
1 

ANTÔNIO CLÁUDIO FERREIRA DA COSTA 

 

 

 

 

 

 

 

 

CHEMICAL WEAPONS OF A TERMITE HOST AND ITS 
SIGNIFICANCE TO ITS INQUILINE 

 

 

 

 

 

 

 

Tese apresentada à Universidade Federal de 
Viçosa, como parte das exigências do Pro-
grama de Pós-Graduação em Entomologia, 
para obtenção do título de Doctor Scientiae. 

 

 

 

 

 

 

 

 
 

VIÇOSA 
MINAS GERAIS - BRASIL 

2017 



2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 



ii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Aos meus pais,  

Antônio Cezário Martins da Costa (in memoriam) e 

 Iolanda Ferreira da Costa (in memoriam). 

 



 

 

iii 

AGRADECIMENTOS 

 

A Deus, que sempre tem me acompanhado em todos os momentos da minha 

vida. 

À Universidade Federal de Viçosa e ao Programa de Pós-Graduação em 

Entomologia, pela oportunidade de realizar o Doutorado. 

À Empresa Agropecuária de Minas Gerais, EPAMIG que, por intermédio do 

Programa de Capacitação de Recursos Humanos, tornou possível a realização desse 

curso. 

Ao professor Eraldo de Lima pela orientação, pelo apoio e pela iniciação à 

Ecologia Química dos insetos. 

Ao professor Paulo Cristaldo, pela coorientação e pelo apoio ao longo dos 

fascinantes caminhos dos cupins. 

Aos professores do Departamento de Entomologia da Universidade Federal de 

Viçosa, pela formação recebida. 

À Eliane, da secretaria do curso de Pós-graduação em Entomologia, pelas 

informações e orientações. 

À minha família, principalmente à minha esposa Lourdes Aparecida Melino da 

Costa pelo apoio e carinho. 

Aos amigos do Laboratório de Semioquímicos e Comportamento de Insetos e 

de outros Laboratórios: Hernane, Sandra Mara, Carla Arce, Mateus, Morgana, Juliana, 

Rebeca, Diego, Josie, Manuel, Anyela, Laura Marcela, Amália Vitória, Nataly, 

Natália, Diogo, Vinícius, Verônica, Evandro, Raul, Elder, Julieth, Daniela Anita, Aline 

e Fernanda, agradeço a amizade e o apoio, principalmente nos momentos difíceis. 

Aos amigos da EPAMIG Norte, em especial Polyanna Mara, Heloisa, Ariane, 

Alniusa, Maria Geralda, Ana Rosa, Ermínia, Mário Sérgio, João Batista, Nívio, 

Luciana, Edison José e Rubens Roberto, agradeço a amizade e a ajuda. 

 Ao Comitê de pós-graduação da EPAMIG, agradeço o apoio principalmente 

nos momentos difíceis. 

 Aos estagiários Patiely, Gabriela, Guilherme Steferson, Anderson, Heydelberg, 

Thiago, Felipe e Matheus, agradeço a ajuda nos trabalhos de campo. 

 



 

 

iv 

SUMÁRIO 

 

Página 

ABSTRACT ..............................................................................................................................v 

RESUMO ................................................................................................................................ vi 

1 General Introduction ..............................................................................................................1 

Chapter 1 – Effect of chemical weapons from termites soldiers on vertebrates and 
invertebrates enemies: a review ................................................................................................4 

Abstract .....................................................................................................................................5 

1 Introduction ............................................................................................................................6 

1.1 The nest ...............................................................................................................................6 

1.2 The castes ............................................................................................................................7 

1.2.1 The worker caste ..............................................................................................................8 

1.2.2 The soldier caste ..............................................................................................................8 

2 The source of soldier chemical weapons: the frontal gland .................................................10 

2.1. Mechanisms responsible for discharge of frontal gland secrections ............................... 13 

3 Effects of the substances secreted by the soldier frontal gland ............................................17 

4 Autodetoxification ...............................................................................................................28 

5 Conclusion ...........................................................................................................................29 

6 References ............................................................................................................................30 

Chapter 2 - Toxic and behavioral effect of Constrictotermes cyphergaster (Blattodea: 
Termitidae: Nasutitermitinae) frontal gland secretion on its obligatory inquiline 
Inquilinitermes microcerus (Blattodea: Termitidae: Termitinae) ...........................................44 

Abstract ...................................................................................................................................45 

1 Introduction ..........................................................................................................................46 

2 Material and methods ...........................................................................................................49 

2.1 Study site and maintenance .............................................................................................. 49 

2.3 Survival and repellency bioassays ................................................................................... 50 

3 Results ..................................................................................................................................52 

3.1 Survival assays ................................................................................................................. 52 

3.2 Repellency assays ............................................................................................................ 55 

4 Discussion ............................................................................................................................56 

Acknowledgements .................................................................................................................60 

5 References ............................................................................................................................60 

2 General conclusions .............................................................................................................65 

APÊNDICES...........................................................................................................................66 

APÊNDICE A .........................................................................................................................67 

APÊNDICE B .........................................................................................................................99 

 

 

 

 



 

 

v 

ABSTRACT 

 

COSTA, Antônio Cláudio Ferreira da, D.Sc., Universidade Federal de Viçosa, 
February, 2017. Chemical weapons of a termite host and its significance to its 
inquiline Adviser: Eraldo Rodrigues de Lima. Co-adviser: Paulo Fellipe Cristaldo. 

 

The chemical defense is an important resource for termites deal with the conflictual 

interactions to which they are exposed, such as predator-prey, parasite-host and 

competition for food and shelter. There is a vast array of poisonous substances 

produced by the frontal gland of termite soldiers, which is the main exocrine gland 

responsible for defensive secretions of the phylogenetically derived Rhinotermitidae, 

Serritermitidae and Termitidae. In termite enemies these defensive secretions act as 

irritants, topical poisons, antihealing greases, immobilizer glues, repellents, 

unpalatability agents and inhibitors of fungal and bacterial grouwth. Even though, such 

impressive weaponry is circumvented by Inquilinitermes microcerus Silvestri, 1901 

(Termitidae [Termitinae]), an obligatory inquiline of the nest of Constrictotermes 

cyphergaster (Silvestri, 1901) (Termitidae [Nasutitermitinae]). The present work 

demonstrated that the frontal gland extract of C. cyphergaster causes no toxic or 

repelent effect on I. microcerus. These results suggest that I. microcerus has a 

detoxication mechanism comparable to that employed by C. cyphergaster conspecifics 

to avoid the toxic consequences of the defensive secretion from their own soldiers. 

This is the first record of the occurrence of detoxication in an obligatory inquiline 

against the defensive sectretion of its host. 
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RESUMO 

 

COSTA, Antônio Cláudio Ferreira da, D.Sc., Universidade Federal de Viçosa, 
fevereiro de 2017. Armas químicas de um cupim hospedeiro e a significância delas 
para o seu inquilino. Orientador: Eraldo Rodrigues de Lima. Coorientador: Paulo 
Fellipe Cristaldo. 
 

A defesa química é um importante recurso para os cupins lidarem com as interações 

conflituosas às quais eles estão expostos, tais como predador-presa, parasita-

hospedeiro e competidores por alimento e abrigo. Há um vasto aparato de substâncias 

nocivas produzidas pela glândula frontal dos soldados dos cupins, a qual é a principal 

glândula exócrina responsável pelas secreções defensivas das famílias 

filogeneticamente derivadas, Rhinotermitidae, Serritermitidae e Termitidae. Nos 

inimigos dos cupins essas secreções defensivas atuam como irritantes, venenos de 

contato, géis anti-curativos, colas imobilizadoras, repelentes, agentes de 

impalatabilidade e inibidores de crescimento fúngico e bacteriano. Ainda assim, esse 

impressionante arsenal é mitigado por Inquilinitermes microcerus Silvestri, 1901 

(Termitidae [Termitinae]), um inquilino obrigatório dos ninhos de Constrictotermes 

cyphergaster (Silvestri, 1901) (Termitidae [Nasutitermitinae]). O presente trabalho 

demonstrou que o extrato da glândula frontal de soldados de C. cyphergaster não causa 

efeito tóxico ou repelente em I. microcerus. Esses resultados sugerem que I. 

microcerus possui um mecanismo de detoxificação comparável ao utilizado por 

coespecíficos de C. cyphergaster para não ser suscetível aos efeitos tóxicos da 

secreção de defesa dos seus próprios soldados. Esse é o primeiro registro da ocorrência 

de detoxificação em um cupim inquilino obrigatório contra a secreção de defesa do 

seu hospedeiro. 
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1 General Introduction 

The insects that reached advanced levels of social life (e.g. bees, wasps, ants, and 

termites) are probably equivalent to more than half the biomass and are the most 

abundant of terrestrial arthropods (Hölldobler & Wilson, 2009). Helped by the benefits 

of colonial life, social insects were able to occupy the most convenient nest sites and 

defensible foraging places, despite that they represent only 2% of the approximately 

900.000 known insect species in the world. On the other hand, solitary insects, such as 

cockroaches, grasshoopers, and beetles were displaced to the peripheral, remote and 

transient of living spaces (Hölldobler & Wilson, 2009). 

Because of their greater abundance, social insects are more exposed to predators than 

solitary insects. Nevertheless, cooperative group behaviour in the defense of the 

colony also helps social insects to achieve environmental domination. So, individual 

casulties incurred in confrontations with enemies during foraging and nest defense 

does not affect the safety of the other members of the colony and lost combatants are 

replaced after a short time (Hölldobler & Wilson, 2009). 

The evolutionary success of the termites was mostly because of the defensive strategies 

that they employ to protect the colony against predators (Prestwich, 1984a) and to 

challenge intra and interspecific competition for nesting and foraging areas (Thorne, 

1982; Binder, 1988; Thorne & Haverty, 1991; Korb & Linsenmair, 2001; Thorne et 

al., 2003). These tactics comprise passive and active components. The passive element 

consists in the nest while the active one comprise the behavioral and anatomical 

defensive mechanisms (Cristaldo et al., in press). 

The nest is composed by an intricate inner system of tunnels and galleries that work as 

a barrier, making the track of termites a very difficult task for their enemies. It is 
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designed to work as a fortification that protects the vulnerable inhabitants of the colony 

against their enemies and climate variations (Noirot & Darlington, 2000). These 

elaborated architectural configurations are considered as the most complex structures 

built by animals (Noirot, 1970; Noirot & Darlington, 2000). 

The second set of strategies, the active elements, comprise the behavioral and 

anatomical defensive apparatus of soldiers and workers. Notwithstanding workers 

outnumber soldiers in a termite’ colony, the the defense is the main task of the soldier 

caste which is supplied with an efficient collection of mechanical and chemical 

defensive adaptations. Soldiers of primitive species employ mainly mechanical 

defense and have strongly sclerotized head capsules harboring powerful mandibles, 

used to bite or snap (Deligne et al., 1982; Prestwich, 1984a). On the other hand, 

chemical defense is found in phylogenetically derived species where soldiers are well 

supplied with exocrine glands, among which, the frontal gland is the chief in this role 

(Prestwich, 1984a). 

The frontal gland is an unpaired organ, present only in termites (Noirot, 1969), which 

is located in the soldier’ head of the phylogenetically derived Rhinotermitidae, 

Serritermitidae and Termitidae families (Šobotník et al., 2010a). In some Termitidae 

(Nasutiterminae), soldiers produce a viscous secretion composed primarily by 

terpenoids which communicates alarm messages responsible for recruitment of 

nestmates (Roisin et al., 1990; Šobotník et al., 2008; Cristaldo et al., 2016), but they 

also act as repellents, irritants and toxic agents for a range of vertebrate and 

invertebrate species (e.g. Redford, 1984; Kuldová et al., 1999). Additionally, they also 

inhibit the development of fungi and bacteria, helping the control of nest microbes 

(Rosengaus et al., 2000).  
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Despite the efficient termite weaponry, some termite species can enter unnoticed and 

inhabit other termite nests (Cristaldo et al., 2012; Florencio et al., 2013; Cristaldo et 

al., 2016). The degree of interaction seems restricted to cohabitation without any 

attempt of the inquiline to make direct contact with the host. This association occurs 

in nests of Constrictotermes cyphergaster (Silvestri, 1901) (Termitidae: 

Nasutitermitinae) found in the Brazilian cerrado which are frequently cohabited by 

one species of Inquilinitermes, either I. fur or I. microcerus (Termitidae: Termitinae) 

(Mathews, 1977). Interestingly, I. microcerus is able to follow C. cyphergaster trails 

(Cristaldo et al., 2014) as well as decode and and keep away from its alarm pheromone 

(Cristaldo et al., 2016). However, how the defensive secretion of the frontal gland of 

the host affects the inquiline remains unknown. 

The work developed in this doctoral thesis aimed to analyse the harmful effects of the 

frontal gland secretion of termite soldiers. The first chapter is concerned with the 

literature review of the effects that the frontal gland secretions of termite soldiers have 

in their antagonists. In the second chapter, it was studied the toxic and repellent effects 

of the defensive secretion produced by Constrictotermes cyphergaster (Silvestri, 

1901) (Termitidae: Nasutitermitinae) on its obligatory inquiline Inquilinitermes 

microcerus Silvestri, 1901 (Termitidae: Termitinae). It was verified that the 

survivorship and repellence of inquiline groups were not significantly affected by the 

the frontal gland extracts of C. cyphergaster soldiers. 
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Abstract  

The chemical defence is an important resource that help termites to deal with the 

conflictual interactions to which they are exposed. There is a vast array of poisonous 

substances available from the frontal gland of termite soldiers, the main exocrine gland 

responsible for defensive secretions of the phylogenetically derived Rhinotermitidae, 

Serritermitidae and Termitidae. The combat strategies employed by the users of these 

chemical weapons range from one-to-one contact fights of few large soldiers to distant 

combat hold by numerous smaller soldiers and are associated with the configurations 

of the discharge system of the frontal gland secretion. The defensive secretions may 

act in the enemies by different ways. Irritants, promote grooming behaviours, that lead 

the contender to stop its offensive, topical poisons are found among highly reactive 

compounds and are very active topically, anti healing greases make the wounds that 

the mandibles cause difficult to heal, immobilizer glues are viscous substances that 

lead to the entanglement of the opponent, limiting or stopping their movements as well 

as obstructing their sensilla and spiracles, repellents force the opponent either to leave 

the conflictive area or stop its feeding, unpalatability agents modify the behavior of 

the receptor in order to discourage its feeding and inhibitors of fungal and bacterial 

growth are used by termites against microbial and invertebrate pathogens and parasites 

that they may find due their nesting and feeding habits. 

Additionally, termites are also provided with detoxification routes in order to avoid 

casualties due to “friendly fire” from their own nestmate soldiers. Such impressive 

chemical weaponry allowed termites to leave the ancestor nesting type restricted to 

dead woods to colonize different ecological niches above the ground, build epigeous 

nests and explore a broader variety of food resources. 

 

Key words: frontal gland, toxicity, defense 
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1 Introduction 

Termites are among the most abundant and dominant insect group in terrestrial 

ecosystem in tropical regions and therefore constitute a possible abundant supply of 

food for predators (Traniello & Leuthold, 2000). The evolutionary success of termites 

is in large part due to their ability to digest lignocellulose and their efficient defensive 

adaptations that minimize the negative interactions with competitors and predators 

(ants and some specialized mamals and reptiles) (Thorne, 1982; Prestwich, 1984a, 

Binder, 1988; Thorne & Haverty, 1991; Hölldobler & Wilson, 1994; Korb & 

Linsenmair, 2001; Thorne et al., 2003). 

The protection of termites against the attacks of ants, their main predator (Hölldobler 

& Wilson, 1994), as well as the intra and interspecific competition for nesting and 

foraging sites (Thorne, 1982; Binder, 1988; Thorne & Haverty, 1991; Korb & 

Linsenmair, 2001; Thorne et al., 2003) were the selective pressures that influenced the 

defensive adaptations of termites (Šobotník et al., 2010a). 

The defensive strategies of termites consist of the physical barrier of the nest structure 

(passive defenses) combined with morphological and behavioral weapons employed 

by workers and soldiers (active defenses) (Cristaldo et al. in press). 

1.1 The nest 

The nest is the lifeless part of the colony, consisting in the structures that termites 

build, in order to live inside (Eggleton, 2011). There is a wide variety of nesting type 

which probably evolved together with social behavior and also connected to defense 

strategy as well as the creation of a controled microclimate for the colony (Noirot & 

Darlington, 2000). The primitive nest type was probably a dead wood, which the 
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colony uses as both shelter and food source as verified in Termopside (Eggleton, 2000; 

Kambhampati & Eggleton, 2000) one of the most primitive termite families (Higashi 

et al., 2000) (e.g. Zootermopsis [Termopsinae]) (Noirot & Darlington, 2000; Inward 

et al., 2007), Kalotermitidae and a few Rhinotermitidae and Termitidae (Kambhampati 

& Eggleton, 2000). As the colony grows older, its size and longevity are limited by 

the availability of the wood. An intermediate-type nesting consists in a net of 

subterranean galleries that connect diferent pieces of wood. This system allows the 

expansion of the colony to new pieces of wood, but the source of food still works as 

the nest (Noirot & Darlington, 2000; Inward et al., 2007) and is possible to have 

evolved separately in Mastotermitidae and most Rhinotermitidae (Kambhampati & 

Eggleton, 2000) (e.g. some Schedorhinotermes species [Rhinotermitinae]) (Noirot & 

Darlington, 2000; Inward et al., 2007). According the main tendency in the evolution 

of termite nest types, the most derived condition consists in the complete distinction 

between the nest and the food source, where the nest is built at a distance from the 

feeding substrate (Noirot & Darlington, 2000; Inward et al., 2007), what is observed 

in Hodotermitidae, a few Rhinotermitidae and most Termitidae (Kambhampati & 

Eggleton, 2000) (e.g. Constrictotermes [Nasutermitinae]). 

1.2 The castes 

The living part consist of the individuals that live inside the colony, comprising the 

castes of reproductives, workers and soldiers. The queen, the king and the alates belong 

to the reproductive caste. The queen is usually the only inhabitant of the colony which 

is able to lay eggs (Korb, 2008). The king is her life partner and seems to have the only 

function of mate with the queen at definite intervals of time. The alates are 

reproductives supplied with wings, produced in large numbers, that leave the nest in 

masse. After the flight, they land on the ground or on a dead wood and form a couple: 
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a male (the king) and one female (the queen) to constitute a new colony. The royal pair 

then breed and the queen start producing workers to care of all inhabitans of the colony, 

to build colony structures and to search for food. Soldiers will be produced a bit later, 

accordingly with the development of the colony. Alates will be produced again in the 

future when the recently founded colony will achieve maturity, continuing the life cicle 

(Eggleton, 2011). 

1.2.1 The worker caste 

Workers are the most abundant caste in the colony (Traniello & Leuthold, 2000) which 

are only found in species with either intermediate or separate-type nests (Inward et al., 

2007) being absent in the primitive one-piece nest Termopsidae and Kalotermitidae as 

well as in a few Rhinotermitidae and Termitidae (Eggleton, 2011). This sterile caste is 

in charge for the care of the other castes of the colony, leaving the nest only to bring 

food and water (Eggleton, 2011). Additionally, workers also participate in the defense 

by aggression (biting), emergency repairing and building of the colony structures as 

well as removing the offspring to a safer place (Traniello & Leuthold, 2000). 

1.2.2 The soldier caste 

Soldiers belong to a sterile caste that evolved before workers (Thorne et al., 2003). 

Their major function is the defense of the colony, specifically the queen and the king 

(Eggleton, 2011), against predators, inter- and intraspecific competitors (Haverty & 

Howard, 1981; Thorne & Haverty, 1991; Roux & Korb, 2004), but may also take part 

in the search for new foraging areas, recruitment of workers to recently found 

resources (Traniello & Leuthold, 2000) and also egg care (Hanus et al., 2005). 

However, soldiers do not feed themselves and require to be tended by worker caste 

(Noirot & Darlington, 2000). The presence of sterile soldiers in all termite families, 
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exhibiting a wide variety of morphology shows the great significance of defense in the 

social evolution of termites. However, there was a derived condition of a secondary 

loss of the soldier caste in two subfamilies of Termitidae. In some soil-feeding species 

of Apicotermitinae (Higashi et al., 2000) and in three genera of Termitinae (Noirot & 

Darlington, 2000). 

The weaponry of termite soldiers contains mechanical and chemical defensive 

resources. The mechanical weapons consist in primitive powerful mandibles derived 

from the worker mandibular type (Šobotník et al., 2010a). They are connected to a 

robust and well sclerotized head, which are found in the phylogenetically primitive 

families Termopsidae, Hodotermitidae and Kalotermitidae (Noirot & Darlington, 

2000). However, it was also observed that mandibles can be reduced and non-

functional in a few Rhinotermitidae and most of Nasutitermitinae (Noirot & 

Darlington, 2000). The chemical defenses are provided by the salivary or labial glands 

and the frontal gland. The labial glands exist in all castes of all termites. However, the 

frontal gland is peculiar among insects and was the main evolutionary novelty in 

termites, consisting in a synapomorphy of the phylogenetically derived families 

Rhinotermitidae, Serritermidae and Termitidae (Noirot & Darlington, 2000). This 

defensive gland produces an enormous diversity of harmful compounds and may be 

atrophied in workers, diminute in imagoes and greatly expanded in soldiers (Noirot & 

Darlington, 2000). The defensive substances produced by the frontal gland are 

employed exclusively as in some Termitidae (e.g. Nasutitermes, Subulitermes and 

Constrictotermes [Nasutitermitinae]) or combined with the mechanical defense of the 

soldier mandibles such as in Rhinotermitidae (e.g. Coptotermes [Coptotermitinae] and 

Rhinotermes [Rhinotermitinae]), Termitidae (e.g. Macrotermes [Macrotermitinae], 
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Syntermes and Rhynchotermes [Nasutitermitinae], Cubitermes, Microcerotermes and 

Termes [Termitinae]) (Noirot & Darlington, 2000). 

The chemical defenses have probably evolved associated with the diversification of 

the nest habits of Isoptera (Traniello & Leuthold, 2000). The arising of derived 

separate-piece nesters obligated workers to forage outside the nest and in the open 

space, therefore becoming more exposed to predation (Noirot & Darlington, 2000). It 

is reasonable to think that epigeic foraging demanded continuous improvement of 

soldier defensive strategies in response to selective forces, evolving from one-to-one 

contact combats employed by robust biting soldiers to long distance smaller and 

abundant soldiers releasing noxious secretions produced by the frontal gland (Šobotník 

et al., 2010a). As a consequence, termites became able to explore new food sources 

from different ecossistems, less patchly distributed than dead wood (Inward et al., 

2007). 

This work comprises the information available in scientific articles and text books up 

to February 2017, concerning the defensive secretions produced by the soldier frontal 

gland of termite species and its effects over opponents such as predators, parasites and 

competitors for resources. 

2 The source of soldier chemical weapons: the frontal gland 

The frontal gland is an unpaired organ present only in termite species (Noirot, 1969). 

The representative structure of this defensive gland in the soldier is a single saclike 

reservoir located in its head connected to an opening in the frons, the fontanelle. The 

defensive secretion produced is then accumulated in the reservoir until a threat 

demands its use (Šobotník et al., 2010a).  
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The volume of the frontal gland reservoir varies from exclusively cephalic to extended 

until the abdomen (Noirot & Darlington, 2000). In Serritermitidae (e.g. Serritermes) 

and Rhinotermitidae (e.g. Rhinotermes [Rhinotermitinae], Schedorhinotermes 

[Rhinotermitinae], Prorhinotermes [Prorhinotermitinae] and Coptotermes formosanus 

[Coptotermitinae]) it may fill up to two-thirds of the abdominal cavity with the amount 

of secretion constituting over one third of the fresh body weight (Waller & La Fage, 

1987) whereas in some Termitidae (e.g. Cubitermes [Termitinae], some Macrotermes 

[Macrotermitinae] and Nasutitermes [Nasutitermitinae]) it is limited to the head 

capsule and the amount of secretion achieves no more than one tenth of the soldier 

body weight (Prestwich, 1977). 

There is a great diversity in the secretions produced by the frontal gland, in terms of 

their biochemical source, physical attributes and molecular structure. The soldier 

defensive chemicals can be grouped into three categories: Terpenoids (monoterpenes, 

sesquiterpenes and diterpenes), Acetate-derived (quinones, macrocyclic lactones, 

alkanes, alkenes, nitroalkenes, vinil ketones and ketoaldehydes), Proteins and 

Mucopolysaccharides (Prestwich, 1984a). 

The information about the existence of the frontal gland in soldiers is widely 

recognized whereas there is scarce data about it in imagoes, presoldiers and workers 

(Quennedey, 1984; Šobotník et al., 2010a, c, d; Kutalová et al., 2013). Under the 

functional point of view, it is a secretory organ present in other castes than in soldiers 

(Kutalová et al., 2013) and two evidences suggest a defensive role for their secretions: 

First, in Rhinotermitidae, imagoes of Prorhinotermes [Prorhinotermitinae] exhibit the 

same noxious nitroolefins as those found in soldiers (Piskorski et al., 2009). Second, 

the defensive secretion occurs only in the dispersal flight and in the initial phase of the 

establishment of the colony, while the termites are especially vulnerable to predation. 
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After this, the production of the secretion is interrupted as soon as the first soldiers 

emerge (Piskorski et al., 2009).  

The great variation in the size of the frontal gland in imagoes of Rhinotermitidae and 

Serritermitidae not always corresponds to the soldiers. So, it is probable that in these 

families the selective forces operated in the frontal gland of the imagoes rather than in 

the soldiers (Šobotník et al., 2010d). This is likely to occur because when imagoes go 

outside the nest they are are exposed to a wider variety of threats than soldiers. 

In Rhinotermitidae, the shape of the frontal gland in presoldiers of Prorhinotermes 

simplex and P. inopinatus is a simple tube reaching the third abdominal segment. In 

this caste, the typical features of this gland were verified whereas the occurrence of 

the defensive secretion (E-1-nitropentadecene) was not detected (Šobotník et al., 

2004). 

Among some Termitidae subfamilies, the frontal gland of imagoes is deprived of 

reservoir in Foraminitermitinae and Macrotermitinae whereas it occurs in 

Sphaerotermitinae, Apicotermitinae, Termitinae, Syntermitinae and Nasutitermitinae. 

It was also verified that the size of the frontal gland was variable to each of these 

subfamilies as well as within them. Despite it had not been possible to detect 

substances produced by the frontal gland without reservoir, there are proofs that at 

least a small amount of secretion is produced. Besides, it is possible that they may have 

a different role from those glands with reservoir, acting as antibacterial or antifungal 

(Kutalová et al., 2013).  

In the Apicotermitinae soldierless species, the frontal gland is well-developed and 

characterized as a functional secretory organ, despite of the absence of the reservoir. 

It is located in the head of workers and connected to the muscles in the same way as 
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in soldiers and imagoes, indicating that it is homologous to these castes. Nevertheless, 

its defensive function is still to be demonstrated (Šobotník et al., 2010c). 

2.1. Mechanisms responsible for discharge of frontal gland secrections 

One of the most extraordinary aspects about these chemical weapons is the diversity 

of adaptative attributes responsible for their discharge, which contribute to improve 

their effectiveness and reduce their wastage. The discharge mechanism of the secretion 

produced and stored in the frontal gland is composed by fontanelle, frons, clypeus and 

labrum. These morphological structures were subjected to a great diversification of 

their configurations, according the variety of the substances produced and their mode 

of action in order tho achieve the most efficient way to guide them to the target 

(Šobotník et al., 2010a). 

The fontanelle is the outer opening of the frontal gland and it is located in the frons. In 

the simplest design of the discharging mechanisms the fontanelle is located at the level 

of the head surface as a small and almost unnoticeable frontal pore, through which the 

secretion simply exudes into the enemy (Fig. 1A). This primitive condition is found in 

some Rhinotermitidae (e.g. Termitogeton [Termitogetoninae]) and Termitidae (e.g. 

Macrotermes [Macrotermitinae] (Quennedey & Deligne, 1975; Deligne et al., 1982) and 

Foraminitermes [Termitinae] (Prestwich, 1984a)). 

The assemblage of the frons, clypeus and labrum may also constitute a small channel 

by which the secretion flows from the fontanelle to the contender, as found in some 

Rhinotermitidae (e.g. Psammotermes [Psammotermitinae]) and Termitidae (e.g. 

Amitermes [Termitinae]) (Quennedey & Deligne, 1975; Deligne et al., 1982). Still in 

Rhinotermitidae, the advanced rhinotermitines exhibit the channel in the frons 
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modified into a marked groove along an extended labrum bearing a group of setae in 

the tip, in a form of a paintbrush (e.g. Schedorhinotermes, Rhinotermes and 

Dolichorhinotermes [Rhinotermitinae]) (Fig. 1B). The exudation of the secretion is 

then guided from the fontanelle to the extremity of the labrum and applied topically 

onto the rival (Quennedey & Deligne, 1975). 

The fontanelle may also be repositioned toward the forepart of the head, still at its 

surface level or at the tip of a protuberance. The first configuration is found in some 

Rhinotermitidae (e.g. Coptotermes [Coptotermitinae]) and Termitidae (e.g. 

Cubitermes (Quennedey & Deligne, 1975; Deligne et al., 1982 and Noditermes 

[Termitinae] (Prestwich, 1984a)). The second configuration is found in some 

Termitidae where the projection may assume either a turret-like shape, as in some 

Macrotermitinae (e.g. medium and minor soldiers of Acanthotermes) (Deligne et al., 

1982), or a conspicuous prominence (Fig. 1C) in some Termitinae bearing either 

symmetrical (e.g. Cavitermes, Inquilinitermes, Termes) or asymmetrical snapping 

mandibles (e.g. Cornicapritermes, Dihoplotermes) (Quennedey, 1984). In spite of the 

snapping mechanism be considered the foremost defensive system of these soldiers 

(Deligne et al., 1982), the existence of a frontal projection strongly suggests that these 

groups possess an operative frontal gland (Šobotník et al., 2010a), as verified in 

Cavitermes tuberosus (Termitidae [Termitinae]) (see Kyjaková et al., 2015). 

Termite soldiers exhibiting the fontanelle as a frontal pore or located in a frontal 

projection employ hydrostatic pressure to release the defensive secretion, which is 

considered the ancestor evolutionary state. The increasing in the haemolimph pressure 

is promoted by the contraction of mandibular muscles during the biting process. The 

small reservoir of the frontal gland is then compressed and the secretion is oozed from 

the fontanelle (Kaji et al., 2016). 
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The efficiency of the chemical defenses of termites received notable improvements 

with the ability to expel forcibly the defensive secretion and to aim the discharge 

toward the contender. The arrangement of the morphological elements that allowed 

the accomplishment of these functionalities was the relocation of the fontanelle to the 

extremity of a duct constituted by the rostrum showing a variable extent. The 

advantages promoted by these novelties are remarkable. The defensive fluid been 

ejected under pressure increases the range of the chemical defense thus raising the 

chances that the enemy be reached before it causes injuries in the soldier (Eisner & 

Meinwald, 1966). The capacity to aim the discharge also contributes to reduce the 

wastage of the secretion and raise the precision to hit the target, thus enhancing the 

effectiveness of the defense (Eisner & Meinwald, 1966). 

In some Termitidae, this defense mechanism occurs either combined with mechanical 

defenses, as in Syntermitinae (e.g. Syntermes) (Fig. 1D) or employed exclusively as in 

Nasutitermitinae (e.g. Nasutitermes), which have the manbibles extremely reduced or 

vestigial (Šobotník et al., 2010b) (Fig. 1E). The Syntermitinae soldiers use their well-

developed mandibles to pierce and trap the body of the enemy while the frontal gland 

secretion is released from the more or less developed nasus (Šobotník et al., 2010b). 

The large frontal gland is then emptied by direct pressure of mandibular muscles that 

expand during the bite. This configuration is considered an intermediate state in the 

evolutionary sequence of the releasing mechanism of the frontal gland secretion (Kaji 

et al., 2016). 

The Nasutitermitinae soldiers, the nasutes, exhibits a “pear-shaped” or ampulae like 

head, almost entirely filled by the frontal gland, responsible for the production of a 

viscous and smelly secretion which is squirted in the contender when it is perceived. 

In this group the mandibles were decreased, simultaneously with the improvement of 
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a defensive strategy relying exclusively on expelled terpenoids (Emerson, 1961; 

Deligne et al., 1982; Prestwich, 1982; Prestwich, 1984a) and distant combat. The 

release of the defensive secretion in these soldiers is achieved by the compression of 

highly modified mandibular muscles that surround the enlarged frontal gland, 

consisting in the most derived configuration (Kaji et al., 2016). 

  

Figure 1. Termite soldier heads showing some discharge systems of the frontal gland 

secretion (arrow indicates the fontanelle). (A) Small and undetecteable frontal pore. 

(B) Groove (g) connecting the fontanelle to the tip of the labrum. (C) Fontanelle 

located in a frontal projection or (D) and (E) in the extremity of the rostrum. Dashed 

line in E depicts the limits of the frontal gland (f) and its conection with the fontanelle. 

(Redrawn from Quennedey et al. (1973) (B) and from fotos by Sobotník (C and E) and 

Cristaldo (A and D)). 

 

A peculiar strategy to discharge the toxic secretion of the frontal gland is the suicidal 

defensive behavior where a sticky defensive secretion is liberated by the breaching of 

the soldier body at a specific site. This defense is carried out by some Rhinotermitidae 

(e.g. Glossotermes [Psammotermitinae]), Termitidae (e.g. Apilitermes and 

Globitermes sulphureus [Termitinae]), Serritermitidae (e.g. Serritermes serrifer). 

Interestingly, the region of the termite’s body where the fracture occurs varies from 

species to species (Costa-Leonardo & Kitayama, 1991; Bordereau et al., 1997; Deligne 
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and DeConinck, 2006; Šobotník et al., 2010a). The secretion is produced by a modified 

frontal gland, which fills a large part of the abdomen and the thorax and has no outside 

opening. Strong contractions of the abdominal wall breach the gland and the 

integument at a frailty region of the thoracic sternum, exactly before the fore coxae, 

allowing a yellowish secretion to flow slowly to the lower position of the head capsule 

instead of being thrown onto the opponent. Soldiers in this condition are capable of 

combat for some minutes, thus preventing the scape of the intruder once the secretion 

quickly becomes rigid when exposed to air (Bordereau et al., 1997). 

3 Effects of the substances secreted by the soldier frontal gland 

The defensive secretions of the frontal gland can act in the enemies as irritants, topical 

poisons, anti healing greases, immobilizer glues, repellents, unpalatability agents and 

inhibitors of fungal and bacterial growth (Table 1). 

Substances showing irritant effects are produced by a great number of biting, slashing 

or piercing mandibulated termites which consist in volatile fatty acid and terpenoid 

compounds with 10 to 20 carbon atoms, among which sesquiterpenes and 

monoterpenes occur more frequently. They may also cause repellence, deterrence or 

disorientation in the enemies dissuading them from attack independently of noxious or 

physical handicapping effects, also present in the defensive secretion (e.g. elicit a 

grooming behavior in ants which leads to the cessation of the offensive) (Prestwich, 

1984a). 

Some compounds also perform a supplementary role also as irritants as the 

monoterpenes in Rhinotermitidae (Prorhinotermitinae) (e.g. farnesene in 

Prorhinotermes) (Prestwich, 1984a) and mellein, in some Termitidae (Syntermitinae) 
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(e.g. farnesene in Cornitermes) (Blum et al., 1982) (Table 1). Mellein is a volatile 

phenolic compound that, besides its irritant effect, have a noxious activity against 

Calliphora erytrocephala (Diptera [Caliphoridae]) (Claydon et al., 1979). It is also one 

of the components of the trail pheromone of the ant Lasius fuliginosus (Hymenoptera 

[Formicidae]) (Kern et al., 1997) and a defense substance of the thrips Haplothrips 

leucanthemi (Thysanoptera: Phlaeothripidae) against Solenopsis invicta (Hymenopera 

[Formicidae]) (Blum et al., 1992). Additionally, (-)-mellein is also known to have 

larvicidal effect on Aedes aegypti (Diptera [Culicidae]) (Kendagor et al., 2013). 
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Table 1. Effects of chemical substances presents in the frontal gland secretions of termite species verified on heterospecifics 

Family Subfamily Species Chemical 
substance 

Effect Organism tested Reference 

Rhinotermitidae Prorhinotermitinae Prorhinotermes 

simplex 
(E-1-
nitropentadec-1-
ene) 

Contact 
poisons 

Musca domestica (Diptera: 
Muscidae) 

Hrdý et al., 
1977; 
Kuldová et 
al., 1999 

Rhinotermitidae Prorhinotermitinae Prorhinotermes 

simplex 
(E-1-
nitropentadec-1-
ene) 

Contact poison Workers of 
Schedorhinotermes 

lamanianus and 
Reticulitermes flavipes 
(Isoptera: Rhinotermitidae) 

Spanton & 
Prestwich, 
1981 

Rhinotermitidae Prorhinotermitinae Schedorhinotermes 

putorius 
Ketones and β-
ketoaldehydes 

Contact poison Formica rufa, Lasius 

niger, Myrmica rubra and 
Leptothorax tuberum 
(Hymenoptera; 
Formicidae) 

Quennedey et 
al., 1973 

(Continued) 
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Table 1 (Continued) 

Family Subfamily Species Chemical 
substance 

Effect Organism tested Reference 

Rhinotermitidae Heterotermitinae Reticulitermes 
santonensis, R. 

grassei and R. 

banyulensis  

Geranylinalool Contact poison Predatory ants (Pheidole 

pallidula, Hypoponera 

eduardi, Leptothorax 

unifasciatus, L. nylanderi, 
L. parvulus, Myrmica 

rugulosa, Aphaenogaster 

subterranea, 
Crematogaster scutellaris 
and Monomorium sp. 
(Hymenoptera: 
Formicidae)), ant 
competitors (Leptothorax 

lichensteni, L. racovitzae 

and Lasius emarginatus 
(Hymenoptera: 
Formicidae) and fifth-
instar larvae of 
Schistocerca gregaria 
(Orthoptera: 
Cyrtacanthacridinae) 

Lemaire et 
al., 1990 

(Continued) 
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Table 1 (Continued) 

Family Subfamily Species Chemical 
substance 

Effect Organism tested Reference 

Rhinotermitidae Rhinotermitinae Schedorhinotermes 

lamanianus 
Vinil ketones Contact poison Workers of 

Prorhinotermes simplex 
and Reticulitermes flavipes 
(Isoptera: Rhinotermitidae) 

Spanton & 
Prestwich, 
1982 

Rhinotermitidae Rhinotermitinae Schedorhinotermes 

putorius 

Vinil ketones Irritation, 
Paralization 
and death 

Formica rufa, Lasius 

niger, Myrmica rubra and 
Leptothorax tuberum 
(Hymenoptera; 
Formicidae) 

Quennedey et 
al., 1973 

Rhinotermitidae Coptotermitinae Coptotermes 

formosanus Shiraki 
Naphthalene Inhibition of 

growth 
Common nest saprophytic 
fungus Mucor sp. 

Wiltz et al., 
1998 

Termitidae Macrotermitinae Ancistotermes sp. Dialdehyde and 
furanoid 
sesquiterpenes 

Contact poison 
or olfactory 
deterrent 

Megaponera sp. 
(Hymenoptera; 
Formicidae) 

Prestwich, 
1984a 

Termitidae Nasutitermitinae Velocitermes velox  Diterpenes Contact poison Musca domestica (Diptera: 
Muscidae) 

Valterová et 
al., 1988 

(Continued) 
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Table 1 (Continued)  

Family Subfamily Species Chemical 
substance 

Effect Organism tested Reference 

Termitidae Nasutitermitinae Nasutitermes 

exitiosus 

Monoterpenes α 
and β-pinene 

Irritation Musca domestica (Diptera: 
Muscidae) and Periplaneta 

americana (Blatodea: 
Blatellidae) 

Eisner et al., 
1976 

Termitidae Nasutitermitinae Nasutitermes 

corniger 

(Motschulsky), N. 

nigriceps 

(Haldeman) and N. 

costalis (Holmgren) 

Monoterpenes 
α-pinene and ß-
pinene 

Irritation Neotropical anteaters 

Tamandua mexicana 
(Saussure) and T. 
tetradactyla (L.) (Edentata: 
Myrmecophagidae) 

Lubin & 
Montgomery, 
1981 

Termitidae Nasutitermitinae Nasutitermes 

corniger 

(Motschulsky), N. 

nigriceps 

(Haldeman) and N. 

costalis (Holmgren) 

Monoterpenes 
α-pinene and ß-
pinene 

Unpalatability Neotropical anteaters 

Tamandua mexicana 
(Saussure) and T. 
tetradactyla (L.) (Edentata: 
Myrmecophagidae) 

Lubin & 
Montgomery, 
1981 

(Continued) 
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Table 1 (Continued)  

Family Subfamily Species Chemical 
substance 

Effect Organism tested Reference 

Termitidae Macrotermitinae Macrotermes 

subhyalinus, M. 

michelseni 

Unbranced 
alkenes with 23 
to 35 carbon 
atoms and (Z)-9 
alkenes with 27, 
29 and 31 
carbon atoms 

Anti healing Megaponera foetens 
(Hymenoptera; 
Formicidae) 

Prestwich et 
al., 1977; 
Meinwald et 
al., 1978 

Termitidae Syntermitinae Cornitermes sp. Mellein and 
phenyl-
acetaldehyde 

Irritation, 
deterrency, 
long-lasting 
cleaning and 
wiping 
behavior 

Ants (Hymenoptera; 
Formicidae) 

Blum et al., 
1982 

 



 

 

24 

There is a great diversity in the irritant compounds exhibited among termite species 

according their geographical ocurrence, as exemplified by the genus Amitermes 

(Termitidae [Termitinae]). Many of the irritants produced by Neotropical species 

(A. wheeleri and A. excellens) are related to African species (A. unidentatus, A. messinae 

and A. evuncifer). On the other hand, the monoterpenes produced by Australian species 

are absent in the Neotropical and African groups mentioned before (Prestwich, 1984a). 

The contact toxicity is frequently found among the defensive secretion of some 

Rhinotermitidae species. In Prorhinotermitinae, the nitroalkenes (or nitro olefins) 

produced are highly reactive lipophilic compounds and, therefore, very active topically 

(e.g. (E)-1-nitropentadec-1-ene constitutes more than 90% of the secretion of 

Prorhinotermes simplex) (Vrkoč & Ubik, 1974; Hanus et al., 2006; Piskorski et al., 

2007). The defense strategy employed by these mandibulate soldiers combines biting 

and smearing the frontal gland secretion in the injuries inflicted to the victims (Spanton 

& Prestwich, 1981). 

The representatives of the Rhinotermitinae secrete predominantly ketones and β-

ketoaldehydes, which also work as strong topical poisons (Prestwich & Collins, 1980; 

1982; Chuah et al., 1990). These substances are also responsible from 35 to 50 % of 

the dry weight of the abundant and fast pace small soldiers of Schedorhinotermes, 

Rhinotermes, Dolichorhinotermes and Acorhinotermes (Quennedey et al., 1973; 

Prestwich & Collins, 1980; 1982) and promoted the development of a specialized 

minor soldier caste with a labral brush (Prestwich & Collins, 1982; Prestwich, 1983). 

These nasutoid soldiers use their longer labral brush to quickly apply the frontal 

secretion containing contact poisons and olfactory toxins more chemically reactive and 

thus more powerful (Prestwich, 1984a). 
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In Termitidae, the contact toxicity is provided by high amount of monoterpenes (Baker 

et al., 1981; Prestwich, 1984a; Everaerts et al., 1988) and diterpenes (Valterová et al., 

1988; Lemaire et al., 1990) in the viscous secretion of some Nasutitermitinae. 

Interestingly, the diterpenes synthetized by termites seem to be an ability unique in 

insects (Everaerts et al., 1988) 

As important as the existing toxicity of a defensive secretion is its capacity to diffuse 

through the enemy integument, otherwise, unless promptly effective, it may produce 

no practical protection. It does not seem to be a great difficult regarding vertebrates 

once that these animals begin the attack exposing the permeable and high sensitive 

mucous surfaces of their head, thus having high chances to be reached and quickly 

affected by the defensive compounds (Eisner & Meinwald, 1966). This may be the 

likely explanation for the reactions of the medium-sized Neotropical anteaters to 

Nasutitermitinae. While these predators were attacking their nests, they showed typical 

behaviors as brushing their nose, grooming their fur with the foreclaws, scratching 

themselves with the hind feet and sneezing (Lubin & Montgomery, 1981). 

But, in the case of arthropods, the mechanism that allows defensive compounds to 

trespass the cuticle is to match the polarity between the components of the secretion 

and the epicuticle. The major cuticular layer in arthropods is the epicuticle and it is 

resistant to the flow of hydrophilic substances. It is a thin external covering, containing 

lipoproteins and a high proportion of wax, which is responsible for turning the cuticle 

impervious to water. As a result, it can restrict the displacement of wax insoluble 

compounds through the cuticle. On the other hand, the nitroalkenes produced by 

soldiers of Prorhinotermitinae, due to their lipophilic properties may have free transit 

through the epicuticle. Since the defensive secretion is generally composed by more 

than one substance, it is also possible that some lipophilic secondary toxic components 
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also work as an adjuvant to interfere with the epicuticle, helping the penetration of the 

main toxicant through the tegument of the victim (Eisner & Meinwald, 1966). 

Therefore, chemical affinity between the defensive secretion and the epicuticle is 

probably one of the key factors for the effectiveness of these contact poisons. 

The obstacle imposed by the exoskeleton to the penetration of the defensive secretion 

can be overcome also by physical action. It can be mechanically damaged by the 

slashing or piercing mandibles of soldiers and a defensive substance specific to this 

situation is applied in the wounded area: the anti-healing greases. They are relatively 

nonvolatile and non-polar substances with 20 carbon atoms and up, that are semisolids 

at ambient temperatures, consisting in alkenes, polyunsaturaed diterpene hidrocarbons 

and oily lipophilic macrocyclic lactones.  

These defensive secretions are commonly associated with the slashing mandibles of 

the Termitidae and make the poisoned injuries more difficult to heal (Prestwich, 

1984a). It seems that the long-chain saturated and monounsaturated hydrocarbons and 

other lipophilic compounds as lactones present in the secretion prevent the healing of 

these wounds due to their similarity with the also long-chain hidrocarbons of the 

cuticular lipids. As a consequence, the contender is led to death by dehydratation 

(Meinwald et al., 1978). This strategy is adopted by some Termitidae such as in 

Macrotermitinae (e.g. Macrotermes subhyalinus and M. michelseni) and Syntermitinae 

(e.g. Armitermes and Rhynchotermes), smearing their antihealing greases in the wounds 

made by their mandibles (Prestwich et al., 1977; 1982). 

Glues are viscous substances that lead to the entanglement of the opponent. This 

chemical defense is suitable for use in a great variety of enemies (Prestwich, 1979) 

once it may act mechanically by limiting or stopping their movements (e.g. 
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entanglement of ants) (Prestwich, 1984a) as well as obstructing their sensilla and 

spiracles (Šobotník et al., 2010a). 

In some Rhinotermitidae (Coptotermitinae), one of these glues are composed by 

aqueous lipid-glycoprotein-mucopolisaccharidae mixtures present in the defensive 

secretion (e.g. Coptotermes). In some Termitidae (Nasutitermitinae), the diterpenes 

are believed to cause the solidification of the defensive secretion in by polymerization, 

when it gets in contact with the air (Prestwich, 1979). 

 Besides causing impairment consequences, glues may also have convenient additional 

effects as adjuvants in the defensive secretion, which is generally composed by a 

mixture of two or more components. First, they can work as wetting agents (Prestwich, 

1979) contributing to spread the secretion widely over the surface of the cuticle of the 

contender, thus expanding the area of action of other toxicant components (Eisner & 

Meinwald, 1966). Second, they can also help to keep the stickiness of the secretion for 

a longer period of time (Prestwich, 1979). 

Both beneficial consequences can be verified in the combination of monoterpenes and 

diterpenes in the defensive secretion of some Termitidae (Nasutitermitinae). The 

hydrophobic monoterpene hydrocarbons, present in high proportion in the viscous 

secretion of these soldiers, work as a good wetting agent spreading well throughout 

the lipophilic surface of the rival. Also, the preservation of the viscosity of the 

secretion is achieved by the reduction in the rates of evaporation of the monoterpenes, 

generated by the presence of small concentration of diterpenes (Prestwich, 1979). 

An effective repellent must force the contender (competitor or predator) either to leave 

the conflictive area or to stop its feeding (Eisner & Meinwald, 1966). 
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The unpalatability agents are substances that modify the behavior of the receptor in 

order to discourage its feeding (e.g. differential preferrence of castes as preys). They 

are likely to affect vertebrates as anteaters (Lubin & Montgomery, 1981; Cunha et al., 

2015), lizards (Fuller et al., 2003) and invertebrates (Waller & La Fage, 1987). 

The nesting and feeding habits of termites make them to be at risk of contact with 

microbial and invertebrate pathogens and parasites. Pathogenic and competitor fungi 

are commonly found associated with termites and their nests. Additionally, termite life 

history can cause recurrent increasing susceptibility to parasites, and sociality may 

elevate transmission rates of infection within colonies (Rosengaus et al., 2011). 

However, the detection of compounds in the frontal gland secretion that have 

antifungal and antibacterial properties shows that natural selection enabled termites to 

tackle with this threat such as Naphthalene (Chen et al., 1998a, b; Wiltz et al., 1998; 

Wright et al., 2000; Zhang et al., 2006) the monoterpenes α-pinene and limonene 

(Rosengaus et al., 2000) amongst other substances (Lutikova, 1990; Fuller, 2007). 

4 Autodetoxification 

The use of chemical weapons by organisms necessarily requires the availability of 

detoxification routes in order to avoid casualties among themselves due to “friendly 

fire”, as verified in the determination of interspecific toxicities of the defensive 

secretions of some Rhinotermitidae (e.g. Prorhinotermes simplex (Hagen) 

[Prorhinotermitinae]) and Schenorhinotermes lamanianus [Rhinotermitinae]) on 

workers of both species and on that of Reticulitermes flavipes (Rhinotermitidae 

[Heterotermitinae]). The results showed no noxious effect of the two secretions on 

conspecifics whereas heterospecifics were severely affected. That is because nestmate 
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workers are able to detoxify these poisonous nitroalkenes through a biochemical 

pathway mediated by a specific reductase, resulting in a non-toxic product (Spanton 

& Prestwich, 1981). 

Also, In Termitidae, the Nasutitermitinae are not vulnerable to the defensive secretion 

of their conspecifics soldiers most likely because of autodetoxification mechanisms 

(Spanton & Prestwich, 1981; 1982; Thorne, 1982; Lefeuve & Bordereau, 1984; Thorne 

& Haverty, 1991). 

5 Conclusion 

The chemical defence is an important novel weapon that help termites to deal with 

negative interactions to which they are exposed. There is a vast array of defensive 

substances available from the frontal gland of termite soldiers, the main exocrine gland 

responsible for defensive secretions in Neoisoptera group (Rhinotermitidae, 

Serritermitidae and Termitidae). It allowed the transition from the ancestor nesting 

type restricted to dead woods and under the soil surface to the derived epigeous nesting 

and open air foraging. 

The primitive strategy employed to release the defensive secretion is found where the 

secretion produced by a small frontal gland gradually flows during the soldier biting. 

It is used in one-to-one combats and the soldier have to trap the opponent time enough 

to allow the secretion reach the target. Additionally, the secretion has to enter the 

wounds and the poisoning and dehydratation effects do not take the opponent out of 

combat imediately. 

A larger frontal gland combined with mandibular defenses is situated in an 

intermediate evolutionary state of chemical defense. A greater amount of defensive 
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secretion is released by smaller soldiers but the combat strategy still relies on contact 

fights. 

In some Termitidae (Nasutitermitinae), soldiers are supplied with a very expanded 

frontal gland connected to a long tube with the fontanelle located at its point. This 

configuration consists in an evolutionary derived morphology specialized to eject 

defensive secretions enabling these abundant and small soldiers to combat the enemies 

at a safe distance. Therefore, the mandibular decreasing verified in the nasute soldiers, 

was associated to the development of the most advanced chemical secretions that 

promote in the enemies the combined effects of irritants, topical poisons, anti-healing 

greases, immobilizer glues, repellents, unpalatability agents and inhibitors of fungus 

growing. Undoubtely, these chemical defensive attributes made possible to forage in 

open air and helped the Nasutitermitinae to be evolutionarily well succeeded, as they 

comprise more than 20% of all termite species and successfully colonize different 

kinds of ecological niches. 
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Chapter 2 - Toxic and behavioral effect of Constrictotermes cyphergaster 

(Blattodea: Termitidae: Nasutitermitinae) frontal gland secretion on its 

obligatory inquiline Inquilinitermes microcerus (Blattodea: Termitidae: 

Termitinae) 
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Abstract 

Monoterpenes and diterpenes found in the frontal gland secretion of Nasutitermitinae 

species have been reported to act as repellent, irritant and toxic in a range of vertebrate 

and invertebrate species. However, the effect of defensive secretion on termite species 

that share a common nest is still open to investigation. Here, we tested whether the frontal 

gland secretions of Constrictotermes cyphergaster (Termitidae [Nasutitermitinae]) act 

as toxic and repellent on its obligatory inquiline Inquilinitermes microcerus (Termitidae 

[Termitinae]). For this, behavioural assays with two doses of C. cyphergaster frontal 

gland extracts (FGE) were conducted in order to study its effects on repellency and 

survival of I. microcerus. Our results showed that FGE of C. cyphergaster is not toxic 

and show no repellent effect in I. microcerus. Such results suggest that this obligatory 

inquiline is provided with a detoxification mechanisms comparable to that employed 

by C. cyphergaster to avoid poisoning by the defensive secretion of their own soldiers. 

This is the first record of a detoxication mechanism exhibited by an obligatory 

inquiline termite against the defensive secretion of its host. 

 

Key words: defense, nest-sharing, inquilinism, toxicity, repellency 
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1 Introduction 

Colonies of social insects are known to be a fortress in which nestmates are prompt to 

defend their resources from non-nestmates through a complex and sophisticated 

variety of defensive strategies (Wilson, 1971). In termite species, these strategies range 

from mechanical to chemical mechanisms that are used to deter non-nestmates that are 

harmful to their colonies. These are effective weapons to face not only predation but 

also competition for resources. The phylogenetically lower termite soldiers rely mainly 

on mechanical defence of crushing or slashing provided by powerful mandibles 

connected heavily sclerotized head capsules (Prestwich, 1984). On the other whereas 

soldiers of higher termite species rely on chemical defence either exclusively or 

combined with mechanical weapons (Prestwich, 1983; 1984). 

In Termitidae, soldiers of the phylogenetically derived Nasutiterminae subfamily, 

adopt exclusively the chemical defence provided by the viscous secretion of the frontal 

gland. This secretion is composed primarily by terpenoids that also play a role in the 

alarm communication and in the recruitment of nestmates (e.g. α-pinene in 

Nasutitermes princeps (Roisin et al., 1990), α-pinene, myrcene and β-ocimene in 

Constrictotermes cyphergaster (Cristaldo et al., 2016)). Previous studies have showed 

that frontal gland secretion of termites also acts as repellent, irritant and toxic agent 

for a variety of vertebrate and invertebrate species (e.g. Redford, 1984; Kuldová et al., 

1999). 

These defensive tactics, on the other hand, lead to the selection of counter-measures 

by intruders in order to overcome their hosts strategies to hinder invasion (Kilner & 

Langmore, 2011). Some termite species are able to overcome the defensive system, 

enter and inhabit other termite nests (Cristaldo et al., 2012; Florencio et al., 2013; 
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Cristaldo et al., 2016) making use of chemical and/or behavioral strategies that allow 

the deceiving of host perception and, therefore, avoiding confrontation. Amongst the 

strategies employed by parasites to escape from host recognition are chemical 

insignificance, when the invader is deprived of identification signals on its cuticle 

(Lenoir et al., 2001) and the the production of alarm signals which the host is incapable 

to detect (Cristaldo et al., 2016). 

The obligatory termite inquiline, Inquilinitermes microcerus Silvestri, 1901 

(Termitidae: Termitinae) employ an additional advantageous strategy to survive with 

the unfriendly population of its host Constrictotermes cyphergaster (Silvestri, 1901) 

(Termitidae [Nasutitermitinae]) which is the capacity to decode the alarm message and 

avoid sites where the alarm pheromone (a mixture of (1S)-α-pinene, myrcene and (E)-

β-ocimene (Cristaldo et al., 2015)) is present (Cristaldo et al., 2016). This sensorial 

ability could possibly be used by I. microcerus to avoid the threat represented by the 

confrontation with its host (Cristaldo et al., 2016). On the other hand, the alarm 

pheromone and other substances produced by the frontal gland of C. cyphergaster 

could have negative effects on I. microcerus such as repellent, toxic or both. 1.1 Study 

species: termite host and inquiline 

The genus Constrictotermes Silvestri, 1910 (Termitidae: Nasutitermitinae) is 

distributed across the Neotropical region and comprises seven living species (Krishna 

et al., 2013). Constrictotermes cyphergaster (Silvestri, 1901) is a common species in 

savannah regions (“Cerrado”) in the center of Brazil, Paraguay, Bolivia and northern 

Argentina (Mathews, 1977; Krishna et al., 2013), as well as in the dry tropical forest 

(“Caatinga”) of northeastern Brazil (Vasconcellos et al., 2007). It feeds on wood in 

distinct stages of decomposition, on the surface of the bark of trees (Moura et al., 

2006a) and on lichen (Bourguignon et al., 2011). This species forage in open air under 
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the protection of the soldiers (Moura et al., 2006b) and a proportion of 4.5 workers for 

each soldier was verified by Cunha et al. (2003). The nests of C. cyphergaster are 

arboreal and habitually cohabited by the obligatory inquiline species Inquilinitermes 

fur or I. microcerus (Termitidae [Termitinae]) (Mathews, 1977), both occurring in 

South America (Mathews, 1977). Colonies of Inquilinitermes spp. are located in 

specific parts of the host nest, mainly close to its center (Cunha et al., 2003). Besides 

shelter, the inquilines obtain their nourishment from the nest material of their hosts 

(Mathews, 1977) such as accumulated organic products, host feces, dead bodies and 

the covering of the inside surface of the galleries (Florencio et al., 2013). 

Inquilinitermes microcerus Silvestri, 1901 occurs only in C. cyphergaster nests and 

live in galleries made of dark grey material, separated from those of its host, which 

have a different color (Mathews, 1977). In the Brazilian “Cerrado” biome, 70% of 

C. cyphergaster nests are inhabited by I. microcerus colonies (Cristaldo et al., 2012). 

The frontal gland secretion of C. cyphergaster contains ((1S)-α-pinene, (1S)-β-pinene, 

camphene, myrcene, (R)-limonene, (Z)-β-ocimene, (E)-β-ocimene), two sesquiterpene 

and a mixture of diterpenes, from which the alarm pheromone is a combination of (1S)-

α-pinene, myrcene and (E)-β-ocimene (Cristaldo et al., 2015). Interestingly, 

I. microcerus not only detects and avoids this alarm cue but also recognizes its 

different levels (Cristaldo et al., 2016). However, how the alarm pheromone of C. 

cyphergaster affects I. microcerus remains unknown. In order to shed light on how the 

alarm pheromone of the host acts on its obligatory inquiline, we analysed the toxic and 

repellent effects of C. cyphergaster frontal gland secretion on I. microcerus. For this, 

we conducted bioassays with two doses of frontal gland extracts of soldiers of 

C. cyphergaster on soldiers and workers of I. microcerus and verified the effect of the 

extracts on the survivorship and repellency of the inquilines. 
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2 Material and methods 

2.1 Study site and maintenance 

Constrictotermes cyphergaster whole nests containing colonies of I. microcerus (N= 

10) were sampled in a “Cerrado” area (vegetational formation physiognomically, but 

not floristically, similar to savannas) located in Montes Claros (16º 39’ 42.4” S, 43º 

44’ 18” W) and “Caatinga” area located in Verdelândia (15º 41’ 39.8” S, 43º 36’ 0.5” 

W), Minas Gerais, Southeastern Brazil, from May to June 2016. Subsequently, nests 

were transported to the Entomology and Phytopathology facilities of EPAMIG Norte, 

settled in Nova Porteirinha (Minas Gerais, Brazil), where they were kept in ambient 

conditions (aproximately 26 ºC and 57% relative air humidity) prior to its use for 

preparation of Frontal Gland extracts (FGE) and behavioral bioassays. 

2.2 Preparation of FGE 

FGE were prepared from soldiers of each C. cyphergaster nest (N= 10) following 

procedure described in Cristaldo et al. (2015). Soldiers were immobilized at 0 ºC 

during 5 min. for dissection the head from the body. 10 Soldier’s heads were cut off, 

crushed with forceps, and placed into glass insert containing 200 µL of hexane. Each 

sample was extracted overnight at 0 ºC followed by the quantification of the final 

volume and transferred to another insert inside a vial. All FGE were stored in the 

freezer at 0 ºC, until their use in the bioassays. For behavioural bioassays, we used the 

final volume quantified after the extraction to calculate the volume of extract required 

to provide two (FGE-2Eq) and six (FGE-6Eq) soldier’s head. 
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2.3 Survival and repellency bioassays 

To test whether the host frontal gland secretion affects the survival of its obligatory 

inquiline, bioassays were performed exposing inquilines groups to different stimuli as 

follows: Control (C), absence of any substance, Control Solvent (CS), hexane; Frontal 

Gland Extract (FGE) of its host with the doses of two soldiers equivalent (2Eq) and 

six soldiers equivalent (6Eq). 

Bioassay was performed in four arenas made of glass Petri dish (ø 90 mm), lined with 

a paper filter disc as described in Šobotník et al. (2008) and Cristaldo et al. (2015). 

This disc was divided in two equal halves by a line drawn with a pencil defining the 

treated and untreated areas in order to verify the existence of a repellent effect of the 

frontal gland secretion of the host on the inquilines, according in whose area they were 

found at the end of the bioassay. Four groups of two soldiers and 20 workers of I. 

microcerus were removed from their colonies in the sampled nests and distributed 

randomly all over the experimental arenas, prior to the addition of the treatments, in 

order to ensure their acclimatization. The number of and caste ratio of the inquilines 

was chosen according to their natural caste proportions (see Cunha et al., 2003; and 

Cristaldo et al., 2015: 1 soldier: 9.5 workers) and to maximize their interactions and 

survival (see Miramontes & DeSouza, 1996). 

After the acclimatization, the treatments CS and FGE (2 and 6 Equivalents) were 

loaded onto only one half of the filter paper disc using a Hamilton syringe, prior to the 

beginning of observations. Each I. microcerus group was tested with FGE extract from 

its host species (i.e. both species came from the same nest). Each nest was tested once 

for each one of the treatments. 

After the stimuli were loaded, the experimental arenas were placed in the dark in a 
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climate chamber (25 °C ± 0.5) and no food or water was provided to termite groups. 

Observations of behaviors and number of individuals alive in the treated and untreated 

area of each experimental arena were measured at 30 min., 1, 2, 4, 8, 16, 24 and 48 

hours after the beginning of experiments. 

2.4 Statistical analyses 

In order to verify the toxicity of the FGE to the inquilines, two analyses were 

performed. Censored Survival Regression Analysis with Weibull model distribution 

(Crawley, 2007) was used to verify whether survival patterns differed among 

treatments (i.e. C, CS, FGE-2Eq and FGE-6Eq). For the analyses 'Petri Dish' and 

'colony' were considered as a blocking factor. Analyses were performed using survival 

package on R Software (R Development Core Team, 2012). Additionally, comparisons 

of the mean time to death among treatments were conducted through contrast analyses 

with F test, removing non-significant (P < 0.05) terms sequentially, starting from the 

most complex one and then lumping treatments levels together within retained 

categorical variables. After each model simplification, the effect on deviation was 

analyzed following Crawley (2007). 

To check the repellent effect of each treatment, I. microcerus individuals counted 

along the 10 repetitions in treated and untreated areas 48 hours after the beginning of 

the experiments were submitted to Analysis of Deviance for Generalised Linear 

Method (GLM) under Normal distribution, on R Software (R Development Core 

Team, 2012). 
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3 Results 

3.1 Survival assays 

The survival patterns of I. microcerus groups did not differ among the treatments C, 

CS, FGE-2Eq and FGE-6Eq (P=0.2356189) (Fig. 1). However, the analysis of the 

worker caste exclusively showed significant difference between the Control and the 

treatments CS, FGE-2Eq and FGE-6Eq (χ2= 9.537765, d.f. = 3, P=0.02293298). On 

the other hand, no significant difference between CS and FGE-2Eq (P=0.4542878) as 

well as from both to FGE-6Eq (P=0.3525208) (Fig. 2). Additionally, the mean time to 

death of the inquiline groups was not significatively affected by the treatments 

analysed (P=0.1078) (Fig. 3). 
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Fig. 1: Survival of Inquilinitermes microcerus groups exposed to controls (C), control 

solvent (CS) and frontal gland extracts (FGE-2Eq and FGE-6Eq) of their host, 

Constrictotermes cyphergaster (Weibull distribution). 
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Fig. 2: Survival of Inquilinitermes microcerus workers exposed to control (C), as well 

as frontal gland extracts (FGE-2Eq and FGE-6Eq) and control solvent (CS) of their 

host, Constrictotermes cyphergaster (Weibull distribution). 
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Fig. 3. Mean time to death of Inquilinitermes microcerus groups exposed to control 

(C), control solvent (CS) and frontal gland extracts (FGE-2Eq and FGE-6Eq) of their 

host, Constrictotermes cyphergaster. 

 

3.2 Repellency assays 

There was no significant difference between the number of I. microcerus individuals 

observed at the end of the bioassay in the areas treated with C, CS, FGE-2Eq and FGE-

6Eq and in the untreated areas (F= 0.1735, P= 0.8417) (Fig. 4). 
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Fig. 4. Mean number of dead Inquilinitermes microcerus individuals (soldiers and 

workers) found in the untreated areas 48 hours after exposed to control solvent (CS) 

and frontal gland extracts (FGE-2Eq and FGE-6Eq) of their host, Constrictotermes 

cyphergaster. 

 

4 Discussion 

Our results showed that FGE of C. cyphergaster has no effect on the survivorship, 

mean time to death and repellency of its obligatory inquiline I. microcerus. The frontal 
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gland secretion of C. cyphergaster, as in other Nasutitermitinae species, is made of a 

mixture of monoterpenes ((1S)-α-pinene, (1S)-β-pinene, Camphene, Myrcene, (R)-

limonene, (Z)-β-ocimene, (E)-β-ocimene), two sesquiterpene and a mixture of diterpenes 

hydrocarbons, sesquiterpenes and diterpenes (Cristaldo et al., 2015). The repellent and 

toxic effect of monoterpenes presents in the frontal gland secretion of termites was 

already reported on different vertebrates and invertebrate species (see Eisner et al., 

1976; Lubin & Montgomery, 1981; Mill, 1983; Redford, 1984; Kuldová et al., 1999; 

Xie et al., 2014). However, none of these consequences were verified in this study. 

The absence of toxic effects of the FGE of C. cyphergaster on the survivorship of 

inquiline groups indicates that natural selection has probably enabled inquilines with 

countermeasures to deal with the chemical weapons of its host. Chemical defence is 

intrinsically coupled with a biochemical mechanism that allows conspecifics to avoid 

intoxication by its defensive substances (Spanton & Prestwich, 1981; 1982). This 

capacity is known to occur in the polidesmid milipedes Oxidus gracilis, which 

detoxifies HCN, phenol and guaiacol (Duffey & Blum, 1977) whereas Harpaphe 

haydeiana, HCN only (Duffey et al., 1974). Spanton and Prestwich (1981) found that 

specific oxireductases produced by two species of Rhinotermitidae are able to convert 

the toxic (E)-1-Nitropentadec-1-ene into the nontoxic 1-nitropentadecane. This 

detoxication process allows nestmates of these species to survive in the presence of 

toxic nitroalkene produced by their own soldiers in a way that neither soldiers nor 

workers are poisoned by the frontal gland secretion from its conspecifics. Considering 

that I. microcerus is an obligatory inquiline, specialized on living only in C. 

cyphergaster nests, it may be expected that a detoxication route had been also selected 

making it capable to escape from the noxious action of the defensive secretion of its 

host. Additionally, the two doses of frontal gland extract of the host had no effect on 
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the mean time to death and in the repellency of inquiline groups 

In spite of I. microcerus is not harmed by the toxicity of the frontal gland secretion of 

C. cyphergaster soldiers, its stickness also works for defensive purpose, as a viscous 

glue. It may limit or stop the movements of the opponent (Prestwich, 1984), besides 

obstructing its sensillae and spiracles (Šobotník et al., 2010). In addition, the combat 

strategy of C. cyphergaster combines the chemical weapons of soldiers with one-to-

one contact fights of numerous workers. Then, the opponent made more vulnerable 

may be crushed by the bites of workers, as verified in Nasutitermes exitiosus by Eisner 

et al. (1976). Therefore, the mechanical effect of the frontal gland secretion of the host 

combined with the role of the workers in the defence are potential threats to inquilines. 

On the one hand, the absence of communication between the nests of I. microcerus 

and C. cyphergaster reduces the chance of meeting between these species (Cristaldo 

et al., 2014), whereas the fact that cohabitation may happen in confined spaces as nests 

with volumes of 13 litres raises it (Cristaldo et al., 2012). So, as I. microcerus is 

capable of distinguish different intensities in the alarm pheromone of C. cyphergaster 

(Cristaldo et al., 2015), it is likely that this inquiline uses the alarm signals of its host 

as a warning not only of a coming danger but also of its magnitude, as proposed by 

Cristaldo et al. (2015). Moreover, this danger sign refers not only to the host but also 

to common enemies that both species share, because they live in the same nest 

(Cristaldo et al., 2016). 

It is likely that natural selection provided I. microcerus with strategies that allow this 

obligatory inquiline escape host detection such as living in distinct galleries (Mathews, 

1977), avoinding detection of its trail (Cristaldo et al., 2014) and alarm cues (Cristaldo 

et al., 2016) by its host. It is possible that the chemoreception of I. microcerus was 
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selected to recognize the alarm pheromone of C. cyphergaster as a message of evasion 

instead of recruitment. 

Then, it leads to the belief that inquiline keep away from the contact with the host 

numerically superior and supplied with the chemical weapons of the soldiers and the 

bites of the workers, in order to improve its chance of survival, as also suggested by 

authors as Cristaldo et al. (2016). 
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2 General conclusions 

The development of the frontal gland in the soldiers of Rhinotermitidae, 

Serritermitidae and Termitidae allowed the chemical defence in this phylogenetically 

derived Neoisoptera group. The great variety of defensive substances produced by this 

exocrine gland can act in heterospecifics as anti healing greases, irritants, topical 

poisons, immobilizer glues, repellents, unpalatability agents and inhibitors of fungal 

and bacterial growth. On the other hand, conspecifics are protected against the noxious 

secretions of their soldiers by biochemical detoxification pathways. The chemical 

defensive strategy evolved from a combined action of a small frontal gland and robust 

mandibles to a derived state of the nasutes, where the defense relies exclusively in a 

large frontal gland and reduced mandibles. This novel form of defense promoted the 

great evolutionary success of the Nasutitermitinae which is composed by a large part 

of all termite species and capable to utilize diferent food sources in a wider variety of 

ecossistems. Despite of this defensive weaponry, Constrictotermes cyphergaster nests 

can be inhabited by Inquilinitermes microcerus, an obligatory inquilile. In this study 

we found that the frontal gland secretion of C. cyphergaster soldiers have no toxic or 

repellent effect on its specialized inquiline I. microcerus. Then is probably that this 

inquiline is supplied with a detoxication mechanism that helps its cohabitation in the 

nest of its host. As far as we are concerned, it is the first record of a detoxication 

mechanism exhibited by heterospecific termite.  
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