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Abstract Queens of many social insect species are known
to maintain reproductive monopoly by pheromonal signal-
ling of fecundity. Queens of the primitively eusocial wasp
Ropalidia marginata appear to do so using secretions from
their Dufour’s glands, whose hydrocarbon composition
is correlated with fertility. Solitary nest foundresses of
R. marginata are without nestmates; hence expressing a
queen signal can be redundant, since there is no one to
receive the signal. But if queen pheromone is an honest
signal inextricably linked with fertility, it should correlate
with fertility and be expressed irrespective of the presence
or absence of receivers of the signal, by virtue of being a
byproduct of the state of fertility. Hence we compared the
Dufour’s gland hydrocarbons and ovaries of solitary foun-
dresses with queens and workers of post-emergence nests.
Our results suggest that queen pheromone composition in
R. marginata is a byproduct of fertility and hence can
honestly signal fertility. This provides important new evi-
dence for the honest signalling hypothesis.
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Introduction

In many social insects, especially highly eusocial species,
queens are known to maintain reproductive monopoly by
means of chemical signals or pheromones (Winston and
Slessor, 1992; Katzav-Gozansky et al., 2002; D’Ettorre
et al., 2004; Monnin, 2006). There is growing evidence for
chemical signalling of reproductive status in primitively
eusocial species as well (Bonavita-Cougourdan et al., 1991;
Peeters et al., 1999; Liebig et al., 2000; Sledge et al., 2001;
Dapporto et al.,, 2005; Sramkova et al., 2008). Queen
pheromones have been proposed as honest signals of fer-
tility by which a queen signals her fertility status to her
workers (Keller and Nonacs, 1993; Heinze and D’Ettorre,
2009; van Zweden, 2010). Thus workers perceive the
fertility of their queen through the queen pheromone and are
selected to refrain from reproduction. When the fertility of a
queen declines, she can be overthrown or even killed by
her workers (Engels and Imperatriz-Fonseca, 1990). This
implies that pheromone production should be correlated
with the state of fertility of an individual.

Solitary foundresses in Ropalidia marginata, individuals
who found small nests and raise brood alone, provide an
interesting system to study the honesty of queen signalling.
Since solitary foundresses do not have any nestmates,
expressing a queen signal is redundant, since there is no one
to receive the signal. But, if the pheromone is an honest
signal arising as an inevitable byproduct of the state of fer-
tility, i.e. inextricably linked to the fertility of an individual,
expression of pheromone and pheromone composition
should necessarily be correlated with the degree of fertility
of the individual (Keller and Nonacs, 1993; Heinze and
D’Ettorre, 2009; van Zweden, 2010). Such a signal (“index”
or “constraint”) should be produced by any fertile individ-
ual, irrespective of the presence or absence or receivers of
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the signal (nestmates), by virtue of being physiologically
linked to fertility (Maynard Smith and Harper, 1995; Searcy
and Nowicki, 2005). A fertile individual cannot help but
produce the signal due to this physiological constraint.

The R. marginata queen is remarkably docile and non-
interactive, and thereby unlike queens of other primitively
eusocial wasps, she cannot use dominance behaviour or
other behavioural interactions to maintain reproductive
monopoly (Gadagkar, 2001; Bhadra et al., 2007). The
Dufour’s gland in R. marginata has been shown to be at least
one source of the queen pheromone by which queens appear
to maintain reproductive monopoly (Bhadra et al., 2010;
Mitra et al., 2011), presumably by applying the Dufour’s
gland contents on the nest surface (Bhadra et al., 2007). The
Dufour’s gland hydrocarbon composition has also been
shown to be correlated with ovarian activation status in
queens (Mitra and Gadagkar, 2011). Here we compared the
Dufour’s gland hydrocarbon composition and ovaries of
solitary foundresses with those of queens and workers of
normal post-emergence nests in an attempt to provide an
independent line of evidence for the honesty of the queen
signal. Our objective was to investigate whether the queen
pheromone composition depends primarily on the state of
ovarian activation, irrespective of the presence or absence of
nestmates (receivers of the queen signal). We found that
solitary foundresses were intermediate between queens and
workers with respect to both their Dufour’s gland hydro-
carbon composition and their ovaries, suggesting that queen
pheromone composition in this species can be a byproduct
of the state of fertility and hence may honestly signal fer-
tility. This study specifically looks at fertility signalling by
social insect queens in a naturally occurring solitary con-
dition during the nest initiation stage and provides new
evidence supporting the honest signal hypothesis.

Materials and methods

Eight solitary foundresses were used in this study. All of
them had founded small nests naturally in and around the
vespiary at the Centre for Ecological Sciences, Indian
Institute of Science, Bangalore (13°00'N and 77°32'E),
India, and had laid some eggs. We compared these solitary
foundresses with 12 queens and 36 workers from post-
emergence colonies (colony sizes ranging from 7 to 20
individuals) collected from various localities in Bangalore.
R. marginata has perennial colonies which can be founded
and abandoned throughout the year, and the queen is the
sole egg layer in a colony (Gadagkar, 2001).

Gas chromatographic analysis of Dufour’s gland

We analysed the Dufour’s glands by gas chromatography
following Mitra et al. (2011). Identification of compounds
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had been done earlier by mass spectrometric analyses
(Bhadra et al., 2010). We matched the retention times and
pattern of peaks with those obtained in earlier analyses; for
statistical analyses, we considered only those peaks that had
been identified earlier.

For univariate analysis, we converted the area under each
peak in an individual to percentage by dividing with area
under all peaks in that individual. Kruskal-Wallis test
was done followed by Mann—Whitney U tests to compare
solitary foundresses, queens and workers with respect to
percent area under peaks 1-4 pooled together (Heneicosane,
11-methylheneicosane, Tricosane and 11-methyltricosane,
respectively), and for percent area under all remaining peaks
pooled together, following Mitra and Gadagkar (2011).

For multivariate analysis, we used peaks present in at least
70% of all samples. As a result, peak # 20a (Hentriacontane)
got eliminated from multivariate analysis. The area under
each peak was square root transformed followed by log ratio
transformation (Bhadra et al., 2010; Mitra et al., 2011) and the
transformed areas subjected to discriminant analysis to see if
solitary foundresses cluster with queens or with workers
based on their Dufour’s gland hydrocarbon composition.

Ovarian measurements

After dissecting the Dufour’s gland, we dissected the ova-
ries of each wasp and measured them, calculated an ovarian
index from the measurements, and considered the score of
each individual wasp on the ovarian index as a proxy for
fertility following Mitra and Gadagkar (2011). Comparisons
of ovarian indices of solitary foundresses, queens and
workers were done by Kruskal-Wallis test followed by
Mann—Whitney U tests.

Statistical analyses used the software package StatistiXL
1.7.

Results

Gas chromatographic analysis showed that Dufour’s gland
profiles of solitary foundresses were qualitatively similar to
queens and workers (Online Resource 1). About 34 peaks
were found in total. All 34 peaks had been identified earlier
(Bhadra et al., 2010; Mitra et al., 2011) and were used here
in statistical analyses.

Comparisons using compounds that differ significantly
between queens and workers

Queens have been shown to have consistently lower percent
area than workers for peaks 1, 2, 3 and 4, (Heneicosane,
11-methylheneicosane, Tricosane and 11-methyltricosane,
respectively) and have consistently higher percent area than
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workers for the remaining peaks (Mitra and Gadagkar,
2011). The percent area under these peaks have also been
found to be correlated with ovarian index of queens,
implying that such differences may be important in defining
the queen signal (Mitra and Gadagkar, 2011). For percent
area under peaks 1, 2, 3 and 4, Kruskal-Wallis test showed
that variation between groups was higher than variation
within groups (F,5, = 29.664, P < 0.0001). Solitary
foundresses were intermediate—lower than workers but
higher than queens (Mann—Whitney U test, U = 210, P =
0.022 for comparison with workers and U = 92, P < 0.001
for comparison with queens, respectively). Queens were
lower than workers, as found previously (U = 429, P <
0.001) (Fig. la). Similarly, for percent area under the
remaining peaks, Kruskal-Wallis test showed that variation
between groups was higher than variation within groups
(F252 = 29.664, P < 0.0001). Solitary foundresses were
higher than workers and lower than queens (U = 210, P =
0.022 for comparison with workers and U = 92, P < 0.001
for comparison with queens, respectively). Queens were
higher than workers, as found previously (U = 429,
P < 0.001) (Fig. 1b).

Comparisons using all compounds simultaneously

Solitary foundresses could be differentiated from queens and
workers by discriminant analysis using the transformed
areas under all peaks (Fig. 2a). Both discriminant functions
1 and 2 were significant and all individuals were classified
correctly (function 1: Wilk’s 4 = 0.014, P < 0.001; func-
tion 2: Wilk’s 4 = 0.236, P = 0.010; classification analysis:
100% correct classification). Peak # 20a (Hentriacontane)
was left out of Euclidean distance between points on the
discriminant functions plot (Fig. 2a) showed that variation
in distances between groups were higher than variation
in distances among groups (Kruskal-Wallis test: F, g1 =
347.466, P < 0.0001). Distances between solitary foun-
dresses and queens were not different from distances
between solitary foundresses and workers (Mann—Whitney
U = 14915, P = 0.247). Distances between queens and
workers were higher than both distances between solitary
foundresses and queens (U = 36,726, P < 0.001) as well as
distances between solitary foundresses and workers (U =
111,308, P < 0.001) (Fig. 2b).

Ovarian index

Kruskal-Wallis test showed that variation in ovarian index
between groups was higher than variation within groups
(Fa50 = 68.791, P < 0.0001). Ovarian index of solitary
foundresses was intermediate between queens and work-
ers—it was higher than that of workers (Mann—Whitney
U = 288, P < 0.001) but lower than that of queens (U = 96,
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Fig. 1 a Percent area under peaks 1, 2, 3 and 4, b percent area under
the remaining peaks, and ¢ ovarian index of workers (w), solitary
foundresses (sf) and queens (q) of Ropalidia marginata. Different
letters denote significant difference between distributions for each
variable (n = 36 w, 12 q, 8 sf, Mann—Whitney U test: P < 0.05)

P < 0.001). Ovarian index of workers was lower than that of
queens as expected (U = 432, P < 0.001) (Fig. 1c).

Discussion

Dufour’s gland profiles of solitary foundresses were not
similar to established queens of post-emergence nests, and
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Fig. 2 a Queens (q), solitary foundresses (sf) and workers (w) of
Ropalidia marginata plotted on discriminant functions 1 and 2 (n = 12
q, 8 sf, 36 w). Both functions are significant (P < 0.05). Figures in
parenthesis beside each function denote the percent variance explained
by that function. b Distance on discriminant functions plot (a) between
queens and workers (qg—w), solitary foundresses and queens (sf—q), and
solitary foundresses and workers (sf-w). Different letters denote
significant difference between distributions (Mann—Whitney U test,
P < 0.05)

neither they were similar to workers, but seemed to occupy
a position in between queens and workers. Analysis of pair-
wise distance between points on the discriminant functions
plot showed that queens and workers were relatively well
separated from each other, while solitary foundresses were
equidistant from queens and workers. Solitary foundresses
were in an intermediate position for percent area under
peaks 1,2, 3 and 4, and for percent area under the remaining
peaks also. Although all solitary foundresses had laid eggs,
they had lower fecundity than queens. Their state of ovarian
activation was intermediate between queens and workers,
and this could be a consequence of energy consuming tasks
like foraging and nest maintenance that they have to
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perform. Queens of established post-emergence nests never
go out to forage and do almost no work for colony main-
tenance, and this could be a reason as to why their ovaries
are better activated than those of solitary foundresses.

Since solitary foundresses occupy an intermediate posi-
tion with respect to both Dufour’s gland hydrocarbon
composition and ovary activation, this suggests that their
intermediate position may be attributed to their intermediate
fecundity level, lending support to the honest signal
hypothesis (Keller and Nonacs, 1993). In spite of there
being no immediate need for signalling their fertility status,
owing to the absence of receivers of the signal, solitary
foundresses are expressing a profile that is different from
that of workers and closer to that of queens. This is pre-
sumably because their state of ovary activation is also
higher than workers and closer to queens. The correlation of
Dufour’s gland composition with state of ovarian activation
might hint at underlying physiological mechanisms. It could
be possible that factors involved in the ovarian activation
pathway influence the biosynthesis of Dufour’s gland
compounds. These results suggest that Dufour’s gland
composition in R. marginata may arise as an inevitable
byproduct of the ovarian activation status of an individual
and hence may function as an honest signal that portrays the
fertility of an individual.

It has been proposed that for any signal to originate and
be incorporated into a communication system the signal
should be reliable or honest (Zahavi, 1975; Maynard Smith
and Harper, 1995; Zahavi and Zahavi, 1997; Searcy and
Nowicki, 2005). This helps eliminate cheaters and thus
makes it possible for the receiver to rely on it. Unless a
signal is honest on average, both signaller and receiver will
not benefit from it and hence the signal will not evolve
(Johnstone and Grafen, 1993; Kokko, 1997). There may be
several ways in which a signal can achieve honesty (May-
nard Smith and Harper, 1995; Searcy and Nowicki 2005).
Since in R. marginata, the queen signal appears to be
inextricably linked to the state of fertility, this suggests that
queen pheromone in this species is likely to be a signal that
can be classified as “index” or “constraint”, i.e. a signal
that is forced to be reliable because of physiological con-
straints on signal production (Maynard Smith and Harper,
1995; Searcy and Nowicki 2005). Since R. marginata
workers appear to detect the presence of their queen by
means of the queen’s Dufour’s gland compounds that she
applies on the nest surface, and react accordingly (Bhadra
et al., 2007; Bhadra et al., 2010; Mitra et al., 2011), this has
important implications for the mechanism of maintenance
of eusociality in this species.

Previous work has shown that Dufour’s gland hydro-
carbon composition in R. marginata is correlated with
ovarian activation status of queens, suggesting that Dufour’s
gland hydrocarbons may act as honest signals of fertility
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(Mitra and Gadagkar, 2011). This study adds to the evidence
for the link between fertility of individuals and chemicals
likely to be involved in fertility signalling (Sledge et al.,
2001; Monnin, 2006; Izzo et al., 2010; Mitra and Gadagkar,
2011), and reinforces the idea that a signal that arises as a
byproduct of fertility is honest and hence can be incorpo-
rated in a communication system for fertility signalling.
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