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Abstract Cuticular hydrocarbons (CHCs) are information-
rich signals in social insects that coordinate behaviors
within nests. However, in some taxa, the precise informa-
tion conveyed by CHCs is poorly understood. In particular,
there is a debate over whether CHCs convey information
about their bearer's dominance or fertility. Distinguishing
between dominance and fertility signaling is difficult
because fertility and rank are frequently correlated within
social insect colonies. This study disentangles those
relationships by examining CHCs of Polistes dominulus
paper wasps during the early nest-founding stage before
dominance and fertility become correlated. First, we
confirm that dominance and fertility are not associated in
early spring foundresses. Then we show that CHCs are
more strongly associated with fertility than dominance.
There was no relationship between cuticular hydrocarbon
profiles and a wasp’s ability to dominate rivals through
aggression, suggesting that CHCs are unlikely to provide
information about dominance. However, there was a
significant correlation between ovarian development and
the CHC profile, suggesting that CHCs could convey
valuable information about their bearer's fertility. Further-
more, our data provide a potential mechanism for chemical
signaling of fecundity, as there is a relationship between

endogenous juvenile hormone titer (a gonadotropin), degree
of ovarian development, and the CHC profile. Hormonal
regulation of CHC profile expression offers a physiological
mechanism to coordinate behavior, physical state, and
signal expression.

Keywords Queen pheromone .Worker policing . Agonistic
signaling . Ovarian development . Fertility . Dominance

Introduction

Social insect colonies are a fascinating mixture of
cooperation and conflict. As a result, there is interest
in the behavioral mechanisms that coordinate colony
dynamics in the face of strong reproductive competition.
Communication is one important way that social insects
mediate conflict and promote cooperation. Signals are
used to coordinate a variety of behaviors, from nestmate
recognition and caste assessment to foraging and colony
defense (Hölldobler and Carlin 1987).

Much social insect communication is chemical, and the
major source of chemical information in social insect
colonies is the cuticular hydrocarbon (CHC) profile. CHCs
form a waxy covering on the outer layer of all insects that
reduces water loss and prevents desiccation. The CHC
profile is a complex, highly variable mixture of compounds
that has the potential to convey valuable information
(Hölldobler and Carlin 1987; Holldobler 1999). As a result,
there has been extensive research on the information
content of CHCs. In both social and non-social species,
CHC profiles convey information about their bearer’s status
and sex, but in the social insects, CHCs are best known for
their role in nestmate recognition (Lorenzi et al. 1997;
Gamboa 2004). In ants, cuticular hydrocarbons reliably
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provide information regarding fertility, and help mediate
aggression within a nest by identifying reproductive
cheaters (Peeters and Liebig 2009; Smith et al. 2009).

Although there has been extensive work on CHCs in
ants, less is known about the information conveyed by
CHCs in other taxa, such as Polistes paper wasps. In paper
wasps, there has been debate about whether CHCs convey
information about their bearer's fertility or dominance
(Sledge et al. 2001, 2004; Dapporto et al. 2007). In theory,
either is plausible, as both dominance rank and fertility are
important parameters within social insect colonies. The
indirect fitness of nestmates depends on the fecundity of the
reproductive queen because colony reproduction is typical-
ly monopolized by one individual. As a result, workers are
expected to cooperate with more fecund queens, so queens
may be favored to signal their fertility to nestmates (Keller
and Nonacs 1993). Signals of dominance may also be
important. Rival assessment via signals can lower the costs
associated with fighting (Maynard Smith 1982), so honest
signals of agonistic ability are common in organisms with
aggressive competition. In social insects, aggressive com-
petition over rank is important, as rank determines
reproductive success (Reeve 1991). In many species,
potential queens fight to obtain the dominant, reproductive
position (Roseler 1991); signals of agonistic ability may
minimize the costs of colony conflict over rank. Dominance
signals may be particularly important in taxa with multiple
potentially reproductive individuals, such as primitively
eusocial taxa with totipotent workers or colonies with
multiple nest-founding queens.

An important step toward understanding how wasps use
CHCs is to understand the precise information conveyed by
CHCs. Questions about the information content of CHCs
persist in paper wasps, in part, because much research has
examined CHCs at times of the colony cycle when
dominance and fecundity are inseparable (i.e., during the
worker phase). For example, dominant and subordinate
queens have different CHC profiles (Lorenzi et al. 1997;
Dapporto et al. 2004), but the subordinate queen's ovaries
quickly regress after the dominance hierarchy is estab-
lished. Therefore, the CHC differences could be due to
differences in either dominance or fecundity. Similarly,
workers have different CHC profiles than queens (Sledge et
al. 2001). Workers are subordinate to queens and also have
reduced ovarian development. When a worker takes over
the dominant, reproductive position on an orphaned nest,
the worker's ovaries develop and her CHC profile becomes
queen-like (Dapporto et al. 2005a). The change in worker
CHC profile may reflect the worker's change in dominance
status and/or ovarian development. However, dominance
and fertility are not always correlated in paper wasps. High
fertility is not required for a wasp to maintain her
dominance status (Roseler and Roseler 1989). Further,

there is no relationship between dominance and fertility
among queens prior to nest foundation (Reeve 1991, this
study; but see Dapporto et al. 2006). Although the
correlation between dominance and fertility during much
of the colony cycle has produced confusion about the
information conveyed by paper wasp CHCs, identifying the
precise information conveyed by CHCs is an important step
toward understanding how CHCs are used.

Here, we disentangle the effect of dominance and
fertility on CHCs by examining CHC profiles among
nest-founding queens of the primitively eusocial paper
wasp, Polistes dominulus at the moment of nest foundation.
P. dominulus have a flexible founding strategy, in which
foundresses may either nest alone or in multi-foundress
groups (Reeve 1991). When multiple foundresses cooper-
ate, they have intense battles over dominance rank. After
the battles, the loser becomes behaviorally subordinate and
her ovaries regress (Roseler 1991). However, during the
initial founding stage, there is variation in both agonistic
ability and fertility (Roseler et al. 1984, 1985; Dapporto et
al. 2005b), but there are no secondary effects of dominance
on subordinate ovarian development at this early stage
(Reeve 1991). Here, we confirm that ovarian development
and dominance rank, as defined as a wasp's agonistic
ability, are not correlated among early spring foundresses.
Then, we test the relationship between CHCs, dominance,
and fertility. We examine CHC profiles at nest initiation,
during the time when foundresses engage in frequent,
aggressive dominance, but there are no secondary,
physiological effects of rank. If CHCs convey informa-
tion about dominance, the ability of one individual to
behaviorally dominate a rival, we predict that CHC
profiles will be correlated with foundresses' agonistic
abilities. If CHCs convey information about fecundity, we
predict that CHC profiles will be correlated with ovarian
development. In addition, we test how endogenous levels
of juvenile hormone (JH) relate to CHCs and ovarian
development. Because JH acts as a gonadotropin in
Polistes, it may play an important role in mediating CHC
profiles.

Methods

Wasp collection and dominance bouts

Over-wintered foundresses were collected during early May
of 2006. Collections were made within days of nest
initiation from Washtenaw County, Michigan. After collec-
tion, wasps were brought to the laboratory and paired by
weight for dominance bouts. Pairs consisted of wasps
collected from sites at least 1 mile apart to ensure they had
no previous interactions.
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Pairs were placed in an 8×8×2 cm clear plastic box (the
fight arena), and allowed to battle for dominance in a
2-h videotaped bout. Each wasp in a pair was marked with
Testors model paint on one wing for identification during a
dominance bout. Aggressive behaviors, including biting,
stinging, darting, and grappling were scored during the
bouts. Dominance was established by mounting behavior.
During a mount, the dominant wasp climbs on top of the
subordinate while the subordinate crouches and lowers her
antennae (West-Eberhard 1969). Mounts are commonly
used to establish relative dominance (West-Eberhard 1969;
Reeve and Nonacs 1997; Tannure-Nascimento et al. 2008)
and mounting was always unidirectional. After dominance
bouts, wasps were chilled, and then preserved for analysis
of endogenous JH titers, CHC profiles, and ovarian
development.

Cuticular hydrocarbon analysis

Wasp thoraces were kept frozen until used in CHC analysis.
Thoraces were submerged in 500 μL of pentane for 10 min.
After 10 min, the thorax was removed, and the pentane was
dried under a nitrogen stream. The sample was re-eluted
with 75 μL of heptane for analysis. One microliter of the
sample was injected into a Thermo Finnigan Trace GC
2000, with a 25-m long DB-1 capillary column installed in
a split injector (ratio is 1:100), with a 0.2 mm I.D. and a
0.33 micron film thickness. Each sample was run on the
column for 40 min in a splitless mode. The temperature of
the column was programmed from 80°C to 300°C, at
10°C min−1. The column was held at 80°C for 3 min after
injection, and the final temperature of 300°C was held for
30 min. Integration of peak areas was performed with
Xcalibur. The GC was coupled to a Trace mass spectrom-
eter, operated at 70 eV. Components were characterized by
analysis of their mass spectra.

Juvenile hormone titer analysis

Endogenous JH-titers of 34 wasp pairs were measured.
Immediately after each dominance bout, wasps were
cooled, decapitated, and hemolymph was collected with
baked microcapillary tubes. The amount of hemolymph
collected from each wasp was measured (range=1.9–
11.9 μl), then the hemolymph was stored in 500-μl chilled
acetonitrile. JH was determined according to well estab-
lished procedures used in honey bees (Huang et al. 1994;
Jassim et al. 2000). Briefly, JH III in the hemolymph
sample was extracted with 2×1 ml of hexane, then the
pooled hexane extracts were evaporated using a vacuum
centrifuge (Speedvac) linked to a condenser (Savant SS21),
which trapped the solvent at −98°C. The dried JH in the
sample tube was dissolved in 100 μl of methanol and a

20 μl aliquot (in duplicate) was taken out dried and mixed
with 200 μl of buffer containing anti-JH antiserum
(1:14,000 dilution, generous gift from David Borst) and
10,000 DPM of [10-3H(N)]-JH (Perkin Elmer, 647.5 Gbq/
mmol). The mixture was incubated at room temperature for
2 h, then 0.5 ml of dextran-coated charcoal suspension
(Sigma) was added to each sample tube to absorb the
unbound JH. This mixture was incubated in ice–water
mixture for 2.5 min, then centrifuged (2000×g for 3 min),
and the supernatant, which contained bound JH, was
decanted into scintillation vials. Liquid scintillation count-
ing was performed using a Beckman LS 6500. A standard
curve with various amounts (0, 3, 10, 30, 100, 300, 1,000,
3,000, and 10,000 pg) of standard JH (Sigma) was run each
day. KaleidaGraph (Synergy Software, PA, USA) was used
to generate a standard curve. The standard curve was
obtained by using DPM bound as the dependent variable,
JH amount (after log transformation) as the independent
variable, and five unknown parameters, using nonlinear
regression. The five-parameter formula was described in
Huang and Robinson (1996). Excel (Microsoft, USA) was
used to calculate the amount of JH in each sample, by
reversing the five-parameter formula (solving for JH with
known DPM and the five fitted parameters). TLC was used
to verify that this method accurately assesses hemolymph
JH-titer (Tibbetts et al., unpublished data).

Ovarian development

Wasp abdomens were stored in ethanol before dissection.
The number and size of all eggs ≥1 mm in length were
measured for each wasp.

Statistical analysis

Behavioral, ovarian, and cuticular hydrocarbon data were
collected for 48 pairs of wasps (96 individuals). A few
ovaries were not preserved for dissection, so the sample
size for the ovarian development analyses was reduced to
45 pairs. Seven of the 48 pairs did not establish
dominance during the bout, so the sample size for
dominance analysis was reduced to 41. Juvenile hormone
titers were obtained for 34 pairs of wasps, or 68
individuals. Sample sizes smaller than these represent
comparisons in which two or more types of data were
not obtained for a particular pair in the analysis. All
analyses were run twice: once with the maximum sample
size possible, and once including only those samples for
which we had all four pieces of data (dominance
behavior, CHCs, ovaries, and JH-titer). For all compar-
isons, results were similar across both analyses.

Cuticular hydrocarbon profiles were obtained for 48
pairs of wasps (96 individuals). 60 long-chain branched and
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unbranched alkanes and alkenes were found in the wasps
analyzed; compounds that appeared in less than 10% of the
wasps were thrown out, and the remaining 35 compounds
were used in the analysis. Peak areas for each compound
were obtained using Xcalibur, and the resulting areas were
standardized into percentages of the total peak area for a
given profile. The 35 standardized compounds were
reduced by principal components analysis. For win/loss
analysis, the difference between peak areas within a pair
was obtained before principal components analysis using
Systat 9. For this paired (i.e., difference) data, the first 12
components explained 79.38% of the variance (n=48
profile pairs), and for the non-paired CHC data, the first
ten components explained 76.86% of the variance (n=96
profiles). The resulting component scores were analyzed
using multivariate statistics and backward stepwise regres-
sion in JMP In 5.1 and Systat 9, and all components used in
the analyses had eigenvalues >1. Paired data that was
analyzed for dominance (i.e., win vs loss) was analyzed
using paired logistic regression in JMP In 5.1. Differences
in the data were calculated by subtracting the values of
wasp 1 from the values of wasp 2; when wasp 1 was
behaviorally dominant (i.e., the winner of the fighting
bout), the pair was assigned a 1; if wasp 1 was behaviorally
subordinate (i.e., the loser of the bout), the pair was
assigned a 0. The resulting 1s and 0s were used as the
response in the logistic regression model. Discriminant
analysis on the non-paired dominance data was performed
using JMP in 5.1.

Results

Cuticular compounds and dominance

There is no association between dominance rank and the
cuticular hydrocarbon profile of emerged over-wintered
foundresses. No significant differences in compound
abundance were found between the cuticular hydrocarbon
profiles of dominant and subordinate foundresses (logistic
regression run on PCA component scores for components
1–12 for the paired data, p=0.77 for the model; no
components were significant, n=41 pairs), and stepwise
backward regression was not able to distinguish the two
categories of foundress based on their hydrocarbon profiles
(as no components were significant, this method failed to
produce a model). Additionally, discriminant analysis (DA)
performed on cuticular hydrocarbons failed to distinguish
between dominant and subordinate foundresses, classifying
only 81.71% correctly (100% of variation explained by
Function 1, Wilks' lambda=0.53, P=0.33). Therefore,
variation in the cuticular hydrocarbon profile cannot be
attributed to dominance.

Cuticular compounds and ovarian development

There was a significant relationship between the cuticular
hydrocarbon profile and the number of eggs in newly
emerged foundresses. A general linear model using the
non-paired PCA components one to ten revealed a
significant relationship between cuticular hydrocarbon
profiles and the number of eggs: P=0.0099, n=90, adj.
R2=0.15. To create a more parsimonious model, stepwise
backward regression was used and revealed a significant
correlation with components 1, 2, 4, 5, 6, 8, and 10, P=
0.0042, adj. R2=0.15, n=90. There was also a significant
relationship between the CHC profile and the average egg
area. Stepwise backward regression run on the non-paired
PCA components one to ten revealed a significant model
using components one and five: P=0.0196, adj. R2=0.065,
n=90. Therefore, CHC profiles are correlated with
fertility. Wasps differing in their fecundity, measured as
the number and average size of eggs, have very different
CHC profiles.

Dominance and ovarian development

There was no relationship between fecundity and domi-
nance. Foundresses with larger or more numerous eggs
were not more likely to become dominant than those with
smaller, or fewer numbers of eggs. Dominance vs.
difference in number of eggs: P=0.968, n=39; paired
logistic regression (Fig. 1a); dominance vs. difference
in average egg area: P=0.715, n=39; paired logistic
regression (Fig. 1b).

Relationships with juvenile hormone

There is a significant relationship between juvenile hor-
mone titers and the CHC profile. A general linear model
using the non-paired PCA component scores for compo-
nents one to ten revealed a significant relationship between
CHCs and JH-titer: P=0.002, adj. R2=0.35, n=52 (of the
34 pairs of wasps with JH titers measured, 26 pairs also had
their CHC profiles analyzed). Stepwise backward regres-
sion was performed to create a more parsimonious model.
The results revealed a significant relationship between JH-
titer and PCA component scores for components 3, 4, 5, 6,
8; P<0.0001, adj. R2=0.4, n=52 (JH was log-transformed
to obtain a normal distribution). Therefore, wasps with
varying levels of endogenous juvenile hormone are chem-
ically distinguishable.

Endogenous levels of juvenile hormone correlated
significantly with the number of eggs, such that higher
levels of JH corresponded to a larger number of eggs: P<
0.0001, R2=0.24, n=64 (standard least squares analysis; JH
was log-transformed to obtain a normal distribution), see
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Fig. 2a. Additionally, there was a significant relationship
between the average area of the eggs and levels of JH: P=
0.015, R2=0.077, n=64 (general linear model; JH was log-
transformed to fit the assumptions of normality), see
Fig. 2b. Juvenile hormone may be the mechanism which
links cuticular compounds to fertility in emerging over-
wintered foundresses.

Because relationships were found between both JH
and CHC profiles, and ovarian development and CHC
profiles, a MANOVA was run to determine the relative
contributions of each to chemical profile expression. The
whole model, including both JH and ovarian develop-
ment as dependent variables was significant (whole
model: Wilk's Lambda=0.3416, F(10,36)=2.559, P=
0.0019). However, this is mainly attributed to the
relationship between CHCs and JH (JH term: P=0.0006,
F=4.303) rather than the relationship between CHCs and
ovarian development (P=0.3238, F=1.1995). Therefore,
the relationship between CHCs and ovarian development
may be a secondary effect of the relationship between
CHCs and JH.

Discussion

There has been long-standing interest in the information
conveyed by cuticular hydrocarbons, with particular debate
over whether CHCs are signals of dominance or fertility.
Controversy has persisted in paper wasps, in part, because
most research has been performed during times of the
colony cycle when fertility and dominance rank are
coupled. Here, we examine CHC profiles at the time of
nest foundation, when differences in ovarian development
and agonistic ability are due to individual characteristics
rather than rank within a nest. We found a significant
relationship between CHC profiles and fertility. Foun-
dresses with more eggs have different CHC profiles than
those with fewer eggs. However, there was no relationship

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

lo
g 

(J
H

)

-2 0 2 4 6 8 10 12 14 16

Number of Eggs 

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

lo
g 

(J
H

)

0 .5 1 1.5

Avg. Egg Area

a

b

Fig. 2 a Relationship between juvenile hormone titer and number of
eggs. Foundresses with more eggs possessed higher levels of
endogenous JH. b Relationship between juvenile hormone titer and
average egg area. Foundresses with larger eggs have higher levels of
endogenous JH than foundresses with smaller eggs

0

2

4

6

8

10

Dominant Subordinant

Dominant Subordinant

N
um

be
r 

of
 E

gg
s

0

0.25

0.5

0.75

1

1.25

A
ve

ra
ge

 E
gg

 A
re

a
a

b

Fig. 1 a Bar graph representing the means and standard errors of the
number of eggs present in dominant and subordinate foundresses.
Dominant foundresses do not possess more eggs than subordinate
foundresses. b Bar graph representing the means and standard errors
for the average egg area of dominant and subordinate foundresses.
Dominant foundresses do not possess larger eggs than subordinate
foundresses

Behav Ecol Sociobiol (2010) 64:857–864 861



between CHC profiles and dominance rank. As a result,
CHCs could convey information about their bearer's
fertility, but are unlikely to be signals of dominance.

CHCs have long been hypothesized to convey informa-
tion about their bearer’s fertility. Support for the relation-
ship between CHCs and fertility largely comes from studies
showing that queens and workers (i.e., reproductive and
non-reproductive individuals) have distinct CHC profiles,
as do queens of differing reproductive ranks (in ants:
Monnin et al. 1998; Peeters et al. 1999; Cuvillier-Hot et al.
2001; Heinze et al. 2002; Tentschert et al. 2002; Dietemann
et al. 2003; de Biseau et al. 2004; Endler et al. 2004; in
bees: Ayasse et al. 1995; Bloch and Hefetz 1999; in wasps:
Bonavita-Cougourdan et al. 1991; Butts et al. 1995; Sledge
et al. 2001). The strength of this relationship across taxa is
striking. However, queens and workers differ in more than
just their fertility, so these broad correlations do not provide
information about the specific information conveyed by
CHCs. In ants, there is solid evidence that CHCs function
as fertility signals: particular chemicals have been identified
that are consistently correlated with reproductive status
(D'Ettorre et al. 2004), manipulation of fertility levels
reliably changes the CHC profile of manipulated ants
(Cuvillier-Hot et al. 2004b), and application of these
compounds on non-reproductive workers initiates worker
policing (Smith et al. 2009). Here, we provide compelling
evidence that CHC profiles also provide information about
fertility in wasps, as has been proposed by previous authors
(Bonavita-Cougourdan et al. 1991; Sledge et al. 2001,
2004).

Although there is a general relationship between CHCs
and fertility, less is known about the extent of fertility
information that CHCs convey. In particular, are CHCs a
graded signal of fertility or do they merely convey
information about whether or not a female is capable of
laying eggs? A queen's fertility is an important parameter
within social insect colonies, as a queen with low fecundity
could be disastrous for colony success. Consequently,
many large colony social insects use chemical information
to establish that the queen is present and laying eggs
(Beekman 2004; Endler et al. 2004). Although small
colony social insects are thought to lack the specialized
signals of fertility found in more advanced eusocial taxa,
CHCs could potentially fulfill this role.

Our data indicate that CHCs may function as graded
fecundity signals. Among fertile females, individuals with
more eggs have different CHC profiles than those with
fewer eggs. A similar pattern has been found in both
monogynous queenless ants and ponerine ants, in which
CHC profiles reflect the extent of gamergate and queen
ovarian development (Liebig et al. 2000; Cuvillier-Hot et
al. 2004a). Therefore, CHC profiles do not operate in an
“all or nothing” manner; rather CHC profiles may convey

information about a gradient of fecundity levels. Future
work examining the relationship between fecundity and
CHCs is important to establish whether CHCs are graded
signals of fertility across taxa. Given the importance of
fertility in the behavioral interactions of social insects, such a
ubiquitous fertility signal could be a key parameter in colony
dynamics from queen assessment to worker policing.

Numerous studies have suggested that there is a link
between CHCs and dominance, but these studies largely
rely on the same correlations used to support the relation-
ship between CHCs and fertility (Monnin et al. 1998;
Monnin and Peeters 1999; Dapporto et al. 2007; Jackson
2007). Sledge et al. (2001) used the correlation between
CHCs and dominance in the early versus late founding
stage to conclude that CHCs are more likely to signal
fertility than dominance in P. dominulus wasps. However,
Dapporto et al. (2007) came to a different conclusion. They
tried to disentangle dominance and fertility by experimen-
tally increasing foundress egg-laying rate by emptying nest
cells. Both alpha and beta queens laid replacement eggs,
but the alpha and beta still had different CHC profiles. The
authors concluded that the persistent difference in CHC
profiles should be attributed to differences in foundress
dominance rank. However, the alpha still had a higher egg-
laying rate than the beta, so the difference in CHCs could
also be caused by fertility differences. Therefore, most
evidence suggests that CHCs in paper wasps convey
information about their bearer's fertility, although social
circumstances may have an impact on CHC profile
expression.

Given the correlations between CHCs and fertility, but
not CHCs and dominance, how are CHCs likely to be used
within paper wasp colonies? Over its life, a paper wasp
interacts with individuals that have many different interests.
During the early spring, foundresses battle with many rivals
before they found a nest, so information about agonistic
ability is likely to be particularly important (Roseler 1991).
Nevertheless, we found no relationship between CHC
profiles and wasp's ability to dominate rivals during this
period, suggesting that CHCs cannot convey useful
information about their bearer's dominance potential.
Instead, P. dominulus foundresses may rely on visual
signals of agonistic ability to assess the abilities of
unfamiliar rivals (Tibbetts and Dale 2004; Tibbetts and
Lindsay 2008). Before nest founding, fertility information
may not be particularly important, so wasps may not pay
close attention to the fertility information that CHCs
convey. However, CHCs are likely to be essential later in
the colony cycle, when fertility is a key parameter within
colonies. The information CHCs convey about individual
fertility may be used to identify the queen, assess her
fertility, and identify workers with developed ovaries
(Bloch et al. 2000; Liebig et al. 2000; Heinze et al. 2002;
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Cuvillier-Hot et al. 2004a). Therefore, visual and chemical
signals convey different information and are likely to be
important in different contexts within wasp nests.

In addition to providing compelling support for the
fertility-signaling hypothesis, our results also suggest that
JH may be the mechanism underlying chemical fecundity
signaling. We found a significant relationship between the
level of circulating JH and degree of ovarian development,
such that more fecund wasps had higher endogenous JH
titers than less fecund wasps. Additionally, JH titers were
correlated with CHC profiles. Therefore, JH could mediate
the relationship between CHCs and fertility. Juvenile
hormone is a gonadotropin and has been termed the
“pleiotropic master hormone” for its many important
functions in insects (Hartfelder 2000). It integrates physi-
ology, behavior, and endocrinology, and has many func-
tions, including orchestrating metamorphosis, regulating
female fertility, generating polymorphisms or polyethisms,
controlling pheromone production, and influencing aggres-
sive behavior (Robinson and Vargo 1997; Hartfelder 2000).
JH also contributes to dominance in Polistes (Roseler 1991;
Tibbetts and Izzo 2009; Tibbetts et al., unpublished data).
However, the relationship between JH and dominance is
complicated, as hormonal effects are both condition- and
context- dependent (Tibbetts and Izzo 2009, Tibbetts at al.,
unpublished data). Further manipulative studies are neces-
sary to clarify the relationships between JH, dominance,
fertility, and chemical profile expression, and to determine
if JH directly influences CHC production.

Previous work on JH in wasps has largely relied on
correlations between the size of the corpora allata (CA; the
organ that synthesizes JH), the JH biosynthesis rate,
dominance, and level of ovarian development (Bohm
1972; Roseler et al. 1984; Roseler et al. 1985; Larrere and
Couillaud 1993; Bloch et al. 2000; Agrahari and Gadagkar
2003; Sledge et al. 2004; Brent et al. 2005; Giray et al.
2005; Lengyel et al. 2007). These data have produced some
interesting relationships. For example, Sledge et al. (2004)
found a relationship between CHCs and CA size. However, JH
biosynthesis rate and CA size do not always correlate with
circulating JH titer (Lanzrein et al. 1978; Bloch et al. 2000).
Our data is among the first to show direct relationships among
endogenous (circulating) measures of JH, fecundity, and
cuticular hydrocarbon profiles. We found a significant link
between fecundity, hormone levels, and CHC profile.

CHCs are ubiquitous among social insects and provide
an important behavioral mechanism for mediating colony
dynamics. Our results indicate that CHCs may function as
graded signals of their bearer's fertility, but do not convey
useful information about their bearer's dominance. JH titers
are strongly associated both with fertility and CHC profiles,
suggesting that JH may be the hormonal mechanism
underlying variation in CHC profiles. CHCs are complex,

multifaceted signals that are difficult to experimentally
manipulate, so many questions remain. Nevertheless, fertility
signaling offers an evolutionarily stable strategy for main-
taining cooperation within a nest after worker emergence.
Our data both provide support for this hypothesis as well as
a potential mechanism of chemical fertility signaling.

Acknowledgements We would like to thank Stefano Turillazzi, as
well as the anonymous reviewers for their insightful and helpful
comments. We thank David Borst (University of Central Florida) for
graciously providing the juvenile hormone antiserum, and also thank
James Windak, Megan McGuigan, and Brian Shay for sharing their
expertise on use of the GC/MS and help with chemical analysis. Funding
to ZYH was provided by MSU Agricultural Experimental Station.

References

Agrahari M, Gadagkar R (2003) Juvenile hormone accelerates ovarian
development and does not affect age polyethism in the primitively
eusocial wasp, Ropalidia marginata. J Insect Physiol 49:217–222

Ayasse M, Marlovits T, Tengo J, Taghizadeh T, Francke W (1995) Are
there pheromonal dominance signals in the bumblebee Bombus
hypnorum (Apidae)? Apidologie 26:163–180

Beekman M (2004) Is her majesty at home? Trends Ecol Evol 19:505
Bloch G, Hefetz A (1999) Regulation of reproduction by dominant

workers in bumblebee (Bombus terrestris) queenright colonies.
Behav Ecol Sociobiol 45:125–135

Bloch G, Borst DW, Huang Z-Y, Robinson GE, Cnaani J, Hefetz A
(2000) Juvenile hormone titres, juvenile hormone biosynthesis,
ovarian development and social environment in Bombus terrestris.
J Insect Physiol 46:47–57

BohmMK (1972) Effects of environment and juvenile hormone on ovaries
of the wasp, Polistes metricus. J Insect Physiol 18:1875–1883

Bonavita-Cougourdan A, Theraulaz G, Bagneres A-G, Roux M, Pratte
M, Provost E, Clement J-L (1991) Cuticular hydrocarbons, social
organization and ovarian development in a Polistine wasp: Polistes
dominulus Christ. Comp Biochem Physiol 100B:667–680

Brent C, Peeters C, Dietmann V, Crewe R, Vargo E (2005) Hormonal
correlates of reproductive status in the queenless ponerine ant,
Streblognathus peetersi. J Comp Physiol A Neuroethol Sens
Neural Behav Physiol 192:315–320

Butts DP, Camann MA, Espelie KE (1995) Workers and queens of the
European hornet Vespa crabro L. have colony-specific cuticular
hydrocarbon profiles (Hymenoptera: Vespidae). Insectes Soc
42:45–55

Cuvillier-Hot V, Cobb M, Malosse C, Peeters C (2001) Sex, age, and
ovarian activity affect cuticular hydrocarbons in Diacamma
ceylonense, a queenless ant. J Insect Physiol 47:485–493

Cuvillier-Hot V, Lenoir A, Crewe R, Malosses C, Peeters C (2004a)
Fertility signalling and reproductive skew in queenless ants.
Anim Behav 68:1209–1219

Cuvillier-Hot V, Lenoir A, Peeters C (2004b) Reproductive monopoly
enforced by sterile police workers in a queenless ant. Behav Ecol
15:970–975

D'Ettorre P, Heinze J, Schulz C, Francke W, Ayasse M (2004) Does she
smell like a queen? Chemoreception of a cuticular hydrocarbon
signal in the ant Pachycondyla inversa. J Exp Biol 207:1085–1091

Dapporto L, Theodora P, Spacchini C, Pieraccini G, Turillazzi S
(2004) Rank and epicuticular hydrocarbons in different popula-
tions of the paper wasp Polistes dominulus (Christ) (Hymenop-
tera, Vespidae). Insect Soc 51:279–286

Behav Ecol Sociobiol (2010) 64:857–864 863



Dapporto L, Matthew Sledge F, Turillazzi S (2005a) Dynamics of
cuticular chemical profiles of Polistes dominulus workers in
orphaned nests (Hymenoptera, Vespidae). J Insect Physiol 51:969

Dapporto L, Palagi E, Turillazzi S (2005b) Sociality outside the nest:
helpers in pre-hibernating clusters of Polistes dominulus. Ann
Zool Fennici 42:135–139

Dapporto L, Palagi E, Cini A, Turillazzi S (2006) Prehibernating
aggregations of Polistes dominulus: an occasion to study early
dominance in social insects. Naturwissenschaften 93:321–324

Dapporto L, Dani FR, Turillazzi S (2007) Social dominance molds
cuticular and egg chemical blends in a paper wasp. Curr Biol 17:
R504–R505

de Biseau JC, Passera L, Daloze D, Aron S (2004) Ovarian activity
correlates with extreme changes in cuticular hydrocarbon profile
in the highly polygynous ant, Linepithema humile. J Insect
Physiol 50:585–593

Dietemann V, Peeters C, Liebig J, Thivet V, Hölldobler B (2003)
Cuticular hydrocarbons mediate discrimination of reproductives
and nonreproductives in the ant Myrmecia gulosa. Proc Natl
Acad Sci USA 100:10341–10346

Endler A, Liebig J, Schmitt T, Parker J, Jones GR, Schreier P,
Hölldobler B (2004) Surface hydrocarbons of queen eggs
regulate worker reproduction in a social insect. Proc Natl Acad
Sci USA 101:2945–2950

Gamboa GJ (2004) Kin recognition in eusocial wasps. Ann Zool Fenn
41:789–808

Giray T, Giovanetti M, West-Eberhard MJ (2005) Juvenile hormone,
reproduction, and worker behavior in the neotropical social wasp,
Polistes canadensis. PNAS 102:3330–3335

Hartfelder K (2000) Insect juvenile hormone: from “status quo” to
high society. Braz J Med Biol Res 33:157–177

Heinze J, Stengl B, Sledge MF (2002) Worker rank, reproductive
status and cuticular hydrocarbon signature in the ant, Pachydon-
dyla cf. Behav Ecol Sociobiol 52:59–65

Holldobler B (1999) Multimodal signals in ant communication. J
Comp Physiol [A] 184:129–141

Hölldobler B, Carlin NF (1987) Anonymity and specificity in the
chemical communication signals of social insects. J Comp
Physiol [A] 161:567–581

Huang ZY, Robinson GE (1996) Regulation of honey bee division of labor
by colony age demography. Behav Ecol & Sociobiol 39:147–158

Huang ZY, Robinson GE, Borst DW (1994) Physiological correlates
of division of labor among similarly aged honey bees. J Comp
Physiol 74:731–739

Jackson DE (2007) Kin recognition: knowing who's boss in wasp
colonies. Curr Biol 17:R547–R549

Jassim O, Huang ZY, Robinson GE (2000) Juvenile hormone profiles
of worker honey bees during normal and accelerated behavioral
development. J Insect Physiol 46:243–249

Keller L, Nonacs P (1993) The role of queen pheromones in social
insects: queen control or queen signal? Anim Behav 45:787–794

Lanzrein B, Gentinetta V, Fehr R, Luscher M (1978) Correlation
between haemolymph juvenile hormone titre, corpus allatum
volume and corpus allatum in vivo and in vitro activity during
oocyte maturation in a cockroach (Nauphoeta cinerea). Gen
Comp Endocrinol 36:339–345

Larrere M, Couillaud F (1993) Role of juvenile hormone biosynthesis
in dominance status and reproduction of the bumblebee, Bombus
terrestris. Behav Ecol Sociobiol 33:335–338

Lengyel F, Westerlund SA, Kaib M (2007) Juvenile hormone III
influences task-specific cuticular hydrocarbon profile changes in
the ant Myrmicaria eumenoides. J Chem Ecol 33:167–181

Liebig J, Peeters C, Oldham NJ, Markstadter C, Holldobler B (2000)
Are variations in cuticular hydrocarbons of queens and workers a
reliable signal of fertility in the ant Hapregnathos saltator?
PNAS 97:4124–4131

Lorenzi MC, Bagneres AG, Clement JL, Turillazzi S (1997) Polistes
biglumis bimaculatus epicuticular hydrocarbons and nestmate
recognition (Hymenoptera, Vespidae). Insectes Soc 44:123–138

Maynard Smith J (1982) Evolution and the theory of games.
Cambridge University Press, Cambridge

Monnin T, Peeters C (1999) Dominance hierarchy and reproductive
conflicts among subordinates in a monogynous queenless ant.
Behav Ecol 10:323–332

Monnin T, Malosse C, Peeters C (1998) Solid-phase microextraction and
cuticular hydrocarbon differences related to reproductive activity in
queenless ant Dinoponera quadriceps. J Chem Ecol 24:473–490

Peeters C, Liebig J (2009) Fertility signaling as a general mechanism of
regulating reproductive division of labor in ants. In: Gadau J, Fewell
J (eds) Organization of insect societies: from genome to socio-
complexity. Harvard University Press, Cambridge, pp 220–242

Peeters C, Monnin T, Malosse C (1999) Cuticular hydrocarbons
correlated with reproductive status in a queenless ant. Proc R Soc
Lond B 266:1323–1327

Reeve HK (1991) Polistes. In: Ross KG, Matthews RW (eds) The
social biology of wasps. Comstock Publishing Associates, Ithaca,
pp 99–148

Reeve HK, Nonacs P (1997) Within-group aggression and the value of
group members: theory and a field test with social wasps. Behav
Ecol 8:75–82

Robinson GE, Vargo EL (1997) Juvenile hormone in adult eusocial
hymenoptera: gonadotropin and behavioral pacemaker. Arch
Insect Biochem Physiol 35:559–583

Roseler P-F (1991) Reproductive competition during colony estab-
lishment. In: Ross KG, Matthews RW (eds) The social biology of
wasps. Comstock Publishing Associates, Ithaca, pp 309–335

Roseler PF, Roseler I (1989) Dominance of ovariectomized foundresses
of the paper wasp, Polistes gallicus. Insectes Soc 27:97–107

Roseler P-F, Roseler I, Strambi A, Augier R (1984) Influence of insect
hormones on the establishment of dominance hierarchies among
foundresses of the paper wasp, Polistes gallicus. Behav Ecol
Sociobiol 15:133–142

Roseler P-F, Roseler I, Strambi A (1985) Role of ovaries and
ecdysteroids in dominance hierarchy establishment among
foundresses of the primitively social wasp, Polistes gallicus.
Behav Ecol Sociobiol 18:9–13

Sledge MF, Boscaro F, Turillazzi S (2001) Cuticular hydrocarbons and
reproductive status in the social wasp Polistes dominulus. Behav
Ecol Sociobiol 49:401–409

Sledge MF, Trinca I, Massolo A, Boscaro F, Turillazzi S (2004)
Variation in cuticular hydrocarbon signatures, hormonal corre-
lates and establishment of reproductive dominance in a polistine
wasp. J Insect Physiol 50:73–83

Smith AA, Holldobler B, Liebig J (2009) Cuticular hydrocarbons
reliably identify cheaters and allow enforcement of altruism in a
social insect. Curr Biol 19:78–81

Tannure-Nascimento I, Nascimento FS, Zucchi R (2008) The look of
royalty: visual and odour signals of reproductive status in a paper
wasp. Proc R Soc Lond B Biol Sci 275:2555

Tentschert J, Bestmann HJ, Heinze J (2002) Cuticular compounds of
workers and queens in two Leptothorax ant species: a compar-
ison of results obtained by solvent extraction, solid sampling, and
SPME. Chemoecology 12:15–21

Tibbetts E, Dale J (2004) A socially enforced signal of quality in a
paper wasp. Nature 432:218–222

Tibbetts EA, Izzo AS (2009) Endocrine mediated phenotypic
plasticity: condition-dependent effects of juvenile hormone on
dominance and fertility of wasp queens. Horm Behav 56:527–31

Tibbetts EA, Lindsay R (2008) Visual signals of status and rival
assessment in Polistes dominulus paper wasps. Biol Lett 4:237–239

West-Eberhard MJ (1969) The social biology of polistine wasps. Misc
Publ Mus Zool Univ Mich 140:1–101

864 Behav Ecol Sociobiol (2010) 64:857–864


	Cuticular hydrocarbons correlate with fertility, not dominance, in a paper wasp, Polistes dominulus
	Abstract
	Introduction
	Methods
	Wasp collection and dominance bouts
	Cuticular hydrocarbon analysis
	Juvenile hormone titer analysis
	Ovarian development
	Statistical analysis

	Results
	Cuticular compounds and dominance
	Cuticular compounds and ovarian development
	Dominance and ovarian development
	Relationships with juvenile hormone

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


