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Abstract Establishment and maintenance of the reproduc-

tive division of labor within social insect colonies relies on

clear communication between nestmates. Fertile members

convey their status to prevent others from becoming repro-

ductively active. Recent findings in some basal termites

indicate that cuticular hydrocarbon profiles may indicate

reproductive state, but there is little evidence to show a

direct link between reproductive status and hydrocarbon

production—a prerequisite for an ‘‘honest’’ fertility signal.

Here, we report that the putative signaling mechanism is

influenced by juvenile hormone (JH), a primary regulator of

gonadal development and activity in insects. Topical appli-

cation of a JH-analog (pyriproxyfen) to reproductively

inactive alates of the basal dampwood termite Zootermopsis

nevadensis induced both females and males to express sig-

nificantly more of a reproductive-specific hydrocarbon

(6,9,17-tritriacontatriene). However, the JH-analog did not

significantly enhance gonadal development or activity in

treated termites beyond what is usually observed in maturing

alates released from the inhibitory stimuli of their natal nest.

These results suggest that a rise in JH following disinhibition

drives the expression of reproductive-specific hydrocarbons,

but that an individual’s hydrocarbon profile is not directly

linked to its gonadal state. Rather than directly driving the

expression of reproductive-specific hydrocarbons, the

gonads may act indirectly through their influence on circu-

lating JH.

Keywords Cuticular hydrocarbons � Fertility signaling �
Gonads � Juvenile hormone � Termites

Introduction

Within the eusocial insects, signals of fertility status are

used to maintain a reproductive division of labor, ensuring

that only one or a few individuals in a colony reproduce,

while the rest serve as a functionally sterile workforce

(Wilson 1971; Gadagkar 1994; Sherman et al. 1995). The

current model suggests that functional reproductives pro-

duce a chemical signature linked with their fertility (Heinze

2004; Monnin 2006; Le Conte and Hefetz 2008; Peeters

and Liebig 2009; Liebig 2010; Van Oystaeyen et al. 2014;

Bagnères and Hanus 2015), and that this chemical signa-

ture prevents other colony members from reproducing via

self-regulated inhibition (Seeley 1979, 1985; Keller and

Nonacs 1993). The means by which the production of such

fertility signals is coordinated with an individual’s repro-

ductive status remains to be fully elucidated, but

elucidation of this mechanism is crucial to understanding

how a stable reproductive division of labor might have

evolved in social species.

For basal termites, cuticular hydrocarbons appear to be a

major conduit of information needed for colony organiza-

tion. At a rudimentary level, hydrocarbon profiles appear to

encode species and colony identity (Howard et al. 1982;

Haverty et al. 1988; Howard and Blomquist 2005). Within

the colony, individual profiles appear to convey caste-
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(Sevala et al. 2000; Klochkov et al. 2005; Darrouzet et al.

2014) and gender-specific (Bordereau et al., 2010) infor-

mation. Recently, reproductive-specific hydrocarbons have

been identified in Cryptotermes secundus (Weil et al. 2009)

and Zootermopsis nevadensis (Liebig et al. 2009, 2012).

These compounds may play a role as primer pheromones,

ensuring that nestmates do not develop into supernumerary

reproductives in the presence of active kings and queens.

Although there is not yet clear evidence of their impact on

conspecific development in termites, cuticular hydrocarbons

are used for reproductive regulation through fertility sig-

naling in a number of ant species (Endler et al. 2004; Smith

et al. 2009; Holman et al. 2010; Smith et al. 2013; Van

Oystaeyen et al. 2014). Similar patterns in other eusocial

Hymenoptera suggest a widespread use of such hydrocar-

bon-based signals (Monnin 2006; LeConte andHefetz 2008;

Peeters and Liebig 2009; Liebig 2010; Van Oystaeyen et al.

2014). There is also evidence that removal of individuals

bearing reproductive-specific hydrocarbons quickly evokes

a pronounced behavioral response in Z. nevadensis larval

helpers, suggesting that they are attuned to the chemical

signatures of their nestmates (Penick et al. 2012).

To establish that the identified hydrocarbons signal

reproductive status, it is necessary to show a mechanistic

connection between signal production and reproductive

activity. Crucial to both insect reproduction and the

expression of cuticular hydrocarbons is the activity of the

neuroendocrine system, with juvenile hormone (JH) playing

a central role. In termites, JH is involved in determining an

individual’s reproductive fate (Lüscher 1972; Wanyonyi

1974; Yin and Gillot 1975; Lenz 1976; Okot-Kotber 1982;

Okot-Kotber and Prestwich 1991a, b; Miura et al. 2003;

Scharf et al. 2005a; Cornette et al. 2008; Elliott and Stay

2008; Korb et al. 2009a; Leniaud et al. 2011), and this hor-

mone also appears to be associated with gonadal activity

(Greenberg and Tobe 1985; Brent et al. 2005, 2006; Scharf

et al. 2005a; Elliott and Stay 2007; Saiki et al. 2015).

Cockroaches, which belong to the same group as termites

(Kambhampati 1995; Thorne 1997; Inward et al. 2007), also

use JH to regulate gonadal activity (Engelmann 1959; Stay

et al. 1980; Koeppe 1981; Koeppe et al. 1985; Schal et al.

1997), and to stimulate hydrocarbon synthesis, storage and

transport to the cuticle (Schal et al. 1994; Fan et al. 2002;

reviewed in Tillman et al. 1999; Schal et al. 2003). Although

the specific relationship between JH, gonadal activity, and

hydrocarbon expression remains to be elucidated in termites,

we anticipate that the association follows a pattern similar to

that of the cockroaches.

In Zootermopsis alates, the winged imagoes that found

new colonies, JH titers remain high so long as alates

remain in their natal nest exposed to stimuli inhibiting

reproductive maturation. A few days after an alate has been

separated from the inhibitory stimuli and paired with a

mate, JH production drops sharply and remains low for

more than a month (Brent et al. 2005). Subsequently, JH

release increases, corresponding with an increase in

gonadal activity (Brent and Traniello 2001a, b). During this

transition, females and males begin to express reproduc-

tive-specific cuticular hydrocarbons, namely alkadienes

and alkatrienes (Liebig et al. 2009, 2012). In transcriptomic

analyses, mRNA reads of an elongase and a desaturase,

both needed for the production of long-chained alkadienes

or alkatrienes, were most expressed in reproductive males

and females (Terrapon et al. 2014). Of the four such

compounds identified, 6,9,17-tritriacontatriene has the

most pronounced peak in the cuticular hydrocarbon profile.

The expression level of these compounds was found to be

positively associated with gonadal development, at least for

males (Brent et al. 2005). Collectively, these data suggest

that there is at least a correlational relationship between JH

titer, gonadal activation and hydrocarbon expression.

However, further evidence is needed to establish a clear

regulatory link between reproductive state and odorant

profile before any conclusions can be drawn about the role

of these hydrocarbons as a fertility signaling mechanism.

Accordingly, the current study was undertaken to investi-

gate the role that JH may have in linking the expression of

the reproductive-specific cuticular hydrocarbon with

gonadal development in females and males of Z.

nevadensis.

Methods and materials

Animals

Colonies of Zootermopsis nevadensis were collected in

Pebble Beach near Monterey, California in 2009. Collec-

tion location and the cuticular hydrocarbon profiles of the

colonies indicate that they belong to the subspecies nuttingi

(Haverty and Thorne 1989). Colonies were extracted from

wood logs in the laboratory and transferred into nests

consisting of several pre-cavitated 5-mm-thick layers of

moistened Spruce Pine (Pinus glabra) sheets that were

bolted together. This allowed ready access to the termites

by disassembling and subsequently reassembling the wood

nest. Nests were periodically sprayed with ddH2O to

maintain moisture, and were kept in transparent plastic

boxes under a 12L:12D light cycle at 25.2 �C.

Hormone treatment and experimental conditions

Alate females and males were collected from 16 laboratory

stock colonies. Because alates turn dark brown as their

cuticle becomes sclerotized following their imaginal molt,

choosing alates with similarly dark pigmentation
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minimized pretreatment developmental differences.

Zootermopsis alates maintained in their natal nest have

inhibited gonadal development and refrain from oogenesis

(Castle 1934; Brent and Traniello 2001a), and they do not

express reproductive-specific hydrocarbons (Liebig et al.

2009). Only once they are removed from stimuli produced

by functional reproductives and other alates will they

complete their maturation. Therefore, prior to treatment,

alates were separated from the colony, and held in plastic

containers with moistened tissue paper for 7–10 days. This

period has been found to be sufficiently long to induce

development toward a fertile state (Brent et al. 2005).

Subsequently, the alates were gently dealated by folding

their wings anteriorly over the wing suture. They were then

treated once with either 10 lg of the juvenile hormone

analog (JHA) pyriproxyfen (technical grade, 98.9 %;

Syngenta, Greensboro, NC, USA) dissolved in 1 ll acetone
(Sigma-Aldrich, St. Louis, MO), or with 1 ll acetone only

(control). Topical applications were made to the dorsal

abdomen 3 using 5-ll graduated glass pipettes. Pyriprox-

yfen was chosen for its demonstrated effects on termite

development (Ogino et al. 1993; Miura et al. 2003; Scharf

et al. 2003), and its long-term pharmacological activity

in vivo. This latter quality permitted use of a single high-

dosage application, whereas use of JHIII, the primary

homolog in Zootermopsis (Meyer et al. 1976; Greenberg

and Tobe 1985; Brent et al. 2005), or a short-lived JH-

analog, like methoprene, would have necessitated multiple

periodic topical applications. Repeated disturbances can

have stress effects on development and hormone levels,

with potential to negatively impact fertility and hydrocar-

bon expression.

After treatment, heterosexually paired individuals that

had both received the same treatment were placed in clear

circular plastic boxes (diameter 50 mm) containing a

pinewood ring (diameter 45 mm, height 6 mm) and a piece

of paper towel. The wooden ring had a central hole (di-

ameter 27 mm) to serve as a nesting chamber and had been

presoaked in water for a minimum of 24 h. The ring and

paper towel were moistened as needed. The rearing

chambers were kept under the same ambient conditions as

the stock colonies. Different subsets of the treated indi-

viduals were collected at 10, 30 and 50 days after the start

of the experiment to assess their hydrocarbon profile. To

avoid sampling bias, the individuals used for each day and

treatment condition were drawn from between 6 and 10

stock colonies. The females and males examined after

50 days were also dissected to assess reproductive devel-

opment. The experiment was limited to 50 days, because

that duration is normally sufficient for Zootermopsis pri-

maries that have been recently released from reproductive

inhibition to become mature enough to produce gametes

and mate (Heath 1903; Castle 1934; Greenberg and Stuart

1979; Brent and Traniello 2001a, b, c). At the time of

sampling, neither eggs nor any larvae were found in the

nest boxes or the wood.

Analysis of cuticular hydrocarbon patterns

and gonad development

The hydrocarbon profiles of females and males were

obtained by hexane extraction. The whole insect was gently

shaken in a Teflon-capped 2-ml borosilicate glass vial con-

taining 100 ll hexane (Sigma-Aldrich, St. Louis, MO) for

2 min. One-ll aliquots of the hexane extracts were injected

into an Agilent 6890N GC (Agilent, Santa Clara, CA, USA)

coupled with an Agilent 5975 Mass Selective Detector,

operated in the electron impact ionization mode. The GC

was operated in splitless injection mode with helium as

carrier gas at 1 ml min-1 flow rate. It was fitted with a

30-m 9 0.25-mm (ID) 9 0.1-lm DB-1MS non-polar col-

umn (Agilent). The oven temperature was programmed to

rise from 60 to 200 �C at 40 �C min-1 after an initial delay

of 2 min including a splitless time of 0.5 min. Subsequently,

the temperature rose from 200 to 320 �C at 5 �C min-1.

Injector temperature was 260 �C, MS quad 150 �C, MS

source 230 �C, and transfer line 300 �C. For the comparison

of peak areas, we standardized to 100 % the sum of the

major four peaks of the termite cuticular hydrocarbon profile

(C21, C23:2, C23, and C25), and calculated the relative

amount of 6,9,17-tritriacontatriene in each sample as a

percentage. Tritriacontatriene was previously identified as

being the most prevalent of four reproductive-specific

hydrocarbons, which makes it the most reliable indicator

compound (Liebig et al. 2009, 2012). The remaining three

reproductive-specific peaks are generally expressed at much

lower levels (Liebig et al. 2009). In this experiment, 6,9-

nonacosadiene and 6,9,17-dotriacontatriene were below

detection limits and 6,9-hentriacontadiene only rarely rose

above detection limits.

After being subjected to hexane washing, test individ-

uals from 50 days post-treatment were stored in 50 %

ethanol until they could be dissected under a stereomicro-

scope to determine gonadal development. The ovaries were

assessed by counting the total number of functional ovar-

ioles and the number of vitellogenic terminal oocytes, as

described in Brent and Traniello (2001b). Ovarioles were

considered functional if they were not filamentous and

contained oocytes at some stage of development. Oocytes

were considered vitellogenic if yolk protein could be

observed and the volume equaled or exceeded 0.01 mm3

(Hewitt et al. 1972; Brent and Traniello 2001b). Male testis

diameter, an indicator of sperm production capacity (Brent

and Traniello 2001a), was measured using an ocular

micrometer. Dissections were conducted blind to the

treatment group.

Induction of a reproductive-specific cuticular hydrocarbon profile by a juvenile hormone… 197

123



Statistical analyses

The association between JHA treatment and the occur-

rence of the reproductive-specific hydrocarbon was

investigated using a generalized linear mixed model

(Baayan 2008) with binomial error structure and logit link

function. The model was fitted in R (R Development Core

Team 2009) using the function lmer of the R-package

lme4 (Bates and Maechler 2010). For the analysis, a trial

was treated as a qualitative success if at least one of the

members of the pair had a detectable 6,9,17-tritriaconta-

triene peak; replicates in which only one individual

survived were excluded from the analysis. Treatment,

collection day, and their interaction were included in the

model as fixed factors, while colony was included as a

random effect. Collection day was z-transformed before

loading the model. We began with a random effects

structure that accounted for random intercepts, random

slopes, and a correlation between them. Variance inflation

factors were derived using the function ‘vif’ of the

R-package car (Fox and Wiesberg 2011) applied to the

standard linear model excluding the random effect. VIFs

were moderately high (mean = 2.56, maximum = 3.37).

Model stability was evaluated by excluding cases one by

one and comparing the estimates derived from the

reduced models with those obtained for the full model.

One influential case was found to exist: a day-10 female

in the control condition was found to express the 6,9,17-

tritriacontatriene peak. Since this case was conservative

with regards to our hypothesis, it was not removed from

the model. After checking the assumptions, we evaluated

the model’s random effects structure by sequentially

comparing the full model with a reduced model using

likelihood ratio tests; no significant differences were

detected between the models, and thus, we used the

simplest model, which included only random intercepts.

As an overall test of the effect of treatment, we used a

likelihood ratio test comparing the full model with a null

model comprising only the fixed effect of collection day

and the same random effects structure. After assessing the

significance of the full model, we assessed the signifi-

cance of the interaction term. It was found to be non-

significant and was, therefore, removed from the model to

allow direct interpretation of the main effects. Inter-gen-

der comparisons of peak expression were not performed

due to the non-independent nature of the data collected.

Comparisons of gonadal development (numbers of

ovarioles and vitellogenic oocytes; testis diameter)

between treatments were made by a nested ANOVA with

treatment as the fixed factor since surviving individuals

were composed of cohorts from different colonies. STA-

TISTICA 7.1 (StatSoft Inc, Tulsa, OK) was used for

analysis.

Results

Overall, expression of the 6,9,17-tritriacontatriene peak

was significantly affected by treatment and collection time

(10, 30 or 50 days) (Table 1). JHA application was con-

sistently associated with expression of the peak (Fig. 1).

After 10 days, traces of the reproductive-specific peak

Table 1 The effects of collection day (10, 30, or 50 days) and

treatment (JHA or acetone) on the presence of the fertility peak

(6,9,17-tritriacontatriene) in at least one of the two individuals in a

pair of Z. nevadensis

Fixed effects Estimate SE z value P

Intercept -2.36 0.60

Collection day 1.24 0.42 2.96 0.003

Treatment 3.48 0.85 4.08 \0.001

Fig. 1 Relative areas of the main reproductive-specific peak (6,9,17-

tritriacontatriene), after standardizing to 100 % the sum of four

associated peaks, for female and male primary reproductives of Z.

nevadensis sampled 10, 30 and 50 days after being removed from

their natal nest and treated with either an acetone solvent control or a

juvenile hormone analog (JHA). The medians, interquartile ranges,

90th and 10th percentiles (error bars), and maxima (closed circles)

are indicated. Note the twofold larger scale used for males. Samples

sizes ranged from 7 to 16
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were found in 29 % of combined JHA-treated males and

females, but in only 4 % of the controls. By day 50, 88 %

of JHA-treated individuals expressed the peak, in contrast

to the 22 % of control individuals (Table 2). In addition to

occurring more frequently, the amount of 6,9,17-tritria-

contatriene as a proportion of our four reference peaks also

increased over time in the JHA-treated individuals (Fig. 1).

While the median percentage at day 10 was 0, by day 50, it

had increased to 0.29 and 0.46 % in JHA-treated females

and males, respectively. During this same period, the

maximum amounts increased more strongly, from 0.51 to

3.87 % in females, and from 0.37 to 10.05 % in males. In

contrast, the maximum percentage of this hydrocarbon

peak for acetone-treated individuals rose to no higher than

0.17 % by day 50 (Fig. 1).

Although JHA enhanced the production of 6,9,17-tri-

triacontatriene in both sexes, there was no or little effect of

the juvenoid on gonad development. After 50 days, treat-

ment did not influence either the number of active ovarioles

(Nested ANOVA; F = 2.42; df = 1, 18; P = 0.13) or

vitellogenic oocytes (Nested ANOVA; F = 2.48; df = 1,

18; P = 0.14) present in the ovaries (Fig. 2). The median

diameters of the testes of JHA-treated males were 25 %

larger than those of the control group, but the difference

was not statistically significant (Nested ANOVA;

F = 3.32; df = 1, 15; P = 0.09; Fig. 3).

Discussion

The increased expression of a reproductive-specific

hydrocarbon by both males and females in response to JHA

application suggests a causal relationship, where JH may

be a key component in driving signal production. The

temporal pattern of the production of this hydrocarbon

suggests that JH does not directly influence its biosynthe-

sis. JH may rather induce the production of other

Table 2 The occurrence of a reproductive-specific compound

(6,9,17-tritriacontatriene) in female and male primary reproductives

of Z. nevadensis after topical treatment with an acetone solvent

control or a juvenile hormone analog (JHA). Individuals were

examined at 10, 30 and 50 days after being treated

Female Male

JHA Acetone JHA Acetone

Day 10

Present 3 1 5 0

Absent 11 11 9 12

Day 30

Present 5 0 6 0

Absent 2 7 1 7

Day 50

Present 11 4 12 3

Absent 2 12 1 13

Fig. 2 Number of ovarioles per ovary and vitellogenic oocytes in Z.

nevadensis females 50 days after treatment with either a control

solvent (n = 21) or JHA (n = 11). The medians, interquartile ranges,

90th and 10th percentiles (error bars), and maxima (circles) are

indicated. There was no difference in the distribution between

treatments for either trait (Nested ANOVA, P = 0.14 and P = 0.13)

Fig. 3 Testis diameter of Z. nevadensis males 50 days after treatment

with either a control solvent (n = 20) or JHA (n = 9). The medians,

interquartile ranges, 90th and 10th percentiles (error bars), and

maxima (open circles) are indicated. The difference between

treatments was not significant (Nested ANOVA, P = 0.09)
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biosynthesis-affecting factors that are potentially associ-

ated with the activation of the gonads. This association is

suggested by the long delay observed between JHA

application and the expression of the hydrocarbon peak.

Even though at 30 days, there was already a significant

effect in hydrocarbon expression, the reproductive-associ-

ated peak (for 6,9,17-tritriacontatriene) was very small

(Fig. 1), especially when compared to those of fully mature

and highly fecund reproductives (Liebig et al. 2009).

However, the median expression level increased 3–7-fold

over the next 20 days. This enhanced expression coincides

with the normal start of gonadal activity (Brent and Tra-

niello 2001a, b, c), which in our experiment was evident

from the presence of vitellogenic oocytes (Fig. 2) and

testes that were of a larger size (Fig. 3) than is normally

observed in alates at the colony-founding stage (Brent and

Traniello 2001a) in both treatment groups.

There have been few other attempts to characterize the

relationship between reproductive physiology and the

expression of fertility-related hydrocarbons in social

insects. In the epiponine wasp Syneoca surinama, workers

treated with a JH-analog increased ovarian development

and changed their cuticular hydrocarbon profiles toward

those of reproductive workers (Kelstrup et al. 2014). In

contrast to this and our own approach, other studies have

relied upon physiological manipulations that inhibited the

production of a fertility signal. Application of a JHA to

reproductives of the ant Streblognathus peetersi, in which

non-reproductive individuals have a higher JH titer than

reproductives (Brent et al. 2006), reduced the relative

quantities of the fecundity-associated hydrocarbons

(Cuvillier-Hot et al. 2004). In the termite Cryptotermes

secundus, an RNAi-induced knock-down of a reproductive-

specific expressed gene in queens resulted in a worker

behavioral response that is typically produced only with the

loss of queens (Korb et al. 2009b). We now show a rela-

tionship between JH and putative signals of reproductive

status through induction rather than inhibition, which

removes the potential side effects of stress induced by

hormone disruption that could inhibit reproductive activity.

Despite the different approaches taken, each of these

experiments has highlighted the capacity of reproductives

to convey information about their status to nestmates as

well as a connection between physiological factors and

signal production.

Unlike the hydrocarbons, a gonadal response to JHA

was completely absent in the females (Fig. 2) and only

suggestive in the males (Fig. 3). A tight positive associa-

tion between JH and vitellogenin has previously been

observed in termites (Greenberg and Tobe 1985; Scharf

et al. 2005a, b). Increased JH has also been linked with

ovarian development and activity in females of the sister

species Z. angusticollis (Brent et al. 2005), and a recent

study in Z. nevadensis found that JHA did stimulate gonad

activity in a reproductive soldier-like caste (Saiki et al.

2014). However, these studies did not elucidate the specific

nature of the relationship. In the cockroach Diploptera

punctata, JH synthesis is driven by the presence of early

vitellogenic oocytes, but inhibited by relatively mature

oocytes (Rankin and Stay 1984, 1985; Elliott et al. 2006).

A similar pattern has been observed for Reticulitermes

flavipes neotenic reproductives (Elliott and Stay 2007) and

may be consistent across the termites. Ovarian control of

circulating JH would ensure that the fat body produces

vitellogenin only when the oocytes are ready to incorporate

it. The failure of ovaries of Z. nevadensis females to

respond to JHA may simply be an indication that their

oocytes were not yet sufficiently mature to uptake vitel-

logenin. During the period tested, females were undergoing

major organizational and behavioral shifts as they transi-

tioned from a stage optimized for dispersal to one focused

on egg production. This transition takes several weeks

(Brent and Traniello 2001b, c), during which the female’s

regulatory system is reorganized so that JH goes from

acting as a suppressor of ovarian activity to a facilitator

(Brent et al. 2005). The maturing queen also needs this

time to acquire the resources necessary to produce eggs.

JHA applied prior to this transition in reproductive capa-

bility would not produce any substantive effects on the

ovaries, and if applied too early could even delay repro-

ductive development. Similar developmental constraints

may also limit the male gonadal response, however, more

research is needed before any substantive conclusions can

be drawn.

The disparity between hydrocarbon expression and

gonadal activity in their response to JHA does not rule out

the utility of these compounds for signaling individual

fertility. Indirect links between gonadal development and

signaling of reproductive status have been observed in

other social insects. Decoupling of developmental stage

and hydrocarbon profile has been found in Diacamma

quadriceps (Peeters et al. 1999) and Polistes dominulus

(Sledge et al. 2001). Similarly, topical application of a JHA

can accelerate changes to the hydrocarbon profile of

workers of the ant Myrmicaria eumenoides, but does not

change the speed with which individuals transitioned to the

behavioral stage associated with the new profile (Lengyel

et al. 2007). Alternatively, there may be a more direct link

that our experimental approach failed to reveal. While

JHAs do mimic the effects of JH, they are not completely

interchangeable. Scharf et al. (2003) found that termites

exhibit varied developmental responses when treated with

different JHAs. The juvenoid used here, pyriproxyfen, has

a structure that is quite dissimilar from that of JHIII.

Pyriproxyfen may be effective at modulating some chan-

ges, such as shifting hydrocarbon expression, but may fail

200 C. S. Brent et al.

123



to induce others, such as promoting vitellogenesis. In

addition, the quantity of pyriproxyfen applied may have

been insufficient to influence gonadal development, given

that the effects of this JHA on reproduction are frequently

dosage-dependent (Cusson et al. 1994; Pinto et al. 2000;

Singh and Kumar 2015; Xu et al. 2015).

Collectively, the evidence that JH can induce the

expression of reproductive-specific hydrocarbons, and the

association of that hormone with termite gonadal activity

(Vieau and Lebrun 1981; Greenberg and Tobe 1985; Brent

et al. 2005; Elliott and Stay 2007), supports the idea that

these hydrocarbons inform nestmates of the potential

fecundity of a reproductive. However, definitive proof that

these hydrocarbons can influence the reproductive devel-

opment of nestmates does not yet exist and alternative

mechanisms cannot be excluded. Recently, Matsuura et al.

(2010) and Matsuura and Yamamoto (2011) found a

volatile primer pheromone in Reticulitermes speratus

which was able to inhibit the differentiation of replacement

reproductives. In addition, reproductive-specific external

expression of proteinaceous secretions which might serve

in fertility signaling has been observed in Kalotermes

flavicollis, Prorhinotermes simplex and Reticulitermes

santonensis (Hanus et al. 2010). In addition to testing for

these possible factors, future research will need to clarify

the role of JH in hydrocarbon expression and gonadal

activity before we can truly understand how these com-

pounds might work in conjunction to produce an authentic

fertility signal.
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Conserved class of queen pheromones stops social insect

workers from reproducing. Science 343:287–290

Vieau F, Lebrun D (1981) Juvenile hormone, vitellogenesis and egg

laying in termite Kalotermes flavicollis. CR Acad Sci Ser III

293:399–402

Wanyonyi K (1974) The influence of the juvenile hormone analogue

ZR512 (Zoecon) on caste development in Zootermopsis

nevadensis (Hagen) (Isoptera). Insectes Soc 21:35–44

Weil T, Hoffmann K, Kroiss J, Strohm E, Korb J (2009) Scent of a

queen-cuticular hydrocarbons specific for female reproductives

in lower termites. Naturwissenschaften 96:315–319

Wilson EO (1971) The insect societies. Harvard University Press,

Cambridge

Xu Q, Tang B, Zou Q, Zheng H, Liu X, Wang S (2015) Effects of

pyriproxyfen on female reproduction in the common cutworm,

Spodoptera litura (F.) (Lepidoptera: Noctuidae). PLoS One

10:e0138171

Yin CM, Gillot C (1975) Endocrine activity during caste differen-

tiation in Zootermopsis angusticollis Hagen (Isoptera): a

morphometric and autoradiographic study. Can J Zool

53:1690–1700

Induction of a reproductive-specific cuticular hydrocarbon profile by a juvenile hormone… 203

123


	Induction of a reproductive-specific cuticular hydrocarbon profile by a juvenile hormone analog in the termite Zootermopsis nevadensis
	Abstract
	Introduction
	Methods and materials
	Animals
	Hormone treatment and experimental conditions
	Analysis of cuticular hydrocarbon patterns and gonad development
	Statistical analyses

	Results
	Discussion
	Acknowledgments
	References




