

[image: image1]
Social Evolution With Decoupling of Multiple Roles of Biogenic Amines Into Different Phenotypes in Hymenoptera












	 
	REVIEW
published: 13 May 2021
doi: 10.3389/fevo.2021.659160





[image: image]

Social Evolution With Decoupling of Multiple Roles of Biogenic Amines Into Different Phenotypes in Hymenoptera

Ken Sasaki1*, Yasukazu Okada2, Hiroyuki Shimoji3, Hitoshi Aonuma4, Toru Miura5 and Kazuki Tsuji6

1Graduate School of Agriculture, Tamagawa University, Tokyo, Japan

2Department of Biological Sciences, Tokyo Metropolitan University, Hachioji, Tokyo, Japan

3Department of Bioscience, School of Science and Technology, Kwansei Gakuin University, Nishinomiya, Japan

4Research Center of Mathematics for Social Creativity, Research Institute for Electronic Science, Hokkaido University, Sapporo, Japan

5Misaki Marine Biological Station, School of Science, The University of Tokyo, Kanagawa, Japan

6Department of Agro-Environmental Sciences, Faculty of Agriculture, University of the Ryukyus, Okinawa, Japan

Edited by:
Patrizia d’Ettorre, Université Paris 13, France

Reviewed by:
Abraham Hefetz, Tel Aviv University, Israel
David Baracchi, University of Florence, Italy

*Correspondence: Ken Sasaki, sasakik@agr.tamagawa.ac.jp

Specialty section: This article was submitted to Social Evolution, a section of the journal Frontiers in Ecology and Evolution

Received: 27 January 2021
Accepted: 21 April 2021
Published: 13 May 2021

Citation: Sasaki K, Okada Y, Shimoji H, Aonuma H, Miura T and Tsuji K (2021) Social Evolution With Decoupling of Multiple Roles of Biogenic Amines Into Different Phenotypes in Hymenoptera. Front. Ecol. Evol. 9:659160. doi: 10.3389/fevo.2021.659160

Convergent evolution of eusociality with the division of reproduction and its plastic transition in Hymenoptera has long attracted the attention of researchers. To explain the evolutionary scenario of the reproductive division of labor, several hypotheses had been proposed. Among these, we focus on the most basic concepts, i.e., the ovarian ground plan hypothesis (OGPH) and the split-function hypothesis (SFH). The OGPH assumes the physiological decoupling of ovarian cycles and behavior into reproductive and non-reproductive individuals, whereas the SFH assumes that the ancestral reproductive function of juvenile hormone (JH) became split into a dual function. Here, we review recent progress in the understanding of the neurohormonal regulation of reproduction and social behavior in eusocial hymenopterans, with an emphasis on biogenic amines. Biogenic amines are key substances involved in the switching of reproductive physiology and modulation of social behaviors. Dopamine has a pivotal role in the formation of reproductive skew irrespective of the social system, whereas octopamine and serotonin contribute largely to non-reproductive social behaviors. These decoupling roles of biogenic amines are seen in the life cycle of a single female in a solitary species, supporting OGPH. JH promotes reproduction with dopamine function in primitively eusocial species, whereas it regulates non-reproductive social behaviors with octopamine function in advanced eusocial species. The signal transduction networks between JH and the biogenic amines have been rewired in advanced eusocial species, which could regulate reproduction in response to various social stimuli independently of JH action.
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INTRODUCTION

Eusociality in insects, characterized by sophisticated division of labor among group members, is assumed to have evolved convergently from non-eusocial ancestors in an individual taxon such as Hymenoptera (bees, wasps, and ants), Blattodea (termites), Hemiptera (aphids), Thysanoptera (thrips), and Coleoptera (beetles) (reviewed by Berens et al., 2015; Toth and Rehan, 2017; Costa, 2018). The insect eusociality is defined by cooperative brood care, overlapping generations between the parent and adult offspring, and a reproductive division of labor (castes) (Wilson, 1971). Based on the stability of castes and the degree of morphological dimorphism between castes, eusociality in Hymenoptera is further divided into three groups: facultative, primitive and advanced eusociality (Hunt, 2012). Facultative eusociality is characterized by a flexible presence in the non-morphological castes. In primitive eusociality, the non-morphological castes are always present, and behaviorally distinct and plastic, whereas advanced eusocial organisms with rigid morphological castes probably originated from primitive eusociality (Hunt, 2012; Jandt and Toth, 2015; Toth and Rehan, 2017).

To explain the evolutionary process of eusociality from solitary to advanced eusociality in Hymenoptera, several mechanistic hypotheses for social evolution have been proposed (West-Eberhard, 1996; Robinson and Vargo, 1997; Hunt, 2007; Jandt and Toth, 2015). We introduce two evolutionary hypotheses involved in reproductive physiology. First is the ovarian ground plan hypothesis (OGPH), which focuses on the physiological decoupling of ovarian cycles and behavior into reproductive and non-reproductive states (West-Eberhard, 1996). This hypothesis comprises three components. The first is a proposed cycle of ovarian activity in a solitary ancestor of the social species. The second is the context-dependent expression of alternative behaviors from a single genotype (phenotypic plasticity) that can occur among females that nest together, each with a solitary ovarian ground plan. The third is the evolution of a switch-like mechanism that regulates phenotypic expression into two castes: queens and workers (West-Eberhard, 1996; Hunt, 2007). This hypothesis predicts that physiological characteristics related to caste-specific behavior in eusocial species are similar to those of reproductive and non-reproductive behavior in a single female in a solitary species (West-Eberhard, 1996; Jandt and Toth, 2015; Trumbo, 2018). A related hypothesis termed the reproductive ground plan hypothesis (RGPH) posits that the regulation of the division of labor among workers arose from a further split of solitary gene networks related to reproduction (Amdam et al., 2004; Amdam and Page, 2010). The present paper discusses the evolutionary process of the reproductive division of labor from solitary to advanced eusociality, which is more related to OGPH than RGPH.

Second is the split-function hypothesis (SFH) that focuses on the function of juvenile hormone (JH) (West-Eberhard, 1996; Robinson and Vargo, 1997; Jandt and Toth, 2015). JH is a hemolymphatic hormone released from corpora allata and is well known as a key factor regulating the female reproductive state in solitary insects (Nijhout, 1994; Hartfelder, 2000; Raikhel et al., 2005; Jindra et al., 2013). In primitive eusocial Hymenoptera, including paper wasps and bumble bees, JH promotes ovarian development and egg-laying behavior as well as solitary species (Robinson and Vargo, 1997; Tibbetts et al., 2011a; Shpigler et al., 2014; Figure 1). In contrast, in advanced eusocial species, including honey bees and ants, high JH titer is associated with an age-related behavioral shift from nursing to foraging (Robinson and Vargo, 1997; Bloch et al., 2009; Figure 1). These findings lead to the suggestion that JH function has shifted from a gonadotropin to a behavioral regulator in workers during the social evolution. The SFH assumes that the ancestral reproductive function of JH became split into a dual function, regulating reproduction in queens and behavioral division of labor among workers (i.e., nest construction, nursing, defense, and foraging), and in advanced eusocial species, the reproductive function of JH might have been lost. Therefore, this hypothesis predicts that JH regulates reproduction only in solitary species, and regulates both reproduction and division of labor among workers in primitive eusocial species (West-Eberhard, 1996; Jandt and Toth, 2015).
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FIGURE 1. Roles of dopamine and juvenile hormone in reproductive females in Hymenoptera. A phylogenetic tree based on Gullan and Cranston (2014) is modified. Possible non-monophyletic families are shown in quotes on a dashed branch. Families containing eusocial species are indicated in red. In this figure, evidence of correlation and causal relationships are extensively evaluated. Correlation between dopamine levels in the brains and reproduction (DA-Rep.), and between juvenile hormone titers in hemolymph and reproduction (JH-Rep.) are indicated as positive (•), negative (×), and neutral (–). Effects of dopamine (DA Rep. Ef.) and juvenile hormone (JH Rep. Ef.) on reproduction, the relation of juvenile hormone with age polyphenism (JH Age Po.) are also indicated. Ad: advanced eusocial, Pr: primitively eusocial, So: solitary and facultatively eusocial (Bohm, 1972; Bell, 1973; Barth et al., 1975; Röseler, 1977; Robinson et al., 1992; O’Donnell and Jeanne, 1993; Sommer et al., 1993; Harris and Woodring, 1995; Robinson and Vargo, 1997; Bloch et al., 2000; Pinto et al., 2000; Boulay et al., 2001; Sasaki and Harada, 2020; Agrahari and Gadagkar, 2003; Brent and Vargo, 2003; Dombroski et al., 2003; Cuvillier-Hot et al., 2004; Giray et al., 2005; Brent et al., 2006; Cuvillier-Hot and Lenoir, 2006; Sasaki et al., 2007, 2009; Penick et al., 2011; Tibbetts et al., 2011b; Wasieleski et al., 2011; Tibbetts et al., 2013a; Smith et al., 2013; Amsalem et al., 2014; Kelstrup et al., 2014a; Kelstrup et al., 2014b; Penick et al., 2014; Shpigler et al., 2014; Kelstrup et al., 2015, 2017; Okada et al., 2015; Kapheim and Johnson, 2017; Sasaki et al., 2017; Tsuchida et al., 2020; Yoshimura et al., 2021).


To re-evaluate the SFH and OGPH, we focus on the substances that directly regulate neural activities for social behavior. Social behavior is largely regulated by several types of interaction among colony members (e.g., dominance interactions, pheromones, or trophallaxis). These stimuli are neurally inputted as multimodal sensory signals and processed in the central nervous system (CNS). The behavioral outputs are adaptively plastic, depending on the colony status. Therefore, the neural process–behavioral output pathway might not be as fixed as expected, but instead be flexibly selected from available multiple pathways or combined multiple pathways in the CNS by neural modifiers. One such group of neural modifiers is the biogenic amines. Biogenic amines are neuroactive substances that elicit certain behaviors and physiological states and are widely conserved among vertebrates and invertebrates. They have roles as neurotransmitters (acting on a synapse), neuromodulators (acting on local neural circuits), and neurohormones (hormonal function in remote tissues) in both the peripheral nervous system and CNS (Evans, 1980; Roeder, 2005; Lange, 2009). Thus, they are probably the fundamental factors mediating social interactions and the output of social behaviors.

Recently, there has been a significant increase in the number of physiological studies on social behaviors (especially in social hymenopterans) and the results have suggested the regulatory mechanisms of biogenic amines together with roles of JH and environmental factors. Therefore, here we integrate recent data on biogenic amines and other factors to highlight connections between biogenic amines and social behavior in eusocial hymenopterans, leading to an improved understanding of social evolution.



REPRODUCTIVE DIVISION OF LABOR AND WORKER REPRODUCTION

The reproductive division of labor is fundamental to the organization and evolution of insect societies. In primitive eusocial hymenopterans, the caste fate can be mainly determined at the adult stage, with a pre-imaginal bias generated at the larval stage (O’Donnell, 1998; Berens et al., 2015). In Polistes wasps, the cues related to caste determination during the pre-imaginal stage include levels of larval nutrition and frequency of vibrational stimuli (O’Donnell, 1998; Suryanarayanan et al., 2011). The cues during the adult stage are the presence of a queen and photoperiods (Bohm, 1972; Solís and Strassmann, 1990; Yoshimura et al., 2021).

In advanced eusocial societies, including honey bees, stingless bees, and most ants, reproduction is strongly biased toward queens. Queens have a high reproductive ability relative to workers, which are either sterile or have low reproductive potential. Caste-specific developmental pathways depending on the nutritional condition during the larval stages might, to some degree, result in two adult phenotypes (Wilde and Beetsma, 1982; Asencot and Lensky, 1988; Kamakura, 2011; Leimer et al., 2012; Corona et al., 2016) and a specialized adult brain that is morphologically and physiologically adapted to the performance of caste-specific behavioral tasks (Snodgrass, 1956; Michener, 1974; Arnold et al., 1988; Groh and Rössler, 2008). How the caste-specific behaviors are physiologically regulated is an important issue in the reproductive division of labor in social insects. The details of such caste-specific physiology would provide us with a key to further our understanding of social evolution.


Reproductive Function of JH

In primitive eusocial Hymenoptera, JH promotes ovarian development and egg-laying behavior at adult stages as well as in solitary species (Raikhel et al., 2005; Tibbetts et al., 2011a; Shpigler et al., 2014). Whereas, in advanced eusocial species, JH inhibits the synthesis of a precursor of egg yolk vitellogenin or does not affect ovarian development (Robinson and Vargo, 1997; Pinto et al., 2000; Bloch et al., 2009; Figure 1). These findings well fit the SFH that the ancestral reproductive function of JH became split into a dual function, regulating reproduction in queens and behavioral division of labor among workers. In contrast, this evidence does not support the OGPH, because JH reproductive function is no longer conserved in reproductive individuals in advanced eusocial species. In advanced eusocial species, it is expected that other substances instead of JH may drive cascades of ovarian development for reproduction.



Caste-Specific Behaviors Mediated by Biogenic Amines

Queen-worker differences in dopamine levels in the brain have been reported in several species including the bumble bee Bombus ignitus (Sasaki et al., 2021) and the honey bee Apis mellifera (Brandes et al., 1990; Sasaki et al., 2012, 2018), but not found in some ants (e.g., Formica japonica, Aonuma and Watanabe, 2012a). In the bumble bee, the dopamine levels in the brains of emerged queens (gynes) are approximately two times higher than in emerged workers (Sasaki et al., 2021). The levels of the precursor and metabolite of dopamine are also higher in queens, suggesting the upregulation of the synthetic pathway of dopamine in the brain of the queen. In the honey bee, the dopamine levels in the brains of virgin queens were 3.5–7 times higher than that in the same aged workers (Sasaki et al., 2012, 2018). The caste differences in dopamine levels in the brain occur during pupal stages with upregulation of gene expression of enzymes involved in dopamine biosynthesis (Sasaki et al., 2018). From the larval stage to the adult stage, nurse bees provide queens with food known as “royal jelly,” which contains the dopamine precursor tyrosine (Haydak, 1970; Liming et al., 2009). Artificial feeding of royal jelly during the larval stage increases tyrosine flow with an elevation of catecholamines including dopamine in the brain of queen-like adult females (Sasaki and Harada, 2020).

In honey bees, the high levels of dopamine in both brain and hemolymph in virgin queens can contribute to the enhancement of fighting with rival nestmate queens (Farkhary et al., 2017; Sasaki and Harada, 2020), locomotor activities (Harano et al., 2008), and flight activities (Farkhary et al., 2019), which could lead to active mating flight. In the fire ant, Solenopsis invicta, virgin queens shed their wings (dealation) and lay unfertilized male eggs in response to their isolation from nestmates. The isolated virgin queens have higher dopamine levels in their brains than the same aged non-isolated virgin queens (Boulay et al., 2001). The inhibition of tyrosine hydroxylase for dopamine biosynthesis reduced egg production, whereas restoring dopamine biosynthesis with a dopamine precursor restored oogenesis and oviposition, suggesting that dopamine promotes reproduction (Boulay et al., 2001). Thus, dopaminergic activities seem to be one of the conserved physiological characteristics in the brain of the reproductive caste in bees and ants, although more evidence is required in other species across multiple levels of eusociality.



Worker Reproduction and Dominance Hierarchy Among Females

In many advanced eusocial hymenopterans, workers cannot mate despite retaining functional ovaries and producing unfertilized eggs that develop parthenogenetically into males. Although workers are usually infertile with inactivated ovaries in the presence of a queen, worker reproduction frequently occurs in the absence of queens. Even in facultative and primitive eusocial species, subordinate reproduction can be suppressed behaviorally and pheromonally by dominant females in a similar way to the suppression of worker reproduction in advanced eusocial species. Recent literature suggests consistently that brain dopamine is involved in the behavioral and physiological transitions of non-reproductives to reproductives in several lineages (Figures 1, 2). Dopamine levels in the brains are positively correlated with the reproductive states of workers in bumble bees (B. terrestris: Bloch et al., 2000; B. ignitus: Sasaki et al., 2017), paper wasps (Polistes chinensis: Sasaki et al., 2007; Polistes jokahamae: Yoshimura et al., 2021), the honey bee A. mellifera (Harris and Woodring, 1995; Sasaki and Nagao, 2001), and reproductive females (gamergates) in ant species that retain totipotent workers (Harpegnathos saltator, Penick et al., 2014; Diacamma sp., Okada et al., 2015; Figure 1). Experimental manipulations using dopamine suggested gonadotropic functions and activation of ovaries in workers of A. mellifera (Dombroski et al., 2003), P. chinensis (Sasaki et al., 2009), and Diacamma sp. (Okada et al., 2015). The combination of this correlative evidence with the experimental evidence suggests that the reproductive function of dopamine is shared among several species in multiple eusocial lineages in Hymenoptera.
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FIGURE 2. Factors affecting increases in biogenic amines in the brain during the transition of non-reproductives to reproductives in Hymenoptera. Purple boxes indicate environmental factors. Dashed lines indicate hypothetical pathways. DA: dopamine, OA: octopamine, TA: tyramine, 5HT: serotonin. In this summary, “queen” and “queenless” are used in a broad sense to include functional queens in ants (i.e., gamergates).


The gene expression of dopamine receptors in the brains or ovaries of reproductive workers can be influenced by queen substances in A. mellifera (Beggs et al., 2007; Vergoz et al., 2012) and by isolation from interactions with nestmates in H. saltator (Penick et al., 2014) and Diacamma sp. (Okada et al., 2015; Shimoji et al., 2017; Figure 3). In the honey bee, two dopamine receptor genes, Amdop1 (DopR1) and Amdop2 (DopR2) decrease in the brains of reproductive workers (Vergoz et al., 2012; Figure 3). Since the expression of Amdop1 and Amdop2 in the brains of virgin queens are lower than in normal workers (Sasaki et al., 2018), the downregulation of these genes in reproductive workers suggests a transition to a queen-like state. In a monomorphic ant Diacamma, D1-like (human dopamine receptor subtype 1-like) receptor genes (dopr1 and dopr2) are abundant in fat bodies of gamergates (Okada et al., 2015), suggesting that the fat body is a potential target of dopamine to stimulate vitellogenin (Vg) synthesis for ovarian activation (Figure 3). Thus, the expression of dopamine receptors in the brains and peripheral organs involved in ovarian development supports the gonadotropic neurohormonal function of dopamine.
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FIGURE 3. Gene expression of dopamine receptors in the brain and peripheral tissues of reproductive workers. Red: Apis mellifera, blue: Harpegnathos saltator, green: Diacamma. sp. The expression levels of receptor genes are based on Vergoz et al. (2012); Penick et al. (2014), and Okada et al. (2015). In this summary, “queen” and “queenless” are used in a broad sense to include functional queens in ants (i.e., gamergates).


Although dopamine has a predominant gonadotropic function across taxa, brain tyramine might also promote reproduction with dopamine in workers in the honey bee. The levels of brain tyramine in worker honey bees increase with dopamine in response to the removal of a queen (Sasaki and Nagao, 2002). The oral application of tyramine can inhibit flying for foraging (Schulz and Robinson, 2001; Fussenecker et al., 2006) and promote ovarian activity (Sasaki and Harano, 2007) and the production of queen-like pheromones by Dufour’s gland and the mandibular glands (Salomon et al., 2012). In the paper wasp P. jokahamae, the long-day photoperiod condition increases the tyramine level in the brain and causes the initiation of ovarian development (Yoshimura et al., 2021). In this paper wasp, the levels of tyramine and dopamine in the brains are correlated with ovarian development (Yoshimura et al., 2021). Thus, mediation by both dopamine and tyramine, which have a common precursor tyrosine, suggests the involvement of tyrosine in ovarian activation. Later in this article, we focus on current advances in understanding the environmental and physiological regulation of dopamine, as a pivotal orchestrator of reproductive physiology and behavior.



Social Factors Affecting Dopamine Levels in the Brain

Determining the regulatory mechanisms underlying an increase in brain dopamine depending on the social environment is important for understanding the regulation of reproduction in eusocial species. Several pioneering studies have begun to elucidate various environmental and social factors involved in the regulatory mechanisms (Beggs et al., 2007; Penick et al., 2014; Matsuyama et al., 2015; Shimoji et al., 2017). Behavioral interactions (dominance interaction), pheromonal signals (queen substances), and nutrition (food intake) are plausible candidates in the influence of brain dopamine levels that control reproductive states (Figure 2).


Dominance Interaction

In behavioral interactions, aggressive behavior can influence reproductive states among females. In primitive eusocial species, social ranks including pre-contest assessment behavior and reproductive states are associated with JH titer (Röseler, 1977; Giray et al., 2005; Tibbetts et al., 2013b; Tsuchida et al., 2020). Given that dopamine is also related to reproductive states in primitive eusocial species (Bloch et al., 2000; Sasaki et al., 2007, 2017; Yoshimura et al., 2021), a relationship between JH and dopamine is expected. In fact, the application of JH can enhance the dopamine levels in the brain of workers in the paper wasp P. chinensis (Tsuchida et al., 2020). In contrast, the reproductive roles of JH have been lost in several advanced eusocial species (Figure 1; Robinson and Vargo, 1997; Bloch et al., 2009), such that other substances downstream of JH, including dopamine, might have a function in promoting reproduction.

In the ant H. saltator, after being subjected to aggressive behaviors by nestmates, workers have lower dopamine levels in their brains compared with those nestmates (Penick et al., 2014). In Diacamma sp., dominant workers that aggress other workers have higher dopamine levels in their brains compared with lower-ranked subordinate workers (Shimoji et al., 2017). Such subordinate workers have elevated levels of brain dopamine after isolation from the dominant workers and thus are no longer subjected to attack. These observations suggest that dopamine in the brain is regulated by aggressive behavior (Shimoji et al., 2017; Figure 2). The level of dopamine increases in the brain of the winner of an aggressive interaction to activate her ovaries, whereas the loser decreases the level of brain dopamine to suppress ovarian activation. If the brain dopamine level or the ovarian activity positively influences their aggressiveness, a positive feedback process can finally lead to the monopolization of reproduction by a particular female. However, physiological factors determining the level of aggressiveness in dominance interactions are yet to be investigated.



Queen Substances

Queen substances can control worker behavior and physiology in advanced eusocial bees as pheromonal signals. In the honey bee, a queen pheromone, homovanillyl alcohol (HVA), can reduce brain dopamine levels (Beggs et al., 2007). HVA has the potential to bind a dopamine receptor (AmDOP3) and to act as an agonist (Beggs and Mercer, 2009). HVA can control brain dopamine in two ways: the first is the detection of HVA by antennae and the resulting transmission of neural signals to influence brain dopamine; the second is via the oral intake of HVA so that it can act directly on the dopaminergic systems in the brain via the hemolymph (Figure 2). The former is supported by results showing the neural processing of chemosensory signals from queen substances in the antennal lobes (Carcaud et al., 2015). Another component of queen substances in the honey bee, (2E)-9-oxodecenoic acid (9ODA), also has important functions to inhibit ovarian activation in workers and is detected by antennae with particular odorant receptors and transduced as neural signals (Wanner et al., 2007). Although novel, the latter mechanism requires more evidence. Given that other chemicals (e.g., cuticular hydrocarbons) that can be sensed by antennae are used as queen substances in other hymenopteran species (e.g., Van Oystaeyen et al., 2014), the detection of queen substances by the antennae might be a common pathway (d’Ettorre et al., 2004), whereas the oral intake of queen substances might be an additional mechanism in the honey bee.



Food Intake

Food consumption is influenced by the presence of a queen and her brood in a colony and affects the supply of precursors of biogenic amines. In the honey bee, royal jelly contains tyrosine, which is a common precursor of dopamine, tyramine, and octopamine, although tyrosine is not the most abundant of the 26 amino acids that are contained in royal jelly (Townsend and Lucas, 1940; Haydak, 1970; Liming et al., 2009). Royal jelly is normally fed by nurse bees to the queen and larvae in the queenright colony, whereas, in queenless colonies without broods, it can be shared among nurse bees that can become reproductive individuals. Therefore, reproductive individuals in queenless colonies might ingest a relatively large amount of tyrosine by consuming royal jelly-like food. This intake of tyrosine can enhance the levels of brain dopamine and tyramine in queenless workers and accelerate their transition from normal workers to reproductive individuals (Matsuyama et al., 2015; Figure 2). This mechanism might operate not only in honey bees but also other social insects in which the brain dopamine levels either increase slowly in the absence of a queen or are maintained at a high level during reproduction. These species require nutrition for ovarian activation, with supplies of dopamine precursors. Thus, dopamine metabolism and signaling appear to have a pivotal role in the formation of reproductive skew across various social systems, i.e., from primitive societies in which physical interaction among monomorphic females regulates the reproductive division of labor to advanced societies where pheromones control it remotely.




Reproductive Function of Dopamine in Solitary Insects

The reproductive function of dopamine in solitary insects is a prerequisite for assuming dopamine as the core physiological system in OGPH. The OGPH assumes that ancestral solitary species possess functional aminergic systems for both reproductive and non-reproductive activities. The OGPH predicts that one functional system for reproduction expresses in reproductive females, the other non-reproductive system occurs in workers. Reproductive females in primitive and advanced eusocial hymenopterans seem to possess the dopaminergic system for reproduction as mentioned above.

Reproductive functions of the dopamine in females of solitary insects have been reported in Blattodea (cockroach Blattella germanica: Pastor et al., 1991), Hemiptera (linden bug Pyrrhocoris apterus: Chvalova et al., 2014; plant bug Lygus hesperus: Brent et al., 2016), Coleoptera (red flour beetle Tribolium castaneum: Bai and Palli, 2016), and Diptera (fruit fly Drosophila melanogaster: Neckameyer, 1996; Pendleton et al., 1996; mosquito Anopheles gambiae: Fuchs et al., 2014). In these species, dopamine accelerates ovarian development and egg-laying behavior, often in a nutrition-dependent manner. In A. gambiae, the inhibition of tyrosine (a precursor of dopamine) supply causes a decrease in oviposition rate, fecundity, and egg hatching rate (Fuchs et al., 2014). In T. castaneum, the knockdown of the dopamine D2-like receptor gene leads to a reduction in vitellogenin accumulation in developing oocytes and an inhibition of JH-regulated remodeling of follicular epithelium, suggesting a dopamine function of ovarian maturation with JH mediation (Bai and Palli, 2016). In D. melanogaster, sexually mature females express higher D1-like receptor (DopR) in the fat body than young immature females (Gruntenko et al., 2012). This expression pattern of the D1-like receptor in the fat body is similar to that in the ant Diacamma (Okada et al., 2015). Dopamine also regulates mating behavior in D. melanogaster (Wicker-Thomas and Hamann, 2008). Dopamine production regulated by JH has been reported in the brains of females in D. melanogaster (Argue et al., 2013) and L. hesperus (Brent et al., 2016). Thus, the reproductive function of dopamine is shared among solitary species across different orders and could be an ancestral character as a functional system to promote reproduction with JH.




DIVISION OF LABOR AMONG WORKERS

Workers change their tasks depending on their age, size, and/or morphology in the primitive and advanced eusocial hymenopterans. In contrast to the age-related division of labor which has been extensively studied in the honey bee, little is known about endocrine influences on the size-related division of labor that is seen commonly in ants and bumble bees. The size and morphology of workers performing different tasks are determined by developmental processes during the larval and pupal stages. Therefore, the size-related or morphological division of labor might be based on the particular physiological state of each subcaste after eclosion and can be modified by the states changing with age.


JH Function Regulating Age-Related Division of Labor

The physiological basis of the age-related division of labor has been studied extensively in honey bees. Younger bees perform tasks inside the nest, such as feeding larvae, constructing and maintaining the nest, and processing honey, whereas older bees guard the nest and forage (Winston, 1987). The onset of foraging in honey bees is linked to the action of JH (Robinson and Vargo, 1997; Bloch et al., 2009). JH titers in honey bee workers normally increase with age. Foraging worker bees have higher hemolymphatic JH titers than bees working in the nest. Treatment of young bees with methoprene, a JH analog, results in the initiation of foraging earlier in life. JH is produced in the corpora allata, paired secretory glands located close to the brain (Nijhout, 1994). Removal of the corpora allata resulted in bees that were able to initiate foraging although they were delayed in their foraging onset (Sullivan et al., 2000). These results not only demonstrate an effect of JH on age at onset of foraging but also show that JH is not necessary for the initiation and maintenance of foraging behavior. Therefore, it is likely that foraging onset in worker bees is governed by redundant control mechanisms. Such a JH function regulating the age-related division of labor has been reported in other advanced eusocial species such as the paper wasp Polybia occidentalis (O’Donnell and Jeanne, 1993) and some ants (Diacamma: Sommer et al., 1993; Harpegnathos saltator, Penick et al., 2011; Figure 1).

The JH function promoted foraging, including sugar response and learning has been reported in the solitary bee Nomia melanderi (Kapheim and Johnson, 2017) and the primitive eusocial paper wasp Polistes canadensis (Giray et al., 2005) and Synoeca surinama (Kelstrup et al., 2014b; Figure 1). Studies in the primitive eusocial species seem to support the SFH assuming the ancestral reproductive function of JH became split into a gonadotropin and a regulator of worker foraging in the primitive eusocial species. However, a study in N. melanderi did not support the SFH, because the hypothesis does not assume the ancestral foraging function by JH, rather this foraging function of JH supports the OGPH (Kapheim and Johnson, 2017). Therefore, the conclusion that the evolutionary process of the JH function shifted from a gonadotropin to a regulator of worker foraging is still controversial.



Social Behaviors and Physiology Mediated by Biogenic Amines


From Nursing to Foraging

Although nursing is a major task for workers in the nest, a clear involvement of biogenic amines in enhancing brood care has not been reported in hymenopterans, and increased levels of amines are more likely to be associated with extranidal tasks. An example of amine involvement in intranidal task regulation in honey bees could be tyramine and octopamine involvement in thermoregulatory fanning in the nest (Cook et al., 2017). The nursing behavior of worker honey bees occurs under lower levels of octopamine, dopamine, and serotonin, which increase in the brain with age under queenright conditions (Taylor et al., 1992; Schulz and Robinson, 1999). Interestingly, such age-related increases in these amines in the brains of workers are also observed in some ants, including Pheidole (Seid and Traniello, 2005), Diacamma (Okada et al., 2015), and the jumping ant Harpegnathos (Penick et al., 2014). For example, in Pheidole dentata, serotonin modulates minor worker responsiveness to trail pheromones (Muscedere et al., 2012). These facts suggest that the age-dependent increase in octopamine, dopamine, and serotonin is a shared pattern in worker behavioral ontogeny, at least in the honey bee and ants.

Octopamine in the brain is enhanced by JH and promotes foraging behaviors in the honey bee (Schulz and Robinson, 2001; Schulz et al., 2002). Octopamine can enhance the responses of nestmate recognition with aggression and learning in workers (Robinson et al., 1999; Farooqui, 2012), which could support guarding behaviors initially and then foraging behaviors that require learning and memory. Octopamine also mediates the persistent modulation of associative learning and memory induced by an attractive pheromone component geraniol (Baracchi et al., 2020). Expression of a gene encoding the octopamine receptor (Amoctβr3/4) changes with age rather than with social task, whereas that of Amoctαr1 correlates with social tasks (Reim and Scheiner, 2014). Octopamine can also enhance sugar responses in the proboscis extension of the honey bee (Scheiner et al., 2002) and the stingless bee Melipona scutellaris (McCabe et al., 2017), which is a behavioral modulation for foraging characteristics. In fact, octopamine increases individual foraging effort and collective food source exploitation in the neotropical stingless bee Plebeia droryana (Peng et al., 2020). In terms of foraging behaviors, brain levels of octopamine are higher in dancing honey bees than in those that follow them, and octopamine selectively increases the reporting of resource value in dances by foragers (Barron et al., 2007).



Aggression for Guarding or Predation

The involvement of several biogenic amines in defensive or aggressive behaviors has been reported in social hymenopterans. Aggressive behaviors can be categorized into interactions within species (intraspecies) and between species (interspecies). The effects of amines in aggressive dominance interactions are discussed earlier (see section “Social Factors Affecting Dopamine Levels in the Brain”). Interspecies aggression can be further divided into attacks during foraging (predation), nest defense against predators, and competition between species. Octopamine is known to elevate aggression levels between conspecific males generally in solitary insects, including fruit flies (Baier et al., 2002) and crickets (Stevenson et al., 2005). These interactions between rival males might correspond to intraspecies interactions in social species. In honey bee workers, several octopamine agonists enhance the aggression levels during nestmate recognition (Robinson et al., 1999). Serotonin enhances the response to the alarm pheromone component (Harris and Woodring, 1999; Nouvian et al., 2018). In ants, octopamine and serotonin might be involved in aggressiveness in intra- and interspecies interactions. Although the functional differences between octopamine and serotonin are unknown, there are positive correlations between aggressiveness and octopamine in intraspecies interactions in Oecophylla smaragdina (Kamhi et al., 2015), and in interspecies interactions in F. japonica (Aonuma and Watanabe, 2012b) and O. smaragdina (Kamhi et al., 2015), or between aggressiveness and serotonin in intraspecific interactions in Formica rufa (Kostowski and Tarchalska, 1972; Kostowski and Tarchalska-Krynska, 1975). In Odontomachus kuroiwae, oral administration of serotonin or its precursor strongly promotes the initiation of defensive behavior (Aonuma, 2020). In general, worker aggressiveness increases with age in social Hymenoptera. Together with the results discussed in the previous section, the age-dependent increase in biogenic amines might generally enhance the aggressiveness of workers, although there could also be context-dependent adjustments of aggression levels in these workers.

Cooperative behaviors in social insects can be observed under conditions of low aggressiveness among nestmates. In the ant Camponotus fellah, octopamine decreases the frequency of trophallaxis (food exchange) between nestmate workers, whereas the application of serotonin does not affect trophallactic frequencies, suggesting that octopamine has a stronger effect on trophallaxis than does serotonin (Boulay et al., 2000). In the ant Pristomyrmex punctatus, the intake of secretion of the myrmecophile butterfly Narathura japonica larvae causes a low level of brain dopamine that enhances the intensity of guarding behavior of workers to the latter (Hojo et al., 2015).





DISCUSSION

The OGPH assumes the decoupling of reproductive physiology into reproductive and non-reproductive states that are allocated to different individuals in eusocial species (West-Eberhard, 1996). Given that biogenic amines have multiple roles in reproduction and general behavior, we expect that the involvement of biogenic amines in the regulation of physiological status between reproductives and non-reproductives is derived from the characteristics of the solitary ancestors of eusocial species (Kamhi et al., 2017; Figure 4). The reproductive physiology in primitive and advanced eusocial hymenopterans is broadly associated with dopamine in the brain (Figure 1, see section “Reproductive Division of Labor and Worker Reproduction”), whereas non-reproductive behaviors in advanced eusocial species, including foraging and nest defense, are mainly mediated by octopamine and serotonin (Farooqui, 2012; see section “Division of Labor Among Workers”). Equivalent roles of dopamine in reproduction (mating and ovarian activation) (see section “Reproductive Function of Dopamine in Solitary Insects”) and octopamine in foraging (sugar response, appetitive learning, and memory) (Roeder, 2005; Farooqui, 2012) are found in a single individual in solitary species. Given such preadaptation, the OGPH would be supported (Figure 4). There are, however, several general behaviors or movements that are shared between both reproductives and non-reproductives in eusocial insects. For example, flight behavior is necessary not only for foraging in non-reproductives but also for nuptial flight in reproductives. Given that octopamine and dopamine are tightly related with flight (reviewed by Roeder, 2005; Farooqui, 2012, see sections “Reproductive Division of Labor and Worker Reproduction” and “Division of Labor Among Workers”), the roles of these monoamines might be shared between both reproductives and non-reproductives. Thus, specialization of behavior might require and/or renounce particular sets of aminergic function originated from a pool of ancestral aminergic function.


[image: image]

FIGURE 4. Decoupling the multiple roles of biogenic amines into each phenotype in eusocial species. Multiple roles of biogenic amines in solitary and eusocial species are presented. Several general behaviors or movements are shared between both reproductive females and workers in eusocial species (overlapping area). Juvenile hormone regulates dopamine in solitary and primitively eusocial species, whereas it regulates octopamine in advanced eusocial species.


Generally, in adult insects, JH is involved in physiology and behaviors for both reproductive and non-reproductive states in solitary species (Hartfelder, 2000; Raikhel et al., 2005; Kapheim and Johnson, 2017; Trumbo, 2018). JH is a primary regulator of reproduction, including ovarian activity and mating behaviors (Hartfelder, 2000; Raikhel et al., 2005) with dopamine function, and is also involved in foraging, including sugar response and learning (Kapheim and Johnson, 2017; Trumbo, 2018; Figure 4). In eusocial hymenopterans, the reproductive function of JH is conserved in primitive eusocial species, whereas JH promotes age-polyethism in non-reproductives in advanced eusocial hymenopteran species (Figure 1). In advanced eusocial species, loss of JH reproductive function leads to the SFH, whereas the evidence contradicts the OGPH because the JH reproductive function is not conserved in reproductive individuals. In contrast, the evidence of JH foraging function in solitary species does not support SFH, rather it fits the situation for OGPH. Interestingly, the reproductive function of dopamine and foraging function of octopamine are widely conserved in solitary to advanced eusocial species. The function expressed in a single individual in solitary species was decoupled into queens and workers in eusocial species, supporting the OGPH. Corresponding to this function, JH regulates dopamine in reproductive individuals in primitive eusocial species (see section “Social Factors Affecting Dopamine Levels in the Brain”), whereas it is positioned upstream of octopamine in non-reproductives in advanced eusocial species (see section “Social Behaviors and Physiology Mediated by Biogenic Amines”) (Figure 4). This rewiring of the signal transduction networks between JH and biogenic amines can explain the mechanism underlying the shift of JH function from a gonadotropin to a regulator of worker foraging and might make it possible to regulate reproduction in response to various social stimuli.



PERSPECTIVE

Biogenic amines are broadly present in the nervous systems of invertebrates, modulating their behaviors and reproduction. A limited number of substances can regulate diverse behaviors in eusocial hymenopterans by local secretion in the CNS, or by combining the effects of several monoamines, or their dose-dependent effects. Reports on the behavioral effects of biogenic amines are increasing, although the regulatory systems of biogenic amines, including their interactions with hemolymph hormones or signaling molecules, remain unclear. Important topics for future research include: (i) more functional validation of the biogenic amines associated with social behaviors; (ii) clarification of the “crosstalk” with other physiological mechanisms in signal transduction and regulatory networks; and (iii) widely comparative studies of females in solitary, facultative, and primitive eusocial species as a model of the ancestral mode of reproductive physiology. Taxa-wide comparative studies incorporating phylogenetic information must be efficacious so that the preadaptation of physiological mechanisms and its roles in social evolution can be understood. Comparative studies would also be necessary to reveal both the generality and specificity of physiological mechanisms for social characters across taxa.



CONCLUSION

The OGPH assumes the physiological decoupling of ovarian cycles and behavior into reproductive and non-reproductive states. The multiple roles of biogenic amines in social behavior and reproduction provide evidence for this hypothesis. Dopaminergic signaling has a pivotal role in the formation of reproductive skew irrespective of the social system, whereas octopaminergic signaling contributes largely to non-reproductive social behaviors. These roles of biogenic amines occur in the neuroendocrine system throughout the life cycle of solitary species, supporting the OGPH. JH promotes reproduction with dopamine in primitive eusocial species, whereas it regulates non-reproductive social behaviors with octopamine in advanced eusocial species. Thus, the signal transduction networks between JH and biogenic amines have been rewired in advanced eusocial species, which makes it possible for these species to regulate their reproduction in response to various social and environmental stimuli.
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