Journal of Chemical Ecology (2021) 47:915-925
https://doi.org/10.1007/510886-021-01287-6

=

Check for
updates

New Insights Into Dietary Toxin Metabolism: Diversity in the Ability
of the Natricine Snake Rhabdophis tigrinus to Convert Toad-Derived
Bufadienolides

Takato Inoue’ - Ryu Nakata'2 - Alan H. Savitzky® - Naoko Yoshinaga' - Akira Mori* - Naoki Mori'

Received: 30 March 2021 / Revised: 24 May 2021 / Accepted: 4 June 2021 / Published online: 14 July 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

The Japanese natricine snake Rhabdophis tigrinus sequesters cardiotonic steroids, bufadienolides (BDs), from ingested
toads in the nuchal glands as defensive toxins. A previous study showed that R. tigrinus in captivity converts dietary BDs
when it sequesters them. However, it is unknown whether the dietary BDs are actually converted and the modified products
accumulated under natural conditions. It is also unknown to what extent the BD profile of ingested toads is reflected in that
of the snake. We collected 123 snakes from throughout Japan, analyzed their BD profiles by liquid chromatography/mass
spectrometry, and identified 15 BDs from R. tigrinus by nuclear magnetic resonance analyses. We also compared their BD
profiles using hierarchical cluster analysis (HCA). HCA exhibited two main clusters associated with their collection loca-
tions: eastern and western regions of the Japanese main islands. These results, coupled with previous findings on the BDs
of Japanese toads, suggest that 1) R. tigrinus converts toad-derived BDs into other compounds under natural conditions; 2)
there are both universal and regionally-specific conversions of dietary BDs by R. tigrinus; and 3) geographic variation in
toad BD profiles is partially reflected in the variation of snake BD profiles.

Keywords Biotoxin - Bufadienolide - Rhabdophis tigrinus - Sequestration - LC/MS analysis - NMR analysis - Hierarchical
cluster analysis

Introduction

It is widely known that some invertebrates and vertebrates
take up and accumulate toxic chemicals from their diet. The
toxins can be accumulated in their chemically intact form or
after chemical modification (Duffey 1980; Opitz and Miiller
2009; Savitzky et al. 2012). In some cases, the dietary tox-
ins consist of a mixture of several chemical substances,
and there may be individual and geographic differences
in toxin composition (Speed et al. 2012). Therefore, it is
likely that the amount and composition of prey toxins are
quantitatively and qualitatively reflected in the toxins of the
predator. However, relatively little has been published on
this subject, where the best known examples are Monarch
butterflies (Danaus plexippus), which sequester cardenolides
from milkweed, and the vertebrate example of two species
of poison frogs (Dendrobatidae), which sequester defensive
alkaloids from arthropods (Jones et al. 2019; McGugan et al.
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2016; Saporito et al. 2006). Knowledge about the conver-
sion of dietary toxins by predators is important for under-
standing the proximate and ecological factors influencing
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the diversity of sequestered toxins, but few studies have
examined whether predators accumulate dietary toxins in
the original chemical form or convert the toxins into differ-
ent compounds.

The Japanese natricine snake Rhabdophis tigrinus, which
preys on frogs and fishes, accumulates potent cardiotonic
steroids known as bufadienolides (BDs), from consumed
toads (Bufonidae) and use them for its own chemical defense
(Mori et al. 2012; Mori and Burghardt 2017). R. tigrinus
has specialized organs, known as nuchal glands, in which
it accumulates BDs. The nuchal glands consist of a series
of paired structures located under the dorsal skin of the
neck (Fig. 1A) (Mori et al. 2012; Hutchinson et al. 2007).
The nuchal glands (and homologous nucho-dorsal glands)
characteristic of most species of Rhabdophis are unusual in
seemingly having evolved specifically to store and deliver
prey toxins (Mori et al. 2012; Takeuchi et al. 2018). Other
vertebrates are known to sequester toxins in pre-existing
organs, rather than neomorphic structures. For example, poi-
son frogs accumulate dietary toxins in the granular glands of
the skin, two genera of New Guinean birds store batracho-
toxin from beetles in feathers and muscles, and several popu-
lations of garter snakes (Thamnophis sirtalis) accumulate
tetrodotoxin from newts in their internal organs (Savitzky
et al. 2012; Takada et al. 2005; Dumbacher et al. 2004).

(A)

Fig.1 Nuchal glands of Rhabdophis tigrinus and typical bufadi-
enolide structure. A Dissected R. tigrinus; arrow indicates nuchal
glands. The head is to the right. B Chemical structure of bufalin; the
numbers in the figure indicate the number of each carbon
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BDs are distinguished from other cardiotonic steroids
by the presence of a pyrone ring, a six-membered lactone
ring, at the C-17 position on the steroid nucleus (Fig. 1B).
BDs inhibit the activity of Na*/K*-ATPase, a ubiquitous
membrane-bound enzyme that drives many physiological
processes by maintaining the sodium and potassium ion gra-
dients across the plasma membrane. Because inhibition of
the enzyme ultimately increases cardiac contractility, BDs
are potent toxins against many vertebrate predators. Rhab-
dophis tigrinus exhibits a physiological tolerance against
this inhibition (Mohammadi et al. 2018), due at least in part
to mutation of Nat/K*-ATPase (Mohammadi et al. 2016).
Hutchinson et al. (2012) suggested, based on a laboratory
feeding experiments, that R. tigrinus is capable of converting
sequestered BDs from toads. However, in their experiments,
R. tigrinus was fed fish that had been treated with either of
two purified BDs from toads, and therefore it remains uncer-
tain to what extent dietary BDs from toads are chemically
converted by R. tigrinus under natural conditions. Further-
more, considering the high level of interspecific variation in
BDs among toads (de Sousa et al. 2017), it is also unknown
to what degree the BD profile of toads is reflected in those
of the snakes. A large-scale survey of toxin profiles among
Japanese toads (Bufo japonicus) revealed both individual
and regional differences in BD profiles (Inoue et al. 2020).
Thus, it is expected that R. tigrinus also exhibits individual
and geographic variation. Because the nuchal glands are
located under the dorsal skin of the neck, the toxic fluid can
be easily collected without sacrificing the snake, and toad
toxins can also be collected nonlethally. Therefore, the B.
Jjaponicus—R. tigrinus system provides an ideal opportunity
to test whether predators convert dietary toxins under natural
conditions and to clarify the variation in the metabolism of
dietary toxins.

In the present study, liquid chromatography/mass spec-
trometry (LC/MS) and nuclear magnetic resonance spec-
troscopy (NMR) were applied to analyze the BDs in nuchal
gland fluid from R. tigrinus collected from across its geo-
graphic range of Japan. Combining the chemical analysis
with hierarchical cluster analysis (HCA), a type of multivari-
ate analysis, we tested whether R. tigrinus converts toad-
derived BDs into its modified compounds under natural
conditions and evaluated the degree to which variation in
toad BD profiles is reflected in the BD profiles of the snakes.

Materials and Methods

Study Subjects Rhabdophis tigrinus is widely distributed
on the Japanese main islands (Tohoku, Kanto, Chubu, Kan-
sai, Chugoku, Shikoku, and Kyushu districts), exclusive
of Hokkaido (Fig. 2, Supplemental Table S1). The species
mainly eats fish and frogs, including the Japanese toad,
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Fig.2 The collecting locali-
ties of all sampled snakes from
seven districts of the Japanese
main islands: Tohoku, Kanto,
and Chubu districts (eastern
Japan) and Kansai, Chugoku,
Shikoku, and Kyushu districts
(western Japan)
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Bufo japonicus (Mori and Moriguchi 1988). We analyzed
the nuchal gland fluid from 123 individuals collected from
2008 to 2020 throughout the Japanese main islands: 3 indi-
viduals from Tohoku, 10 from Kanto, 19 from Chubu, 41
from Kansai, 31 from Chugoku, 5 from Shikoku, and 14
from Kyushu (see details in Supplemental Table S2). After
the extraction of BDs, the snakes were employed in other
behavioral experiments and for medical purposes.

Extraction of BDs from Snakes Nuchal gland fluid was
obtained by squeezing the entire series of glands into Kim-
wipes (Wiper S-200; Nippon Paper Crecia Co., Ltd., Tokyo,
Japan), wearing nitrile or latex gloves. Each Kimwipe was
then immersed in approximately 3 ml of methanol (MeOH)
within a glass vial with a Teflon-lined cap and was stored
at —20 °C in the dark. The immersed Kimwipe was washed
with 5 ml of MeOH, and then both the storage and wash
solutions of MeOH were combined and concentrated to dry-
ness under reduced pressure. The crude extract (ext.) was
weighed, dissolved in MeOH at a concentration of 1-10 mg
ext./ml, and filtered with a syringe filter (DISMIC-13HP,
pore diameter, 0.45 um; Roshi Kaisha Ltd., Tokyo, Japan).
This filtrate was combined with digitoxigenin (as an internal
standard, IS) and diluted to a concentration of 200 ng ext./
pl and 25 ng/pl of IS.
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LC/MS Analyses LC/MS analysis was performed with
a Prominence HPLC system coupled with LCMS-2010
(Shimadzu Co., Kyoto, Japan). A reversed-phase column
(Mightysil RP-18 GP 50% 2.0 mm I.D., 5 um particle size;
Kanto Chemical Co., Inc., Tokyo, Japan) was eluted (0.2 ml/
min) with a gradient of 20% (0-2 min), 20-55% (2-20 min),
55-100% (20-35 min), and 100% (35-40 min) MeOH in
H,0 containing 0.1% formic acid. The column temperature
was maintained at 40 °C. The MS was operated in APCI
positive ion mode with nebulizer gas flow of 2.5 I/min, APCI
voltage of 1.9 kV, temperature of 400 °C, CDL temperature
of 250 °C, and heat block temperature of 200 °C. The scan
range for m/z values was 350 to 1,000. The presence of the
target compounds was confirmed if peaks were observed
in the extracted ion chromatogram (XIC) when 2 ul of the
sample prepared at a concentration of 200 ng ext./ ul was
injected into the LC/MS. BDs were characterized using UV
absorption spectroscopy, which maximally absorbed wave-
length at 290-300 nm due to the common moiety of a pyrone
ring (Green et al. 1985). Each BD was tentatively named as
a combination of a number and a letter; the number is the
m/z value of the predicted [M+H]" ion, and the letter, in
alphabetical order, was assigned to express the elution order
of BDs possessing the same m/z value (Details of each com-
pound, identified by number and letter, are given in Results).
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Isolation of 15 BDs for Structural Analyses After the nuchal
gland fluid of each individual was analyzed, two individu-
als (Rt_Tsuyama_4 and Rt_Tsuyama_5: Supplemental
Table S1) with particularly large amounts of crude extracts
were selected for identification of the compounds. The crude
extracts from these two adult R. tigrinus were combined and
concentrated to dryness under reduced pressure to yield
344 mg extract (E1). E1 was fractionated with a Sep-Pak
Vac (5 g) C18 Cartridge (Waters Co., Milford, MA), using
a stepwise gradient of MeOH/H,0O (v/v) mixtures (30/70
[2%70 ml], 40/60 [1 x 140 ml], 50/50 [2x 70 ml], 60/40
[2x 70 ml], 70/30 [1x 140 ml], 100/0 [1 x 140 ml]) to give
fraction I-1 (32 mg), I-2 (36 mg), IT (135 mg), ITI-1 (200 mg
or more), III-2 (5.9 mg), IV-1 (7.6 mg), IV-2 (2.4 mg), V
(trace), and VI (trace), in eluted order. Only compound
403F (6a-hydroxybufalin) had been isolated in fraction
IV-2. Further fractionation was carried out using a Promi-
nence HPLC system with a UV—-Vis detector (Shimadzu Co.,
Kyoto, Japan). A reversed-phase column (Mightysil RP-18
GP 250%x4.6 mm L.D., 5 um particle size; Kanto Chemical
Co., Inc., Tokyo, Japan) was maintained at 40 °C and eluted
under isocratic conditions at 1.0 ml/min flow rate. MeOH
and H,O (0.1% formic acid) were used for elution, mixed
at an optimized ratio. Detection was carried out at 300 nm.
Compounds 419A (Retention time [tgz], 6.6-7.1 min) and
419B (tg, 7.3 =7.9 min) were isolated from fraction I-1 with
30% MeOH elution. Compound 419C (fz, 9.4-9.8 min),
435D (tg, 11.3-11.8 min), 433B (g, 12.1-12.9 min), and
419E (tg, 13.2 —15.0 min) were isolated from fraction
I-2 with 30% MeOH elution. Compounds 419F (g, 9.4—
10.7 min), 419H (#g, 12.6-13.9 min), and 403A (gamabufo-
talin) (fg, 15.9—18.6 min) were isolated from fraction II with
35% MeOH elution. Compounds 417F (g, 20.3-21.7 min),
433E (tg, 22.9-25.6 min), 403C (tg, 27.5-30.0 min), and
417 J (arenobufagin) (¢, 34.6-36.7 min) were isolated from
fraction III-1 with 35% MeOH elution. Compound 417 N
(tg» 27.2-29.3 min) was isolated from fraction III-2 with
35% MeOH elution. The separation scheme is summarized
in Supplemental Fig. S1.

NMR Spectroscopic Analyses NMR analyses were conducted
with a Bruker AV-400 III Spectrometer (400 MHz; Bruker
BioSpin K.K., Kanagawa, Japan). BDs were dissolved in
CD;0D (>99.8% D, <0.03% H,O; Euriso-Top, Saint-Aubin,
France) containing 0.1% tetramethylsilane (TMS) or in
CDCl; (99.8% D; Euriso-Top, Saint-Aubin, France) con-
taining 1% TMS as an internal standard or dimethyl sulfox-
ide-dg (>99.8% D; Euriso-Top, Saint-Aubin, France) con-
taining 0.03% TMS as an internal standard (8, O ppm; 8,
49.15 ppm (CD;0D) or 77.43 ppm (CDCl;) or 39.51 ppm
(dimethyl sulfoxide-dy)). 'H, 13C, hydrogen—hydrogen cor-
relation spectroscopy (H-H COSY), heteronuclear single-
quantum correlation (HSQC), heteronuclear multiple-bond
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coherence (HMBC), and nuclear Overhauser effect and
exchange spectroscopy (NOESY) spectra were acquired.
Data for "TH-NMR were reported as follows: chemical shift
(8, ppm), multiplicity (s, singlet; d, doublet; t, triplet; q,
quartet; sext, sextet; m, multiplet; br, broad), integration,
and coupling constant (Hz). The structures of the isolated
compounds were assigned by employing '*C NMR spectros-
copy. The observed chemical shifts accorded with those of
literature values (full details shown in Results).

Statistical Analyses RStudio ver. 1.3.1093 (RStudio, Boston,
MA, United States) and Excel 2016 (Microsoft, Redmond,
WA, United States) were used for statistical analyses. The
BD profile of each individual obtained by the LC/MS analy-
ses was represented by a nominal scale (i.e., absence, 0;
presence, 1) for 67 variables representing all of the com-
pounds detected in any individual in this study (Supplemen-
tal Table S1). The dissimilarity between individuals was
defined as simple matching distance (SMD): 1 minus the
simple matching coefficient (SMC),

SMD =1 — SMC.

To evaluate the differences among the BD profiles from
geographically distinct populations, we carried out hierar-
chical cluster analysis (HCA) and determined the proper
number of clusters using the silhouette scores. HCA was
performed by the Ward method (using R for Windows 4.0.3
package, "cluster ver. 2.1.0"). We calculated the silhouette
scores (Rousseeuw 1987) to assess the proper number of
major clusters. To compare the difference in the presence
of each BD between clusters, the detection rate of each BD
in a cluster was calculated as follows: the number of indi-
viduals that had a given BD in the cluster / total number of
individuals in the cluster.

Results

BDs were detected in all individuals of R. tigrinus from the
seven districts (Fig. 3). A total of 67 peaks were character-
ized as BDs (Supplemental Table S1), and chemical struc-
tures of 15 BDs were identified. Among a total of 67 BDs,
seven (419C, 419E, 419F, 419H, 403A, 417F, and 433E;
Fig. 4A) showed a high degree of commonality among
individuals irrespective of district (Table 1). Those seven
common BDs were isolated for structural analysis: 419C
(1.8 mg), 419E (11 mg), 419F (5.2 mg), 419H (1.3 mg),
403A (gamabufotalin) (18 mg), 417F (1.6 mg), and 433E
(2.2 mg) (Supplemental Table S3). By comparing these
results with BDs reported in previous research on Japa-
nese toads (Shimada et al. 1977; Inoue et al. 2020), it is



Journal of Chemical Ecology (2021) 47:915-925

919

Fig.3 Representative LCMS chromatograms of extracts from snakes »

from each of the seven districts: (i) Tohoku, (ii) Kanto, (iii) Chubu,
(iv) Kansai, (v) Chugoku, (vi) Shikoku, (vii) Kyushu. Total ion chro-
matogram (TIC) is shown with tentative names of BDs. IS; internal
standard, digitoxigenin

evident that R. tigrinus chemically converts dietary BDs (see
Discussion).

A maximum silhouette score in the plot at k=2 indicated
that the dendrogram in Fig. 5 can be divided into two main
clusters: cluster C1 mainly consisted of individuals from
eastern Japan (Tohoku, Kanto, and Chubu districts) and
from Kansai district, and cluster C2 mainly consisted of
individuals from western Japan (Kansai, Chugoku, Shikoku,
and Kyushu). The proportions of individuals from Kansai
district in the two clusters were similar (31.5% and 34.8% in
C1 and C2, respectively [Fig. 5i and ii], Fisher’s exact test:
P=0.84). In contrast, the proportion of individuals from
eastern Japan (Tohoku, Kanto, and Chubu districts) in clus-
ter C1 is significantly larger than it is in cluster C2 (44.4%
in cluster C1 vs. 11.6% in cluster C2, Fisher’s exact test:
P <0.001), whereas the ratio of individuals from western
Japan excluding Kansai (Chugoku, Shikoku, and Kyushu
districts) in cluster C2 is significantly larger than it is in
cluster C1 (24.1% in cluster C1 vs. 53.6% in cluster C2,
Fisher’s exact test: P <0.001) (Fig. 5i and ii).

Of the 67 peaks characterized as BDs, 23 were detected at
significantly lower frequencies in cluster C2 than in cluster
C1 (Supplemental Table S4) (Fisher’s exact test, Bonferroni
correction: P<0.05/67 [a=0.05]). Of those, we identified
seven BDs and isolated them for structural analysis, in the
following quantities: 419A (10 mg), 419B (3.6 mg), 435D
(2.1 mg), 417 J (1.0 mg), 403C (1.6 mg), 417 N (1.0 mg),
and 403F (2.4 mg) (Fig. 4B; Supplemental Table S3). The
detection rate of 433B, one of the 15 BDs identified in the
present study, tended to be higher in cluster C1 than that in
cluster C2, although the detection rate was not significantly
different between cluster C1 and C2 (Fisher’s exact test,
Bonferroni correction: P=0.0026 > 0.05/67 [« =0.05]).
Compound 433B was isolated for structural analysis (10 mg)
(Supplemental Table S3). There was no BD for which detec-
tion rate was significantly higher in cluster C2 than in cluster
C1 (Supplemental Table S1). The number of BD compo-
nents in each individual was significantly smaller in cluster
C2 than that in cluster C1 (Supplemental Fig. S2) (Median
test based on Fisher’s exact test: P <0.001).

Discussion

Most bufadienolides in Japanese toads are bufotoxins, which
are BDs conjugated with suberoyl-arginine linked at the C-3
position of the steroid skeleton and have a molecular weight
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403A (Gamabufotalin): R,=H, R,=H, R;=H,R,=H
419H: R;=OH, R,=H,R;=H,R,=H
419C:R;=H,R,=OH, R;=H,R,=H
R, R, 419F:R;=H,R,=H,R;=OH,R,=H
419E: R=H, R,=H, R;=H, R,=OH

[ ) 435D: R;= OH, Ry~ H, Ry= OH, R;= OH
403C:R,=H, R,= OH, R,=H,R,=H
419B: R,= H, R,= OH, R,;= OH, R,=H

R, 419A: R ;= H, R,= OH, R;= H, R,= OH

417] (Arenobufagin): R;= OH, R,=H, R;=H
433B: R;=H, R,= OH, R;= OH

403F
(6a-hydroxybufalin)

Fig.4 Chemical structures of identified BDs in this study. A BDs
occurring widely among the snakes examined. B BDs of which detec-
tion rates are significantly or close to significantly higher in the east-
ern cluster C1 of populations than in the western cluster C2

over 450 amu (Shimada et al. 1977). In contrast, the BDs in
R. tigrinus all have a molecular weight less than 450 amu.
Furthermore, many of the BDs detected in R. tigrinus have
not been detected in Japanese toads (Inoue et al. 2020).
Therefore, the present study strongly supports the hypoth-
esis that, under natural conditions, R. tigrinus converts

toad-derived BDs into its own distinct profile of compounds.
The total number of BD peaks in R. tigrinus is approxi-
mately half that in toads, so BD variation in the snakes is
lower than that in Japanese toads (Inoue et al. 2020). The
reason bufotoxins were not detected in R. tigrinus could
result from hydrolytic cleavage of conjugated forms at the
C-3 position, changing to a hydroxyl group (Fig. 6A). More
specifically, one component, 417 N, isolated from R. tigri-
nus, has never been reported from Japanese toads, whereas
no acetoxylated BD, such as cinobufagin and bufotalin,
which are common in Japanese toads (Inoue et al. 2020),
was detected in any snake. These findings suggest several
hypothesized chemical conversions that may occur in R.
tigrinus (Fig. 6B). All identified BDs except 417 N and 403F
were hydroxylated at C-11. Eleven of the snake BDs (403C,
417F, 419A, 419B, 419C, 419E, 419F, 419H, 433B, 433E,
and 435D) have never been reported from Japanese toads.
However, three of those compounds, 417F, 419F, and 433E,
have been reported from other species of toads (Rhinella
marina for 417F, Bufo gargarizans and R. marina for 419F,
and R. marina for 433E) and one, 433E, has been reported
from a firefly (Photinus ignitus) (Matsukawa et al. 1997,
1998; Meng et al. 2016; Gonzélez et al. 1999). The remain-
ing eight BDs, 403C, 419A, 419B, 419C, 419E, 419H,
433B, and 435D, have been reported only from R. tigrinus
(Hutchinson et al. 2007; Akizawa et al. 1985). Moreover,
bufalin (the compound most consistently present in Japanese
toads [Inoue et al. 2020]) (Fig. 7) was not detected in any
snake. Hutchinson et al. (2012) fed captive R. tigrinus two
bufotoxins and observed three types of modifications by the
snakes: (1) hydrolytic cleavage of the conjugated forms at
the C-3 position, changing to a hydroxyl group; (2) epimeri-
zation of the hydroxyl group at the C-3 position; and (3)
hydroxylation at various positions of the steroid skeleton.
Our results, coupled with the findings of Hutchinson et al.
(2012), suggest that R. tigrinus converts dietary bufalin to
various BDs before or during accumulation in the nuchal
gland. The most important conversion reaction of bufalin
may be hydroxylation at the C-11 position (hypothesized
chemical conversion reactions are shown in Fig. 7).

Table 1 Seven BDs detected

. . - District
at high frequency irrespective

of district. The numbers in the

BD name Tohoku (3) Kanto (10)

Chubu (19) Kansai (41) Chugoku (31) Shikoku (5) Kyushu (14)

table represent the percentage

(%) of individuals in which 419C 100 100
each BD was detected in each 419E 100 100
region. Sample size is shown in 419F 100 100
parentheses
419H 100 91
403A 100 80
417F 100 80
433E 100 90

100 85 87 80 78
100 100 100 100 93
100 98 100 100 100
100 93 90 100 100
100 93 97 100 100
84 73 87 100 64
100 93 94 100 93
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Fig.5 The dendrogram gener-
ated by HCA based on BD
profiles of individual snakes.
Insert: silhouette score plot
with the number of primary
clusters shown by a filled circle
(k=2). The broken line on the
dendrogram reflects the number
of primary clusters identified

by the silhouette plot. To the
right of the dendrogram, (i) and
(ii) indicate the percentage of
individuals in clusters C1 and
C2, respectively, with profiles
typical of each region. The solid
blue area indicates the Kansai
district, which is the boundary
between the eastern and western
regions
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Fig.6 Hypothesized chemical ( A)
reactions of BDs. A Hydrolysis
of bufotoxin. B Reactions from
cinobufagin and bufotalin to
417 N. The moieties formed in
reaction steps are shown in blue

An example of bufotoxin

Hydrolysis at C-3
NH position

COOH

Detected only in toads

(B)

a) Hydrolysis
b) Hydroxylation
¢ Epoxidation

Detected only in toads

Although many components in the skin secretion of
Bufo japonicus likely change after ingestion by R. tigrinus
through reactions such as hydroxylation and hydrolysis, it is
unclear whether these changes have adaptive significance.
Hydrolysis often increases toxicity in BDs, whereas hydrox-
ylation often decreases toxicity (Kamano et al. 1998). There-
fore, it is unlikely that R. tigrinus converts dietary BDs only
to increase their toxicity. Hydroxylation and hydrolysis are
both reactions that increase the number of hydroxyl groups
in a molecule. In general, hydroxyl groups increase the water
solubility of a compound. The nuchal gland fluid containing
BDs in R. tigrinus is watery and squirts vigorously when
the glands rupture (Mori et al. 2012), whereas the secretion
containing BDs in toads is viscous and exudes slowly over
the skin (Hutchinson and Savitzky 2004). In fact, a greater
number of hydrophilic BD components were detected in R.
tigrinus than in toads (Fig. 3) (Inoue et al. 2020). There-
fore, R. tigrinus might convert dietary BDs to increase the
water solubility of toad-derived BDs, so as to eject the toxic

@ Springer
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fluid at predators more effectively. It is also possible that
conversion of dietary BDs may improve the efficiency of
absorption and transport of BDs by the snakes or ensure
stable long-term storage of the toxins, but the details of these
physiological processes are unknown.

The HCA revealed that the BD profiles of R. tigrinus can
be divided into two groups, with the boundary being the
Kansai district, which exhibits both eastern (Tohoku, Kanto,
and Chubu) and western (Chugoku, Shikoku, and Kyushu)
types. An expansion of the ancient basin around the Kansai
district in the Early Pliocene (ca. 5 Mya) might have caused
geographical isolation between the western and eastern
populations of both snakes and toads (Igawa et al. 2006).
The number of BD compounds possessed by each indi-
vidual snake and the detection rates of each BD in the two
geographic groups revealed fewer components in western
than eastern individuals. We evaluated the degree to which
the variation in toad BD profiles is reflected in the snake
profiles. Comparing the clustering patterns of BD profiles
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Fig.7 The hypothesized chemi-
cal reactions from bufalin to 14
BDs identified from R. tigrinus.
The moiety formed in each
reaction step is shown in blue.
1) hydroxylation at C-11 of
bufalin produces 403A (gama-
bufotalin); 2) hydroxylation at
C-1 of gamabufotalin produces
419H; 3) hydroxylation at C-4
of gamabufotalin produces
419C; 4) hydroxylation at C-5
of gamabufotalin produces
419F; 5) hydroxylation at C-6
of bufalin produces 419E; 6)
epoxidation at C-14 and C-15 of
419F produces 417F; 7) oxida-
tion at C-12 of 419F produces
433E; 8) hydroxylation at C-6
of bufalin produces 403F; 9)
oxidation at C-12 of 403A
produces 417 J; 10) epimeriza-
tion at C-3 of 403A produces
403C; 11) epimerization at C-3
of 419E produces 419A; 12)
hydroxylation at C-5 of 419E
produces 435D; 13) hydroxyla-
tion at C-6 of 419F produces
435D; 14) epimerization at C-3
of 419F produces 419B; 15)
epimerization at C-3 of 433E
produces 433B

between the snakes and toads, the pattern of R. tigrinus is
similar to that of the Japanese toad, in that both species
exhibit eastern and western clusters, with Kansai as their
boundary (Inoue et al. 2020). The pattern in snakes is partly
due to the lower incidence of 417 N, in which hydroxylation
occurs at C-16 (Fig. 6B), in the western group than in the
eastern group. As discussed above, such hydroxylated BDs
can be derived from acetoxylated BDs, such as cinobufagin
and bufotalin, by hydrolysis at C-16 (Fig. 6B). Indeed, the
occurrence of bufotalin and cinobufagin in western toads is
lower than in eastern toads (Inoue et al. 2020), consistent
with the lower incidence of 417 N in western snakes. These
results suggest that the variation in toad BD profiles is, at
least partially, reflected in the variation of the snake BD
profiles.

The compound most
consistently present
in Japanese toads

Bufalin

The clustering pattern of BD profiles also resembles the
pattern of variation in nucleotide sequences of the mito-
chondrial cytochrome b gene in R. tigrinus, which gener-
ally divides Japan into eastern and western populations. On
the other hand, whereas R. tigrinus from Kyushu district are
different from those of other regions in nucleotide sequences
(Takeuchi et al. 2012), no such difference was observed in
BD profiles. Because cluster C2 is composed of two large
sub-clusters, one of which includes only individuals from
Kyushu (Fig. 5), the difference in BD profiles between
Kyushu district and the other regions may be clarified by
increasing the number of sampling localities in Kyushu. We
also note that there is a less pronounced genetic separation
between populations on Honshu east and west of the Kansai
district (Takeuchi et al. 2012). The regional differences in
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BD profiles of R. tigrinus may reflect not only differences
in the ingested toxins themselves but also differences in the
capacity of local snakes to convert those compounds. Of the
14 BDs identified in this study, excluding 417 N, seven com-
pounds (419C, 419E, 419F, 419H, 403A, 417F, 433E) are
common among individuals irrespective of districts, whereas
the other seven components (419A, 419B, 435D, 433B,
403C, 417 J, 403F) exhibit a biased occurrence between
the eastern and western regions. As discussed above, in the
hypothesized chemical reactions in which bufalin is con-
verted to these 14 BDs (Fig. 7), the reactions that produce
the former seven BDs (1 to 7 in Fig. 7) are considered to
be universal capabilities of R. tigrinus. On the other hand,
the metabolic capacity for the conversion reactions that pro-
duce the latter seven BDs (8 to 15 in Fig. 7) may have been
lost in some lineages of snakes from the western regions or
acquired in snakes from the eastern regions. In addition to
these reactions, various other conversion reactions of dietary
BDs may have been lost or acquired in the eastern or western
lineages, because the number of BD components possessed
by individuals differed significantly between clusters C1 and
C2. Therefore, the conversion reactions among R. tigrinus
may be labile, resulting in the frequent loss or acquisition
of specific compounds in eastern and western populations.
To test this hypothesis, it will be necessary to feed bufalin to
chemically undefended snakes and compare the subsequent
components accumulated in the snakes from the western and
eastern regions.

It is unclear to what extent the differences in BD pro-
files found here influence the effectiveness of the chemical
defenses of R. tigrinus against predators. In R. marina, the
number of BD compounds has been found to affect the level
of chemical defense (Hayes et al. 2009). If this is also true
for R. tigrinus, snakes in the eastern group (cluster C1), with
significantly more BD compounds, may be more effectively
defended chemically than those in the west (cluster C2). To
determine the adaptive significance of the regional differ-
ences in BD profiles, if any, would require comparing the
toxicity or distastefulness of nuchal gland fluid from snakes
of both regions against predators, such as raptors (Tanaka
and Mori 2000). Investigation of the differences in the preda-
tor faunas of each district of the Japanese main islands would
also be desirable.

Our study demonstrated that R. tigrinus converts toad-
derived BDs into its own distinct array of compounds under
natural conditions, although the variation in toad BD profiles
is nonetheless reflected in snake BD profiles. In other words,
variation in defensive toxins of the snakes can be caused not
only by the differences in the ingested prey toxins but also
by variation in the snakes’ metabolic capabilities. Our study
provides new insight into the ecological and evolutionary
significance of the accumulation and defensive use of dietary
toxins in animals.
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