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Abstract Queens of primitively eusocial wasps generally
have active and behaviourally dominant queens who use
physical aggression to suppress worker reproduction.
Although a Ropalidia marginata queen is strikingly docile
and behaviourally non-dominant, she is completely suc-
cessful in maintaining reproductive monopoly. R. margin-
ata queens must achieve such reproductive monopoly by
some means other than overt physical aggression. Upon
loss or removal of the queen, one of the workers (referred
to as the potential queen) becomes extremely aggressive
and will eventually go on to become the next queen of the
colony, if the original queen is not returned. The fact that
potential queens are not discernible in the presence of the
queen but become obvious within minutes after removal of
the queen raises the question of how workers in general and
the potential queens in particular, perceive the presence or
absence of their queens. Here, we have conducted experi-
ments in which we separate half of the workers from their
queen by a wire mesh screen and study their behavioural
response to such separation. We demonstrate that the
presence of the queen is not perceived across the wire mesh
screen, which suggests that if the queen uses a pheromone
to signal her presence, then that pheromone is not very
volatile.
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Introduction

Primitively eusocial wasps are characterized by relatively
small colonies (<100 individuals) and absence of mor-
phological divergence between queens and workers. By
these criteria Ropalidia marginata may be classified as
primitively eusocial. But, unlike other primitively eusocial
wasps which have active, behaviourally dominant queens
who use physical aggression to suppress worker repro-
duction (West-Eberhard 1969, 1977; Chandrashekara and
Gadagkar 1991; Fletcher and Ross 1985; Reeve 1991), an
R. marginata queen is strikingly docile and behaviourally
non-dominant (Premnath et al. 1996; Kardile and Gadagkar
2002; Sumana and Gadagkar 2003). It must be emphasized
however that the behaviourally inactive and non-dominant,
docile queens of R. marginata are completely successful in
suppressing reproduction of their workers and maintaining
their reproductive monopoly (Gadagkar 2001). It seems
clear therefore that R. marginata queens must achieve such
reproductive monopoly by some means other than overt
physical aggression in the form of dominance behaviour
(Premnath et al. 1996; Gadagkar 2001; Sumana and
Gadagkar 2001).

Upon loss or removal of the queen, one of the workers
will become extremely aggressive and will eventually go
on to become the next (docile) queen of the colony, if the
original queen does not return. We therefore label this
individual as the potential queen (Premnath et al. 1996;
Deshpande et al. 2006). The fact that potential queens are
not discernible in the presence of the queen but become
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obvious within minutes after removal of the queen raises
the question of how workers in general and the potential
queens in particular, perceive the presence or absence of
their queens. Such perception cannot be mediated through
dominance or other behavioural interactions because of the
extreme paucity of such interactions relative to the time
taken to perceive the absence of the queen (Sumana and
Gadagkar 2003; Bhadra et al. 2007). Visual recognition of
the queen seems unlikely due to the absence of morpho-
logical caste differentiation and of obvious cuticular
markings as in some species of Polistes (Tibbetts 2002;
Tibbetts and Dale 2004).

Thus, the most attractive hypothesis in the context of
R. marginata is that regulation of worker reproduction by
established queens and the perception of the queens by
workers is mediated by pheromones. Any attempts to
localize and identify possible pheromones would be greatly
facilitated by the knowledge of whether they might be
volatile or non-volatile compounds. If the queen phero-
mone is volatile, her presence should be perceived by the
workers across a wire mesh partition, and if the queen
pheromone is non-volatile, the queen should not be per-
ceived across the mesh and therefore a potential queen
should become obvious on the queen-less side of the mesh.

Here, we have therefore conducted experiments in
which we separate half of the workers from their queen by
a wire mesh screen and study their behavioural response to
such separation. We demonstrate that the presence of the
queen is not perceived across the wire mesh screen sug-
gesting that if the queen uses a pheromone to signal her
presence, then that pheromone is not very volatile.

Methods

Post-emergence nests of R. marginata were located in
various nesting sites in Bangalore (13°00’'N, 77°32E),
Mysore (12°25’N, 76°50'E) and Mudumalai (11°34'N,
76°38’E), and transplanted to the Vespiary at the Centre for
Ecological Sciences, Indian Institute of Science, Bangalore
(Gadagkar 2001). All individuals in each colony were un-
iquely marked with small spots of quick drying paints of
different colours for observations. Behavioural observa-
tions were carried out on the colonies using randomly
intermingled all occurrences sessions and instantaneous
scans, each lasting for 5 min, and followed by a I-min
break. All acts of dominance behaviours were recorded and
used to compute the frequency of dominance behaviour
(for a description of the sampling methodology and of
dominance behaviours, see Gadagkar 2001). The queen
was identified by observing her egg-laying behaviour.
Twenty-two colonies of R. marginata, with 8-37 adult
wasps, were used between September 2000 and March
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2003 for these experiments. All colonies were maintained
in closed cages of 30x30x30 cm and provided with ad
libitum food, water, honey and softwood as a source of
fibre for nest construction. On the first day of the experi-
ment, the unmanipulated colony was observed between
0900 and 1,800 for 6 h in two observation blocks of 3 h
each, to obtain 20-30 scans and 30—40 all occurrences
sessions. On the next day, all the adults were collected, a
detailed map of the nest was constructed and the nest was
cut into approximately equal halves. Both fragments of the
colony were then transplanted, one on each side of a wire
mesh partition (2X2 mm), in a closed cage. All the adults
were released on one of the two fragments, such that one
fragment had the queen and a randomly chosen set of half
the workers (hereafter referred to as the queen-right side),
while the other had only the other half of the workers
(hereafter referred to as the queen-less side). Unlike in the
case of other experiments where the orphaned workers
were not allowed to interact with their queens (Downing
and Jeanne 1985; Gobin et al. 1999; Dietemann et al. 2005;
Liebig et al. 1999), the individuals in this case could
interact through the mesh partition. We confirmed that the
queen-right and queen-less nest fragments were not sig-
nificantly different from each other in the numbers of the
eggs, larvae and pupae present in them (Wilcoxon mat-
ched-pairs signed-ranks test; 7 = 5.0-10.5 and P > 0.05).
Five to 6 h of behavioural observations were conducted
between 1,130 and 1,900 h yielding 3540 all occurrences
and 12-20 scans. The same observer observed both the
queen-right and queen-less fragments simultaneously.

In 12 of the 22 experiments, observations were continued
on the third day, after moving the queen from the queen-
right side to the queen-less side, so that the queen-less
fragment of day 2 became the queen-right fragment on day
3 and vice-versa. Observations were carried out as on day 2.
In eight of the experiments, the queen was not exchanged on
day 3. Instead, both nest fragments were maintained in the
same closed cage for 8-10 days, with the mesh partition
intact. At the end of this period, all the adult wasps were
collected and frozen at —20°C until they were dissected.
After the adults were removed, the queen-right and queen-
less fragments were examined and a nest map was con-
structed. These nest maps were used to identify new eggs
that were laid after the separation of the two nest fragments
on day 2. A total of 151 wasps were dissected, their ovaries
were measured and an index of ovarian development
was calculated, as described in Chandrashekara and
Gadagkar (1991).

To see if the queen-less fragments behaved like queen-
less colonies, we compared our results with those obtained
from observations of queen-less colonies in separate
experiments as described in Sumana and Gadagkar (2003).
All statistical comparisons between different classes of
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individuals (queens, potential queens, etc.) within each
colony were made using the Wilcoxon matched-pairs
signed-ranks test, and comparisons across colonies
were made using the Mann—Whitney U test. Statistical
comparisons were made using the software StatistiXL
version 1.5.

Results

When R. marginata colonies were split into two halves
separated by a wire mesh screen, workers in the queen-less
fragment behaved very differently from those in the queen-
right fragment; the latter behaved no differently from
workers in the unmanipulated colony. The rate of domi-
nance behaviour in the queen-less fragment was signifi-
cantly greater than that in the queen-right fragment or that
in the undivided colony. Such an increase in the level of
dominance behaviour is also seen in colonies from which
the queen is entirely removed (queen removal experiments,
see Materials and methods). The rate of dominance
behaviour in the queen-less fragment was not significantly
different from that in the queen-less colonies of queen re-
moval experiments (Fig. 1a, b). In addition to being sta-
tistically significant, the increase in the level of dominance
behaviour in queen-less fragments and queen-less colonies
was rather dramatic. In the mesh experiments, the rate of
dominance behaviour in queen-less fragments increased
5.8-fold compared to the unmanipulated colony on day
one, and 15.4-fold (calculated for 19 nests, because the
three remaining nests had 0 value for dominance behaviour
in the queen-right fragment) compared to queen-right
fragments. This is even more dramatic than the 3.9-fold
increase in the rate of dominance behaviour in queen-less
colonies compared to queen-right colonies.

Potential queen

Just as potential queens were recognizable in all queen re-
moval experiments, so were they recognizable in all mesh
experiments in the queen-less fragments, but never in the
queen-right fragments. The rate of dominance behaviour of
the potential queens in queen-less fragments was signifi-
cantly greater than that of the queen in the queen-right
fragment or that of the same individual before the nest was
divided. This is similar to the rate of dominance behaviour
of potential queens in queen removal experiments, which
was significantly greater than that of the same individual
before removal of the queen (Fig. 2a, b). Potential queens
increased their dominance behaviour 33.9-fold in the mesh
experiment and 16.7-fold in the queen removal experiment,
as compared with their own behaviour before separation
from/removal of, the queen. The queens in most colonies
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Fig. 1 a Mesh experiment: mean and standard deviation of the
frequency per hour per wasp of dominance behaviour in the
unmanipulated colony (day 1), the queen-right and queen-less
fragments (day 2) (n = 22 colonies). b Queen removal experiment:
mean and standard deviation of the frequency per hour per wasp of
dominance behaviour in the unmanipulated colony (day 1) and the
queen-less colony (day 2) (n = 12 colonies). Within-experiment
comparisons are by Wilcoxon matched-pairs signed-ranks test and
significantly different values (P < o, where o is set to 0.0167 after
Bonferroni correction) are indicated using different letters. Between
experiment comparisons are by Mann—Whitney U test and signifi-
cantly different bars (P < 0.05) are indicated by different numbers

showed no dominance behaviour, so the fold increase of the
potential queen’s dominance as compared to the queen
could not be calculated.

Queen exchange

In 12 of the mesh experiments, we moved the queen on day
3, from the side in which she was on day 2, to the opposite
side. Thus, the queen-less side of day 2 became the queen-
right side of day 3. Now the rate of dominance behaviour in
the new queen-right side came down significantly and
became comparable to that of the queen-right fragment of
day 2 (Fig. 3). Besides, in the new queen-right side, the
potential queen (PQ 1) evident on day 2 reduced her level
of aggression to 12.36% of her level on the previous day
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Fig. 2 a Mesh experiment: mean and standard deviation of the
frequency per hour of dominance behaviour of the queen and
potential queen in the unmanipulated colony (day 1), the queen-right
and queen-less fragments (day 2) (n = 22 colonies). b Queen removal
experiment: mean and standard deviation of the frequency per hour of
dominance behaviour shown by the queen and potential queen on day
1 (unmanipulated colony) and potential queen on day 2 (after queen
removal) (n = 12 colonies). Within-experiment comparisons are by
Wilcoxon matched-pairs signed-ranks test and significantly different
values (P < o, where « is set to 0.0083 after Bonferroni correction for
the mesh experiments and 0.0167 for the queen removal experiments)
are indicated using different letters. Between experiment comparisons
are as in Fig. 1

and she became indistinguishable from herself on day 1
(Fig. 4). Conversely, the rate of dominance behaviour in
the new queen-less side increased significantly and became
comparable to that of the queen-less fragment on day 2
(Fig. 3). On day 3, a new potential queen (PQ 2) with high
levels of dominance behaviour became evident in the new
queen-less fragment; the rate of her dominance behaviour
increased significantly as compared to herself on day 1 and
2 (Fig. 4).

Ovarian condition

In all eight experiments where the queen was not ex-
changed and where the divided nests were maintained for
at least 8 days after the division of the nest, new eggs were
seen to have been laid in both queen-right and queen-less
fragments. Dissections revealed that the potential queens in
the queen-less fragments had developed their ovaries to
become indistinguishable from the queens. In spite of the
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Fig. 3 Mean and standard deviation of the frequency per hour per
wasp of dominance behaviour in the unmanipulated colony (day 1),
the queen-right and queen-less fragments (day 2) and in the new
queen-less and queen-right fragments after the queen was exchanged
(day 3) in the mesh experiments (n = 12 colonies). Comparisons are
by Wilcoxon matched-pairs signed-ranks test and significantly
different values (P < o, where o is set to 0.005 after Bonferroni
correction) are indicated using different letters
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Fig. 4 Mean and standard deviation of the frequency per hour of
dominance behaviour of the queen, potential queen 1 (PQI) and
potential queen 2 (PQ2) on day 1 (unmanipulated colony), day 2 (after
dividing the colony) and day 3 (after exchanging the queen) (n = 12
colonies). Comparisons are by Wilcoxon matched-pairs signed-ranks
test and significantly different values (P < o, where « is set to 0.0023
after Bonferroni correction) are indicated using different letters

high levels of aggression directed by the potential queen to
the workers on the queen-less fragment, the ovarian
development of an average worker in the queen-less frag-
ment was significantly greater compared to an average
worker in the queen-right fragment (Fig. 5).

Discussion

Because the presence of the queen is not perceived across a
wire mesh screen, we conclude that if the queen is using a
pheromone to communicate her presence to the workers
then the pheromone must be relatively non-volatile. In
normal colonies, workers could perceive the queen pher-
omone either through physical interaction with her or
perhaps the queen might apply the pheromone to the nest.
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Fig. 5 Mean and standard deviation of the index of ovarian
development (see methods) of the queen, potential queen and the
workers of the queen-right and queen-less fragments of the mesh
experiment (n = 8 colonies). Comparisons are between the queen and
the potential queen (same letters) and between the average workers on
the queen-right and queen-less fragments (different numbers) using
Wilcoxon matched-pairs signed-ranks test (P < o, where « is set to
0.025 after Bonferroni corrections)

If physical interactions are required for perception, the
pheromone might be contained in the cuticular hydrocar-
bon profile of the queen. This would be reminiscent of the
postulates made for queen recognition in social wasps such
as Polistes and queen and gamergate recognition in some
ponerine ants (Turillazzi et al. 2004; Sledge et al. 2001a, b;
de Biseau et al. 2004; Endler et al. 2006; Hannonen et al.
2002; Heinze et al. 2002; Monnin et al. 1998; Tsuji et al.
1999; Liebig et al. 2000; Cuvillier-Hot et al. 2001;
D’Ettore et al. 2004; Dietemann et al. 2003). However, we
have now demonstrated that physical interactions, direct or
indirect (through relay with other workers), are inadequate
to explain the transfer of a pheromonal or other signal from
the queen to the potential queen. This conclusion is based
on a mismatch between the rates of direct and indirect
interactions of the queen and potential queen on the one
hand, and the time taken by the potential queen to perceive
the absence of the queen, on the other (Bhadra et al. 2007).
If physical interactions are not required for workers to
perceive the queen, the pheromone might be a glandular
secretion. However, since it is not very volatile, we spec-
ulate that it might be applied to the nest rather than simply
released in the air. This speculation is supported by our
observation that the queen of R. marginata frequently rubs
her abdomen on the nest. Data on the rates of such rub
abdomen behaviour of the queen (once in 23 min, on

average) are consistent with the possibility that the queen
applies her pheromone to the nest with the rub abdomen
behaviour (Bhadra et al. 2007). It may be noted that the rub
abdomen behaviour shown by the R. marginata queen is
reminiscent of the abdominal stroking behaviour reported
for Polistes queens, and which is believed to be used for
applying recognition odors on the nest (Dani et al. 1992;
Van Hooser et al. 2002). Since the queen pheromone in
R. marginata may be non-volatile, the use of proteinaceous
pheromones (Klobuchar and Deslippe 2002; Turillazzi
et al. 2000) is a possibility that deviates from the usual
CHC-based pheromones commonly believed to be used in
other species. Besides, CHC’s do not appear to function as
fertility signals in Ropalidia opifex (Dapporto et al. 2006).

The fact that the potential queen is unable to suppress
ovarian development in the workers on her side of the
mesh, as much as the queen can do on her side, in spite of
the very high levels of aggression displayed by her, further
strengthens our claim that the queen uses a pheromone
rather than physical aggression to regulate/suppress worker
reproduction.
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