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Abstract

:

Nestmate recognition is a hallmark of social insects. It is based on the match/mismatch of an identity signal carried by members of the society with that of the perceiving individual. While the behavioral response, amicable or aggressive, is very clear, the neural systems underlying recognition are not fully understood. Here we contrast two alternative hypotheses for the neural mechanisms that are responsible for the perception and information processing in recognition. We focus on recognition via chemical signals, as the common modality in social insects. The first, classical, hypothesis states that upon perception of recognition cues by the sensory system the information is passed as is to the antennal lobes and to higher brain centers where the information is deciphered and compared to a neural template. Match or mismatch information is then transferred to some behavior-generating centers where the appropriate response is elicited. An alternative hypothesis, that of “pre-filter mechanism”, posits that the decision as to whether to pass on the information to the central nervous system takes place in the peripheral sensory system. We suggest that, through sensory adaptation, only alien signals are passed on to the brain, specifically to an “aggressive-behavior-switching center”, where the response is generated if the signal is above a certain threshold.
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1. Introduction


The chemical language of social insects constitutes a major means of communication that encompasses every aspect of social life [1,2,3,4]. Its complexity varies from simple messages such as alarm pheromones that elicit a single-faceted behavior of rushing with aggression to the emission point, via more complex messages such as trail pheromones that encompass several levels of information and evoke complex as well as context-dependent responses, and up to the very complex pheromones responsible for nestmate recognition (Here we use the term pheromone in the broader sense as first defined by [5], but see [6] for the term “signature mixtures” with respect to nestmate recognition). These levels of informational complexities are reflected both in the chemical complexity of the message and presumably in the complexity of the neural circuits that decipher the information. We therefore briefly discuss several aspects of the chemistry of semiochemicals and the biological meaning of blend complexity before addressing the neural deciphering mechanisms.



Alarm pheromones need not be highly specific either at colony or even at species levels, and, therefore, they can theoretically be composed of only a few compounds or even a single one. In cases in which the alarm pheromone comprises several compounds the response to each of them seems to be independent, and the sensing of an individual component evokes only the respective behavioral component [7]. The lack of necessity for specificity has undoubtedly affected the evolution of the signal, in terms of both its biosynthesis and its perception. For example, adoption of a metabolic end product as an alarm pheromone is subjected only to certain physical constraints: namely, it has to be volatile, enabling the message to disseminate rapidly into the immediate environment and to disappear rapidly if not reinforced. Perception of and reaction to the pheromone has a clear advantage to conspecific ants, irrespective of colony origin and therefore can readily be fixed in the population. Perception of alarm pheromones may also confer advantage upon other ant species in the population that might have similar enemies, which explains the lack of species-specificity often found with these signal types.



At the other extreme are the pheromones responsible for recognition of nestmates, resulting in discrimination between friends and foes. Here specificity is highly important and the information conveyed needs to be very accurate. This poses a great evolutionary challenge because the pheromones must be very complex in order to be colony-specific [8]. The major problem is that, unlike alarm pheromones where trait uniformity is advantageous because all individuals in the population can use and benefit from such uniformity, within-population trait-diversity must be the rule in a nestmate recognition system.




2. A Synopsis of Nestmate Recognition in Ants


2.1. The Signal


The biology and mechanisms of nestmate recognition have been extensively reviewed in the past 15 years [9,10,11,12]. Below is a brief account of the processes relevant to the complexity of the signal and, accordingly, the required complexity of the neural system for deciphering the message.



There are several features that have shaped the properties that characterize nestmate recognition through chemical signals. Generally, the recognition pheromones are perceived upon physical antennal contact with any part of the body surface of the encountered ant [10], or at least are perceived (and recognized) at very close proximity to the encountered individual [13]. Thus, the recognition pheromones are non-volatile, or possess very low volatility, and are widespread over the ant’s body surface. The likely candidates are the cuticular hydrocarbons (CHCs), which are ubiquitous among insects and present highly complex mixtures in ants. The original function of the CHCs is assumed to be in creating an impermeable layer that protects the insect from desiccation [14,15], the efficacy of which depends on their molecular weight and degree of branching [16]. Theoretically, selection for an effective impermeable layer should result in a linear hydrocarbon with carbon length of over 25. However, in most insects, and particularly in ants, the occurrences of hydrocarbon mixtures, of unsaturated hydrocarbons and of branched hydrocarbons, all reduce the efficacy of this layer as an impermeable barrier. This suggests a trade-off between the cost of having a less efficient impermeable barrier and the benefit of adopting the externalized hydrocarbons for other functions, e.g., communicative function [10]. A study on Pogonomyrmex barbatus, for example, revealed that forager workers have augmented amounts of linear hydrocarbons compared to in-nest ants, in line with the former’s needs for greater protection from desiccation [17], and emphasizing the above postulated trade-off.



As noted above, ants possess highly complex mixtures of CHC, generally ranging from 21-carbon chain-length to above 40. In all the species studied so far, the CHCs may communicate both colonial identity (nestmate recognition) and reproductive caste (fertility signaling) [10,11,18,19]. This dual function may create a possible conflict, because their role in nestmate recognition necessitates colonial uniformity, whereas caste specificity implies different compositions for different members of the colony. There are several ways by which these two contrasting requirements can reconcile. One is through the use of different subsets of hydrocarbons, or even a single component from the blend, for delineating colonial identity and caste/task function [20,21,22,23]. In terms of perception this necessitates two disparate systems that act independently, or two different neural networks in the brain, yet to be demonstrated. An alternative could be a threshold- based response that is also context dependent [10,18]. Large differences in composition indicate an encounter with a heterospecific or heterocolonial individual; while smaller differences may indicate caste specificity and so forth. This hypothesis neither necessitates a disparate perception system nor a different neural network, merely a threshold-dependent response.



Direct evidence for the selective role of CHCs in nestmate recognition has been shown in many ant species [24,25,26,27,28,29]. The behavioral tests designed to quantify the responses between nestmate vs. non-nestmate comprise situations in which a nestmate anointed with a non-nestmate odor is abnormally aggressed, while the usually high aggression towards a non-nestmate is reduced if the latter is anointed with a nestmate odor. However, it is important to note that the response towards a nestmate anointed with a non-nestmate odor is much more pronounced than the decline in aggression when anointing a non-nestmate with a nestmate odor. This indicates that the ants are much more sensitive to differences than to similarities in the nestmate recognition pheromone composition. This finding has major implications for our understanding of the perception and deciphering systems, as we describe in detail below.




2.2. The Template


Signal deciphering requires not only its perception but also an internal representation to which it is compared. This is the template [30]. The template may be genetically determined and heritable: for example, the specific alarm calls of prairie dogs when detecting either a terrestrial or an aerial predator [31], and the deterrent effect of a coral snake image on naïve hand-reared motmots [32]. In these cases the template can be a fixed attribute and therefore reflect simple heritability. When the information is more complex, for example in mate choice, another layer must be added to the template. The first layer is the recognition of male ornaments and/or other male-specific characteristics, which requires an innate, thus heritable, template. However, for assessing male quality a quantitative and/or qualitative component must be added, whose assessment should rely on a comparison between males and, therefore, involve learning and consequent template adjustment. For example, in mice the recognition of male urine may involve a fixed heritable template, whereas recognizing whether it is a highly competitive male [33,34], or assessing its health status [35], requires a more plastic template. When more complex information must be conveyed, for example recognition of kin, social partners, or individual status, even more specific information is required and the template is thought to be acquired by learning at an appropriate stage in the individual’s ontogeny [36,37].



Social recognition is imperative for maintaining cooperation and social cohesion, exerting high selection pressure on the accuracy of recognition and consequently on the acuteness of the template. The acuteness of the template is a balance between the cost and benefit of error in recognition [36,38]. In terms of sociality, if the cost of rejecting a desirable individual, e.g., a nestmate in social insects, exceeds that of accepting an undesirable individual, e.g., a selfish exploiter individual or a social parasite in social insects, then small discordances between the signal and template are acceptable. If, on the other hand, the cost of accepting an undesired individual is greater than rejecting a desirable individual, even small mismatches between signal and template are unacceptable.



Early theoretical consideration of the factors shaping recognition systems engaged with kin recognition and centered around genetic models and recognition alleles [39,40]. The general idea was that two individuals bearing the same recognition alleles could identify one another through phenotype matching. However, it is questionable whether social insects actually use kin recognition in shaping their behavior. The hypothesis that sociality in insects evolved through kin selection [41,42] predicts the concomitant evolution of kin recognition [43]. Since the ancestral social insects were typically monogyne and monandrous [44] all members of the colony were similarly genetically related, so that kin recognition equaled nestmate recognition. However, as variations in both the number of queens and the switch from monoandry to polyandry evolved, kin selection may have been counteracted by colony level selection and, consequently, nestmate recognition replaced kin recognition. Most of the studies involving recognition in ants to date test nestmate recognition rather than kin recognition [9]. To account for the genetic variability within the insect society it was postulated that the colony odor represents a mixture of the recognition alleles that its members carry, the genetic gestalt, and that the resulting recognition pheromones are transferred among all members of the colony [40], the chemical gestalt. Subsequent studies have corroborated this theoretical hypothesis by explicit experimentation [45]. The above-described evolution of the recognition signals was undoubtedly accompanied by an evolution of the perception and deciphering systems, i.e., the template. Rather than being an innate, genetically-based template to match the recognition alleles, it has become acquired.



Several lines of behavioral evidence support the hypothesis that the template in ants is acquired (but see alternative hypothesis below). Newly emerged individuals that are experimentally transferred from their own nest to another nest are readily accepted as nestmates. Moreover, callow workers of different species can be reared together to create a mixed-species colony [46,47,48]. Such mixing is possible because upon emergence the workers lack recognition cues on their body surfaces, which acts as a “clean slate” [9]. By a few days post-emergence, however, the ants have acquired the typical nest signature rendering such transfer impossible [49]. Supporting the clean slate hypothesis is the finding that the ants in a mixed-species group possess a combined CHC composition of both species [50]. Concomitantly with the colony odor acquisition there is template formation in the brain. Thus, the template formation is likely to become established during a critical period after emergence. Support for this type of template acquisition comes from the study of a mixed-species group, where the ants became familiar with the heterospecific odor and aggression towards the heterospecifics reflected gradation according to the degree of similarity [48,51]. However, unlike imprinting that is generally fixed, the template for nestmate recognition in ants does not remain fixed following initial acquisition, but is updated to match dynamic changes in the colony-specific CHC pattern [52,53]. Such continuous template reformation is analogous to the rewriting of stored learned memory [54]. In line with template acquisition through standard associative learning experiment is the report that workers of Pristomyrmex punctatus learn to associate CHCs of mutualistic Narathura japonica caterpillars with food rewards and, as a result, are more likely to tend to these caterpillars [55]. However, the workers do not perform such an associative learning of the CHCs of a non-ant-associated caterpillar such as the lycaenid, Lycaena phlaeas, even if rewarded artificially, which suggests that although ants have the ability for associative learning of CHC blends, it is still constrained by evolutionary factors. That response is contextual even under associative learning was demonstrated in the ant Camponotus aethiops that although learned to associate complex blend of hydrocarbons with food were still aggressive to ants bearing such a blend [56]. We suggest that similar associative learning of nestmate CHC by callow workers while being groomed or fed by trophallaxis may be involved in the formation of the primary template for nestmate recognition. Noteworthy, since callow workers do not have yet the full complement of CHC [57], the prefilter system is non-operative yet and therefore does not interfere with the primary template formation. Trophallaxis among mature nestmate workers following mutual antennation may also largely contribute to associative learning of the nestmates’ CHC odor, thereby both updating the template and consolidating it.





3. The Neuroanatomy of the Signal Perception and Deciphering Systems


As described above, nestmate recognition in ants is generally attained following physical antennal contact with the body surface of the encountering ant [10], although it was shown that in Camponotus floridanus perception of a non-nesmate hydrocarbon-blend can be attained also from a distance of about 1 cm without actual antennal contact with the ant surface [13]. This suggests that perception might involve contact chemosensilla, similar to the many gustatory sensilla common on the antennae of many insects, ants included. Such sensilla that are specifically sensitive to CHCs were described in Camponotus japonicus [27], but unlike the many gustatory sensilla that are characterized by a single top pore, the CHC sensilla have numerous tiny pores, which are characteristic of insect olfactory sensilla. These CHC sensilla are 4 μm in diameter and 20 μm length and are morphologically categorized as sensilla basiconica [58], and are abundantly distributed in the distal segments of the antennae in workers and queens but not in males [59]. The cuticular shafts of the CHC sensilla are perpendicularly oriented to the antennal surface, which facilitates chemical inspection of encountered objects. Stimulant molecules penetrate the cavity of the sensillum through these tiny pores, where they are trapped by olfactory receptor neuron (ORN)-specific receptor molecules located on the membrane of the dendritic processes of the ORNs.



In ants, as in many other insects, the highly hydrophobic pheromones are carried through the hydrophilic milieu bathing the ORNs through the mediation of lipophilic ligand-binding proteins. These include odorant-binding proteins (OBPs) [60,61] chemosensory proteins (CSPs) [62,63] and the recently reported Niemann–Pick type C2 protein (NPC2) [64]. The latter were found to accumulate in the CHC sensilla basiconica of the ant C. japonicus. The main CSP of C. japonicus workers, CjapCSP (CSP7 in [63]), dissolved in vitro the CHC components in buffer solution at the same ratio as the original CHC blends, indicating that also in vivo the protein conserves the colony-specific CHC composition that reaches the ORN [27]. Due to such transport fidelity, the constant transport of self-CHCs into the ORNs will specifically desensitize the respective ORN, whereas non-nestmate CHCs that sporadically reach the sensillar milieu will elicit a neural response in the ORN. The evidences that are either supportive or negative of the idea of sensillar desensitization with respect to nestmate recognition are discussed in the section that explains the prefilter hypothesis.



Ants constantly clean their antennae with a special antennal cleaner located in their front legs [65,66]. Cleaning is often accompanied by passing the front legs through the mouthparts, presumably to absorb the antennal CHC accumulated in the cleaner, but also possibly applying new CHC from the postpharyngeal gland (PPG). The importance of the antennal cleaning became evident in a recent study of the cockroach Periplaneta americana, revealing that the CHCs secreted onto the antennae are appropriately cleaned by self-grooming to maintain correct responsiveness of the olfactory sensilla [57]. Workers of C. japonicus, if prevented from self-grooming of the antennae, might not exhibit aggressive behavior, either towards nestmates or non-nestmate workers. It is suggested the need for the maintenance of the cuticular surface or outer microenvironment of the CHC sensillum by self-grooming in order to maintain proper functioning of the sensory prefilter system.



Upon perception, the generated neural signal reaches the brain via axonal projection from the ORN to the multiple glomeruli of the AL. The neural network is constructed in such a way that functionally identical ORNs, irrespective of their topology in the antenna, converge to the same glomerulus [67,68,69]. This enhances sensitivity while retaining the idiosyncrasy of the information. The total number of glomeruli in ant AL, e.g., about 460 in Camponotus floridanus [67] and 480 in C. japonicus [59], is much larger than in Drosophila melanogaster (43 glomeruli/AL) [70] and the honeybee Apis mellifera (170 glomeruli/AL) [71]. In workers of C. floridanus, the axonal terminals of the antennal ORNs group into seven glomerulus regions, T1-T7 [67]. It was further shown in C. japonicus that the ORNs derived from sensilla basiconica (the CHC sensilla) converge to the T6 region, which houses more than 30% of the total number of glomeruli in the AL [59]. In the glomeruli the olfactory information can be further processed by the local interneurons, after which it is transferred via projection neurons to a higher neural system, the mushroom bodies (MB) and the lateral horn (LH) [69]. Detailed studies, using fluorescent tracing, of the neuronal tracts from the AL to the higher brain in C. floridanus demonstrated that the projection neurons (PNs) with axons leaving the seven distinct glomerulus regions, T1-T7, target different areas in the MB calyx via medial (m-ACT) and/or lateral- antennocerebral tract (l-ACT); In C. floridanus, T1-T4 glomeruli are connected to two parts of the MB calix, called lp-II and lp-III; while T3 and T5-7 glomeruli are connected to both lp-I and lpII [67,68]. In contrast, a study in C. japonicus revealed that colony odor input from the basiconic sensilla converges into the T6 glomeruli [69], which, in turn, are connected to lp-I, while the non-T6 glomeruli are connected to lp-II. Thus, the information that converges into the T6 glomeruli is sent on to the MB-calyx and a special part of the LH (LH-II) through the m-ACT. This circuiting distinguishes the information regarding colonial identity from other olfactory information, which is mediated via glomerular regions other than T6 (non-T6 region).




4. The Neural Template Hypothesis: Putative Neural Mechanisms Underlying Nestmate Recognition


The neural template hypothesis posits that upon perception of the CHC, whether that of nestmate or non-nestmate, the perceiving sensilla send output nerve impulses to the brain where they form a temporary neural network that is compared to a preexisting neural network that constitutes the template.



The deciphering of recognition signals according to the neural template hypothesis comprises four steps of neuronal events: the first two steps involve the acquisition, via the sensory system, of qualitative and quantitative information regarding own colony CHC profile, and memory formation and storage of the gestalt colony CHC profile in a brain center, which constitutes the template. Neither colony odor nor the template are hard wired but may change with time. The subsequent two steps involve the acquisition of analytical information of the CHC profile of an encountered ant and its comparison with the preformed template at the higher brain-center, i.e., lateral horn or mushroom body. However, we cannot exclude the antennal lobes as possible decision-making site, in particular when rapid decision has to be taken, such as nestmate recognition [72]. In mice, females reject unfamiliar males based on memorization of the stud male pheromone, which takes place in a particular neuronal circuit of the accessory olfactory bulb, a primary olfactory center [73]. Hence, it is possible that also in ants the antennal lobes might also be responsible for learning and memory concerning with nestmate recognition as well as phenomena like the dear enemy effect. Since the CHC profile differences among conspecific workers are only quantitative (the proportion of each component within the blend), there must be a mechanism that translates these quantitative variations into specific neural circuits. We have little knowledge regarding either how the precise ratio of each CHC component in the blend is preserved in the nerve impulses outputted from the sensilla, or the means by which template comparison is attained.



As described above, a newly-eclosed adult ant presents a “clean slate”. It has only minute, close to zero, amounts of CHC [9,57], and presumably a very flexible template. The ability to compose mixed-species groups of ants reinforces the clean slate hypothesis [46]. However, the fact that phylogenetically distant species often fail to compose a mixed-species group, also indicate a possible innate, genetically predetermined, propensity for recognizing a specific CHC profile. An alternative explanation may be preimaginal learning of colony odor [74,75] and consequently a preformed template before adult emergence. Upon emergence the callow ants are groomed by their nestmate nurse-ants, thereby experiencing the first acquisition of nestmate CHC composition. It is assumed that template formation is then initiated. A few days post-emergence the ant starts both producing its own CHC and exchanging them with nestmates, acquiring the colony odor and concomitantly the “colony template”. The concomitant formation of the signal and the template suggests that the input and processing are likely to share the same neural routes from the peripheral olfactory organs to the central nervous system: first to the olfactory primary center, the ALs, and subsequently to the learning and memory center, the MB.



New ideas on how signature mixtures are processed by taking account of generalization of similar structures of odorant molecules have been proposed recently [76,77], but we are still far from understanding the neural mechanism underlying the comparative processing between the neural representations of the template and the encountered CHC odor information. Neural representation of the odor information provided by various CHC mixtures of nestmates and non-nestmates was studied using calcium imaging at the ALs of workers of C. floridanus [67,78]. The paired ALs of this species constitute the site where the axonal terminals of the ORNs expressing the identical ORNs derived from olfactory sensilla throughout the antennae converge, respectively. In each glomerulus, these ORNs transfer qualitatively identical neuronal signs to the projection neurons and interact with the local interneurons via synapsis. The imaging studies comprised comparative analyses of spatial patterns of neural activity in the glomeruli, when the antennae were stimulated with warmed vapors of nestmate or non-nestmate CHCs. This elicited spatial activity patterns distributed across different AL compartments, while the activity patterns in response to nestmate and non-nestmate colony odors were overlapping, as expected, because the CHC profiles of both are only qualitatively different. Moreover, the measured activity pattern variability was higher in response to repeated nestmate colony odor stimulation than to that from repeated non-nestmates, which may indicate neuronal plasticity within the olfactory system, a necessity for template reformation. It was further concluded that information regarding colony odors is processed in parallel by different neuroanatomical compartments, using the computational power of the entire AL network. Parallel processing might be advantageous, allowing reliable discrimination of highly complex social odors In C. japonicus the situation seems to be different. The projection neurons from the T6 and non-T6 regions terminate at different localities in the calyses of the MB and the LH, indicating that the role of the T6 glomerulus is different, presumably involved in social behavior like nestmate recognition [69].




5. The Pre-Filter Hypothesis for Explaining Nestmate Recognition


The prefilter hypothesis suggests that the CHC specific receptor neurons when chronically exposed to a specific CHC blend (that of a nestmate) undergo sensory adaptation and do not fire. Upon exposure of non-nestmate CHC adaptation is alleviated and firing occurs. It is suggested that this adaptation provides the first discriminatory step in nestmate recognition.



Upon encounter, ants exhibit prolonged antennation enabling access to the non- or barely-volatile CHCs. The uniqueness of the CHC sensillum lays in its action as an “olfactory contact sensillum”, due to its ability to perceive these long-chain hydrocarbons, which function as stimulus odorants for nestmate recognition in ants [24,25,26,27,28,29,79]. Electrophysiological response from a single CHC sensillum was successfully recorded using the tip-recording method that has been long been used for impulse recording from a single gustatory sensillum in many insect species [80]. Since the ant CHCs are water-insoluble, they were made soluble using a water-based solution containing a carrier protein, CjapCSP7 or Triton X-100 as mild detergent, and then contacted with the target sensillar tip, using a glass capillary recording electrode. The recorded impulse-arrays consisted of multiple, differently shaped impulse-units that originated from the different ORNs. If the receptor neurons within a sensillum, which assumes different functional roles depending on their unique receptor molecules, have adequate electrophysiological features, respectively, they are generally expected to exhibit their own shapes of impulse units, which draw distinguishable time courses of action potentials with each other. (It should be noted that even with the most sophisticated software [81], only up to 20 impulse units of different shapes can be distinguished from each other [81]).



Theoretically, the informational content of a recognition pheromone is translated to on and off combinations of impulse units that are generated by the total number of ORNs in a CHC sensillum, if those ORNs express functionally different CHC receptor genes, respectively, which in turn corresponds to the odotopes that are present in the perceived CHC blends. Indeed, electron micrographs indicated that each CHC sensillum houses 100–200 ORNs [27], enabling discrimination between 2100–200 qualitatively different CHC blends including unfamiliar (whether con- or heterospecific) ones, thus providing the sensilla with the potential for functioning as a nestmate recognition perception system [26]. As described above, the ORNs in the olfactory sensillum express specific olfactory receptor proteins, which correspondingly bind characteristic spectra of odotopes, i.e., submolecular structural features of odorants, in accordance with general principles of olfactory perception [82,83]. Putative odotopes present in ant CHCs constitute various lengths of carbon chains, unsaturated bonds including their geometric isomer and positions, methyl branches and their positions, chirality etc. Perception of the different odorants in a blend by the CHC sensillum can be complex. For example, a single odorant molecule that possesses multiple odotopes may stimulate multiple ORNs, while on the other hand several different odorants that share a common odotope, can stimulate the same ORN. This is in line with the general model of the combinatory molecules that may be deciphered by the odor receptors as scent described for both vertebrates and invertebrates [84,85,86]. Indeed, the ORNs in a CHC sensillum generate particular impulse units, in line with the above assumption. The magnitude of response of an ORN is represented by the firing frequency of such an ORN-specific impulse unit, which in turn depends on the receptor membrane potential evoked by the total effects of the stimulatory odotopes approaching the ORN-specific receptor protein. Thus, the recording of the impulse arrays generated by a particular single CHC sensillum includes multiple impulse units. Therefore, the firing frequencies of the ORN-specific impulse units derived from stimulated ORNs represent quantitative information regarding the stimulatory odotopes in the CHC blends, respectively.



The CHC sensilla of C. japonicus, when stimulated with a non-nestmate CHC blend, but not with a nestmate CHC blend, respond with complex firing patterns comprising several impulse units derived from multiple ORNs. Accordingly, we hypothesize that the CHC sensilla of C. japonicus workers act as a prefilter, through which the signal emanating from a nestmate worker is cut off at the peripheral level of this sensory system, whereas that emanating from a non-nestmate worker is passed on to the brain. In considering a putative mechanism for explaining the lack of response to the colony-specific nestmate CHC blend at least in C. japonicus, two facts should be taken into account: (1) There is high congruency between nestmate and self-CHC blends [27]; and (2) self-CHC continuously penetrate into the sensillar cavity, being preserved in the sensillar lymph at the original ratio in a CSP-bound form [27], and therefore continuously stimulate the CHC sensillar ORNs. Thus, we hypothesized that the CHC sensillar ORNs of worker ants undergo desensitization, or sensory adaptation through the continuous exposure to the self-CHC blend. The magnitude of the desensitization evidently depends on the relative amounts of the stimulant odotopes comprising the self-CHC blend (Figure 1). In the case of a nestmate blend there is good congruency both in the numbers and relative amounts of odotopes with those of the self-CHC blend. Blends of non-nestmates, on the other hand, differ at least in the relative proportions of these odotopes, thus eliciting a response, i.e., firing and transmitting the information to the brain. It is assumed that the amounts of CHC on the cuticle, at least within the same species, is near to equal or at least with very low variation, enabling an accurate assessment of the variation in the proportion of the various blend components [87]. Sensory adaptation, however, may not be the only mechanism. Results of a study with Camponotus floridanus where the temporal response of the ants that were habituated to a non-nestmate hydrocarbon blend fits with neural template reformation rather than sensory adaptation [88]. Further negating the sensory adaptation hypothesis was the findings that stimulating the ants with vaporized (by warming) nestmate CHCs elicited activation of antennal lobes [89]. It is possible that in C. floridanus the prefilter is not as efficient as in C. jponicus, and may be leaky similar to what was found for the supercolony-forming ant Formica yessensis [26]. Otherwise, it is possible that ants have two types of CHC sensilla; one is highly tuned to CHCs and the other is not, as was proposed by [38], which reconciles the discrepancy between the two studies.



The hypothetical phenomenon in a partially adapted ORN can be compared to light adaptation in a photoreceptor cell to constant background light [90]. The log intensity-response curve of a photoreceptor cell when adapting to a continuous background light indicates a decrease in the absolute sensitivity, but an increase in the sensory resolution, especially for additional intensity range. In analogy, we hypothesize that the CHC sensillar ORN that is desensitized by self-CHC blend-odotopes becomes non-responsive, both qualitatively and quantitatively, to nestmate blends, but will at the same time increase its sensory resolution for even a slight increase in any of the odotope quantities that occurs in a non-nestmate CHC blend (Figure 1). This hypothetical system, based on continuous adaptation to the self-CHC odor should enable the ants to discriminate non-nestmates from nestmates even on the basis of a small difference in CHC blends. An exception is when the opponent possesses lower amounts of each and every odotope in its CHC blend compared to the self-CHC blend, which is highly unlikely to occur.





[image: Insects 05 00722 g001 1024] 





Figure 1. Theoretical concentration-response curves in an adapted single chemoreceptor cell, calculated according to Beidler [91] equation of R/Rm = 1/(1 + C1/2/[S]), where R/Rm is relative response to the maximum response; C1/2 is mid-point concentration; [S] is the concentration of the stimulant. The concentration-response curves are drawn at various adapted states. As the ratio of a receptor activation/inactivation-dependent receptive membrane conductance to leak conductance, (rg/G, where r, number of functional receptor molecule; g, conductance change per activated receptor molecule; G, leak conductance at the receptive membrane) is changed to be 100, 90, 80, 70, 60, 50, 40, 30, 20, and 10% of that at the non-adapted state by sensory adaptation, C1/2 increases and responsiveness of the cell is reduced but the sensory resolution increases, especially for high concentration range. A dotted line follows mid-points of the theoretical concentration-response curves. Experimentally obtained mid-points in a variously adapted sugar taste receptor cell of the blowfly (a–h) are well fitted to the dotted line (Ozaki, unpublished work [92]). 
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We do not know what the molecular basis of sensory adaptation is in ants, but we assume it to be one of those described for other sensory systems: reversible receptor inactivation via phosphorylation by Rhodopsin kinase in the visual system [93,94]; by protein kinase C in the gustatory system [95]; and modulation of cAMP-gated channel or adenylate cyclase by Ca2+ in the olfactory system [96,97]. Regarding odor perception, it is worth reiterating that in C. japonicus the chemosensory protein CSP7 was able to solubilize CHC in a buffer solution is a blend-specific manner. This enabled the presentation of the exact blend penetrating the basiconic sensilla to the ORNs.



Upon perception, the informational content of the opponent’s CHC is qualitatively translated into a combination of impulse-units generated by the appropriate ORNs, as well as quantitatively through the frequency of every impulse unit, both of which are then transferred for further neural processes. Thus, a perfect prefilter system should block the information transfer of nestmate CHC blend to the AL, the primary olfactory center, and subsequently to the higher brain but not that of non-nestmates. Corroborating this hypothesis are electrophysiological recordings for at least two ant species indicating that stimulating the antennae with non-nestmate CHCs elicit firing of the ORNs, whereas when stimulated with nestmate CHCs the ORNs remain almost invariably silent [26,27]. In honeybees, it is known that odor concentration affects odor identity [98]. This raises the idea that responsiveness of the olfactory system for nestmate and non-nestmate discrimination in ants may be not only qualitatively- but also quantitatively-dependent on the CHC blend. In our investigation of C. japonicus, regardless of nestmate or non-nestmate CHC blend, both the magnitude of aggressive behavior and the number of workers showing aggressive behavior increased in a dose-dependent manner for a particular range of CHC amounts. However, mean value of the threshold CHC amount, which was defined as the CHC amount inducing aggressive behavior in 50% of test workers, was about one log unit higher for nestmate blend than for non-nestmate blend [99]. On the other hand, such a difference in the threshold CHC amount between supercolonymate and non-supercolonymate blends was a little less than one log unit [26]. Thus, it is hypothesized that if differences in threshold CHC amount between nestmate and non-nestmate blends are large, the discrimination ability should accordingly be high and vice versa. This evidently also depends on species. Moreover, it was suggested that individual variability of aggressiveness is not negligible and that experimental regulation of test CHC amount is important.




6. Behavior-Switching Threshold Hypothesis as Complementing the Sensory Prefilter Hypothesis


In some species, like C. japonicus, the prefilter functions very well at the sensory level, resulting in a clear-cut distinction of nestmate versus non-nestmate by the perceiving ant. However, as evident in the study of Formica yessensis, this pre-filtration might be incomplete. Workers of this supercolony-forming species exhibit strong aggression towards workers of other species (e.g., C. japonicus), but only moderately aggressive behavior towards conspecific heterocolonial workers (less than 50% of workers exhibit aggressive behavior), even lesser aggression (up to 20%) toward non-nestmates within their own supercolony (colony-mates), and no aggression at all among nestmates. However, a certain portion of the CHC sensilla (25%–30% of tested sensilla) responds even to nestmate CHC blend. Thus, the impulses elicited by the nestmate CHC blend reach the brain, but do not elicit any aggressive behavior. In order to explain this seeming discrepancy between neural activity and aggressive behavior, Kidokoro-Kobayashi et al. [26] hypothesized the existence of an aggressive-behavior-switching center in the brain that is switched on only by above-threshold neural activity. They further postulated that the low intensity of neural activity generated by stimulation with nestmate CHC is not sufficient to elicit aggressive behavior. In the case of F. yessensis, the behavioral data suggest that the behavior-switching center triggers aggressive behavior in an all or none manner. However, in other ant species the response may be modulated by experience or in a context-dependent manner, which may reset the threshold [95,96]. As described above, neuroanatomical studies with C. japonicus have suggested that the information from the CHC sensillar ORNs that converge to the T6 glomeruli (presumably conveying information pertaining to social phenomena) is sent on to the LH-II by projection neurons along the m-ACT, whereas information that converges to the non-T6 glomeruli (presumably conveying more general information) is sent on to the LH-I [69]. Subsequently, the information processed in the LH can be transferred to the descending neurons innervating the thoracic ganglion, which, in turn, could directly, or indirectly via interneurons, connect to motor neurons that may be involved in aggressive behavior, such as rushing leg movement or abdomen curling. Recently, odor- and pheromone-specific neural activity patterns have been successfully recorded from the honeybee LH [100], rendering it a good candidate for the hypothetical aggressive-behavior-switching center.



Another possible brain area for the aggressive-behavior switching center is that of the MB. In insects, the MB are important for olfactory learning and memory [101]. It was shown in Drosophila melanogaster, by transiently blocking synaptic transmission during the different phases of memory processing, that MB signaling is required during memory retrieval but not during acquisition or consolidation [102]. This suggests that MB signaling may be required for template storage or reforming but is less necessary for template acquisition or recognition signal/template matching. Moreover, a central element in olfactory decoding in insects is that of feedback signals from the MB to the AL [103]. We suggest that such a feedback loop may be involved in the plasticity and resettability of the aggressive-switching center. A neuronal pathway can be postulated. The T6 region can be considered to be a cross-road, where information passing through the prefilter, whether completely or partially, accumulates and is sent concomitantly to both the LH-II and to a special part of the MB calyx called the lp-I via m-APT.



The MB may also play a role in the context-dependent aggressive reaction often observed in ants. The information that is routed via the T6 glomeruli to the MB can be memorized as being associated with aggressive encounter. Such associative learning can probably be achieved, for example, through the perception of the CHC blends of non-nestmate neighbors, with which there is a high probability of encounter. It further enables the ant to respond to the CHC sensing in a context dependent manner, explaining why worker ants exhibit greater aggressive behavior toward familiar non-nestmates than unfamiliar non-nestmates (nasty neighbor effect) as reported in Pristomirmex pungens [104] and Cataglyphis fortis [105]. A resettable threshold can also accommodate the phenomenon of “dear enemy effect” [106,107]. In this case familiarity with the neighbors’ CHC through repeated encounters can result in raising the aggression-eliciting threshold, and although the different CHC blends can be perceived by the peripheral sensory system and sent to the central nervous system, the high threshold of the aggression-eliciting center will induce only a mild or no response. Thus, plasticity and resettability of the aggression-eliciting system seems to be highly adaptive.



Noteworthy is the finding that the threshold amount of a CHC blend for eliciting aggressive behavior may differ individually, as demonstrated in F. yessensis [26]. While it is possible that differences in the efficacy of the prefilter lie at the basis of such individuality, it is also possible that the behavior-switching threshold is subject to individual variation.




7. Concluding Remarks


Nestmate recognition is a pivotal phenomenon in social insects and the primary factor affecting colony cohesion and colony integration. In the social insects it is mediated by chemical signals that are colony specific. Since nestmate recognition is highly adaptive in the interactions among conspecifics, it imposes an evolutionary constraint on the nature of the signal, relying on quantitative (proportion of the signal components), rather than on qualitative variation (the occurrence of new compounds in the blend) in the signal. This dictates that the signal should be highly complex. Indeed, the CHC, the putative recognition signal in ants, comprises a very complex blend. Signal complexity has undoubtedly necessitated the evolution of an appropriately complex perception and deciphering neural system: a multiple receptor system to accommodate the multiple components in the blend and a sophisticated neural network to convey the information to the brain.



In terms of perception, the parsimonious solution for sensory integration is to possess a single sensillum that houses multiple receptors, to match the multiple compounds composing the signal. Evidence for such a solution emerged in the identification of the specific basiconic CHC sensillum [27]. Admittedly, this is only one case, and corroboration of this hypothesis must await further studies in additional social insect species.



In terms of deciphering the information, there are two hypotheses, which although seemingly contradictory may not be mutually exclusive and can occur in a species-specific manner. The first, classical hypothesis, is that of a neural template, at the core of which is that all the chemical information that reaches the peripheral sensory system (the antennae) is passed to the AL, where matching occurs. The alternative hypothesis posits that the peripheral system acts as a prefilter, transmitting only non-nestmate signals while blocking those of nestmates.



Evidence for a neural template has been provided from calcium imaging of the AL after stimulating the antennae with nestmate or non-nestmate CHC (made volatile by heating) [78,89]; but the results were equivocal. Another line of evidence comes from the dynamics in changes in behavior (nestmate recognition assay) after painting the ant’s antennae with either a nestmate’s or non-nestmate’s PPG secretion [88]. There was no change in the ant’s behavior within 2 hours post-treatment, whereas after 15 hours the treated ant’s behavior had changed as predicted: showing no aggression either towards its natural nestmates or towards nestmates of the ants from which the PPG secretion had been taken (originally non-nestmate). The authors concluded that such dynamics exclude the possibility of sensory adaptation at the antennal level and are in line with a neural template reformation.



Evidence for the prefilter hypothesis comes from the results of single sensillar recording from the CHC sensillum. While firing when stimulated with non-nestmate CHC (delivered directly onto the target sensillum as a CHC solution made soluble in buffer using a CSP carrier protein or Triton × emulsifier), it remained silent when stimulated with nestmate CHC solution. To ensure that the phenomenon observed was not the result of some feedback arising from the brain (e.g., the AL) this experiment was repeated with excised antennae, and gave the same results. The involvement of the brain, according to the prefilter hypothesis, is thus not by a matching/mismatching between signal and template but by comprising a threshold-dependent behavior-switching center, the location of which is postulated to be either in the LH or the MB. The AL accordingly serves to accumulate and amalgamate the sensory output from the antennae, rather than having a discriminatory function.



In conclusion, the process of deciphering nestmate signaling seems to be complex one and presents a challenge to neurobiologists as well as social insect researchers.
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