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Termite colonies, composed of large numbers of siblings, develop an important caste-
based division of labor; individuals in these societies interact via intra- or intercaste
chemical communications. For more than 50 years, termites have been known to
use a variety of pheromones to perform tasks necessary for maintenance of their
societies, similar to eusocial hymenopterans. Although trail-following pheromones
have been chemically identified in various termites, other types of pheromones
have not been elucidated chemically or functionally. In the past decade, however,
chemical compositions and biological functions have been successfully identified
for several types of termite pheromones; accordingly, the details of the underlying
pheromone communications have been gradually revealed. In this review, we summarize
both the functions of all termite pheromones identified so far and the chemical
interactions among termites and other organisms. Subsequently, we argue how termites
developed their sophisticated pheromone communication. We hypothesize that termites
have diverted defensive and antimicrobial substances to pheromones associated in
caste recognition and caste-specific roles. Furthermore, termites have repeatedly
used a pre-existing pheromone or have added supplementary compounds to it in
accordance with the social context, leading to multifunctionalization of pre-existing
pheromones and emergence of new pheromones. These two mechanisms may enable
termites to transmit various context-dependent information with a small number of
chemicals, thus resulting in formation of coordinated, complex, and rational chemical
communication systems.

Keywords: termite, pheromone, parsimony, antimicrobial, cuticular hydrocarbon, social context

INTRODUCTION

Termites are eusocial insects that live in colonies with large numbers of siblings, where both males
and females perform largely equal roles with respect to colony maintenance. Their societies develop
a caste-based division of labor; each caste is morphologically and physiologically specialized for
different tasks (Eggleton, 2011). For example, reproductive castes (kings and queens) concentrate
on reproduction, and soldiers and workers are engaged in other tasks necessary for colony
maintenance (e.g., foraging; colony defense; nest construction; hygiene control; and caring for
reproductive castes and eggs) (Eggleton, 2011).
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The sophisticated colony organization of termites and
other eusocial insects is characterized by an efficient
communication system based mainly on pheromones.
In termites and social hymenopterans, it has long been
hypothesized that pheromones might be involved in all
social activities (Wilson, 1965). However, termite pheromonal
studies have mainly focused on trail-following pheromones
and sex-pairing pheromones. A trail pheromone was first
identified in the Eastern subterranean termite Reticulitermes
virginicus (Rhinotermitidae) (Matsumura et al., 1968); trail-
following pheromones and sex-pairing pheromones were
subsequently identified in various termite species (detailed
below). However, the identification of other pheromone
types did not progress until the 1990s, although the
existence of primer pheromones regulating differentiation
into supplementary alates or soldiers had been suggested
(Krishna et al., 2013a,b,c,d,e). Since the 2000s, however, several
other pheromone types have been chemically and functionally
identified in succession.

In this review, we first focus on the functions and
components of each type of pheromone. We then discuss the
origins of pheromone components; the evolutionary process of
multifunctionalization; the development of intra- and intercaste
communication; and the interactions among termites, pathogens,
predators, and inquilines via termite pheromones.

SEX-PAIRING PHEROMONES

Sex-pairing pheromones in termites are used by alates (i.e., adult
individuals with wings) for attracting sexual partners during
mating behavior (Bordereau and Pasteels, 2011). Termite nuptial
flight usually occurs once per year in a certain season, whereby
virgin female and male alates come together in pairs to establish
new colonies. Numerous alates disperse from their colonies by
flight, then land on the ground or in trees; subsequently, they shed
their wings (becoming dealates) and search for mating partners
(Bordereau and Pasteels, 2011). In many species, female dealates
perform calling behavior (raising the tip of the abdomen and
emitting the sex-pairing pheromone from the tergal glands or the
sternal gland) to attract male dealates (Bordereau and Pasteels,
2011). In a few species, such as Zootermopsis nevadensis and
Zootermopsis angusticollis, both female and male dealates emit
the sex-pairing pheromone (Bordereau et al., 2010). The range
of action of the pheromone in natural conditions depends on
the termite species; it ranges from a few centimeters (Leuthold,
1975) to a few meters (Leuthold and Bruinsma, 1977). When
a male succeeds in finding the female, the male follows after it
(tandem running). The leading female seeks a suitable nesting
site, while the following male continues to antennate (or lick) the
posterior pleural membranes of the female. During the tandem
running, short-range or contact chemical stimuli by the sex-
pairing pheromones play an important role in maintaining the
tandem formation (Bordereau and Pasteels, 2011). After the pair
of male and female dealates finds a suitable site, they establish a
new colony and begin to produce offspring as the primary king
and queen, respectively.

Thus far, sex-pairing pheromones have been fully
identified in 17 termite species belonging to three families
(Archotermopsidae, Rhinotermitidae, and Termitidae); these
pheromones mainly consist of aliphatic aldehydes, alcohols,
and/or diterpenes (Table 1). In Z. nevadensis and Z. angusticollis
(Archotermopsidae), which belong to a relatively ancestral
family (Lo and Eggleton, 2011), the female and male dealates
use different compounds; the females use (5E)-2,6,10-trimethyl-
5,9-undecadienal, while the males use 4,6-dimethyldodecanal
(Bordereau et al., 2010). However, in more derivative termite
families (Rhinotermitidae and Termitidae), only female dealates
emit the pheromone, namely, (Z,Z,E)-3,6,8-dodecatrien-1-
ol, which is common among many species, although some
termitid species use mixtures of two or three compounds for
the pheromone (Table 1). In most species, all components
are required for high attraction activity of the pheromone. In
Odontotermes formosanus, however, the two components act in
synergy at long distance, whereas (Z,Z)-3,6-dodecadien-1-ol can
act alone at a short distance (Wen et al., 2012).

The number of chemical components in termite sex-
pairing pheromones varies among termite species; for example,
Cornitermes bequaerti uses only (Z,Z,E)-3,6,8-dodecatrien-1-ol,
whereas C. cumulans uses both (Z,Z,E)-3,6,8-dodecatrien-1-ol
and (E)-nerolidol. Furthermore, C. silverstrii uses a mixture of
three compounds including (Z,Z,E)-3,6,8-dodecatrien-1-ol, (E)-
nerolidol, and (Z)-3-dodecen-1-ol (Table 1). The addition of
species-specific minor components to a pre-existing pheromone
might facilitate species recognition among sympatric species, as
is often suggested of insect sex pheromones (Weiss et al., 2013;
Allison and Cardé, 2016; Chen et al., 2018; Valterová et al.,
2019). However, the development of species-specific pheromones
among sympatric species varies considerably among species
(Bordereau and Pasteels, 2011).

TRAIL-FOLLOWING PHEROMONES

When foraging individuals (workers, pseudergates [individuals
performing works while remaining developmentally flexible], or
soldiers) find new food, they deposit trail-following pheromones
from the sternal gland while returning to the nest; the
pheromones elicit trail-following behavior in nestmates, leading
them to the food resource (Traniello, 1981; Traniello and Busher,
1985; Czaczkes et al., 2015; Almeida et al., 2016). Trail-following
pheromones are one of the most studied pheromone types,
especially in ants and termites. Therefore, the biochemical,
physiological, ecological, and evolutionary aspects of trail-
following pheromones have been well characterized in previous
studies (Wilson, 1971; Hölldobler and Wilson, 1990; Morgan,
2009; Bordereau and Pasteels, 2011; Wyatt, 2014; Czaczkes et al.,
2015; Leonhardt et al., 2016).

Thus far, termite trail-following pheromones are known
in 68 species (Table 2). Their chemical components are
often common within a taxonomical group. In particular,
(Z,Z,E)-3,6,8-dodecatrien-1-ol is used in Rhinotermitidae (12
species) and Termitidae (24 species). While the trail-following
pheromones of lower termite species belonging to families
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TABLE 1 | List of sex-pairing pheromones studied in termites.

Termite family and species Sex Component Type of Evidence References

Archotermopsidae

Zootermopsis nevadensis F (5E)-2,6,10-trimethyl-5,9-undecadienal BS Bordereau et al., 2010

M 4,6-Dimethyldodecanal BS Bordereau et al., 2010

Zootermopsis angusticollis F (5E)-2,6,10-trimethyl-5,9-undecadienal BS Bordereau et al., 2010

M 4,6-Dimethyldodecanal BS Bordereau et al., 2010

Hodotermopsis sjoestedti F (5E)-2,6,10-trimethyl-5,9-undecadienal E Lacey et al., 2011

M 4,6-Dimethylundecanal E Lacey et al., 2011

Rhinotermitidae

Prorhinotermes simplex F (Z,Z,E)- 3,6,8-dodecatrien-1-ol BS Hanus et al., 2009

Reticulitermes flavipes F n-Tetradecyl propionate BS Clément et al., 1989

Reticulitermes santonensis F (Z,Z,E)- 3,6,8-dodecatrien-1-ol BS Laduguie et al., 1994

Coptotermes formosanus F Unknown BE Raina et al., 2003

Psammotermes hybostoma F (Z,Z,E)- 3,6,8-dodecatrien-1-ol BS Sillam-dussès et al., 2011

Termitidae

Odontotermes formosanus F (Z, Z)- 3,6-dodecadien-1-ol and (Z)-3-dodecen-1-ol BS Wen et al., 2012

Ancistrotermes pakistanicus F (Z,Z)- 3,6-dodecadien-1-ol BS Robert et al., 2004

Ancistrotermes dimorphus F (Z,Z)- 3,6-dodecadien-1-ol BS Wen et al., 2015

Macrotermes annandalei F Unknown BE Peppuy et al., 2004

Macrotermes barneyi F Unknown BE Peppuy et al., 2004

Pseudacanthotermes spiniger F (Z,Z,E)- 3,6,8-dodecatrien-1-ol BS Bordereau et al., 1991

Pseudacanthotermes militaris F (Z,Z,E)- 3,6,8-dodecatrien-1-ol BS Bordereau et al., 1993

Cornitermes bequaerti F (Z,Z,E)- 3,6,8-dodecatrien-1-ol BS Bordereau et al., 2002

Cornitermes cumulans F (Z,Z,E)- 3,6,8-dodecatrien-1-ol and (E)-nerolidol BS Bordereau et al., 2011

Cornitermes silverstrii F (Z,Z,E)- 3,6,8-dodecatrien-1-ol and (E)-nerolidol and
(Z)-3-dodecen-1-ol

BS Bordereau et al., 2011

Embiratermes neotenicus F (Z,Z,E)- 3,6,8-dodecatrien-1-ol and (Z)-3-dodecen-1-ol BS Dolejšová et al., 2018

Silvestritermes minutus F (Z,Z)- 3,6-dodecadien-1-ol and (Z)-3-dodecen-1-ol BS Dolejšová et al., 2018

Silvestritermes heyeri F (Z,Z)- 3,6-dodecadien-1-ol BS Dolejšová et al., 2018

Nasutitermes ephratae F Neocembrene and Neocembrene isomers and
Trinervitatriene

E Buděšínský et al., 2005

Sex, F, Female; M, Male; type of evidence, E, Estimation by chemical analyses (but the function is unproved); BE, Bioassay with termite extracts; BS, Bioassay with
synthesized compound (truly identified).

other than the Termitidae consist of only one compound,
some higher termite species use a plurality of compounds; for
example, O. formosanus uses two compounds, (Wen et al.,
2014) and Nasutitermes corniger uses three compounds (Sillam-
Dussès et al., 2010; Table 2). In O. formosanus, one of the
compounds, (Z)-dodec-3-en-1-ol, elicits orientation behavior of
termites exploring the environment, and the other (Z,Z)-dodeca-
3,6-dien-1-ol has both orientation and recruitment effects on
termites when food is discovered (Wen et al., 2014). Furthermore,
workers of O. formosanus change the mixture ratio of the
pheromone components depending on their ongoing behaviors,
and the threshold of response to the pheromone components also
change depending on behavioral contexts (Wen et al., 2014).

In 10 species, the constituents are completely (or partially)
identical between the trail pheromone and the sex-pairing
pheromone (Table 2). For example, (Z,Z,E)-3,6,8-dodecatrien-
1-ol is used alone as both the trail pheromone and the sex-
pairing pheromone in Reticulitermes santonensis (Laduguie et al.,
1994), Pseudacanthotermes militaris (Bordereau et al., 1993),
Pseudacanthotermes spiniger (Bordereau et al., 1991, 1993), and
C. bequaerti (Bordereau et al., 2002; Sillam-Dussès et al., 2020b).

In contrast, in C. cumulans, this compound is used alone
as the trail pheromone (Sillam-Dussès et al., 2020b), but
used together with (E)-nerolidol as the sex-pairing pheromone
(Bordereau et al., 2011).

AGGREGATION PHEROMONES

Aggregation pheromones elicit an aggregation behavior
that involves attraction of conspecific individuals from
a distance, followed by arrest of those individuals
at the pheromone source (Kennedy, 1978). When
foraging individuals discover a new food source, they
gather their nestmates to that area for exploitation
and subsequent colonization of the new area. This
aggregation behavior is beneficial to the individuals
because it facilitates allogrooming (removal of cuticular
stains and pathogens by grooming each other) and
trophallaxis (exchange of nutrients, gut symbionts,
and immune substances by stomodeal and proctodeal
feeding), which enables workers to survive oligotrophic

Frontiers in Ecology and Evolution | www.frontiersin.org 3 January 2021 | Volume 8 | Article 595614

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-595614 December 28, 2020 Time: 17:17 # 4

Mitaka and Akino Termite Pheromones

TABLE 2 | List of trail-following pheromones in termites.

Family Species Component References

Mastotermitidae Mastotermes darwiniensis (E)-2,6,10-trimethyl-5,9-
undecadien-1-ol

Sillam-Dussès et al., 2007

Archotermopsidae Porotermes adamsoni, Stolotermes victoriensis (E)-2,6,10-trimethyl-5,9-
undecadien-1-ol

Sillam-Dussès et al., 2007

Hodotermopsis sjoestedti 4,6-Dimethylundecan-1-ol Lacey et al., 2011

Zootermopsis nevadensis*, Z. angusticollis* 4,6-Dimethyldodecanal Bordereau et al., 2010

Serritermitidae Glossotermes oculatus, Serritermes serrifer (Z,Z)- 10,13-non-
adecadien-2-one

G. oculatus (Hanus et al., 2012), S. serrifer
(Sillam-Dussès et al., 2020a

Kalotermitidae Kalotermes flavicollis, Cryptotermes brevis, Cry.
pallidus, Cry. darlingtonae, Procryptotermes falcifer,
Proc. leewardensis, Neotermes holmgreni,
Incisitermes tabogae, I. minor, Postelectrotermes
howa

(Z)-3-dodecen-1-ol I. minor: (Chrysanti and Yoshimura, 2012), Others:
(Sillam-Dussès et al., 2009

Rhinotermitidae Prorhinotermes canalifrons, Pror. simplex Neocembrene Sillam-Dussès et al., 2005

Heterotermes tenuis, Reticulitermes flavipes, Re.
speratus, Re. santonensis*, Re. lucifugus grassei,
Re. virginicus, Re. hesperus, Coptotermes
formosanus, Cop. gestroi, Rhinotermes marginalis,
Schedorhinotermes lamanianus, Psammotermes
hybostoma*

(Z,Z,E)-3,6,8-dodecatrien-
1-ol

H, tenuis and Cop. gestroi: (Arab et al., 2004), Re.
flavipes: (Tai et al., 1969), Re. speratus: (Yamaoka
et al., 1987; Tokoro et al., 1990), Re. santonensis:
(Laduguie et al., 1994), Re. lucifugus grassei:
(Wobst et al., 1999), Re. virginicus: (Matsumura
et al., 1968), Re. hesperus: (Saran et al., 2007),
Cop. formosanus: (Tokoro et al., 1989), Re.
marginalis and Sc. lamanianus: (Sillam-Dussès
et al., 2006), Psam. hybostoma: (Sillam-dussès
et al., 2011

Termitidae Ancistrotermes pakistanicus* (Z,Z)- 3,6-dodecadien-1-ol Robert et al., 2004

Microcerotermes exiguous, Pseudacanthotermes
militaris*, Pseu. spiniger*, Cubitermes sp.,
Drepanotermes perniger, Termes hispaniolae,
Cornitermes bequaerti*, Cor. cumulans*, Cor.
snyderi, Syntermes grandis, Cyrilliotermes
angulariceps, Embiratermes neotenicus*,
Labiotermes labralis

(Z,Z,E)-3,6,8-dodecatrien-
1-ol

Mic. exiguus (Lubes and Cabrera, 2018), Pseu.
militaris and Pseu. spiniger: (Bordereau et al.,
1993), Cub. sp., D. perniger and Te. hispaniolae:
(Sillam-Dussès et al., 2006), Others: (Sillam-Dussès
et al., 2020b

Macrotermes annandalei, Mac. barneyi, Mac.
bellicosus, Mac. subhyalinus, Odontotermes
hainanensis, O. maesodensis

(Z)- 3-dodecen-1-ol Peppuy et al., 2001

Odontotermes formosanus* (Z,Z)- 3,6-dodecadien-1-ol,
(Z)-3-dodecen-1-ol

Wen et al., 2014

Amitermes evuncifer, Nasutitermes ephratae,
N. guayanae, N. kemneri, N. lujae, N. voeltzkowi,
N. exitiosus, Constrictotermes cyphergaster,
Trinervitermes geminatus, Trin. trinervoides

(Z,Z,E)-3,6,8-dodecatrien-
1-ol,
Neocembrene

A. evuncifer: (Kotoklo et al., 2010), Con.
cyphergaster (Cristaldo et al., 2014), Others:
(Sillam-Dussès et al., 2010

Silvestritermes euamignathus (Z,Z)- 3,6-dodecadien-1-ol,
Neocembrene

Sillam-Dussès et al., 2020b

Nasutitermes corniger (Z,Z,E)-
3,6,8-dodecatrien-1-ol,
Neocembrene,
Trinervitatriene

Sillam-Dussès et al., 2010

Nasutitermes graveolus, N. walker, Trinervitermes
bettonianus

Neocembrene N. graveolus and N. walkeri: (Birch et al., 1972), Tr.
bettonianus: (McDowell and Oloo, 1984

Species with an asterisk indicate that the same compound(s) is used both for the sex-paring pheromone and the trail pheromone. All of the listed compounds were
identified by the bioassay with the authentic standards.

and microbe-rich environments (Eggleton, 2011). Thus,
rapidly formed yet long-lasting aggregation is needed for
foraging individuals.

A recent study revealed that Reticulitermes speratus workers
release an aggregation pheromone at their nesting site,
and that this pheromone induces rapid and long-lasting
aggregation of workers (Mitaka et al., 2020; Table 3). The

pheromone is a mixture of 2-phenylundecane, pentacosane,
heptacosane, palmitic acid, trans-vaccenic acid, and
cholesterol. It is estimated that the aggregation pheromone
functions as a signal to indicate nestmate and/or food
presence, and as an arresting agent that causes the attracted
workers to remain at the pheromone source for a long
period.
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TABLE 3 | List of pheromones used by non-reproductive castes in termites.

Pheromone type Termite family and
species

Emitting
caste

Type of
evidence

Component Function References

Alarm pheromone

Mastotermes
darwiniensis

Workers
and
Soldiers

BS p-Benzoquinone Increasing worker’s walking speed and soldier’s mandible
opening.

Delattre et al., 2015

Rhinotermitidae

Prorhinotermes
canalifrons

Soldier BS (E,E)-α-farnesene Triggering alarm behavior in psudagates and soldiers Šobotník et al., 2008

Termitogeton planus Soldier BE A mixture of monoterpenes Triggering alarm behavior in psudagates and soldiers. Dolejšová et al., 2014

Termitidae

Nasutitermes rippertii Soldier BS α-Pinene, Limonene Triggering alarm behavior in workers and soldiers. Vrkoc et al., 1978

Nasutitermes costalis Soldier BS Carene, Limonene Triggering alarm behavior in workers and soldiers. Vrkoc et al., 1978

Nasutitermes princeps Soldier BS α-Pinene Triggering alarm behavior in workers and soldiers. Roisin et al., 1990

Constrictotermes
cyphergaster

Soldier BS α-Pinene, Myrcene, (E)-β-ocimene Triggering alarm behavior in workers and soldiers with
vibration.

Cristaldo et al., 2016b

Velocitrmes velox Soldier BS α-Pinene, Limonene Triggering alarm behavior in workers and soldiers. Valterová et al., 1988

Soldier pheromone Rhinotermitidae

Reticulitermes flavipes Soldier BE γ -Cadinene Promoting workers’ differentiation into soldiers. Tarver et al., 2011

BE γ -Cadinenal Inhibiting workers’ differentiation into soldiers. Tarver et al., 2011

Reticulitermes speratus Soldier BS (−)-β-Elemene Inhibiting workers’ differentiation into soldiers. Arresting
workers. Fungistatic activities against entomopathogenic
fungi

Mitaka et al., 2017b

Soldier’s age indicator Mitaka and Matsuura, 2020

Phagostimulanting
pheromone

Mastotermitidae

Mastotermes
darwiniensis

Worker BS Hydroquinone Promoting worker’s feeding behavior Reinhard et al., 2002

Aggregation
pheromone

Rhinotermitidae

Reticulitermes speratus Worker BS 2-Phenylundecane, Pentacosane,
Heptacosane, trans-Vaccenic acid,
Palmitic acid, Cholesterol

Attracting and arresting workers. Mitaka et al., 2020

Type of evidence, BE, Bioassay with termite extracts; BS, Bioassay with synthesized compound.

Frontiers
in

E
cology

and
E

volution
|w

w
w

.frontiersin.org
5

January
2021

|Volum
e

8
|A

rticle
595614

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-595614 December 28, 2020 Time: 17:17 # 6

Mitaka and Akino Termite Pheromones

PHAGOSTIMULANT PHEROMONES

A previous study showed that hydroquinone is present
in the labial glands of workers in several termite species;
those findings suggested that this compound acts as
a phagostimulant pheromone, which elicits worker
feeding behavior, in various termites (Reinhard et al.,
2002; Table 3). However, the pheromonal activity has
been demonstrated only in Mastotermes darwiniensis
(Reinhard et al., 2002). Therefore, the generality of termite
phagostimulant pheromones has not been fully elucidated
(Raina et al., 2005).

ALARM PHEROMONES

In termites, colony defense is performed by soldiers and workers
(Roisin et al., 1990; Reinhard and Clement, 2002; Šobotník et al.,
2010; Ishikawa and Miura, 2012; Yanagihara et al., 2018). Alarm
pheromones elicit alarm behaviors including orientation to the
pheromone source, nestmate recruitment, and attack on enemies
in termite soldiers and workers (or pseudergates), although the
details of the behavioral sequences are different among species.
For example, in European Reticulitermes species (R. santonensis,
R. lucifugus, R. grassei, and R. banyulensis), chemical alarm signals
from soldier’s head induce zigzag running, antennation with
nestmates, body shaking behavior, and orientation to the odor
source in both soldiers and workers (Reinhard and Clement,
2002). Soldiers also perform mandible snapping and head-
banging on the substrate. While workers are attracted by the
odor within a few seconds, soldiers are attracted much later
(Reinhard and Clement, 2002). In Nasutitermes princeps, when
the alarm pheromone is secreted from soldiers, soldiers and
workers are attracted by the pheromone, and then soldiers
emit their sticky secretion to immobilize and incapacitate
enemies. After that, older large workers eliminate the enemies
(Roisin et al., 1990).

Termites use vibratory signals in combination with chemical
signals, resulting in complex alarm communication. For
example, in M. darwiniensis, soldiers actively face the
disturbance source with repeating mandible openings and
secreting defensive secretion, while workers run away from
the disturbance source and spread the alarm signals to
the nestmates using body vibrations (Delattre et al., 2015).
Also, in R. flavipes, the alarm pheromone increases the
vibratory communication among soldiers and workers
(Delattre et al., 2019). Furthermore, the evoked alarm
responses depending on the dose of alarm pheromone.
In Constrictotermes cyphergaster, the soldiers also actively
face the source of disturbance and then emit the alarm
pheromone; lower doses increase body shaking movements of
nestmates, and higher doses induced long-term running of them
(Cristaldo et al., 2016b).

Thus far, alarm pheromones (comprising monoterpenes
and/or sesquiterpenes) have been identified in six species
(Table 3): p-benzoquinone in M. darwiniensis (Delattre et al.,
2015), (E,E)-α-farnesene in Prorhinotermes canalifrons (Šobotník

et al., 2008); α-pinene in N. princeps (Roisin et al., 1990);
α-pinene, myrcene, and (E)-β-ocimene in C. cyphergaster
(Cristaldo et al., 2016b); carene and limonene in Nasutitermes
costalis (Vrkoc et al., 1978); and α-pinene and limonene in
Nasutitermes rippertii (Vrkoc et al., 1978) and Velocitermes
velox (Valterová et al., 1988). Although a mixture of terpenes is
estimated to be used as the alarm pheromone in Termitogeton
planus (Dolejšová et al., 2014), R. santoensis, R. grassei,
R. lucifugus, R. banyulensis (Reinhard et al., 2003), and
R. flavipes (Delattre et al., 2019), the compositions of the
alarm pheromones has not been clarified. The secretion gland
of the alarm pheromones is restricted to the frontal grand of
the soldier head in Rhinotermitidae and Termitidae (Šobotník
et al., 2010), but in M. darwiniensis, the alarm pheromone
is secreted from the labial glands of soldiers and workers
(Delattre et al., 2015).

SOLDIER PHEROMONES

In termites, soldiers are differentiated from workers (or
pseudergates). For more than 35 years, it was presumed that
the soldier’s head extract contains a primer pheromone that
inhibits soldier differentiation (Lefeuve and Bordereau, 1984).
Until recently, there was no proof of the existence of this
pheromone. A previous study reported that γ -cadinene and
γ -cadinenal, which were isolated from the soldiers of R. flavipes,
showed stimulatory and inhibitory effects, respectively, on soldier
differentiation (Tarver et al., 2011); however, these pheromonal
activities were not demonstrated using authentic standards.

Recently, it was revealed that the soldiers of R. speratus
secrete (−)-β-elemene as the soldier pheromone; this compound
functions as the primer pheromone that inhibits soldier
differentiation, as a releaser pheromone that arrests workers, and
as a fungistatic agent that protects against entomopathogenic
fungi (e.g., Metarhizium anisopliae and Beauveria bassiana)
(Mitaka et al., 2017b; Table 3). Furthermore, the amount of
(−)-β-elemene a soldier holds increases with age, resulting in
functioning that serves as a signal to indicate the soldier’s age
(Mitaka and Matsuura, 2020). The nests of R. speratus are divided
into chambers connected by small openings; the royal chamber
(i.e., location of reproductive castes) is located deep inside the
nest wood. In this species, younger soldiers gather around the
royal chamber to protect kings and queens, while older soldiers
are distributed in the periphery of the nest wood to defend the
nest entrances (Yanagihara et al., 2018). When workers decide
whether to move among chambers, they examine the amount
of soldier pheromone held by the soldier standing guard at the
chamber entrance; they do not move to the next chamber if the
amount of soldier pheromone is very small (that is, if the soldier
is very young) (Mitaka and Matsuura, 2020).

EGG RECOGNITION PHEROMONES

Egg protection is one of the most fundamental social activities
performed by social insects (Ayasse and Paxton, 2002). In
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termites, workers recognize the eggs laid by queens, pile
the eggs in nursery rooms, and smear their saliva on the
eggs’ surfaces to protect them from desiccation and infection
by pathogens (Matsuura et al., 2000, 2007). In R. speratus,
lysozyme, an antibacterial enzyme expressed in the eggs and
the workers’ salivary glands, is used as an egg recognition
pheromone; it elicits egg-carrying and -piling behaviors
in workers (Matsuura et al., 2007; Table 4). Moreover,
R. speratus workers simultaneously use β-glucosidase, a
cellulose-digesting enzyme expressed in the eggs, as well
as in the workers’ salivary glands and hind gut, as an egg
recognition pheromone (Matsuura et al., 2009; Table 4).
Although each enzyme itself has sufficient pheromonal activity,
the two enzymes act synergistically to elicit strong egg-
carrying and -piling behaviors (Matsuura et al., 2009). It is
speculated that Reticulitermes spp. commonly use lysozymes
and β-glucosidase as egg recognition pheromones because
of their broad cross-species activities (Matsuura et al., 2007,
2009); however, the salivary gland extracts derived from
workers of Hodotermopsis sjostedti, Cryptotermes brevis,
and Coptotermes formosanus also show strong pheromone
activity (Matsuura et al., 2009). In addition, termites use
C-type lysozymes as an egg recognition pheromone, although
recent transcriptomic analyses revealed that Z. nevadensis,
C. formosanus, and R. speratus also have I-type and P-type
lysozymes; particularly in R. speratus, I-type and P-type
lysozymes are highly expressed in soldiers (Mitaka et al., 2017a).
The functions of these lysozymes are unknown; thus, further
studies are needed.

QUEEN PHEROMONES

In social insects, reproduction is primarily monopolized
by queens; the number of fertile queens is regulated by
communication between reproductive and non-reproductive
individuals, often through queen pheromones (Van
Oystaeyen et al., 2014). Although the queen pheromones
of social hymenopteran species, which inhibit worker
differentiation into supplementary queens, have been
suggested or identified for over 50 years (Van Oystaeyen
et al., 2014), studies of termite queen pheromones have made
little progress.

Thus far, R. speratus is the only termite species in
which the queen pheromone has been identified (Matsuura
et al., 2010; Table 4). The queen pheromone is a volatile
pheromone that consists of butyl butyrate and 2-methyl-1-
butanol (mixture ratio 2:1); it is emitted from secondary
queens and eggs as an honest signal of queen presence
and fertility (Matsuura et al., 2010). This pheromone has
multifunctional roles: inhibition of the differentiation of
workers into supplementary queens (Matsuura et al., 2010),
enhancement of workers’ egg-carrying and -piling behaviors
(Matsuura et al., 2010), regulation of egg production in
secondary queens (Yamamoto and Matsuura, 2011), promotion
of lysozyme production in workers’ salivary glands (Suehiro
and Matsuura, 2015), and performance of antifungal activities

against entomopathogenic and parasitic fungi (Matsuura and
Matsunaga, 2015). Although 2-methyl-1-butanol is an optically
active alcohol [(R)- and (S)-isomers], both enantiomers have the
same pheromonal activities (Yamamoto et al., 2012). For the
workers’ egg-carrying and -piling behaviors, the egg recognition
pheromones (lysozyme and β-glucosidase) and the volatile
queen pheromone act synergistically to enhance these behaviors
(Matsuura et al., 2010).

In addition, queen-specific volatiles have been discovered in
other termite species (Table 4): 2-phenylethanol in Nasutitermes
takasagoensis (Himuro et al., 2011); (5Z,9S)-tetradec-5-en-
9-olide in Silvestritermes minutus (Machara et al., 2018);
and (3R,6E)-nerolidol in Embiratermes neotenicus, S. heyeri,
Labiotermes labralis, and Cyrilliotermes angulariceps (Havlíèková
et al., 2019). Furthermore, a non-volatile (contact) queen
pheromone is suspected in Cryptotermes secundus; this
pheromone consists of cuticular hydrocarbons (CHCs) including
4-methylnonacosane, 3-methylnonacosane, hentriacontene,
dotriacontene, tritriacontene, and pentatriacontadiene [the
positions of double bond(s) are unknown in all of these
unsaturated hydrocarbons], and another thirteen alkanes/alkenes
(Hoffmann et al., 2014). However, the pheromonal activities of
these compounds have not yet been demonstrated (Table 4).

ROYAL RECOGNITION PHEROMONES

It has long been hypothesized that when termite nestmates
recognize royal castes (i.e., kings and queens), they contact the
body surfaces of royals and then perceive royal-specific chemicals
(i.e., royal recognition pheromones) (Korb, 2018; Hefetz, 2019).
Royal recognition pheromones are predicted to be non-volatile,
because volatile compounds easily saturate the colony space,
and thus hamper the nestmates’ perception due to sensory
habituation (Korb, 2018; Hefetz, 2019). Indeed, neotenic kings
and queens of Z. nevadensis have some royal-specific CHCs,
including 6,9-nonacosadiene and three long-chain hydrocarbons
(Liebig et al., 2009); similarly, neotenic kings and queens of
Kalotermes flavicollis, Prorhinotermes simplex, and R. santonensis
have royal-specific proteins on their body surfaces (Hanus et al.,
2010), although the pheromone activities of these compounds
have not been demonstrated (Table 4).

A recent study revealed that one royal-specific CHC,
heneicosane, functions as a royal-recognition pheromone under
the presence of workers’ cuticular extract in R. flavipes (Funaro
et al., 2018; Table 4). The pheromone elicits strong royal
recognition behaviors (antennation and shaking of the body) in
both workers and soldiers that come into contact with it (Funaro
et al., 2018). Even when the pheromone is combined with foreign
workers’ CHCs, the royal recognition behaviors are elicited both
in workers and soldiers (Funaro et al., 2019). However, these
studies analyzed the CHC profiles of the neotenic kings and
queens but not of the primary ones, i.e., adult reproductives.
It is therefore still unknown whether the “royal-specific” CHC
would be common between primary and neotenic reproductives.
Additionally, the relative proportion of each component of CHCs
in termite kings and queens can change with aging (Gordon et al.,
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TABLE 4 | List of pheromones involving in reproduction.

Pheromone type Termite family and
species

Emitting
caste

Type of
evidence

Component Function References

Egg recognition Rhinotermitidae

pheromone Reticulitermes speratus Egg,
Worker

BS Lysozyme, β-Glucosidase Eliciting worker’s egg piling behavior. Matsuura et al., 2007, 2009

Volatile queen Rhinotermitidae

pheromone Reticulitermes speratus SQ Egg BS Butyl butyrate 2-methyl-1-butanol Inhibiting female workers’ differentiation into neotenic
queens. Promoting worker’s egg piling behavior.

Matsuura et al., 2010

Inhibiting egg production of neotenic queens Yamamoto and Matsuura,
2011

Promoting lysozyme production in worker’s salivary
gland

Suehiro and Matsuura,
2015

Antifungal activity against entomopathogenic fungi,
termite balls, and its related fungi

Matsuura and Matsunaga,
2015

Termitidae

Nasutitermes
takasagoensis

PQ E 2-Phenylethanol Unproved Himuro et al., 2011

Silvestritermes minutus PQ E (5Z,9S)-tetradec-5-en-9-olide Unproved Machara et al., 2018

Embiratermes
neotenicus

SQ E (3R, 6E)-Nerolidol Unproved Havlíèková et al., 2019

Silvestritermes heyeri SQ E (3R, 6E)-Nerolidol Unproved Havlíèková et al., 2019

Labiotermes labralis SQ E (3R, 6E)-Nerolidol Unproved Havlíèková et al., 2019

Cyrilliotermes
angulariceps

SQ E (3R, 6E)-Nerolidol Unproved Havlíèková et al., 2019

Contact queen Kalotermitidae

pheromone Cryptotermes
secundus

SQ E 4-Methylnonacosane,
3-Methylnonacosane,
Hentriacontene, Dotriacontene,
Tritriacontene, Pentatriacontadiene,
Other thirteen alkanes/alkenes

Unproved Hoffmann et al., 2014

Royal recognition Archotermopsidae

pheromone Zootermopsis
nevadensis

SK, SQ E 6,9-Non-acosadiene, Three
long-chain hydrocarbons

Unproved Liebig et al., 2009

Kalotermes flavicollis SK, SQ E Unidentified proteins Unproved Hanus et al., 2010

Rhinotermitidae

Prorhinotermes simpex SK, SQ E Unidentified proteins Unproved Hanus et al., 2010

Reticulitermes
santonensis

SK, SQ E Unidentified proteins Unproved Hanus et al., 2010

Reticulitermes flavipes SK, SQ BS Heneicosane, Common CHCs Eliciting antennation and shaking behavior of workers
and soldiers

Funaro et al., 2018

Emitting caste, PQ, Primary queen; SK, Secondary king; SQ, Secondary queen. Evidence, E, Estimation by chemical analyses; BS, Bioassay with synthesized compound.
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2020). Further study will be needed to elucidate how termites
share the information of the royal CHC profiles among nestmates
for a long period of time.

INTERSPECIFIC INTERACTION VIA
TERMITE PHEROMONES

Termite chemical communications are often eavesdropped or
mimicked by termitophagous predators and inquilines. For
example, the termite-raiding ant Odontoponera transversa
eavesdrops the trail-following pheromones of fungus-
growing termites (Odontoponera yunnanensis, Macrotermes
yunnanensis, and Ancistrotermes dimorphus) (Wen et al.,
2017). The termitophilous rove beetles (Staphylinidae) mimic
CHC profiles of the host termite species: Trichopsenius
frosti mimics the CHC profile of R. flavipes (Howard et al.,
1980); Trichopsenius depressus, Xenistusa hexagonalis, and
Philotermes howardi mimic that of R. virginicus (Howard
et al., 1982); Corotoca melantho mimics that of C. cyphergaster
(Rosa et al., 2018). The termite Inquilinitermes microcerus,
which is an obligatory inquiline of C. cyphergaster, does
not have its own trail pheromone, but this inquiline
termite follows the trail pheromone of its host (Cristaldo
et al., 2014). Also, C. cyphergaster responds to only its
own alarm signal, while I. microcerus responds both to
its own alarm signal and to an alarm signal from its host
(Cristaldo et al., 2016c).

Inter-colonical chemical interactions can be affected by
food resource availability and previously exposed odor.
In Nasutitermes aff. coxipoenens, although the workers
from colonies under low or high resource availability do
not discriminate between foreign trails leading into rich
and poor food resources, the workers from colonies under
intermediate resource availability discriminate between foreign
trails leading into rich and poor resources (Cristaldo et al.,
2016a). Moreover, the individuals of N. aff. coxipoensis are
attracted to allocolonial odor cues to which they were previously
exposed (Ferreira et al., 2018).

The termite egg-mimicking fungus “termite ball” represents
one of the most remarkable cases of fungal inquiline. Because
termite nests are well sanitized by secretion of antimicrobial
agents (Chen et al., 1998; Rosengaus et al., 2000, 2004;
Zhao et al., 2004; Matsuura et al., 2007), it is difficult for
microbes to intrude into the nest. However, the termite balls
succeed in intruding termite nests by mimicking termite eggs;
termite workers take care of the termite balls in a manner
identical to that of eggs to prevent them from desiccation
and pathogen infection (Matsuura et al., 2000). The termite
balls are the sclerotia of an athelioid fungus of the genus
Fibularhizoctonia (Matsuura et al., 2000), which morphologically
mimics the eggs of Reticulitermes termites by matching the
diameter and the smooth surface texture of the eggs (Matsuura
et al., 2000; Matsuura, 2006; Yashiro and Matsuura, 2007;
Ye et al., 2019). Furthermore, the termite ball chemically
mimics the eggs by expressing β-glucosidase, a component
of the termite egg recognition pheromone (Matsuura et al.,

2009). The termite balls grow on the termite nest wood and
obtain nutrition and energy by digesting cellulose contained
in the wood. Accordingly, it has been speculated that the
termite balls originally had the potential to produce the
same substance as the termite egg recognition pheromone
component; this facilitated the evolution of termite egg
mimicry (Matsuura et al., 2009). Furthermore, the soldier
pheromone of R. speratus, which has fungistatic activities
against entomopathogenic fungi, is unable to inhibit the
mycelial growth of termite balls (Mitaka et al., 2017b),
suggesting that termite balls newly acquired resistance to
termite fungistatic compounds (Mitaka et al., 2019). Thus
far, the volatile queen pheromone of R. speratus is the only
known antifungal agent that inhibits the germination and
growth of termite balls (Matsuura and Matsunaga, 2015).
However, the inhibitory effect of the queen pheromone differs
among termite ball strains, suggesting that some termite ball
strains may develop resistance even to the queen pheromone
(Matsuura and Matsunaga, 2015).

EVOLUTION OF TERMITE
PHEROMONES

Many termite species live inside predator- and microbe-rich
habitats, such as rotten wood and soil; thus, they develop a wide
variety of defensive substances including CHCs, terpenes, and
antimicrobial molecules (Howard and Blomquist, 2005; Stow and
Beattie, 2008; Šobotník et al., 2010; Rosengaus et al., 2011). Recent
studies outlined in the above sections suggested that termites
parsimoniously use these substances for pheromones involved in
caste recognition and caste-specific roles.

For example, CHCs are presumed to originally have been
used by insects to withstand desiccation and pathogen invasion
(Blomquist and Bagnères, 2010; Menzel et al., 2017). Most
insects have diversified their CHC compositions, such that the
CHCs are species-specific; these CHCs often serve as species
recognition cues for mating (Howard and Blomquist, 1982).
In eusocial insects including termites, the compositional ratios
of CHCs significantly differ between reproductive and non-
reproductive castes in each colony; queens (and kings in
termites) develop royal-specific CHC profiles (Van Oystaeyen
et al., 2014; Hefetz, 2019). The termite kings and queens in
each colony begin to produce de novo CHCs (or to increase
production of a certain existing CHC component, compared
to non-reproductive castes), accompanied by enhancement of
juvenile hormone titer followed by sexual maturation (Brent
et al., 2016). Ultimately, the royal-specific compounds are
utilized as royal recognition pheromones (Le Conte et al., 2008;
Leonhardt et al., 2016).

In parallel with the above CHC divergences, soldiers
in Rhinotermitidae and Termitidae species developed the
production ability of a variety of terpenes in the frontal
glands of their heads, and they use the terpenes for defensive
compounds such as repellents, poisons, antimicrobials, and
sticky substances for immobilizing predators (Šobotník et al.,
2010). However, some termite species use terpenes not only
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for such defensive substances but also for pheromones,
which are associated with nestmate recruitment for colony
defense and soldier differentiation (Vrkoc et al., 1978;
Valterová et al., 1988; Roisin et al., 1990; Šobotník et al.,
2008, 2010; Dolejšová et al., 2014; Cristaldo et al., 2016b;
Mitaka et al., 2017b).

Other antimicrobial molecules are also used for chemical
communication in termite societies. Workers and eggs produce
the antibacterial enzyme for egg recognition pheromone
(Matsuura et al., 2007), while queens use the queen-
specific antifungal volatiles for the pheromone indicating
the queen fertility, resulting in acquiring multifaceted roles
associated with promoting egg production and survivorship,
and regulating queen differentiation (Matsuura, 2012;
Matsuura and Matsunaga, 2015).

Even when the same set of compounds is used, the pheromone
function can change according to the emitter, and the dose.
For example, in some termites, the same set of compounds is
used both for sex-pairing pheromones secreted from alates and
for trail-following pheromones secreted from workers (Table 2).
Also, different concentrations of an alarm pheromone induce
different alarm behaviors of nestmates (Cristaldo et al., 2016b).

These facts strongly suggest that multifaceted usage of the
same set of compounds could have been the driving force behind
sophistication of termite pheromone communication. Because
the capacity of de novo biosynthesis of chemical compounds
is limited and costly, evolutional pressures have led to the
reuse of existing compounds for chemical communication.
This phenomenon is called semiochemical parsimony (Blum,
1996), which also occurs in many other insects (Blum and
Brand, 1972; Blum, 1996; Ruther et al., 2001; Allison et al.,
2004; Nojima et al., 2005; de Bruijn et al., 2006; Le Conte
et al., 2008; Geiselhardt et al., 2009; Chung and Carroll,
2015; Takata et al., 2019). Therefore, it has been considered
that semiochemical parsimony may account for the birth of
pheromones and the multifunctionalization in social insects
(Blum and Brand, 1972; Matsuura, 2012). Moreover, pheromones
can be developed by adding new compound(s) to pre-existing
semiochemicals, according to the social context. In R. speratus,
two major components of the workers’ CHCs are also used as
the aggregation pheromone, in combination with another four
compounds. This usage suggests that workers inform nestmates
of both the presence of other nestmates and locations suitable
for foraging/nesting (Mitaka et al., 2020). It is hypothesized
that both the parsimonious usage of the same compound(s)
and the addition of supplementary compounds to a pre-
existing semiochemical depending on the social context enable
termites to process considerable quantities of context-dependent
information with a small number of chemicals, thus forming
a coordinated and reasonable chemical communication system.
However, the rationalization of chemical communications does
not always induce the increase of types of pheromones in
a termite society, because the obligatory inquiline termite
I. microcerus takes advantage of the host’s trail and alarm
pheromones instead of using its own pheromones (Cristaldo
et al., 2014, 2016c). Such a usage of allelochemicals provides
an extended pheromone communication to inquiline species

as another level of semiochemical parsimony. Evolution of
pheromone communication system may be largely affected
by social structure, lifestyle, and habitat environment in
termites.

CONCLUSION AND PROSPECTS

Ongoing development of methods and devices for chemical
analyses has facilitated increased pheromone identification
in recent years (Wyatt, 2014). Since the identification of
the first termite pheromone [i.e., the trail pheromone of
R. virginicus in 1968 (Matsumura et al., 1968)], many pheromone
compounds have been identified in various termite species.
In particular, the number of termite pheromone studies
has been rapidly increasing since 2000 (∼84% of termite
pheromone papers were published from 2000 to 2020)
(Tables 1–4). Notably, trail-following pheromones are the
most popular in termite pheromone studies and have been
identified in 67 species; however, recent studies have made
R. speratus the most well-studied species with respect to
pheromones, such that five types of pheromones have been
identified (as of July 2020) including the trail pheromone
(Yamaoka et al., 1987; Tokoro et al., 1990), aggregation
pheromone (Mitaka et al., 2020), soldier pheromone (Mitaka
et al., 2017b), egg recognition pheromone (Matsuura et al.,
2007, 2009), and volatile queen pheromone (Matsuura
et al., 2010). Some pheromones gained multifunctional
roles by parsimoniously using the same set of compounds
for multiple purposes or by adding new compounds to pre-
existing semiochemicals depending on the situation; these
multifunctional pheromones can enable more informative
communication in social insects. However, there remain
predicted but unidentified pheromones, such as a king
pheromone that regulates caste differentiation (Wilson,
1965) and a cement pheromone that evokes nest-building
behaviors (Bonabeau et al., 1998; Mizumoto et al., 2015;
Green et al., 2017). In addition, minimal research has been
performed regarding the biosynthesis (Prestwich et al., 1981;
Hojo et al., 2007, 2011; Blomquist, 2010; Šobotník et al.,
2010; Bordereau and Pasteels, 2011; Beran et al., 2019) and
molecular-level chemoreceptive mechanisms (Poulsen et al.,
2014; Terrapon et al., 2014; Mitaka et al., 2016; Harrison
et al., 2018) in termite pheromones. Future interdisciplinary
research—including chemical ecology, genetics, physiology,
and biochemistry—will provide important insights into the
molecular and evolutionary mechanisms of the development
of intracolonial, intercolonial, and interspecies chemical
communications in termite societies.
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