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Tours, France
bEvolutionary Biology & Ecology C.P. 160/12, Université Libre de Bruxelles, Avenue F.D. Roosevelt, 50, 1050 Brussels,

Belgium
cDepartment of Entomology, Michigan State University, East Lansing, MI 48824, USA
�Author for correspondence (email: bagneres@univ-tours.fr)

SUMMARY In termites, the capacity of workers to differ-
entiate into neotenic reproductives is an important char-
acteristic that deserves particular attention. To gain insight
into the differentiation pathway, the potentialities of workers
and the endocrinal changes during the formation of neotenics
were compared in two sympatric termites, Reticulitermes
flavipes and Reticulitermes grassei. After 1 year of develop-
ment, 100% of R. flavipes worker groups produced neotenics
against only 63% of R. grassei groups. The average
production of female neotenics was significantly higher in
R. flavipes worker groups compared with R. grassei groups
and R. flavipes produced a greater proportion of female
neotenics. Moreover, R. flavipes produced more offspring,
not only because there were more females, but also because
R. flavipes females were more productive. Moreover, the

offspring produced by R. flavipes grew faster than the off-
spring of R. grassei. Both ecdysteroid and juvenile hormone
(JH) titers varied significantly during the development of
neotenics. The two species showed similar ecdysteroid titer
variation patterns. However, the JH titer variation patterns
strongly differed: in R. grassei, the concentration of JH
increased in maturing neotenics then dropped in mature
neotenics, whereas in R. flavipes, the level of JH was
significantly higher than in R. grassei and remained con-
stantly high in mature neotenics. Overall, these results
suggest that these two species differ strongly in many life-
history traits as well as in the physiological control of their
caste differentiation system. Possible origins and mecha-
nisms of such interspecific variations are discussed, as well as
their evolutionary and ecological consequences.

INTRODUCTION

Polyphenism is the ability of an organism with a given

genotype to produce multiple discrete alternative phenotypes

by changing from one developmental pathway to another in

response to environmental changes (Nijhout 1999, 2003;

West-Eberhard 2003). Caste polyphenism in social insects is

particularly interesting for studying developmental processes

as it involves multiple phenotypes (i.e., castes) that appear and

interact within the same generation (Wilson 1971a; Oster and

Wilson 1978; Miura 2001; Miyata et al. 2004; Roux et al.

2009; Bourguignon et al. 2009; Korb 2009; Korb et al. 2009a).

Switching mechanisms that determine caste phenotype ex-

pression result in numerous adaptations not only in response

to environmental factors, such as temperature or day length,

but also in response to social interactions among nestmates

(Noirot 1991; Brent 2009; Rueppell 2009; Nalepa 2010).

Although several recent studies provided supporting evi-

dence for the genetic determination of castes in Isoptera

(Hayashi et al. 2007; Matsuura et al. 2009), the classical view

that caste systems result from a differential expression of

genes between castes still prevails (Miura 2001; Scharf et al.

2005b; Zhou et al. 2006b; Korb et al. 2009b). Research has

shown that polyphenism depends on specific mechanisms

which are regulated by variations in hormone secretion

patterns, altered hormone titers, altered hormone response

threshold and changes in the hormone-sensitive period

(Nijhout 2003; Brent et al. 2007). Despite recent advances,

the mechanisms involved in polyphenism still remain unclear

and further research is required.

Caste determination in termites results in a highly plastic

social organization that is an example of larval polyphenism

(Nijhout 2003; Korb and Katrantzis 2004). This system appar-

ently results from specialized regulation of hemimetabolous
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development. Except for primary reproductives, all other

individuals in a termite colony are functionally sterile and

belong to distinct castes (i.e., workers, soldiers, or nymphs).

The developmental pathways are sometimes reversible

(Noirot 1989), and individuals, particularly in basal taxa

such as subterranean termites (family Rhinotermitidae), can

have ontogenic alternatives allowing them to differentiate into

several castes.

After being excluded from the winged pathway, immature

individuals of both sexes can develop into sterile workers,

soldiers, or secondary reproductives (Roisin 2000) (Fig. 1). In

the typical development of a rhinotermitid colony, a single

pair of primary (winged) reproductives founds a colony with a

simple family structure consisting of one queen, one king, and

their offspring. In Rhinotermitidae, primary reproductives

can be supplemented or replaced by one or more phylopatric

secondary reproductives that develop either from nymphs

(brachypterous neotenics) or workers (apterous neotenics)

(Buchli 1958; Pichon et al. 2007; Fujita and Watanabe 2010).

The development of neotenic reproductives within colonies

can have profound consequences on the breeding system and

mode of dispersal of colonies and may, therefore, affect both

the genetic structure and the dynamics of termite populations.

The presence of neotenics increases relatedness and inbreeding

within colonies and may reinforce the genetic differences

between colonies within populations. By generating numerous

offspring, neotenics can also extend the foraging area of the

colonies, which are, therefore, more prone to separate into

several colonies (i.e., founding colonies by budding) (Thorne

et al. 1999; Pichon et al. 2007). Furthermore, the ability of

colonies to develop numerous neotenics may increase their

capacity to colonize and develop into urban areas. However,

the molecular and physiological mechanisms by which

neotenics differentiate from workers are not well understood.

In termites, studies on hormone titers have focused either

on soldier development and/or reproductive physiology (Nijh-

out 2003; Brent et al. 2005, 2007; Elliott and Stay 2007, 2008;

Korb 2009). For example, juvenile hormone (JH) is known to

play a key role in caste polyphenism (Park and Raina 2004;

Mao et al. 2005), especially in caste differentiation into

soldiers (Miura 2001; Scharf et al. 2003; Hartfelder and Emlen

2005) and probably into neotenics (Elliott and Stay 2007,

2008). A small number of studies have focused on ecdyste-

roids (Brent et al. 2005; Brent et al. 2007; Korb et al. 2009a).

However, it is now known that high concentrations of ecdy-

steroids occur in alate adults (Raina et al. 2003), suggesting

that these compounds may play an important role in regu-

lating ovarian development and oogenesis. Despite recent

works in endocrinology and gene expression (Miura 2001;

Scharf et al. 2003; 2005a, b; Miura 2004; Zhou et al.

2006a, b, c), the knowledge of molecular and physiological

processes of caste regulation in termites still remains limited.

Zhou et al. (2006b, c, 2007) identified a hexamerin-based

mechanism in Reticulitermes flavipes, which regulates the

development of alternative caste phenotypes. Nevertheless,

the exact mechanism controlling termite caste regulation re-

mains to be elucidated.

To gain insight into caste polyphenism, the workers’

ontogenic potentialities and the endocrinal changes during the

formation of neotenics were studied and compared in two

Reticulitermes species, Reticulitermes grassei, and R. flavipes.

R. grassei is found in Spain and along the Atlantic coast in

southwest France (Kutnik et al. 2004), whereas R. flavipes

(previously called Reticulitermes santonensis in France) is

native to North America and has been introduced into West-

ern Europe (France and Germany) and South America

(Chile) (Bagnères et al. 1990; Clément et al. 2001; Vieau 2001;

Ye et al. 2004; Austin et al. 2005; Dronnet et al. 2005; Su et al.

2006). These two species live in sympatry along the French

Atlantic coast where their colonies exhibit important differ-

ences in their social organization, behavior, and breeding sys-

tem (Clément and Bagnères 1998; DeHeer et al. 2005;

Dronnet et al. 2005; Kutnik 2005; Perdereau et al. 2010).

Interestingly, the major difference between the two species

concerns their capacity to produce secondary neotenic repro-

ductives. Genetic studies revealed that all French colonies of

R. flavipes produce numerous neotenics whereas these are not

always produce in R. grassei colonies. Furthermore, genetic

analyses showed that the estimated number of neotenics in

R. flavipes colonies was far greater than the estimated number

of neotenics in R. grassei colonies. Although the origin of

the difference in potential for producing neotenics is un-

known, this difference makes comparisons between these spe-

cies valuable.

This study combined population and physiological exper-

iments to compare R. grassei and R. flavipes, in order to gain

a better understanding of the mechanisms underlying neotenic
Fig. 1. Caste differentiation and polyphenic development in Ret-
iculitermes termites (from Buchli 1958; Scharf et al. 2003).
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differentiation in Reticulitermes. The first part of the study

was designed to evaluate the development potential of

Reticulitermes termites using replicated experimental groups

of 500 R. grassei or R. flavipes workers isolated from their

respective colonies over a 1-year period. The workers’ capac-

ity to differentiate into other castes, especially neotenics, was

assessed at both colony and species levels. Based on the find-

ings of a preliminary study using a single colony of each

species (Pichon et al. 2007), the type of neotenic (i.e., apterous

or brachypterous) that differentiated from workers was

also examined and whether regressive molts into the nymph-

al lineage could occur before differentiation into neotenics as

described by Buchli (1958). Finally, the reproductive potential

of neotenics was evaluated by measuring the number of off-

spring produced by each species. The second part of the study

focused on possible underlying physiological mechanisms

implicated in secondary reproductive differentiation in termites.

Radioimmunoassay (RIA) and enzyme immunoassay (EIA)

were used to measure JH and ecdysteroid titers in maturing

neotenics in order to provide insights into differences in devel-

opmental-ontogenic potentiality between the two species.

MATERIALS AND METHODS

Termite collection and rearing
Thirteen colonies of R. flavipes from the Ile d’Oléron (Charente

Maritime, France) and 17 colonies of R. grassei from the forest of

La Coubre (Charente Maritime) were collected during the summer

of 2006. Species identity was confirmed using cuticular hydrocar-

bon profiles (Bagnères et al. 1990; Bagnères et al. 1991). Both

species are well documented in the respective areas where they were

found (Clément et al. 2001). All termites were kept in the piece of

wood where they were living at the time of collection.

Orphaning experiments for ontogenic potentialities
For each species, one to three replicate colonies (i.e., subcolonies)

were prepared, depending on the size of the original colonies, from

six original colonies of R. flavipes and 10 original colonies of

R. grassei (see details in Table 1). Morphological caste phenotypes

were identified by visual examination using a binocular lens. For

each replicate, 500 fifth to seventh instar workers (i.e., the latest

worker stages) were transferred into a LAB3r box (120

mm � 90 � 50 mm, Multiroir3412 Ldt, Perigny s/Yerres, France)

containing 150 g of moist Fontainebleau sand and two pieces of

pinus (Pinus pinaster) wood (4 cm � 4 cm � 1 cm). To ensure an

adequate food supply, pieces of poplar wood were added ad lib-

itum. The relative humidity inside each plastic box was maintained

at about 90%. Throughout the experiment, replicate colonies were

maintained at a temperature of 23 � 11C, in constant darkness in a

climate-controlled room. Tests began in July 2006 for R. flavipes

and in August 2006 for R. grassei. Each month, the number of

newly developed castes and offspring, that is eggs, young larvae,

new nymphs and new workers was counted in each subcolony.

Workers before the fifth instar were considered newly developed.

After 1 year, each new neotenic was weighed and its sex was

determined by morphological observation of the seventh sternite

(Hayashi et al. 2003). The sex ratio was calculated as well as the

proportion of males. The presence or absence of wing buds was

used to determine whether the neotenics were brachypterous or

apterous. After 1 year, data were available for 9 replicates from the

6 original colonies of R. flavipes and 19 replicates from 9 original

colonies for R. grassei. Survival in each replicate (i.e., number of

living workers) was evaluated for both species. Replicate colonies

that perished during the experiment were not included in the anal-

ysis (see Table 1).

Neotenics recovery for physiological analysis
For each species, 22 subcolonies were prepared from seven original

colonies. Morphological castes were identified by visual examina-

tion using a binocular lens. For each subcolony, 1,000 fifth to

seventh instar workers were transferred to a Lab crystal polysty-

rene box (120mm � 90mm � 50mm, 3412s, LTD) containing

150 g of moist Fontainebleau sand and two pieces of poplar wood

(4 cm � 4 cm � 1 cm). Each week, the formation of neotenics was

observed, and in order to have neotenics of known age, new

neotenics were marked with an odor-free uni PAINT marker

PX 20 (Mitsubishi Pencil Co. Ltd., Tokyo, Japan). Moreover, each

week, in order to have a range of neotenics, some neotenics of

known age (marked) were collected as required until mature

neotenics (formation of eggs) had been collected. Neotenics can be

distinguished from workers or nymphs by a longer abdomen,

darker pigmentation, slight sclerotization and the presence of eyes

and ocelli (Thorne 1996).

Observations and dissections
All neotenics used in this study were observed using a binocular

lens and the presence or absence of wing buds was checked. Ovar-

ian development was assessed in neotenic and nymph females by

dissecting the individuals under a binocular lens in a drop of saline

solution. The number of ovarioles and whether they contained

vitellogenic oocytes or not was determined under a dissecting mi-

croscope and the lengths of the basal oocytes measured using an

ocular micrometer. Oocytes were considered to be vitellogenic and

mature if yolk protein could be observed and the volume equaled

or exceeded 0.01mm3 (Brent and Traniello 2001). Previous

ovulation was noted by the presence of corpora lutea (small

yellow–brown spheres at the base of the ovarioles) (Elliott and Stay

2007). The maturity of neotenics was checked by looking at the

oocytes under a dissecting microscope before hormonal analyses. A

neotenic was considered mature if there were vitellogenic oocytes or

corpora lutea.

JH and ecdysteroid analysis
Each neotenic termite was homogenized by sonication in 500-ml
chilled methanol with 50ml NaCl 2%. The methanol extract was

washed three times with 500-ml chilled pure pentane. Supernatants

(1.5ml pentane) with JH were stored at � 801C until JH measure-

ment. The methanol extract was kept for EIA to measure

ecdysteroids.
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RIA of JH
Radiolabeled JH (3000DPM) was added to each sample in 1ml

60% methanol to monitor recovery. Samples in pentane were dried

using a vacuum centrifuge and redissolved in 1ml 60% methanol.

Lipids were removed from the samples as described by Huang et al.

(1994). A reverse phase C18 SepPak cartridge (Waters, Milford,

MA, USA) was washed with 1ml 100% methanol and 3ml 60%

methanol. JH extracts (redissolved in 1ml 60% methanol) were

passed through the cartridge, followed by two washes of the sample

tube (each with 1ml 60% methanol). The JH fraction was

eluted (with 3ml 85% methanol), dried to 450ml with a vacuum

centrifuge.

JH was extracted twice by adding 1ml 0.9% NaCl and 1ml

hexane. The supernatant hexane phase, containing JH, was re-

moved and dried in a vacuum centrifuge. Methanol (100ml) was
added to each tube followed by vortexing. To lower the detection

limit of this assay, the following modifications were made to pre-

viously published procedures (Huang et al. 1994; Huang and

Robinson 1995). Larger aliquots of each sample were used (two

aliquots, 30ml each), which amounted to 40% of the sample in each

aliquot, rather than 10–20% as in previous studies. The aliquots

were transferred to 10mm � 75mm glass tubes and dried, because

the large amount of methanol could interfere with binding of JH

with the antiserum. A 200-ml aliquot of premixed antiserum

(1:14,000) and 4000DPM of [10-3H (N)]-JH (NEN, 629Gbq/

mmol) were added to each dried tube and then vortexed. These

modifications halved the detection limit to about 5pg per sample.

After incubation for 2h at room temperature, unbound radiola-

beled JH was separated from bound JH by incubation with dext-

ran-coated charcoal for 2.5min. Radioactivity in the supernatant

(containing radiolabeled JH bound to antiserum) was quantified by

liquid scintillation spectrometry (Packard TriCarb 2100TR, Perkin

Elmer, Inc., Boston, MA, USA). The process was calibrated using

a standard curve created for each RIA run with known amounts of

Table 1. Caste composition of termite groups after one year of development

Species Colony Replicate

Female

neotenic

‘Visible’ male

neotenic Soldiers Eggs L1 L2 W3 W4 W5 W6/7 Nymphs

Total

offspring

Survival

workers

R. f A 1 3 1 0 0 0 0 0 0 0 8 0 8 40

R. f B 1 1 2 1 0 1 13 3 16 56 0 16 237 48

R. f B 2 4 2 2 88 33 33 27 80 10 63 9 428 70

R. f C 1 2 1 1 48 42 56 82 63 62 61 2 416 128

R. f C 2 1 1 0 0 0 0 0 0 0 3 0 3 11

R. f D 1 3 1 0 0 4 4 1 2 8 14 2 33 56

R. f D 2 1 1 0 0 4 8 10 17 29 20 1 355 18

R. f E 1 4 1 4 0 1 6 3 0 5 52 5 72 42

R. f F 1 1 1 1 0 13 10 6 14 98 80 9 230 61

R. g G 1 1 0 0 7 0 0 0 0 0 0 0 7 239

R. g G 2 1 1 1 11 0 0 1 0 2 0 0 14 292

R. g H 1 0 0 4 0 0 0 0 0 0 0 0 0 188

R. g H 2 0 0 5 0 0 0 0 0 0 0 0 0 195

R. g I 1 2 0 0 36 17 64 53 28 96 91 5 390 128

R. g I 2 1 3 2 0 3 12 13 15 45 52 8 148 157

R. g J 1 1 1 0 0 8 14 11 8 12 0 1 54 111

R. g J 2 0 0 3 0 0 0 0 0 0 0 0 0 73

R. g J 3 1 2 1 0 0 0 1 3 5 3 0 12 65

R. g K 1 0 2 1 0 0 0 0 0 0 0 0 0 121

R. g K 2 2 0 0 0 0 4 5 9 75 155 19 267 70

R. g L 1 0 1 4 0 0 0 0 0 0 0 0 0 339

R. g L 2 1 0 4 0 22 51 27 27 21 6 0 154 267

R. g M 1 1 1 1 0 0 13 9 12 14 4 0 54 185

R. g M 2 0 0 1 0 2 0 0 0 0 0 0 0 218

R. g N 1 0 0 0 0 0 0 0 0 0 0 0 0 166

R. g O 1 2 0 0 0 0 2 9 0 24 20 2 57 157

R. g O 2 2 1 0 0 0 0 0 0 0 0 0 0 F
R. g O 3 0 1 4 0 0 0 0 0 0 0 0 0 268

R. g P 1 0

R. g P 2 0

R. g P 3 0

R. f total 6 9 20 11 9 136 98 130 132 192 268 283 44 1782 474

R. g total 9 22 15 13 31 54 52 160 123 102 294 331 35 1157 3239

Termite groups of Reticulitermes flavipes and Reticulitermes grassei are designated by ‘‘R. f’’ and ‘‘R. g,’’ respectively; larvae are designated by L1 and
L2, and workers by W1, W2, W3, W4, W5/6.
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racemic JH III (Sigma-Aldrich Ltd., St. Louis, MO, USA). Pre-

vious results (Huang et al. 1994) indicate that results from this RIA

agree with those obtained with Goodman et al. (1990, 1993) RIAs,

both of which have been validated using gas chromatogra-

phyFmass spectroscopy (Huang and Robinson 1996).

In total, data were available for 50 neotenics of R. flavipes and

21 neotenics of R. grassei.

EIA of ecdysteroids
After centrifugation (10,000g, 10min), the supernatant of the

methanol extract was dried in a Speed-Vac and resuspended in

0.1M phosphate buffer (120ml, pH 7.4). The ecdysteroids were de-

termined using the EIA method of Porcheron et al. (1989) modified

to use a peroxidase labeled 20-hydroxyecdysone (20E) conjugate

(De Reggi et al. 1992). The L2 polyclonal antibody used was very

sensitive to ecdysone, 2-deoxyecdysone, and 3-dehydroecdysone,

but about six times less sensitive to 20-hydroxyecdysone (Bodin

et al. 2009).

Each sample was analyzed at least in duplicate. Because ecdys-

one was used as a standard, ecdysteroid titers are expressed in

ecdysone equivalents. Data were available for 43 neotenics of

R. flavipes and 35 neotenics of R. grassei.

Data analysis
To determine the ontogenic potentialities of workers and to study

reproductive strategies, all the parameters from the two species

were compared: number of soldiers, neotenics, offspring, and num-

ber of ovarioles of sexual females, JH, and ecdysone titers. Sta-

tistical comparisons were made using Mann–Whitney U-tests on

ranks, and data are presented as medians � SIQRs (i.e., semi-in-

terquartile ranges). Rates and proportions were compared using

standard Chi-square analyses, with Yates’ correction where ap-

propriate. Correlation was calculated according to Spearman’s r

coefficient.

RESULTS

Differentiation of workers into soldiers

After 1 year of development at 231C, soldiers were produced

in five subcolonies (out of nine) of R. flavipes and nine sub-

colonies (out of 19) of R. grassei (Table 1). The median

(� SIQR) number of soldiers produced by orphan groups of

workers was not statistically different between R. flavipes and

R. grassei (1� 0.50 vs. 1� 0. 62, respectively; Mann–Whit-

ney, U571, P50.49). There was also no difference in soldier

distribution in subcolonies of the two species (Chi square,

Yates correction, two-sided, P50.70).

Differentiation of workers into neotenics

Buchli (1958) reported that workers could revert to the

imaginal lineage and could develop into brachypterous

neotenics via regressive molts. Unlike Buchli (1958), we

found no nymphs earlier than 6 months after egg production

and no brachypterous neotenics regardless of species and sex.

Consequently, all new neotenics (n559) that differentiated

from workers were apterous (absence of wing pad). The first

neotenics were produced 1 month after orphaning in both

R. grassei and R. flavipes. In some experimental colonies of

R. grassei, female neotenics were found with descendants

despite the absence of visible males. In agreement with Pichon

et al. (2007), it was assumed that ‘‘hidden male neotenics’’

were present. These males were probably morphologically in-

distinguishable among workers and so only female neotenics

(N515) could be counted. In R. flavipes colonies, in which

there was no evidence for the presence of cryptic males, there

were a total of 11 males and 20 females (sex ratio50.35;

Table 1).

Some mature neotenics (1-year-old) exhibited a small dor-

sal pad that was slightly more developed than in completely

apterous neotenics and they may correspond to pseudo-apt-

erous and apterous neotenics described by Buchli in 1958. In

the first 2 months, some individuals developed several distin-

guishing features, that is distinctive body shape (sharply

pointed abdomen), much lighter color and a slightly more

developed dorsal pad. These individuals were not nymphs and

were no longer seen 1 month later among neotenics. Although

no definite conclusion can be drawn, these individuals may

correspond to pseudo-nymphs (Buchli 1958) or could repre-

sent an intermediate stage before the pseudo-apterous

neotenic stage.

The production of female neotenics was significantly

different between the two species (Mann–Whitney, U534,

P50.0117). R. flavipes produced 2� 1 female neotenics in

nine replicate colonies while R. grassei produced 1� 0.5

female neotenics in 19 replicate colonies (Fig. 2). The

proportion of replicates with female neotenics was signifi-

cantly lower in R. grassei than in R. flavipes (binomial test,

propR. grassei50.63� 0.4, Po0.001, N519). All R. flavipes

colonies produced female neotenics, while only 63% (11 out

of 19 colonies) of R. grassei colonies generated such females.

After 1 full year, no statistical difference was found between

the weight of female apterous neotenics in either species

(Mann–Whitney,U5119.5, P50.636). Median weights were

5.2� 5mg for R. flavipes and 5.1� 5mg for R. grassei.

Offspring production

R. flavipes produced significantly more offspring than R.

grassei (Mann–Whitney, U532, P50.0118, Fig. 3A) not

only because there were more females but also because female

neotenics of R. flavipes had higher fecundity. A female

neotenic of R. flavipes produced 107� 109.5 (median� SIQR)

offspring while a female neotenic of R. grassei produced

41.25� 63.18 (median� SIQR) offspring (Mann–Whitney,

U540, P50.0248, Fig. 3B).

Considering only replicate colonies with female neotenics,

the proportion of female neotenics with offspring was signifi-

cantly lower for R. grassei than R. flavipes (binomial test,
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propR. grassei50.83� 0.48, Po0.001, N512). All R. flavipes

replicate colonies with female neotenics produced offspring

but only 83% in R. grassei. R. flavipes produced more

nymphs than R. grassei (Mann–Whitney, U541,

P50.0288). On average R. flavipes produced 2� 4 nymphs

(median� SIQR) whereas R. grassei produced 0� 0.25

nymphs.

Dissection of female neotenics

The number of ovarioles in mature neotenics differed between

species (Mann–Whitney, U539.5, P50.0009). The number

of ovarioles was 95� 7.75 for R. flavipes (N530), 70� 14.36

for R. grassei (N518). All ovarioles contained corpora lutea.

From 0 to 9 mature (vitellogenic) oocytes were found in ma-

ture female neotenics of R. flavipes (1� 4), while 0–14

(0� 2.75) were found in R. grassei. The number of vi-

tellogenic oocytes did not differ between the species (Mann–

Whitney, U5195, P50.74).

Ecdysone and JH titers

R. grassei

The JH titer was stable during the first weeks of development

(week 1 to week 9/10: 2418.90pg � 10009.04; median

� SIQR, n517; Kruskal–Wallis, KW50.82, P50.84) and

decreased at maturity even though this decrease was only

marginally significant because of the high variance (900.35pg

� 217.78; n55; Mann–Whitney, U514, P50.08) (Fig. 4A).

Maturing neotenics had a moderate and stable level of

ecdysone in their hemolymph (week 1 to week 9/10:155.58pg

� 36.67, n518; Kruskal–Wallis, KW53.60, P50.30),

which was lower than in mature neotenics (1060.5pg�
257.21; n517; Mann–Whitney, U56, Po0.001) (Fig. 4A).

In R. grassei female neotenics, there was a significant cor-

relation between the level of ecdysone and the number of

vitellogenic oocytes (Spearman coefficient r50.91, N511,

P50.0002) (Fig. 5).

R. flavipes

The JH titer was stable during the first weeks of development

(week 1 to week 10: 4104.74pg� 1765.74; median� SIQR,

n525; Kruskal–Wallis, KW55.59, P50.23) but, after the

neotenics were mature and fecund, unlike R. grassei, the JH

titer did not drop (3500pg� 1741.04; n521) remaining at

the same level as that of maturing neotenics (Mann–Whitney,

U5249, P50.77) (Fig. 4B). Moreover, the JH titer in ma-

ture neotenics in R. flavipes was significantly higher than that

in mature neotenics of R. grassei (Mann–Whitney, U57,

P50.006).

However, the titer of circulating ecdysone varied in ma-

turing neotenics. They had a stable and moderate level of

ecdysone in their hemolymph (79.75pg� 47.42; me-

dian� SIQR of pooled neotenics from week 1 to week

9/10, n521 Kruskal–Wallis, KW52021, P50.69), which

was significantly lower than that of mature neotenics

(508.34pg� 673.62, n518; Mann–Whitney, U558,

Fig. 2. Number of female neotenics produced per species in 1 year
(MW, U534, P50.011). Data presented as median val-
ues � semi-interquatile ranges. �Po0.05. R. grassei: Reticulitermes
grassei; R. flavipes: Reticulitermes flavipe.

Fig. 3. A. Total number of offspring after
1 year (MW, U532, P50.0118). B.
Number of offspring per female after
1 year (MW, U540, P50.0248.). Data
presented as median values � semi-inter-
quartile ranges. �Po0.05. R. grassei:
Reticulitermes grassei; R. flavipes:
Reticulitermes flavipe.
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P50.0001) (Fig. 4B). Moreover, the ecdysone titer in mature

neotenics in R. flavipes was significantly lower than in mature

neotenics of R. grassei (Mann–Whitney, U599, P50.003).

Once again, there was a significant correlation between the

level of ecdysone and the number of vitellogenic oocytes

(Spearman’s coefficient r50.51, N520, P50.0081) (Fig. 5).

DISCUSSION

The reproductive division of labor in social insects is a key

feature of their social organization. In subterranean termites,

development of neotenic reproductives from workers is a

characteristic that has far-reaching consequences on the pop-

ulation biology of these insects and might increase their

capacity to spread in urban areas. However, the mechanisms

through which neotenics differentiate from workers are still

unknown.

Our results confirm that isolated workers can differentiate

into male and female neotenics at the earliest 1 month after

their isolation from their initial colonies. Importantly, all of

the 59 obtained neotenics were apterous. In R. flavipes rep-

licate colonies, both sexes were observed at the same time,

which was not the case in R. grassei colonies where no

developed males were observed in half of the colonies, as

previously reported by Pichon et al. (2007). The presence of

hidden males (i.e., cryptic sexually mature males) has now

been found in several colonies of R. grassei and recently in

Reticulitermes speratus (Fujita andWatanabe 2010), but never

in R. flavipes. Pichon et al. (2007) also used genetic analysis to

confirm that there was no parthenogenesis in the studied col-

ony of R. grassei.

The number of female neotenics observed in the orphaned

colonies varied from 1 to 4 in R. flavipes colonies and from

0 to 2 per colony of R. grassei. These ranges are similar to the

number of reproductives observed in orphaned R. speratus,

Reticulitermes virginicus and R. flavipes colonies (Watanabe

and Noda 1991; Pawson and Gold 1996). The mean

production of female neotenics was higher for R. flavipes

and, interestingly, 100% of the French R. flavipes colonies

produced female neotenics as opposed to only 63% of

R. grassei colonies. These empirical results are consistent with

the breeding structure inferred in the field in France using

microsatellite markers, that is, 100% of extended families for

R. flavipes and 51.8–100% of extended families for R. grassei

(DeHeer et al. 2005; Dronnet et al. 2005; Perdereau et al.

2010). As far as we know, this study is the first to

provide experimental confirmation of genetic studies of field

colonies. These findings might suggest that workers of the two

species do not exhibit the same capacity to differentiate into

neotenics.

According to the observations of Feytaud (1912, 1966),

and the several studies reviewed in Lainé and Wright (2003)

Fig. 4. (A) Amount of juvenile hormone (JH) and ecdysone in pg/termite in Reticulitermes grassei neotenic during neotenic development.
(B) Level of JH and ecdysone in pg/termite in Reticulitermes flavipes neotenic during neotenic development (W, week of development; mat.
neot., mature neotenic containing vitellogenic oocytes). Data presented as median values � semi-interquartile ranges.

Fig. 5. Positive correlation between the number of mature oocytes
and the titer in ecdysone in female neotenics of Reticulitermes
flavipes (linear regression, r50.91, P50.00002) and Reticulitermes
grassei (linear regression, r50.51, P50.0081). Black diamonds
represent R. flavipes and gray squares represent R. grassei.
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(e.g., Miller 1969; Nutting 1970; Myles 1999), it is usually

assumed that secondary reproductives produce collectively

more eggs than the primary queen; although other authors

claimed the opposite (Buchli 1958; Noirot 1990; Pawson

and Gold 1996; Thorne et al. 1999). In this study, female

neotenic fecundity was variable but values were of the same

order of magnitude as those reported by Pawson and Gold

(1996) and Pichon et al. (2007). The colonies of R. flavipes

produced on average more offspring than the R. grassei

colonies, not only because more females were produced

in R. flavipes colonies, but also because each R. flavipes female

had higher fecundity. Further studies would be useful to

determine exactly how many females contribute to reproduc-

tion in a colony and in what proportion. Significantly more

vitellogenic ovarioles were found in R. flavipes neotenics in

comparison with those of R. grassei neotenics. This result

could explain why R. flavipes females are very fecund,

although it is unknown whether all the ovarioles contain

vitellogenic eggs.

Our findings related to hormonal control indicate that

both JH and ecdysone titers change dramatically during the

development of neotenics. The ecdysteroid titers varied during

the development of neotenics and in mature neotenics in both

species, and presented the same pattern. The level was mod-

erate during the first 10 weeks of development and reached

high levels once the neotenics were fecund. The number of

vitellogenic oocytes was correlated with the ecdysone titer in

the hemolymph. This result is in accordance with Raikhel

et al. (2005) who showed that ecdysteroids promote various

aspects of follicle development, especially vitellogenesis.

A physiological increase of ecdysteroids can accelerate

vitellogenin synthesis, inducing egg maturation and stimulat-

ing oviposition (Ogihara et al. 2007).

Interestingly in R. grassei, the JH and ecdysone titers fol-

low opposite patterns and the concentration in JH increases

in maturing neotenics and then drops in mature neotenics.

In R. flavipes, the level of JH is significantly higher than in

R. grassei and remains constantly high in mature neotenics.

These increases of JH production in hemolymph are in ac-

cordance with previous studies. JH is known to stimulate both

the production of vitellogenin by the fat body and its uptake

by the ovaries (Engelmann 1983). For example, JH synthesis

by corpora allata is correlated with ovarian development in

the cockroach Diploptera punctata (Stay and Tobe 1977,

1978) and particularly with the number of vitellogenic ovari-

oles (Elliott and Stay 2007, 2008). Some studies have also

investigated this relationship in termites. Greenberg and Tobe

(1985) showed that JH production increased in Zootermopsis

angusticollis neotenics after emergence from larval instars.

This increase of JH production is correlated with an increase

in the number of vitellogenic oocytes (Brent et al. 2005)

while it has been described that ovarian development in ter-

mites is regulated by JH (Miura et al. 2003; Scharf et al. 2003).

Elliott and Stay (2007) showed that JH reached high levels in

female R. flavipes neotenics from United States with large

numbers of vitellogenic ovarioles, and remained at low levels

in females with a small number of vitellogenic ovarioles (as it

is the case in the first cycle of neotenics). This study shows

the same phenomenon when comparing neotenics from

the two termite species. R. flavipes neotenics have both

a higher level of JH and more vitellogenic ovarioles than

R. grassei neotenics.

In the absence of alates, some workers can transform into

neotenics (Pichon et al. 2007), with abdomens enlarged by fat

bodies and ovaries (Thorne 1996). The two reproductive

castes (alates and neotenics) are controlled by JH (Wyatt and

Davey 1996; Robinson and Vargo 1997). In R. flavipes

neotenics, the higher level of JH may not only explain the

higher number of ovarioles compared with R. grassei

neotenics, but may also explain the differences between the

ontogenic potentialities of these species.

Processes leading to the large number of neotenics in most

of the Reticulitermes colonies remain unclear. Reticulitermes

termites have a poorly defined nest organization and primary

reproductives do not have a genuine ‘‘royal chamber’’ as in

most of the higher termites (Wilson 1971b; Rueppell 2009).

For these reasons, reproductives are likely to be more vul-

nerable to predation and it would be a valuable adaptation

for the colony to have multiple reproductives (Howard and

Haverty 1979). Another function for the development of

multiple reproductives would be to allow rapid colony growth

and increase chances of survival (Howard and Haverty 1979;

Brent 2009). In this respect, it should be noted that Ret-

iculitermes have a propensity for undergoing colony frag-

mentation or developing satellite nests containing neotenics.

The important role of neotenics in colony expansion has

been previously reported (Pawson and Gold 1996). A high

development potential would ensure the survival of the sat-

ellite nests that often break off in Reticulitermes colonies

(Myles and Nutting 1988; Lenz et al. 2000). The consequences

in terms of colony genetic structure are dramatic since the

presence of neotenics can increase both the level of inbreeding

within colonies and the degree of relatedness among nest-

mates, and also can reinforce genetic contrast between col-

onies (Ross 2001).

In conclusion, these comparative analyses indicate that

R. flavipes and R. grassei differ strongly in several life-history

traits. In comparison with R. grassei, French colonies of

R. flavipes produce relatively more neotenics in each colony,

neotenic females are more fecund and the offspring generated

grow faster. The high fecundity of R. flavipes neotenics may

be a great advantage in the field, in addition with the absence

of intercolonial antagonism (Clément and Bagnères 1998)

allowing high dispersion and expansion of the colony in

competition with endemic species such as R. grassei. As an

illustration, field colonies of French R. flavipes appear to be
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larger than colonies of R. grassei (Dronnet et al. 2005; Per-

dereau et al. 2010). Larger colonies always have an advantage

both in survival and in nest competition (Thorne et al. 2003).

The ability of the French colonies of R. flavipes to produce

numerous neotenics contrasts with the finding that most US

colonies of R. flavipes do not have such a capacity, or do not

have productive neotenics, and are often headed only by the

founding pair of primary reproductives (Vargo 2003a, b;

Vargo and Husseneder 2009). This difference may represent a

change in the social organization of this species that occurred

after introduction in Europe, and might confer an enhanced

longevity of French colonies. Such evolution after introduc-

tion may have been crucial to explain the success of R. flavipes

colonies in invading new environments, especially in urban

areas in France but also in Germany, Chile, and Canada. As

discussed in a review by Moczek (2007), evolution could

be illustrated here by contrasting reproductive potentials

between native and nonnative species. R. flavipes also shows

colony fusion (Perdereau et al. 2010) and is highly competitive

with R. grassei in various respects (behavior, chemical ecol-

ogy, genetics) when living in sympatry (Perdereau et al. 2010).

Taken overall, these results suggest that R. flavipes could have

better colony dynamics in comparison with R. grassei in their

common geographical range and demonstrate that this differ-

ential developmental pathway may have resulted in high neo-

teny, allowing budding as the only viable reproductive

strategy in the nonnative populations.

Acknowledgments
We wish to thank The Region Centre for providing L. Leniaud with
a PhD grant. We are also grateful to the CNRS and the University
François Rabelais de Tours (especially the doctoral school) for
financial help. Funding to Z. Y. Huang was provided by Michigan
Agricultural Experiment Station. We wish to express our gratitude to
Simon Dupont and Charles-Edouard Imbert for their help during
collection, Nicole Mandon for her help during ecdysteroid experi-
ments, Colin Brent for his helpful comments, Jean-Paul Monge for
the gift of the L2 polyclonal antibody, and Tony Tebby for correct-
ing the English.

REFERENCES

Austin, J. W., Szalanski, A. L., Scheffrahn, R. H., Messenger, M. T.,
Dronnet, S., and Bagnères, A.-G. 2005. Genetic evidence for the
synonymy of two Reticulitermes species: Reticulitermes flavipes and
Reticulitermes santonensis. Ann. Entomol. Soc. Am. 98: 395–401.

Bagnères, A.-G., Clément, J.-C., Blum, M. S., Severson, R. F., Joulie, C.,
and Lange, C. 1990. Cuticular hydrocarbons and defensive compounds
of Reticulitermes flavipes (Kollar) and R. santonensis (Feytaud): poly-
morphism and chemotaxonomy. J. Chem. Ecol. 16: 3213–3244.

Bagnères, A.-G., Killian, A., Clément, J.-L., and Lange, C. 1991. Interspe-
cific recognition among termites of the genus Reticulitermes: evidence for
a role for the cuticular hydrocarbons. J. Chem. Ecol. 17: 2397–2420.

Bodin, A., Jaloux, B., Delbecque, J. P., Vannier, F., Monge, J. P., and
Mondy, N. 2009. Reproduction in a variable environment: how does
Eupelmus vuilleti, a parasitoid wasp, adjust oogenesis to host availability?
J. Insect Physiol. 55: 643–648.
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