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Abstract

Several Asian natricine snakes of the genus Rhabdophis feed on toads and sequester steroidal car-
diac toxins known as bufadienolides (BDs) from them. A recent study revealed that species of the
Rhabdophis nuchalis Group ingest lampyrine fireflies to sequester BDs. Although several species
of fireflies are distributed in the habitat of the R. nuchalis Group, only lampyrine fireflies, which
have BDs, are included in the diet of these snakes. Thus, we hypothesized that the R. nuchalis
Group chemically distinguishes fireflies that have BDs from those that do not have BDs. We also
predicted that the R. nuchalis Group detects BDs as the chemical cue of toxin source. To test these
predictions, we conducted 3 behavioral experiments using Rhabdophis chiwen, which belongs to
the R. nuchalis Group. In the first experiment, R. chiwen showed a moderate tongue flicking re-
sponse to cinobufagin, a compound of BDs. On the other hand, the snake showed a higher re-
sponse to the chemical stimuli of lampyrine fireflies (BD fireflies) than those of lucioline fireflies
(non-BD fireflies). In the second experiment, in which we provided live BD and non-BD fireflies, the
snake voluntarily consumed only the former. In the third, a Y-maze experiment, the snake tended
to select the chemical trail of BD fireflies more frequently than that of non-BD fireflies. These results
demonstrated that R. chiwen discriminates BD fireflies from non-BD fireflies, but the prediction
that BDs are involved in this discrimination was not fully supported. To identify the proximate
mechanisms of the recognition of novel toxic prey in the R. nuchalis Group, further investigation is
necessary.
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Many animals use toxic chemicals to defend themselves against et al. 1999; Opitz and Miiller 2009; Savitzky et al. 2012). The

predators. Chemically defended animals either synthesize their de- latter phenomenon, toxin sequestration, is widespread among
fensive toxins by themselves or sequester intact toxins from environ- invertebrates and has been extensively studied in phytophagous
mental sources, such as diet (Porto et al. 1972; Daly 1995; Gonzalez insects, such as leaf beetles and butterflies (Dobler et al. 1996; de
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Castro et al. 2018). In contrast, examples of toxin sequestration
among vertebrates are limited to a relatively small number of line-
ages, such as poison frogs and Asian natricine snakes of the genus
Rhabdophis (Takada et al. 2005; Hutchinson et al. 2007; Saporito
et al. 2007; Savitzky et al. 2012).

In animals that sequester toxins from the diet, they usually
obtain toxins from their main diet. For example, the majority of
phytophagous insects are specialized in, or even monophagous to
the host plants used as a toxin source (Petschenka and Agrawal
2016). At least some species of poison frogs are “specialists” in the
alkaloid-rich arthropods, such as ants and mites (e.g., Dendrobates
pumilio; Donnelly 1991). Contrary to such animals that specialize
in a certain toxic food, the toxic source of Rhabdophis does not
comprise their main food. For example, Rhabdophis tigrinus , the
most well-studied species in Rhabdophis, eats nontoxic frogs as their
main food, and only infrequently eats toads for the toxin source
(e.g., Fukada 1992; Mori and Vincent 2008).

Rhabdophis is widely distributed in Asia and consists of approxi-
mately 30 species (Takeuchi et al. 2018; Boundy 2020; Piao et al.
2020). Several lines of evidence indicate that at least 7 species of
Rhabdophis sequester cardiotonic steroids known as bufadienolides
(BDs) from toads (Bufonidae) consumed as prey (Hutchinson et al.
2007; Mori et al. 2012; Yoshida et al. 2020). Toads synthesize BDs
from cholesterol and store BDs in their skin and parotoid glands
(Porto et al. 1972). Rhabdophis stores the sequestered BDs in the
nuchal glands, which are located under the dorsal skin of the neck
region (Hutchinson et al. 2007; Mori et al. 2012). When a snake is
attacked, the glands rupture and the stored toxins are released
(Mori et al. 2012). Thus, the nuchal glands are presumed to be used
for antipredator defense. Until now, the nuchal glands and similar
organs, nucho-dorsal glands which extend the full length of the
body, have been reported in 19 species of Rhabdophis (Takeuchi
et al. 2018; Piao et al. 2020; Zhu et al. 2020).

Recently, based on comprehensive evidence, Yoshida et al.
(2020) revealed that a derived clade of Rhabdophis, the Rhabdophis
nuchalis Group (R. nuchalis, Rhabdophis pentasupralabialis, and
Rhabdophis leonardi), sequesters defensive BDs not from toads but
from the larvae of fireflies (subfamily Lampyrinae). Shortly after-
ward, Piao et al. (2020) described Rhabdophis chiwen as a new
cryptic species, which was originally referred to as R. pentasuprala-
bialis. Based on the molecular phylogenetic analysis and the locality
of R. chiwen described in Piao et al. (2020), it is obvious that
R. chiwen was included in the samples that Yoshida et al. (2020)
referred to as R. pentasupralabialis. Therefore, it is clear that
R. chiwen, as well as R. nuchalis, R. leonardi, and R.
pentasupralabialis sensu stricto, feed on lampyrine fireflies and
sequester BDs from them.
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The limited number of literatures suggests that the diet of
R. chiwen consists of earthworms, leeches, and larvae of lampyrine
fireflies (Piao et al. 2020; Yoshida et al. 2020). In the habitat of
R. chiwen (Sichuan Province), not only lampyrine fireflies but also
several other fireflies (e.g., subfamily Luciolinae) are distributed (Fu
2014). Based on the molecular phylogenetic data of extant lampyrid
species, Lampyrinae and Luciolinae are closely related (Martin et al.
2017). However, until now, no lucioline fireflies have been found in
the stomach contents of R. chiwen. Because the possible difference
between lampyrine and lucioline fireflies is the possession of BDs
(Eisner et al. 1997; Yoshida et al. 2020; Berger et al. 2021),
R. chiwen may utilize only a specific group of fireflies as diet.
Generally, snakes use chemical cues to recognize prey as edible food
(Arnold 1981; Cadle and Greene 1993). Thus, we assume that
R. chiwen chemically distinguishes fireflies that have BDs (“BD
fireflies”) from those that do not have BDs (“non-BD fireflies”), and
only consumes BD fireflies. If the snake chemically discriminates
these fireflies, it is plausible that BDs are chemical cues for the snake
to detect toxic prey. To test this possibility, we examined chemical
preference of the snake for fireflies. We also investigated the chem-
ical response of the snake toward toads, which are presumed to be
the toxic source in ancestral Rhabdophis.

Specifically, we tested the following 3 questions: (1) whether
R. chiwen distinguishes firefly larvae that have BDs from those that
do not have BDs; (2) whether R. chiwen detects BDs as a cue of ed-
ible prey; and (3) whether R. chiwen chemically detects toads.
Because the current knowledge of toxicity of Asian fireflies is lim-
ited, we first conducted chemical analysis to investigate which
species of fireflies possess BDs.

Materials and Methods

Chemical analysis of fireflies
Larvae of a lampyrine firefly Pyrocoelia pectoralis and larvae of 4
species of lucioline fireflies (Aquatica leii, Pygoluciola qingyu,
Asymmetricata circumdata, and Emeia pseudosauteri) were chem-
ically analyzed (Table 1). All of these species are sympatric with R.
chiwen. Pyrocoelia pectoralis, As. circumdata, and E. pseudosauteri
are terrestrial species (Wang et al. 2007; Fu et al. 2012; Fu 2014).
Pygoluciola gingyu and Aq. leii are semiaquatic and aquatic species,
respectively (Fu et al. 2012; Fu 2014). All larvae of fireflies were
obtained from breeding colonies in the laboratory of Leshan
Normal University. The species were identified based on the external
morphology of adults.

Two to about 20 individuals of firefly larvae were immersed in
~3mL of methanol within a glass vial with a Teflon-lined cap and
were stored at —20°C in the dark. The total sample size of each

Table 1. Sample size of each species of fireflies used in the chemical analysis and each behavioral experiment, and the result of chemical
analysis (presence of BDs)

Species Subfamily Chemical analysis Existence of BDs Feeding test Y-maze test Chemical response test
Pyr. pectoralis (Pp) Lampyrinae 12 Present 13 3 N
Aq. leii (Al) Luciolinae 57 Absent 0 0 5
As. circumdata (Ac) Luciolinae 6 Absent 10 0 0
E. pseudosauteri (Ep) Luciolinae 13 Absent 10 0 5
Pyg. gingyu (Pq) Luciolinae 15 Absent 10 3 5

Abbreviations of each firefly are shown in parentheses.
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firefly species is shown in Table 1. The firefly larvae were removed
into a 2mL screw-cap tube (Watson Co., Ltd., Tokyo, Japan) with a
small amount of methanol and 2 stainless steel balls (5 mm in diam-
eter). The samples were then crushed and extracted (3,200 rpm,
1 min) by a bead crusher pT-12 (Tietech Co., Ltd., Saitama, Japan).
The crushed solution was centrifuged (6,000 rpm, 5 min), and the
supernatant was obtained. Methanol was added again to the pellet,
and the operation of crushing and centrifuging was repeated a total
of 3 times to collect the supernatant, resulting in a crushed extract
of ~10 mL/sample.

The crushed extract (hereafter ext.) was concentrated to dryness
under reduced pressure. The extract was weighed, dissolved in
methanol at a concentration of 1 mg ext./mL, and filtered with a syr-
inge filter (DISMIC-13HP, pore diameter, 0.45 um; Roshi Kaisha
Ltd., Tokyo, Japan). Then, 5SpL of digitoxigenin (as an internal
standard) methanol solution (0.5 mg/mL) was added to 40 pL of this
filtrate (1 mg ext./mL), and 1pL of this solution was analyzed by
liquid chromatography-mass spectrometry (LC-MS).

LC-MS was performed with a prominence high-performance LC
system coupled with LCMS-2010 (Shimadzu Co., Kyoto, Japan). A
reversed-phase column (Mightysil RP-18 GP 50 x 2.0 mm internal
diameter, 5pum particle size; Kanto Chemical Co., Inc., Tokyo,
Japan) was eluted (0.2 mL/min) with a gradient of 20% (0-2 min),
20-55% (2-20min), 55-100% (20-35min), and 100% (5 min)
methanol in H,O containing 0.1% formic acid. The column tem-
perature was maintained at 40°C. The MS was manipulated in
atmospheric pressure chemical ionization (APCI) positive ion mode
with nebulizer gas flow of 2.5 L/min, APCI voltage of 1.9kV, tem-
perature of 400 °C, curved desolvation line temperature of 250 °C,
and heat block temperature of 200 °C. The scan range for m/z values
was 350-1,000. BDs were characterized by UV absorption spectros-
copy, which showed a maximum absorbance at 290-300 nm by the
common moiety of a 6 membered pyrone ring (Green et al. 1985).

Behavioral tests

We collected a total of 20 adult R. chiwen (10 males and 10 females;
mean snout-vent length [SVL]=442mm) from Xingou Village,
Ya’an City, Sichuan, China in June 2018. These snakes were housed
individually in transparent plastic cages (360 x 200 x 110 mm) with
a paper substrate and a water dish at a temperature between 25 and
28°C. We fed megascolid earthworms to the snakes every day.

The species used as prey subjects were larvae of a lampyrine fire-
fly Pyr. pectoralis, larvae of lucioline fireflies (As. circumdata, Aq.
leii, E. pseudosauteri, and Pyg. gingyu), a megascolid earthworm
(Amynthas sp.), and a Chinese toad Bufo gargarizans. All these spe-
cies are sympatric with R. chiwen. The larvae of lampyrine fireflies
are considered as a potential prey of R. chiwen based on the recent
studies (Piao et al. 2020; Yoshida et al. 2020). Earthworms are the
main diet of R. chiwen (Piao et al. 2020) and were used as positive
control. All fireflies were obtained from breeding colonies in the la-
boratory of Leshan Normal University. Earthworms were purchased
at pet shops. Toads were collected in the field and were frozen until
the behavioral tests.

We conducted 3 behavioral tests: chemical response test, feeding
test, and Y-maze test. All tests were conducted in the laboratory of
Chengdu Institute of Biology in 2018. The chemical response, feed-
ing, and Y-maze tests were conducted on 11-12 June, 15-22 June,
and 20-24 June, respectively. We used the same individuals repeat-
edly in each behavioral test with at least 3 days intervals between
tests (see below for details). Before each test, we stopped feeding for
at least 3 days to increase snakes’ feeding motivation. In each test,
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we recorded the behavior of snakes with a video camera (Nikon
D5300) for later analysis.

Chemical response test

Snakes were exposed to 8 types of odors presented on a cotton
swab: distilled water, a megascolid earthworm (Amynthas sp.), cino-
bufagin (a BD), a Chinese toad B. gargarizans, larvae of a lampyrine
firefly Pyr. pectoralis, and larvae of 3 species of lucioline fireflies
(E. pseudosauteri, Pyg. qingyu, and Aq. leii). We prepared samples
from 2 individuals of toads and earthworms and 6 individuals of
each firefly species. Toads were kept frozen and were thawed before
the test. Immediately before each trial, we collected odors with a
cotton swab by rolling it over the external surface of each animal
(for details, see Cooper and van Wyk 1994; Takeuchi and Mori
2012; Fukuda and Mori 2021). For toad and earthworm stimuli,
each individual was alternately used as a source of odors. For each
species of fireflies, we divided the 6 individuals equally into 2
groups, and each group was used alternately as a source of odors.
For preparation for water control, we dipped the cotton swab into
the vial filled with distilled water. Cinobufagin is a purified nonvola-
tile odorant and is one of the BDs contained in the skin secretions of
toads (e.g., B. gargarizans) (Shimada et al. 1985; Qi et al. 2011). We
purchased the reagent of cinobufagin from Wako Pure Chemical
Corporation. Cinobufagin solution (MeOH) was prepared at the
concentration of 1.0 mg/mL. This concentration was selected as a
standard value of chemicals obtained from a toad, based on LC-MS
analysis of the cotton swab that was rolled over the external surface
of Bufo japonicus and then dipped into methanol (see Fukuda and
Mori 2021). In case of the presentation of cinobufagin to snakes, we
put the cotton swab into the solution and then dried the swab to en-
sure that the solvent evaporated so as to avoid a snake’s behavioral
reaction toward the solvent.

Nineteen adult R. chiwen (10 males and 9 females; mean
SVL =458 mm) were used in the chemical response test. All arenas
were visually isolated from each other by cardboard. We performed
the tests from 10:00 to 18:00h at the temperature between 24 and
26°C. We tested each snake once for each chemical stimulus. The
procedure of the experiment is based on Burghardt (1970) and
Cooper (1998). Each snake was removed from its home cage, intro-
duced into a transparent plastic arena (360 x 200 x 100 mm) cov-
ered with an opaque plastic board, and left undisturbed for
acclimation for 12 h before the experiment. In the trial, we removed
the ceiling and presented a swab 1 cm from the snout of a snake for
60s and recorded the number of tongue flicks and strikes (bites) to-
ward the swab. Each stimulus was presented in a random order. We
maintained an interval of >15min between the presentations of
each stimulus. If a snake did not exhibit any tongue flick for 30s,
we gently touched the snake with the tip of the cotton swab. We
scored 0 points if snakes did not show any tongue flicks for another
305 (in total 60s). We considered that snakes have a greater prefer-
ence for stimuli when snakes attempted to strike or bite the cotton
swab. Thus, we applied the tongue-flick attack score (TFAS) devel-
oped by Burghardt (1970) and Cooper and Burghardt (1990). The
TFAS was calculated as:

TFAS = TFmax + (Test duration — Attack latency)

where TF,. is the maximum number of tongue flicks emitted by
any snake in any of the trials, test duration is 60's, and attack latency
is the latency from first tongue flick to strike or bite, in seconds. If a
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snake escaped from the cage, we stopped the trial and retested with
the same stimulus after 15 min.

The effects of chemical stimulus on TFAS were examined using
the Friedman test, followed by pairwise multiple comparisons using
a Wilcoxon signed-rank test. In multiple comparisons, we did not
use Bonferroni correction because of the conservative nature of this
correction (Perneger 1998; Moran 2003; Nakagawa 2004). Instead,
we showed the results with the levels of P<0.01, P <0.005, and
P <0.001 for multiple comparisons. All statistical analyses were
conducted using R version 3.4.2.

Feeding test

We used 18 adult R. chiwen (9 males and 9 females; mean SVL =
457 mm) for the feeding test of Pyr. pectoralis, Pyg. qingyu, and As.
circumdata and 10 adult R. chiwen (5 males and 5 females; mean
SVL =449 mm) for the feeding test of E. pseudosauteri. The experi-
mental arena was a round steel box (52 cm in diameter, 50cm in
depth) with a round plastic board (same diameter as the steel strain-
er) as a substrate. A glass dish (11 x 11 x 4 cm) with a sheet of la-
boratory paper in it (Kimwipe, Kimberly Clark; folded to
10 x 10 cm) was set at the rim of a round box. We performed the
tests from 12:00 to 18:00 h at a temperature between 25 and 26 °C.
We tested each snake once for each prey species in a random order,
and we maintained an interval of >24h between the presentations
of each prey animal to the same individual. Prior to the trial, a larva
of a firefly was gently placed onto the wet laboratory paper in the
dish. At the beginning of each trial, a snake was gently introduced to
the center of the box and kept undisturbed for 20 min. If the snake
fed on the firefly within 20 min, we stopped the test and returned
the snake to its home cage. If a snake did not feed on the firefly in
20 min, we removed the firefly, introduced an earthworm, and left
the snake undisturbed for another 20 min. If the snake fed on the
earthworm within 20 min, we considered that the snake had a feed-
ing motivation. If the snake did not feed on the earthworm within
20 min, we considered that the snake did not have a feeding motiv-
ation, discarded the trial, and conducted the trial again with the
same individual ~2 days later. After each trial, we cleaned the sub-
strate to remove all odor cues.

Y-maze test

The maze was constructed with pieces of wood and consisted of a
base arm (length x wide x height: 41 x 9 x 10cm) and 2 diverging
arms (40 x 9 x 10 cm) connected to the base arm at a 40° angle. A
box (20 x 28 x 16 cm) was attached at the end of the base arm and
at the end of each diverging arm. We conducted 2 tests: water—water
trails (control test) and Pyrocoelia—Pygoluciola trails (BD vs. non-
BD test). In the control test, we prepared a piece of Kimwipe that
was dampened with distilled water and folded to 20 x 1cm. In the
BD versus non-BD test, we prepared chemical cues of larvae of a
lampyrine firefly Pyr. pectoralis and a larvae of lucioline firefly Pyg.
qingyu by gently scrubbing their bodies with a piece of Kimwipe
(folded to 20 x 1 ¢cm and dampened with distilled water) at a stand-
ardized pressure. We made trails by placing 4 pieces of the treated
paper on the substrate of the craft paper, extending continuously
from the beginning of the base arm to the ends of the divergent
arms. Each paper treated with the chemical stimuli of fireflies was
put separately on each divergent arm (e.g., stimulus A on the right
arm and stimulus B on the left arm, or in the reverse side). On the
base arm, the papers from the 2 stimuli were placed side by side, on
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the same side each as the corresponding divergent arm (Kojima and
Mori 2015). Assignment of the larvae of fireflies to the right and left
arms was balanced throughout the trials.

We used 12 adult R. chiwen (5 males and 7 females; mean
SVL =483 mm) for the control test and 11 adult R. chiwen (5 males
and 6 females; mean SVL =497 mm) for the BD versus non-BD test.
We used each snake once for each test. We conducted the control
test first, and then conducted the BD versus non-BD test ~2 days
later. The trials were conducted between 12:00 and 18:00 h. We
placed a snake in the starting box, which was partitioned from the
maze by a removable plastic board. After 20 min acclimation, we
removed the partition. The snake typically proceeded from the base
arm into the end box on the left or right arm, while emitting tongue
flicks frequently. After each trial, we removed all paper strips and
craft paper substrates. Snakes that did not choose either end box
within 1h were returned to their home cage and were tested again
~2 days later. A video camera was set above the arena to record
behaviors of the snake. The video records were analyzed to quantify
behaviors of snakes: arm choice, tracing time, and tongue-flick rate
(TFR; tongue-flicks per minute). Arm choice was determined when
snake’s snout entered one of the end boxes. Tracing time was meas-
ured from when a snake exited the starting box to when snake’s
snout entered one of the end boxes. TFR was calculated by the total
number of tongue flicks divided by the tracing time in minutes. The
effects of chemical stimulus on the trail choice were examined using
binomial test.

Results

Chemical analysis of fireflies

BDs were detected in Pyr. pectoralis, but were not detected in any of
the 4 species of lucioline fireflies (Figure 1). The UV absorption
spectra of Compound X detected in Aq. leii show absorption max-
ima at 248 and 290 nm, and the expected m/z of protonated ions
(IM+H]") of Compound X is less than 300 or greater than 1,000.
Because all BDs hitherto reported from animals have a molecular
weight between 350 and 1,000, we concluded that compound X is
not a BD.

Chemical response test

There were significant effects of chemical stimulus on TFAS
(Friedman test, > =49.726, P <0.0001; Figure 2). Snakes showed
the highest score toward Pyr. pectoralis, following earthworms. Bites
to the cotton swab were observed only in the stimulus of Pyr. pectora-
lis (3 of the 19 individuals). Multiple comparisons showed that TFAS
to Pyr. pectoralis was higher than that to water in P <0.001 level.
TFAS to Pyr. pectoralis was significantly higher than that to cinobufa-
gin, toads, and the 3 species of lucioline fireflies in P < 0.005 level and
that to earthworms in P < 0.01 level (Figure 2 and Table 2). TFAS to
earthworms was significantly higher than that to water in P < 0.001
level, and that to toads and to Pyg. gingyu in P < 0.01 level. TFAS to
cinobufagin and the 3 species of lucioline fireflies was significantly
higher than that to water in P < 0.01 level. There was no significant
difference between toads and water.

Feeding test

Thirteen out of the 18 R. chiwen consumed Pyr. pectoralis. The
other 5 individuals did not eat Pyr. pectoralis, but they consumed
earthworms immediately after the trial. None of R. chiwen
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Figure 1. Chromatograms of Pyr. pectoralis (Lampyrinae) and 4 species of lucioline fireflies were detected at 300 nm UV in LC-MS analysis. The peaks for which
MS spectra were available are shown as the m/z of the predicted protonated ion ([M + H]+). Insert: UV absorption spectra of Compound X detected in Aq. leii.
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Figure 2. TFAS in the chemical prey preference test of R. chiwen. Interval be-
tween 25% and 75% quartiles is represented by boxes, and range is repre-
sented by whiskers. Median is represented by the middle horizontal line in
the box plot. Pp, Ep, Pq, and Al in the chemical stimulus represents fireflies.
See Tables 1 and 2 for the abbreviations of firefly species and the result of
statistical comparisons, respectively.
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consumed lucioline fireflies, but 16 of the 18, 16 of the 18, and 9 of
the 10 individuals consumed earthworms after the trials of As. cir-
cumdata, Pyg. qingyu, and E. pseudosauteri, respectively.

Y-maze test

In all experiments, snakes frequently exhibited tongue flicks while
moving in the maze (mean TFR *standard deviation
=52.66 = 16.46 in the control test and 70.81 = 22.68 in the BD ver-
sus non-BD test). In the control test, R. chiwen showed no preference
for 1 arm over the other (binomial test, P=1.00; Figure 3A), with the
same number of snakes choosing the right or left arm. In the BD versus
non-BD test, 9 of the 11 individuals followed the trail of Pyr. pectoralis
although this bias fell short of statistical significance (binomial test,
P =0.065; Figure 3B).

Discussion

All behavioral experiments revealed that R. chiwen has a strong
preference for Pyr. pectoralis (hereafter referred to as BD firefly):
snakes voluntarily consumed BD fireflies and showed significantly
higher TFAS to them than any other stimuli, including lucioline fire-
flies (hereafter referred to as non-BD fireflies). Cooper (1998) con-
sidered that significant differences in TFAS between stimuli A and B
indicated that snakes “discriminate” the stimulus A from B. Thus,
our results indicate that R. chiwen discriminates BD fireflies from
non-BD fireflies by their odors.

In this study, we used only 1 species, Pyr. pectoralis, as BD fire-
flies in the behavioral tests. It is known that several species of lamp-
yrine fireflies, such as Diaphanes, Ellychinia, Photinus, and
Lampyris, as well as Pyrocoelia, possess BDs in their body (Tyler
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Table 2. Comparisons of TFAS in R. chiwen for each pair of 8 stimuli

Current Zoology, 2022, Vol. 68, No. 6

Stimulus Water Earthworm Cinobufagin Toad Pyr. pectoralis E. pseudosauteri Pyg. gingyu
Earthworm 0.0002""" — — — — — —
Cinobufagin 0.0053" 0.1416 — — — — —
Toad 0.0606 0.0079" 0.1215 — — — —

Pyr. pectoralis 0.0001""" 0.0074" 0.0027"" 0.0005""" — — —

E. pseudosauteri 0.0037"" 0.4206 0.6163 0.0584 0.0027"" — —
Pyg. gingyu 0.0074" 0.0040"" 0.1362 0.7602 0.0003""" 0.0670 —

Aq. Leii 0.0065" 0.0400 0.7763 0.5859 0.0008""" 0.2509 0.8276

P-values obtained by Wilcoxon signed-rank tests are shown. See Table 1 for the abbreviation of fireflies., *P < 0.01,, **P < 0.005,, ***P < 0.001.

A B
=0.065
10 -~ pi
K 8 n.s
«
=
=t
= L
;at 6
=
3
= 4T
D
=
g
z %7
0
K S S) 3
[9)
o8 %@a\ ;&R\
S P
X

Figure 3. Results of Y-maze test in R. chiwen. The number of snakes that
followed each trail is shown. (A) Control test. (B) BD versus non-BD test. BD
firefly: Pyr. pectoralis, non-BD firefly: Pyg. gingyu. ns, not significant.

et al. 2008; Yoshida et al. 2020; Berger et al. 2021). Although stud-
ies on the natural diet of R. chiwen are quite limited, Yoshida et al.
(2020) recovered larvae of Diaphanes sp. from the stomach contents
of R. chiwen. This observation, along with our finding, supports the
presumption that R. chiwen selectively eats BD fireflies. To confirm
its selective consumption of BD fireflies, we need to conduct behav-
ioral experiments using other genera of lampyrine fireflies.

Rhabdophis chiwen showed significantly lower chemical prefer-
ence for lucioline fireflies than for its natural diet (lampyrine fireflies
and earthworms), and no individuals fed on lucioline fireflies. One
possible reason for the lower preference is that lucioline fireflies pos-
sess deterrents or repellents other than BDs. Generally, many species
of lucioline fireflies are known to be distasteful and possess chemical
substances used as repellents (Day 2011). For example, Aq. leii
secretes 2 types of terpenoides, that is, terpinolene and y-terpinene
(Fu et al. 2007), which are well known as toxic, deterrent, or repel-
lant agents in defensive secretions of many invertebrates (e.g., ter-
mite soldiers: Moore 1968; stink bugs: Aldrich 1988; Krall et al.
1997). Thus, it is possible that lucioline fireflies have some chemical
substances that work as deterrent or repellent agents for predators
including snakes, and these substances may lower the feeding and
chemical responses of R. chiwen.

Even so, R. chiwen showed significantly higher TFAS to non-BD
fireflies than to water. Cooper (1998) considered that higher TFAS
to stimuli than to a control indicates that snakes “detect” the

stimuli. Thus, our results indicate that R. chiwen detected the chemi-
cals of non-BD fireflies. A possible reason that may enable the detec-
tion of non-BD fireflies is that a chemical similarity may exist
among lampyrid fireflies (Table 3). Because of such a similarity, the
snakes may have shown a higher reaction to non-BD fireflies than to
water. A precedent for this is the finding that hatchling Elaphe
quadrivirgata, a generalist snake that feeds on a variety of anuran
species, showed a bite response to chemical cues from Glandirana
rugosa (Mori 1989), which adult E. gquadrivirgata refuses to eat be-
cause of the existence of unpalatable skin secretions (Yoshimura and
Kasuya 2013). Our study, as well as that of Mori (1989), suggests
that snakes show a moderate tongue flick response even to unpalat-
able prey if a chemical similarity with related palatable prey species
exists.

Our prediction that R. chiwen recognizes BDs as a cue of toxic
prey was not fully supported: R. chiwen showed only a medium
preference for cinobufagin. One possibility that may account for the
lower response to cinobufagin is the structural difference between
toad-derived and firefly-derived BDs (Table 3). Cinobufagin is a BD
found in the skin of several species of toads, including B. gargarizans
(Qi et al. 2011). It has been revealed that the chemical component
of BDs extracted from toads and lampyrine fireflies are different in
acetylated place, the structure of A-B ring system (frans-fused ring
unique to fireflies), and the compound of a side chain at the C-3 pos-
ition (Steyn and van Heerden 1998; Nogawa et al. 2001;
Hutchinson et al. 2007; Yoshida et al. 2020). In this study, we used
toad-derived BD in the chemical response test because we considered
that the ancient R. nuchalis Group might react to the chemical com-
ponent from toads, which is the ancestral toxin source in this group.
From our results, however, it is likely that R. chiwen, which seques-
ters BDs from fireflies, would have lost the reactivity to the toad-
derived BDs. In the future study, it would be important to examine
whether R. chiwen reacts to BDs purified from lampyrine fireflies.

Another possibility for the lower response to cinobufagin is that
a single compound of BDs may not be sufficient to elicit the response
of snakes (Table 3). It has been reported that an individual toad or
lampyrine firefly possesses multiple compounds of BDs (Hutchinson
et al. 2007; Qi et al. 2011; Yoshida et al. 2020; Berger et al. 2021).
When R. chiwen encounters a lampyrine firefly in the wild, the
chemical cues that the snake recognizes would not be a single type
of BDs but the mixture of several BDs, or a mixture of BD and other
chemical substances of the prey. A precedent for this is the finding
that Zodarion rubidum, a specialized ant-eating zodariid spider,
responds well to a mixture of 2 compounds (undecane and decyl
acetate), but does not respond to each of the single compound
(Cardenas et al. 2012).

In spite of the medium preference for cinobufagin, R. chiwen did
not show any chemical preference for B. gargarizans, which
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Table 3. Occurrence of possible chemical cues that may be involved in the active response of R. chiwen to the stimuli used in the chemical

test
Chemical cue Stimulus
Purified BD Toad BD firefly Non-BD firefly
(Moderate) (Weak) (High) (Moderate)
Firefly-type BDs - - + -
Multiple compounds of BDs - + + _
Sufficient amount of BDs + - + -
Chemical substances other than BDs - - + -
that are common to lampyrid fireflies
The response of the snake toward each stimulus is shown in parentheses. +: absent, —: present.
possesses cinobufagin in its skin secretion (Qi et al. 2011). One pos- Acknowledgments

sible reason for this contradiction is that because we used frozen and
thawed toads as the source of the chemical stimulus, enough amount
of cinobufagin may not have been secreted on the skin of the toad
(Table 3). Toads store BDs in the concentrated granular skin glands
and paired parotoid glands (Porto et al. 1972; Cannon and
Hostetler 1976). BDs are secreted from these glands to the surface of
the skin only when a toad is disturbed (Hutchinson and Savitzky
2004; Barbosa et al. 2009). Because we used dead specimens to pre-
pare the chemical stimulus, we did not observe any apparent fluid
secreted on the skin surface of the toads. Thus, we may not have col-
lected a sufficient amount of BDs to induce the natural response of
the snake. It is also possible that the lack of firefly-type BDs, particu-
larly those with trans-fused A-B rings, would be reflected in the
lower response of the snake toward toads (Table 3). As mentioned
above, the chemical component of BDs extracted from toads and
lampyrine fireflies are different in acetylation and in the structure of
A-B ring system. Rhabdophis chiwen, which relies on fireflies as the
toxin source, may have high reactivity only to firefly-type BDs.

Our ultimate goal is to clarify the factors that have induced the
ancient species of the R. nuchalis Group to exploit larvae of lampyr-
ine fireflies as the toxin source. In this study, we hypothesized that
R. chiwen chemically distinguishes BD fireflies from non-BD fire-
flies. Our behavioral tests supported this hypothesis. We also pre-
dicted that extant R. chiwen detects BDs as the chemical cue of
toxin source. However, our results did not fully support this predic-
tion: R. chiwen showed only a medium chemical preference for a
single BD compound (cinobufagin), but showed a strong preference
for BD fireflies. Thus, we presume that the possible chemical cues
that may be involved in the active response of R. chiwen would be
multiple compounds of BDs. It is also possible that the ancestral spe-
cies of the R. nuchalis Group recognized chemical substances other
than BDs that are common to toads and lampyrine fireflies, and the
presence of those common substances may have facilitated the new
exploitation of lampyrine fireflies as the toxin source. In this case, as
implied by the low response to the toad stimulus, R. chiwen, which
relies on fireflies as the toxin source, would subsequently have lost
the response to such chemical substances. Another possibility is that
the firefly-eating snakes have evolved preference to some other sur-
face chemicals that are not present in toads. However, we think this
possibility is unlikely considering that toads and fireflies are the only
animals that are presently known or suspected to possess BDs
(Yoshida et al. 2020), and thus the chance of a coincidental shift be-
tween them would be extremely low. Future studies of the chemical
response of species in the R. nuchalis Group to multiple BDs and in-
vestigation of chemical substances other than BDs that may be com-
mon to toads and lampyrine fireflies are necessary.
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