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Abstract: The queens of advanced social insects maintain 
their reproductive monopoly by using exocrine chemicals. 
The chemistry of these “queen pheromones” in termites 
is poorly known. We show that primary queens of four 
higher termites from the subfamily Syntermitinae (Embi-
ratermes neotenicus, Silvestritermes heyeri, Labiotermes 
labralis, and Cyrilliotermes angulariceps) emit significant 
amounts of the sesquiterpene alcohol (E)-nerolidol. It is 
the dominant analyte in queen body washes; it is present 
on the surface of eggs, but absent in kings, workers, and 
soldiers. In E. neotenicus, it is also produced by replace-
ment neotenic queens, in quantities correlated with 
their fertility. Using newly synthesised (3R,6E)-nerolidol, 
we demonstrate that the queens of this species produce 
only the (R) enantiomer. It is distributed over the surface 
of their abdomen, in internal tissues, and in the haemo-
lymph, as well as in the headspace of the queens. Both 
(R) and (S) enantiomers are perceived by the antennae of 
E. neotenicus workers. The naturally occurring (R) enan-
tiomer elicited a significantly larger antennal response, 

but it did not show any behavioural effect. In spite of 
technical difficulties encountered in long-term experi-
ments with the studied species, (3R,6E)-nerolidol remains 
among eventual candidates for the role in queen fertility 
signalling.

Keywords: (E)-nerolidol; fertility signalling; higher ter-
mites; social insects; Syntermitinae.
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1  �Introduction
Advanced social insects represent an extreme case of 
polyphenism, manifested by the presence of dramatically 
different castes in their colonies. Although arising from 
the gene pool common to all colony members, individual 
caste phenotypes differ not only in their reproductive 
potential, but also in anatomy, behaviour, physiology, 
and, last but not least, in longevity [1]. This is particu-
larly true for socially advanced termites from the family 
Termitidae (also called higher termites). Their queens are 
characterised by high lifelong fecundity, often accom-
panied by large body size due to the continual growth 
of their abdomens (physogastry) and an extraordinary 
lifespan reaching, in some cases, more than a decade 
[2]. Besides the adaptations directly linked with the long-
term high fecundity, the queens must also invest in the 
maintenance of their reproductive monopoly in the colo-
nies so as to be recognised and treated as queens by other 
colony members and to prevent their nestmates from 
reproducing. In spite of the large body of evidence that 
these “fertility signals” are conveyed by exocrine chemi-
cals secreted by the queens, little is known about their 
chemical identity [3].

Queen fertility signalling is often proposed to be medi-
ated by the chemical profile of cuticular hydrocarbons 
(CHCs), protecting the body surface against desiccation. 
The contact signalling of queen presence and fertility by 
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CHCs is well established in social Hymenoptera (ants, bees, 
wasps) [4, 5], and if confirmed in termites, it would repre-
sent a striking example of a convergent evolution of chemi-
cal communication in the two unrelated groups. Indeed, in 
several termite species, the CHC profiles have been shown 
to be caste specific and differ quantitatively and/or quali-
tatively between queens (eventually also kings) and sterile 
colony members [6, 7]. The CHC profile was shown to 
shift towards that of fertile reproductives upon exogenous 
application of an analogue of juvenile hormone, the major 
regulator of insect reproductive maturation, to subfertile 
reproductives of the lower termite Zootermopsis nevadensis 
(Archotermopsidae) [8]. In another model of lower termites, 
Cryptotermes secundus (Kalotermitidae), the queen-specific 
CHC profile has been modified towards that of sterile 
colony members when a gene encoding for a cytochrome 
P450 enzyme, probably involved in CHC biosynthesis and 
upregulated in queens, was silenced in the queens. Sterile 
nestmates then revealed the symptoms of reproductive dis-
inhibition, which suggests that the unaltered queen CHC 
profile acts as the “primer pheromone,” preventing the 
nestmates from reproduction [9]. Recently, the role of king 
and queen “recognition pheromone,” directly acting on the 
behaviour of nestmates, has been assigned to one specific 
CHC, heneicosane, in another lower termite Reticulitermes 
flavipes (Rhinotermitidae) [10].

However, the set of candidate molecules for the 
primer or recognition function in queen fertility signalling 
is not restricted only to CHCs. In several species from dif-
ferent families, proteins and peptides specific to queens 
(sometimes also to kings) were identified to be secreted 
by mature reproductives [11]. While the identity of some 
of the queen-specific peptides is close to insect antimicro-
bial peptides [12], their hypothesised function in fertility 
signalling has not been confirmed.

A crucial discovery in the queen fertility signalling 
dates back to 2010  when the function of primer phero-
mone, inhibiting the development of replacement queens 
in the lower termite Reticulitermes speratus (Rhinoter-
mitidae), was attributed to a blend of two volatiles, butyl 
butyrate and 2-methylbutan-1-ol [13]. These were identi-
fied in the headspace of mature neotenic queens and 
eggs, and besides their role in suppressing the reproduc-
tive potential of nestmates, they were found to be attrac-
tive to workers. This dual function of a primer pheromone 
ensuring the reproductive monopoly of the queen(s) and 
a recognition pheromone, eliciting attraction and tending 
behaviour in the nestmates, is complemented by antifun-
gal properties of the volatile blend [14]. Thus, as predicted 
by the theory of chemical parsimony [15, 16], the commu-
nication function of the volatiles appears to be derived 
from the ancestral defensive purpose [16, 17].

Current knowledge of the queen-produced recogni-
tion and primer pheromones may thus be seen as contro-
versial, because both non-volatile contact signals (CHCs) 
and highly volatile small molecules were identified as 
components of fertility signalling. This apparent ambi-
guity is sometimes explained by the differences in the 
social complexity of different groups of termites. In small 
colonies of basal termites (including the studied models 
C. secundus and Z. nevadensis), the contact cues based 
on CHCs may serve both the recognition function and 
the primer pheromone function, because the nestmates 
are in frequent direct contact with the reproductives. By 
contrast, in populous colonies containing thousands of 
inhabitants, such as those of R. speratus, volatile signals 
are more suitable to spread the information on the pres-
ence of a fertile queen [3, 17]. Therefore, also in the large 
nest populations of higher termites, a volatile signal 
emitted by the queen is likely. Non-contact chemical 
perception of the queen in higher termites is known and 
acts, among others, as a behavioural modulator during 
the construction of the royal chamber [18]. In a single 
species, Nasutitermes takasagoensis (Termitidae: Nasuti-
termitinae), a queen-specific volatile has been identified 
as phenylethanol, but its expected function in fertility sig-
nalling could not be confirmed, owing to the difficulties 
inherent in experimental manipulations with the complex 
and populous colonies of higher termites [17, 19].

The theoretical predictions of volatile fertility signals 
and the first observation of queen-specific volatile in 
higher termites prompted us to perform a systematic 
survey of volatile exocrine chemicals of queens and 
other castes in the South American higher termites from 
the subfamily Syntermitinae. We describe elsewhere the 
identification and enantiodivergent synthesis of (5Z,9S)-
tetradec-5-en-9-olide, specific to queens of Silvestritermes 
minutus (Termitidae: Syntermitinae) [20]. Here, we report 
on the identification of the sesquiterpene alcohol (3R,6E)-
nerolidol as a queen-specific compound secreted by 
mature queens of four species from the subfamily, Embi-
ratermes neotenicus, Silvestritermes heyeri, Labiotermes 
labralis, and Cyrilliotermes angulariceps.

2  �Materials and methods

2.1  �Origin of the insects

Entire colonies of E. neotenicus (Holmgren), S. heyeri 
(Snyder), L. labralis (Holmgren), and C. angulariceps 
(Mathews) were collected in the rainforest of French 
Guiana from September 2014 to April 2018 on nine 
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localities along the road to Petit Saut (N5°3′ – 5°7′, W52°57′ 
– 53°03′). The colonies of E. neotenicus inhabit large poly-
calic epigeous nests located at the base of trees. Silvestrit-
ermes heyeri builds medium-size spherical nests, situated 
most often 1–2 meters above ground level on tree trunks. 
Labiotermes labralis builds large ovoid nests on tree 
trunks. Cyrilliotermes angulariceps colonies are most often 
located in underground nests. The nests were brought to 
the research station Hydreco at Petit Saut and their central 
parts directly dissected for sample preparation or trans-
ported alive to Prague and kept intact until sampling on 
moistened rainforest soil in glass vivaria at 29 °C. The 
number of sampled colonies of each species and methods 
of sampling and extraction are listed in Table 1.

2.2  �Sample preparation

As a basic method of surveying the exocrine volatiles 
secreted by all available castes and the eggs of all four 
species, we used solvent body washes, either prepared 
directly at the field station or from colony fragments in 
Prague. For solvent extraction, cold-anaesthetised ter-
mites were extracted in 10 μL of solvent per soldier or 
worker, 100–400 μL per primary queen, 20–100 μL per 
neotenic queen, and 200 μL per approximately 100 eggs 
for 10  min at room temperature (r.t.). The extracts were 
then stored at −20 °C until analysis.

For detailed analyses using other extraction and 
sampling techniques, we selected only one species, E. 
neotenicus, because its mature colonies contain multiple 
neotenic queens (up to almost 300), unlike the remain-
ing three species, which have only a single primary 
queen in their colonies [21]. Fragments of seven different 
E. neotenicus colonies were kept alive in the laboratory 

in Prague. We analysed the headspace emissions of vola-
tiles of neotenic queens, primary kings, soldiers, workers, 
nymphs, and eggs using solid phase microextraction 
(SPME). One to five living neotenic queens, one king, 
5–10  workers, soldiers, or nymphs or approximately 50 
eggs of E. neotenicus were placed into a 4-mL glass vial. 
Volatiles were collected on an SPME fiber (PDMS coating, 
red fiber, 100 μm; Supelco, St Louis, MO, USA) introduced 
through a cap septum for 120 min at r.t. To quantify the 
secretion of selected volatiles to the headspace by the 
neotenic queens, we used the same SPME setup and 
sampled the volatiles for 6 h from one and five neotenic 
queens (three replicates).

Alternatively, the SPME fiber was used to collect the 
analytes directly from the body surface of queens and 
control workers, with the aim of localising the source of 
detected volatiles. Living individuals were gently held in 
forceps and rubbed with the fiber 700 times on the dorsal 
or ventral side of the abdomen. Immediately after sam-
pling, the SPME fiber was thermally desorbed in the gas 
chromatograph (GC) inlet of the two-dimensional gas 
chromatograph with time-of-flight mass spectrometric 
detection (GC × GC-TOFMS), operated using the program 
described below. Two other methods were used to localise 
the source of the volatiles.

First, we prepared extracts of dissected body tissues 
of neotenic queens. Three mature physogastric queens 
from one colony were cold-anaesthetised and individually 
dissected into four parts, i.e. head + thorax, digestive tube, 
gonads, and abdominal cavity. Except for the abdominal 
cavity, the haemolymph from the surface of the dissected 
tissues was washed out by hexane for 5 s. The tissues were 
then homogenised in glass vials and extracted in 100 μL of 
hexane for 10 min under sonication at r.t. Independently, 
we sampled the haemolymph from dissected queens into 

Table 1: Number of samples analysed of each species and caste, extraction, and sampling methods

Species Caste Extraction method Sampling method

NeoQ PrimQ PrimK Eggs Sold Work NeoK

E. neotenicus 40 1 3 8 10 20 1 Hexane Body washes
3 Hexane Extracts of dissected tissues
3 1 2 Methanol Body washes

10 1 1 3 3 8 SPME Headspace
3 3 SPME Contact sampling of body surface
8 8 DAPPI Body surface scanning

S. heyeri 4 4 3 3 4 Hexane Body washes
1 1 1 1 Methanol Body washes

C. angulariceps 1 1 1 1 1 Hexane Body washes
L. labralis 3 1 3 3 3 Hexane Body washes
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5-μL glass capillaries, which were then washed out with 
hexane into glass vials. The liquid fractions of the body 
part and haemolymph extracts were transferred into new 
vials and analysed by GC × GC-TOFMS.

Second, the body surface of intact cold-anaesthetised 
queens was scanned using desorption atmospheric pres-
sure photoionisation–mass spectrometry (DAPPI), as 
described below.

2.3  �Gas chromatography

The chemical diversity and identity of volatiles were 
studied by means of gas chromatography coupled with 
mass spectrometric detection. Preliminary analyses and 
quantifications were carried out using the gas chroma-
tograph TRACE 1310 (ThermoFisher Scientific, Waltham, 
MA, USA), equipped with a non-polar Zebron ZB-5MS 
column (30 m × 0.25 mm × 0.25 μm film; Phenomenex, Tor-
rance, CA, USA) connected to a ThermoFisher Scientific 
ISQ LT mass-selective detector (70-eV ionisation voltage, 
source temperature 200 °C, transferline heated to 260 
°C). The column temperature was held at 50 °C for 1 min, 
gradually increased to 320 °C at 8 °C/min and then held 
at 320 °C for 20 min. Helium was used as carrier gas at a 
flow 1.2 mL/min. Split/splitless port was heated to 200 °C, 
and samples were injected in splitless mode with a purge 
time of 1  min. Using the same setup, (3R,6E)-nerolidol 
was quantified in dissected body tissues of E. neotenicus 
neotenic queens using peak area comparison with the 
calibration curve calculated from the peak areas of a set of 
serial dilutions of the synthetic compound.

Detailed analyses were performed using a GC × GC-
TOFMS (Pegasus 3D; Leco, St. Joseph, MI, USA), equipped 
with a combination of non-polar ZB-5MS (30  m, internal 
diameter 0.25 mm, 0.25-μm film thickness, Phenomenex, 
Torrance, CA, USA) and medium polarity RTX-50 (1.5  m, 
internal diameter 0.1  mm, 0.1-μm film thickness, Restek, 
Bellefonte, PA, USA) columns. In both cases, the tempera-
ture program was 50 °C (1 min) to 320 °C (20 min) at 8 °C/
min. The secondary column of GC × GC-TOFMS was set 10 °C 
higher. For analytes of our interest, Kovats retention index 
(KI) was calculated using the retention times of n-alkanes, 
co-injected with selected samples [22]. This setup was 
also used for the quantification of (3R,6E)-nerolidol secre-
tion to the headspace of E. neotenicus neotenic queens by 
comparing the peak area of the natural compound after 
6 h of sampling of the queens, with the calibration curve 
constructed from the peak areas corresponding to the 
synthetic standard, introduced in two quantities (50 and 
500 ng) and sampled for 3, 4, and 6 h (three replicates).

Chiral analyses were carried out using gas chromatogra-
phy with flame-ionisation detector on a column (30 m, inter-
nal diameter 0.25  mm, 0.25-μm film thickness) equipped 
with a chiral permethylated β-cyclodextrin stationary phase 
(HP-CHIRAL-20B; J&W Scientific, Folsom, CA, USA), ena-
bling separation of chiral compounds. The gas chromato-
graph (HP-6850; Agilent, Santa Clara, CA, USA) inlet was 
heated to 200 °C, flame-ionisation detector to 220 °C, and 
hydrogen was used as a carrier gas at 1.5 mL/min flow. The 
temperature program of the oven was 70 (1 min) to 120 °C 
(0 min) at 1 °C/min and then to 200 °C (5 min) at 25 °C/min.

2.4  �Chemicals and solvents

Methanol for high-performance liquid chromatography 
was purchased from Fluka (Honeywell Research Chemi-
cals, Charlotte, NC, USA), and trace analysis n-hexane 
from Merck (Darmstadt, Germany). Hexane was distilled 
prior to use. The analytical standard of (E)-nerolidol was 
purchased from Sigma-Aldrich (Merck) (catalogue no. 
18143). We established its enantiomeric composition to 
be 98% S versus 2% R. Tosylchloride (p-toluenesulpho-
nyl chloride) was recrystallised from dichloromethane 
(DCM)/hexane prior to use. All other reagents and sol-
vents for (3R,6E)-nerolidol synthesis were purchased from 
commercial suppliers and used as received.

2.5  �Desorption atmospheric pressure 
photoionisation–mass spectrometry

A newly developed setup combining DAPPI with mass 
spectrometry was used to map the distribution of vola-
tiles emitted by the queens. Cold-anaesthetised mature 
neotenic queens of E. neotenicus were used to detect the 
diagnostic fragment m/z 221.1914, representing [M-H]- ion 
of (3R,6E)-nerolidol (C15H25O, theoretical m/z 221.1911) 
along the median line of the dorsal and ventral surface of 
the body. The details of the setup construction and con-
figuration are given by Rejšek et al. [23].

2.6  �Enantiodivergent synthesis of 
(3R,6E)-nerolidol

All reactions were monitored by thin layer chromato
graphy on Silica gel 60 F254 (Merck) in hexane/ethyl-ace-
tate 3:1 and detected by iodine staining. Retention factors 
in hexane/ethyl-acetate (3:1) mixture were: farnesol 0.71; 
epoxyfarnesol 0.29; tosylate 0.64; and nerolidol 0.69. 
Nuclear magnetic resonance (NMR) spectra were measured 
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on Bruker Avance 400 MHz spectrometer (400.1 MHz for 
1H and 100.6 MHz for 13C, Billerica, MA, USA) in CDCl3 (ref-
erenced to the residual solvent signal). High-performance 
flash chromatography was performed with Biotage SP1 
apparatus on Biotage SiO2 columns.

(2R,3R)-Epoxyfarnesol was prepared according to 
a slightly modified literature procedure [24]. Solution 
of diethyl (−)-tartrate (1.7  mL, 9.9  mmol) and Ti(Oi-Pr)4 
(2.8 mL, 9.5 mmol) in DCM (50 mL) was cooled to −50 °C, 
and (2E,6E)-farnesol (2.0 g, 9.0 mmol) in DCM (10 mL) was 
added, followed by a solution of t-BuOOH (5 mL, 20 mmol, 
4m) in DCM (2 mL). The reaction mixture was stirred for 2 h 
at −50 °C and then for 4 h at 0 °C. Solution of 5% aqueous 
tartaric acid was added, and the resulting mixture was 
stirred for another 2  h at r.t. and extracted with DCM 
(3 × 20  mL). Combined organic layers were washed with 
brine (20 mL), dried over anhydrous MgSO4, and solvent 
was evaporated. Crude oil was dissolved in diethylether 
(60 mL), cooled to 0 °C, treated with 1M NaOH (30 mL), 
and stirred for 30 min at 0 °C. Aqueous layer was extracted 
with diethylether (3 × 15 mL), collected organic layer was 
washed with saturated NH4Cl and brine and dried over 
anhydrous sodium sulphate and evaporated. The crude 
product was purified by high-performance flash chromato-
graphy (from 5% to 10% of ethyl-acetate in hexane in 2 
L) to give desired epoxyfarnesol (1.3 g, 61%). 1H NMR (see 
Supplementary Material, Figure S2) is in agreement with 
literature [25].

(3R,6E)-nerolidol was prepared in analogy to the 
published synthesis of (S) enantiomer [26]. (2R,3R)-
Epoxyfarnesol (300 mg, 1.3 mmol) was dissolved in DCM 
(10  mL) and cooled to 0 °C. 4-Dimethylaminopyridine 
(DMAP) (3 mg, 0.03 mmol) and anhydrous triethylamine 
(262 μL, 1.9 mmol) were added followed by the solution of 
freshly crystallised TsCl (263 mg, 1.4 mmol) in DCM (2 mL). 
The reaction mixture was stirred at 0 °C for 6 h and then 
for another 6 h at r.t. Water (10 mL) was added, and the 
mixture was extracted with DCM (3 × 15  mL), dried over 
MgSO4, and evaporated. Crude material was used directly 
in the next step. Tellurium powder (323 mg, 2.5 mmol), ron-
galite (sodium hydroxymethylsulphinate dihydrate, 1.79 
g, 15 mmol) in aqueous 1M NaOH (25 mL) was heated to 60 
°C for 2 h and cooled to r.t., and solution of crude tosylate 
in tetrahydrofuran (THF) (10 mL) was added. The reaction 
mixture was stirred at r.t. for 4 h until tosylate disappeared 
(monitored by thin layer chromatography). The reaction 
mixture was then bubbled with air for 2 h to oxidise unre-
acted telluride ions and filtered through a pad of cellite; 
the filter aid was washed with diethyl ether (30 mL), and 
the filtrate was extracted with diethylether (3 × 15 mL). The 
slightly yellow ether layer was then decolourised with a 

few drops of hydrogen peroxide, washed with sodium thi-
osulphate and brine, dried over MgSO4, and evaporated. 
Crude oil was purified by flash chromatography on silica 
(5% of ethyl-acetate in hexane) to provide (3R,6E)-nero-
lidol (175 mg, 63%) as a colourless oil. 1H NMR is in agree-
ment with literature (see Supplementary Material, Figure 
S3) [27].

2.7  �Electrophysiology

To test the perception of the queen-produced (3R,6E)-
nerolidol by the sterile colony members and eventual pref-
erence of (R) or (S) enantiomer, we performed a series of 
electroantennographic (EAG) recordings using the anten-
nae of E. neotenicus workers. The setup and its general 
configuration are described in our previous studies [28, 
29]. Antennae of six different workers were individually 
exposed to a series of stimulations, each of them consist-
ing of control air and methanol stimulations and serial 
dilutions of (3S,6E)-nerolidol and (3R,6E)-nerolidol (10, 
100, 500, and 1000 ng in methanol were applied to the 
carrier paper discs). The data from each series were related 
to the response to methanol stimulation. Heteroscedastic-
ity inherent to EAG data was reduced by means of loga-
rithmic transformation using the formula y = log(10x). The 
responses to (3S,6E)-nerolidol and (3R,6E)-nerolidol were 
compared for each concentration by means of a Student t 
test, after the initial control of homogeneity of variances 
using Levene test.

3  �Results

3.1  �Caste composition in inspected colonies

As expected from our previous observations [21], all 20 
inspected mature colonies of E. neotenicus were headed 
by one primary king and multiple (up to 267) physogas-
tric neotenic queens (Figure 1A). We also collected and 
sampled several young neotenic queens at different stages 
of maturity, as judged from their body pigmentation and 
level of physogastry. Only two colonies, inhabiting very 
small nests, were headed by one primary king and one 
primary queen.

In agreements with our expectations, all colonies of 
S. heyeri (five sampled nests), L. labralis (four sampled 
nests), and C. angulariceps (two sampled nests) contained 
a single pair of primary reproductives (Figure 1B–D).
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3.2  �Queen-specific volatile in body washes

Details of the typical chromatograms of the volatile frac-
tion obtained by GC × GC-TOFMS analyses of hexane body 
washes of primary queens, kings, eggs, and workers 
of the four studied species are depicted in Figure 2. The 
chemical profiles of the primary queens of all studied 
colonies of the four species were dominated by one major 
chromatographic peak with the KI = 1566. Based on the 
retention time and EI mass spectra, the same compound 
was observed in smaller or trace amounts in the chemi-
cal profiles of eggs of the four species. It was also present 
in large quantities in the body washes of mature phy-
sogastric neotenic queens of E. neotenicus in all studied 
colonies of this species, while it only occurred as a small 
peak in young, pigmented but non-physogastric neotenic 
queens, and it was absent in non-pigmented neotenic 
queens, shortly after their moult from nymphs (Figure 3). 
This suggests that the production of the volatile is corre-
lated with the sexual maturity of the queens. By contrast, 

the corresponding peak was absent in all other analysed 
castes, i.e. primary kings, workers, and soldiers, of all four 
species.

Besides the volatile fraction, the hexane body washes 
of different castes in all four species also contained spe-
cies-specific series of CHCs. We studied in detail the CHC 
profiles in all castes including reproductives at different 
stages of sexual maturity in E. neotenicus. The CHCs in 
this species were identified as consisting of unexpectedly 
long unbranched or branched, saturated or unsaturated 
CHCs, having 35–41 carbon atoms. A chromatogram of 
the GC elution pattern of E. neotenicus CHCs and the 
queen-specific volatile is shown in Figure S1 (see Sup-
plementary Material). This figure also documents the 
quantitative dominance of the queen-specific volatile 
when compared to the CHCs as constitutive part of the 
epicuticular lipids. Identity, quantitative and qualitative 
caste specificity of E. neotenicus CHCs and their possible 
role in contact queen signalling will be presented else-
where [30].

Figure 1: Photographs of reproductives of the four species investigated in this study. E. neotenicus, primary king and neotenic queens 
(A); S. heyeri, primary king and primary queen (B); L. labralis, primary king and primary queen (C); and C. angulariceps, primary king and 
primary queen (D). Abbreviations: primK, primary king; primQ, primary queen; neoQ, neotenic queens. Scale bars represent 5 mm.
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3.3  �Identification of the queen-specific 
compound

KI retention index 1566 and EI mass fragmentation 
(Figure 4) of the queen- and egg-specific compound were 
matching with those of (E)-nerolidol, reported in the lit-
erature and libraries of mass spectra (e.g. [31], NIST Mass 
Spectral Library, NIST#: 108468). This identification 
was confirmed by empirical comparison of the retention 
behaviour and mass fragmentation of the commercially 
available (E)-nerolidol.

The absolute configuration at the single chiral centre 
has been established by comparison of the purchased 
standard (3S,6E)-nerolidol with the natural compound 
from the body washes of E. neotenicus neotenic queens 
using a chiral GC analysis. We observed a clear shift in 
the retention times between the two analytes (Figure 5). 
From the previously reported elution order of the two 
(E)-nerolidol enantiomers on β-cyclodextrin column 

(R followed by S) (e.g. [32, 33]), we concluded that the 
natural compound may likely be (3R,6E)-nerolidol. To 
confirm this identification, we decided to prepare the 
(3R,6E)-nerolidol.

3.4  �Enantiodivergent synthesis of 
(3R,6E)-nerolidol

(3R,6E)-nerolidol was prepared in two steps according to 
slightly modified literature procedures [24, 26]. The key 
step of the enantioselective synthesis is asymmetric Sharp-
less epoxidation of (2E,6E)-farnesol by t-butyl hydroperox-
ide in the presence of diethyl (−)-tartrate and titanium(IV) 
isopropoxide. This reaction was first produced in accord-
ance with the published procedure [24], but due to a 
low conversion of the starting material (about 50%), we 
extended the reaction time from 1 to 8 h and increased tem-
perature from −50 °C to 0 °C. This led to an almost complete 
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transformation and allowed an isolation of a sufficient 
amount of the desired (2R,3R)-epoxyfarnesol. The next 
step was supposed to be the conversion of epoxyfarnesol 
to the corresponding triflate and a reduction of the epoxide 

by activated zinc powder and acetic acid [24]. Because the 
authors do not mention which of the multiple ways of zinc 
powder activation [34] they employed, we attempted the 
activation by TMSCl addition [35] or by stirring with diluted 
HCl to remove oxides from the surface [34]. The reaction of 
triflate with inactivated zinc powder led only to the isola-
tion of epoxyfarnesol, and both experiments with activated 
zinc provided only the decomposed starting material. 
Therefore, we changed the strategy and decided to reduce 
epoxyfarnesol by telluride ion, as this approach was also 
previously successfully applied in nerolidol synthesis [26]. 
Epoxyfarnesol was converted to tosylate, and the crude 
product was directly reduced by telluride ion generated in 
situ from tellurium and rongalite (sodium hydroxymethyl-
sulphinate). The desired (E)-nerolidol was obtained in 63% 
yield. Chiral GC analysis of the isolate revealed that it con-
tained 96% of (3R,6E)-nerolidol and 4% of the (S) enanti-
omer (Figure 5). The synthesis is summarised in Scheme 1. 
Chiral GC comparison showed a perfect match of retention 

A B

Figure 4: Mass spectrum of the queen-specific compound. Electron ionisation mass spectra of the queen-specific peak detected in the body 
washes of E. neotenicus neotenic queens (A) and of the synthetic (3R,6E)-nerolidol (B).
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Figure 5: Assignment of the stereochemistry of the studied 
compound. Chiral GC separation of (3S,6E)-nerolidol, (3R,6E)-
nerolidol and the natural compound from the body washes of 
E. neotenicus neotenic queen.
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Scheme 1: Synthesis of (3R,6E)-nerolidol: a: t-BuOOH (2.2 eq.), diethyl (-)-tartrate (1.1 eq.), Ti(Oi-Pr)4 (1.05 eq.), DCM, −50 °C to 0 °C, 6 h; b: 
TsCl (1.1 eq.), DMAP (0.03 eq.), TEA (1.5 eq.), DCM, 0 °C to r.t., 18 h; c: Te (2 eq.), rongalite (12 eq.), 1M NaOH, 50 °C, 2 h; then tosylate, THF, 
r.t., 4 h.
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times of the natural compound and the synthetic (R) enan-
tiomer, allowing us to confirm the proposed identity of the 
natural compound as (3R,6E)-nerolidol (Figure 5).

3.5  �Production site of (3R,6E)-nerolidol, 
its distribution, and secretion to the 
headspace

Our observations on external anatomy and histological 
sections of E. neotenicus neotenic queens did not reveal 
any specific secretory organ responsible for the produc-
tion of nerolidol. Therefore, we used four different chemi-
cal analyses to localise the production and secretion of the 
compound by E. neotenicus neotenic queens.

First, we analysed the presence of the compound in 
the headspace of neotenic queens and other castes for 
comparison. We detected significant quantities of the 
compound in queen samples and a small amount also in 
the samples of eggs after 120 min of headspace extraction 
using SPME, while in the primary king, workers, soldiers, 
and nymphs, the compound was not detected (Figure 6). 
In some headspace samples, we detected also a few other 
queen-specific analytes, namely one to four isomers of 
the sesquiterpenes α- and β-farnesene (Figure 6). These, 
however, were not systematically present in all queen 
samples. The quantity of (3R,6E)-nerolidol secreted by 
one queen to the headspace during 6 h of sampling has 
been estimated to be 132 ± 17 ng.

Second, using the contact SPME sampling of the 
body surface, we detected comparable quantities of 
the compound on both ventral and dorsal side of the 
abdomens of the queens, suggesting that the compound 
is likely released through epidermis onto the cuticu-
lar surface. In control workers, the compound was not 
detected.

Third, the DAPPI scanning of the body of queens 
confirmed the relatively homogeneous distribution of 
the compound over the ventral and dorsal surface of the 
abdomen and thorax of the queens (Figure 7). We did not 
observe any dramatic gradient in signal intensity over the 
abdominal surface, which would signal an eventual pro-
duction or storage of the compound in a specialised secre-
tory organ on the abdomen.

And fourth, we analysed the dissected body tissues 
of the queens (head + thorax, digestive tube, gonads, and 
abdominal cavity). (3R,6E)-nerolidol was detected in all 
analysed tissues, in quantities of 9.9 ± 5.8 ng (mean ± SD, 
n = 3) in the head and thorax, 14.3 ± 6.2 ng in the diges-
tive tube, 38.2 ± 17.7 ng in the gonads, and 172 ± 81.5 ng 
in the abdominal cavity (containing a portion of body 

haemolymph) per one queen (n = 3). In the haemo-
lymph, the quantity of the compound was estimated to be 
19.3 ± 7.4 ng/μL (n = 3).

3.6  �Perception of (3R,6E)-nerolidol and 
(3S,6E)-nerolidol by workers

The EAG analyses indicated that both tested enanti-
omers of (E)-nerolidol are perceived by the antennae 
of E.  neotenicus workers when compared to control air 
and solvent stimulations. Along the gradient of increas-
ing tested doses of the two compounds, we observed an 
increase in the antennal responses of the workers. At the 
same time, for each tested dose, the response to the (R) 
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enantiomer was significantly higher than that to the (S) 
enantiomer (Figure 8).

4  �Discussion
In the present article, we show that mature primary 
queens of higher termites from the neotropical subfam-
ily Syntermitinae (E. neotenicus, S. heyeri, L. labralis, and 
C. angulariceps) emit large amounts of the sesquiterpene 
alcohol (3R,6E)-nerolidol. This compound represents the 
dominant analyte in the solvent body washes of queens, 
analysed by GC-MS, and can be found in smaller amounts 
also on the surface of eggs laid by these queens. By con-
trast, the compound has not been detected in the body 
washes of other castes, i.e. the primary kings, the workers, 
and the soldiers.

The same compound was also found to be produced 
in large quantities by the replacement neotenic queens 
of E. neotenicus. Because the colonies of this species 
contain a harem of many neotenic queens, we were able 
to perform detailed analyses of the distribution and quan-
tity of (3R,6E)-nerolidol using these multiple neotenic 
females, which would not be possible in species having 
only a single primary queen in their colonies. We have 
shown that the queens produce only the (R) enantiomer 
of nerolidol and confirmed its identity using newly pre-
pared (3R,6E)-nerolidol. We observed that the compound 
is secreted in maximum quantities by mature physogas-
tric neotenic queens, only in small amounts by young 
non-physogastric queens and that it is absent in neotenic 
females freshly moulted from nymphs, which shows that 
its production is linked with the fertility status of the 
queens. The compound is gradually released to the head-
space of the queens in quantities of tens of nanograms per 
hour. Our observations did not reveal any specific exo-
crine organ responsible for (3R,6E)-nerolidol production. 
Instead, the compound is distributed homogeneously over 
the ventral and dorsal surfaces of the queen’s abdomen, 
and it is present also in internal tissues (ovaries, digestive 
tube). It is also present in the haemolymph of the queens. 
And finally, we demonstrated that both (R) and (S) enan-
tiomers are perceived by the antennae of E. neotenicus 
workers and that at all doses used the naturally occur-
ring (R) enantiomer elicited a significantly larger response 
than the (S) enantiomer.

Identification of the sesquiterpene alcohol (3R,6E)-
nerolidol as a queen-specific volatile in the four studied 
species from the subfamily Syntermitinae is in line with 
the expectation that queens of higher termites should 
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produce volatiles as long-range signals of their presence 
to their nestmates [3, 17]. The quest for queen-specific 
volatiles in higher termites was prompted by the descrip-
tion of volatile emissions of queens of the lower termite 
R. speratus. The volatile blend revealed to serve as a 
multifunctional pheromone, inhibiting the reproduc-
tion of nestmates (primer pheromone function) and 
attracting the workers (recognition function), while also 
having antifungal properties [13, 14, 17]. Himuro et al. [19] 
reported phenylethanol as the queen-specific volatile in 
N. takasagoensis from the advanced higher termite sub-
family Nasutitermitinae. We observed phenylethanol as a 
queen-specific analyte in another species from the same 
subfamily, Constrictotermes cavifrons (unpublished). This 
suggests that the “queen compounds” may be relatively 
conserved within individual lineages as is also indicated 
by the identification of (3R,6E)-nerolidol in four different 
genera of the subfamily Syntermitinae, reported here.

By contrast, we recently described a different queen- 
and egg-specific volatile in another species from this 
subfamily, S. minutus, i.e. the macrolide (5Z,9S)-tetradec-
5-en-9-olide [20]. The compound is unrelated to (E)-nero-
lidol by its structure and expected biosynthetic origin, the 
former likely arising through cyclisation of hydroxyacid 
precursors [36], while the latter being presumably derived 
from the terpenoid biosynthesis pathway, ubiquitous in 
insects and responsible, among others, for the synthesis 
of the sesquiterpenoid juvenile hormone [37]. In other 
aspects, the occurrence of (5Z,9S)-tetradec-5-en-9-olide in 
S. minutus shows striking similarities with that of (3R,6E)-
nerolidol in E. neotenicus. Also in S. minutus, the primary 
queen is replaced early in the colony life cycle by multi-
ple neotenic queens [38], and the queen-specific com-
pound is present in large quantities in both queen types 
and eggs. The quantity of tetradecenolide released by the 
queens increases along with their sexual maturation; the 
compound was the dominant analyte in the headspace 
of the queens and was detected in large amounts in the 
internal organs (ovaries, body cavity). We did not observe 
any direct impact of tetradecenolide on the behaviour of 
the sterile colony members. Unfortunately, we were not 
successful in testing the possible long-term effect of the 
compound on the physiology and development of the 
nestmates due to difficulties of experimental manipula-
tions with soil-feeding higher termites outside their nests 
[20], as also observed for other higher termites [17, 19].

The biological function of (3R,6E)-nerolidol in the 
four species studied here remains elusive for the moment. 
Because the volatile queen pheromone identified in 
Reticulitermes not only serves as the inhibitor of neotenic 
development, but is also attractive to workers [13], we 

first tested the possible behavioural function of the com-
pound. The encouraging EAG data on the perception of 
both (E)-nerolidol enantiomers by the workers and a pref-
erence for the native (R) enantiomer prompted us to apply 
experimental protocols successfully used in our previous 
studies [28, 39] to test the influence of the compound on 
attraction, trail-following and arresting behaviours of the 
workers. Yet, we did not observe in these experiments 
any behavioural effect that may indicate a possible role in 
queen (and/or egg) recognition and attractiveness, when 
the compound was tested over the range of biologically 
relevant doses. The principal candidate role of (3R,6E)-
nerolidol is to serve as a primer pheromone inhibiting the 
reproductive potential of nestmates. It is especially plausi-
ble in E. neotenicus, in which the primary queen is system-
atically replaced by neotenic queens. Their development 
from nymphs and sexual maturation is supposed to be 
accelerated in the absence of the fertile primary queen as 
has been observed in the related S. minutus with similar 
breeding system [20, 38]. Unfortunately, so far we were not 
successful in our attempts to design a long-term experiment 
to test the compound’s capacity to suppress or slow down 
the development of female nymphs into neotenic females, 
due to the low survival rate of this soil-feeding species in 
the laboratory. While intact portions of the soil-made nest 
survive well for several months in the laboratory, their dis-
section or fragmentation leads to a rapid decline of the 
population, which hampers the experiments with termite 
groups, such as those used to test the queen pheromone in 
the wood-feeding R. speratus [13]. These experiments may 
eventually prove successful when performed with freshly 
collected colonies in their natural climate.

In spite of these technical difficulties, the possible role 
of (3R,6E)-nerolidol in the signalling as a primer phero-
mone deserves to be rigorously tested, because it repre-
sents an ideal candidate for an “honest signal” of fertility 
that may act as mid- or long-range signal. It has optimal 
physicochemical properties and serves as a semiochemical 
of insects and vertebrates [e.g. 40–43]. At the same time, 
its biosynthesis likely shares the common precursors with 
that of the juvenile hormone, which is required for insect 
female maturation and which is produced in large quan-
tities by fertile termite queens [44]. However, alternative 
functions of nerolidol should also be considered as the two 
stereoisomers of this abundant sesquiterpenoid have been 
documented to exhibit a wide range of biological activi-
ties, including antioxidant, antibacterial, and antifungal 
effects (reviewed in [45]). Some of these properties may 
be ancestral adaptive functions of the compound. This is 
the case for the single termite volatile primer pheromone 
described so far in R. speratus, which is supposed to be an 
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egg-protection agent, only later co-opted for the secondary 
function in queen fertility signalling [3, 17].
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