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The reproductive altruism in social insects is an evolutionary enigma that has been
puzzling scientists starting from Darwin. Unraveling how reproductive skew emerges and
maintains is crucial to understand the reproductive altruism involved in the consequent
division of labor. The regulation of adult worker reproduction involves conspecific
inhibitory signals, which are thought to be chemical signals by numerous studies.
Despite the primary identification of few chemical ligands, the action modes of primer
pheromones that regulate reproduction and their molecular causes and effects remain
challenging. Here, these questions were elucidated by comprehensively reviewing
recent advances. The coordination with other modalities of queen pheromones (QPs)
and its context-dependent manner to suppress worker reproduction were discussed
under the vast variation and plasticity of reproduction during colony development
and across taxa. In addition to the effect of QPs, special attention was paid to
recent studies revealing the regulatory effect of brood pheromones. Considering the
correlation between pheromone and hormone, this study focused on the production
and perception of pheromones under the endocrine control and highlighted the pivotal
roles of nutrition-related pathways. The novel chemicals and gene pathways discovered
by recent works provide new insights into the understanding of social regulation of
reproductive division of labor in insects.

Keywords: division of labor, queen pheromone, juvenile hormone, olfactory receptor, caste

INTRODUCTION

Insect societies provide excellent model systems for research on organization principles. A signature
and defining trait of eusocial insects is the reproductive division of labor, expressed as strong
reproductive skew, in which a single or a few females (queen) monopolize colony reproduction,
while all other females (workers) care for eggs laid by the queen (Wilson, 1971). Unraveling the
mechanism underlying reproductive skew provides an avenue to understand the influence of social
interaction on individual phenotypic plasticity and its consequent task allocation.

Social insects are well known to utilize chemical signals to regulate their behavior (Leonhardt
et al., 2016). Empirical evidence and theoretical consideration indicated the importance of
pheromones in regulating adult worker reproduction. These pheromones, predicted by classical
paradigms, are specific components to dominant females [queen pheromones (QPs)] and
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are closely correlated with fertility. On the basis of this criterion,
early studies have identified queen mandibular pheromones
(QMPs) in honeybees and cuticular hydrocarbons (CHCs) in
ants as queen primer pheromones to inhibit worker reproduction
(Le Conte and Hefetz, 2008). However, two questions remain
unsettled, including (1) the modes of action of chemical
components and (2) the pheromonal production and the
modulation of pheromones on worker physiology.

This study aimed to review research progresses focusing on
the above two questions mainly in the last 10 years, from
ultimate and proximate perspective. The influence of context
and the coordination with other modalities in reproductive
regulation were discussed under the complexity of reproductive
skew at colony levels. In addition to QPs, the effect of
brood was considered. Given the strong association between
pheromone and hormone, we focused on the production and
perception of pheromones in response to endocrine factors.
Taking advantage of exquisite bioassays, chemical analysis,
genomics, and genetic manipulation, recent discoveries have
found molecular innovation of chemicals and gene pathways,
largely expanding the understanding of social regulation of
reproduction in insects.

REPRODUCTIVE SIGNALING: A
COMBINATION OF SENSORY
MODALITIES

The modalities that queens or foundresses utilize to regulate
workers could be generally categorized into either “behavioral” or
“chemical.” In primitive eusocial species lacking morphologically
defined castes, aggressive dominance behavior is a universal
approach to generate reproductive skew and could be aided by
visual cues serving as “badges of status” (Tibbetts and Lindsay,
2008). By contrast, in highly social species with a large colony,
queens were unable to afford physical contact with every worker.
Therefore, chemical communication is hypothesized to be a
reliable way to regulate worker reproduction (Le Conte and
Hefetz, 2008; Kocher and Grozinger, 2011). Despite a correlation
between CHCs and fertility of dominant breeders in many
primitively eusocial wasps (Sledge et al., 2001; Dapporto et al.,
2007; Bhadra et al., 2010), the queen CHC blends alone failed to
inhibit the subordinates’ ovarian development in Polistes satan.
Therefore, these studies supported the hypothesis that fertility-
linked compounds only play addictive roles in the reproductive
regulation of primitively eusocial species (Oi et al., 2019).
However, a recent study in Lasioglossum malachurum sweat bees
has revealed that the over production of macrocyclic lactones acts
as QPs by influencing worker behavior and decreasing ovarian
activations. This study for the first time described a QP with
a primer function in a eusocial hymenopteran species other
than species with morphologically distinct castes (Steitz and
Ayasse, 2020). Similar to the complexity of modalities regulating
reproduction in primitively eusocial species, mounting evidence
of QPs in highly eusocial species did not exclude the participation
of behavioral interaction in affecting worker reproduction. In
Bombus impatiens bumblebees, directly contacting with a caged

queen could fully activate worker ovaries, suggesting that queen-
initiated behavior may be responsible for the inhibition of
worker reproduction (Padilla et al., 2016). Taken together, the
orchestration of pheromone and behavior in regulating worker
reproduction seem more complex than previously conceived.
Given that the transmission of each sensory modality is under
the selection of environmental factors, reproductive signaling
is possibly affected by species-specific life-history traits. In the
case of sweat bees, living in below-ground nests renders visual
cues useless and is likely to make chemical compounds as
an honest signal of dominance. How various modalities (i.e.,
behavior, chemical compounds and visual cues) interact to
regulate reproduction remains an open question. Finally, the
establishment of reproductive hierarchy requires the cognition of
nestmates’ fertility which integrates various sensory modalities,
such as behavior, chemicals and visual cues. The outcome of
behavioral interaction could be inferred by the color pattern or
chemical fingerprints of opponents (Reichert and Quinn, 2017),
thus eliciting associative learning after dominance contest.

In addition to numerous works focusing on reproductive
signaling from queens and nestmate workers, recent studies
have examined the roles of brood in reproductive regulation.
When kept with young larvae, B. impatiens workers showed
reduced ovarian activation and oviposition. Moreover, this effect
was in a quantity-dependent manner; the presence of 10 larvae
completely suppresses egg laying, regardless of worker age,
relatedness to brood, or brood parentage/sex (Starkey et al.,
2019a). Exposure to the odors from larvae, however, was
insufficient to suppress ovarian activation and workers fail to
differentiate between larvae and pupae on the basis of olfactory
cues (Starkey et al., 2019b). Therefore, in bumblebees, odors
alone could not explain regulatory effect of brood and workers
might use multiple information sources or rely on behavioral
interaction to regulate their reproduction. A subsequent study
further showed a synergistic effect of queens and larvae on worker
reproduction-related genes, where the combined effect of queen
and larvae outweighed their separate effect, indicating that the
two coordinate to maintain reproductive monopoly (Orlova et al.,
2020). The regulatory effect of young offspring, including eggs,
is likely to evolve across social species, given the widespread
trade-off between reproduction and brood care (Schultner et al.,
2017). In highly eusocial Apis mellifera and primitively eusocial
Ooceraea biroi, the worker’s ovary activation is suppressed by
larvae signals which are identified as chemical compound in
honeybees (Mohammedi et al., 1998; Maisonnasse et al., 2010;
Ulrich et al., 2016). Eggs could also convey inhibitory signals
to workers in a highly eusocial insect; the surface hydrocarbons
of Camponotus floridanus queen-laid eggs induce workers to
refrain from oviposition, thus regulating worker reproduction in
subcolonies (Endler et al., 2004).

EVOLUTIONARY ORIGIN OF QPS

Two scenarios regarding the evolutionary origin of QPs prevail.
Widely discussed and supported in CHC QPs is the sender-
precursor scenario. This hypothesis posits that QPs were
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derived from a preadaptation on the sender, who already
produces a precursor as functionless physiological byproducts
or to serve unrelated purpose (Wyatt, 2014; Stokl and Steiger,
2017). Under this scenario, two predictions could be proposed.
The first one is that QPs evolve from chemical cues of
solitary ancestors, as byproducts of ovary development. This
hypothesis is robustly supported by the universal physiological
link between odor and fertility (Van Oystaeyen et al., 2014;
Holman, 2018). In solitary and primitive eusocial species
without morphologically distinct castes, ovarian activation
usually triggers substantial changes in cuticular compounds
(Liebig, 2010; Oi et al., 2019). Thus, the chemical by-products
of fertility gradually evolved into honest fertility indices and
subsequently into dedicated QPs in highly eusocial species
(Peeters and Liebig, 2009). Even though widely accepted as one
of the most convincing explanations regarding QP evolution,
the mechanisms underlying functional transition from fertility
recognition cues to ovarian developmental deterrents remain
elusive. The second prediction is that QPs may be derived from
sex pheromones. From an ultimate perspective, sex pheromones
advertise female fecundity to potential mates and thus are
able to serve as honest indicators of fertility and evolve
secondarily as QPs (Ayasse et al., 2001). A support for this
prediction came from the shared structure between fertility
signals in social species and contact pheromones in solitary
species (Smith et al., 2009, 2012). However, limited studies
have demonstrated a joint function in a certain species. The
only evidence comes from honeybees in which chemicals from
QMPs not only attract males from long distance but also induce
worker sterility (Le Conte and Hefetz, 2008). The evolution
of QP’s dual functions is possibly constrained by the life-cycle
separation between mating and ovarian activation. For instance,
in the sweat bee, gynes mate before overwintering but initiate
reproduction in the ensuing summer. Sex pheromones are not
used as QPs, because of their quantitative decrease after mating
(Steitz and Ayasse, 2020).

In contrast to the sender–precursor scenario, the sensory
exploitation hypothesis predicted that QPs could evolve de novo
acting on pre-existing gene-regulatory networks that are linked
with the regulation of reproduction in receiver workers. A notable
case under this scenario is the honeybee QMPs. On the one hand,
the 4-hydroxy-3-methoxyphenylethanol (HVA) in QMPs could
directly suppress the worker reproduction by acting on dopamine
receptors instead of stimulating the sensory system (Beggs et al.,
2007; Beggs and Mercer, 2009). On the other hand, the QMPs
unexpectedly showed reduced ovary size, number of eggs and the
number of viable offspring in phylogenetically distantly related
fruit fly Drosophila melanogaster, suggesting the exploitation of
conserved physiological pathways (Camiletti et al., 2013; Galang
et al., 2019). This finding was further verified by a recent study
demonstrating a remarkable cross activity of honeybee QMP
in bumblebees, in which the egg laying of workers and queens
are inhibited by non-native QMP blend (Princen et al., 2019).
Another hypothesis under the sensory exploitation scenario is
that QPs evolve from oviposition deterring pheromones. In
solitary insects, especially herbivores, females reduce egg laying
to avoid intra-specific competition in response to conspecific

chemical signals deposited on oviposition substrates (Peter,
2002). However, this hypothesis lacks any empirical evidence.

The two above-mentioned scenarios are in line with the two
hypotheses regarding the ultimate cause of the reproductive skew
in social insects. In particular, the sender-precursor scenario
corresponds to the queen signal hypothesis which postulates that
workers regulate their own reproduction on the basis of their
own fitness interest thus adjusting their behavior in accordance
to queen signals that honestly indicate queen fertility (Keller and
Nonacs, 1993; Grueter and Keller, 2016). By contrast, under the
“sensory exploitation” scenario, which corresponds to “queen
control” hypothesis, the queen could potentially deceive or
manipulate the workers against their own interests even though
the signals are still honest (Keller, 2009; Smith and Liebig, 2017).
This sensory exploitation could be evolutionarily stable in the
long run, by leading to either a queen–worker arm race, to
workers evolving counter–adaptations, or to limited personal
cost of workers’ sterility (Kocher and Grozinger, 2011; Peso
et al., 2015). From a proximate perspective, the evolution of
manipulative QPs requires the queens to be immune to the
pheromones themselves, considering the inhibitory effect of
honeybee QMP on bumblebee queens (Princen et al., 2019).

CHEMICAL NATURE OF PHEROMONES

Studies in recent years have focused on the role of CHCs as QPs.
Synthesized in oenocytes, the arrays of long-chained linear and
branched, saturated, and unsaturated hydrocarbons are highly
abundant in insect epicuticle, conveying recognition cues related
to sex, age, and nestmates (Oi et al., 2015). Mounting evidence
showed that CHCs are conserved honest fertility cues, from
primitively eusocial wasps to advanced eusocial ants (Liebig,
2010). A recent study identified CHC as a royal pheromone
in termites, which appears to predate its use as QP in social
Hymenoptera (Funaro et al., 2018). However, the unequivocal
identification of CHCs with priming function is limited in a
handful of species, thus preventing the generalization of the
chemical nature of QP. The inhibitory effect of isolated CHC
signal on ovarian activation were observed in ants, wasps,
and bumblebees, implying that CHCs are a conserved class
of signals in regulating reproduction (Van Oystaeyen et al.,
2014). However, the uniformity of CHCs as QPs is challenged
by subsequent studies regarding its methodological bias and
logical pitfall. First, because of CHCs abundance and ease in
detection and spectral/structural analysis, the research preference
for CHCs inevitably caused negligence of other compounds
(Amsalem and Hefetz, 2018). Therefore, recent reviews and
studies called for attention to be paid to the exocrine glands,
which are the sources of many described trial and alarm
pheromones (Dani and Turillazzi, 2018; Villalta et al., 2018;
Hefetz, 2019). Up to date, the only QP found in exocrine glands
is the chemical blends in the honeybee mandibular glands,
which are immensely hypertrophied in queens (Slessor et al.,
1988). Indeed, the queen-specific specialization has been reported
in various glands and species, such as honeybees (Katzav-
Gozansky et al., 1997), halictid bees (Steitz and Ayasse, 2020),
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and ants (Smith et al., 2012), but dedicated examination of their
compounds functioning as QPs has been seldom performed.
Second, although non-volatile CHCs are able to avoid sensory
habituation caused by saturation, their higher expression in
queens compared with workers cannot guarantee the uniqueness
of QPs predicted by theory (Hefetz, 2019). Most of the identified
CHC QPs are common in queens and workers but present
in greatest quantities in queens (Van Oystaeyen et al., 2014).
Regulation via the QP higher in queens than in workers could
be problematic because of a dilution of pheromones in populous
colonies (Orlova and Hefetz, 2014). Workers possibly activate
their ovaries as under queenless conditions. Overall, despite the
certain roles of CHCs in adverting the queen’s presence, these
fertility cues are not sufficient to serve as conserved signals for the
regulatory function in reproduction. Glandular sources and other
queen-qualitatively specific compounds should be considered in
the search for queen primer pheromones (Figure 1).

Recent studies and reviews have proposed several guidelines
in seeking unknown QPs (Amsalem and Hefetz, 2018; Villalta
et al., 2018; Hefetz, 2019). Firstly, QPs may be multicomponent
and pleiotropic. The specificity of communication is theoretically
enhanced when compound blends are used as pheromones.
Multiple components may contribute to the reliability of queen
signaling because of the complexity of social signals within a
colony. In honeybees, the QPs consists of six components, all of
which are necessary for the inhibition of gyne rearing (Wanner
et al., 2007; Matsuura et al., 2010). Besides, QPs could also elicit
releaser effects, such as retinue behavior in ants and honeybee
workers (Villalta et al., 2018), grooming in wasps (Holman et al.,
2010), and shaking in termites (Funaro et al., 2018). Secondly,
the QPs usually work in a context dependent manner to prevent
misinterpretation (Orlova and Amsalem, 2019). A growing
body of evidence has identified various forms of social context
responsible for the expression of QP regulatory effects, including

FIGURE 1 | Pheromonal regulation of worker reproduction in social insects. Primer pheromones, including CHCs and other glandular compounds, are released by
queens, eggs and larvae to suppress worker ovarian development. The production of pheromones is influenced by gonadotropin JH or by transcriptional factor
gemini or dsx. In recipient workers, the primer pheromones down-regulate nutrition-related pathways including JH/Vg or Notch/ilp to inhibit worker reproduction, via
activating OSN in antennae. These nutrition-related pathways may increase the sensitivity of OSN to pheromones in turn. An amplification of effect is possible due to
trophallaxis among workers. Moreover, a down-regulated JH level results in a reduction of fertility cues emitted by workers, therefore maintaining reproductive skew
in a colony. Red ellipses in the upper panel show glands in queens. Red and blue arrows depict stimulatory and inhibitory effects, respectively.
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chemical background (Funaro et al., 2018), behavioral repertoire
(Padilla et al., 2016), or the presence of brood (Hoover et al., 2003)
or nestmates (Kikuchi et al., 2007). Social context may influence
QP dispersion within the colony. For example, in honeybees and
ants, the frequent occurrence of licking or trophallaxis possibly
helps to transfer QP and accelerate the dispersion of QP from
queen to workers and among workers (Naumann et al., 1991;
Soroker et al., 1995). In addition, thermal regulation by workers
is an alternative way to facilitate QP dispersion. The capacity of
honeybee and bumble workers to produce heat may promote the
active space of QPs (Stabentheiner et al., 2010), which generally
increase QP volatility as temperature increases (Gibbs, 1995).

PHEROMONAL PRODUCTION

The production of QPs in queens is still mysterious in most
social insect species, but it could be inferred by their link with
reproduction. A large body of studies have revealed the role
of juvenile hormone in the production of CHCs. The linkage
between CHCs and fertility in social insects could be explained
by the universal hormone pleiotropy reported in primitively
and advanced eusocial species, in which Juvenile Hormone (JH)
serves as CHC regulator and gonadotropin hormone (Slessor
et al., 1988; Cuvillier-Hot et al., 2002; Holman et al., 2010;
Kelstrup et al., 2014; Oliveira et al., 2017). The up-regulation
of JH via the application of methoprene (a JH analog) leads
to a shift of worker CHC profile to that of the queen (Brent
et al., 2016; Oliveira et al., 2017). Thus, the hormones involved
in ovarian development could affect the synthesis or transport
of CHCs. However, the genes responsible for the synthesis of
CHC fertility signal in social insects have only been reported in
termites. Neofem4, a cytochrome P450 gene, is more expressed
in Cryptotermes secundus queens than in workers. Silencing this
gene by using RNAi alters the queen odors to those of a worker
and induces a worker butting behavior, indicating the onset
of reproductive replacement differentiation (Korb et al., 2009;
Hoffmann et al., 2014). However, less information is available
regarding the production of QP in exocrine glands. In Cape
honeybees, the synthesis of QMPs is controlled by alternative
splicing of the CP-2 transcription factor gemini. Altering the
splice pattern of gemini by siRNA feeding results in ovary
activation and increased amount of queen-specific pheromones
9-oxo-2-decenoic acid (9-ODA) and 9-hydroxy-2-decenoic acid
(9-HDA). As methyl p-hydroxybenzoate (HOB) and HVA are not
affected by the knockdown of specific gemini, this gene possibly
acts on the biosynthesis of fatty acid-derived components
(Jarosch et al., 2011; Jarosch-Perlow et al., 2018). The synthesis of
QMP is also influenced by the sex determination pathway. The
knockdown of Doublesex (dsx) in queenless honeybee workers
results in reduced ovary development and a reduced level
of pheromonal fertility signals, indicating that the regulatory
network is co-opted during eusocial evolution to regulate
pheromone production (Velasque et al., 2018). Considering the
honesty of QPs in indicating fertility predicted by the sender–
precursor scenario (see section “EVOLUTIONARY ORIGIN
OF QPS”), gonadotropin may be pivotal in the production

of QPs besides CHCs. In addition to gonadotropin, nutrition
is likely to be an alternative proximate factor governing
QP production, because it activates reproduction directly on
vitellogenin (vg) or indirectly through JH (Kapheim, 2017).
Nutrition is also the key to influence reproductive physiology
and drives caste determination in honeybees (Metcalf and Whitt,
1977; Mutti et al., 2011).

PHEROMONAL PERCEPTION

A key issue regarding pheromone-regulated reproduction is how
QPs are perceived and what sort of genetic and physiological
specializations facilitate signal perception in social insects.
Semio-chemicals are basically detected by olfactory sensory
neurons in porous sensory hairs located on chemosensory
organs, especially the antennae. The knock-down of Orco, an
olfactory co-receptor, impairs a series of social behavior including
worker dueling to become gametes in Harpegnathos saltator
ants (Yan et al., 2017). Electroantennography demonstrated
that workers respond specifically to the putative QPs in
several species, such as Pachycondyla inversa, Apis cerana, and
A. mellifera (D’Ettorre et al., 2004; Dong et al., 2017). Moreover,
single sensilla recording in ants verified that QP candidate
CHCs are responded by basiconic sensilla (Ozaki et al., 2005;
Sharma et al., 2015). Investigations of the glomeruli in the
antennal lobe where ORNs are projected to in the brain have
revealed female-specific or caste-specific structural specialization
relevant to QP perception. In C. floridanus, females have about
approximately 140 T6 glomeruli, whereas males completely
lack these glomeruli (Nakanishi et al., 2010). In O. biroi,
basiconic sensilla and CHC responsive ORs are found only
on the ventral surface of the female antennal club (McKenzie
et al., 2016). A correlation between glomeruli numbers and
worker polymorphism exists in Atta vollenweideri (Kelber et al.,
2010). Given their central role in chemosensory perception,
peripheral circuits substantially contribute to the specificity
and plasticity of QP perception. For instance, C. floridanus
workers are able to detect and distinguish enantiomers of a
proposed QP (3-methylheptacosane) by using sensilla basiconica
structures (Sharma et al., 2015). Electrophysiological responses
to several CHCs decrease with the transition from non-
reproductive H. saltator workers to gamergates, implying a
potential mechanism to tolerate the mutually inhibitory or self-
inhibitory effects of QPs on gamergates (Gospocic et al., 2017).

Recent works have implied possible correlation between
pheromonal perception and endocrine factors. In honeybees, JH
treatment influences the retinue behavior of young workers to
QMP. The latter influence is likely due to the reduced levels of
an octopamine (OA) receptor in the antennae (Vergoz et al.,
2009). Indeed, JH application induces a dramatic change in
gene expression in the neural system, including the brain and
antennae (Pandey and Bloch, 2015). A similar modulation of
responsiveness to social cues has also been reported in Vg.
A knockdown of a Vg ortholog called Vg-like A in the fat
body of young ant workers reduced brood care and increased
nestmate care, a task usually performed by old workers. This work
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revealed that Vg-like A drives behavioral maturation by mediating
responses to social cues (Kohlmeier et al., 2018). Thus, divergent
Vg or JH titer may lead to differential responses to QPs among
castes. Further study should investigate the mechanisms of
sensory threshold modulation by endocrine factors in primitively
and advanced eusocial species.

Analysis based on genome has revealed that 9-exon ORs
particularly expanded in ants are specifically expressed in females,
indicating a possible interaction with social signals, such as CHCs
(Smith et al., 2011, 2012; Zhou et al., 2012; Oxley et al., 2014;
McKenzie et al., 2016). The knowledge of OR with ligands in
QPs is limited in two species. In honeybees, AmOr11, specifically
bounds to the QMP component 9-ODA (Wanner et al., 2007).
In H. saltator, HsOr263 is highly expressed in workers and
responsible in binding a candidate reproductive signal, due to its
strong responses to gamergate extract and a predicted QP (13,
23-DiMeC37) (Pask et al., 2017). Whether and how the olfactory
plasticity of QP perception is influenced by modulation of OR
expression levels remain to be determined, because alterations
in a single odorant receptor may lead to a significant effect on
animal odor perception.

PHEROMONAL EFFECTS AT
MOLECULAR LEVELS

Few studies have revealed the global effect of QPs on the
genetic and epigenetic networks of workers. In Solenopsis
invicta, under queenright conditions, numerous genes are
differentially expressed between foragers and non-foragers.
However, in absence of the queen, these differences disappear at
transcriptional level, implying a possibility that QP participates
in task allocation among workers (Manfredini et al., 2014).
A comparative study further showed that exposure to QPs leads
to similar trancriptic responses in two ant and two bee species
(genera: Lasius, Apis, and Bombus). With functions involving
lipid biosynthesis and transport, olfaction, production of cuticle,
oogenesis, and histone (de) acetylation, QP-sensitive genes seem
to be peripheral in the gene co-expression network and caste-
specific expression (Holman et al., 2019). In addition to the effect
of QP on gene expression, the application of QP results in a
change in the level of DNA methylation in honeybee and Lasius
ants. However, the DNA methylation level is not affected by QP in
Bombus terrestris (Holman et al., 2016). The QMP in honeybees
also exerts epigenetic modifications to RNA and histones in
the brain, potentially affecting aging-related genes (Junior et al.,
2020). Although promising, these findings mainly examined
the global level of epigenetic effect, while the mechanism of
QP perception on epigenetics and epigenetically targeted genes
remain unknown.

Studies concerning the specific molecular effects of
reproductive pheromonal regulation in adult individuals
are scarce. Duncan et al. (2016) provided the first molecular
mechanism directly linking ovary activity in adult worker
bees with the presence of the queen. QMP inhibits worker
reproduction by stimulating Notch signaling in ovary tissues
in the region where germ cells are specified. In the absence

of the queen, the Notch receptor in the cells of germarium
renders these cells refractory to Notch signaling. This finding
provided support for the reproductive ground plan hypothesis
(West-Eberhard, 1987; Page and Amdam, 2007), by revealing
the targeted control of worker fertility through co-option of
a conserved cell-signaling pathway (Duncan et al., 2016). In
addition to the Notch, alternative pathways have been proposed
in primitively eusocial species. For example, in B. terrestris,
Vg expression is lower in the presence of newly mated queens
than same-age virgin queens regardless of queen ovarian
inactivation under both conditions (Amsalem et al., 2014). In
Polistes dominula paper wasps, 3-h group formation is sufficient
to down-regulate the JH level in low-ranked subordinates,
suggesting the hyper-sensitivity of JH in response to nestmate
cues, including pheromones (Tibbetts et al., 2018). This result
was reminiscent of the finding that JH could mediate the
threshold to social signals in turn. Given the gonadotropic and
physiological functions of JH in the primitively social species
(Amsalem et al., 2014; Kelstrup et al., 2017), a negative feedback
loop exists between pheromones and JH to enhance the efficiency
of regulation (Figure 1). Recent studies on parthenogenetic
clonal raider ants (O. biroi) revealed the molecular mechanism
underlying the brood control of reproductive skew. A single
gene, called insulin-like peptide 2 (ilp2) was identified on the
basis of brain transcriptome. This gene was more up-regulated
in reproductives than in non-reproductives (Chandra et al.,
2018). Larval signals suppress ilp2 to inhibit adult reproduction,
thus potentially amplifying reproductive asymmetries (Chandra
et al., 2018). These studies have partially revealed the signal
transduction from social cues, including pheromones to
reproductive outcome, and highlighted the importance of
nutrition-related pathways. Whether pheromones directly affect
the ovary or act via signaling between neural circuits are yet to be
determined. Although ovarian development was extensively used
as a proxy to reproduction, ovarian activation may be decoupled
from reproduction because the ovary is possibly involved in the
task allocation of workers, as demonstrated by the meta-analysis
in some ant species (Pamminger and Hughes, 2017). Further
studies should pay attention to the functional discrimination
between ovarian activation and egg laying in reproduction.

CONCLUSION

Considerable advances on the pheromonal regulation of
reproduction have been achieved in the last decades. Several
discoveries of variation and plasticity of reproductive partitioning
within and across species provided not only valuable data for
constructing evolutionary routes of chemical communication
but also hints for the identification of key components via a
comparative approach.

Despite the strong association between CHCs and fertility,
the unequivocal identification of CHC as queen pheromone. QP
is rather limited. The contexts, such as colony, nestmates, and
brood, in the regulation of worker reproduction demonstrated
that pheromones are released from more than one source with
multiple components and should work in combination with other
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modalities (Figure 1). This argument helps settle the existing
controversies among the chemical nature, evolutionary origin,
and conservation of reproductive signaling.

Current works in both primitively eusocial and advanced
eusocial species indicated the co-option of conserved pathways
in pheromonal regulation of reproduction and highlighted
the coordination among social cues, endocrine factors and
reproduction (Figure 1). Studies on model species, such
as honeybees and radial colonial ants, have demonstrated
evolutionary innovations of nutrition-related pathways
responsible for pheromonal effects. However, the mechanism
of production and reception of pheromones remains largely
unknown. With the aid of advances in genetic manipulation,
future works could elucidate the genetic network underlying
QP production, thereby contributing to loss-of-function
experiments to identify the causal relationships between semio-
chemicals and reproduction. The reverse chemical ecology,

based on the genome and identification of the olfactory
receptors will be an effective approach for the screening
of new components.
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