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against an ant predator, the Japanese tree frog Hyla japonica
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ABSTRACT. The defensive function of petiole spines in queens and workers
of the formicine ant Polyrhachis lamellidens was investigated using the ant
predating tree frog Hyla japonica. Ant workers have hook-like large spines
on their petiole while the queen petiole has only small slightly curved spines.
Intact workers of P. lamellidens are unpalatable while workers without spines
and intact queens are palatable, indicating that the spines of workers provide an
effective defense against the tree frogs. Caste differences of spine morphology
therefore affect the defense potential of the ants.
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INTRODUCTION

Ants are social insects that live together with
nestmates, the majority of which are wingless
workers. Such insects may form an easy prey for
insectivorous animals, and therefore must have an
efficient defense system (Redford 1987, Peeters
& Ito 2015). An effective defense system might
contribute to the current success of ants in the
terrestrial ecosystem (Buschinger & Maschwitz
1984, Peeters & Ito 2015). However, investiga-
tions on the defense of ants by using ant predators
have been rarely carried out to date, except for
our studies using tree frogs and chicks (Ito et al.
2004, Taniguchi ef al. 2005a).

The formicine genus Polyrhachis is one
of the biggest ant genera (Wilson 1976), includ-
ing 697 species (Bolton 2015). Many species of
Polyrhachis are characterized by large spines on
the petiole and/or alitrunk (Dorow 1995). Spines
are one of the typical defense devices in animals

and plants (e.g. Mikolajewski & Rolff 2004, In-
bar & Lev-Yadum 2005, Hanley et al. 2007).
Hook-like spines on the petiole of the workers in
some subgenera of Polyrhachis seem to be a very
powerful defense apparatus (Fig. 1). The func-
tion of the spines in Polyrhachis is supposed to
protect them against vertebrate predators (Busch-
inger & Maschwitz 1984), however, no experi-
mental evidence exists so far. Such remarkable
spines may function as a visual signal against
predators. As shown in aquatic firefly larvae, a
conspicuous visual signal in conjunction with de-
terring substances functions as an effective multi-
modal aposematic anti-predator defense (Fu et al.
2007). Interestingly, such large spines were found
in workers only whereas the queen’s petiole has
only small spines (Kohout 2014).

We compared the defensive function of
the spines of P. lamellidens Fr. Smith between
queens and workers, by using the Japanese tree
frog, Hyla japonica (Glnther), which is a com-
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mon generalist predator occurring in western Ja-
pan (Hirai & Matsui 2000), and which feeds on
many species of ants (Taniguchi e al. 2005a,b,
Ito et al. 2009). First, we compared the petiolar
spines between queens and workers. The fine
structure of the spine surface was also observed
by SEM to check whether there are openings for
injecting eventual chemical substances from the
spine. Then, we investigated whether the frogs
are able to feed on P. lamellidens workers and
queens. To verify the defensive function of spines
of workers, we offered ablated workers without
spines to the frogs. Furthermore, to check wheth-
er spines of workers function as a visual signal
for predators, we offered workers without spines
to frogs that had previously experienced workers
with spines.

MATERIALS AND METHODS

Ants

Polyrhachis lamellidens is an uncommon ant in
western Japan. Colonies nest in large holes of
standing trees in woodland. Recently this spe-
cies was assigned as an endangered species by
the Japan Ministry of the Environment (2014).
The nuptial flight occurs in October to Novem-
ber. Mated dealated queens thereafter enter the
nest of Camponotus japonicus or C. obscuripes
(Kohriba 1963, Furukawa et al. 2013) or hiber-
nate in dead wood, and enter the host ant nest
the next spring. The founding queens show tem-
porary social parasitism (Kohriba 1963): the P.
lamellidens queen Kkills a host queen, and sub-
sequently the parasite workers replace the host
workers. Colony size is relatively large, reaching
more than 10,000 workers.

Morphology of petiole spines

The petiole was removed from 10 workers and 10
queens, and its width and height were measured
using Motic Images Plus 2.1 after digital photo-
graphy. The Welch-test in the statistical Package
R v3.0.2 (R Development Core Team 2013) was
used for statistical analysis of average petiole size
between queens and workers, because the test for
homogeneity of variance can be omitted. A work-
er petiole for scanning microscopy was detached
from the body, gold coated in a Bal-Tec Sputter

Coater SCD 050 and examined in a JEOL JSM-
6360 scanning electron microscope.

Behavior of frogs against ants

We collected in total 105 mature frogs (length of
snout tip to cloacal opening > 3.00 ¢cm) in and
around rice fields in Miki-cho, Kagawa Prefec-
ture, western Japan, from April to August. They
were kept in the laboratory in glass containers.
Mealworms were given as prey. Before the ex-
periment, a frog was transferred into a small
cylindrical container (¢ 120 mm x height 75
mm). The bottom of the container was covered
with plaster to provide humidity. Each frog was
subjected to food deprivation during three days
prior to the experiment. A colony fragment of P.
lamellidens including workers, alate queens and
broods was kept in a large polypropylene con-
tainer in the laboratory.

We offered an intact worker, a worker
with petiole spines experimentally ablated (Fig.
1C), or a queen to a frog in the cylindrical con-
tainer. The number of frogs examined in this
experiment was 60 frogs for intact workers, 30
frogs for workers without spines, and 15 frogs for
queens. All frogs were used for this experiment
only once. Just before each experiment, the peti-
ole spines of workers were cut off with clippers,
while the wings of alate queens were removed
with forceps. According to former reports on frog
predation behavior by using tree frogs (Tanigu-
chi et al., 2005a) and toads (Brower et al., 1960),
frog behavior against prey animals can be divided
into the following three categories: ignore, attack
but not eating, and attack followed by eating. In
our study, the second category was further divid-
ed: prey is rejected just after the frog touched it,
or is spit out after the frog had put it in the mouth.
For each frog, feeding behavior was recorded
as follows: (1) The frog attacked or ignored the
ant. If a frog ignored the ant during 10 min, we
stopped the experiment. (2) If the frog attacked
the ant, we recorded whether the ant was taken
in the mouth or whether the ant was rejected just
after the frog touched it. (3) For the frogs that
took the ant in their mouth, we recorded whether
they fed on the ant or whether they spit it out.
Furthermore, to check whether frogs consider
the spines as a visual signal, we offered a worker
with or without spines to frogs (both N = 10), that
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Fig. 1. Petiole profiles of intact worker (A), queen (B), and ablated worker (C), and frontal view of petiole of
worker (D top) and queen (D bottom) of Polyrhachis lamellidens. Black arrows indicate petiolar spine, grey ar-

row indicates ablated spine of worker petiole.

had experienced an ant with spines and spit it out
the day before. For this experiment, we recorded
whether a frog attacked or not. When the frogs ig-
nored or refused ants, we gave them a mealworm
or a small cockroach to check whether they were
hungry or not. Frog behavior was analyzed by a
contingency table test as in Brower et al. (1960)
and Taniguchi et al. (2006). For comparisons of
the behavior against each type of ants, a pairwise
comparison with a Fisher exact test in R v3.0.2 (R
Development Core Team 2013) was used.

RESULTS

Morphology of spines

The morphological characteristics of the peti-
ole are markedly different between workers and
queens (Fig. 1). Workers have a pair of large
hook-like spines whereas the queen’s petiole has
a pair of short slightly curved spines. Spine width
of workers is slightly wider than that of queens
(t=-3.2,df =13.9, P = 0.006), but the height is
remarkably different between the two castes (t =
-19.3, df = 15.2, P <0.001). SEM observation of
the hook of the worker’s petiolar spine (Fig. 2)
shows that there are many pores with a diameter
around 1 um on its surface. The tip of the hook
of the worker’s spine has no such pores, and there
were no major openings for emitting eventual
chemical substances.

Behavior of frogs against ants

In total, 75 of 105 frogs that had no prior experi-
ence with ants in the laboratory attacked the ant
(Table 1). The proportion of frogs that ignored
ants was not statistically different among intact
workers, mutilated workers, and queens. All 30
frogs that ignored ants fed on mealworms or
cockroaches, indicating that the frogs avoid the
ants as prey. Among the 75 frogs that attacked the
ant, 15 frogs that attacked an intact worker and
8 frogs that attacked an ablated worker refused
the ant: they stopped attacking after their tongue
touched the ant. These frogs fed on mealworms
or cockroaches just after the experiment, indicat-
ing that they were hungry but chemical substanc-
es or physical properties of the cuticular surface
including spines have some defensive function.
The proportion of refusing frogs was not sta-
tistically different with respect to their refusing
of intact workers, ablated workers, and intact
queens. The remaining 52 frogs took ants in their
mouth (Table 1). The majority of frogs (27 out
of 30) that put an intact worker into the mouth
spat it out. When the frogs took an intact worker,
the spines often stuck in their mouth. Four frogs
spent time and effort to remove the ant from their
mouth. All ants vomited by the frogs died. In con-
trast, all but one frog fed on an ablated worker (N
= 14). All frogs that took an intact queen in their
mouth (N = 8) ate it without vomiting. The feed-
ing ratio of the intact workers was significantly
lower than that of both the ablated workers and
queens (pairwise comparison with a Fisher test,
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Fig. 2. SEM appearance of worker petiole in Polyrhachis lamellidens. Small arrows in B indicate pore openings

of subepithelial gland ducts.

both P < 0.001), indicating that the spines of P.
lamellidens workers do function as an effective
defense against the predators.

Among 20 frogs that spat out the intact
worker in the first experiment mentioned above
(Table 1), seven of 10 frogs who were offered the
intact workers, and nine of 10 frogs who were of-
fered ablated workers ignored the ant (lower part
of Table 1). The behavioral response by frogs
who experienced intact workers previously was
significantly different from the frogs before the
experience (against intact workers, P = 0.04,
against ablated workers, P = 0.0016), indicating
that the frogs learned to recognize unpalatable
prey. In this experiment, both ablated ants and in-
tact ants were ignored in a similar ratio, indicat-
ing that the spines have no function as signals of
bad prey for frogs.

DISCUSSION

The huge spines on the petiole of P. lamellidens
workers have a strong defensive effect against
tree frogs, and that the frogs can learn to recog-
nize unpalatable prey. To our knowledge, this is
the first experimental evidence on the defensive

function of ant spines against predators. Defen-
sive spines in insects sometimes can introduce
toxins into other animals, e.g. larvae of Lima-
codidae (Rothschild et al. 1970, Murphy et al.
2010). SEM observation of the petiole indicated
that there are many pores, which probably corre-
spond with the openings of subepithelial glands.
These glands are distributed over the whole body
in several ant species (Gobin et al. 2003). It is
unlikely that these tiny pores on the surface of
the petiole spines of P lamellidens emit toxic
substances for defense, as they represent single
cell openings that cannot emit sufficiently large
amounts of substance. Although we do not yet
know the function of these glands, the defensive
function of the spines seems based on their mere
physical characteristics.

Spines of queens are small and have
no defensive effect against the tree frogs. Huge
spines seem to be a hindrance for flying: gener-
ally ant queens have smaller spines if compared
to conspecific workers (Kohout 2014, Peeters &
Ito 2015). Furthermore, activity outside nests by
queens is generally limited to just before and after
the nuptial flight. Thus, such strong defensive ap-
paratus against predators is not important in com-
parison to workers.
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Table 1. Behavioral responses of the Japanese tree frogs against queens and two types of Polyrhachis lamellidens
workers. The different letters in each column refer to a significant difference (pairwise comparison with a Fisher

exact test).

from ants that

from attacked ants: were put in
mouth:
Ignored Attacked Total Refused Putin Total Fedon  Spit Total
mouth

Frogs without experience:

intact workers 15 45 60° 15 30 45¢ 3 27 30

ablated workers 8 22 302 8 14 220 13 1 14°

queens 7 8 1590 0 8 81 8 0 8°
Total 30 75 105 23 52 75 24 28 52
Frogs that spit out intact workers:

intact workers 7 3 100¢

ablated workers 9 1 10°
Total 16 4 20
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