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The roles played by nonfatal secretions of adult anurans in the avoidance of predation remain unknown. The adult
Wrinkled frog (Rana rugosa) has warty skin with the odorous mucus secretion that is not fatal to the snake Elaphe
quadrivirgata. We fed R. rugosa or Fejervarya limnocharis, which resembles R. rugosa in appearance and has
mucus secretion, to snakes and compared the snakes’ responses to the frogs. Compared to F. limnocharis, R.
rugosa was less frequently bitten or swallowed by snakes. The snakes that bit R. rugosa spat out the frogs and
showed mouth opening (gaping) behavior, while the snakes that bit F. imnocharis did not show gaping behavior. We
also compared the responses of the snakes to R. rugosa and F. limnocharis secretions. We coated palatable R.
Jjaponica with secretions from R. rugosa or F. limnocharis. The frogs coated by R. rugosa secretion were less
frequently bitten or swallowed than those coated by F. limnocharis secretion. We concluded that compared to
different frog species of similar sizes, the adult R. rugosa was less frequently preyed upon by, and that its skin
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Introduction

Many animals attack and prey upon adult anurans [1,2].
Adult anurans have evolved various defense mechanisms
including chemical ones [2]. Anuran chemical defenses against
predators have been studied extensively in poison frogs, which
include some species of Dendrobates and Bufonidae with
extremely poisonous skin secretions [2]. These studies have
shown that the skin secretions of adult poison frogs are toxic
enough to kill their predators immediately [3].

In addition to such extremely poisonous species, most adult
anurans have highly glandular skin that emits secretions [2,4];
these skin secretions often provide antibacterial protection
[2,4-8]. The secretions of adult anurans other than the
extremely poisonous species are not considered to be fatal, but
are suggested to repel predators by irritating the mucus
membranes of the mouth and causing regurgitation, impairing
coordination, or affecting their chemical senses [2,4,9]. For
example, the secretion of the African clawed frogs (Xenopus
laevis) induce dyskinetic orofacial behavior (yawning and
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gaping movements) in the northern water snake Nerodia
sipedon [10] and in two other snake species
(Lycodonomorphus rufulus and L. laevissimus)[11].

The role that such nonfatal secretions play in the avoidance
of predation remains unknown. Although the extremely
poisonous secretions cause serious illness or death in
predators [2,9], animals with poisonous secretions can avoid
predation before contact with predators and are seldom
actually killed because many predators learn to avoid or exhibit
innate avoidance of these species [2]. Nonfatal secretions can
be effective after contact with predators or they invoke
avoidance responses before contact as in the case of the
extremely poisonous ones. Because contact and handling by
predators negatively affect the prey [9], it is important to
understand whether predation is avoided before or after
contact to assess the effectiveness of secretions as a defense
mechanism. However, it is unclear how nonfatal secretions
prevent predation. Only the studies by Barthalmus and Zielinski
[10,11], who reported that the X. laevis secretion is effective in
anti-predator defense by inducing dyskinetic orofacial behavior
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(including gaping, yawning, and writhing tongue) in N. sipedon,
have shown a behavioral mechanism for predation avoidance
by nonfatal secretions. These researchers showed that the frog
was able to escape from the snake during the dyskinetic
orofacial behavior after contact with the secretion. However,
this behavior may be of limited effectiveness in predation
avoidance because dyskinetic orofacial behavior is ineffective
for escape from the snakes that coil around prey to hold them
(e.g., Lycodonomorphus snakes).

The adult Wrinkled frog (Rana rugosa) has warty skin with a
secretion that has a strong and unique odor. This frog is rarely
found in the natural diet of the Japanese striped snake (Elaphe
quadrivirgata), which is considered a general predator of
amphibians, mammals, birds, and reptiles [12]. In one study,
newborn E. quadrivirgata with no prey experience ate few R.
rugosa [13]. When E. quadrivirgata adults were forced to
swallow R. rugosa, all the snakes spat out the frogs and
opened and closed their mouths (gaping behavior) (Yoshimura,
personal observation). The snake did not change its
movements or other behaviors and did not die shortly after
contact with R. rugosa (Yoshimura, personal observation).
These observations suggest that R. rugosa are not highly
poisonous but that they escape from predation by snakes. The
absence of species with highly poisonous adults in the
subgenus Lithobates, which includes R. rugosa [2], also
suggests that R. rugosa is not highly poisonous.

We conducted two experiments to examine whether the skin
secretion of adult R. rugosa is effective for the evasion of
predation by snakes. In the first experiment (Experiment 1), we
compared the proportion of snakes that bit and swallowed R.
rugosa with the proportion that bit and swallowed Fejervarya
limnocharis, which resembles R. rugosa in size and
appearance. In the second experiment (Experiment 2), we
coated the natural prey organisms of the snakes with
secretions from R. rugosa or F. limnocharis to examine the
effects of these secretions.

Materials and Methods

Ethics statement

The study was conducted in accordance with Act on Welfare
and Management of Animals (Law No. 105, Japan). All
experiments followed the ABS/ASAB guidelines for ethical
treatment of animals. The Animal Care and Use Committee of
Kyushu University approved this study. All collection in this
study was carried out on private lands, and we confirm that the
owners of the lands gave permission to collect these animals.
This study did not involve any endangered or protected
species.

Predators: Snakes

We used 34 adult Japanese striped snakes (E. quadrivirgata;
mean =1086 mm, SD=142) collected in Fuji, Saga Prefecture,
Japan (33°24'01"N, 130°09'39"E), in June and July 2009, as
the predators in the experiments. This species was considered
the most abundant among potential predators of frogs at the
site because we encountered them most frequently among
potential predators (Yoshimura, personal observation). Snakes
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were collected by hand, and transferred to the laboratory in
clean cloth bags with temperature maintained at 23-28°C to
reduce the load of them. Upon collection, we stretched each
snake along a tape measure and recorded its total body length
(snout—vent length and tail length) to the nearest 5 mm. The
snakes were housed individually in polypropylene containers
(450 x 295 mm and 260 mm high) prior to the experiments, and
were subjected to a 12 h L:12 h D photoperiod with
temperature maintained at 24-25°C. Water was provided in
saucers (180 mm diameter and 50 mm deep), and the snakes
were able to drink and bathe at any time during housing. Each
snake was fed one Japanese brown frog (R. japonica) or one
Japanese meadow frog (R. nigromaculata) every 2 days.

Prey: Frogs

We used adult R. rugosa (28—47 mm), Indian rice frog (F.
limnocharis, 25-46 mm), and Japanese brown frog (R.
Jjaponica, 28-32 mm) as the prey items in the experiments.
Rana rugosa and R. japonica were collected from the same
area that the snakes were collected, in July 2009. Because F.
limnocharis was not found in the area, we collected this
species at Motooka, Fukuoka Prefecture, Japan (33°35'48"N,
130°12'52"E), in July 2009. Fejervarya limnocharis and R.
japonica had odorless skin secretions for human. The E.
quadrivirgata that we used in this study are likely to encounter
R. rugosa and R. japonica, but not F. limnocharis, in this
sampling site (Yoshimura, personal observation). All frogs were
caught with a landing net, and transferred to the laboratory in
plastic cages with water temperature maintained at 23-28°C to
reduce the load of them. We measured the snout-vent length
of all frogs to the nearest 0.1 mm by using a vernier caliper.

After collection, five frogs were maintained in one
polypropylene aquarium (600 x 300 mm and 200 mm high) for
24-36 h prior to the experiments. They were subjected to the
natural photoperiod, and temperature was maintained at 20—
25°C. The water depth in the aquarium was approximately 20
mm. Each aquarium had a land (100 x 150 mm) on one side.
The frog aquaria and snake containers were placed in different
rooms to avoid detection of scents and visual stimuli between
the frogs and snakes before the experiments.

Experimental design

We conducted Experiments 1 and 2. In Experiment 1, we fed
the snakes either R. rugosa or F. limnocharis and compared
the proportion of snakes that bit or swallowed each species. In
Experiment 2, we fed the snakes R. japonica coated with the
secretions of either R. rugosa or F. limnocharis, and compared
the proportion that bit or swallowed R. japonica coated with the
two species’ secretions. To test the effect of their secretions,
we used R. japonica, which were eaten by the snakes and had
similar body size as that of R. rugosa and F. limnocharis
(approximately 30 mm), as the prey. We also compared the
time from the first biting to the second biting (biting interval) in
Experiment 2. We used each frog in only one of the
experiments.

Before the experiments, the snakes had been trained to eat
frogs in the aquaria where the experiments were conducted.
Three days before the experiments, from 9:00 AM to 4:00 PM,
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we put one snake in each experimental aquarium for 5 min for
acclimation. We then put one R. japonica in each aquarium and
observed the aquaria by using video cameras (DCR-SR87,
Sony, Japan) for 20 min after the introduction of the frogs. The
snakes usually fed within 20 min. We used 34 snakes that bit
the frogs during this training, while the five snakes that did not
bite the frogs were excluded. The snakes were individually
housed without food for 24 h before the experiment.

The training and the two experiments were conducted in
glass aquaria (600 x 300 mm and 450 mm high) with the
temperature of the room maintained at 24—25°C. We covered
the tops of the aquaria with white polypropylene boards (600 x
300 mm) to prevent the snakes from escaping. We covered
three of the four sides of each aquarium with gray boards to
block other snakes and frogs from view during the training and
experiments. We observed the snakes using video cameras
(DCR-SR87, Sony, Japan) from the sides of the aquaria that
were not covered by the boards.

Experiment 1

In Experiment 1, each snake was tested using the frogs two
times. A snake was given R. rugosa on one day and F.
limnocharis on the other day. We chose to use F. limnocharis
as the control to minimize the differences in visual appearance
with R. rugosa, as F. limnocharis resembled R. rugosa in color,
size, and the presence of small ridges on its back [14,15].
Fejervarya limnocharis was usually included in the diet of E.
quadrivirgata in the area where F. limnocharis was distributed
[12]. We used 34 snakes in this experiment, randomly divided
into two groups of 17 snakes. Seventeen of the 34 snakes
were fed R. rugosa on the first day and F. limnocharis on the
second day, while the other 17 snakes were fed F. limnocharis
on the first day and R. rugosa on the second day. We used
each frog in only one of the experiments.

On the first day of Experiment 1, after the 48-54 h no-
feeding period, we put one snake in each aquarium for 5 min
for acclimation. After the 5-min acclimation period, we fed the
snake one frog and observed the animals by using video
cameras for 20 min. We returned the snakes to their housing
containers after the first day of experiments and did not provide
food to the snakes until the test on the next day (the second
day). On the second day, we tested the snakes with the other
species of frog in the same manner.

Experiment 2

We compared the responses of the snakes to secretions of
R. rugosa and F. limnocharis. We coated R. japonica with
secretions from R. rugosa (termed “wrinkled frog”) or F.
limnocharis (control) and again tested each snake twice.
Snakes were fed a “wrinkled frog” on one day and the control
on the other day.

Coating of R. japonica with the R. rugosa secretion was
performed as follows. First, we wiped the body surfaces of all
the frogs with paper towels to remove extra water. We picked
at the right or left half of the back skin of one R. rugosa 10
times slowly with tweezers (INOX50) to allow the secretion to
ooze out onto all the surface including the limbs. To apply the
secretion, we rubbed the half of the R. rugosa back skin, which
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had the secretion oozing out, directly against the entire body
surface of the R. japonica (including the ventral side and back).
For the control, we coated R. japonica with the secretion from
F. limnocharis. The procedures for the control were the same
as those for the “wrinkled frog” except for the different frog
species used as the source of the secretion. We used each
frog in only one of the experiments. Three R. japonica lost their
activity after the coating; we did not use these frogs because
inactive preys could affect the predatory behavior of the
snakes.

Among the snakes used in Experiment 1, 16 randomly
chosen snakes were used in Experiment 2. These snakes were
kept for 21-28 d after Experiment 1 under housing conditions,
and were randomly divided into two groups of eight snakes.
Eight of the 16 snakes were given the “wrinkled frog” on the
first day and the control on the second day; the other eight
snakes were given the control on the first day and the “wrinkled
frog” on the second day.

On the first day of Experiment 2, after the 48-54 h no-
feeding period, we put one snake in each aquarium for
acclimation. After the 5-min acclimation period, we put one
“wrinkled frog” or one control in each aquarium and observed
the animals with the video camera for 20 min. We returned the
snakes to their housing containers after the first day of
experiments and did not provide food between the first and
second day of this experiment. On the second day, we tested
the snake with the other type of the frog in the same manner.

Because we improved the placement of the video cameras in
Experiment 2, we were able to precisely record the movement
of the mouths of the snakes holding the frogs than in
Experiment 1. After the snakes bit the frogs (first biting), they
held the frogs in their mouths and bit them again (second
biting) and then swallowed them. The snakes held the frogs in
their mouths during the interval between the first and second
biting (biting interval). When the snakes were fed R. rugosa,
those that bit but did not swallow the frogs released the frogs in
the biting interval without making a second bite. We considered
this interval as the time needed for the snakes to decide
whether to swallow the frogs based on stimuli, including taste.
In Experiment 2, we compared the biting intervals of the
snakes between the “wrinkled frog” and the control. The biting
interval will be long if the secretion creates a strong
disturbance in swallowing the prey. We measured the biting
interval to the nearest 1 s.

Statistical analysis

We used Fisher's exact test to compare the proportions of
the individuals that showed biting, swallowing, or gaping
behaviour. For the biting interval, we used Wilcoxon signed
rank test. The Wilcoxon test was used to compare the paired
data of the interval that a given snake took for the “wrinkled
frog” and that the snake took for the control. Statistical
significance was designated for differences with p-values less
than 0.05. We performed all the analyses in R 2.15.1 [16].
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Table 1. Number of snakes that bit or swallowed R. rugosa
or F. limnocharis, and gaping behavior.

Avoiding Predation by Adult Wrinkled Frog

Table 2. The number of snakes that bit or swallowed
“wrinkled frog” or the control.

Bit Swallowed Gaping behavior
R. F. R. F. R. F.
rugosa limnocharis rugosa limnocharis rugosa limnocharis
(%) (%) (%) (%) (%) (%)

. 3117 0/17 3/3

First day 14/17 (82.4) 14/17 (82.4) 0/14 (0)
(17.6) (0) (100)

Second  3/17 0/17 3/3

10/17 (58.8) 10/17 (58.8) 0/10 (0)

day (17.6) 0) (100)
6/34 0/34 6/6

Total 24/34 (70.6) 24/34 (70.6) 0/24 (0)
(17.6) (0) (100)

doi: 10.1371/journal.pone.0081280.t001

Results

Experiment 1: Predation on R. rugosa and F.
Limnocharis

Table 1 shows the number of snakes that bit or swallowed R.
rugosa or F. limnocharis. The proportion of snakes that bit R.
rugosa was 17.6% (3/17) on the first and second days, while
the proportion of snakes that bit F. limnocharis was 82.4%
(14/17) on the first day and 58.8% (10/17) on the second day.
A significantly lower proportion of snakes bit R. rugosa (17.6%
= 6/34) than F. limnocharis (70.6% = 24/34) (Fisher's exact
test; p = 0.0071).

No snakes swallowed R. rugosa on the first or second day
(0/17 on each day). The proportion of snakes that swallowed F.
limnocharis was 82.4% (14/17) on the first day and 58.8%
(10/17) on the second day. A significantly lower proportion of
snakes swallowed R. rugosa (0% = 0/34) than F. limnocharis
(70.6% = 24/34) (Fisher's exact test; p = 0.000027). The
proportion of snakes that swallowed R. rugosa to snakes that
bit R. rugosa (0% = 0/6) was significantly lower than that which
bit F. limnocharis (100% = 24/24) (Fisher's exact test; p =
0.028).

A significantly higher proportion of snakes showed gaping
behavior after biting R. rugosa (100% = 6/6) than F.
limnocharis (0% = 0/24) (Fisher’s exact test; p = 0.00047).

Experiment 2: The effect of the secretion of R. rugosa

Table 2 shows the number of snakes that bit or swallowed
the “wrinkled frog” or the control. The proportion of snakes that
bit the “wrinkled frog” was 62.5% (5/8) on the first day and
75.0% (6/8) on the second day. The proportion of snakes that
bit the control was 100% on the first and second days (8/8 on
each day). A significantly lower proportion of snakes bit the
“wrinkled frog” (68.8% = 11/16) than the control (100% = 16/16)
(Fisher’s exact test; p = 0.0043).

The proportion of snakes that swallowed the “wrinkled frog”
was 50% (4/8) on the first day and 62.5% (5/8) on the second
day, while the proportion of snakes that swallowed the control
was 100% on the first and second days (8/8 on each day). A
significantly lower proportion of snakes swallowed the “wrinkled
frog” (56.3% = 9/16) than the control (100% = 16/16) (Fisher's
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Bit Swallowed

“Wrinkled frog” (%) Control (%) “Wrinkled frog” (%) Control (%)
First day 5/8 (62.5) 8/8 (100) 4/8 (50.0) 8/8 (100)
Second day 6/8 (75.0) 8/8 (100) 5/8 (62.5) 8/8 (100)
Total 11/16 (68.8) 16/16 (100) 9/16 (56.3) 16/16 (100)

doi: 10.1371/journal.pone.0081280.t002

exact test; p = 0.0068). The proportion of snakes that
swallowed the “wrinkled frog” to the snakes that bit them
(81.8% = 9/11) was lower than that which swallowed the
control to the snakes that bit them (100% = 16/16), but the
difference was not significant (Fisher’s exact test; p = 0.28).

The proportion of snakes that bit the “wrinkled frog” among
those that showed gaping (72.7% = 8/11) was significantly
higher than the proportion of snakes that bit the control among
those that showed gaping (0% = 0/16) (Fisher’s exact test; p =
0.0038). One snake that released the “wrinkled frog” on the first
day showed gaping while one snake that released the “wrinkled
frog” on the second day did not.

When we fed the “wrinkled frog” on the first day, four out of
the eight snakes bit it twice and the average biting interval was
91.5 s (SD = 37.8). On the second day, the average biting
interval for five of the eight snakes was 149.4 s (SD = 67.5).
When we gave the control on the first day, the average biting
interval for the eight snakes was 28.9 s (SD =17.5). On the
second day, the average biting interval for the eight of the
snakes was 31.5 s (SD = 11.2). In the nine snakes that bit both
the “wrinkled frog” and the control, the biting interval for the
“wrinkled frog” (mean = 123.7 s, SD = 61.2) was significantly
longer than the biting interval for the control (mean = 30.2 s,
SD = 14.3) (Wilcoxon signed rank test; V = 0, p = 0.009).

Discussion

A significantly lower proportion of snakes bit or swallowed R.
rugosa than F. limnocharis (Experiment 1), indicating that adult
R. rugosa was less frequently preyed upon than a different frog
species of similar size. No R. rugosa were swallowed and all
survived after being bitten by snakes, while 70.6% of F.
limnocharis were killed. In Experiment 2, a significantly lower
proportion of snakes bit or swallowed the “wrinkled frog” coated
with the secretion of R. rugosa than the control; therefore, the
secretion is effective in avoiding predation by the snake.

Although some have skin secretions that are capable killing
predators, most anurans are noxious to predators by irritating
the mucus membranes of the mouth, causing regurgitation, or
affecting their chemical senses rather than by killing them
[2,4,9]. However, only Barthalmus and Zielinski [11] reported
the effectiveness of such nonfatal secretions in avoiding
predation; these researchers showed that the frog was able to
escape from the snake during dyskinetic orofacial behavior
caused by the secretion.
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The roles of nonfatal secretions in avoiding predation remain
unknown. In the present results, R. rugosa avoided predation
both before and during contact with the snake. First, the
difference before contact of the snake and frog can be
evaluated by comparing the proportion of snakes that bit the
frogs. This proportion for R. rugosa was lower than that for F.
limnocharis (Experiment 1). This was also the case for the
“wrinkled frog” in Experiment 2. Second, the difference during
contact of the snake and frog (when the frog was in the mouth
of the snake) can be evaluated by comparing of the proportion
of snakes that swallowed the frogs to the number of the snakes
that bit frogs. In Experiment 2, the difference during the contact
can be also evaluated by the biting interval.

The difference in the proportion of biting shows that the
shakes were able to recognize differences in R. rugosa and F.
limnocharis before contact, and that the snakes were also able
to recognize differences in the secretions (the “wrinkled frog”
and control in Experiment 2). This suggests that the snakes
used cues other than contact chemicals and mechanical
recognition. Because the “wrinkled frog” and the control in
Experiment 2 were similar in visual appearance, and hence,
visual cues were not likely to be responsible for the difference.
The use of olfactory cues is more likely because snakes are
generally known to use olfactory recognition [17]. The snakes
we used showed tongue-flick behavior (Yoshimura, personal
observation), which indicates that the snakes snared chemical
particles in the air [9]. Olfactory recognition by the snakes is
also supported by the strong and unique smell of R. rugosa
[15], which emanates from its skin secretion (Yoshimura,
personal observation).

Our results also showed differences during contact. The
proportion of snakes that swallowed R. rugosa to those that bit
R. rugosa was lower than the proportions for F. limnocharis
(Experiment 1). This proportion for the “wrinkled frog” was
lower than that of the control, but the difference was not
significant (Experiment 2). However, the significantly longer
biting interval in the “wrinkled frog” compared to the control
illustrates the difference. Although the possibility of olfactory
cues (by volatiles) is not excluded in the present results,
contact chemicals are the most likely factors responsible for the
differences during contact. We expect that some bitter-tasting
chemicals in the secretion of R. rugosa are responsible for the
difference.

Highly poisonous anuran species can avoid predation before
contact rather than killing predators after contact, because
predators learn to avoid or exhibit innate avoidance of these
species [2]. In our results, R. rugosa and its nonfatal secretion
are also effective in avoiding predation by the lower frequency
of contacts. However, it is unclear whether the lower frequency
of contacts depends on learning or on innate abilities of the
shakes. Future studies are necessary to clarify this point as
that done for poisonous species.

All the snakes that bit R. rugosa and a majority of snakes
that swallowed the “wrinkled frog” showed gaping behavior.
The size of the frogs should not have affected gaping, because
all of the frogs were approximately the same size. Barthalmus
and Zielinski [11] suggested that yawning and gaping induced
by the secretion of X. laevis in N. sipedon facilitates the frog's
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escape or slows its ingestion. However, in our experiments, the
snakes showed gaping after releasing R. rugosa or swallowing
the “wrinkled frog.” Therefore, contrary to the findings by
Barthalmus & Zielinski [11], we suggest that the frog does not
avoid predation specifically by gaping, but that both the gaping
and the lower probability of predation are consequences of the
unpalatability of R. rugosa.

Our results for Experiment 1, which showed that a lower
proportion of snakes bit and swallowed R. rugosa than the
control, were qualitatively similar to the results in Experiment 2,
but showed quantitative differences. A lower proportion of
snakes bit each frog in Experiment 1 (17.6% for R. rugosa,
70.6% for F. limnocharis) than in Experiment 2 (68.8% for the
“wrinkled frog”, 100% for the control). Of the proportion of
snakes that swallowed the “wrinkled frog” among the snakes
that bit this frog, that in Experiment 1 (0% for R. rugosa) was
lower than in Experiment 2 (81.8% for the “wrinkled frog”). In
other words, live R. rugosa avoided predation more effectively
than a different species of frog coated with R. rugosa secretion.
We considered several reasons for the differences between
Experiments 1 and 2. First, the secretion that we used for the
coating may have been insufficient in volume for some of the
frogs. Second, the snakes may have recognized the taste and
smell of both R. japonica and R. rugosa, thus recognizing the
“wrinkled frog” as palatable prey and attempting to swallow it.
In the future, we need to identify and quantify constituents in
the secretion that is effective in avoiding predation. Third, R.
rugosa may have defensive mechanisms other than its
secretion.

We hypothesized that the odor of the R. rugosa secretion
acts as a signal that lets predators avoid prey before contact
(aposematism, aposematic coloration, warning displays;
[18,19]). The effectiveness of warning odors in olfactory
recognition by predators has also been reported in animals
other than amphibians [20-26]. Terrick et al. [26] reported that
garter snakes recognized and learned chemosensory
characteristics to avoid noxious prey that induce illness. If the
smell of R. rugosa can be recognized and learned by the
snakes, then R. rugosa could avoid predation by snakes that
have such chemosensory recognition.

Why did snakes avoid preying on R. rugosa, a species that is
not fatal to them? In general, many toxic prey species have
evolved bitter-tasting chemicals [27-29]. Distasteful (e.g.,
bitter) chemicals facilitate recognition in predators that such
toxic prey is not suitable as food [29-34]. Once the bitter taste
receptors have evolved to discriminate toxic food, the prey that
secretes nontoxic chemicals but stimulate the predators’ bitter-
taste receptors to elicit rejection response, could escape from
predation [35]. The present results, in which snakes that bit R.
rugosa, released them, and showed gaping, suggest that R.
rugosa is unpalatable to the snakes. At present, it is not clear
whether the secretion of R. rugosa is bitter to the snakes. It is
possible that the secretion of R. rugosa, which is not fatal to the
snake, stimulated the predators’ bitter-taste receptors, which
had evolved in response to toxic and bitter-tasting items.

November 2013 | Volume 8 | Issue 11 | e81280



Acknowledgements

We are grateful for valuable comments provided by H.
Hirayama, M. Maruyama, A. Mori, J. Nakajima, N. Fujiwara-
Tsujii, and T. Takahara. We would like to thank the members of
our Laboratory for further discussion and comments on the
study.

References

. Zielinski

. Duellman WE, Trueb L (1994) Biology of Amphibians. Baltimore: Johns

Hopkins University Press.

. Wells KW (2007) The Ecology and Behavior of Amphibians. Chicago:

University of Chicago Press.

. Brodie ED Jr, Ducey PK, Baness EA (1991) Antipredator skin

secretions of some tropical salamanders (Bolitoglossa) are toxic to
snake predators. Biotropica 23: 58-62. doi:10.2307/2388688.

. Toledo RC, Jared C (1995) Cutaneous granular glands and amphibian

venoms. Comp Biochem Physiol 111:  1-29. doi:

10.1016/0305-0491(94)00229-N.

Physio

. Preusser HJ, Habermehl G, Sablofski M, Schmall-Haury D (1975)

Antimicrobial activity of alkaloids from amphibian venoms and effects
on ultra-structure of yeast cells. Toxicon 13: 285-289. doi:
10.1016/0041-0101(75)90135-X. PubMed: 809864.

. Zasloff M (1987) Magainins, a class of antimicrobial peptides from

Xenopus skin: lIsolation, characterization of two active forms, and
partial cDNA sequence of a precursor. Proc Natl Acad Sci U S A 84:
5449-5453. doi:10.1073/pnas.84.15.5449. PubMed: 3299384.

. Barthalmus GT (1994) Biological roles of amphibian skin secretions. In

H HeatwoleGT Barthalmus. Amphibian Biology. vol. 1.
Norton: Surrey Beatty and Sons. pp. 382—-410.

Chipping

. Bowie JH, Wegener KL, Chia BCS, Wabnitz PA, Carver JA, Tyler MJ,

Wallace JC (1999) Host defence antibacterial peptides from the skin
secretions of Australian amphibians. The relationship between structure
and activity. Protein Pept Lett 6: 259-269.

. Vitt LJ, Caldwell JP (2009) Herpetology: an introductory biology of

amphibians and reptiles, 3rd ed. San Diego: Academic Press.

. Barthalmus GT, Zielinski WJ (1988) Xenopus skin mucus induces oral

dyskinesias that promote escape from snakes. Pharmacol Biochem
Behav 30: 957-959. doi:10.1016/0091-3057(88)90126-8. PubMed:
3227042.

WJ, Barthalmus GT (1989) African clawed frog skin
compounds: antipredatory effects on African and North American water
snakes. Anim Behav 38: 1083-1086. doi:10.1016/
S0003-3472(89)80149-6.

. Mori A, Moriguchi H (1988) Food habits of the snakes in Japan: a

critical review. Snake 20: 98—-113.

. Mori A (1989) Behavioral responses to an unpalatable prey, Rana

rugosa (Anura: Amphibia), by newborn Japanese striped snakes,
Elaphe quadrivirgata In MatsuiMT HikidaRC Goris, Current Herpetology
in East Asia. Herpetological Society of Japan. Tokyo: UniBio Press. pp.
459-471.

. Matsui M, Wilkinson JA (1992) Phylogenetic position of Rana rugosa

among some common frog species in Japan. J Herpetol 26: 9-16. doi:
10.2307/1565015.

. Maeda N, Matsui M (2003) Frogs and Toads of Japan, 2nd edn. Tokyo:

Bun-ichi Sogo Shuppan (in Japanese with English abstract).

. R Core Development Team (2012) R: A language and environment for

statistical computing. R Foundation for Statistical Computing, Vienna,
Austria.

. Halpern M, Frumin N (1979) Roles of the vomeronasal and olfactory

systems in prey attack and feeding in adult garter snakes. Physiol
Behav 22: 1183-1189. doi:10.1016/0031-9384(79)90274-9. PubMed:
573911.

. Poulton EB (1890) The Colours of Animals: their meaning and use,

especially considered in the case of insects. Kegan Paul, Trench.
London: Tribner & Co.

PLOS ONE | www.plosone.org

Avoiding Predation by Adult Wrinkled Frog

Author Contributions

Conceived and designed the experiments: YY EK. Performed

the
rea
ma

-

9

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

experiments: YY. Analyzed the data: YY EK. Contributed
gents/materials/analysis tools: YY EK. Wrote the
nuscript: YY EK.

. Ruxton GD, Sherratt TN, Speed MP (2004) [reprinted 2007]. Avoiding
Attack. New York: Oxford University Press.

Rothschild M (1961) Defensive odours and Miillerian mimicry among
insects. Trans Royal Entomol Soc London 113: 101-121.

Rothschild M, Moore BP, Brown WV (1984) Pyrazines as warning
odour components in the monarch butterfly, Danaus plexippus, and in
moths of the genera Zygaena and Amata (Lepidoptera). Biol J Linn Soc
23: 375-380. doi:10.1111/j.1095-8312.1984.tb00153.x.

Camazine S (1985) Olfactory aposematism: association of food toxicity
with naturally occurring odor. J Chem Ecol 11: 1289-1295. doi:
10.1007/BF01024116.

Marples NM, Vanveelen W, Brakefield PM (1994) The relative
importance of color, taste and smell in the protection of an aposematic
insect Coccinella septempunctata. Anim Behav 48: 967-974. doi:
10.1006/anbe.1994.1322.

Roper TJ, Marples NM (1997) Odour and colour as cues for taste-
avoidance learning in domestic chicks. Anim Behav 53: 1241-1250.
doi:10.1006/anbe.1996.0384. PubMed: 9236020.

Rowe C, Guilford T (1999) Novelty effects in a multimodal warning
signal. Anim Behav 57: 341-346. doi:10.1006/anbe.1998.0974.
PubMed: 10049473.

Terrick TD, Mumme RL, Burghardt GM (1995) Aposematic coloration
enhances chemosensory recognition of noxious prey in the garter
snake Thamnophis radix. Anim Behav 49: 857—-866. doi:10.1006/anbe.
1995.0118.

Cott HB (1940) Adaptive Coloration in Animals. London: Methuen & Co.
Ltd.

Mappes J, Marples N, Endler JA (2005) The complex business of
survival by aposematism. Trends Ecol Evol 20: 598-603. doi:10.1016/
j.tree.2005.07.011. PubMed: 16701442,

Skelhorn J, Rowe C (2009) Distastefulness as an antipredator defence
strategy. Anim Behav 78: 761-766. doi:10.1016/j.anbehav.
2009.07.006.

Gamberale-Stille G, Guilford T (2004) Automimicry destabilizes
aposematism: predator sample-and-reject behaviour may provide a
solution. Proc Biol Sci 271: 2621-2625. doi:10.1098/rspb.2004.2893.
PubMed: 15615689.

Skelhorn J, Rowe C (2005) Tasting the difference: Do multiple defence
chemicals interact in Millerian mimicry? Proc Biol Sci 272: 339-345.
doi:10.1098/rspb.2004.2953. PubMed: 15705561.

Skelhorn J, Rowe C (2006) Avian predators taste-reject aposematic
prey on the basis of their chemical defence. Biol Lett 2: 348-350. doi:
10.1098/rsbl.2006.0483. PubMed: 17148400.

Skelhorn J, Rowe C (2007) Automimic frequency influences the
foraging decisions of avian predators on aposematic prey. Anim Behav
74: 1563-1572. doi:10.1016/j.anbehav.2007.03.021.

Halpin CG, Skelhorn J, Rowe C (2008) Naive predators and selection
for rare conspicuous defended prey: the initial evolution of
aposematism revisited. Anim Behav 75: 771-781. doi:10.1016/
j.anbehav.2007.06.009.

Glendinning JI (1994) Is the bitter rejection response always adaptive?
Physiol Behav 56: 1217-1227. doi:10.1016/0031-9384(94)90369-7.
PubMed: 7878094.

November 2013 | Volume 8 | Issue 11 | e81280


http://dx.doi.org/10.2307/2388688
http://dx.doi.org/10.1016/0305-0491(94)00229-N
http://dx.doi.org/10.1016/0041-0101(75)90135-X
http://www.ncbi.nlm.nih.gov/pubmed/809864
http://dx.doi.org/10.1073/pnas.84.15.5449
http://www.ncbi.nlm.nih.gov/pubmed/3299384
http://dx.doi.org/10.1016/0091-3057(88)90126-8
http://www.ncbi.nlm.nih.gov/pubmed/3227042
http://dx.doi.org/10.1016/S0003-3472(89)80149-6
http://dx.doi.org/10.1016/S0003-3472(89)80149-6
http://dx.doi.org/10.2307/1565015
http://dx.doi.org/10.1016/0031-9384(79)90274-9
http://www.ncbi.nlm.nih.gov/pubmed/573911
http://dx.doi.org/10.1111/j.1095-8312.1984.tb00153.x
http://dx.doi.org/10.1007/BF01024116
http://dx.doi.org/10.1006/anbe.1994.1322
http://dx.doi.org/10.1006/anbe.1996.0384
http://www.ncbi.nlm.nih.gov/pubmed/9236020
http://dx.doi.org/10.1006/anbe.1998.0974
http://www.ncbi.nlm.nih.gov/pubmed/10049473
http://dx.doi.org/10.1006/anbe.1995.0118
http://dx.doi.org/10.1006/anbe.1995.0118
http://dx.doi.org/10.1016/j.tree.2005.07.011
http://dx.doi.org/10.1016/j.tree.2005.07.011
http://www.ncbi.nlm.nih.gov/pubmed/16701442
http://dx.doi.org/10.1016/j.anbehav.2009.07.006
http://dx.doi.org/10.1016/j.anbehav.2009.07.006
http://dx.doi.org/10.1098/rspb.2004.2893
http://www.ncbi.nlm.nih.gov/pubmed/15615689
http://dx.doi.org/10.1098/rspb.2004.2953
http://www.ncbi.nlm.nih.gov/pubmed/15705561
http://dx.doi.org/10.1098/rsbl.2006.0483
http://www.ncbi.nlm.nih.gov/pubmed/17148400
http://dx.doi.org/10.1016/j.anbehav.2007.03.021
http://dx.doi.org/10.1016/j.anbehav.2007.06.009
http://dx.doi.org/10.1016/j.anbehav.2007.06.009
http://dx.doi.org/10.1016/0031-9384(94)90369-7
http://www.ncbi.nlm.nih.gov/pubmed/7878094

	Odorous and Non-Fatal Skin Secretion of Adult Wrinkled Frog (Rana rugosa) Is Effective in Avoiding Predation by Snakes
	Introduction
	Materials and Methods
	Ethics statement
	Predators: Snakes
	Prey: Frogs
	Experimental design
	Experiment 1
	Experiment 2
	Statistical analysis

	Results
	Experiment 1: Predation on R. rugosa and F. Limnocharis
	Experiment 2: The effect of the secretion of R. rugosa

	Discussion
	Acknowledgements
	Author Contributions
	References


