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General Introduction  1 

General Introduction 

 

Cooperation is a major trait in evolution, from genome level with cooperating genetic 

elements, up to multi-cellular organisms building complex societies (Maynard Smith & 

Szathmáry 1995; Bourke 2011) that may be regarded as ‘super-organisms’ (Wheeler 1911). A 

major problem in evolutionary theory since Darwin’s theory of natural selection (Darwin 

1859) has always been to explain how cooperation (a behaviour that benefits a recipient and 

does not require relatedness; see Glossary), and especially altruism (a behaviour that reduces 

the direct fitness of an actor and increases the fitness of the recipient, r > 0 required; see 

Glossary) can be selectively favoured (reviewed in Wenseleers et al. 2010). Despite this 

theoretical problem, cooperation and altruism are widespread and found in a diversity of taxa, 

from bacteria (Foster 2010) up to eusocial insects with completely sterile castes (Bourke & 

Franks 1995; Ratnieks & Wenseleers 2008). A breakthrough in solving this problem was 

Hamilton’s inequality br > c (Hamilton 1963, 1964; see Glossary) where c and b describe 

costs and benefits of an actor performing a certain behaviour (in terms of lifetime 

reproductive success), and r the relatedness to the recipient. This showed that a behaviour can 

be selected as long as the indirect fitness benefits of the performing individual outweighs its’ 

direct fitness costs (Hamilton 1963). 

 Although those costs and benefits are of major importance in all theories of social 

evolution, they are difficult to determine and hence research has mostly concentrated on the 

role of relatedness (reviewed in Korb & Heinze 2008). Only few studies focus on the role of 

costs and benefits (reviewed in Korb & Heinze 2008), for example in small-colony social 

wasps (Field et al. 2006; Field 2008; Zanette & Field 2009) and social aphids (Abbot et al. 

2001; Grogan et al. 2010). Costs and benefits are greatly determined by ecological constraints 

like resource limitation, predation and parasite pressure (Rehan et al. 2011). Ecological 
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constraints can be the major incentive for forming cooperative groups in the first place, up to 

a point where relatedness is not required (reviewed in Bernasconi & Strassmann 1999). 

Facultative social bees provide interesting insights in the extent to which ecological factors 

can account for a solitary or social lifestyle (Cronin & Hirata 2003; Dunn & Richards 2003; 

Rehan et al. 2011). 

 

Conflict & cooperation 

Eusociality is found in a wide range of taxa. It evolved independently in Hymenoptera (all 

ants, some bees and wasps; Wilson 1971), termites (e.g. Thorne 1997), some Thysanoptera 

(Crespi 1992), Coleoptera (Kent & Simpson 1992), aphids (Stern & Foster 1996), crustaceans 

(snapping shrimp, Duffy 1996), and mammals (african mole-rats, Jarvis & Bennett 1993). But 

large colonies with complex and totally sterile castes have only developed in Hymenoptera 

(Bourke & Franks 1995; Choe & Crespi 1997; Tóth et al. 2002) and termites (Termitidae; e.g. 

Thorne 1997). Those two insect groups exhibit the very best examples for the undeniably 

ecological and evolutionary success of cooperative systems, and also for the flip side of 

cooperation, conflict. 

 If the partners of a cooperation are not genetically identical (most social groups are 

families and relatedness among individuals is typically < 1), conflicts over reproduction are 

inevitable. More general, any difference in the reproductive optima of individuals within a 

society predicts a potential conflict (Ratnieks & Reeve 1992; see Glossary). The cooperative 

system is therefore vulnerable to cheaters who gain the benefits of cooperation but do not (or 

to a lesser extent) share its costs (for example workers trying to reproduce at costs of the 

whole colony; West et al. 2007b; see Glossary). Such exploitative behaviours can provoke the 

breakdown of a cooperative system (Hardin 1968). To be evolutionary stable in the long term, 

cooperation must increase the inclusive fitness of cooperating individuals (Hamilton 1964) 

and requires mechanisms that suppress/reduce the reproductive success of cheaters. 
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 The fact that social insects like the honeybee were once considered the epitome of 

harmonious entities and cooperation with the reproducing queen and her industrious workers 

shows, that mechanisms to suppress and/or reduce overt conflict have to be at work (Ratnieks 

et al. 2006). Such mechanisms are policing, where group members control the reproduction of 

each other (e.g. Ratnieks 1988; Frank 1995; Monnin & Peeters 1997; Ratnieks & Wenseleers 

2005; see Glossary), but also dominance hierarchies (e.g. in polistine wasps; reviewed in 

Peeters & Liebig 2009), and honest signalling (e.g. Monnin 2006; Le Conte & Hefetz 2008; 

Peeters & Liebig 2009; Smith et al. 2009; see Glossary). 

 

Examples for conflicts & conflict-resolution 

Most research on this topic has been done on Hymenoptera. Here relatedness asymmetries 

caused by the haplodiploid sex determination system are the reason for major potential 

conflicts in the societies concerning, for instance sex ratios or male production (reviewed in 

Ratnieks et al. 2006), not found as such in the diplodiploid termites (Korb 2005). 

 In a Hymenopteran colony with a single mated queen, a worker is more closely related 

to her sisters (r = 0.75) than she is to her brothers (r = 0.25), while the queen is equally related 

to male and female offspring (r = 0.5). So, while queens prefer a female:male ratio of 1:1, 

workers favour a 3:1 ratio (Trivers & Hare 1976; Bourke & Franks 1995). Workers can affect 

the sex ratio by rearing preferentially female eggs but queens can simply adapt the sex of the 

eggs laid. This conflict can only be solved completely, if the queen has complete power, for 

instance in slave-making ants in which allospecific slaves care for the brood (Nonacs 1986) or 

in bumble bees where queens lay male eggs before female eggs (temporal segregation) to 

reduce the opportunity for sex-ratio biasing by workers (Bourke 2005; reviewed in Ratnieks 

et al. 2006). 

 In most Hymenopteran societies workers are not completely sterile and still capable of 

producing male offspring (Bourke 1988). As female workers are closer related to their own 
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sons (r = 0.5) than to their brothers (r = 0.25), conflict between workers and queens over male 

production results. One regulating mechanism is ‘queen policing’ (via aggression and/or egg 

eating, Ratnieks 1988), found mostly in small-colony species (e.g. bumble bees, Free et al. 

1969; halictid bees, Michener & Brothers 1974; Diacamma ants, Nakata & Tsuji 1996; 

polistine wasps, Liebig et al. 2005). Another mechanism to solve the conflict over male 

production especially in larger colonies is multiple mating of the queen. This causes workers 

to be closer related to the queen’s sons (their brothers, r = 0.25) than to sons of half-sisters (r 

< 0.25, full-sisters’ sons r = 0.375; Ratnieks 1988), causing workers to prevent each other 

from reproducing via ‘worker policing’ (Ratnieks 1988; e.g. in the honeybee Apis mellifera, 

Sakagami 1954; Miller & Ratnieks 2001; ponerine ants, D´Ettorre et al. 2004; vespinae 

wasps, Wenseleers et al. 2005; reviewed in Ratnieks et al. 2006). 

A factor greatly increasing potential conflict in societies is reproductive totipotency 

(i.e. all or many individuals have the ability/potential to become reproductive and produce 

offspring of both sexes). This enables individuals to gain direct fitness within a colony via 

queen replacement (Monnin et al. 2003), the development of additional queens (Liebig et al. 

1999) or dispersal (Reeve & Keller 2001). Reproductive totipotency occurs in lower termites 

(Thorne 1997), some Hymenoptera (e.g. halictid bees, Breed & Gamboa 1977; ponerine ants, 

Monnin & Ratnieks 2001, polistine wasps, Strassmann et al. 2002), and mole-rats (Faulkes & 

Bennett 2001; see also Hart & Ratnieks 2005). 

 Conflict over caste fate is a further prominent conflict in Hymenoptera and also 

termites (reviewed in Ratnieks et al. 2006): It is generally assumed that in order to gain 

greater fitness individuals would preferably develop as reproductives rather than workers 

(Bourke & Ratnieks 1999; Wenseleers et al. 2003; Ratnieks & Wenseleers 2008) thereby 

reducing colony productivity (reviewed in Ratnieks et al. 2006; see also Reuter & Keller 

2001; Wenseleers et al. 2003). Actual conflict is restricted to species in which immatures still 

can determine own caste fate (Bourke & Ratnieks 1999; Beekman & Ratnieks 2003; for 
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termites see Myles 1999). In Melipona bees for example, a large percentage of workers 

develop into queens (Moo-Valle et al. 2001; Wenseleers & Ratnieks 2004) and are killed after 

emergence by workers (Wenseleers et al. 2004). Although this excess queen production might 

also be an alternative reproductive tactic as queens of M. scutellaris were found to infiltrate 

and take over other hives (Wenseleers et al. 2011). Relatedness and whether larvae can be 

coerced to become workers are assumed the major factors affecting actual conflict (e.g. in 

Melipona, Wenseleers & Ratnieks 2004; for social gall aphids see Abbot et al. 2001). Caste 

conflict is more effectively resolved when adult/older worker can coerce immatures to 

become workers by nutrition for example in honeybees in which only 0.02 % of the female 

brood are reared as queens (Winston 1987). There are also counter strategies to avoid such 

coercion, for example dwarf queens in Melipona (Bourke & Ratnieks 1999; Wenseleers et al. 

2003; Ratnieks & Wenseleers 2005). 

 

Communication – a premise for effective conflict-resolution 

Especially in social groups in which workers still have a chance to gain direct fitness, the 

assessment of each other’s reproductive potential, and especially the fertility status of the 

current reproductive, is of vital importance for optimizing the own inclusive fitness. If a 

queen’s fertility decreases and with it the indirect fitness benefits of workers, it might at some 

point be more beneficial to start own reproduction. Furthermore unambiguous identification is 

also a precondition to allow successful sanctions against cheaters, threatening the stability of 

the cooperation. Reliable information is therefore crucial for mechanisms of conflict 

resolution and communication (as kin- or nestmate recognition) is a precondition for the 

evolution of altruism. 

 Important means of communication in insect societies are chemical cues or signals and 

tactile information. Of major importance in many insect societies are cuticular hydrocarbons 

(CHC). They are part of the insect cuticle (also present on egg surfaces) and can contain 
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information in qualitative or quantitative differences (or both) (reviewed in Monnin 2006; 

Liebig 2010). CHC patterns often correlate with fertility in social insects (reviewed in Monnin 

2006). Active reproductives often differ considerably in their profile from workers (with 

inactive ovaries; e.g. Liebig et al. 2009; reviewed in Liebig 2010). Reproductive-specific 

compounds were found to increase when a worker starts to lay eggs, for example in 

Aphaenogaster cockerelli (Smith et al. 2008, 2009; reviewed in Liebig 2010). So a necessary 

requirement for successful policing is the correct identification of the subordinate egg-layer 

and/or their eggs. In fact egg discrimination based on CHC profiles is found in Camponotus 

floridanus (Endler et al. 2004) and Polistes wasps (Dapporto et al. 2007). Also the individual 

recognition important for dominance hierarchies is most likely mediated via CHC profiles 

(D’Ettorre & Heinze 2005). In the social hierarchies of Polistes dominulus and Dinoponera 

quadriceps CHC profiles are rank-specific, which also suggests a correlation of rank and 

fertility (Monnin et al 1998; Peeters et al. 1999; Sledge et al. 2004; Dapporto et al. 2004). 

 Other potential means for recognition of reproductives besides CHCs are pheromones 

(Hölldobler & Wilson 1983; Seeley 1985; Keller & Nonacs 1993; reviewed in Heinze & 

D’Ettorre 2009; Kocher et al. 2009; Liebig 2010; Matsuura et al. 2010), proteinaceous 

secretion (Sramkova et al. 2008, Dapporto et al. 2008; Hanus et al. 2009) or visual cues, 

although the latter is not likely to be effective in large colonies (Tibbetts 2002, Tibbetts & 

Dale 2004). Especially in small colonies a simple alternative is to directly assess fertility of 

the queen by estimating the abundance of brood. 

 Communication is often manipulative and individuals can cheat when they 

communicate (Dawkins & Krebs 1978), but they take the risk of being detected and punished 

(Polistes dominulus, Tibbetts & Izzo 2010). Evolutionary stable signals are supposed to be 

costly and honestly reflect the characteristics of the sender (honest signalling, Zahavi 1987; 

Grafen 1990; see Glossary). 
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Termites & the study system Cryptotermes secundus 

Different organisms may have different predispositions and factors shaping the conflict. 

Termites, for example differ considerably in their preconditions for conflicts from 

Hymenoptera (Korb 2005). Termites are eusocial cockroaches (Inward et al. 2007), 

diplodiploid and therefore lacking the relatedness asymmetries which are an important factor 

for conflicts in the haplodiploid Hymenoptera (see above). Hymenoptera are holometabolous, 

their colonies consist of adult female workers that have to care for the helpless larvae. 

Termites in contrast have a hemimetabolous development, and their colonies are composed of 

immature, independent larval workers of both sexes (with few exceptions in the higher 

termites; Shellman-Reeve 1997; Roisin 2000). In Hymenoptera males play a transient role, 

being short-lived and in many cases only present as the sperm stored in the queens’ 

spermatheca (Hölldobler & Wilson 1990; Paxton 2000; reviewed in Boomsma et al. 2005). 

Termite males in contrast have an important role in the colonies’ life: a king is always present 

beside the queen because she has to be inseminated regularly throughout her lifetime (Nutting 

1969; Thorne et al. 2002). 

 Within termites conflicts are predicted to be specially pronounced in the lower, wood-

dwelling termites of the families Termopsidae and Kalotermitidae (Korb & Hartfelder 2008), 

the study system Cryptotermes secundus (Hill) (Fig. 1) belonging to the latter. Wood-dwellers 

as C. secundus live in a single piece of wood that serves as both, nest and food (‘one-piece 

nester’, sensu Abe 1987). Thus wood block size (resource availability) is a crucial factor 

determining colony longevity and hence the potential fitness of nestmates. Colonies are 

founded monogamously by a single pair of reproductives. But if more than one colony is 

founded in the same piece of wood, fusions are at some point unavoidable (about 25 % of C. 

secundus colonies are fused; Korb & Schneider 2007) thereby decreasing the relatedness 

within the colony with important implications for the conflict potential. 
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A

B

C

D

E

 Workers show enormous developmental flexibility, which enables them to gain direct 

fitness via dispersal as winged sexual or inheriting the colony as replacement reproductive 

(Fig. 1, 2; Sewell & Watson 1981; Watson & Sewell 1985; Roisin 2000). The chance to 

inherit or to successfully disperse is of the same magnitude (< 1 %; Korb & Schneider 2007). 

Alternatively, they can develop into a sterile soldier, the only real altruist in the colony that 

can increase its fitness only indirectly. It was shown that workers of C. secundus, and some 

other basal termites actually do not work and care for the brood (Howse 1968; Rosengaus & 

Traniello 1993; Korb 2007), but rather stay in the safe colony to wait for a chance to gain 

direct fitness by inheritance or disperse (Korb 2007). 

Figure 1 

Castes of Cryptotermes secundus 

(A) soldier, (B) worker, (C) neotenic 

replacement reproductive, (D) winged 

sexual (alate) who becomes (E) primary 

reproductive after mating. 

 

 

 

 

 

C. secundus can assess wood size by gnawing (Evans et al. 2005) and indeed was shown to be 

able to adapt developmental strategies (stay to inherit or disperse) to changing ecological 

conditions (as declining food resources; Korb & Katrantzis 2004; Korb & Lenz 2004; Korb & 

Schmidinger 2004). Whether, or to which extent C. secundus, like other social insects can 

assess the social environment in the colony using CHC profiles (identify nestmates, caste-

differences, and maybe even kin) is a question that still needs to be answered. 

 Especially due to the developmental flexibility and ability to assess environmental 

conditions, C. secundus is a suitable model system to study how ecological together with 
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social factors shape potential and overt conflict (Table 1) and how individuals react (with 

developmental adaptation, behavioural strategies) in order to increase their fitness. 

 

 

 

 

 

 

 

 

 

Figure 2 

Developmental pathways in Cryptotermes secundus 

C. secundus is characterized by a flexible development, achieved through combinations of (A) 

progressive, (B) stationary, and (C) regressive moults, reflected, respectively, by an increase, no 

change or a decrease in morphometric size and wing development (reviewed in Korb & Hartfelder 

2008). Workers are classified into three worker and five nymphal instars according to wing bud 

development (Sewell & Watson 1981; see also Korb & Katrantzis 2004). To gain direct fitness 

workers have two options: (D) they can develop progressively over the nymphal instars into winged 

sexuals (alates) and leave the nest during the swarming season to found an own nest. (E) Workers can 

also inherit the nest by becoming neotenic replacement reproductive (Myles 1988; Thorne et al. 2003; 

Korb & Schneider 2007, Johns et al. 2009), achieved via a single moult (when the current same-sex 

reproductive dies). (F) Furthermore workers can develop over a pre-soldier instar into a sterile soldier. 

 

According to ecological and social factors different predictions for the intensity of conflict 

potential were made for C. secundus (Table 1): In monogamous colonies conflicts were 

expected to be most intense about inheritance (when food is abundant the nest is highly 

valuable as it provides high potential future fitness) or dispersal (when resources gets limited 

in low food colonies, nest value is low). Under both food conditions soldiers were predicted 

not to participate in the conflict as all nestmates are equally related. In contrast, when colonies 
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are fused and relatedness varies between nestmates conflicts over inheritance (in abundant 

food colonies) and over dispersal (in low food colonies) are expected to be intensified 

compared to monogamous colonies. Soldiers in such fused colonies were predicted to make 

sure a close relative ‘wins’. 

 

Table 1 

Predicted intensity of potential conflicts in Cryptotermes secundus. Conflict intensity depends on 

ecological (nest/food resources abundant or limiting), and social condition (colony monogamous or 

fused). Conflicts of the totipotent workers are about inheritance or/and dispersal. Sterile soldiers can 

only increase their fitness indirectly via relatives reproducing. They are predicted to partake in conflict 

only in fused colonies to make sure a close relative wins. (+ - +++) weak - strong conflict intensity, 

(○) no partitioning in the conflict. 

 

Worker  Soldier 
Ecological condition Social condition 

Inherit Disperse Interest  

monogamous ++ + ○ Abundant food 

fused +++ ++ +++ 

monogamous + ++ ○ Limited food 

fused ++ +++ +++ 

 

 Aims of this study were (i) to examine the role of CHCs in the communication of C. 

secundus, regarding caste-differences and potential fertility signals, and (ii) to investigate the 

actual conflict in colonies, in respect of development and behaviour, especially the role of 

proctodeal trophallaxis, a possible transmission method for reproductive inhibition; 

Springhetti 1969; Lüscher 1974). Furthermore, to determine (iii) the impact of resource 

availability/nest value, and (iv) the role of relatedness. By this I wanted to uncover possible 

mechanisms of conflict-resolution in C. secundus. 
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Scent of a Queen - Cuticular Hydrocarbons specific for 

Female Reproductives in Lower Termites 

 

Tobias Weil, Katharina Hoffmann, Johannes Kroiss, Erhard Strohm & Judith Korb 

2008 

Short Communication 

Naturwissenschaften 96:315-319 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cryptotermes secundus worker (left) and neotenic queen (right); 
Chromatogram indicates queen-specific cuticular hydrocarbons (grey) 
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ABSTRACT 

In social insects, it is assumed that signals of the queen inform nestmates about her 

reproductive status. Thus, workers forego their own reproduction if the queen signals high 

fertility. In hemimetabolous termites, little is known about reproductive inhibition, but 

evidence exists for a royal-pair control. Workers of lower termites exhibit a high 

developmental flexibility and are potentially able to become reproductives, but the presence 

of a fertile reproductive restrains them from reaching sexual maturity. The nature of this 

control, however, remains unknown. Here, we report on qualitative differences in cuticular 

hydrocarbon profiles between queens and workers of the basal drywood termite Cryptotermes 

secundus. Queens were characterized by a shift to long-chained and branched hydrocarbons. 

Most remarkably, similar chemical patterns are regarded as fertility cues of reproductives in 

social Hymenoptera. This might suggest that both groups of social insects convergently 

evolved similar chemical signatures. The present study provides deeper insights into how 

termites might have socially exploited these signatures from sexual communication in their 

cockroach-like ancestor. 

 

INTRODUCTION 

Reproductive division of labour is a key characteristic of social insects. In colonies of basal 

termites, all ontogenetically totipotent immatures (false workers, formerly also called 

pseudergates) have the possibility to develop via a single moult into neotenic replacement 

reproductives (Korb & Hartfelder 2008). Nevertheless, the queen is the sole egg-layer within 

the colony, and the development of a false worker into a neotenic reproductive only occurs 

when a colony’s reproductive of the same sex dies or becomes unhealthy. The mechanism that 

prevents colony members from becoming a reproductive is poorly understood. In eusocial 

insects, the maintenance of the reproductive hierarchy is generally assured by the recognition 

of a fecund queen due to her characteristic chemical signature that indicates her ovarian 
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activity (e.g. Peeters et al. 1999; Cuvillier-Hot et al. 2001; Heinze et al. 2002; Dietemann et 

al. 2003; Sledge et al. 2004; Cuvillier-Hot et al. 2005; Hartmann et al. 2005; Lommelen et al. 

2006; Sramkova et al. 2008). Such chemical compounds of the queen’s cuticular are often 

regarded as honest signals that inform nestmates of the presence of a fertile and healthy queen 

and therefore ensure an evolutionary stable regulation of worker sterility (Keller & Nonacs 

1993). 

 Wood-dwelling termites spend their entire life in the darkness of a single piece of 

wood, and most colony members are blind; thus, communication via scent is conceivable. It 

was shown that chemical communication occurs in termite colonies (e.g. Howard et al. 1982; 

Haverty et al. 1996; Haverty et al. 1997; Bagnères et al. 1998; Sevala et al. 2000; Dronnet et 

al. 2006). However, the relationship between cuticular hydrocarbon (CHC) profiles and 

fertility was not investigated in termites so far. 

 To study whether chemical cues exist, that signal the presence of an established and 

fecund queen, we compared the CHC profiles of female neotenics and false workers of the 

drywood termite Cryptotermes secundus. 

 

MATERIALS & METHODS 

 

Termites 

Colonies of C. secundus were collected in mangroves near Darwin (NT, Australia). Colony 

rearing and the generation of neotenic queens were performed as previously described (Weil 

et al. 2007). 

 

Chemical analyses 

CHCs were obtained by solid phase micro-extraction (SPME) of 80 C. secundus termites, 40 

false workers and neotenic queens, respectively. We used queens of established colonies with 
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young larvae and eggs showing that the analyzed queens were reproducing. The reproductive 

system of false workers can be well developed in lower termites, but false workers never lay 

eggs (Grassé 1982). They are immatures incapable of reproducing. The cuticular surface of an 

individual was gently rubbed for 5 min with a polydimethylsiloxane fiber for SPME (df 7 μm 

for gas chromatography (GC) and df 100 μm for GC-mass spectrometry (GC-MS); Supelco) 

and then immediately placed in the injection port of a GC. 

 GC analysis was performed with an Agilent Technologies 6890N-GC equipped with a 

split-splitless injector (280 °C; purge valve opened after 5 min), a flame-ionization detector 

(FID), and a HP-5 fused silica capillary column (30 m × 0.32 mm ID; df 0.25 μm, J&W 

Scientific) using Helium as carrier gas (constant flow, 1 ml min−1). The temperature 

programming was as follows: 120–150 °C at 30 °C min−1, 150– 280 °C at 4 °C min−1, and 

280–300 °C at 10 °C min−1. 

 GC-MS was performed with an Agilent Technologies 6890N-GC coupled to an 

Agilent 5973 inert mass selective detector (70 eV ionization voltages). The GC was equipped 

with a RH– 5 ms fused silica capillary column (30 m × 0.25 mm ID; df 0.25 μm, J&W 

Scientific). GC conditions were set as mentioned above, but the split-splitless injector was set 

250 °C with the purge valve opened after 60 s. For GC-MS analyses, we used both SPME and 

hexane extractions. For the latter, ten false workers or three queens were pooled and extracted 

in 400 μl of distilled hexane for 5 min. The extracts were reduced to a final volume of 50 μl 

by a gentle stream of nitrogen at room temperature. 

 MSD ChemStation software (Agilent Technologies) was used for data acquisition. 

Linear compounds were identified by retention times, NIST MS library and fragmentation 

patterns. Methyl alkanes were identified by diagnostic ions, standard MS databases (see 

above), and by determining Kovats indices using the method of Carlson et al. (1998). 
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Statistical analyses 

In total, we found 55 peaks. However, there were large qualitative differences in the chemical 

profiles between both castes with several peaks being only present in one caste. To analyze 

these qualitative differences between false workers and neotenic queens, a multiple 

correspondence analysis (MCA, XLSTAT 2008) was performed. MCA is an extension of 

correspondence analysis, which allows one to analyze the pattern of relationships of several 

categorical dependent variables. Therefore, all peaks were classified as being present (1) or 

absent (0) for each tested individual. Peaks that contributed highly to the difference between 

the studied castes were selected. Differences between castes for the detected compounds were 

compared with Mann–Whitney U tests using SPSS 15.0 (SPSS Inc.). All tests were two-

tailed. The significance level α was corrected for the number of tests using Bonferroni 

adjustments. 

 

RESULTS 

C. secundus neotenic queens and false workers exhibit different CHC profiles as shown in 

Fig. 1. For the 80 analyzed individuals, 55 peaks were obtained by GC analysis (FID). Using 

SPME and hexane extractions, 38 substances could be identified with GC-MS according to 

their characteristic mass spectral fragmentation patterns. The general CHC profile of C. 

secundus consisted of linear alkanes, monomethyl-branched alkanes, and linear alkenes with 

chain lengths from C21 to C35 (Fig. 1). It was dominated by n−C25, n−C27, C27:1, and 

n−C29 (Fig. 1). 

 According to the MCA analysis of the 55 compounds, false workers were clearly 

separated from neotenic queens by their CHCs (Fig. 2). There was no misclassification; all 

individuals of one caste clustered together (Fig. 2). The neotenic queens were separated from 

false workers on the basis of function 1 (F1), which explained 88.9 % of the total variance 

(Fig. 2). 
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Figure 1 

Representative chromatograms of cuticular hydrocarbons extracted by SPME from a neotenic 

queen (A) and a false worker (B) of C. secundus. Peaks 12, 38, and 50 are not labelled as they are not 

visible in these specific chromatograms. Only identified peaks are listed: 1 n−C21; 2 n−C24; 3 

4meC24; 4 n−C25; 5 13meC25; 6 4meC25; 7 C26:1; 8 3meC25; 9 n−C26; 13 4meC26; 14 C27:1; 15 

C27:1 16 n−C27; 17 13meC27; 19 4meC27; 20 C28:1; 21 3meC27; 22 n−C28; 24 4meC28 + C29:1; 

25 C29:1; 27 n−C29; 28 4meC29; 29 3meC29; 30 n−C30; 31 4meC30; 33 C31:1; 34 C31:1; 35 

n−C31; 36 13meC31; 39 4meC31; 41 3meC31; 44 C33:1; 45 C33:1; 46 C33:1; 52 C35:2; 53 C35:2; 

54 C35:1; 55 C35:1. 

 

According to their contributions and cosine2 values of the variables to function 1, 25 peaks 

were selected. Twenty two of these peaks were queen specific, while three peaks were 

specific for false workers. Besides long-chained alkenes and n−C31, mainly monomethyl-

branched alkanes were characteristic for neotenic queens (Fig. 1a). Six queen specific 
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compounds could not be identified due to small amounts (peaks: 32, 40, 42, 43, 48, 51; Fig. 

1a). n−C21, 4meC26, and an unknown compound (peak 26) were specific for false workers 

(Fig. 1b). All 25 compounds differed significantly between the tested castes (Mann–Whitney 

U test P < 0.0001; < corrected α = 0.002; see Appendix 1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 

Correspondence map depicting MCA results. Neotenic queens are completely separated from false 

workers on the basis of function 1 (F1), which explains 88.94 % of the variance. 

 

DISCUSSION 

Our analyses revealed distinct, qualitative differences in the CHC profiles of non-reproducing 

false workers and neotenic queens of C. secundus. Especially branched hydrocarbons were 

characteristic for the queen’s CHCs. We observed a shift to hydrocarbons with longer chain 

lengths in neotenic queens. These two characteristic chemical patterns have been discussed as 

fertility cues of reproductives in social Hymenoptera (Liebig et al. 2000; Cuvillier-Hot et al. 

2001; Heinze et al. 2002; Dietemann et al. 2003; Hartmann et al. 2005; Lommelen et al. 

2006). The similarity may indicate that this CHC pattern also functions as a fertility signal in 

C. secundus. Possibly, a similar fertility signature independently evolved in hemimetabolous 
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termites and holometabolous social Hymenoptera despite their different ancestry. Methyl-

branched hydrocarbons are known from a wide range of insects, including solitary species 

(Howard & Blomquist 1982). Thus, they might have been good potential candidates for 

contact pheromone signals in social hymenoptera and in termites that were exploited during 

social evolution. 

 In termites, caste-specific variations in CHCs were described mainly for non-

reproductives (workers, soldiers and nymphs) and ‘hopeful’ reproductives (alates before 

colony foundation) (Howard et al. 1982; Haverty et al. 1996; Haverty et al. 1997; Bagnères et 

al. 1998; Sevala et al. 2000; Dronnet et al. 2006). Former studies also included unsexed 

neotenic reproductives in their analyses, but did not achieve good discrimination between 

reproductive and non-reproductive castes, likely due to the small sample sizes used (Howard 

et al. 1982; Bagnères et al. 1998). Furthermore, the main emphasis of these studies was on 

analyzing developmental stages rather than on fertility signals. 

 It is unknown whether the queen’s scent is sufficient to maintain her reproductive 

primacy in termites. Similar to Lüscher (1974), Brent et al. (2005) suggested that the termite 

queen releases inhibitory stimuli, which result in a reversible endocrine inhibition of the 

sexual development in nestmates and thus maintains the queen’s reproductive dominance 

(Lüscher 1974; Brent et al. 2005). So far, clear evidence is lacking whether the inhibitory 

signal is spread throughout the termite colony via proctodeal trophallaxis or whether it has an 

olfactory basis (Bordereau 1985; Noirot 1990; Korb 2005). In cockroaches (Blattodea), to 

which the termites belong (Inward et al. 2007), the epicuticle of sexual mature females 

contain contact pheromones, which elicit courtship response upon contact with the male’s 

antennae. Interestingly, methyl-branched C27 and C29 carbons are active components of the 

female contact sex pheromone (Eliyahu et al. 2008). Stimulatory tergal compounds are also 

discussed for termites as sex-specific cues (Park et al. 2004). This might suggest that similar 

sex-specific contact pheromones were exploited by termites during social evolution. 
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 In summary, our results demonstrate that CHCs differed significantly among neotenic 

queens and false workers of C. secundus and therefore might provide information about the 

presence of a reproductive. Interestingly, among holo- and hemimetabolous social insects, 

female reproductives reveal similarities in the signature of CHCs, which might reflect 

common mechanisms in maintaining and/or signalling reproductive status. 
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ABSTRACT 

Conflicts over reproduction are common in animal societies and they are especially 

pronounced in groups of totipotent individuals. Nevertheless most research is done on non-

totipotent social Hymenoptera (ants, some bees, wasps). In contrast systematic studies on 

conflict in termites are largely lacking. We studied possible conflict over reproduction in the 

lower termite Cryptotermes secundus during the replacement of the royal pair. Strong 

conflicts were predicted as all colony members (except soldiers) have the capability to 

become neotenic replacement reproductives. Our direct behavioural observations first implied 

that there was no overt conflict during replacement but the killing of some neotenics 

suggested that conflict was not completely suppressed. Various mechanisms were found that 

may regulate conflict. Individuals had different behavioural profiles during the inheritance 

process, reflecting their potential to become a successful reproductive. Butting was confirmed 

as dominance behaviour when reproductives are absent: those individuals inheriting the 

breeding position butted more than their nestmates. Yet to become a successful breeder more 

qualities were required: replacement reproductives that stably inherited the breeding position 

fed nestmates more via proctodeal trophallaxis (anal feeding) than those that were killed. Our 

results are in line with longstanding physiological concepts of proctodeal trophallaxis acting 

to regulate development and a short sensitive developmental period that restricts the number 

of individuals capable at any given time of becoming replacement breeders. Both mechanisms 

have the potential to reduce conflicts within totipotent termite societies: the former by acting 

as an honest signal, the latter by a ‘fair lottery’ process. 

 

INTRODUCTION 

Cooperation is an important trait in evolution (Maynard Smith & Szathmáry 1995) starting at 

genome level, with different cooperating genes creating a complex organism, up to organisms 

building social groups with complex interactions. The diverse groups of social insects are 
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indicative for the ecological success of cooperative systems, but they also provide examples 

of the flip side of group living: If cooperating partners are not genetically identical (clones), 

conflicts over reproduction are inevitable. Cooperation or altruism (i.e. when helping another 

individual is also costly to the actor’s own direct fitness) can only be stable in the long term, if 

(1) it increases the inclusive fitness of an individual (Hamilton 1964) and/or (2) mechanisms 

develop which suppress the occurrence or reduce the reproductive success of cheaters whose 

exploitative behaviours would lead to the breakdown of cooperation. Such a mechanism is 

policing, the control of reproduction by group members (Ratnieks 1988; Frank 1995; Monnin 

& Peeters 1997). Conflicts may also be regulated by honest signalling or dominance 

hierarchies, found in many social insects ranging from polistine and stenogastrine wasps, to 

bumblebees and some ants (reviewed in Peeters & Liebig 2009). 

 Conflicts have been studied intensively in social Hymenoptera (ants, some bees and 

wasps; e.g. Monnin & Ratnieks 2001; Foster et al. 2002; Wenseelers & Ratnieks 2006). Here 

the potential for conflict is especially pronounced because of their peculiar sex determination 

system, haplodiploidy (Ratnieks & Reeve 1992). The resulting relatedness asymmetries 

within a colony can lead to potential conflicts over male production and the sex ratio 

(reviewed in Ratnieks et al. 2006). In the second large group of social insects, the termites, 

such conflicts would not be predicted to exist because they are diploid (Korb 2005). However, 

although they lack relatedness asymmetries, genetic conflicts can occur because in all non-

clonal organisms, individuals (apart from monozygotic twins) are more closely related to 

themselves (r = 1) than they are to other individuals. Conflicts are predicted especially in 

wood-dwelling termites that spend their entire life in a single piece of wood, which serves as 

both food and shelter (‘one piece nesters’ sensu Abe 1987; Korb 2007a; Korb & Hartfelder 

2008). In this group, to which most Termopsidae, Kalotermitidae and Prorhinotermes belong, 

all immatures are totipotent and are therefore hopeful reproductives (i.e. they have a certain 

probability of reproduction; West-Eberhard 1978). In analogy to social Hymenoptera we call 
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them ’workers’ in the following (according to the definition by Roisin & Korb 2011, 

developmentally they are pseudergates sensu lato). Wood-dwelling termites are characterized 

by a flexible development, which is achieved through a unique combination of progressive, 

stationary and regressive moults, reflected, respectively, by an increase, no change or a 

decrease in morphometric size and wing development (reviewed in Korb & Hartfelder 2008). 

Individuals without and with wing buds are called larval and nymphal instars, respectively. 

Additionally, workers can also develop via a single moult into neotenic replacement breeders 

(hereafter called ‘neotenics’) when the primary reproductives (i.e. the founding pair of the 

colony, derived from winged alates, hereafter called ‘royals’) die. Inheriting the natal 

breeding position seems to be a major incentive for workers of wood-dwelling termites to stay 

at the nest (Myles 1988; Thorne et al. 2003; Korb & Schneider 2007; Johns et al. 2009). The 

other alternative is to leave the nest as winged alate during swarming season to found an own 

colony, but predation risks are very high and only few succeed (Korb & Schmidinger 2004). 

Therefore staying to inherit is a more favourable option as long as the nest provides abundant 

food and colony size does not exceed a certain threshold (Korb & Schneider 2007). Thus 

societies of totipotent individuals in general (Hart & Monnin 2006), and especially in wood-

dwelling termites (Korb & Hartfelder 2008), are proposed to be in almost perpetual conflict 

between the actual and the potential reproductives, and the overt conflict among nestmates 

over inheritance when the reproductives die is predicted to be intense. In fact, in many wood-

dwelling termites many individuals develop into new neotenic replacement reproductives but 

in the end only one (Lenz 1985; Lenz et al. 1985) or few pairs (reviewed in Myles 1999) 

survive and finally inherit the breeding position. Systematic studies on conflicts in termite 

societies and how they are solved are lacking. We used the drywood termite Cryptotermes 

secundus (Kalotermitidae) as our model organism because it has totipotent workers, is well 

studied and the required behavioural observations and experiments are established and can 

relatively easily be performed in the laboratory mimicking the natural situation (e.g. Korb & 



Publication 2  25 

 

Katrantzis 2004; Korb 2005). There are various interpretations of the terms aggression and 

conflict; we use the following definitions: ‘overt conflict’ (the observable conflict taking 

place) which includes behaviour (aggressive interactions) and the outcome of the conflict 

(killed individuals) in contrast to ‘potential conflict’ (the conflict predicted by theory, 

expected to be high in C. secundus). 

 We experimentally induced potential conflict in 17 colonies by removing the royals. 

We investigated how the behaviour of individuals changed from the starting situation ‘with 

royals’ over the potential conflict situation ‘without royals’ to the situation when a new and 

stable pair of neotenics had established (‘with neotenics’). 

 

MATERIALS & METHODS 

 

Collection & maintenance of colonies 

Colonies were collected in 2007 and 2008 near Channel Island, Darwin Harbour (NT, 

Australia; 12°30' S 131°00' E). Dead trees of Ceriops tagal were chopped from the mangroves 

and carefully split with hammer and chisel to obtain complete colonies (for more details see 

Korb & Lenz 2004). The colonies were housed in standardized wood blocks of Pinus radiata 

providing abundant food conditions (Lenz 1994; Korb & Lenz 2004) and shipped back to 

Germany to be kept in climate chambers under appropriate conditions (12 h day-night-cycle, 

70 % relative humidity, 28 °C) (for more detail see Korb & Katrantzis 2004). 

 

Preparing experimental colonies 

The wood blocks were split in Germany and their colonies were transferred into new wood 

blocks providing abundant food conditions and a drilled chamber where the termites were 

placed and which allowed behavioural observations (for details see Korb & Schmidinger 

2004). To prevent the termites from disappearing into the wood, new tunnels were blocked 
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with filter paper. Wood chips and humid filter paper were provided as additional food and 

water supply, respectively. 

 Only colonies with one pair of royals (considered monogamous) were used for the 

experiment. Colony size ranged from 15 to 112 individuals, which is comparable to sizes 

found in nature (Korb & Lenz 2004; field colonies in this size range account for about 55 % 

of all colonies); the occurrence of two neotenics in similar-sized field colonies shows that 

using such colony sizes is appropriate to study inheritance questions (occurrence of neotenics 

was not connected to colony size, Mann-Whitney U test: Z = -0.87, N = 309, P = 0.383). 

Workers (all large immatures beyond the 3rd larval instar in smaller colonies, a maximum of 

60 individuals in larger colonies) were marked with an individual colour code consisting of 

two dots of enamel paint (Revell) at the abdomen and/or the thorax. Before starting the 

behavioural observations, we recorded their development for at least 2 weeks to obtain 

information about moulting intervals (the time between two moults) and moulting types 

(progressive, stationary, regressive, neotenic) with royals present. Before the moult, 

individuals become whitish and translucent. These individuals were separated for the length 

of the moult (otherwise individuals loose their markings and can not be reassigned) and 

placed back into the colony after re-marking. Their developmental stage was classified into 

instars according to wing bud shape before and after the moult (for more detail see Korb & 

Katrantzis 2004): beyond the second moult there are three independent larval (3rd to 5th larval 

instar) and five nymphal instar in C. secundus). No sex determination is possible for worker 

instars without killing, but the sex of neotenics could be determined according to Grassé 

(1982). Throughout the experiment all colonies and the separated moulting individuals were 

kept under appropriate conditions that did not change development compared to field colonies 

(Korb & Katrantzis 2004). 
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Experimental set-up 

After this minimum period of 2 weeks the first behavioural observation started with royals 

present. All marked individuals were observed for 30 min using focal sampling and a well 

established behavioural protocol (Korb & Schmidinger 2004). Observable behaviours were 

running, resting/feeding, and the interactive behaviours allogrooming, proctodeal trophallaxis, 

antennation and butting (a distinct behaviour with individuals moving repeatedly back and 

forwards, with or without contact with others). For the interactions, we distinguished whether 

the behaviour was carried out by the observed individual (active) or was received from a 

nestmate (passive). Then the royals were removed from the colonies and 24 h later the second 

behavioural observation was carried out (without royals) using the same individuals and 

behavioural protocol. During the conflict situation, we monitored the development of 

individuals as described above, paying special attention to neotenic development. After a pair 

of neotenics had inherited the breeding position and was considered to be stable (i.e. no 

further neotenics developed and/or were killed for a minimum of 10 days) the third 

observation started (with neotenics). Behavioural observations were performed during the 

day; C. secundus shows no day/night rhythm in its behaviour (J. Korb, unpublished data). 

Observations took place from April 2008 to March 2009. In total, the behaviour of 450 

individuals (including 16 soldiers) from 17 colonies was analyzed. 

 

Statistics 

After the removal of the royals, we measured the time until the first neotenic moult and the 

time until the neotenic pair was stable, as well as the number/percentage of neotenics 

developing per colony. Correlations between colony size, time until first neotenic moult, time 

until stability and number of killed neotenics were analyzed using Pearson tests. The colony 

composition (i.e. the frequencies of the different instars) and the development (i.e. the 

frequencies of moulting types including the neotenic moult) were compared between colonies 
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using ²-contingency tables. To analyze whether certain instars were more likely to become 

neotenics than others, we tested with a ²-test, whether for all colonies combined, the instar 

composition of individuals developing into neotenics differed from that expected according to 

instar availability. For developmental and colony composition analyses, individuals from 5th 

larval instar onward were used; 3rd and 4th larval instars were not available in sufficient 

numbers. 

 For behavioural analyses, the observed individuals were separated into the following 

developmental groups (hereafter called ‘castes’) according to their developmental fate after 

orphaning: (1) workers (3rd larval to 5th nymphal instars; workers remaining workers after the 

conflict), (2) surviving neotenics (workers successfully inheriting the colony), (3) killed 

neotenics (workers becoming neotenics but being killed during the conflict), (4) soldiers 

(before and after conflict). The behavioural data did not fulfil the requirements for parametric 

testing, even after several transformations. Therefore, non-parametric statistics were used; 

qualitatively the same results were revealed using parametric general linear model analyses. 

All individuals were weighted equally, independent of the colony. The behavioural 

differences between the different observation conditions were analyzed using Wilcoxon tests 

(with this signed-rank test depended factors are tested; in this case the repeated behavioural 

measurements of the same marked individuals.) To compare also the behaviour with royals 

and during conflict (without royals) between the distinct castes Mann-Whitney U-tests (see 

Appendix 2) were performed. We also checked for colony level variation using Kruskal-

Wallis tests (see Appendix 2). The P values (of behavioural data and correlations) were 

corrected for multiple testing using the step-up false discovery rate (FDR) approach 

(Benjamini & Hochberg 1995; Garcia 2004). All tests were two-tailed. All data were analyzed 

using SPSS 15.0 and PASW 18.0 (SPSS Inc.). If not noted otherwise, mean ± SE are given. 
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RESULTS 

 

Development of neotenic reproductives 

Five colonies did not develop a stable pair of neotenics as only one (or several) neotenics of 

one sex developed; they were removed from the following analysis but were included in the 

behavioural analyses. Median and interquartile ranges are shown in parentheses. 

 After the royals were removed, it took on average 9.2 ± 0.64 (9.5; 3.75) days until the 

first neotenic moult occurred. On average 5.7 ± 1.23 (4.5; 3.75) neotenics developed per 

colony, which is 12.6 ± 1.61 % (12.6; 9.40) of a colony’s individuals. Always only one pair 

survived and inherited the colony; additional, surplus neotenics were killed (on average 3.4 ± 

1.19 (2.5; 3.75) killed neotenics per colony, which is 6.7 ± 1.64 % (5.3; 9.28) of a colonies’ 

individuals). Who killed the neotenics could be directly observed in only one colony in which 

it was done by other neotenics: they attacked opponents until they were wounded and workers 

ate the injured nestmates. It took on average 20.1 ± 2.39 (19.5; 12.75) days until a new 

neotenic pair was stable and no more neotenic moults were observed. Neotenics’ 

success/survival did not depend on time of development: in 50 % of the colonies the first 

neotenics that developed were part of the inheriting pair; in the other 50 % they were killed 

and succeeded by neotenics that developed later. Colony size ranged from 15 to 112 

individuals (on average 48.8 ± 7.94). No correlations were found between colony size and the 

time until the first neotenic moult, the time until the inheriting pair was stable, the number of 

neotenics or the number of killed neotenics. Furthermore, the time until the first neotenic 

moult did not correlate with the time until stability or with the number of killed neotenics. 

Time until stability did not correlate with the number of killed neotenics (for all Pearson 

correlations: N = 12, P = ns). The colonies differed in their general instar-composition (²-

test: ²88 = 140.8, P < 0.0001), that is the proportions of the different larval and nymphal 

instars in the colony, but not in the instars which became neotenics (²-test: ²44 = 53.0, P = 
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0.166). When we compared observed and expected probabilities, individuals of the 1st and 4th 

nymphal instars moulted into neotenics more often than expected by chance (²-test: ²4 = 

244.1, P < 0.0001). 

 

Behavioural changes from ‘with royals’ to ‘with neotenics’ 

Changes from ‘with’ to ‘without royals’ 

There were no overt aggressive interactions, such as mandible threatening, biting, or killing, 

in any of the behavioural observation trials. After the royals had been removed, workers 

increased interactive behaviours, namely allogrooming, proctodeal trophallaxis and 

antennation (active and passive, respectively), while active butting decreased significantly 

(Appendix 2, Table S1; Figs. 1a, b, 2a, 3a, b, 4a, b). 

 

 

 

 

 

 

 

 

 

 

Figure 1 

Overall duration of active and passive allogrooming performed by the distinct ‘castes’ compared 

between the different observations (with royals, without royals, with neotenics). (a, b) Workers, (c, 

d) surviving neotenics, (e, f) neotenics that were later killed, and (g, h) soldiers. Box plots are shown 

with median, quartiles and minimum and maximum values. Asterisks indicate outliers with more than 

3 box lengths distance. To improve the clarity of the figure the Y axis is log scaled. (ns) Non-

significant, (s) significant differences between groups (P < 0.05). 
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Surviving neotenics increased active antennation and proctodeal trophallaxis (Appendix 2, 

Table S1; Figs. 3c, 4c). By contrast, neotenics that were late killed increased butting and 

passive antennation (Appendix 2, Table S1; Figs. 2e, 4f). Soldiers reduced active butting 

(Table S1; Fig. 2g). 

 

 

 

 

 

 

 

 

 

Figure 2 

Overall duration of active and passive butting performed by the distinct ‘castes’ compared 

between the different observations (with royals, without royals, with neotenics). (a, b) Workers, (c, 

d) surviving neotenics, (e, f) neotenics that were later killed, and (g, h) soldiers. Box plots are shown 

with median, quartiles and minimum and maximum values. Circles and asterisks indicate outliers with 

more than 1.5 and more than 3 box lengths distance, respectively. To improve the clarity of the figure 

the Y axis is log scaled. (ns) Non-significant, (s) significant differences between groups (P < 0.05). 

 

Changes from ‘without royals’ to ‘with neotenics’ 

Because killed neotenics were dead in the ‘with neotenics’ condition in which two stable 

neotenics had established, we omitted them from the following analyses. Workers increased 

resting, while running was reduced from ‘without royals’ to ‘with neotenics’ (Appendix 2, 

Table S1). Also active and passive antennation decreased ‘with neotenics’ (Appendix 2, Table 

S1; Fig. 4a, b). Surviving neotenics increased resting, reduced running and were more 

antennated ‘with neotenics’ compared to the ‘without royals’ situation (Appendix 2, Table S1; 

Fig. 4c). 
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They reduced active trophallaxis, and active and passive butting decreased ‘with neotenics’ 

(Appendix 2, Table S1; Figs. 2c, d, 3c). Soldiers showed no significant changes from ‘without 

royals’ to ‘with neotenics’ (Appendix 2, Table S1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 

Overall duration of active and passive proctodeal trophallaxis performed by the distinct ‘castes’ 

compared between the different observations (with royals, without royals, with neotenics). (a, b) 

Workers, (c, d) surviving neotenics, (e, f) neotenics that were later killed, and (g, h) soldiers. Box 

plots are shown with median, quartiles and minimum and maximum values. Circles and asterisks 

indicate outliers with more than 1.5 and more than 3 box lengths distance, respectively. To improve 

the clarity of the figure the Y axis is log scaled. (ns) Non-significant, (s) significant differences 

between groups (P < 0.05). 

 

Changes between ‘with royals’ and ‘with neotenics’ 

In the comparison of the ‘with royals’ and the ‘with neotenics’ behaviours, workers still ran 

more (Appendix 2, Table S1), they received more allogrooming, showed more active and 

passive trophallaxis and were significantly more butted after the conflict than before 

(Appendix 2, Table S1; Figs. 1a, 2b, 3a, b). By contrast, surviving neotenics butted and were 

butted significantly less in the ‘with neotenics’ compared to the ‘with royals’ situation 



Publication 2  33 

 

(Appendix 2, Table S1; Fig. 2c, d). They rested more and ran less and also performed and 

received more allogrooming and antennation ‘with neotenics’ than ‘with royals’ (Appendix 2, 

Table S1; Figs. 1c, d, 4c, d). No significant differences were found for soldiers. 

 

 

 

 

 

 

 

 

 

Figure 4 

Overall duration of active and passive antennation performed by the distinct ‘castes’ compared 

between the different observations (with royals, without royals, with neotenics). (a, b) Workers, (c, 

d) surviving neotenics, (e, f) neotenics that were later killed, and (g, h) soldiers. Box plots are shown 

with median, quartiles and minimum and maximum values. Circles and asterisks indicate outliers with 

more than 1.5 and more than 3 box lengths distance, respectively. To improve the clarity of the figure 

the Y axis is log scaled. (ns) Non-significant, (s) significant differences between groups (P < 0.05). 

 

DISCUSSION 

Conflicts over reproduction are common in animal societies and they are especially 

pronounced in groups of totipotent individuals (Hart & Monnin 2006). Accordingly, strong 

potential conflicts over inheritance are predicted for termite workers, which are hopeful 

reproductives. Yet our behavioural results, especially the lack of aggressive interactions such 

as biting, also revealed less overt conflict among potential breeders during the inheritance 

process than predicted. This suggests conflict reduction mechanisms. The killing of neotenics, 

however, shows that conflict was not completely suppressed. 
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Behavioural changes after removal of the royals 

After the removal of the royals, colony members changed their behaviour. Strikingly, these 

changes differed depending on caste fate. Individuals that remained as workers increased 

interactive behaviours except butting. This can be interpreted as a higher vigilance about the 

developmental state of nestmates (Alexander et al. 1991; Keller & Nonacs 1993; West-

Eberhard 2003). For instance, antennation serves as a means of communication whereby 

individuals can recognize the status/caste of nestmates via specific cuticular hydrocarbon 

(CHC) profiles (reviewed in Howard & Blomquist 2005; Monnin 2006). This might enable 

individuals to ‘judge’ their own chances of becoming the next breeder and to adapt their 

behaviour and development accordingly. Reproductives of C. secundus have different CHC 

profiles to workers (see Publication 1) and CHC profiles, perhaps together with proteinaceous 

secretions (Hanus et al. 2010), probably act as fertility signals, as has been shown for social 

Hymenoptera (e.g. Monnin et al. 1998; Heinze et al. 2002; Dapporto et al. 2004; Peeters & 

Liebig 2009). There might be ‘in-between’ CHC profiles for individuals starting to develop 

into a neotenic replacement reproductive. By contrast, sterile soldiers are not expected to be 

decisively involved in the inheritance conflict in such monogamous colonies. Indeed, C. 

secundus soldiers hardly reacted to the absence of reproductives. 

 The single interactive behaviour that declined in workers after orphaning was active 

butting. This contrasts with individuals that developed into neotenics. The decrease in butting 

in workers might be a ‘de-escalation-tactic’ of individuals that have no chance of becoming a 

reproductive; the parallel decrease of butting in sterile soldiers supports this view. Butting is 

known from various termite species and has been interpreted as playing a role in alarm 

signalling (Stuart 1969; Grassé 1986; Sbrenna et al. 1992) or inter-individual communication 

(in Kalotermes flavicollis; Maistrello & Sbrenna 1996). Our observations conform to findings 

in social Hymenoptera, where butting among workers increased after orphaning (Heinze & 
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Oberstadt 1999; Strassmann et al. 2004). Butting seems to be a ‘dominance’ behaviour that is 

indicative of the absence of the queen in C. secundus (Korb et al. 2009a). 

 Also, when the colonies were orphaned, surviving neotenics and those that were 

eventually killed differed in their behaviour. In contrast to surviving neotenics, the latter were 

less ‘social’ as indicated by increased butting but no increase in trophallaxis. This might be 

indicative of proctodeal trophallaxis functioning as an honest signal (a ‘handicap’ according 

to the classification by Maynard Smith & Harper 2003): only healthy, competent individuals 

can afford to show such costly behaviour under stressful conditions. It might simultaneously 

be the proximate means of regulating the inheritance process, if reproductive development is 

inhibited by pheromones propagated through proctodeal trophallaxis, as suggested by 

Springhetti (1969) and Lüscher (1974). Neotenics that were eventually killed were probably 

unable to produce this signal. This view that proctodeal trophallaxis functions as an honest 

signal in C. secundus receives further support from a previous study (Korb & Schmidinger 

2004): Under stressful conditions of limited food availability those individuals which did 

most proctodeal trophallaxis developed progressively along the nymphal line leading to 

winged sexuals, while the others stayed as workers in the colony. 

 The question arises who killed the neotenics? Elimination of neotenics was observed 

directly in just one colony. As in other lower termites surplus neotenics were killed through 

the combined activity of successful neotenics (which attacked opponents until they were 

wounded) and workers (which ate the injured nestmates; Lüscher 1952a; Ruppli 1969; Lenz et 

al. 1982). This resembles the sting smearing of Dinoponera ants where the dominant 

reproductive induces workers to punish lower-ranking challengers (Monnin et al. 2002). It 

contrasts with most other social insects in which either the workers (Wilson 1971; Heinze 

1993; Moo-Valle et al. 2001; Wenseleers & Ratnieks 2004) or the queen (e.g. in honeybees, 

Apis mellifera: Gilley 2001; Gilley & Tarpy 2005) kill ‘surplus’ reproductives. 
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After the conflict is solved 

The observed behavioural changes of surviving neotenics from the ‘with royals’ to the ‘with 

neotenics’ situation reflect their changing status, from workers to successful neotenics. They 

reduce butting. Also, the decrease in antennation in workers indicates that the conflict is 

settled. Workers, however, still differed in some behaviours before and after the conflict, 

namely increased proctodeal trophallaxis and butting in the ‘with neotenic’ compared to ‘with 

royals’ situation. There are two potential explanations: (1) differences exist between colonies 

headed by neotenics and royals, for example in their reproductive power (i.e. fecundity), or 

(2) the new neotenics have not started laying eggs and thus the pre-conflict situation with a 

reproducing pair is not yet fully re-established. We have no support for option (1) in C. 

secundus. No evidence exists that the reproductive potential or the behaviour of workers 

differs in the presence of neotenics and royals when both lay eggs (Korb & Schneider 2007). 

As the neotenics in the experiment had not started laying egg, this probably could explain pre- 

and post-conflict behavioural differences. 

 

Potential mechanisms of conflict reduction 

It is surprising that the degree of overt aggressive interactions in our behavioural observations 

during the inheritance process was so small in C. secundus. Aggressive interactions have been 

reported in other termite species during inheritance conflict (Lenz et al. 1985), although in the 

study of Lenz et al. (1985), no direct observations were performed and only the outcome 

(number of killed individuals) analysed. The presence of aggression and levels of agonistic 

behaviours vary among termites (reviewed in Thorne 1982). 

 One proximate mechanism that can reduce overt conflict is the sensitive period: a 

short period during the moulting interval when the developmental fate of an organism at the 

next moult is determined (‘critical period’ or ‘competence’ sensu Lüscher 1952a; e.g. Nijhout 

1999). During this period, individuals are sensitive to environmental stimuli, such as the 
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absence of reproductives and adapt their development accordingly (Lüscher 1952a, b). 

Among the workers, only individuals in the sensitive period are able to respond to orphaning 

and become neotenic replacement reproductives. As all workers are passing regularly through 

this period, they all have a fair chance to become neotenic, while at the same time the number 

of actually competing individuals is reduced. Thus, the sensitive period functions as a ‘fair 

lottery’ mechanism similar to, for example, Mendelian segregation during gamete formation 

(Frank 2003). This predicts the time until the first neotenic moult to be negatively correlated 

with colony size. We could not find such a correlation most probably because the ranges in 

colony sizes as well as the sample size have been too small to detect a significant effect. On 

average 9.2 days are needed until the first neotenic moult and 20.1 days to solve the conflict. 

This is comparable to some congeneric species (C. brevis: 6-7 days/16-20 days, respectively; 

C. domesticus: 9.6 - 10.6 days until first neotenic moult; Lenz et al. 1985) but short compared 

to others like C. primus or C. queenslandis (55 days and 76 days until first neotenic moult, 

respectively; Lenz et al. 1985, using comparable group sizes). On average 12.6 % of the 

colony members in C. secundus developed into neotenics. This is a low percentage compared 

to C. brevis (> 65 %; Lenz et al. 1982, 1985) or C. domesticus (32-35 %; Lenz et al 1985). 

This indicates that the sensitive period of C. secundus may be shorter than in species with 

excessive neotenic development and/or the inhibition of nestmates to become neotenic starts 

later in newly established reproductives of the latter species. In Melipona stingless bees there 

is also a large excess development of larvae into queens (e.g. Wenseleers & Ratnieks 2004) 

and this may ultimately be explained by selfish worker interests (Ratnieks & Wenseleers 

2008). For the Cryptotermes species, no ultimate explanation exists that accounts for the intra- 

and inter-specific variability in the number of excess replacement reproductives (Lenz et al. 

1982, 1985; Lenz 1985). A proximate explanation might be differences in the duration of the 

sensitive period during the moulting interval. 
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Conclusion 

To summarize, our data revealed less overt conflict over reproduction than expected in 

colonies of totipotent nestmates. Our findings support the physiological concept of a sensitive 

developmental period (Lüscher 1952b) which could serve as a means of conflict reduction. In 

a ‘fair lottery’ process it restricts the number of individuals capable at any given time to 

inherit the colony. Proctodeal trophallaxis might then function as an honest signal to select the 

most competent individuals as reproductives. Future research has to show whether these 

proposed proximate mechanisms for conflict reduction, unknown from social Hymenoptera, 

generally contribute to the stability and relative harmony of termite societies composed of 

totipotent individuals. 
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ABSTRACT 

Central to evolutionary explanations for social behaviour are the fitness costs and benefits that 

greatly determine the inclusive fitness of individuals. Despite this importance, the influences 

of costs and benefits on social evolution remain poorly understood, and continue to fuel high 

profile debates. Here we investigate the effect of a major ecological factor – wood resource – 

that affects the potential fitness benefits of workers and hence, influences the reproductive 

behaviour in the termite Cryptotermes secundus. Workers continually assess the available 

wood resources of the colony and adjust their developmental decisions, including the 

investment into competition, according to this value. In particular, workers are more likely to 

stay and fight for inheritance within nests that are resource rich, which leads to increased 

disruptive competition. Comparable responses are seen in social wasps, which evolved 

sociality independently from the termites, demonstrating convergent evolution. Our results, 

therefore, indicate a general evolutionary link between resource wealth and societal conflict. 

 

INTRODUCTION 

Social phenotypes, where a trait in one individual affects the reproductive fitness of other 

individuals, are central to the evolutionary process. In particular, the relative importance of 

cooperative and competitive interactions among individuals can define their ability to come 

together and form a group that can outperform any individual on its own. Such transitions in 

organization have occurred repeatedly in the history of life, resulting in the evolution of 

genomes, eukaryotic cells, multi-cellular organisms and societies (Maynard Smith & 

Szathmáry 1997; Bourke 2011). A large body of evolutionary theory now exists to identify 

the factors that determine the path of social evolution (Wenseleers et al. 2010). These 

highlight the importance of genetic similarity (genetic relatedness) and phenotypic feedbacks 

for social evolution, which both affect whether the alleles that promote a social action are the 

ones that benefit from the action’s effects. While costs and benefits are present in all theories 
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of social evolution, however, empiricism has tended to focus upon the role of genetic and 

phenotypic correlations (Korb & Heinze 2008). The result is a discrepancy between the 

predicted importance of costs and benefits in theories of social evolution, and the weight of 

evidence to support this prediction. 

 The roles of costs and benefits have been shown in some studies (reviewed in Korb & 

Heinze 2008), mostly concentrating on cooperative breeders in birds and mammals (Clutton-

Brock et al. 1998, 1999; Griffin et al. 2004; Koenig & Dickinson 2004; West et al. 2007a). 

There is less work on costs and benefits in the social insects but a number of important results 

come from work on small-colony social wasps (Field et al. 2006; Field 2008; Zanette & Field 

2009) and also social aphids (Abbot et al. 2001; Grogan et al. 2010). These studies show that 

factors including the availability of new nest sites, position in a social hierarchy, and worker 

number all affect social decision making in the nest. A key finding is that the investment into 

helping decreases – and the probability of escalated conflicts increases – for individuals that 

are likely to inherit a valuable nests (Abbot et al. 2001; Cant et al. 2006; Field & Cant 2009). 

Here we investigate the role of wood resource on reproductive decision making in 

wood-dwelling termites. They live in a single piece of wood that serves both as food and nest 

(Korb 2007b), ‘one-piece’ nesting termites sensu Abe (1987). Only few offspring of the royal 

pair are sterile soldiers that defend the colony and most individuals are what are typically 

called ‘workers’ by analogy with more derived termite species (Roisin & Korb 2011). These 

workers are totipotent and able to develop into all final castes. More specifically, in 

Cryptotermes secundus (Kalotermitidae) the workers do not care for the brood. However, in 

the presence of a reproductive pair, workers do not (or can not, due to royal inhibition; 

Lüscher 1955) attempt to become reproductives. The cooperativity associated with this 

passive strategy is revealed when the queen or king is lost. Now, a subset of workers develop 

into replacement reproductives and whenever more individuals develop than are needed to 

replace the queen or king, these new reproductives will fight to the death in an attempt to 
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inherit. In addition to remaining in the colony and attempting to become the new 

reproductive, workers can also become winged sexuals that disperse to found a new colony 

(Korb 2007a, 2008; Korb & Hartfelder 2008) (Fig. 1A, B). 

The potential fitness of colony members is largely linked to the wood volume of its 

home as this reflects a colony’s longevity: the colony dies when it is running out of wood 

because the workers do not exploit new food sources. Moreover, C. secundus has the 

impressive ability to measure the amount of wood in the nest from the vibrations generated 

during gnawing (Evans et al. 2005). Wood reserves may be a critical factor in a worker’s 

decision on whether to stay and fight with other colony members for reproductive supremacy. 

We tested this by providing colonies either with a high- (more wood per termite) or a low-

value (less wood per termite) nest and monitored worker behaviour both before and after 

removal of the royal pair. 

 

MATERIALS & METHODS 

 

Colony collection & maintenance 

Complete Cryptotermes secundus colonies were collected in 2007 and 2008 from Ceriops 

tagal trees in the mangrove area near Palmerston-Channel Island in Darwin, NT, Australia 

(12°30’ S 131°00’ E) as described elsewhere (Korb & Lenz 2004). Colonies were set up in 

standardized Pinus radiata wood blocks adjusted to colony size providing abundant resource 

conditions (1 termite: about 10 cm³ wood; for details see Korb & Lenz 2004). The use of P. 

radiata wood does not affect development of the colonies relative to setting them up in C. 

tagal blocks (Korb & Katrantzis 2006). Colonies were transferred to the laboratory in 

Germany and kept in climate chambers providing 28 °C and 70 % relative humidity with 12 h 

day/night cycle. The development of relocated colonies kept in the laboratory is in-

distinguishable from relocated colonies kept in the field (Korb & Katrantzis 2006). 
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Set-up of experiments 

For the experiment, C. secundus colonies were extracted from their wood blocks in Germany 

and their colony composition and sizes were determined. Only colonies with one reproductive 

pair were used. Colonies were transferred into new P. radiata wood blocks with a predrilled 

observation chamber providing either low (1 termite: about 2.5 cm³ wood) or high (1 termite: 

about 10 cm³ wood) resource conditions when the experiment was started (Lenz 1994; for 

details see Korb & Schmidinger 2007). For individual identification, workers (all in small 

colonies, up to 60 in large colonies) were marked with an individual colour code of enamel 

paint (Revell) at the abdomen and/or thorax. Individuals were checked throughout the 

duration of the experiment to ensure they retained their markings. The development (see 

below) of all workers was recorded for 2 to 4 weeks and the behaviour of marked individuals 

was observed (see below) before removal of the royals. This provided the data set for the 

‘with royals’ treatments. For the ‘without royals’ treatment, the colonies were orphaned and 

24 h later the marked individuals were observed again. The loss of a reproductive thoroughly 

occurs in the field, for instance during aggressive fusions of colonies founded in the same 

tree. Korb & Schneider (2007) found that about 25 % of collected C. secundus colonies were 

fused. The removal of both reproductives just increases the orphaning effect. The 

development of all workers was continuously monitored until a pair of replacement 

reproductives had inherited the breeding position and was considered to be stable (i.e. no 

further replacement reproductives developed and none were killed for a minimum of 10 days). 

The number of replacement reproductives developing, the time until the first replacement 

reproductive developed, and the time until the replacement reproductive pair was stable were 

measured for each colony. Experiments were set up parallel for both resource conditions. In 

total, 281 individuals from 10 low resource colonies and 268 individuals from 10 high 

resource colonies were analyzed. 
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Monitoring of development 

C. secundus workers comprise a set of different developmental instars: three independent 

larval (without wing buds: 1st – 3rd worker instar) and five nymphal instars (with wing buds: 

1st – 5th nymphal instar), reflecting the gradual development towards the winged sexual (Korb 

& Katrantzis 2004) (Fig. 1B path 1). With regard to their developmental trajectory, they can 

be classified into late instars (2nd – 5th nymphal instar) which will with high probability leave 

the colony as winged sexuals, and early instars (1st worker – 1st nymphal instar) which will 

stay as workers in the colony for at least another year (Korb & Katrantzis 2004; see also 

Results). 

To determine the developmental trajectory of workers we monitored their moulting 

types. Beside the neotenic moult, when a worker develops via a single moult into a 

replacement reproductive after orphaning the colony (Fig. 1B path 2), there are three other 

moulting types: progressive, stationary, and regressive moults, the latter are unique to 

termites. They reflect, respectively, a moult into the next, the same or the former instar and 

are characterized by an increase, no change or decrease in body size and morphological 

development (reviewed in Korb & Hartfelder 2008). Progressive moults reflect the 

developmental trajectory towards a winged sexual via several nymphal instars (Fig. 1B path 

1), while stationary and regressive moults characterize workers that remain at the nest (Korb 

& Katrantzis 2004). Individuals that are about to moult have a whitish, opaque appearance 

(Korb & Schmidinger 2007). When this happened they were separated, their developmental 

instar was identified before and after the moult and the moulting type was determined 

accordingly (for more details Korb & Katrantzis 2004). 

 

Behaviour assays 

Behavioural observations were done as previously described (Korb & Schmidinger 2004). In 

brief, the marked individuals were observed using focal sampling for 30 min and we recorded 
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the following behaviours: (i) running, (ii) sitting, (iii) allogrooming, (iv) proctodeal 

trophallaxis (anal feeding), (v) butting, and (vi) antennation. The first four behaviours were 

recorded as the duration spent in the interaction and the last two as the total number of 

interactions between two individuals. We distinguished whether the interactions were carried 

out by the observed individual (active) or received from a nestmate (passive). The results for 

the passive behaviours are given in Tables S1 – S4, Appendix 3. 

 

Statistics 

All data were checked for assumptions of parametrical testing and statistical tests were chosen 

accordingly. Additional analyses showed that both types of test (parametric and non-

parametric) assigned statistical significance identically. All tests were two-tailed and analyzed 

with PASW 18.0 (SPSS Inc.). If not noted otherwise, mean ± SE are given. 

 

Developmental data 

We analyzed differences in the colony composition (i.e. the frequencies of the different 

instars) and developmental trajectory (i.e. the frequencies of moulting types) between high 

and low resource colonies using ²-contingency tables, and colony size using t-tests. We 

compared developmental differences between late and early instars within and between 

resource conditions with ²-contingency tables. After removal of the royals, the ‘time until the 

first replacement reproductive developed’ and the ‘time until the replacement reproductive 

pair was stable’ were compared between resource conditions using t-tests. The percentage of 

developing replacement reproductives per colony were analyzed between high and low 

resource colonies with Mann-Whitney U-tests. The developmental trajectory of individuals 

(i.e. moulting types) in colonies with and without royals was compared using ²-contingency 

tables and paired t-tests. Moreover the proportions of late instars and neotenics developing 

were correlated with the colony size using Pearson tests. 
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Behavioural data 

The behavioural data did not fulfil the requirements for parametric testing. Therefore, non-

parametric statistics were applied. To compare behaviours between resource conditions and 

between late and early instars Mann Whitney-U tests were used. These analyses were done 

separately before and after orphaning the colony. We also compared the behaviours before 

and after removal of the royals, separately for high and low resource colonies, using 

Wilcoxon-paired rank tests. As these comparisons did not reveal any fundamental new results 

they are given in Appendix 3. Difficulties with data collection mean that behavioural data was 

not available for one of the low resource colonies. 

 

RESULTS 

 

Influence of wood resource when royals are present 

Low and high resource colonies did not differ in their initial composition of early and late 

instars (²-test: ²7 = 0.02, P = 0.878; Fig. S1A). Colony sizes ranged from 17 to 94 

individuals (mean size of low vs. high resource colonies: t-test: F18 = 1.21, P = 0.244). The 

colonies were censused to evaluate worker development from day 1 to week 4 after colony set 

up. This revealed that in low resource colonies more individuals had entered the 

developmental path towards becoming winged sexual (Fig. 1A path 1) than in high resource 

colonies: Development into a winged sexual that disperses from the colony can only be 

achieved after becoming a late instar nymph (Fig 1A), and there was a significant increase in 

late instar nymphs in low resource colonies relative to high resource colonies (²-test: ²7 = 

24.47, P = 0.001; Fig. 1C; for more details see Fig. S1B). Late instar nymphs showed an 

increased probability of moulting progressively (²-test: ²2 = 61.45, P < 0.0001) compared to 

early instars, which more often showed evidence of arresting as workers (stationary moults; 

Fig. 1D). 
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Figure 1 

(A) Replacement reproductive, worker and a founding reproductive of Cryptotermes secundus 

(top to bottom). (B) Schema of developmental trajectories of workers. Path 1: early instars develop 

progressively via late nymphal instars into dispersing winged reproductives that found new colonies. 

Here we did not wait for the final moult into the winged sexual (they are only produced once a year for 

the nuptial flight); late nymphal instars have a developmental trajectory to become winged sexuals and 

the number of winged sexuals can be reliably inferred from their number (Korb & Katrantzis 2004). 

Path 2: early and late instars can become neotenic replacement reproductives via a single moult. This 

path is only available when a reproductive position in the colony becomes vacant (i.e. when royals are 

removed). (C) Colony composition of low- and high resource colonies (N = 10 colonies, dark and 

grey bars, respectively). Shown are mean proportions (± 95 % c.l.) of early and late instars. Low 

resource colonies had significantly higher proportions of late instars than high resource colonies (for 

detailed proportions of single instars see Appendix 3, Fig. S1B). (D) Development of late and early 

instars in low- and high resource colonies (N = 197 and 188, respectively; no difference was found 

between resource conditions).  
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Figure 1 (continued) 

Late instars more often moulted progressively towards winged sexuals while early instars tended to 

show stationary development. Absolute numbers of moults are given in the diagram. (dark bars) 

Progressive, (grey bars) stationary, (light bars) regressive moults. 

 

This distinction in developmental trajectory between early and late instars was seen under 

both resource conditions (no differences between high and low resource colonies: ²-test: ²2 

= 1.33, P = 0.516). The proportions of late instars significantly correlated with colony size 

(Table 1; Fig. 2): the larger the colony (less resources per capita) the more individuals chose 

to disperse. Consistent with earlier data from C. secundus and other species (Buchli 1958; 

Nutting 1969; Lenz 1994; Korb & Lenz 2004), the data suggest that individuals enter the 

developmental trajectory toward winged sexuals when the future colony prospects are 

worsened: they try to leave the nest and found a new colony elsewhere. 

Parallel to the changes in development, individuals in low resource colonies altered their 

behaviour relative to high resource colonies (Appendix 3, Table S2-S4, Fig. S2). Individuals 

in low resource colonies reduced behavioural interaction compared to their counterparts in 

high resource colonies, with less butting (a dominance behaviour, Korb et al. 2009a), and (by 

trend) antennation (Table 2; for passive behaviours see Appendix 3, Table S2, Fig. S2). The 

late instars in both resource conditions also showed a distinctive behavioural profile, showing 

more butting (Appendix 3, Table S1, S3, Fig. S3, S4) which is consistent with development 

towards sexual maturity and ultimately winged dispersal in colonies that already have royals 

(Korb & Schmidinger 2004). 

 

Influence of wood resource when royals are absent 

The effect of colony resources was strongly altered when the existing queen and king had 

been removed. After royal removal, high resource colonies showed an increase in sexual 

production in the form of worker development into new reproductives that stay and attempt to 
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take over the colony (Fig. 1B path 2) (proportion of replacement reproductives in high vs. low 

resource colonies: Mann-Whitney U-test: Z20 = -2.46; P = 0.014). Under high resource 

conditions 13.7 % (range: 7.5 – 20.7 %) of workers developed into reproductives, while in 

low resource colonies only 7.7 % (range: 3.2 – 12.0 %; one outlier colony with 19.2 %) of the 

workers became reproductives (Fig. 3). In all cases, only one pair inherited the colony with 

the remaining new reproductives killed in the process. Development of replacement 

reproductives was greatly affected by colony size, but only in low resource colonies: The 

larger the colony the fewer individuals tried to inherit the less valuable nest (providing less 

potential future fitness; Table 1; Fig. 1). 

Figure 2 

Neotenics and late instars proportions 

depending on colony size. The percentage of 

late instar increased with increasing colony size, 

with royals (○, dotted line), and without royals 

(● broken line). Neotenic development (Δ, 

straight line) was not affected by resource 

condition or colony size in high resource 

colonies, but percentage of neotenics competing 

significantly decreased with increasing colony 

size when resources were low. 

 

 

 

 Setting the development of replacement reproductives aside, the developmental 

trajectories of workers were not affected by the removal of the royals under both resource 

conditions (i.e. they showed the same preferences for certain developmental types as before 

orphaning; ²-test: high resource with vs. without royals: ²2 = 0.14, P = 0.933; low resource 

with vs. without royals: ²2 = 1.10, P = 0.578). This also means that under both conditions, 

with and without royals, more individuals developed into dispersing sexuals when resources 
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were low (²-test: with royals: ²1 = 5.30, P = 0.027, 42.1 % late instars in low- vs. 23.8 % in 

high resource colonies; without royals: ²1 = 5.59, P = 0.023, 69.1 % late instars in low vs. 

54.3 % in high resource colonies; see also Fig. 2). In contrast to the with royals situation, the 

percentage of developing late instars did not correlate significantly with colony size anymore 

(Table 1; Fig. 2). 

Table 1 

Results of Spearman-rank tests, correlating proportions of developing neotenics and late instars 

(with and without royals) with colony size in low and high resource colonies (N = 10 colonies, 

respectively). 

 

 

 

 

 

 

 

 One possible explanation for the decrease in replacement reproductives in low 

resource colonies is that late instar workers are developmentally committed to becoming 

dispersing sexuals before royal removal. This could reduce the workers available for 

development into replacement reproductive in low resource colonies, where the 

developmental towards dispersing sexuals is more progressed. There was no evidence of such 

irreversible developmental commitment as replacement reproductives developed from all 

instars except the 1st and 2nd larval instars in both treatments (see also Korb & Katrantzis 

2004). However, in low resource colonies early instars developed more often into replacement 

reproductives than expected based on their frequency (²-test: ²1 = 11.65, P = 0.001), 

something not seen in high resource colonies (²-test: ²1 = 1.00, P = 0.317). This suggests 

that late instar workers in low resource colonies continue to display a preference towards 

dispersal even after royals are removed, even though it appears developmentally feasible to 

switch to become replacement reproductive. 

high resource low resource  

r P r P 

% replacement reproductives -0.08 0.829 -0.81 0.005

% late instars with royals 0.64 0.045 0.75 0.013

% late instars without royals 0.46 0.181 0.56 0.090
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Figure3 

Percentage of workers becoming neotenic 

in low- and high resource colonies after 

removal of the royals  

Fewer replacement reproductives developed in 

low resource colonies with lower nest value 

than in high resource colonies. Box plots show 

median, quartiles and minimum and maximum 

values, (○) outlier, (*) significant difference. 

(N = 10 colonies, respectively). 

 

 Concerning the development and moulting rates, the time until the first reproductive 

developed (high resource: 8.8 ± 0.65 days, low resource: 9.2 ± 1.08 days; t-test: F18 = 2.78, P 

= 0.755) and the time until a stable pair had established did not differ significantly between 

both resource conditions (high resource: 21.1 ± 2.63, low resource: 20.6 ± 3.30 days; t-test: 

F18 = 0.60, P = 0.907) showing that the response time of individuals to the vacant natal 

breeders position was similar. We analysed moulting rates by comparing moulting 

frequencies in two week before and after royal removal. This revealed that the total number of 

moults increased after orphaning (paired t-test: high resource: T9 = -2.03, P = 0.073; low 

resource: T8
 = -3.91, P = 0.005) but not when the moults into replacement reproductives were 

omitted (paired t-test: high resource: T9 = -0.18, P = 0.858; low resource: T8
 = -1.59, P = 

0.152). This implies that moults into replacement reproductives occur in addition to ‘normal’ 

development. 

 The percentages of workers developing into new reproductives in this study are higher 

in both treatments than was found in a previous study for C. secundus (Korb & Foster 2010), 

where the mean development was 2-5 % (J. Korb, unpublished results). The earlier study did 

have some minor differences in experimental setup but why there is more expressed conflict 

in the current study is unclear at this stage. However, both studies are internally controlled so 

this does not affect our conclusions. 
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Table 2 

Results of Mann-Whitney U-tests, comparing the active behaviours of workers between low  

(N = 245 in 9 colonies) and high resource colonies (N = 254 in 10 colonies) with and without royals. 

Difficulties with data collection mean that behavioural data was not available for one of the low 

resource colonies. 

 

 

 

 

 

 

 

 

 

The behavioural differences of workers between high and low resource colonies 

following orphaning were similar to when the royal pair was present. High resource colonies 

showed evidence of more interaction than low resource colonies, with more antennation, 

butting and proctodeal trophallaxis (Table 2; see also Appendix 3, Table S2, Fig. S2). Overall 

then these data are consistent with workers displaying an increased investment into staying 

and fighting for reproductive status in colonies that have more resources. 

 

DISCUSSION 

We manipulated the wood resources of termite colonies and monitored worker responses, 

both when royals were present, and when the royal pair had been removed. The data suggest 

that individuals continually evaluate societal conditions and change their development in an 

attempt to maximize reproductive prospects. When royals are present, more individuals 

undergo progressive moults towards becoming a winged sexual in low than in high resource 

colonies. An increasing colony size additionally increased the proportions of late instars in 

both resource conditions. When royals are removed, more individuals try to inherit and 

become replacement reproductive in high resource colonies, and then fight to the death to take 
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Z -0.37 -0.33 -0.42 -0.90 -3.26 -1.92 with royals 

P 0.712 0.744 0.675 0.367 0.001 0.054 

Z -0.22 -0.17 -1.94 -2.25 -2.28 -4.30 without royals 

P 0.829 0.869 0.052 0.025 0.023 <0.001 
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over the colony (see Publication 2). We did not directly measure physical competition here, 

but the outcome of more developing replacement reproductives is certainly one of 

competition, both direct and indirect. In low resource colonies the development of 

replacement reproductive is strongly influenced by colony size, in contrast to high resource 

colonies. In both treatments (with and without royals) the number of dispersing sexuals is 

higher under low food than high food conditions. 

 Nest value greatly determines an individual’s potential fitness. A highly value nest 

provides more potential fitness benefits than a low value nest. In the wood-dwelling termite 

C. secundus, nest value involves the wood resource (food and nest space) and is strongly 

influenced by the colony size, which determines the per capita resource availability. 

Especially in low resource nests this effect of colony size was visible. The responses to the 

prospects of nest inheritance that we observe are consistent with previous studies on wood 

dwelling termites, which suggest that the majority of ’workers’ are reproductives-in-waiting 

as opposed to helpers that invest in brood care (Myles 1988; Thorne et al. 2003; Korb & 

Schneider 2007; Korb 2008; Johns et al. 2009). For example, individuals in the dampwood 

termite Zootermopsis angusticollis are especially likely to inherit the natal breeding position 

after intraspecific colony encounters (Thorne et al. 2003), which can result in an individual 

unrelated to the majority of the colony becoming one of the new reproductives (Johns et al. 

2009). Phylogenies suggest that these patterns of nest inheritance are ancestral in termites, 

such that worker nest-inheritance probably played a general role in termite evolution, even 

though worker nest inheritance is no longer possible in some of the more socially-derived 

species (Myles 1988; Thorne et al. 2003; Korb & Schneider 2007; Korb 2008; Johns et al. 

2009). 

Our finding of an association between societal resource wealth and competition is 

mirrored in work on small-colony vespid wasps. There, reducing the number of workers and 

brood leads to increased helping and a decreased propensity for escalating conflicts among 
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dominants (Cant et al. 2006; Field et al. 2006; Field & Cant 2009). Wasps and termites are 

distantly related within the insects and have evolved sociality independently from very 

different ancestors (social wasps arose from a solitary wasp, termites arose from a cockroach). 

The link between societal resources and the potential for disruptive competition in both 

groups, therefore, implies convergent evolution. 

 

Conclusion 

Our data are suggestive then of a general pattern: the greater benefit from taking over a 

resource rich society, as opposed to a poor society, reduces the threshold to stay and fight for 

dominance. Key to this logic is that the resources in a society can be monopolized by one or a 

few individuals for reproduction (there is only one reproducing pair in C. secundus). When 

societies are resource rich in a manner that cannot be monopolized, a wealth of resources can 

reduce the potential for competition simply because there is little to gain from attempting to 

take more than an equal share when shares are large anyway. Accordingly, with an excess of 

individual resources the cost of cooperation is reduced, and resource excess has been shown 

to promote cooperation both in animals and microbial systems (Clutton-Brock et al. 1998, 

1999; Brockhurst et al. 2008; Xavier et al. 2011). The link between organisms’ potential to 

monopolize resources and evolutionary competition has previously been identified in the 

study of sexual selection. The existence of rare but resource-rich patches can increase direct 

competition among males who attempt to monopolize resources and use them to attract 

females (resource defence polygyny; Emlen & Oring 1977; Shuster & Wade 2003; Kelly 

2008). Both the amount and equitability of resource use, therefore, are important for social 

behaviour. More generally, our data underline the sensitivity of social organisms to changes in 

the costs or benefits associated with reproductive decisions. 
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ABSTRACT 

Cooperation requires communication; this applies to animals and humans alike. Yet, the 

genetic mechanisms that underlie communication and that make cooperation stable against 

cheaters are unknown. Here we show that communication between queens and workers in the 

termite Cryptotermes secundus relies upon the expression of a gene Neofem4 that acts as 

central producer of an honest chemical signal. We inhibited Neofem4 in queens by RNA 

interference. This resulted in the loss of the royalty scent in queens and the workers behaved 

as though the queen were absent showing that the workers did not recognize her anymore as 

queen. Strikingly, manipulation of the juvenile hormone titre, which is linked with the 

queen’s fertility, showed that Neofem4 expression depends on fertility. Our data suggest that 

the expression of Neofem4 acts as an honest signal, a reliable indicator of the queen’s 

fecundity. It makes cooperation mechanistically stable against cheating and ensures 

reproductive harmony in societies lacking the highly cognitive abilities of humans. 

 

INTRODUCTION 

Cooperation is widespread, yet it is evolutionarily susceptible to cheaters: They reap the 

benefit of cooperation without paying its costs and this finally results in the breakdown of 

cooperation. Stable cooperation requires communication; this applies as much to other 

animals as it does to humans (Boyd et al. 2010; Hauber & Zuk 2010; Janssen et al. 2010). In 

humans, cooperation is often contingent upon the reputation of a person (Fehr & Fischbacher 

2003; Gardner & West 2004; Rockenbach & Milinski 2009). However, reputation requires 

high cognitive abilities but these are absent in the group of animals that is often regarded as 

the pinnacle of social evolution, the social insects (termites, ants and some bees and wasps). 

Considerable progress has been made in explaining why some individuals (workers, soldiers) 

forgo their own reproduction in these insect societies (Bourke 2011). Specifically, genetic 

relatedness (Hamilton 1964) combined with ecological factors (Korb & Heinze 2008), and 
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sometimes policing behaviours (Wenseleers & Ratnieks 2006), appear sufficient to explain 

the altruism of workers/soldiers at an evolutionary level. But how this is achieved at the 

molecular level represents a new frontier for socio-biology (‘sociogenomics‘; Robinson et al. 

2005; Smith et al. 2008; Barron & Robinson 2009). For cooperation to be evolutionarily 

stable the underlying mechanism must reliably indicate an individual’s status via an honest 

signal so that cheating becomes impossible. The ‘reproductive harmony’ in social insects, 

expressed in the queen’s reproductive monopoly, is often maintained via chemical signals on 

the queen’s cuticle (cuticular hydrocarbons, CHC) that reveal her fertility to the non-

reproductive workers (Fig. 1) (Barron & Robinson 2009; Peeters & Liebig 2009; Liebig 2010; 

van Zweden 2010). When the queen becomes less fertile she cannot maintain this honest 

signal and then, in species with workers still capable of reproducing, a new, more fertile 

individual becomes the new queen and/or workers start to lay eggs. 

Figure 1 

Cryptotermes secundus worker and 

neotenic queen (top). 

 

 

 

 

 

 

 

For the ant Aphaenogaster cockerelli it was recently shown that reproductive individuals 

signal their status via CHCs and this prevents their eggs being eaten by workers (Smith et al. 

2009). As a consequence, cheating workers which reproduce in the presence of the queen can 

be identified and attacked so that cheating is prevented (Endler et al. 2004; Smith et al. 2009). 

This study shows that the potential for a genetic link between fertility and surface chemistry is 

central to the reproductive monopoly by the most fertile individual within a colony. However, 

this is only expected to evolutionarily stable if there is strong molecular link between fertility 
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status and scent. Without this link, individuals would be free to dishonestly signal their 

reproductive status. In the best studied social insect, the honeybee Apis mellifera, where 

recently the queen inducing substance, royalactin, was identified (Kamakura 2011), the queen 

mandibular pheromone is thought to act as an honest signal of fertility (Kocher et al. 2009), 

yet its genetic basis in honeybees, as in the ants, remains unclear. 

 Here we used a combination of RNA interference (RNAi), behavioural assays, 

endocrinological experiments and chemical analyses to identify a gene involved in the 

production of the queen’s royalty scent. The expression of this gene seems to act as a reliable 

indicator of her fertility. By using cDNA representational difference analysis (cDNA-RDA), 

we previously identified genes that are specifically over-expressed in queens but not in kings 

and workers of the lower termite Cryptotermes secundus (Weil et al. 2007). For one of these 

genes, Neofem2, we could show its functional significance in maintaining the queen’s 

reproductive monopoly but Neofem2 seems not to be involved in chemical communication 

(Korb et al. 2009a). A promising candidate for a royalty scent gene is Neofem4 which belongs 

to the cytochrome P450 genes (Weil et al. 2007). Cytochrome P450s are ubiquitous heme-

containing oxidative enzymes found in all organisms. In insects, P450s play divers roles: they 

are also involved in the biosynthesis of CHCs (Reed et al. 1994; Howard & Blomquist 2005) 

and several P450s have been linked to Juvenile Hormone (JH) production or degradation 

(Sutherland et al. 1998; Feyereisen 2005). JH titres in adult insects are important regulators of 

female fertility (Peeters & Liebig 2009). This has also been shown for termites and their 

closest relatives, the cockroaches, where JH titres and fertility are positively correlated 

probably through the effect that increasing JH drives vitellogenesis and other processes 

related to gamete production (Engelmann 2002; Brent 2009; Korb et al. 2009b). Thus, we 

hypothesized that Neofem4 plays a critical role in queen-worker communication and that it 

might be a key link between fertility and honest royalty scent. This we tested with a series of 

experiments: first, we investigated the functional significance of high Neofem4 expression on 
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the queen’s reproductive monopoly and its influence on her royalty scent via RNAi. Second, 

we tested whether there is link in queens between Neofem4 expression and JH titres. 

 In lower termites, workers are totipotent and can develop into replacement 

reproductives when the queen or king of the colony dies (Korb & Hartfelder 2008) (Fig. 1). In 

these species, the presence of the reproductives prevents the final imaginal moult of the 

immature termite workers that would render the workers reproductive and break down the 

reproductive division of labour. As it is not possible to induce a worker to moult into a new 

queen within the short functional period of RNAi (former experiments revealed a decline of 

gene knockdown after 48 h), we used an established behavioural assay that can function as a 

proxy for the absence of queens. Queenless colonies are characterized by a specific 

behavioural change in workers. The frequency of antennation and especially butting 

interactions received by workers from other workers increases (Korb et al. 2009a; see 

Publication 2). Butting is characteristic for workers developing into replacement 

reproductives in queenless colonies and thus can be used as an indicator of the queen’s 

absence and the eventual succession of the queen by a worker that develops into a 

replacement reproductive (Korb et al. 2009a; see also Material & Methods). 

 

MATERIAL & METHODS 

 

Termites 

Termite colonies of Cryptotermes secundus were collected in mangroves around Darwin (NT, 

Australia). Colony rearing and the generation of neotenic replacement reproductives were 

performed as described elsewhere (Korb & Schmidinger 2004; Weil et al. 2007). 
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RNAi Experiment 

Neofem4 knockdown was performed on four groups containing seven colonies each: Queens 

injected with (1) Neofem4 siRNAs, (2) control siRNA, (3) Ringer’s solution alone, and (4) 

untreated queens as reference. 

 The behaviour of queens and a focal worker per colony was observed (see Behavioural 

Assays) and their cuticular hydrocarbon (CHC) profile determined (see Chemical scent 

analysis) 24 h before and 23 h after treatment. At 24 h from the injection time, queens were 

killed and the expression level of Neofem4 determined using quantitative real-time PCR 

(qPCR). In preliminary experiments we observed an optimum in gene knockdown after 24 h 

that successively decreased thereafter, consistent with previous RNAi experiments on termites 

(Scharf et al. 2008; Korb et al. 2009a). Custom StealthTM RNAi primers (Invitrogen) and 

control RNAi were designed from the sequence of C. secundus Neofem4 (EF029057) with the 

Block-iTTM RNAi Designer program (Invitrogen), and dissolved in nuclease-free water to  

3.6 μg/μl. We used a mixture of Neofem4-specific siRNAs to increase knockdown efficiency 

(see Appendix 4). Then siRNAs were diluted with a 10 x Ringer’s solution (15.75 g NaCl, 

2.35 ml 2 M KCl, 3.7 ml 2 M KH2PO4, 0.05 g NA2HPO4, 0.37 g MgCl2, total volume 100 ml, 

pH 7.4) and 0.1 μl (36 ng in 1 x Ringer’s solution) were injected into the dorsal skin between 

head and thorax with a microinjector (InjectMan® NI2 with FemtoJet®; Eppendorf). 

 

Quantification 

The total RNA (1 µg) was extracted from the living termites using TRI Reagent® (Ambion) 

and remaining DNA removed using the Turbo DNA-freeTM kit (Ambion). The RNA 

concentration and purity was measured (Nanodrop ND-1000; peqLab), and set to 25 ng/µl 

with nuclease-free water (Qiagen). Reverse transcription and qPCR were performed on a 

Biorad C1000TM Thermal Cycler with CFX96TM Real-Time System (Biorad) using the 

QuantiTect™ SYBR® Green RT-PCR Kit (Qiagen) according to manufacturer’s instructions 
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(primers see Appendix 4). Three technical replicates were made per sample and gene. Melting 

curves were analyzed to control for PCR-specificity. Expression data were normalized for 

expression of 18S rRNA (Weil et al. 2007). To confirm that the Neofem4 knockdown did not 

affect all genes, the expression of ß-actin was also checked in both Neofem4 siRNA and 

untreated queens. 

 

Behavioural assays 

For each colony an arbitrarily chosen worker was marked and observed using focal sampling 

for 30 minutes. We recorded (1) running, (2) allogrooming, (3) proctodeal trophallaxis (anal 

feeding), (4) butting, and (5) antennation, measured as duration spent in the interaction (1-3) 

or as the total number of interactions between two individuals (4-5) (Korb & Schmidinger 

2004; Korb et al. 2009a). Butting is a distinctive behaviour whereby one individual moves 

repeatedly back- and forwards, often causing the recipient to pull back (Korb et al. 2009a). 

Butting is indicative in queenless colonies: workers that will develop into a new reproductive 

perform more butting than others (see Publication 2). To a lesser extent also antennation 

increases in queenless colonies (see Publication 2). For interactive behaviours (2-5), all 

colony estimates for worker behaviour are based upon behaviours that the focal worker 

received, not those that it gave to others, because received behaviours have a much better 

signal to noise ratio (Korb et al. 2009a). 

 

Chemical scent analysis 

The CHC profiles of queens and workers were analysed as previously described (see 

Publication 1). In brief, the CHC profiles were obtained by gently rubbing the individuals’ 

surface using a polydimethylsiloxane fibre for solid phase micro-extraction (SPME; Supelco). 

GC-MS analysis was performed with an Agilent Technologies 7890A-GC coupled with an 

Agilent 5975C (Agilent), operated in splitless injection mode with helium carrier gas at 1 
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ml/min flow rate, equipped with a 3 m x 250 µm x 0.25 µm J & W dimethylsiloxane column 

(Agilent). Oven temperature rose from 120 °C to 150 °C at 30 °C/min continuing with 4 

°C/min up to 280 °C and finally with 10 °C/min up to 300 °C (Inlet temperature 250 °C, MS 

quad 150 °C, MS source 230 °C, auxiliary temperature 300 °C). MSD-ChemStation software 

(Agilent) was used for data acquisition. Compounds were identified by characteristic mass 

spectral fragmentation patterns. 

 

JH titre experiment 

To study the influence of JH titres on Neofem4 expression, queens were treated by topical 

application of 1 µl of a 0.1 % precocene I/acetone solution. Preliminary experiments showed 

that the JH antagonist precocene I (99 %; Sigma-Aldrich) reduces JH titres to amounts 

undetectable by radioimmunoassay, while untreated queens had titres of about 600 pg/µl 

hemolymph (Korb et al. 2009a). After 48 h Neofem4 expression (see Quantification) of 

treated and untreated queens was determined (n = 10 colonies, respectively). 

 

Statistics 

All data were checked for normal distribution by Kolmogorov-Smirnov tests, statistical tests 

were chosen accordingly. All analyses were two-tailed and conducted with SPSS PASW 

Statistics 18.0 (SPSS Inc.). 

 

Gene expression 

Mean and standard error were determined by averaging relative expression levels across a 

minimum of seven independent experiments per group (RNAi experiment: n = 7 per 

treatment; JH titre experiment; n (control) = 8, n (precocene) = 10), each determined in 

triplicates (see above). For the RNAi experiment the same dataset was subject to multiple 
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testing so the step-up false discovery rate (FDR) approach was used to correct P values 

(Arnold et al. 2006). 

 

Chemical scent analysis 

In total 47 compounds were found in workers and queens. As in Liebig et al. (2000) only 

peaks with a relative peak area of > 0.1 % occurring in > 3 % of all samples were used (= 34 

compounds; Appendix 4, Table S3). The peak areas of these peaks were re-standardized to 

100 % and transformed according to Aitchinson’s formula (Aitchinson 1986). To allow the 

transformation of profiles with non-detectable components, the constant 0.01 was added to all 

peak areas (Steiger et al. 2007). The transformed areas were used as variables in a principal 

component analysis (PCA). This extracted only one factor with an eigenvalue > 1 which 

explained 99.0 % of the total variance (KMO = 0.973, df = 561, P < 0.0001). All 34 

compounds had high loadings on this factor (between 0.984 – 0.998). Hence the transformed 

peak areas were used as variables in an additional discriminant analysis (DA) to determine 

whether caste and treatment can be distinguished on the basis of CHC profiles. Relative 

proportions of compounds between castes were compared with Mann-Whitney U-tests and 

those between queens before and after siRNA treatment with Wilcoxon paired rank tests. 

 

Behavioural assay 

Behaviours were compared using Wilcoxon paired rank tests. We evaluated the possibility of 

multiple testing artefacts in the behavioural data by calculating the probability that the same 

two (butting and antennation) of the five measured behaviours would be found to be 

significantly different both in queenless colonies (see Publication 2) and Neofem4 siRNA 

treated colonies but not in the two controls as: ((0.954 × 0.05) × (0.954 × 0.05) × 0.955 × 

0.955)2 × 5 = 0.00002. 
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RESULTS 

 

After silencing Neofem4 workers behave as in queenless colonies 

In an experiment involving a total of 28 queen-right colonies (see Material & Methods), we 

successfully silenced Neofem4 in queens with RNAi (Fig. 2) (the expression of the control 

gene β-actin was not affected by the treatment; Appendix 4, Fig. S1) and recorded the 

behavioural repertoire one day before and one day after silencing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 

Relative expression levels of the Neofem4 gene in different treatments. Relative expression levels 

of the Neofem4 gene in untreated queens, and in queens 24 hours after injection of Neofem4 siRNA, 

control siRNA, and Ringer’s solution. Box plots show median, quartiles and minimal and maximal 

values. The relative expression of Neofem4 was significantly lower after Neofem4 siRNA treatment 

compared to control siRNA (t-test: T14 = -3.42, after FDR: P < 0.05), injection of Ringer’s solution (t-

test: T14 = -7.15, after FDR: P < 0.05), and also compared to untreated queens (t-test: T14 = -3.97, after 

FDR: P < 0.05). While the expression levels between control siRNA and Ringer’s solution (t-test: T14 

= -1.55, after FDR: P > 0.05) and control siRNA and untreated queens did not differ significantly (t-

test: T14 = 1.59, after FDR: P > 0.05) untreated queens differed significantly from Ringer’s solution (t-

test: T14 = 2.82, after FDR: P < 0.05). These results were identical with and without FDR correction for 

multiple testing. Different letters indicate significant differences. 
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Silencing had no observable effect on queen behaviour with one exception that she antennated 

more (Wilcoxon paired rank tests: always P > 0.05, except antennation: Z = -2.21, N = 7 pairs, 

P = 0.027; Appendix 4, Table S1; Fig. S2E) which was probably a response to the increased 

antennation she received by workers (see below). 

 

Figure 3 

Frequency of butting among workers before 

and after queen treatments. 

Frequency of butting interactions among 

workers before and after treatment of the queen 

with Neofem4 siRNA, control siRNA, Ringer’s 

solution, and without treatment. Box plots show 

median, quartiles and minimal and maximal 

values. The frequency of butting by workers 

increased significantly (*) only after treatment 

of the queen with Neofem4 siRNA (see also 

Appendix 4, Tables S1, S2; Fig. S3) 

 

 

 

 

In contrast, silencing Neofem4 had a distinctive effect on worker behaviour. Importantly, 

injecting control siRNA had no observable effect on worker behaviour (Wilcoxon paired rank 

tests: always P > 0.100; Appendix 4, Table S2; Fig. S3B). Treating queens with Ringer’s 

solution changed the worker’s behaviour but in a manner untypical for queenless colonies: 

workers decreased butting and antennation after treatment with Ringer’s solution (Wilcoxon 

paired rank tests: butting: Z = -2.20, N = 7 pairs, P = 0.028; Figure 3; antennation: Z = -2.03, 

N = 7 pairs, P = 0.042; Appendix 4, Table S2, Fig. S3C), which is in the opposite direction of 

the observed Neofem4 effect (Appendix 4, Fig. S3A). Exactly as is typical for queenless 

colonies (Korb et al. 2009a; see Publication 2), the frequency of butting behaviour, and to a 

lesser extent antennation, increased after gene silencing (Wilcoxon paired rank test: butting:  
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Z = -2.37, N = 7 pairs, P = 0.018; antennation: Z = -1.87, N = 7 pairs, P = 0.062; Fig. 3 and 

Appendix 4, Fig. S3A) while no other behaviour was significantly affected (Wilcoxon paired 

rank tests: always P > 0.600; Appendix 4, Table S1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 

Chromatograms of a queen before and after Neofem4 treatment. Silencing Neofem4 in the queen 

causes her scent to shift from a typical queen- to a more worker-like scent. Shown are representative 

chromatograms of a queen before (top) and after (below) treatment with Neofem4 siRNA. Peaks 1 to 

7, 16, 25, 41, and 44 are not labelled as they are not visible in these specific chromatograms. Only 

visible peaks are listed: 8 4meC24; 9 3meC24; 10 n-C25; 11 13meC25; 12 4meC25; 13 C26:1; 
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Figure 4 (continued) 

14 3meC25; 15 n-C26; 17 4meC26; 18 C27:1; 19 n-C27; 20 13meC27; 21 4meC27; 22 C28:1; 23 

3meC27; 24 n-C28; 26 4meC28 + C29:1; 27 C29:1; 28 n-C29; 29 4meC29; 30 3meC29; 31 4meC30;  

32 C31:1; 33 3meC30; 34 C31:1; 35 n-C31; 36 15meC31; 37 4meC31; 38 C32:1; 39 3meC31; 40 

C33:2; 42 C33:1; 43 C34:1; 45 C35:2, 46 C35:1; 47 C35:1. Circles indicate peaks that were indicative 

for the changing profile from queen into worker: open and filled circles indicate a decrease, 

respectively increase, of this peak in the queen after silencing Neofem4. In the upper right corner an 

overview of the same chromatogram is given to show the full range of peaks (note the abundance in 

the main figure was reduced to 400000) (see also Appendix 4, Table S5). 

 

Silencing of Neofem4 affects royalty scent 

To test for an effect of Neofem4 on the royalty scent, we studied the CHC profile of the same 

queens and workers before and after RNAi-treatment. The queen scent in C. secundus is 

characterized by a number of queen-specific long-chained CHCs that are absent in workers 

(Fig. 4; Appendix 4, Table S4, Fig. S4A) (Honeybee Genome Consortium 2006). After 

silencing Neofem4, the CHC profile of queens changed (Fig. 5). On the basis of one 

discriminant function that accounted for 100 % of the variance (Wilk’s λ = 0.08, χ²10 = 17.40, 

P = 0.066), 100 % of the queens were assigned correctly to before and after Neofem4 

silencing (Appendix 4, Fig. S4C). The control treatments did not affect the CHC profiles 

(discriminant analysis (DA): Wilks’ λ = 0.63, χ²10 = 15.93, P = 0.101; Fig. 5 and Appendix 4, 

Fig. S4). The CHC profile of Neofem4 silenced queens became significantly less queen-like 

with a reduction in queen-specific substances while worker-like substances increased 

(Appendix 4, Table S5; Fig. 4). Importantly, injecting Ringer’s solution or control siRNA did 

not change the CHC profile of queens (DAs: Ringer’s solution: Wilk’s λ = 0.58; χ²8 = 4.30; P 

= 0.829; Control siRNA: Wilk’s λ = 0.51; χ²10 = 4.78; P = 0.905; Appendix 4, Fig. S4D) nor 

did the worker’s CHC profile change after silencing (DA: Wilks’ λ = 0.81, χ²13 = 10.28, P = 

0.671; Appendix 4, Fig. S4B). This strongly implies that the specific silencing of Neofem4 

changed the queen scent by a loss of queen specific substances and that Neofem4 is linked to 

the production of the queen scent. 
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Figure 5 

Scent of queens before and after Neofem4 

silencing compared to workers. Scent of 

queens before and after Neofem4 siRNA 

treatment in comparison to control queens 

before and after treatments (Ringer’s 

solution, control siRNA, no treatment) and 

workers. Shown are the results of a 

discriminant analysis based on the relative 

amounts of 34 cuticular compounds. Four 

discriminant functions were calculated: F1 

accounted for 73.4 % of the total variance 

(Wilk’s λ = 0.03, χ²92 = 349.89, P < 0.0001) and separated the queens from the worker caste; F2: 13.0 

% (Wilk’s λ = 0.19, χ²66 = 159.12, P < 0.0001) separated queens before and after Neofem4 siRNA 

treatment; F3: 7.2 % (Wilk’s λ = 0.41, χ²42 = 87.77, P < 0.0001); F4: 6.5 % (Wilk’s λ = 0.65, χ²20 = 

41.96, P = 0.003). 84.8 % of the samples were assigned correctly (for a detailed analysis of the 

different groups see Fig. S4). (x) Worker (N = 56); (○) queens before Neofem4 treatment (N = 7); (●) 

queens after Neofem4 treatment (N = 7). 

 

Fecundity and scent are mediated via Neofem4 expression 

To test whether there is a link between fertility and queen scent mediated via the expression 

of Neofem4 we reduced the JH titre in queens by the application of a JH antagonist, 

precocene, and measured the resulting Neofem4 expression (see Material & Methods). JH 

titres are very high in reproducing queens of C. secundus (> 600 pg/µl hemolymph; Korb et 

al. 2009a) and between different developmental stages they correlate with Neofem4 

expression (Feyereisen 2005; see Publication 1). Reducing the JH titres in queens with 

precocene resulted in a reduced expression of Neofem4 (Mann Whitney-U test: Z = -2.13,  

N (control) = 8, N (precocene) = 10, P = 0.033; Fig. 6). The expression of the control gene β-

actin was not affected by JH treatment (Appendix 4, Fig. S5) supporting the hypothesis that 

high Neofem4 expression is linked to high JH titres. 

 

 



Publication 4  71 

 

Figure 6 

Relative expression levels of 

Neofem4 in untreated queens (control) 

and in queens treated with the juvenile 

hormone antagonist precocene. Box 

plots show median, quartiles and 

minimal and maximal values. Neofem4 

was significantly lower expressed after 

precocene treatment compared to 

control (Mann Whitney-U test: Z = -

2.13, N (control) = 8, N (precocene) = 

10, P = 0.033). 

 

DISCUSSION 

When the queen’s Neofem4 was knocked down her royal scent changed to a less queen-like 

scent (Fig. 6), and workers in colonies with such a queen behaved as if they were in a 

queenless colony (Fig. 3). The high expression of Neofem4 was dependent on high JH titres. 

Hence, our data strongly suggest that Neofem4 is required for queens to signal their presence 

to the workers and, even more importantly, that the expression level of this gene represents a 

crucial link between the queen’s fertility and the scent she produces. Only fertile queens with 

a high JH titre can highly express Neofem4 and so produce the royal scent. The royal scent, 

therefore, is an honest signal that cannot be easily counterfeited as its production is linked to 

the queen’s JH titre via the expression of Neofem4. This mechanism seems evolutionarily 

stable because it is difficult to cheat against it. The queen’s reproductive monopoly is 

contingent on the expression of this gene and this is linked to fertility. Loss of Neofem4 in a 

potential cheater mutant results in loss of the royalty scent and hence in loss of reproductive 

monopoly. Conversely, an individual that tries to gain queen status needs to express Neofem4 

which is possible only if it has a high JH titre. 

 This mechanism is different to that proposed for ants where evolutionary stability 

seems to be achieved through the mechanism of hydrocarbon biosynthesis (Smith et al. 2009): 



72  Publication 4 

 

Oenocytes produce the hydrocarbons and they are transported to the cuticle as well as to the 

gonads. This leads to a similar smell of the reproducing individual and its eggs. As a 

consequence, cheating reproducing workers are either identified by an egg-hydrocarbon 

profile that is worker-like which results in egg-policing (e.g. in the ant Camponotus 

floridanus; Endler et al. 2004), or, if the eggs have a queen-like profile (such as in the ant 

Aphaenogaster cockerelli), the workers have to have this fertility smell as well and can be 

singled out as cheaters (Smith et al. 2009). In termites, workers are non-adults and hence they 

cannot reproduce. They have to go through an imaginal moult before reproduction can start 

and this transition from larvae to adult changes their JH titres (see Publication 1). The 

corresponding change in the CHC profile reflects this physiological change and it mirrors the 

fertility to the outside through the direct linkage of JH titres and Neofem4 expression. 

 Neofem4 belongs to the P450 family #4 (CYP4) which is the most highly represented 

insect P450 subfamily (a notable exception is the honey bee with only four members; 

Honeybee Genome Consortium 2006). CYP4-P450s play diverse roles in the oxidation of 

xenobiotic substrates that include secondary plant compounds and insecticides; others have 

been linked to odorant or pheromone metabolism (Feyereisen 2005). In termites, besides a 

CYP6 gene in Hodotermopsis sjostedti (Cornette et al. 2006), CYP4 genes have also been 

identified in Mastotermes darwiniensis (Falckh et al. 1997) and Reticulitermes flavipes (Zhou 

et al. 2006). Strikingly, in R. flavipes several CYP4 genes are differentially expressed during 

JH-induced soldier caste differentiation (Zhou et al. 2006). This suggests a common 

regulation mechanism between JH titre and P450-CYP4 gene expression in termites. The C. 

secundus Neofem4 gene is similar to CYP4 genes identified in R. flavipes, but not at a level 

where they could be considered orthologous (Miura & Scharf 2011). This could imply that 

there were several CYP4/P450 gene duplications in the ancestors of recent termites and that 

these genes were co-opted for different functions during termite social evolution. The 

common regulation by JH of those genes suggests a close link between this developmental 
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hormone and CYP4/P450 gene expression (Lu et al. 1999). Hence these genes are good 

candidates to act as mediator of the fertility status of individuals. In addition, P450 has been 

found to be involved in the synthesis of CHCs in cockroaches but not necessarily in other 

insects (Howard & Blomquist 1982). This makes P450 genes both a suitable and available 

evolutionary substrate in the face of natural selection for production of a queen substance that 

acts as an honest signal. Our data suggest that in an organism without elaborate cognitive 

abilities honest communication - the basis of evolutionarily stable cooperation - has been 

achieved by the exploitation of a gene at a central position that links the fertility network with 

the chemical communication pathway. 
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ABSTRACT 

Relatedness, but also costs and benefits are of major importance for determining the inclusive 

fitness of an individual. While decreasing levels of relatedness in the lower termite 

Cryptotermes secundus are due to fusion events, costs and benefits are given mainly given by 

resource abundance. Here, we analyse the impact of relatedness, costs, and benefits of 

behavioural nepotism under different societal situations: with and without inheritance conflict 

and food limitation. Individuals did discriminate between different levels of relatedness and 

performed social behaviour preferentially when relatedness was high. The more altruistic, the 

more discriminating an individual behaved. The induced inheritance conflict, which greatly 

affects the future fitness of nestmates, increased kin discrimination. Discriminating behaviour 

differed in different castes, which implies that kin discrimination is part of the behavioural 

profile that mirrors the underlying developmental potential of individuals. Thus kin 

discrimination in C. secundus depends on social context and the developmental potential, both 

determining the fitness of an individual. 

 

INTRODUCTION 

Relatedness plays an important role in inclusive fitness theory (Hamilton 1964), that predicts, 

that an individual can increase its’ fitness indirectly by altruistically helping close kin to 

reproduce (see also kin selection, Maynard Smith 1964). When selection favours helping kin 

mechanisms may evolve to allow kin recognition (KR) (Hamilton 1964). KR in the broad 

sense has been found in a variety of species in different taxa (reviewed in Penn & Frommen 

2010), although evidence for ‘true’ KR (according to Grafen 1990) is difficult (but see reports 

on green-beard gene effects: Dictyostelium purpureum, Queller et al. 2003; lizards, Sinervo et 

al. 2006; budding yeast, Smukallea et al. 2008). For true KR the behaviour must be (i) 

altruistic (Chapais et al. 2001), and (ii) depending on genetic cues that differ according to the 

degree of relatedness of individuals (Grafen 1990). The ability of KR does not necessarily 
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lead to kin discrimination (KD) (for example, nepotism, when individuals direct beneficial 

behaviours preferably toward close relatives) if the costs outweigh the benefits gained by KD. 

Such a context-dependent threshold was, for example, found in tadpoles of Spea bombifrons 

that preferably cannibalize non-kin, but when too hungry become indiscriminate (Pfennig et 

al. 1993). So when studying the effects of relatedness on conflict- and cooperative behaviour, 

the impact of context-dependent thresholds and the importance of ecological and societal 

factors that greatly influence the cost and benefits ratio of cooperative actions, have to be 

included. 

 Although costs and benefits are major factors in all theories of social evolution, they 

are difficult to determine and research has mostly concentrated on the role of relatedness 

(reviewed in Korb & Heinze 2008). Only few studies focus on costs and benefits (reviewed in 

Korb & Heinze 2008), for example in small-colony social wasps (Field et al. 2006; Field 

2008; Zanette & Field 2009) and social aphids (Abbot et al. 2001; Grogan et al. 2010). 

 The wood-dwelling lower termite Cryptotermes secundus lives in a single piece of 

wood that serves as both, food and nest (‘one-piece nester’ sensu Abe 1987). They never 

leave the nest to forage for new food sources and therefore the wood block size is a crucial 

factor determining colony longevity and hence the potential fitness of nestmates (Korb & 

Katrantzis 2004; Korb & Lenz 2004; Korb 2006). Food limitation in C. secundus was shown 

to induce nepotism, where workers preferentially directed cooperative behaviours (grooming) 

towards relatives (Korb 2006) indicating KR. In C. secundus (as in the majority of termite 

species), colonies are founded by a single pair of reproductives (Nutting 1969; Vargo & 

Husseneder 2009). Primary polygamy (pleometrosis), i.e. colony foundation by multiple 

reproductive pairs, is not as common in termites as it is in Hymenoptera (Thorne 1984; Vargo 

& Husseneder 2009). Nevertheless many colonies are founded in the same tree and sooner or 

later encounter fusion events, so that about 25 % of all field colonies of C. secundus are 

secondarily polygamous (Korb & Schneider 2007). The decreasing level of relatedness due to 
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such fusion events has important implications for potential conflicts and cooperative 

behaviour in the colonies. 

 Conflicts are in general predicted to be more intense when relatedness between 

nestmates is lower. Altruistic individuals (sterile soldiers) are predicted to adjust their 

behaviour more strongly to variation in relatedness than totipotent workers. Cooperative 

actions should be preferentially directed towards close kin, especially in conflict situations 

that greatly determine the future fitness of an individual. Such conflicts are over (i) dispersal, 

especially pronounced when resources get limited, and (ii) inheritance, especially pronounced 

when the nest to inherit is still valuable. Here, we analyse the impact of relatedness, costs, and 

benefits of behavioural nepotism in colonies of the lower termite C. secundus under different 

societal situations: with and without inheritance conflict and food limitation. 

 

MATERIALS & METHODS 

 

Colony collection & maintenance 

Complete Cryptotermes secundus colonies were collected in 2007 and 2008 from Ceriops 

tagal trees in the mangrove area in Darwin (NT, Australia; 12°30’S 131°00’E) as described 

elsewhere (Korb & Lenz 2004). Colonies were set up in standardized Pinus radiata wood 

blocks adjusted to colony size providing abundant resource conditions (for details see Korb & 

Lenz 2004). Colonies were transferred to Germany and kept in climate chambers (28°C, 70 % 

relative humidity, and 12 h day/night cycle). 

 

Setup of experiments 

C. secundus colonies were extracted from the wood and transferred to new P. radiata wood 

blocks with a predrilled observation chamber providing either low or high resource conditions 

(LF and HF colonies in the following; Lenz 1994; Korb & Schmidinger 2004). Only colonies 
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with one pair of primary reproductives (royals) were used. For individual identification, 

workers were marked with a colour code of enamel paint (Revell) at abdomen and/or thorax 

and checked throughout the experiment to ensure they retained their markings. The behaviour 

of marked individuals was observed (see below) with royals (dataset ‘royals present’). Then 

the royals were removed and 24 h later the marked individuals were observed again (dataset 

‘royals absent’). The colonies were continually monitored until a pair of neotenic replacement 

reproductives (neotenics) had inherited the breeding position and was considered to be stable 

(i.e. no further neotenics developed and none were killed for a minimum of ten days, see 

Publication 2). Then all marked individuals were stored in ethanol for the following 

microsatellite analyses. 

 In total, 338 individuals in 9 HF (including 48 neotenics and 14 soldiers), and 285 

individuals in 9 LF colonies (including 35 neotenics and 6 soldiers) were analyzed. 

 

Developmental flexibility 

The developmental flexibility of C. secundus workers is due to various moulting types: 

progressive, stationary, and regressive moults, the latter unique to termites. They reflect, 

respectively, a moult into the next, the same or the former instar and are characterized by an 

increase, no change or decrease in body size and wing development (reviewed in Korb & 

Hartfelder 2008). Beside this, worker can develop into sterile soldiers via a pre-soldier instar 

or, when a breeding position becomes vacant, via a single moult into a neotenic replacement 

reproductive. Individuals that are about to moult become whitish and translucent in 

appearance (Korb & Schmidinger 2004). Because individuals loose their markings during a 

moult, they were separated for the length of it. This allowed to determine the moulting type 

and to remark the individual after the moult (for more details Korb & Katrantzis 2004). 
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Behaviour assays 

Behavioural observations were performed as previously described (Korb & Schmidinger 

2004). In brief, the marked individuals were observed using focal sampling for 30 minutes, 

recording following interactive behaviours: (i) allogrooming and (ii) proctodeal trophallaxis 

(anal feeding), recorded as the duration spent in the interaction, (iii) butting, and (iv) 

antennation, recorded as the total number of interactions between two individuals. 

Allogrooming and trophallaxis are categorized as social behaviours and found important in 

regulating sexual development in C. secundus (Shimizu & Yamaji 2003; Korb & Schmidinger 

2004), while butting is indicative for the absence of the queen (Korb et al. 2009a) and is 

categorized as aggressive (Publication 2). 

 

Microsatellite data 

After the behavioural observations termites were decapitated and the heads ground in liquid 

nitrogen. DNA was extracted using a modified cetyl-trimethyl ammonium bromide protocol 

(Sambrook & Russell 2001). PCR was carried out in a final volume of 10 µl containing 1 µl 

DNA (5-30 ng), 0.2 – 0.5 µM primer, 0.2 mM dNTPmix, and 0.03 U/µl Taq DNA polymerase 

(MP). PCR was carried out on a Mastercycler epgradient S (Eppendorf) using following PCR-

program: 2 min initial denaturation at 95°C, followed by 35 cycles of denaturation at 95°C for 

45 s, locus specific annealing temperature (see Table S1) for 45 s and extension at 72°C, 

followed by a final extension of 72°C for 5 min. The products were diluted in water, mixed 

with GeneScan-500 ROXTM size standard (Applied Biosystems) and formamid, and scored on 

an ABI 3500 Genetic Analyzer (Applied Biosystems). Data were analysed using the 

GeneMapper software. Using Relatedness 5.0 (Goodnight & Queller 1989), the mean colony 

relatedness (Col R), and the relatedness of each individual to the rest of the colony (Indtocol 

R) was calculated. 
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Statistics 

Using univariate ANOVAs, the influence of (i) caste (worker, neotenics, and soldiers), (ii) 

food conditions (HF and LF), and (iii) relatedness (Indtocol R and Col R) on behaviour with 

‘royals present’ and ‘royals absent’. Neotenics only develop after orphaning (see above); So 

‘hopeful neotenics’ in the ‘royals present’ situation indicate workers that became neotenic 

after orphaning (see Publication 2) All tests were two-tailed and analyzed with PASW 18.0 

(SPSS Inc., USA). 

 

RESULTS 

 

The mean colony size in the experiment was 56.5 ± 0.2 SE (Table S2), and did not differ 

between food conditions (t-test: T18 = 0.45, P = 0.659). Col R ranged from 0.27 - 0.71 (t-test: 

Col R HF vs. LF: T18 = 0.81, P = 0.429; Table S2). In monogamous colonies Col R is > 0.5; 

this was the case in 8 of 18 colonies, while in the other 10 colonies Col R was < 0.5. 

 

Effects of relatedness, food condition and caste on behaviour 

Royals present 

When royals were present soldiers’ allogrooming behaviour was adjusted to relatedness and 

food condition (Table S3; Fig. 1a): When Indtocol R was high, soldiers groomed more in HF 

colonies, but less in LF colonies (Table S3; Fig. 1a). No adjustment of allogrooming to 

Indtocol R or food condition was found in neotenics or workers (Table S3; Fig. 1a, S1a). 

Proctodeal trophallaxis was dependent on caste and Indtocol R (Table S3). Here, neotenics 

showed less trophallaxis when Indtocol R was high, while trophallaxis was not affected in 

workers or soldiers (Fig. 1b). Neither Indtocol R, nor food condition, or caste had an effect on 

butting (Table S3, Fig. 1c). Indtocol R had also no effect on antennation frequency, but food 

condition and caste had (Table S3; Fig. 1d): more antennation was observed in HF than LF 
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colonies (Fig. S1b), whereby soldiers antennated most, workers least, especially in HF 

colonies (Fig. S1b). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 

Effect of Indtocol R on the behaviour of workers (○, solid line), neotenics (▲, dark dotted line), and 

soldiers (◊, light dotted line) in LF and HF colonies with royals present (see also Table S3, S4). 

(a) Allogrooming, (b) proctodeal trophallaxis, (c) butting, and (d) antennation. 
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When Col R was used as an additional factor, no effects were found, except for 

antennation (Table S4): less antennation was observed when Col R was high, most 

pronounced in soldiers, less in neotenics and absent in workers (Fig. S2). 

 

Royals absent 

After removal of the royals allogrooming, and also antennation was influenced by caste and 

Indtocol R (Table S5): more allogrooming (Fig. 2a) and less antennation (Fig. 2d) were 

observed when Indtocol R was high. These effects were most pronounced in soldiers, less in 

neotenics and (almost) absent in workers (Fig. 2a, d). No significant effects of Indtocol R, 

food or caste were found for trophallaxis and butting (Table S5; Fig. 2b, c). 

 When Col R was used as additional factor, the same effects were found as without Col 

R. More allogrooming (Fig. S3a) and less antennation (Fig. S3b) was observed when 

relatedness was high, again, most pronounced in soldiers, less in neotenics and absent in 

workers (Table S6). 

 

DISCUSSION 

More than 50 % of the study colonies were polygamous, a far higher proportion than found in 

a previous study on the same species (25 %, Korb & Schneider 2007). Fusions are at some 

point unavoidable when two (or more) colonies are founded in the same limited resource, and 

then do not provide any advantage for the colonies as all individuals are now competing for 

resources to disperse. But fusions at early stages of colony foundations might have a positive 

effect on survival (Thorne 1984), for instance as way of outbreeding without the predation 

risk of swarming (Matsuura & Nishida 2001). Increased genetic variability might also be 

beneficial in parasite resistance (Liersch & Schmid-Hempel 1998; Baer & Schmid-Hempel 

1999), although parasite pressure is not as important in drywood termites like C. secundus as 

in other social insects (Rosengaus et al. 2003). 
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Figure 2. 

Effect of Indtocol R on the behaviour of workers (○, solid line), neotenics (▲, dark dotted line), and 

soldiers (◊, light dotted line) in LF and HF colonies with royals absent (see also Table S5, S6). 

(a) Allogrooming, (b) proctodeal trophallaxis, (c) butting, and (d) antennation. 

 

Thus, in many colonies relatedness varies between nestmates and KD is assumed quite 

important. Studies on a diversity of taxa, ranging from bacteria up to mammals have shown 

that social context and relatedness modulate the behaviour of individuals (e.g. Komdeur 1994; 
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Sundström et al. 1996; Buchan et al. 2003; Langer et al. 2004; Gibbs et al. 2008; Mehdiabadi 

et al. 2008). But only few studies actually focus on how costs and benefits besides relatedness 

affect KD behaviour (e.g. Langer et al. 2004; Field 2008; Zanette & Field 2009; Grogan et al. 

2010; reviewed in Korb & Heinze 2008). Here, we analyse the impact of relatedness, costs, 

and benefits of behavioural nepotism in colonies of the lower termite C. secundus under 

different societal situations. We found the more ‘altruistic’ a caste, the stronger it adjusted its 

behaviour to the level of relatedness, and that a conflict situation that greatly determines the 

future fitness of all nestmates strongly increased the level of discriminative behaviour. 

 The greatest (and only real) altruists in the colony of C. secundus are sterile soldiers 

which can only gain fitness via the reproduction of close relatives. Thus they have the greatest 

interest in KD as they have most to loose. Soldiers groomed more, when the relatedness of 

interaction partners was high when food was abundant, but groomed less when food was 

limited. This reversal highlights the importance of ecological factors determining costs and 

benefits of a behaviour. Allogrooming is an altruistic/social behaviour and important for 

pathogen defence (Rosengaus et al. 2000; Shimizu & Yamaji 2003). The strong reaction of 

soldiers to food limitation rises the question if allogrooming might also have other functions, 

for instance in developmental regulation via spreading inhibitory substances throughout the 

colony. Such transmission was hypothesised for proctodeal trophallaxis (Springetthi 1969; 

Lüscher 1974), but allogrooming might have lower costs. In contrast, hopeful neotenics 

became only discriminative in grooming after the royals were removed and an actual 

inheritance conflict was induced; a relatedness effect was still absent in workers. Thus KD 

becomes especially important in situations that greatly affect the potential future fitness of an 

individual; in case of inheritance conflict those individuals are soldiers which fitness depends 

on the relatedness to the reproductive, and the new neotenics competing for the breeder’s 

position. 
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 With royals present, hopeful neotenics showed KD not in grooming but trophallaxis, 

an effect that ceased to exist after orphaning. Trophallaxis is thought to function as honest 

signal of the reproductive potential and/or a way of reproductive inhibition (Springhetti 1969; 

Lüscher 1974). Hopeful neotenics are the workers that are in the sensitive phase (a phase 

during the moulting interval in which individuals are sensitive to societal conditions and can 

adapt their development at the next moult accordingly; Lüscher 1952a, b). They are the only 

ones within the colony that can instantly react to orphaning by becoming neotenic. They 

might signal this potential to nestmates or inhibit (preferentially not so close related) 

nestmates to enter this phase. It was shown that individuals express different behavioural 

profiles due to their developmental potential, and also hopeful neotenics could be identified 

due to their behaviour before they actually become neotenic (Publication 2). KD is obviously 

part of such behavioural profiles, in hopeful neotenics, and soldiers, while it is not in workers 

outside the sensitive phase. 

Nepotism could not be shown in many social insect species, for instance Nasutitermes 

corniger (Atkinson et al. 2008), various ant species (Tsuji & Ito 1986; Keller 1997; Zinck et 

al. 2009; Kellner & Heinze 2011), and Apis mellifera (Rangel et al. 2009). The reason might 

be that group-level costs of nepotism (Ratnieks & Reeve 1992) and the risks of errors of KD 

can result in decreased inclusive fitness for all colony members (Keller 1997; Reeve 1989). 

Such costs might constrain the evolution of KR (Wenseleers 2007) and kin-informative 

recognition cues (Nehring et al. 2011; van Zweden et al. 2010). Although recognition cues as 

cuticular hydrocarbons (CHCs) (e.g. Bagnères et al. 1991; Kaib et al. 2004) are thought to be 

subject to homogenization within colonies due to allogrooming and therefore predicted to be 

less effective for within-colony KD (Atkinson et al. 2008), Nehring et al. (2011) could show 

that CHCs of workers in the ant Acromyrmex octospinosus are informative enough to allow 

highly accurate distinction between full and half sister. The observed antennation patterns in 

C. secundus (more antennation when relatedness is low) imply that recognition cues differ 
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between different levels of kin, and that individuals collect more ‘information’ about the 

status of not so closely related individuals. CHCs in C. secundus are caste-specific 

(Publication 1), fertility signals (Publication 4), and may also be potential KR cues (maybe in 

addition to other). 

To conclude, we found that individuals in C. secundus colonies do discriminate 

between different levels of relatedness and perform social behaviour (grooming) 

preferentially when relatedness is high. The more altruistic, the more discriminating an 

individual behaved, in the succession sterile soldiers – hopeful neotenic - workers. An 

induced inheritance conflict, which greatly affects the future fitness of nestmates, increased 

KD. Discriminating trophallaxis in hopeful neotenics and the total lack of KD in workers 

implies a connection of KD to behavioural profiles that mirrors the underlying developmental 

potential of individuals. Thus KD in C. secundus depends on the social context and also on 

the developmental potential, both determining the fitness of an individual. 
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General Discussion 

 

The role of cuticular hydrocarbons in conflict & cooperation 

The first important step in this study was to confirm the role of cuticular hydrocarbons 

(CHCs) as communication means in C. secundus. We could show that CHC profiles are caste-

specific in this species (Publication 1). Moreover the scent of neotenic queens consisted of the 

same substances that are discussed as fertility cue in social Hymenoptera (Liebig et al. 2000; 

Cuvillier-Hot et al. 2001; Heinze et al. 2002; Dietemann et al. 2003; Hartmann et al. 2005; 

Lommelen et al. 2006), which has important implications for a convergent evolution in 

insects. The behavioural patterns of antennation observed during conflict endorsed, that CHCs 

provide essential information about the developmental status or potential of nestmates 

(Publication 2), and might also be informative enough for relatedness based recognition as 

found in Acromyrmex octospinosus (Nehring et al. 2011). Antennation was kin discriminative; 

non-kin individuals (with an assumable more different CHC profile) were more often 

antennated than close relatives (Publication 5). 

A very important result was the link between the queen’s CHC profile to the 

underlying Juvenile Hormone (JH) titre (a high JH titre in reproductives induces 

vitellogenesis and is therefore an indicator of fertility), mediated via the caste-specific 

expression of the Neofem4 gene (Publication 4). Neofem4 belongs to the CYP4/P450 gene 

family, which plays a role in odorant or pheromone metabolism (Feyereisen 2005) and is 

commonly regulated by JH (Lu et al. 1999). CYP4 genes have also been identified in other 

termites (Falckh et al. 1997; Zhou et al. 2006), and found to be involved in the CHC synthesis 

of their ancestor, the cockroaches (Howard & Blomquist 1982). When Neofem4 was knocked 

down in C. secundus queens, her royal CHC profile changed to a less queen-like, and workers 

behaved as if they were in a queenless colony (Publication 4). The data suggest that the royal 
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CHC profile is an honest signal and reliable indicator of fertility status in C. secundus, and 

therefore an essential part in potential conflict regulation mechanisms. 

 

Status specific behavioural patterns 

The induced inheritance conflict revealed distinct behavioural patterns: it was possible to 

distinguish castes, and also early from late instar workers. Most interesting, also neotenics 

successfully inheriting could be behaviourally distinguished from those that were killed 

during the conflict, even before the actual conflict was induced (Publication 2). This led to the 

conclusion that the behaviour reflects the developmental potential of individuals. One 

prominent behaviour that led to the distinction between workers and neotenics, and also 

between successful and eventually killed neotenics, was proctodeal trophallaxis. 

Hopeful neotenics (workers that become neotenic when an inheritance conflict was 

induced) were the only ones that performed kin-discriminative proctodeal trophallaxis 

(Publication 5). Observation furthermore revealed that successful neotenics increased 

trophallaxis for the length of the conflict, while neotenics that were eventually killed did not 

(Publication 2). Moreover, among workers, only those individuals which performed most 

trophallaxis had the potential to disperse (late instars in Publication 2; see also Korb & 

Schmidinger 2004). Springhetti (1969) and Lüscher (1974) suggested that reproductive 

development might be inhibited by pheromones propagated through trophallaxis. Our data 

imply, that trophallaxis might be a tool for individuals to (i) establish (or increase chances for) 

a neotenic breeder’s position, and (ii) to monopolize resources for dispersal by hindering 

others to develop progressive. 

 In summary, trophallaxis is potentially used to seize own direct fitness benefits. As 

established reproductives reduced trophallaxis this signal/inhibition might only be necessary 

during inheritance conflict until a reliably fertility signal (CHC profile) has built up 

(Publication 2). Trophallaxis might be both: a transmission of inhibitory substances that are 
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costly to produce and thus also functions as an honest signal. Together with the scent as 

fertility signal, trophallaxis might be a proximate mechanism to regulate reproduction. 

 Besides trophallaxis butting was a further prominent behaviour varying between 

castes: in contrast to competing neotenics, workers and also soldiers reduced butting during 

inheritance conflict. This was interpreted as ‘de-escalation-tactic’ of individuals without the 

potential to becoming reproductive (at least during the actual conflict). Thus the findings of a 

previous study were confirmed, showing that butting is a ‘dominance’ behaviour that is 

indicative of the absence of the queen in C. secundus (Korb et al. 2009a). Moreover, it is a 

general aggressive behaviour not only observed between competitors during inheritance, but 

also dispersal conflict (Publication 2). Late instars (the potential dispersers) butted more than 

early instars. 

 

Kin discrimination 

Conflict intensity and behaviour was predicted to be influenced by relatedness, which requires 

kin recognition abilities. As more than 50 % of the study colonies were found to be 

polygamous (Publication 5), kin discrimination (KD) was assumed to be quite important 

within many colonies of C. secundus. 

Although nepotism is lacking in many social insect species (Keller 1997; Atkinson et 

al. 2008; Rangel et al. 2009; Zinck et al. 2009; Kellner & Heinze 2011) we found KD in C. 

secundus. The more altruistic, the more discriminating an individual behaved, in the 

succession soldiers, hopeful neotenic, workers. The sterile soldiers have the greatest interest 

in KD as their fitness is based solely on the reproduction of relatives. While they showed 

nepotistic grooming independent from the conflict situation (but affected by food limitation), 

discriminative grooming was only found in hopeful neotenics during inheritance conflict; in 

workers a relatedness effect was absent (Publication 5). Thus, KD is of special importance in 

situations that greatly affect the potential fitness of an individual. It depends on the social 



92  General Discussion 

 

context and also on the developmental potential, both determining the fitness of an individual. 

This is in line with studies on a diversity of taxa, ranging from bacteria up to mammals that 

have shown that social context and relatedness modulate the behaviour of individuals (e.g. 

Komdeur 1994; Sundström et al. 1996; Buchan et al. 2003; Langer et al. 2004; Gibbs et al. 

2008; Mehdiabadi et al. 2008). 

 

The termite ‘wheel of fortune’ 

One proximate mechanism that can reduce overt conflict was the sensitive period: a short 

period during the moulting interval when the developmental fate at the next moult is 

determined (‘critical period’ or ‘competence’ sensu Lüscher 1952a). During this period, 

individuals are able to adapt their development according to environmental/societal stimuli, 

such as the absence of reproductives (Lüscher 1952a, b) or food limitation. Thus, only 

workers in this sensitive period are able to respond to orphaning and become neotenic, and the 

number of competitors is reduced. As all workers are passing regularly through this period, 

they all have a fair chance to become neotenic. Hence, the sensitive period functions as a ‘fair 

lottery’, or ‘wheel of fortune’ that turns whenever a breeder’s position gets vacant. The first 

neotenic moults were observed only about 9 days after orphaning, and were in addition to the 

normal development/number of moults (Publication 2). So, individuals might be able to 

‘shortcut’ the time between the stimulus and the next moult when a chance for inheritance is 

detected, as the mean length of the moulting interval was about 38 days (depending on food 

conditions, unpublished results). 

 

Nest value & conflict intensity 

In Publication 3 the impact of nest value on conflict intensity was tested. Nest value is 

mainly determined by the wood resource available (nest space and food), but also by societal 

factors as colony size (per capita resource) or the availability of breeding positions. 
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Individuals continually evaluate nest conditions and can adapt their development to maximize 

their fitness. C. secundus assesses wood size using the resonant frequency of the wood (Evans 

et al. 2005), and societal factors via CHCs (see above). 

Conflict intensity strongly depended on nest value: in a highly valuable nest (providing 

high future fitness) inheritance conflict was much more pronounced than in less valuable nests 

with limited food (Publication 3). With royals present and no chance for immediate direct 

fitness, more individuals stayed as worker to wait for a chance of inheritance when the nest 

value was high (reproductives-in-waiting, Myles 1988; Thorne et al. 2003; Korb & Schneider 

2007; Korb 2008; Johns et al. 2009), while food limitation caused more progressive 

development in order to disperse. That food limitation cause dispersal was well known before 

(Korb & Katrantzis 2004; Korb & Lenz 2004; Korb & Schmidinger 2004). Here, the 

additional inheritance option and the data about conflict behaviour provided by Publication 2, 

allowed a more detailed analysis of behavioural reactions and developmental decisions of 

individuals when facing more than one option for direct reproduction at once. 

The greater the benefit from taking over a resource rich/valuable nest, the lower the 

threshold to stay and fight for dominance might be a general pattern, and was also found in 

wasps (Cant et al. 2006; Field et al. 2006; Field & Cant 2009). As wasps and termites have 

evolved sociality independently from very different ancestors (solitary wasp vs. cockroach) 

the link between nest value and the potential for disruptive competition in both groups implies 

convergent evolution. 

 Time did not allow analysing the collected data in respect of the influence of the mean 

colony relatedness on the conflict intensity. But preliminary analysis indicates that conflict is 

more pronounced in colonies with lower mean colony relatedness as predicted. 
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Conclusion 

CHCs are of major importance in the communication of C. secundus: they are (i) caste-

specific, (ii) honest signal of fertility in neotenic queens, as they are reflecting the underlying 

JH titres, and (iii) may also be informative enough to allow KD. Thus CHCs provide the 

information required for mechanisms of conflict-resolution or reduction to work at all. 

Observations revealed certain behavioural profiles (also differing in KD), depending on the 

developmental potential of individuals and the societal situation. The potential of an 

individual is linked to the moulting interval, as only individuals in the sensitive phase are able 

to react to a changing situation, for instance orphaning. The developmental decisions made 

during this phase are in order to maximize ones fitness, and are dependent on societal stimuli 

as presence/absence of reproductives, colony size, and wood resources available. This 

sensitive phase might work as a proximate mechanism that reduces the number of competitors 

in an inheritance conflict beforehand. A further conflict regulating mechanism suggested for 

C. secundus is proctodeal trophallaxis, a tool for reproductive inhibition and besides the CHC 

profiles an additional honest signal of reproductive potential. 

 

Outlook 

Using the same setup as in this thesis, the sister species C. domesticus might be a good system 

to verify the mechanisms of conflict reduction and regulation suggested for C. secundus and 

generalize the findings for lower termites. For example, in C. domesticus about 32 – 35 % of 

the colony members try to inherit (Lenz et al. 1985), in contrast to about 12 % in C. secundus 

(Publication 2), hence predicting an extended sensible phase compared to C. secundus. 
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Summary 

 

Conflicts over reproduction are common in animal societies and they are especially 

pronounced in groups of totipotent individuals. Workers in the drywood termite Cryptotermes 

secundus are totipotent. They can gain direct fitness via dispersal as winged sexual or 

inheritance of the natal nest as neotenic replacement reproductive. In this study we examined 

the actual conflict behaviour in C. secundus, possible mechanism of conflict-regulation, and 

factors influencing the conflict intensity. 

 Cuticular hydrocarbons provided the information about nestmates which is required 

for mechanisms of conflict-resolution to work: they were (i) caste-specific, (ii) honest signal 

of fertility in neotenic queens, as they are reflecting the underlying JH titres mediated via 

caste-specific Neofem4 expression, and (iii) may also be informative enough to allow kin 

discrimination. Kin discrimination in C. secundus depended on social context and the 

individuals’ developmental potential. Sterile soldiers for example showed nepotistic grooming 

independent from the social context, but affected by wood resource, in contrast to workers 

that did not react to varying relatedness. Individuals showed distinct behavioural profiles 

before and during conflict, reflecting their reproductive potential: most prominent in the 

distinction were the dominance behaviour butting and proctodeal trophallaxis. The proposed 

role of trophallaxis as honest signal and inhibitory means in regulating reproductive 

development in C. secundus could be confirmed. Conflict intensity was greatly influenced by 

wood resource: workers were more likely to stay and fight for inheritance within nests that are 

resource rich, while when food gets limited dispersal conflict was most pronounced. 

 Thus, individuals did continually assess the ecological (resources) and societal 

conditions (presence of reproductives, relatedness) and adjusted their developmental decisions 

in order to maximize own fitness. The developmental potential is linked to the moulting 
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interval, as only individuals in the sensitive phase are able to react to a changing situation like 

orphaning. Thus the sensitive phase, besides honest signalling (via cuticular hydrocarbon 

profiles and trophallaxis) might be an further mechanism potentially regulating conflict in C. 

secundus, as it restricts the number of individuals capable of becoming neotenic in a ‘fair 

lottery’ process. 
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Zusammenfassung 

 

Konflikte über Reproduktion sind in Tiergesellschaften unumgänglich, vor allem in Gruppen 

totipotenter Individuen. Die Arbeiter der Trockenholztermite Cryptotermes secundus sind 

ebenfalls totipotent. Sie können entweder durch Abwandern als geflügeltes Adulttier oder 

durch Erben des heimatlichen Nests als neotenes Ersatzgeschlechtstier ihre Fitness direkt 

steigern. In dieser Studie wurden das Konfliktverhalten von C. secundus, mögliche 

Konfliktregulationsmechanismen, und Faktoren welche die Konfliktintensität beeinflussen, 

untersucht. 

 Kutikuläre Kohlenwasserstoffe boten alle Informationen über Nestgenossen, die für 

funktionierende Konfliktregulationsmechanismen nötig sind: Sie waren (i) Kasten-spezifisch, 

(ii) signalisierten als ‚honest signal’ die Fertilität der Königin, da sie die zugrundeliegenden 

Juvenilhormon Titer (über Kasten-spezifische Neofem4 Expression) widerspiegelten, und (iii) 

sind wahrscheinlich auch informativ genug für Verwandtenerkennung. Verwandtenerkennung 

in C. secundus war vom sozialen Kontext und dem Entwicklungspotential des Individuums 

abhängig. Sterile Soldaten zeigten z.B. nepotistisches Putzen, unabhängig vom sozialen 

Kontext, dafür beeinflusst von den vorhandenen Holz-Ressourcen; Arbeiter dagegen 

reagierten kaum auf unterschiedliche Verwandtschaftsgrade. Abhängig von ihrem 

Entwicklungspotential zeigten Individuen bestimmte Verhaltensprofile vor und während 

einem Konflikt: am auffälligsten hierbei war das Dominanzverhalten ‚Zucken’ und auch 

Proktodeale Trophallaxis. Die vorgeschlagene Rolle von Trophallaxis as ‚honest signal’ und 

Mittel zur Inhibierung weiterer Reproduktiver konnte bekräftigt werden. Die 

Konfliktintensität wurde maßgeblich durch die vorhandenen Holz-Ressourcen bedingt: 

Arbeiter kämpften eher in ressourcenreichen Kolonie um die Erbschaft als in einem Nest mit 

limitierten Ressourcen, hier war der Konflikt über die Abwanderung am stärksten. 
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 C. secundus bewertet also die ökologischen (Ressourcen) und gesellschaftlichen 

Bedingungen (Anwesenheit von Reproduktiven, Verwandtschaft) und passten die 

Entwicklung entsprechend an, um ihre Fitness zu maximieren. Das Entwicklungspotential ist 

dabei mit dem Häutungsintervall verbunden, denn nur Individuen in der sensitiven Phase 

können auf sich ändernde Bedingungen reagieren. Diese sensitive Phase könnte demnach 

neben dem ‘honest signalling’ (via kutikulärer Kohlenwasserstoffe und Trophallaxis) ein 

weiterer Mechanismus der Konfliktregulation sein, indem sie die Anzahl der Konkurrenten in 

einem ‚‘fair lottery’ Prozess reduziert. 
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Table S1 

Comparison of the 25 caste specific compounds (according to MCA analysis) using Mann-Whitney 

U-tests (N = 40 queens and workers, respectively). 

 

Peak Z P Peak Z P 

1 -4.41 < 0.0001 41 -7.59 < 0.0001 

13 -4.36 < 0.0001 42 -6.80 < 0.0001 

19 -6.67 < 0.0001 43 -7.75 < 0.0001 

24 -7.62 < 0.0001 44 -7.75 < 0.0001 

26 -7.55 < 0.0001 45 -7.93 < 0.0001 

28 -7.93 < 0.0001 46 -7.11 < 0.0001 

29 -7.68 < 0.0001 48 -6.96 < 0.0001 

31 -7.34 < 0.0001 51 -7.02 < 0.0001 

32 -7.27 < 0.0001 52 -6.40 < 0.0001 

33 -8.07 < 0.0001 53 -7.89 < 0.0001 

34 -7.82 < 0.0001 54 -8.07 < 0.0001 

35 -8.11 < 0.0001 55 -8.23 < 0.0001 

40 -8.23 < 0.0001    
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Differences between castes ‘with royals’ 

When both royals were present, workers spent more time resting and less running than 

surviving neotenics (Table S2). Workers and killed neotenics also did more allogrooming than 

surviving neotenics or soldiers (Table S2). Soldiers and killed neotenics both butted more 

than workers or surviving neotenics (Table S2). No significant differences between castes 

could be found for proctodeal trophallaxis. 

 

Differences between castes ‘without royals’ 

Comparing the different castes during the conflict situation without royals, workers rested 

significantly more and ran less than soldiers, while the former groomed more than the latter 

(Table S3). Workers butted less than soldiers or killed neotenics and they received more 

allogrooming than the latter. They were also more fed than soldiers (Table S3). Soldiers were 

groomed less and received less trophallaxis than surviving or killed neotenics and they were 

butted less than killed neotenics (Table S3). 

 

Colony-level variations in behaviour 

The test for variability on colony level could not be included in the used Mann-Whitney U-

tests and had to be addressed separately using Kruskal-Wallis tests. Looking at the workers 

colonies differed significantly in all behaviours in the ‘with royals’ situation and in all 

behaviours but running in the ‘without royals’ situation (Table S4). In the ‘with neotenics’ 

situation colonies differed in active allogrooming, passive trophallaxis, butting and 

antennation (active and passive, respectively) (Table S4). When we looked at the behaviour of 
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surviving neotenics variations between colonies were much smaller, they differed 

significantly in antennation (all observation situations) and received butting (‘without royals’) 

(Table S4). Neotenics that were eventually killed showed significant differences between 

colonies in active allogrooming and active and passive butting and antennation (‘with 

royals’). Without royals, active allogrooming, trophallaxis, butting and antennation differed 

between colonies, as did the received butting (Table S4). Looking at the soldier behaviour 

colonies differed in passive allogrooming, active butting and active and passive antennation 

(with and without royals). No differences were found between colonies in the ‘with neotenics’ 

situation (Table S4). 
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Table S1 

Comparison of behaviours of castes between (a) ‘with’ and ‘without royals’ (N = 469), (b) ‘without 

royals’ and ‘with neotenics’ (N = 469), and (c) ‘with royals’ and ‘with neotenics’ (N = 203). Shown 

are results of Wilcoxon-tests after step-up FDR correction. (w) Worker, (n) surviving neotenic, (k) 

killed neotenic, (s) soldier. 
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 R
es

ti
n

g 

R
u

n
n

in
g 

A
ll

og
ro

om
in

g 

T
ro

p
h

al
la

xi
s 

B
u

tt
in

g 

A
n

te
n

n
at

io
n

 

A
ll

og
ro

om
in

g 

T
ro

p
h

al
la

xi
s 

B
u

tt
in

g 

A
n

te
n

n
at

io
n

 

p n.s n.s <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 n.s <0.05w 

Z -0.69 -0.47 -2.36 -2.74 -3.15 -6.83 -4.05 -4.64 -1.38 -8.46 

p n.s n.s n.s <0.05 n.s <0.05 n.s <0.05 n.s n.s n 

Z -0.43 -0.85 -2.25 -2.05 -0.06 -2.88 -1.13 -2.22 -0.16 -1.74 

p n.s n.s n.s n.s <0.05 n.s n.s n.s n.s <0.05k 

Z -0.75 -0.42 -0.43 -0.49 -2.03 -1.34 -0.69 -0.77 -1.47 -2.34 

p n.s n.s n.s n.s <0.05 n.s n.s n.s n.s n.s 

a 

s 

Z -1.63 -1.57 -1.34 -1.97 -2.72 -0.90 -1.18 -0.34 -0.63 -1.61 

p <0.05 <0.05 n.s. n.s. n.s. <0.05 n.s. n.s. n.s. <0.05w 

Z -2.77 -3.87 -1.70 -0.49 -0.56 -4.55 -1.61 -0.15 -1.90 -4.86 

p <0.05 <0.05 n.s. <0.05 <0.05 n.s. n.s. <0.05 <0.05 <0.05n 

Z -2.49 -2.91 -0.50 -2.12 -3.30 -0.86 -1.65 -1.11 -2.73 -2.53 

p n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

b 

s 

Z -1.46 -1.10 -1.00 -0.54 0.00 0.00 -1.07 -0.27 -1.60 -1.46 

p n.s. <0.05 n.s. <0.05 n.s. n.s. <0.05 <0.05 <0.05 n.s. w 

Z -1.87 -3.24 -1.68 -2.53 -2.17 -0.44 -4.84 -2.79 -2.43 -1.56 

p <0.05 <0.05 <0.05 n.s. <0.05 <0.05 <0.05 n.s. <0.05 <0.05n 

Z -3.15 -3.43 -2.55 -0.81 -3.52 -2.95 -2.72 -2.17 -3.45 -2.89 

p n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

c 

s 

Z -0.73 -0.37 0.00 -1.63 -0.73 -0.73 -0.45 -1.00 0.00 0.00 
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Table S2 

Comparison of behaviours between castes ‘with royals’. Shown are the results of Mann-Whitney 

U-tests after step-up FDR correction (N = 469). (w) Worker, (n) surviving neotenic, (k) killed 

neotenic, (s) soldier. 
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p <0.05 <0.05 <0.05 n.s. n.s. n.s. n.s. n.s. n.s. n.s. w - n 

Z -2.54 -2.82 -2.57 -0.78 -0.44 -0.60 -0.97 -0.20 -0.47 -0.28 

p n.s. n.s. n.s. n.s. <0.05 n.s. n.s. n.s. n.s. n.s. w - k 

Z -1.71 -1.37 -0.33 -0.14 -2.27 -1.39 -0.27 -0.68 -0.64 0.24 

p n.s. n.s. <0.05 n.s. <0.05 n.s. n.s. n.s. n.s. n.s. w - s 

Z -0.77 -1.03 -3.39 -1.31 -5.10 -0.04 -0.40 -1.11 -1.66 -0.16 

p n.s. n.s. <0.05 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n - k 

Z -1.30 -1.75 -2.31 -0.73 -0.75 -0.20 -0.96 -0.27 -0.05 -0.46 

p n.s. n.s. n.s. n.s. <0.05 n.s. n.s. n.s. n.s. n.s. n - s 

Z -0.78 -0.66 -1.84 -0.49 -2.83 -0.47 -0.41 -0.83 -1.14 -0.14 

p n.s. n.s. <0.05 n.s. <0.05 n.s. n.s. n.s. n.s. n.s. k - s 

Z -0.16 -0.20 -3.16 -2.16 -2.82 -0.88 -0.47 -0.69 -1.34 -0.35 
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Table S3 

Comparison of behaviours between castes ‘without royals’. Shown are the results of Mann-

Whitney U-tests after step-up FDR correction (N = 469). (w) Worker, (n) surviving neotenic, (k) killed 

neotenic, (s) soldier. 
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p n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. w - n 

Z -1.62 -1.91 -0.32 -0.50 -1.77 -0.50 -1.94 -0.57 -0.37 -0.16 

p n.s. n.s. n.s. n.s. <0.05 n.s. <0.05 n.s. n.s. n.s. w - k 

Z -0.10 -0.35 -0.64 -1.29 -3.70 -1.83 -1.97 -1.13 -1.37 -1.14 

p <0.05 <0.05 <0.05 n.s. <0.05 n.s. n.s. <0.05 n.s. n.s. w - s 

Z -2.14 -2.42 -3.14 -0.49 -2.46 -0.38 -0.89 -3.12 -1.92 -1.00 

p n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n - k 

Z -1.31 -1.24 -0.05 -1.26 -1.43 -1.52 -0.38 -1.30 -1.14 -0.43 

p n.s. n.s. <0.05 n.s. n.s. n.s. n.s. <0.05 n.s. n.s. n - s 

Z -0.56 -0.75 -2.37 -0.04 -0.20 -0.59 -0.87 -3.42 -1.27 -0.74 

p n.s. n.s. <0.05 n.s. n.s. n.s. n.s. <0.05 <0.05 n.s. k - s 

Z -1.81 -1.83 -2.69 -1.22 -1.31 -0.83 -0.73 -2.47 -2.33 -1.59 
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Table S4 

Comparison of the behaviours of castes between the different colonies (N = 17) (a) ‘with royals’, 

(b) ‘without royals’, and (c) ‘with neotenics’. Shown are results of Kruskal-Wallis tests. (w) Worker, 

(n) surviving neotenic, (k) killed neotenic, (s) soldier. 
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p 0.012 0.002 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 w 

H 31.45 36.95 111.39 43.42 140.01 325.75 97.98 58.09 119.01 358.65 

p 0.895 0.910 0.189 0.603 0.085 0.004 0.446 0.342 0.079 0.068 n 

H 6.39 6.12 16.04 10.15 19.14 29.24 12.00 13.38 19.40 19.96 

p 0.356 0.265 0.011 0.312 0.0001 0.0001 0.142 0.562 0.0001 0.0001 k 

H 11.02 12.32 23.05 11.61 41.62 34.63 14.73 8.68 41.72 33.99 

p 0.279 0.279 1.000 0.374 0.0001 0.033 0.046 0.269 0.230 0.031 

a 

s 

H 13.23 13.23 0.00 11.87 44.06 21.00 19.92 13.38 14.05 21.21 

p 0.012 0.058 0.0001 0.003 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 w 

H 31.40 25.72 42.64 35.44 89.46 414.76 60.52 54.78 156.35 441.74 

p 0.362 0.392 0.135 0.516 0.380 0.0001 0.140 0.112 0.002 0.0001 n 

H 13.09 12.70 17.40 11.15 12.85 37.80 17.01 18.13 30.36 37.84 

p 0.380 0.294 0.004 0.036 0.0001 0.0001 0.186 0.144 0.007 0.0001 k 

H 10.72 11.88 25.64 19.35 39.64 44.77 13.72 14.68 24.35 33.44 

p 0.411 0.346 0.561 0.304 0.002 0.005 0.047 0.082 0.112 0.002 

b 

s 

H 11.39 12.23 9.67 12.84 29.72 26.84 19.89 18.00 16.85 30.03 

p 0.192 0.173 0.0001 0.596 0.0001 0.0001 0.063 0.003 0.0001 0.0001 w 

H 12.40 12.79 29.13 7.40 58.93 88.72 16.17 25.11 75.79 142.13 

p 0.683 0.956 0.704 0.695 0.197 0.006 0.181 0.193 0.207 0.003 n 

H 5.68 2.63 5.49 5.57 11.09 21.43 11.38 11.16 10.91 23.10 

p 0.392 0.392 1.000 0.490 0.095 0.132 0.220 0.392 0.261 0.062 

c 

s 

H 3.00 3.00 0.00 2.42 6.36 5.62 4.41 3.00 4.00 7.35 
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Figure S1 

Proportion of different instars, 1st worker (w) to 5th nymphal (n), in low- and high resource colonies. 

(A) Colony composition at set-up of the colonies, and (B) at the first behavioural observation trial. 

Shown are the mean proportions (± 95 % c.l.). Low resource (dark bars; N = 10), high resource 

colonies (grey bars; N = 10). 
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Figure S2 

Comparison of worker behaviours between low- (N = 245 in 9 colonies) and high resource 

colonies (N = 254 in 10 colonies), with and without royals. Box plots shows median, quartiles and 

minimal and maximal values. Circles indicate outliers. ns and asterisks indicate non-significant and 

significant differences, respectively (asterisks in brackets indicate trends). Extreme values are for 

reasons of clarity not shown in the figures but were included in the analyses. Individuals in low 

resource colonies (dark boxes) showed less butting and antennation than individuals in high resource 

colonies (grey boxes), regardless of whether royals were present or absent. Moreover they performed 

less proctodeal trophallaxis and more allogrooming than in high resource colonies when royals were 

absent (see also Tables 1, S2). 



124  Appendix 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3 

Comparison of behaviours between late (N = 95) and early instars (N = 214), in 10 high resource 

colonies with royals and without royals. Box plots show median, quartiles and minimal and maximal 

values. Circles indicate outliers. ns and asterisks indicate non-significant and significant differences, 

respectively (asterisks in brackets indicate trends). Extreme values are for reasons of clarity not shown 

in the figures but were included in the analyses. Late instars (grey boxes) performed more butting than 

early instars (dark boxes) when royals were present. When royals were removed late instars ran less, 

sat more, showed more trophallaxis, and they received less antennation (see also Tables S1, S3). 
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Figure S4 

Comparison of behaviours between late (N = 119) and early instars (N = 162), in 9 low resource 

colonies with royals and without royals. Box plots show median, quartiles and minimal and maximal 

values. Circles indicate outliers. ns and asterisks indicate non-significant and significant differences, 

respectively. Extreme values are for reasons of clarity not shown in the figures but were included in 

the analyses. Late instars (grey boxes) butted more than early instars (dark boxes), regardless whether 

royals were present or absent. They groomed less and received less proctodeal trophallaxis when 

royals were present. Late instars were also butted less than early instars, when royals were absent (see 

also Tables S1, S3). 



126  Appendix 3 

 

Table S1 

Comparison of passive behaviour between late and early instars, before and after removal of the 

royals in low- and high resource colonies. Shown are the results of the Mann-Whitney U-tests 

comparing the behaviour between late and early instars in 9 low resource colonies (Nearly = 162, Nlate = 

119) and 10 high resource colonies (Nearly = 214, Nlate = 95). 
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Z -0.71 -3.18 -1.31 -1.73 With royals 

P 0.476 0.001 0.189 0.085 

Z -0.05 -1.64 -2.52 -1.39 

L
ow

 r
es

ou
rc

e 

Without royals 

P 0.958 0.101 0.012 0.164 

Z -0.01 -0.64 -2.64 -1.04 With royals 

P 0.996 0.821 0.008 0.297 

Z -1.39 -0.82 -0.64 -2.48 

H
ig

h 
re
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ce
 

Without royals 

P 0.165 0.412 0.523 0.013 

 

 

Table S2 

Comparison of passive behaviours of workers between low- and high resource colonies, before 

and after removal of the royals. Shown are the results of Mann-Whitney U-tests comparing the passive 

behaviour of workers between low resource (N = 245 in 9 colonies) and high resource colonies (N = 

254 in 10 colonies). 
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Z -0.19 -0.72 -2.92 -2.79 With royals 

P 0.850 0.475 0.004 0.005 

Z -0.32 -0.35 -2.06 -5.90 Without royals 

P 0.750 0.726 0.040 < 0.001 
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Table S3 

Comparison of active behaviours between late and early instars, before and after removal of the 

royals in low- and high resource colonies. Shown are the results of the Mann-Whitney U-tests 

comparing active behaviour of late and early instars with royals and after removal of the royals in 9 

low- (Nearly = 162, Nlate = 119) and 10 high resource colonies (Nearly = 214, Nlate = 95). 
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Z -0.75 -0.92 -0.78 -0.53 -2.41 -0.19 With royals 

P 0.453 0.359 0.436 0.594 0.016 0.849 

Z -0.78 -0.27 -3.28 -1.46 -2.02 -0.69 

L
ow

 r
es

ou
rc
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Without royals 

P 0.436 0.789 0.001 0.145 0.044 0.488 

Z -1.90 -2.07 -0.20 -0.51 -0.58 -0.99 With royals 

P 0.058 0.039 0.845 0.614 < 0.001 0.324 

Z -0.92 -1.09 -0.75 -1.89 -1.26 -1.61 

H
ig
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re
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ce
 

Without royals 

P 0.357 0.276 0.457 0.059 0.209 0.107 

 

 

Table S4 

Comparison of active and passive behaviours before and after removal of the royals in low- and 

high resource colonies. Shown are the results of Wilcoxon-paired rank test comparing behaviour 

before and after the removal of the royals in low- (N = 245 in 9 colonies) and high resource colonies 

(N = 254 in 10 colonies). 
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Z -1.04 0.300 -2.01 -2.01 -0.62 -1.33 -1.72 -1.64 -1.03 -2.49 

L
ow

 

P -1.50 0.133 0.045 0.044 0.535 0.184 0.085 0.101 0.303 0.013 

Z -0.38 -0.09 -0.50 -2.87 -1.79 -4.60 -2.57 -3.25 -0.62 -5.84 

H
ig

h 

P 0.703 0.929 0.621 0.004 0.074 <0.001 0.010 0.001 0.535 <0.001 
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Figure S1 

Relative expression levels of the gene β-actin in untreated queens and in queens 24 hours after 

injection of Neofem4 siRNA, control siRNA, and Ringer’s solution. Box plots show median, quartiles 

and minimal and maximal values. The relative expression of β-actin did not differ between different 

treatments (Kruskal-Wallis H-Test: N = 27, χ²3 = 2.97, P = 0.397). Outliers were included in the 

analysis but for reasons of clarity not shown in the figure. 
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Figure S2 

Comparison of queen behaviours before and after treatment of the queen with Neofem4 siRNA. 

Box plots show median, quartiles and minimal and maximal values (N = 7 pairs). The frequency of 

antennation increased significantly after treatment with Neofem4 siRNA (see also Table S1). Outliers 

were included in the analysis but for reasons of clarity not shown in the figure. (A) Running, (B) 

allogrooming, (C) proctodeal trophallaxis, (D) butting, and (E) antennation. 
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Figure S3 

Comparison of worker behaviours before and after treatment of the queen with (A) Neofem4 

siRNA, (B) control siRNA, and (C) Ringer’s solution. Box plots show median, quartiles and minimal 

and maximal values (N = 7 pairs).  
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Figure S3 (continued) 

After treatment with Neofem4 siRNA, the number of butting interactions increased significantly and 

there was also a trend for more antennation (see also Table S1). This is consistent with behavioural 

changes of workers observed in queenless colonies (see Publication 2). The treatment with control 

siRNA had no observable effect while Ringer’s solution caused changes in butting and antennation but 

in the opposite direction as did the Neofem4 treatment (see also Table S2). Significant differences are 

indicated by asterisks. Outliers were included in the analysis but for reasons of clarity not shown in the 

figure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4 

Discriminant analysis (DA) of CHC profiles. (A) Comparison of castes. Queens (Δ; N = 28) and 

workers (Χ; N = 28) had different CHC profiles. They were clearly separated with one discriminant 

function (DF) explaining 100 % of the total variance (Wilk’s λ = 0.14, χ²13 = 92.81, P < 0.0001). 100 

% of the queens and 92.9 % of the workers were assigned correctly (χ²-test: N = 56, χ²1 = 49.29, P < 

0.0001). 
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Figure S4 (continued) 

(B) Comparison of workers before and after queen treatment (all treatments combined). Workers 

showed no significant changes in their CHC profiles before and after treatment of the queens and 

could not separated on the basis of one DF that accounted for 100 % of the variance (Wilk’s λ = 0.81, 

χ²13 = 10.28, P = 0.671). DAs were also performed separately for workers before and after the different 

queen treatments and no significant changes were found (Neofem4 siRNA treatment: Wilk’s λ = 0.54, 

χ²8 = 4.97, P = 0.761; Ringer’s solution: Wilk’s λ = 0.48, χ²9 = 5.48, P = 0.791; Control siRNA: Wilk’s 

λ = 0.78, χ²6 = 2.29, P = 0.891; No treatment: Wilk’s λ = 0.73, χ²6 = 2.86, P = 0.827). (○/●) worker 

control treatments (combined: Ringer’s solution, control siRNA, no treatment) before/after treatment; 

(Δ/▲) worker Neofem4 treatment. (C) DA of queens before and after Neofem4 treatment. The 

injection of Neofem4 siRNA changed the CHC profile of queens. On the basis of one DF that 

accounted for 100 % of the variance (Wilk’s λ = 0.08, χ²10 = 17.40, P = 0.066) 100 % of the queens 

were correctly assigned to before and after Neofem4 silencing. (Δ/▲) queens before/after Neofem4 

treatment. (D) DA of queens before and after control treatments. Queens that received control 

treatments (Ringer’s solution, control siRNA or no treatment) showed no significant changes in their 

CHC profiles before and after the treatment on the basis of one DF that accounted for 100 % of the 

variance (Wilk’s λ = 0.63, χ²10 = 15.93, P = 0.101). Also separate DAs for queens before and after the 

different control treatments did not reveal a change in the CHC profile of queens (Ringer’s solution: 

Wilk’s λ = 0.58, χ²8 = 4.30, P = 0.829; Control siRNA: Wilk’s λ = 0.51, χ²10 = 4.78, P = 0.905; No 

treatment: Wilk’s λ = 0.14, χ²12 = 11.64, P = 0.475). (Δ/▲) Ringer’s solution; (○/●) control siRNA; 

(Χ/Χ) without treatment; open symbols before treatment, filled symbols after treatment. 

 

 

Figure S5 

Relative expression levels of β-actin in 

untreated queens and in queens after 

precocene treatment. Box plots show 

median, quartiles and minimal and maximal 

values. The relative expression of β-actin did 

not differ significantly between control and 

precocene treated queens with a reduced JH 

titre (Mann Whitney-U test: Z = -1.09, N 

(control) = 7, N (precocene) = 7, P = 0.277). 

Outliers are included in the analysis but for 

reasons of clarity not shown in the figure. 
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Table S1 

Comparison of queen and worker behaviour before and after treatment of the queen with 

Neofem4 siRNA. Shown are the results of Wilcoxon paired rank-tests in 7 colonies (see also Fig. 3, 

S2 and S3A). 

 

Behaviour Z P 

Queen behaviour   

Running (in seconds) -1.35 0.176 

Allogrooming (in seconds) -0.34 0.735 

Proctodeal trophallaxis (in seconds) -0.37 0.713 

Butting (frequency) -0.54 0.589 

Antennation (frequency) -2.21 0.027 

Worker behaviour   

Running (in seconds) -0.51 0.612 

Allogrooming (in seconds) -0.37 0.715 

Proctodeal trophallaxis (in seconds) -0.14 0.893 

Butting (frequency) -2.37 0.018 

Antennation (frequency) -1.87 0.062 
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Table S2 

Comparison of worker behaviour before and after treatment of the queen with control siRNA, 

Ringer solution or no treatment. Shown are the results of Wilcoxon paired rank-tests of workers (N 

= 7 pairs, for each treatment) (see also Fig. 3, S3B and S3C). 

 

Behaviour Z P 

Treatment with control siRNA   

Running (in seconds) -1.52 0.128 

Allogrooming (in seconds) -1.00 0.317 

Proctodeal trophallaxis (in seconds) -1.41 0.157 

Butting (frequency) -1.38 0.168 

Antennation (frequency) -0.74 0.462 

Treatment with Ringer’s solution   

Running (in seconds) -0.51 0.612 

Allogrooming (in seconds) -1.60 0.109 

Proctodeal trophallaxis (in seconds) -0.38 0.705 

Butting (frequency) -2.20 0.028 

Antennation (frequency) -2.03 0.042 

No treatment   

Running (in seconds) -0.51 0.612 

Allogrooming (in seconds) -0.94 0.345 

Proctodeal trophallaxis (in seconds) -0.45 0.655 

Butting (frequency) -0.42 0.673 

Antennation (frequency) -0.60 0.550 
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Table S3 

Cuticular hydrocarbons (CHC) found in the GC-MS analysis. New compounds that had not been 

identified in a previous study (see Publication 1) are given in bold. (*) compounds used in the analysis 

(see also Fig. 4). 

 

Nr.  Compound Nr.  Compound Nr.  Compound 

1 n-C18 17* 4meC26 33* 3meC30 

2 n-C19 18* C27:1 34* C31:1 

3 n-C20 19* n-C27 35* n-C31 

4 n-C21 20* 13meC27 36* 15meC31 

5 n-C22 21* 4meC27 37* 4meC31 

6 n-C23 22* C28:1 38* C32:1 

7 n-C24 23* 3meC27 39* 3meC31 

8* 4meC24 24* n-C28 40* C33:2 

9 3meC24 25* unidentified 41* C33:1 

10* n-C25 26* 4meC28 + C29:1 42* C33:1 

11 13meC25 27 C29:1 43* C34:1 

12* 4meC25 28* n-C29 44* C35:2 

13* C26:1 29* 4meC29 45* C35:2 

14* 3meC25 30* 3meC29 46 C35:1 

15* n-C26 31* 4meC30 47* C35:1 

16 13meC26 32* C31:1   
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Table S4 

Comparison of CHC profiles between queens and workers before treatment. Shown are the 

results of Mann-Whitney U-tests comparing the relative proportions of compounds between workers 

(N = 28) and queens (N = 28) before treatment. (+) compounds with higher proportions in workers 

compared to queens; (*) compounds only present in queens. Neotenic queens and workers had 

different CHC profiles and could clearly be separated (see Publication 1) (Fig. S4A). Comparing the 

relative proportions of compounds between castes the compounds 8, 10, 12 to 14, 16, 18, and (by 

trend) 20 were present in higher proportions in workers than untreated queens. These compounds were 

alkanes, monomethyl-branched alkanes and alkenes with chain lengths from C24 to C27. 

Corresponding to the compounds 17, 21, 23, 24, 26, 28 to 45, and 47, untreated queens had 

significantly more long-chained alkanes, monomethy-branched alkanes, alkenes and diens (C26(me) 

to C35(en)) than workers. The compounds 24 to 47 and diens were only present in queens (see also 

Fig. 4). 

 

Compound Nr.  Z P Compound Nr.  Z P 

8+ -3.75 <0.0001 30* -6.10 <0.0001 

10+ -4.97 <0.0001 31* -5.98 <0.0001 

12+ -2.85 0.004 32* -5.06 <0.0001 

13+ -3.16 0.002 33* -6.19 <0.0001 

14+ -2.87 0.004 34* -5.88 <0.0001 

16+ -4.05 <0.0001 35* -4.70 <0.0001 

17 -3.62 <0.0001 36* -4.70 <0.0001 

18+ -4.65 <0.0001 37* -5.51 <0.0001 

19 -0.08 0.935 38* -4.13 <0.0001 

20+ -1.79 0.074 39* -4.65 <0.0001 

21 -3.38 0.001 40* -5.44 <0.0001 

22 -0.18 0.857 41* -5.82 <0.0001 

23* -4.57 <0.0001 42* -6.26 <0.0001 

24* -3.78 <0.0001 43* -5.26 <0.0001 

26* -4.52 <0.0001 44* -5.52 <0.0001 

28* -6.41 <0.0001 45* -6.05 <0.0001 

29* -5.90 <0.0001 47* -5.47 <0.0001 
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Table S5 

Comparison of CHC profiles of queens before and after silencing of Neofem4. Shown are the 

results of Wilcoxon paired rank-tests comparing the proportions of compounds between queens before 

and after treatment with Neofem4 siRNA (N = 7 pairs). (+) caste specific changes from a queen to 

worker profile. Silencing Neofem4 with RNAi changed the CHC profile of queens (Fig. S4C). After 

treatment with Neofem4 siRNA the proportion of the compounds 10, 14, and 18 increased significantly 

while 30, 34, and 42 significantly decreased (29, 32, and 38 by trend). This reflects a change of the 

queen profile into a more worker-like profile (see also Fig. 4). 

 

Compound Nr.  Z P Compound Nr.  Z P 

8 -0.17 0.866 30+ -2.20 0.028 

10+ -2.37 0.018 31 -0.68 0.499 

12 -0.51 0.612 32+ -1.86 0.063 

13 -1.70 0.866 33 -1.18 0.237 

14+ -2.37 0.018 34+ -2.37 0.018 

16 -1.01 0.310 35 -0.17 0.866 

17 -0.68 0.499 36 -1.01 0.310 

18+ -2.37 0.018 37 -0.85 0.398 

19 -1.86 0.063 38+ -1.86 0.063 

20 -1.52 0.128 39 -1.01 0.310 

21 -0.34 0.735 40 -0.68 0.499 

22 -0.51 0.612 41 -1.35 0.176 

23 -1.18 0.237 42+ -2.20 0.028 

24 -0.17 0.866 43 0.00 1.000 

27 -0.51 0.612 44 -0.68 0.499 

28 -0.68 0.499 45+ -1.86 0.063 

29+ -1.86 0.063 47 -1.35 0.176 
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Table S6 

Stealth primers 

 

StealthTM RNA primer Sequence 5’ – 3’ 

Neofem4 siRNA – 1 CAG CAA CUG CUU CAU GAC AAG GGU A 

Neofem4 siRNA – 2 ACU UGA UGC CCA CAC AAUU UCC UAG G 

Control siRNA UAC UGC CGU UAC UAG UCG AUG ACU G 

 

 

Table S7 

PCR primers 

 

PCR primer Sequence 5’ – 3’ 

forward CAA TCA GCG CTT CAT CCC AC Neofem4  

reverse TAT CTC GCT TGT TGC CTC CC 

forward TCT GGA GAA GTC ATA CGA GTT GCC T β-actin 

reverse GAT ACC GCA GGA TTC CAT ACC CA 

forward AGG TGA AAT TCT TGG ATC GTC GC 18S rRNA 

reverse AGT CAT CGG AGG AAC TTC GGC 
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Figure S1. (a) Allogrooming and (b) antennation of workers, neotenics and soldiers in HF (light) and 

LF (dark) colonies with royals present. Shown are mean ± SE. 

 

 

Figure S2. Effect of Col R on antennation 

in workers (○, solid line), neotenics (▲, 

dark dotted line), and soldiers (◊, light 

dotted line) in HF and LF colonies with 

royals present. 
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Figure S3. (a) Allogrooming and (b) antennation of workers, neotenics and soldiers in HF (light) and 

LF (dark) colonies with royals absent. (○, solid line) Indtocol R; (Δ, dotted line) Col R. 
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Table S1 

Microsatellite primer. Primer sequence, primer specific annealing temperature (TA), number of 

alleles (NA), size (bp) of the most common allele (mca), frequency of the mca, for 6 loci. Forward 

primers (F) were specifically 5’-labeled (*). 

 

 

 

Locus 

Primers 5’ 3’ Label (*) TA 

(°C) 

NA Size of 

mca (bp) 

Frequency 

of mca 

F *AACAAATTGATGGCGGAAAG 2B1 

R ACCGTTTACACGCTGGAGAG 

TAMRA 62 12 205 0.40 

F *TTTGGCCTTTCGAATTCAGT 2B2 

R TCTGCTGTACTTGGGTCACG 

HEX 62 19 152 0.47 

F *ATGGCGTCCTTTCTGTTCCT C5 

R GTTTTGGGGTGCCATGATTA 

FAM 62 5 288 0.74 

F *TGCCATCAATCCAAAAGCTA C8 

R CGGTGTATTCTGGCCCTTTA 

TAMRA 62 6 206 0.57 

F *CTGGCACAACACAGCTTACG Csec3A 

R GTCGGTACGGTCCACTTTGC 

FAM 60 16 178 0.17 

F *TGTTAGAAGGCTACCAGCGC Csec4 

R TCTTTCCTCTGCGAACTGTC 

HEX 60 9 165 0.63 
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Table S2. 

Colony sizes and colony relatedness. Colony sizes (number of individuals per colony) at time of 

collection and when the experiment was started), and the mean colony relatedness (Col R) in HF (1-9) 

and LF (10-18) colonies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

colony  size at collection size in experiment Col R c.I. 

1 62 37 0.337 0.20 

2 121 55 0.290 0.24 

3 210 33 0.382 0.10 

4 646 40 0.312 0.35 

5 91 112 0.395 0.21 

6 126 88 0.501 0.30 

7 60 41 0.469 0.32 

8 73 67 0.595 0.43 

9 85 99 0.350 0.17 

10 71 94 0.347 0.31 

11 67 25 0.386 0.32 

12 74 82 0.706 0.33 

13 41 75 0.626 0.24 

14 56 40 0.475 0.23 

15 80 78 0.342 0.42 

16 76 26 0.581 0.21 

17 81 60 0.273 0.23 

18 81 55 0.575 0.39 
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Table S3. 

Results of ANOVAs testing the impact of Indtocol R, food (HF vs. LF), and caste on the behaviour of 

workers, hopeful neotenics and soldiers with royals present. 

Allogrooming Trophallaxis Butting Antennation Factors x 

Interactions 
F df P F df P F df P F df P 

Food 5.16 1 0.023 0.01 1 0.925 0.19 1 0.664 6.44 1 0.011 

Caste 9.09 2 <0.01 6.29 2 0.002 1.15 2 0.317 4.20 2 0.015 

Indtocol R 3.70 1 0.055 2.25 1 0.134 0.69 1 0.407 2.22 1 0.137 

Food x Caste 4.51 2 0.011 0.47 2 0.625 0.69 2 0.503 2.33 2 0.098 

Food x Indtocol R 3.74 1 0.053 0.16 1 0.693 0.22 1 0.636 0.21 1 0.648 

Caste x Indtocol R 2.65 2 0.071 4.73 2 0.009 0.71 2 0.490 0.39 2 0.677 

Food x Caste x 

IndtocolR 

4.51 2 0.011 0.29 2 0.747 0.59 2 0.554 0.30 2 0.738 

 

 

Table S4. 

Results of ANOVAs testing the impact of Indtocol R, Col R, and caste on the behaviour of workers, 

hopeful neotenics and soldiers with royals present. 

Allogrooming Trophallaxis Butting Antennation Factors x 

Interactions 
F df P F df P F df P F df P 

Caste 1.83 2 0.161 0.23 2 0.795 0.99 2 0.373 4.72 2 0.009 

Indtocol R 2.41 1 0.121 0.01 1 0.931 0.57 1 0.452 1.68 1 0.195 

Col R 0.90 1 0.342 1.20 1 0.273 0.02 1 0.894 0.77 1 0.381 

Caste x Indtocol R 0.88 2 0.415 0.39 2 0.677 0.64 2 0.529 1.39 2 0.250 

Caste x Col R 1.54 2 0.215 0.87 2 0.420 0.71 2 0.494 4.14 2 0.016 

Indtocol R x ColR 1.60 1 0.206 0.59 1 0.441 0.21 1 0.648 1.21 1 0.272 

Caste x IndtocolR 

x ColR 

0.90 2 0.407 1.17 2 0.311 0.52 2 0.587 1.85 2 0.158 
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Table S5. 

Results of ANOVAs testing the impact of Indtocol R, food (HF vs. LF), and caste on the behaviour of 

workers, hopeful neotenics and soldiers with royals absent. 

Allogrooming Trophallaxis Butting Antennation Factors x 

Interactions 
F df P F df P F df P F df P 

Food 1.39 1 0.238 0.35 1 0.552 0.06 1 0.801 1.98 1 0.160 

Caste 1.49 2 0.226 0.74 2 0.479 0.83 2 0.437 3.10 2 0.045 

Indtocol R 10.84 1 0.001 0.59 1 0.442 2.25 1 0.134 8.06 1 0.005 

Food x Caste 1.94 2 0.144 0.07 2 0.935 0.09 2 0.911 1.63 2 0.197 

Food x Indtocol R 0.10 1 0.747 2.44 1 0.119 0.02 1 0.898 0.18 1 0.672 

Caste x Indtocol R 3.02 2 0.049 0.90 2 0.409 0.99 2 0.372 1.32 2 0.269 

Food x Caste x 

IndtocolR 

0.08 2 0.928 0.60 2 0.549 0.84 2 0.431 0.28 2 0.754 

 

 

Table S6. 

Results of ANOVAs testing the impact of Indtocol R, Col R, and caste on the behaviour of workers, 

hopeful neotenics and soldiers with royals absent. 

Allogrooming Trophallaxis Butting Antennation Factors x 

Interactions 
F df P F df P F df P F df P 

Caste 3.83 2 0.022 0.65 2 0.523 0.26 2 0.771 1.79 2 0.167 

Indtocol R 6.58 1 0.010 0.24 1 0.623 0.23 1 0.632 0.33 1 0.567 

Col R 9.52 1 0.002 1.74 1 0.187 0.12 1 0.731 4.60 1 0.032 

Caste x Indtocol R 2.98 2 0.051 0.56 2 0.574 0.07 2 0.937 3.78 2 0.038 

Caste x Col R 4.38 2 0.013 0.93 2 0.397 0.13 2 0.876 0.93 2 0.397 

Indtocol R x ColR 4.94 1 0.027 0.42 1 0.520 0.02 1 0.887 0.28 1 0.597 

Caste x IndtocolR 

x ColR 

2.34 2 0.097 1.04 2 0.352 0.01 2 0.992 2.43 2 0.089 
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Glossary 

 
Altruism Social behaviour that reduces the direct fitness of the actor and increases the fitness of 

the recipient (West et al. 2007b). Altruism can only be selected for when indirect 

fitness benefits outweighs direct fitness costs (Hamilton 1963; see Inclusive fitness 

theory). 

 

Cheaters Individuals who do not (or to a lesser extent) cooperate but gain the benefits of others 

  cooperating (West et al. 2007b). 

 

Communication Action of a sender that influences the sensory system of the receiver so that 

  the receiver changes its behaviour to the benefit of the sender (Dawkins & Krebs 

  1978). 

 

Conflict 

 Potential conflict: any difference in the reproductive optima of individuals/groups within 

a society (Ratnieks & Reeve 1992). 

 Actual conflict: Overt conflict between individuals with different optima (Ratnieks & 

Reeve 1992). 

 Conflict resolution: Outcome that reduces the proportions of colony’s resources that are 

(otherwise) wasted in the conflict (Ratnieks et al. 2006). 

 

Cooperation Behaviour that benefits one or more recipients (West et al. 2007b). Cooperation can 

  be selected for when the behaviour increases the frequency of the underlying gene 

  compared with non-cooperative counterparts (Hamilton 1964; Frank 1998; West et al. 

  2007b; see Inclusive fitness theory). 

 

Eusociality Eusocial societies are characterized by cooperative brood care, generation overlap and 

  reproductive division of labour in which individuals forego own reproduction (at least 

  temporarily) to help a relative reproduce (Batra 1966; Wilson 1971; Michener 1974). 

 

Inclusive fitness theory:     rb > c.     Also known as kin selection theory (Maynard Smith 1964). 

  A gene can increase in frequency by either increasing the fitness of its bearer (direct 

  fitness) or by increasing the fitness of relatives who share copies of the same gene 

  (indirect fitness) (Hamilton 1963, 1964).  
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  Costs (c) and benefits (b) are defined on the basis of the lifetime direct fitness  

  consequences of the behaviour (in number of  offspring); (r) indicates the  

  relatedness to the recipient. 

 Inclusive fitness: An individual’s own reproductive success (fitness) plus its effects on 

the reproductive success of its relatives, each one weighed by the coefficient of relatedness 

(Dawkins 1982). 

 Kin selection: Process by which traits are favoured because of their beneficial effects on 

the fitness of relatives (Maynard Smith 1964; West et al. 2007b) 

 

Policing Enforcement of reproductive altruism in insect societies, major force in maintaining 

  high levels of cooperation (Frank 1995, 2003; Ratnieks et al 2006) by inhibiting 

  worker reproduction via egg eating and/or aggression (Worker policing, Ratnieks 

  1988; Queen policing, Oster & Wilson 1978) 

 

Signals  Any act or structure which carries information that alters the behaviour of a recipient, 

  maintained by natural selection (Otte 1974; Maynard Smith & Harper 2003; see also 

  Schäfer 2010). 

 Honest signal: Signal whose reliability is ensured because it is costly to produce or has 

costly consequences (e.g. vulnerability cost, Adams & Mesterton-Gibbs 1995). ‘Handicap’ 

according to Zahavi 1975; ‘strategic signal’ according to Grafen 1990 (reviewed in 

Maynard Smith & Harper 2003). 

 Index: Signal whose intensity is causally related to the quality it signals, and it cannot be 

faked (Maynard Smith & Harper 1995; performance-based-signal according to Enquist 

1985) 

 Cue: A feature of the animate or inanimate external world used as guide to future actions 

(Hassan 1994). A cue as property of an organism may evolve into a signal. 
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Erklärung über die Eigenständigkeit der erbrachten wissenschaftlichen Leistung 

Ich erkläre hiermit, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter und ohne 

Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe. Die aus anderen Quellen 

direkt oder indirekt übernommenen Daten und Konzepte sind unter Angabe der Quelle 

gekennzeichnet. 

Bei der Auswahl und Auswertung folgenden Materials haben mir die nachstehend 

aufgeführten Personen in der jeweils beschriebenen Weise entgeltlich / unentgeltlich 
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nicht beteiligt. Insbesondere habe ich hierfür nicht die entgeltliche Hilfe von Vermittlungs- 

bzw. Beratungsdiensten (Promotionsberater oder andere Personen) in Anspruch genommen. 

Niemand hat von mir unmittelbar oder mittelbar geldwerte Leistungen für Arbeiten erhalten, 
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