 



149 
 

and theoretically does not match the profile of workers that have left the original 

colony; thus they should be aggressive. However, the former nestmates response 

could be modulated by the peaceful behaviour of the encountered individual, i.e. by 

the contest outcomes. 

Beside the ecological factors that may have shaped particular learning 

abilities, physiological and morphological factors linked to the development of 

certain neural structures may be the principal promoters of pre-imaginal learning 

capacity. In other words, it could be possible that the neural activity generated by 

larval use of memory exerts a substantial influence on the development of those 

parts of the central nervous system involved in the template formation process. 

Larval memories could thus be present in adults as the result of unavoidable 

processes of neurogenesis during the central nervous system formation. 

Many interesting questions remain and, to date, we can only speculate on the 

hypothesis for the evolution of pre-imaginal learning; more studies using ants and 

wasps species with different ecological background could be useful for better 

understanding this phenomenon. 

 

3. Flexible/reversible learning 

It is know that some preferences established through imprinting or imprinting-like 

phenomena might be reversible, i.e. they can be changed with new ones (Bolhuis 

1991). This could happen when animals are exposed to a first stimulus that is not as 

meaningful as the second one (Boakes and Panter 1985). In both of our experiments 

conducted using wasps, the adult individuals could have been influenced by the 

experience they had in their own nest (1 day of cohabitation with nestmates) before 

performing bioassays. Indeed, they experienced for the first time the stimulus “nest” 

considered as the set of the paper material used for the construction of nest, brood 

and other conspecifics. This stimulus could have been more relevant for them as 

more biologically meaningful than the simple nest paper fragments that we offered 

during the experimental phase. Thus, our experimental wasps could have shifted the 

sensitive period until the moment when the “correct” stimulus appeared; 

alternatively, a “secondary imprinting” on the meaningful object could have erased 

the memories formed from the exposure to the first stimuli (nest paper or self cues). 
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To date, we cannot exclude these possible explanations for our observed results. 

Future studies should be focused on the manipulation of the early experience to 

understand what wasps consider the “relevant” stimulus, until when it is possible to 

delay its appearance and for how long the exposure should last.  

 

4. Self-referent phenotype matching 

Finally, I would like to discuss a self-referent phenothype matching mechanism 

(Hauber and Sherman 2001; Mateo 2004) to explain the results obtained with wasps 

experiments. Regardless of the surrounding environment, with all its possible 

stimuli, individuals are never separated from the cues that cover their own body 

surface and wasps could use such chemical information for recognition template 

construction. Self-referencing for template formation could be advantageous in 

different context, such as in multiple mating situations, in communal and 

cooperative breeding, in nest usurpation, brood parasitism, post hatch brood 

amalgamation, adoption/kidnapping and in large or widely spread social group with 

overlapping generations (Hauber and Sherman 2001).  

The experimental wasps could have learned the recognition cues for the 

template formation from themselves, perceiving their own cues through self-

inspection. The wasp species P. dominula is an interesting model for different 

reasons. First, it is under parasites pressures, inflicted both by conspecifics and 

heterospecifics (Cervo 2006). To form a template based on own cues could avoid 

using the parasite odour as model for template formation, which would increase the 

chances of success and acceptance of the invader in the host colony. Second, the 

genetic structure of P. dominula colonies is not homogeneous, low levels of genetic 

relatedness have been found among spring co-foundresses, where up to 35% of 

nestmate foundresses were non-relatives (Queller et al. 2000; Zanette and Field 

2008). This represents a circumstance in which social learning alone would 

predictably yield inadequate or misleading kin recognition templates. The 

compounds spread on the nest material could actually mirror the odours of several 

different unrelated individuals that share the nest; thus the nest paper would not be 

a reliable source of recognition cues for the template acquisition. Similarly, in such 

genetically heterogeneous colonial context, even the nestmates would not be a good 
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source of cues for the template acquisition because they could be unrelated to the 

evaluator. 

P. dominula shows a strong relationship between CHCs composition and level 

of relatedness, thus CHCs could provide enough information and be reliable kin cues 

in colonies formed with unrelated lines (Dani et al. 2004). Moreover, we found that 

the chemical profile of young individuals reared in isolation is composed by the same 

cuticular compounds we identified in adults, even if they are present in lower 

quantity. This means that wasps could be able to form the template on the basis of 

their own cues, provided they are perceivable (Cini et al. 2009, Ichinose and Lenoir 

2010, Cappa et al. 2014). On the other side, a precise assessment of relatedness 

could give rise to conflicts over reproduction. To date, we have no evidence of the 

presence of such a conflict in P. dominula societies (Queller et al. 2000) and it 

appears that wasps do not benefit from kin assessment when, for example, the 

alpha individual of the colony is removed and replaced with a unrelated subordinate 

foundress (Monnin et al. 2009). Futures studies are needed to better explore 

whether P. dominula wasps are able of kin recognition and whether they express 

some form of colonial conflict, for example by developing their ovaries (Cini et al. 

2013) or showing particular behaviours that improve their own fitness or reduce that 

of unrelated individuals. An argument that may be proposed for the absence of 

intracolony nepotism is that there might be costs in favouring closely related 

individuals or in direct (selfish) reproduction. For instance, worker reproduction 

could be very costly in small colonies especially in the first part of the colony cycle, 

because each worker represents a larger fraction of the total workforce. Therefore, 

workers could delay their selfish response by expelling subordinates later in the 

season and seeking direct fitness benefits by producing males (Monnin et al 2009). 

Self-referencing is usually classified as a specialized form of phenotype 

matching (d’Ettorre and Lenoir 2010), but an alternative mechanism has been 

suggested, which is termed “on-line processing” (Hauber and Sherman 2001). 

Accordingly to this process, no template and no memories are formed from past 

experiences to achieve recognition. Being the own phenotype always present to 

perform a comparison with encountered individuals, the evaluator can perform 

comparisons whenever it is needed (Hauber and Sherman 2001).  This mechanism 
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could be adaptive if we think about the costs involved in building memories, which 

require protein synthesis (Margulies et al. 2005; Guerrieri et al. 2011). Fast 

responses against intruders, such as the aggressive ones, likely need fast information 

processing, which might not involve higher brain centres. The “on-line processing” 

mechanism can be rather interpreted as a consequence of habituation and sensory 

adaptation phenomena (Ozaki et al. 2005; Leonhardt et al. 2007; Guerrieri et al. 

2009; Stroeymeyt et al. 2010), which can both take place when continuous exposure 

to the stimuli occurs (in this case the own odour). These processes, being less costly, 

can partly replace, during the adult life, the use of long-term memory to discriminate 

nestmates. We think that, as already proposed for the ant A. senilis, the 

decentralized (no memory) and centralized (memory) models might not be mutually 

exclusive. 

 

Final considerations 

Even if several questions remain unresolved, I think that the work of this thesis has 

produced a significant advance in understanding the ontogeny of nestmate 

recognition in ants and social wasps. We have investigated, for the first time in 

Polistes wasps and in Myrmicinae ants, certain neglected phenomena such as pre-

imaginal learning, trying to better understand the proximal mechanisms (learning, 

the role of experience, template formation and the neural processes at the basis) 

and the ultimate causes for their evolution. On the other side, this work gave rise to 

many questions that we hope will stimulate future researches on the ontogeny of 

nestmate recognition ability in social insects. In particular, experimental protocols 

that not only demonstrate changes in recognition performance but also allow the 

study of associations with the neural structures driving such changes are needed. 

Moreover, it could be interesting to use other insect models to allow more 

comparative approaches focusing on commonalities and species-specific features of 

learning. 

  



153 
 

References 

 
Armstrong JD, de Belle JS, Wang Z, Kaiser K (1998) Metamorphosis of the mushroom 

bodies; large-scale rearrangements of the neural substrates for associative 

learning and memory in Drosophila. Lear Memory 5(1): 102-114. 

Bateson PPG (1966) The characteristics and context of imprinting. Biol Rev 41(2): 

177-217. 

Bierbach D, Girndt A, Hamfler S, Klein M, Mucksch F, Penshorn M, Schwinn M, 

Zimmer C, Schlupp I, Streit B, Plath M (2011) Male fish use prior knowledge 

about rivals to adjust their mate choice. Biol Lett 7: 349-351. 

Boakes RA and Panter D (1985) Secondary imprinting in the domestic chick blocked 

by previous exposure to a live hen. Anim Behav 33: 353-365. 

Boulay R, Cerda X, Fertin A, Ichinose K, Lenoir A (2009) Brood development into 

sexual females depends on the presence of a queen but not on temperature 

in an ant dispersing by colony fission, Aphaenogaster senilis. Ecol Entomol 

34(5): 595-602. 

Boulet M, Charpentier M, Drea C (2009) Decoding an olfactory mechanism of kin 

recognition and inbreeding avoidance in a primate. BMC Evol Biol 9(1): 281. 

Bradshaw RH (1991) Discrimination of group members by laying hens <i>Gallus 

domesticus</i>. Behav Process 24(2): 143-151. 

Breed MD and Stiller TM (1992) Honey bee, Apis mellifera, nestmate discrimination: 

hydrocarbons effects and the evolutionary implications of comb choice. Anim 

Behav 43: 875-88. 

Brown GE and Brown JA (1993) Social dynamics in salmonod fishes: do kin make 

better neighbours? Anim Behav 45: 863-871. 

Brown GE, Brown JA, Crosbie AM (1993) Phenotype matching in juvenile rainbow 

trout. Anim Behav 46: 1222-1225. 

Bruschini C, Cervo R, Turillazzi S (2010) Pheromones in Social Wasps. In Vitamins and 

Hormones Gerald Litwack, editor. Burlington: Academic Press. 83: 447-492. 

Buschinger A (2009) Social parasitism among ants: a review (Hymenoptera: 

Formicidae). Myrmecol News 12: 219-235. 



154 
 

Cappa F, Bruschini C, Cipollini M, Pieraccini G, Cervo R (2014) Sensing the intruder: a 

quantitative threshold for recognition cues perception in honeybees. 

Naturwissenschften 1-4. 

Carlin NF and Schwartz PH (1989) Pre-imaginal experience and nestmate brood 

recognition in the carpenter ant, Camponotus floridanus. Anim Behav 38: 89-

95. 

Carpenter JM (1996) Phylogeny and biogeography. In ‘‘Natural History and Evolution 

of Paper Wasps’’ (S Turillazzi and MJ West-Eberhard, Eds.). Oxford University 

Press, Oxford. pp. 18-57. 

Caubet Y, Jaisson P, Lenoir A (1992) Preimaginal induction of adult behaviour in 

insects. Q J Exp Psychol 44B: 165-178. 

Cervo R (2006) Polistes wasps and their social parasites: an overview. Ann Zool Fenn 

43: 550-563p threshold for nestmate recognition in a paper social wasp. Biol 

Lett 5: 459-461. 

Cervo R, Zacchi F, Turillazzi S (2000) Polistes dominulus (Hymenoptera, Vespidae) 

invading North America: some hypotheses for its rapid spread. Insect Soc 

47(2): 155-157.  

Chéron B, Doums C, Fédérici P, Monnin T (2009) Queen replacement in the 

monogynous ant Aphaenogaster senilis: supernumerary queens as life 

insurance. Anim Behav 78(6): 1317-1325. 

Choleris E, Clipperton-Allen AE, Phan A, Kavaliers M (2009) Neuroendocrinology of 

social information processing in rats and mice. Front Neuroendocrin 30: 442-

459. 

Cini A, Gioli L, Cervo R (2009) A quantitative threshold for nestmate recognition in a 

paper social wasp. Biol Lett 5: 459-461. 

Cini A, Nieri R, Dapporto L, Monnin T, Cervo R (2013) Almost royal: incomplete 

suppression of host worker ovarian development by a social parasite wasp. 

Behav Ecol Sociobiol 1-9. 

Coffin HR, Watters JV, Mateo JM (2011) Odor-based recognition of familiar and 

related conspecifics: a first test conducted on captive Humboldt penguins 

(Spheniscus humboldti). PLoS ONE 6(9): e25002. 



155 
 

Costanzi E, Bagnères AG, Lorenzi MC (2013) Changes in the Hydrocarbon Proportions 

of Colony Odor and Their Consequences on Nestmate Recognition in Social 

Wasps. PLoS ONE 8(5): e65107. 

Cotoneschi C, Dani FR, Cervo R, Sledge MF, Turillazzi S (2007) Polistes dominulus 

(Hymenoptera: Vespidae) larvae have their own chemical signatures. J Insect 

Physiol 53: 954-963. 

Cronin AL and Monnin T (2009) Bourgeois queens and high stakes games in the ant 

Aphaenogaster senilis. Front Zool 6: 24. 

d’Ettorre P and Lenoir A (2010) Nestmate recognition. In: Lach L, Parr CL, Abbott KL, 

eds. Ant ecology. Oxford: Oxford University Press, pp 194-209. 

Dani FR (2006) Cuticular lipids as semiochemicals in paper wasps and other social 

insects. Ann Zool Fenn 43: 500-514. 

Dani FR, Foster KR, Zacchi F, Seppa P, Massolo A, Carelli A, Arévalo E, Queller DC, 

Strassmann JE, Turillazzi S (2004) Can cuticular lipids provide sufficient 

information for within-colony nepotism in wasps? Proc R Soc Lond B 

271(1540): 745-753. 

Djieto-Lordon C and Dejean A (1999) Tropical arboreal ant mosaics: innate attraction 

and imprinting determine nest site selection in dominant ants. Behav Ecol 

Sociobiol 45(3-4): 219-225. 

Dudley SA and File AL (2007) Kin recognition in an annual plant. Biol Lett 3(4): 435-

438. 

Dupuy F, Sandoz JC, Giurfa M, Josens R (2006) Individual olfactory learning in <i> 

Camponotus </i> ants. Anim Behav 72(5): 1081-1091. 

Erber J, Masuhr TH, Menzel R (1980) Localization of short-term memory in the brain 

of the bee, Apis mellifera. Physiol Entomol 5: 343-358. 

Espelie KE and Hermann HR (1990) Surface lipid of the social wasp Polistes annularis 

(L.) and its nest and nest pedicel. J Chem Ecol 16: 1841-1852. 

Espelie KE, Wenzel JW, Chang G (1990) Surface lipids of social wasp Polistes metricus 

say and its nest and pedicel and their relation to nestmate recognition. J 

Chem Ecol 16; 2229-2241. 

Fahrbach SE (2006) Structure of the mushroom bodies of the insect brain. Annu Rev 

Entomol 51: 209-232. 



156 
 

Farris S M, Robinson GE, Davis RL,  Fahrbach SE (1999) Larval and pupal development 

of the mushroom bodies in the honey bee, Apis mellifera. J Com Neurol 

414(1): 97-113. 

Ferguson JN, Young LJ, Insel TR (2002) The neuroendocrine basis of social 

recognition. Front Neuroendocrin 23(2): 200-224 . 

Fisher BL (1996) Origins and affinities of the ant fauna of Madagascar. Biogeographie 

de Madagascar. pp. 457-465.  

Frommen JG, Luz C, Bakker TCM (2007) Kin discrimination in sticklebacks is mediated 

by social learning rather than innate recognition. Ethology 113:276-282.  

Gamboa GJ (2004) Kin recognition in eusocial wasps. Ann Zool Fennici 41:789-808.  

Gamboa GJ, Foster RL, Scope JA, Bitterman AM (1991) Effects of stage of colony 

cycle, context, and intercolony distance on conspecific tolerance by paper 

wasp (Polistes fuscatus). Behav Ecol Sociobiol 29: 87-94. 

Gandolfi M, Matiacci L, Dorn S (2003) Preimaginal learning determines adult 

response to chemical stimuli in a parasitic wasp. Proc R Soc Lond B 270: 2623-

2629 

Gherardi F, Aquiloni L, Tricarico E (2012) Revisiting social recognition systems in 

invertebrates. Anim Cognit 15(5): 745-762. 

Gheusi G, Bluthe RM, Goodall G, Dantzer R (1994) Social and individual recognition in 

rodents: methodological aspects and neurobiological bases. Behav Process 

33: 59-87. 

Giurfa M (2013) Cognition with few neurons: higher-order learning in insects. Trends 

Neurosci 36(5): 285-294. 

Gronenberg W, Heeren S, Hölldobler B (1996) Age-dependent and task-related 

morphological changes in the brain and the mushroom bodies of the ant 

Camponotus floridanus. J Exp Biol 199: 2011-2019. 

Guerrieri FJ, d’Ettorre P, Devaud JM, Giurfa M (2011) Long- term olfactory memories 

are stabilised via protein synthesis in Camponotus fellah ants. J Exp Biol 214: 

3300-3304. 

Guerrieri FJ, Nehring V, Jørgensen CG, Nielsen J, Galizia CG, d’Ettorre P (2009) Ants 

recognize foes and not friends. Proc R Soc Lond B 276: 2461-2468. 

Hamilton WD (1964) The genetical evolution of social behaviour. J Theor Biol 7: 1-50. 



157 
 

Hamilton WD (1987) Discrimination nepotism: expectable, common, overlooked. In 

Kin Recognition in Animals ed. D. J. C. Fletcher and C. D. Michener. New York: 

Wiley, pp 417-437.  

Harlow HF (1958) The nature of love. Am Psychol 13: 673-685. 

Hauber ME and Sherman PW (2001) Self-referent phenotype matching: theoretical 

considerations and empirical evidence. Trends Neurosci 24(10): 609-616. 

Hefetz A (2007) The evolution of hydrocarbon pheromone parsimony in ants 

(Hymenoptera: Formicidae) – interplay of colony odor uniformity and odor 

idiosyncrasy: a review. Myrmecol News 10: 59 -68. 

Heisenberg M (1998) What do the mushroom bodies do for the insect brain? An 

introduction. Learn Memory 5(1): 1-10. 

Heisenberg M, Borst A, Wagner S, Byers D (1985) Drosophila mushroom body 

mutants are deficient in olfactory learning. J Neurogenet 2: 1-30. 

Hudson R and Distel H (1999) The flavor of life: perinatal development of odor and 

taste preferences. Schweiz Med Wschr 129: 176-181. 

Huetteroth W, El Jundi B, El Jundi S, Schachtner J (2010) 3D-reconstructions and 

virtual 4D-visualization to study metamorphic brain development in the 

sphinx moth Manduca sexta. Front Syst Neurosci 4(7). 

Hughes WOH, Oldroyd BP, Beekman M, Ratnieks FLW (2008) Ancestral monogamy 

shows kin selection is key to the evolution of eusociality. Science 320: 1213-

1216. 

Ichinose K and Lenoir A (2010) Hydrocarbons detection levels in ants. Insect Soc 

57:453-455. 

Ichinose K, Cerdá X, Christides JP, Lenoir A (2005) Detecting nestmate recognition 

patterns in the fission-performing ant Aphaenogaster senilis: a comparison of 

different indices. J Insect Behav 18: 633-650. 

Ichinose K, Boulay R, Cerdá X,  Lenoir A (2009) Influence of queen and diet on 

nestmate recognition and cuticular hydrocarbon differentiation in a fission-

dispersing ant, Aphaenogaster senilis. Zool Sci 26(10): 681-685. 

Isingrini M, Lenoir A, Jaisson P (1985) Preimaginal learning as a basis of colony brood 

recognition in the ant Cataglyphis cursor. P Nat Acad Sci, USA, 82: 8545-8547. 



158 
 

Jaisson P (1980) Environmental preference induced experimentally in ants 

(Hymenoptera: Formicidae). Nature 286: 388-389. 

Jaisson P (1991) “Kinship and fellowship in ants and social wasps,” in Kin 

Recognition, ed P.G. Hepper (Cambridge: Cambridge University Press), pp. 60-

93. 

Knudsen EI (2004) Sensitive periods in the development of the brain and behavior. J 

Cogn Neurosci 16: 1412-1425. 

Krause ET, Krüger O, Kohlmeier P, Caspers BA (2012) Olfactory kin recognition in a 

songbird. Biol Lett 8(3): 327-329. 

Le Moli and Mori (1984) The effect of early experience on the development of 

‘aggressive’ behaviour in Formica lugubris Zett. (Hymenoptera: Formicidae). 

Z. Tierpsychol 65: 241-249. 

Lehmann L and Perrin N (2002) Altruism, dispersal, and phenotype-matching kin 

recognition. Am Nat 159(5):451-468. 

Lenoir A (1979) Le comportement alimentaire et la division du travail chez la fourmi 

Lasius niger. Bull Biol Fr Belg 113: 79-314. 

Lenoir A, Fresneau D, Errard C, Hefetz A (1999) “Individuality and colonial identity in 

ants: the emergence of the social representation concept” in Information 

Processing in Social Insects, eds C Detrain, J-L Deneubourg, JM Pasteels 

(Basel: Birkhäuser Verlag), pp 219-237. 

Lenoir A, Cuisset D, Hefetz A (2001a) Effects of social isolation on hydrocarbon 

pattern and nestmate recognition in the ant Aphaenogaster senilis 

(Hymenoptera, Formicidae). Insect Soc 48(2): 101-109. 

Lenoir A, Hefetz A, Simon T, Soroker V (2001b) Comparative dynamics of gestalt 

odour formation in two ant species Camponotus fellah and Aphaenogaster 

senilis (Hymenoptera: Formicidae). Physiol Entomol 26(3): 275-283. 

Lenoir A, d'Ettorre P, Errard C, Hefetz A (2001c) Chemical ecology and social 

parasitism in ants. Ann Rev Entomol 46(1): 573-599. 

Leonhardt SD, Brandstaetter AS, Kleineidam C J (2007) Reformation process of the 

neuronal template for nestmate-recognition cues in the carpenter ant 

Camponotus floridanus. J Comp Physiol A 193: 993-1000. 



159 
 

Liebert AE, Gamboa GJ, Stamp NE, Curtis TR, Monnet KM, Turillazzi S, Starks PT 

(2006) Genetics, behavior and ecology of a paper wasp invasion: Polistes 

dominulus in North America. In Ann Zool Fenn.43 (5-6) p. 595. Helsinki: 

Suomen Biologian Seura Vanamo, 1964-. 

Lorenz K (1937) Imprinting. Auk. 54: 245-273. 

Lorenzi MC (1992) Epicuticular hydrocarbons of Polistes biglumis bimaculatus 

(Hymenoptera, Vespidae): Preliminary results. Ethol Ecol Evol 3: 61-63, 

(Special Issue). 

Lorenzi MC and Bagnères AG (1996) Hydrocarbon pattern variations in the paper of 

Polistes biglumis bimaculatus nests usurped or not by the social parasite 

Polistes atrimandibularis (Hymenoptera Vespidae). Abstr XX Int Congr 

Entomol 416.  

Lorenzi MC, Cervo R, Bagnères AG (2011) Facultative social parasite mark host nests 

with branched hydrocarbons. Anim Behav 42(5): 1143-1149. 

Margulies C, Tully T, Dubnau J (2005) Deconstructing memory in Drosophila. Curr 

Biol 15: 700-713. 

Martin U, Martin H, Lindauer M (1978) Transplantation of a learned time signal in 

honeybees. J Comp Physiol 124: 193-201. 

Mateo JM (2004) Recognition systems and biological organization: the perception 

component of recognition. Ann Zool Fenn 41: 729-745. 

Mathis A, Ferrari MCO, Windel N, Messier F, Chivers DP (2008) Learning by embryos 

and the ghost of predation future. Proc R Soc Lond B 275: 2603-2607. 

Mayr GL (1853) Beiträge zur Kenntniss der Ameisen. Verhandlungen der Zoologisch-

Botanischen Vereins in Wien 3: 101-114.  

Menzel R (2012) The honeybee as a model for understanding the basis of cognition. 

Nat Rev Neurosci 13(11): 758-768. 

Menzel R, Leboulle G, Eisenhardt D (2006) Small brains, bright minds. Cell 124(2): 

237-239.  

Mizunami M, Yamagata N, Nishino H (2009) Alarm pheromone processing in the ant 

brain: an evolutionary perspective. Front Behav Neurosci 4: 28-28. 



160 
 

Monnin T, Cini A, Lecat V, Fédérici P, Doums C (2009) No actual conflict over colony 

inheritance despite high potential conflict in the social wasp Polistes 

dominulus. Proc R Soc Lond B 276(1662): 1593-1601. 

Morel L (1983) Relation entre comportement agressif et privation sociale précoce 

chez les jeunes fourmis immatures de la fourmi Camponotus vagus Scop. 

(Hymenoptera: Formicidae). C R Hebd Séances. Acad Sci Série D 296: 449-

452. 

Morgan DE (2009) Trail pheromones of ants. Physiol Entomol 34(1): 1-17. 

Nordeen EJ and Nordeen KW (1990) Neurogenesis and sensitive periods in avian 

song learning. Trends Neurosci 13(1): 31-36. 

Ozaki M, Wada-Katsumata A, Fujikawa K, Iwasaki M, Yokohari F, Satoji Y, Nisimura T,  

Yamaoka R (2005) Ant nestmate and non-nestmate discrimination by a 

chemosensory sensillum. Science 309: 311-314. 

Pardi L (1942) Ricerche sui Polistini. V. La poliginia iniziale in Polistes gallicus (L.). Boll 

Ist Entomol Univ Bologna 14: 1-106. 

Pardi L (1946) Ricerche sui Polistini VII. La ‘‘dominazione’’ ed il ciclo ovarico annuale 

di Polistes gallicus (L.). Boll Ist Entomol Univ Bologna 15: 25-84. 

Pardi L (1996) "Polistes: analysis of a society." Natural history and evolution of paper 

wasps Ed. by S Turillazzi & MJ West- Eberhard. Oxford: Oxford University 

Press pp 1-17. 

Peeters C and Molet M (2009) Colonial reproduction and life histories. In Ant Ecology 

Edited by: Lach L, Parr C, Abbott K. Oxford University Press. pp. 159-176. 

Pfenning DW, Reeve HK, Shellmann JS (1983a) Learned component of nestmate 

discrimination in workers of a social wasp, Polistes fuscatus (Hymenoptera, 

Vespidae). Anim Behav 31: 412-416. 

Pfenning DW, Gamboa GJ, Reeve HK, Shellmann JS, Reeve JS, Ferguson ID (1983b) 

The mechanism of nestmate discrimination in social wasps (Hymenoptera: 

Vespidae). Behav Ecol Sociobiol 13:299-305. 

Queller DC, Zacchi F, Cervo R, Turillazzi S, Henshaw MT, Santorelli LA, Strassmann JE 

(2000) Unrelated helpers in a social insect. Nature 405(6788): 784-787. 

Quinn WG, Harris WA, Benzer S (1974) Conditioned behaviour in Drosophila 

melanogaster. Proc Natl Acad Sci USA 71: 708-712. 



161 
 

Ray S (1999) Survival of olfactory memory through metamorphosis in the fly< i> 

Musca domestica</i>. Neurosci Lett 259(1): 37-40. 

Reeve HK (1991) Polistes. In: The social biology of wasps (Ed. K. G. Ross & R. W. 

Matthews) pp. 99-148. Ithaca (NY): Cornell University Press. 

Sceiman IM and Tiras KP (1966) Memory and morphogenesis in planaria and beetles. 

In CI Abramson, ZP Suranova and YM Burmistov (Eds.), Russian Contributions 

to Invertebrate Behaviour, Praeger, NY, pp. 43-76. 

Schaal B, Orgeur P, Arnould C (1995) Olfactory preferences in newborn lambs: 

possible influence of prenatal experience. Behaviour 132: 351-365. 

Sheehan MJ and Tibbetts EA (2011) Specialized face learning is associated with 

individual recognition in paper wasps. Science 334: 1272-1275. 

Signorotti L, Cappa F, d’Ettorre P, Cervo R (2014) Novel insights into the ontogeny of 

nestmate recognition in Polistes social wasps. PLoS ONE 9(5): e97024. 

Singer TL and Espelie KE (1992) Social wasps use nest paper hydrocarbons for 

nestmate recognition. Anim Behav 44(1): 63-68. 

Singer TL, Camann MA, Espelie KE (1992) Discriminant analysis of cuticular 

hydrocarbons of social wasp Polistes exclamans Viereck and surface 

hydrocarbons of its nest paper and pedicel. J Chem Ecol 18: 785-797. 

Starks PT (2004) Recognition systems: From components to conservation. In Ann 

Zool Fenn 41(6) pp 689-690 Helsinki: Suomen Biologian Seura Vanamo, 1964-. 

Starks PT, Turillazzi S, West-Eberhard MJ (2006) Polistes paper wasps: emergence of 

a model genus. In In Ann Zool Fenn 43(5-6) pp 385-386 Helsinki: Suomen 

Biologian Seura Vanamo, 1964-. 

Stroeymeyt N, Guerrieri FJ, van Zweden JS, d’Ettorre P (2010) Rapid decision-making 

with side-specific perceptual discrimination in ants. PLoS ONE 5, 8. 

Tate AJ, Fischer H, Leigh AE, Kendrick KM (2006) Behavioural and neurophysiological 

evidence for face identity and face emotion processing in animals. Philos T 

Roy Soc B 361: 2155-2172. 

Trivers RL (1971) The evolution of reciprocal altruism. Q Rev Biol, pp 35-57.  

Truman JW (2009) Hormonal control of the form and function of the nervous 

system. In Insect Development: Morphogenesis, Molting and Metamorphosis, 

L. I. Gilbert, ed. (London, Academic Press) pp. 133-162. 



162 
 

Tulving E and Craik F (2000) The Oxford Handbook of Memory. New York: Oxford 

University Press. 

Turillazzi S and West-Eberhard MJ (Eds.) (1996) Natural History and Evolution of 

Paper Wasps. Oxford University Press, Oxford p. XIV+400. 

Turillazzi S, Sledge MF, Dani FR, Cervo R, Massolo A, Fondelli L (2000) Social hackers: 

integration in the host chemical recognition system by a paper wasp social 

parasite. Naturwissenschaften 87(4): 172-176.  

Uylings HBM (2006) Development of the human cortex and the concept of “critical” 

or “sensitive” periods. Language Learning 56(s1): 59-90. 

Van Hooser CA, Gamboa GJ, Fishwild TG (2002) The function of abdominal stroking in 

the paper wasp, Polistes fuscatus (Hymenoptera Vespidae). Ethol Ecol Evol 

14(2): 141-148. 

van Zweden JS and d’Ettorre P (2010) Nestmate recognition in social insects and the 

role of hydrocarbons. In: Insect Hydrocarbons: Biology, Biochemistry and 

Chemical Ecology, GJ Blomquist, AG Bagnères. Eds. Cambridge University 

Press, Cambridge, pp 222-243.  

Vander Meer RK, Breed MD, Espelie KE, Winston ML (1998) Pheromone 

communication in social insects. Colorado: Westview Press, p. 368. 

Vermeij L, Van Duijn MA, Baerveldt C (2009) Ethnic segregation in context: Social 

discrimination among native Dutch pupils and their ethnic minority 

classmates. Soc Networks 31(4): 230-239. 

Wacker DW and Ludwig M (2012) Vasopressin, oxytocin, and social odor recognition. 

Horm Behav 61: 259-265 

Waldman B (1988) The ecology of kin recognition Annu Rev Ecol Syst 19: 543-571. 

Winberg S and Olsén H (1992) The influence of rearing conditions on the sibling 

odour preference of juveniles of Arctic charr, Salvelinus alpinus L. Anim Behav 

44: 157-164. 

Zanette LR and Field J (2008) Genetic relatedness in early associations of Polistes 

dominulus: from related to unrelated helpers. Mol ecol 17(11): 2590-2597. 

  



163 
 

 


