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Abstract
Toads of the genus Bufo synthesize and accumulate bufadienolides (BDs) in their parotoid glands. BDs are cardiotonic steroids
that play an important role in defense against the toads’ predators. Three bufonid taxa occur in mainland Japan, Bufo japonicus
formosus, B. j. japonicus, and B. torrenticola. The chemical structures of BDs isolated from B. j. formosus were studied several
decades ago, but there is no further information on the toxic components of Japanese toads and their metabolism. In this study, we
analyzed BDs of toads from throughout Japan and compared the BD profiles by liquid chromatography/mass spectrometry (LC/
MS) and hierarchical cluster analysis (HCA). We observed BDs in three taxa of Japanese toads, and identified five of the most
common BDs by nuclear magnetic resonance (NMR) analyses. Of the five BDs, only bufalin was detected in all individuals.
HCA of individual BD profiles divided the three taxa into five primary clusters and several subclusters. This result indicates that
BD profiles differ both among and within the taxa. The clustering pattern of BDs is generally concordant with a phylogenetic tree
reconstructed from the mitochondrial cytochrome b gene of Japanese toads. Our results suggest that the BDs of Japanese toads
have diversified not in response to specific selective pressures, but simply due to population structuring over evolutionary time.
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Chemical defense

Introduction

Many vertebrates sequester toxins for defense, including poi-
son frogs, some natricine snakes, and Pitohui birds. Those
species acquire toxins from their prey and accumulate them
in the skin, internal organs, feathers and muscles (Dumbacher

et al. 2004; Mori et al. 2012; Takada et al. 2005). On the other
hand, toads (Bufonidae) synthesize and store toxins known as
bufadienolides (BDs) in concentrated granular glands, and
especially in the large, paired parotoid glands (Hostetler and
Cannon 1974; Porto et al. 1972;). When harassed, viscous
white fluid containing BDs is secreted from these glands
(Fig. 1a) (Barbosa et al. 2009; Hutchinson and Savitzky
2004; Lichtstein et al. 1992). BDs function by inhibiting the
activity of Na+/K+ ATPase, similar to other cardiotonic ste-
roids (Yang et al. 2015). Due to this toxicity, there are few
natural enemies of toads (Licht and Low 1968; Mohammadi
et al. 2018; Shimada et al. 1977; Toledo and Jared 1995;).

Two species of toads, Bufo japonicus and B. torrenticola,
are distributed in mainland Japan, and B. japonicus includes
two recognized subspecies, B. j. japonicus and B. j. formosus.
The distribution and morphology of Japanese toads, and feed-
ing ecology of some populations of B. j. formosus have been
well documented (Hirai and Matsui 2002; Matsui 1984), but
knowledge about their BDs is limited. The chemical structures
of BDs in B. j. formosus were studied several decades ago
(Shimada et al. 1974; Shimada et al. 1976; Shimada et al.
1977), but the presence and identity of BDs in B. j. japonicus
and B. torrenticola have not been studied. Moreover, toxin
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profiles of individual toads have not been compared, even
among specimens of B. j. formosus. The defensive toxins of
some animals diversify in response to selective pressure from
predators or vary geographically (Brodie III and Brodie Jr
1999; Hanifin 2010; König et al. 2015; Roelants et al. 2010;
Williams et al. 2003; Yoshida et al. 2020), but diversity of
defensive toxins in most animal taxa has been poorly under-
stood (Casewell et al. 2013; Mebs 2001). Thus, an analysis of
the BD profiles of individual B. japonicus formosus, B. j.
japonicus, and B. torrenticola from various localities in
Japan would help in understanding the evolutionary history
of Japanese toads and the metabolic system underlying the
synthesis of BDs.

In this study, LC/MS and NMR were used to analyze the
BDs in the parotoid secretion of toads collected from various

areas of mainland Japan. Hierarchical cluster analysis (HCA)
of BD profiles revealed diversity both within and between the
three Japanese bufonid taxa. Our data document both similar-
ities and differences in BD profiles among Japanese toads and
provide insights into their ecological and evolutionary
significance.

Materials and Methods

Study Species and their Ranges Two species in the genus
Bufo, one of which has two subspecies, occur in mainland
Japan (Matsui and Maeda 2018) (Fig. 1c and Supplemental
Table S1). Bufo japonicus formosus is distributed in eastern
Japan (Tohoku, Kanto, and Chubu districts) and part of the
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(a) (b)Fig. 1 Toads and collection sites.
(a) Parotoid gland of B. japonicus
formosus; arrow indicates
parotoid gland with white
secretion being released. (b) Left,
B. j. japonicus: middle,
B. torrenticola; right, B. j.
formosus. (c) The collecting
localities of all sampled toads
from seven districts of mainland
Japan: Tohoku, Kanto, and
Chubu districts (eastern Japan)
and Kansai, Chugoku, Shikoku,
and Kyushu districts (western
Japan)
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Kansai district. Bufo j. japonicus is distributed in western
Japan (Kyushu, Shikoku, and Chugoku districts) and part of
the Kansai district. Bufo torrenticola is distributed in part of
the Kansai and Chubu districts. The two species were identi-
fied based on differences in the size of the tympanum (Matsui
1984).

Extraction of BDs from Toads Parotoid gland secretion was
obtained by squeezing both glands with Kimwipes (Wiper
S-200; Nippon Paper Crecia Co., Ltd., Tokyo, Japan) while
wearing nitrile or latex gloves. Each Kimwipe was immersed
in about 3 ml of MeOHwithin a glass vial with a Teflon-lined
cap and stored at −20 °C in the dark. The immersed Kimwipe
was washed with 5 ml of MeOH; then, both the MeOH stor-
age and rinse solutions were combined and concentrated to
dryness 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 μm; Roshi Kaisha Ltd., Tokyo, Japan). This
filtrate was mixed with digitoxigenin (as an internal standard,
IS) and diluted to the concentration of 200 ng ext./μl and
25 ng/μl of IS.

LC/MS and LC/MS/MS Analyses LC/MS was carried out 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 μm 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% (5 min) MeOH in H2O
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 l/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 1000. LC/MS/MS was performed on an
Ultimate 3000 SD UHPLC system coupled with LTQ
Orbitrap discovery (Thermo Fisher Scientific Inc., MA,
United States). A Unison UK-C18 column (75 × 2.0 mm
I.D., 3 μm particle size; Imtakt Co., Kyoto, Japan) was eluted
(0.2 ml/min) with a gradient of 0% (0–2 min), 0–25% (2–
15 min), 25–99.5% (15–27 min), and 99.5% (27–37 min)
acetonitrile in H2O (both solvents containing 0.1 % formic
acid). The column temperature was maintained at 50 °C.
The MS was operated in ESI positive ion mode with the fol-
lowing parameters: capillary temperature of 380 °C, sheath
gas flow rate of 5 (arb. unit), aux gas flow rate of 6 (arb. unit),
sweep gas flow rate of 0 (arb. unit), source voltage of 4.5 kV,
source current of 100 μA, capillary voltage of 33 V, tube lens
voltage of 80 V. MS full scan was acquired in 30,000 resolu-
tion at m/z 100–1500. Automatic gain control (AGC) was set
at 5 × 105 with one micro scan and 500-msec maximum ion
injection time. The MS/MS scan was operated by data

dependent acquisition (DDA) in 30,000 resolution at m/z
100–1500. AGC was set at 2 × 104 with one micro scan and
1000-msec maximum ion injection time. For dynamic exclu-
sion, repeat count was set at 1; repeat duration and exclusion
duration were set at 30 and 20 s, respectively. The most in-
tense ion was selected for collision induced dissociation (CID)
with the following parameters: default charge state, 1; isola-
tion width of m/z 2.0; normalized collision energy, 35; acqui-
sition Q, 0.250; acquisition time, 30 msec; minimum signal
required, 1000. The exact mass of diisooctyl phthalate ([M +
H]+ = 391.28429) was used for the lock mass.

BDs were characterized using UV absorption spectrosco-
py, which showed a maximum absorbance at 290–300 nm by
the commonmoiety of a pyrone ring (Green et al. 1985). Each
BDwas 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 rep-
resent the elution order of BDs possessing the same numerical
value.

Isolation of 8 BDs for Structural Analysis The crude extracts
from 2 adult B. j. formosus and 24 adult B. j. japonicus were
mixed and concentrated to dryness under reduced pressure to
yield 104 mg extract (E1). Similarly, 233 mg extract (E2) was
obtained from 29 adult B. j. formosus and 5 adult B. j.
japonicus. E1 was fractionated with a Sep-Pak Vac (5 g)
C18 Cartridge (Waters Co., Milford, MA), using a stepwise
gradient of MeOH/H2O mixtures (30/70, 50/50, 60/40, 70/30,
100/0; v/v, 2 × 40 ml each, except for 30/70 and 100/0 (1 ×
80 ml each)) to give fraction i (46 mg), ii-1 (7 mg), ii-2
(12 mg), iii-1 (34 mg), iii-2 (56 mg), iv-1 (9.5 mg), iv-2 (trace)
and v (trace), in eluted order. E2 was fractionated with a Sep-
Pak Vac (5 g) C18 Cartridge (Waters Co., Milford, MA),
using a stepwise gradient of MeOH/H2O mixtures (30/70,
40/60, 50/50, 60/40, 70/30, 100/0; v/v, 2 × 40mL each, except
for 30/70, 70/30, and 100/0 (1 × 80 ml each)) to give fraction I
(79 mg), II-1 (7.6 mg), II-2 (2 mg), III-1 (6.2 mg), III-2
(13.5 mg), IV-1 (30.3 mg), IV-2 (15.7 mg), V (trace) and VI
(trace), in eluted order. Only gamabufotalin had been isolated
in fraction II-1. Further fractionation was conducted using a
Prominence HPLC system equipped with a UV-Vis detector
(Shimadzu Co., Kyoto, Japan). A reversed-phase column
(Mightysil RP-18 GP 250 × 4.6 mm I.D., 5 μm 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 H2O (0.1% formic acid) were used for elu-
tion, mixed at an optimized ratio. Detection was carried out at
300 nm. Bufotalin (tR, 8.3–9.1 min) was isolated from fraction
iii-1 with 60% MeOH elution. Bufotalin-3-suberoyl-arginine
ester (tR, 4.4–5.6 min) was isolated from fraction iv-1 with
65% MeOH elution. Arenobufagin (tR, 20.0–21.7 min) was
isolated from fraction III-1 with 40% MeOH elution. 6α-
Hydroxybufalin (tR, 14.3–16.5 min) was isolated from
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fraction III-2 with 50% MeOH elution. Bufalin (tR, 11.9–
13.2 min) was isolated from fraction IV-1 with 60% MeOH
elution. Resibufogenin (tR, 44.1–46.4 min) and cinobufagin
(tR, 46.8–50.0min) were isolated from fraction IV-2 with 50%
MeOH elution. The separation scheme is summarized in
Supplemental Fig. S1.

NMR Spectroscopic Analyses NMR spectra were measured
with a Bruker AV-400 III Spectrometer (400 MHz; Bruker
BioSpin K.K., Kanagawa, Japan). BDs were dissolved in
CD3OD (>99.8% D, <0.03% H2O; Euriso-Top, Saint-
Aubin, France) containing 0.1% TMS or in CDCl3 (99.8%
D; Euriso-Top, Saint-Aubin, France) containing 1% TMS as
an internal standard (δH, 0 ppm; δC, 49.15 ppm (CD3OD) or
77.43 ppm (CDCl3)).

1H, 13C, H-HCOSY, HSQC, HMBC
and NOESY spectra were acquired. Data for 1H-NMR were
reported as follows: chemical shift (δ, ppm), multiplicity (s,
singlet; d, doublet; t, triplet; q, quartet; sext, sextet; m, multi-
plet; br, broad), integration, and coupling constant (Hz).

Identification of Suberoyl Moiety of Bufotalin-3-Suberoyl-
Arginine Ester (B3sa) The presence of suberic acid in B3sa
was revealed by GC/MS analysis after hydrolysis and
methyl esterification of the carboxylic acid according to the
previous method in Zhao et al. (2010) and Hashimoto et al.
(1981) with slight modifications. Two hundred μg of B3sa
isolate was dissolved in 100 μl of 10% HCl aq./dioxane mix-
ture (v/v = 1/1) and heated in a heat block at 80 °C for 3 h. The
reactant was neutralized with 130 μl of 1.2 M NaHCO3 aq.
and washed with 100 μl of ethyl acetate three times. The
aqueous layer was acidified with 2 ml of 1 M HCl aq. and
separated with 5 ml of ethyl acetate three times. Ethyl acetate
layers were combined and concentrated to dryness under re-
duced pressure. This concentrate was dissolved in 12 μl of
toluene/MeOH mixture (v/v = 4/1) and mixed with 6 μl of
trimethylsilyl-diazomethane (ca. 0.60 M in hexane; Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan). Thirty min later
the aliquot of reactant was analyzed by GC/MS after the ad-
dition of the internal standard, naphthalene (12.5 ng/μl;
FUJIFILM Wako Pure Chemical Co., Osaka, Japan). GC/
MS analysis was performed using a gas chromatograph (HP-
5890 series 2 Plus; Hewlett-Packard Co., Palo Alto, CA,
United States) connected to a quadrupole mass spectrometer
(HP-5989B; Hewlett-Packard Co., Palo Alto, CA, United
States) in electron ionization (EI) mode (75 eV) and splitless
mode. GC separation was performed on a capillary column
(HP-5MS, 30 m × 0.25 mm I.D., 0.25 μm thickness; Hewlett-
Packard Co., Palo Alto, CA, United States), with helium as the
carrier gas (1.0 ml/min). The inlet and detector temperatures
were 240 °C and 290 °C. The column oven was kept at 100 °C
for 2 min from the start, then heated to 320 °C at 15 °C/min
and kept at 320 °C for 6 min. The scan range for m/z values
was 33 to 550. Authenticated standards of adipic acid

(>99.0%, Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan), pimeric acid (>99.0%, FUJIFILM Wako Pure
Chemical Co., Osaka, Japan), and suberic acid (>98.0%,
FUJIFILM Wako Pure Chemical Co., Osaka, Japan) were
derivatized and analyzed by the same procedure. The concen-
tration of standards in the injection sample was 12.5 ng (di-
carboxylic acid equivalent)/μl.

Statistical Analyses RStudio ver. 1.1.463 (RStudio, Boston,
MA, United States) and Excel 2016 (Microsoft, Redmond,
WA, United States) were used for statistical analyses and data
plots. The BD composition of each individual, obtained by the
LC/MS analyses, was represented by a nominal scale (i.e.,
absence, 0; presence, 1) for 132 variables representing all of
the compounds detected in any individual in this study
(Supplemental Table S1). The dissimilarity between individ-
uals was defined as simple matching distance (SMD): 1 minus
the simple matching coefficient (SMC), SMD= 1−SMC and
HCA was carried out by the Ward method (using R for
Windows 3.5.2 package, “cluster ver. 2.1.0”). We performed
an analog of the “elbow method,” calculating the sum of
squared errors of prediction (SSE), to assess the proper num-
ber of major clusters. Here, we assumed that the large change
of SSE from k = 1 to 2 is natural, and looked for elbow points
after k = 3, as in previous studies (Syakur et al. 2018;
Kodinariya and Makwana 2013; Marutho et al. 2018).

Results

Inter- and Intra-Taxon Variation in BD Profiles LC/MS analy-
ses confirm that B. j. japonicus and B. torrenticola accumulate
BDs, as does B. j. formosus (Fig. 2). A total of 132 peaks were
characterized as BDs (Supplemental Table S1). Among them,
five BDs showed a high degree of commonality among the
three taxa, and 36 BDs were unique to a single taxon
(Table 1). The five common BDs were identified as
gamabufotalin, arenobufagin, 6α-hydroxybufalin, bufalin,
and resibufogenin (Fig. 3a). (Full details are described in the
section Structure of BDs, below.)

In order to evaluate the differences among the BD profiles
within and among the three taxa, we performed HCA and
determined the proper number of clusters using the elbow
method. The resulting dendrogram is shown in Fig. 4. The
elbow curve plot identifies five major clusters. There is a
strong change in the curve between k = 2–4 and k = 6–8, iden-
tifying k = 5 as the elbow point. Following this result, clusters
C1–5 were recognized at the level shown by the broken line in
Fig. 4, as follows: C1, mainly B. j. formosus in eastern Japan
(Tohoku, Kanto, and Chubu districts); C2, B. torrenticola in
part of Kansai district (Odai and Kamikitayama); C3, mainly
B. j. formosus in Kansai district; C4, mainly B. j. japonicus in
Kyushu district; C5, mainly B. j. japonicus in Kansai,
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Chugoku, and Shikoku districts. Each of the three taxa was
present in several different clusters on the basis of its BD
profiles and, except for C2, every cluster included individuals

from more than one taxon. Therefore, we conclude that the
BD profiles differ both among and within the three taxa. We
also note that there is a general distinction between the BD

Table 1 Detection rates of 8 BDs
identified in the present study and
36 BDs unique to each taxon

BD name B. j. japonicus
(N=46) (%)

B. j. formosus
(N=70) (%)

B. torrenticola
(N=16) (%)

Gamabufotalin 67 88 73

Arenobufagin 100 100 93

6α-Hydoroxybufalin 100 100 94

Bufalin 100 100 100

Resibufogenin 100 100 71

Cinobufagin 28 100 99

Bufotalin 50 100 96

B3sa 37 0 10

397a 30 0 0

401e 20 0 0

399b 11 0 0

431b 7 0 0

415d 4 0 0

741a 4 0 0

457a 0 51 0

713a 0 16 0

461a 0 10 0

769a 0 9 0

671b 0 7 0

755b 0 7 0

743a 0 6 0

729g 0 4 0

757a 0 4 0

741b 0 4 0

485a 0 3 0

699c 0 3 0

713c 0 3 0

771c 0 3 0

461b 0 0 25

443c 0 0 19

475b 0 0 19

657b 0 0 19

729c 0 0 19

431a 0 0 13

459b 0 0 13

699b 0 0 13

727b 0 0 13

401j 0 0 6

685a 0 0 6

715a 0 0 6

729e 0 0 6

743b 0 0 6

771a 0 0 6

785a 0 0 6
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profiles of B. j. japonicus and B. j. formosus, as well as a
strong association between the profiles of B. torrenticola
and those of B. j. formosus.

Intra-Taxon Diversity of BD Profiles in B. j. japonicus The
detection rate of cinobufagin and bufotalin in B. j. japonicus
was significantly lower than in the other two taxa (Table 1).
Furthermore, the rates of occurrence of 23 BDs in B. j.
japonicus was significantly different between the C4 and C5
clusters (Supplemental Table S2). Of those 23 BDs, we iden-
tified two, bufotalin and bufotalin-3-suberoyl-L-arginine ester
(B3sa) (Fig. 3b). Bufotalin was not detected in the Shikoku
district, and B3sa was detected only in the Kyushu district
(Supplemental Table S1). They were isolated by HPLC frac-
tionation of parotoid gland secretion from B. j. japonicus and

then identified by MS and various NMR analyses (see details
in the following section).

Structure of BDs Eight BDs were isolated for structural
analysis: gamabufotalin (7.6 mg), arenobufagin (2.0 mg),
6α-hydroxybufalin (3.2 mg), bufalin (2.5 mg), resibufogenin
(1.6 mg), cinobufagin (2.6 mg), bufotalin (4.1 mg), and B3sa
(4.0 mg). The structures of these compounds, except
6α-hydroxybufalin and B3sa, were assigned by employing
13C NMR spectroscopy. The observed chemical shifts
accorded with those of authenticated standards and literature
values (Supplemental Table S3). Each molecular formula was
predicted by high resolution LC/MS analyses, followed by
LC/MS/MS analyses to indicate specific structures
(Supplemental Table S4).

The structure of 6α-hydroxybufalin was determined byMS
spectroscopy and NMR analyses. MS analysis showed the
molecular formula as C24H34O5 (Supplemental Table S4). In
the 1H-NMR spectrum, three signals derived from the pyrone
ring [δ 8.00 (1H, dd), δ 7.43 (1H, d), δ 6.27 (1H, d)] and two
signals derived from the methyl group [δ 1.10 (3H, s), δ 0.73
(3H, s)] were observed. Thus, this compoundwas presumed to
be a BDwith twomethyl groups. From the spectral data of 1H-
NMR, 13C-NMR, HSQC, and HMBC, four signals [δ 3.71
(1H, s, broad), δ 4.02 (1H, d), δ 1.10 (3H, s), and δ 0.73
(3H, s)] were assigned to 3-Hα, 6-Hα, 19-CH3, and 18-CH3,
respectively. The relative stereochemistry was determined by
NOESY (Supplemental Fig. S2A) as follows: The hydroxy
group at position 6 was in the α position because 6-H corre-
lated with 5-Hβ, 7-Hβ, and 8-H. The hydroxy group at posi-
tion 3 was in the β position because 3-H correlated with 4-Hα,

β. The correlation between 19-CH3 and 5-H indicated that the
A/B ring fusion was cis. The correlation between 15-H and 7-
H and correlation of 19-CH3 with 8-H, 11-H, and 12-H
showed that the B/C ring fusion was trans and the C/D fusion
was cis. The pyrone rings of Bufo-derived BDs identified to
date are all in the β position (Shimada et al. 1977; Steyn and
van Heerden 1998; Wei et al. 2019); thus, the pyrone ring of
this compound was also likely to be at the 17β position. The
BD 6α-hydroxybufalin is a novel compound. The NMR data
for this compound are summarized in supplemental Table S5.

The structure of B3sa also was determined byMS spectros-
copy and NMR analyses (Supplemental Table S4 and S6,
Supplemental Fig. S3). MS analysis showed the molecular
formula as C40H60N4O10 (Supplemental Table S4). In the
1H-NMR spectrum, three signals derived from the pyrone ring
[δ 8.25 (1H, dd), δ 7.43 (1H, d), δ 6.20 (1H, d)] and two
signals derived from the methyl group [δ 0.98 (3H, s), δ
0.78 (3H, s)] were observed. Thus, this compound was pre-
sumed to be a BD with two methyl groups. From the spectral
data of 1H-NMR, 13C-NMR, HSQC, and HMBC, three sig-
nals [δ 5.08 (1H, s, broad), δ 1.10 (3H, s), and δ 0.73 (3H, s)]
were assigned to 3-Hα, 19-CH3, and 18-CH3, respectively;

Retention time (min)

(a) I.S.

403b

387a

417c

443e

387d

445c

401q

(b)

403i

403b

715b

415e

443a

417c

387a

I.S.

387d
443e

15 20 2510

(c) 417c

417d 417f

729c

387d

401q 443e

I.S.

403b

443a

729b

Fig. 2 Sample LCMS chromatograms of extracts from the three study
taxa. (a) B. j. japonicus (b) B. j. formosus (c) B. torrenticola. Total ion
chromatogram (TIC) is shown with tentative names of BDs. I.S.: internal
standard, digitoxigenin
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two signals of a carbonyl carbon (δ 172.1) and a methyl pro-
ton [δ 1.80 (3H, s)] were assigned the acetyl group at position
16. The relative stereochemistry was determined by NOESY
(Supplemental Fig. S2B) as follows: The hydroxy group at
position 3 was in the β position because 3-H correlated with
4-Hα, β. The correlation between 19-CH3 and 5-H indicated
that the A/B ring fusion was cis. The correlation of 19-CH3

with 8-H and 11-H and the correlation between 15-H and 7-H
showed that the B/C ring fusion was trans, and the C/D fusion
was cis. The stereochemistry of the pyrone ring was estimated
as the β position as is the case for 6α-hydroxybufalin. Then,
the acylation at position 3 was confirmed due to the downfield
shift of 3-H [δ 5.08 (1H, s, broad)] compared with other BDs
and HMBC correlation between 3-H and 1′ carbonyl carbon.
This acyl group was presumed to be a saturated n-
dicarboxylate conjugated with arginine. This arginine moiety
was supported by imino carbon (δ 158.8), geminal coupling of
11′-H (δ 1.71 and δ 1.89), and HMBC correlation between 8′-
C and 9′-H. Then, n-dicarboxylate moiety was determined by
GC/MS analysis of B3sa hydrolysate. The methyl ether of
liberated dicarboxylate accorded with dimethyl suberate
(Supplemental Fig. S3). Therefore, the acyl group at position
3 was identified as suberoyl arginine. The absolute

configuration of arginine was assumed as L because all known
BDs with dicarboxyl arginine from Bufo possess L-arginine
(Shimada et al. 1984, 1987; Steyn and van Heerden 1998).
The NMR data for this compound are summarized in supple-
mental Table S6.

Discussion

Our LC/MS and NMR analyses demonstrate that all Bufo
frommainland Japan possess BDs, including both widespread
and uncommon compounds. Our HCA using the BD profiles
obtained by LC/MS revealed that individuals of B. j. formosus
are divided among clusters C1 and C3, excluding 6 individ-
uals; individuals of B. torrenticola are placed in cluster C2,
excluding 7 individuals; and individuals of B. j. japonicus are
divided among clusters C4 and C5, excluding 4 individuals.
These exceptions may reflect the occurrence of natural hybrid-
ization (Matsui and Maeda 2018; Yamazaki et al. 2008), the
presence of introduced individuals outside of their native
range (Hase et al. 2012), independent evolutionary origins of
certain BD modifications, and/or misidentification of individ-
ual specimens.

Bufotalin

ArenobufaginGamabufotalin

Resibufogenin

6α-Hydroxybufalin

Bufalin

Cinobufagin

Bufotalin-3-suberoyl-

L-arginine ester

(a)

(b)

Fig. 3 Chemical structures of
BDs identified in this study. (a)
BDs occurring widely among the
study taxa. (b) Cinobufagin: a
component that exhibits large
differences in detection rates
between taxa; Bufotalin and
B3sa: components with regional
differences in the number of
individuals in which these were
detected

1003J Chem Ecol (2020) 46:997–1009



B. j. formosus
B. j. japonicus

B. torrenticola

100% (9)

96 % (48)

4 % (2)

64% (16)
16% (4)

20% (5)

87% (20)

13% (3)

88% (22)

12% (3)

C3

jf_Otsu_1

jf_Otsu_3
jf_Hirosaki_3
jf_Hirosaki_2
jf_Hirosaki_4
jf_Shinano_4
jf_Kawazucho_1
jf_Hamamatsu_1
jf_Shinano_2
jf_Tsuruga
jf_Izu
jf_Nantan_3
jf_Nantan_2
jf_Nantan_4
jf_Nantan_1
jf_Hamamatsu_11
jf_Hamamatsu_3
jf_Kameyama
jf_Yonezawa_1
jf_Hamamatsu_9
jf_Hamamatsu_4
jf_Hamamatsu_10
jf_Hamamatsu_13
jf_Shinano_1
jf_Yonezawa_2
jf_Nishiizu
jf_Machida
jf_Kyoto_2
jf_Hakusan_2
jf_Takashima_1
jf_Hakusan_1
jf_Hamamatsu_6
jf_Koriyama_2
jf_Shinano_3
jf_Ikeda
t_Takashima_2
t_Takashima_1
jf_Nikaho_2
jf_Nikaho_1
jf_Kyoto_1
jf_Kawazucho_2
jf_Minakami_2
jf_Koriyama_1
jf_Nagai
jf_Minakami_1
jf_Ichihara
jf_Aizuwakamatsu
jf_Nantan_5
jf_Nagano
t_Kamikitayama_3
t_Kamikitayama_1
t_Kamikitayama_2
t_Odai_3
t_Odai_2
t_Odai_1
t_Kamikitayama_5
t_Kamikitayama_4
t_Odai_4
jf_Hamamatsu_12
jf_Hamamatsu_7
jf_Hamamatsu_5
jj_Tsuyama_1
jf_Nantan_10
jf_Nantan_9
t_Nantan_2
t_Nantan_1
jf_Kyoto_4
jj_Hatsukaichi_2
jj_Hatsukaichi_1
t_Nantan_4
t_Nantan_3
t_Nantan_5
jf_Nantan_8
jf_Nantan_7
jf_Nantan_6
jj_Minoh
jf_Nantan_14
jf_Kyoto_5
jf_Nantan_13
jf_Nantan_12
jf_Nantan_11
jf_Ishioka_2
jf_Ishioka_1
jj_Minamiosumi
jj_Takaharu
jj_Minamioguni_3
jj_Mashiki_2
jj_Minamioguni_1
jj_Mashiki_1
jj_Minamioguni_2
jf_Daigo
jj_Nagasaki
jj_Goto Isl._2
jj_Goto Isl._1
jj_Yaku Isl._2
jj_Yaku Isl._1
jj_Yaku Isl._5
jj_Yaku Isl._6
jj_Yaku Isl._3
jj_Yaku Isl._4
jj_Yaku Isl._7
jf_Ishioka_1
jj_Yaku Isl._9
jj_Yaku Isl._8
jj_Yaku Isl._10
jf_Hirosaki_1
jj_Uwajima_1
jj_Miyoshi
jj_Uwajima_2
jj_Unnan
jj_Kawachinagano_2
jj_Otoyo
jj_Naga_2
jj_Tsurugi
jj_Mima_3
jj_Tsuyama_2
jj_Mima_2
jj_Mima_1
jj_Izumo
jf_Hamamatsu_2
jj_Naga_1
jj_Tsuyama_3
jf_Kyoto_3
jf_Hamamatsu_8
jj_Kawachinagano_1
jj_Kawachinagano_3
jj_Ishima Isl._4
jj_Ishima Isl._2
jj_Ishima Isl._1
jj_Ishima Isl._5
jj_Ishima Isl._3

C5

C4

C2

C1

jf_Otsu_2Insert: 
The elbow curve plot

Kanto
Chubu
Kansai
Chugoku

Shikoku
Kyushu

Tohoku

Hight
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The clustering indicates that BD profiles differ even within
taxa, although it is unclear whether this diversity has been
driven by adaptive or non-adaptive evolution. The clustering
pattern we found largely reflects the geographical relation-
ships among the clusters (Fig. 5). The border between the area
of cluster C1, which covers the northern and eastern regions of
the main island (the Tohoku, Kanto, and Chubu regions), and
the adjoining clusters C2 and C3 (in the neighboring Kansai
region) is presumed to be caused by expansion of an ancient
basin in the Early Pliocene (ca. 5.7 Mya) (Igawa et al. 2006).
The major area of cluster C4, Kyushu, is separated from the
region of the adjoining cluster C5, Chugoku and Shikoku, by
the sea. In the schematic map of Fig. 5, the roughly delineated
areas of clusters C5 and C3 are depicted as geographically
separated, but in fact these clusters include several localities
in both the Kansai and Chugoku districts. Because the sam-
pling in Kansai is biased toward a few particular sites and
because the number of sampling localities in Chugoku is
small, the geographic border between clusters C5 and C3 is,
at present, unclear. Examination of BD profiles from more
localities in the Kansai and Chugoku districts is necessary to
clarify their geographic relationship. On the other hand, the
independent clustering of C2, for which the geographic distri-
bution is completely overlapped by that of C3, can be ex-
plained by the difference in their breeding habits: all individ-
uals in C2 are B. torrenticola, which breeds in lotic water such

as mountain streams, whereas C3 mainly consists of B. j.
formosus, which generally breeds in lentic water such as small
temporary pools (Matsui and Maeda 2018).

Comparing the clustering pattern of BD profiles and the
pattern for nucleotide sequences of the mitochondrial cyto-
chrome b gene (Igawa et al. 2006), the two patterns are basi-
cally similar. The diversity of cytochrome b sequences is con-
sidered to result from the accumulation of neutral mutations,
and therefore presumably results from a non-adaptive process,
as in many other vertebrates (Irwin et al. 1991; Martin and
Palumbi 1993). This suggests that the inter- and intra-specific
diversity of BD profiles may also be driven by non-adaptive
evolution, through neutral mutations in the BD metabolic
pathway. However, the relationship of B. torrenticola relative
to the other two taxa based on the BD profiles is different from
that estimated by cytochrome b sequences. The BD profiles of
cluster C2, which consists of B. torrenticola only, are similar
to those of C1, which includes mainly B. j. formosus from
eastern Japan, whereas Igawa et al. (2006) found a close evo-
lutionary relationship between B. torrenticola and B. j.
japonicus from western Japan. Therefore, the BD profiles do
not seem to conform to the evolutionary history of
B. torrenticola. This closer chemical similarity of
B. torrenticola toB. j. formosus than toB. j. japonicus is partly
due to the lower incidence of bufotalin and cinobufagin inB. j.
japonicus than in the other two taxa (Table 1). We presume
that this difference is caused by the loss of some metabolic
capacities in B. j. japonicus (see below).

Our data on BD profiles provide insights into the metabolic
system of BD synthesis in Japanese toads. The most consis-
tently present compound is bufalin, which was detected in
every individual of all three taxa, from all collecting sites.

C3

C5

C4

C2

C1

Kanto
Chubu

Kansai

Chugoku

Shikoku

Kyushu

Tohoku

Fig. 5 Schematic map of the
geographical distribution of the
five clusters, C1–5. Gray ellipses
show the approximate distribution
area of each cluster

�Fig. 4 The dendrogram generated by HCA based on BD profiles of
individual toads. Insert: elbow curve plot with the number of primary
clusters shown by a filled circle (k = 5). The broken line on the
dendrogram reflects the number of primary clusters identified by the
elbow method
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This suggests that bufalin may be located upstream in the BD
biosynthetic pathway, as suggested by previous studies (Chen
and Osuch 1969; and Porto et al. 1972). All other BDs we
detected may be biosynthesized from bufalin by various mod-
ifications (Fig. 6). Here, we focus on the biosynthesis of
bufotalin and cinobufagin, which could be produced by
acetoxylation at 16-C of each corresponding precursor (steps
1 and 7 in Fig. 6). Their detection rate was lower in B. j.
japonicus than in B. torrenticola and B. j. formosus
(Table 1), suggesting that the metabolic capacity for
acetoxylation may have been lost in some lineages of B. j.
japonicus. Similar evolutionary changes within B. j. japonicus
may be reflected in the regional differences we observed in the
presence of specific BDs (Supplemental Table S2). On the
other hand, the low rate of occurrence of B3sa suggests that
the esterification ability for 3-OH (step 2 in Fig. 6) may have
appeared among only a few lineages of B. j. japonicus and
B. j. formosus. Indeed, many BDs occurred at low rates in this
study (Table 1). These results suggest that the metabolic path-
ways underlying the modification of BDs in Japanese toads
may be quite labile, resulting in the frequent loss or acquisition
of specific compounds among local populations.

The hypothesis that the diversity of BDs in Japanese toads
results from non-adaptive evolution associated with neutral
mutations also is consistent with the existence of relatively
few predators on those species. In some cases, biotoxins in
animals coevolve as a consequence of an arms race between
predators and prey (König et al. 2015; Roelants et al. 2010),
although in some well-studied cases that involves increases in
the quantity of toxins, rather than their diversity (Brodie III
and Brodie Jr 1999; Hanifin 2010; Williams et al. 2003). In
the case of Bufo in mainland Japan, there are few natural
enemies except for Rhabdophis tigrinus (Hutchinson et al.
2007), and even that predator does not feed exclusively on
toads. Furthermore, although BDs such as B3sa, with the
suberoyl arginine chain at C-3 (known as bufotoxins), have
been shown to be less toxic than compounds without that side
chain, various BDs, including some of those identified in this
study, have been tested and found to exhibit little difference in
toxicity (Córdova et al. 2016; Kamano et al. 1998; Kamano
et al. 2002; Tian et al. 2014). Therefore, though there are some
exceptions, structurally different BDs may provide approxi-
mately equivalent protection against predators. Cluster C4,
with a high detection rate of B3sa, which is expected to be

Bufalin

Bufotalin
Gamabufotalin

ArenobufaginB3sa

1)

2)

3)

4)

5)

6α-Hydroxybufalin

6)

Resibufogenin

Cinobufagin

7)

16

3

11

12

6

14

15

16

Fig. 6 The hypothesized chemical reactions from bufalin to the other
BDs. The moiety formed in each reaction step is shown in blue. 1)
Acetoxylation at 16-C of bufalin produces bufotalin; 2) esterification at
3-OH of bufotalin produces B3sa; 3) hydroxylation at 11-C of bufalin
produces gamabufotalin; 4) oxidation at 12-C of gamabufotalin produces

arenobufagin; 5) hydroxylation at C-6 of bufalin produces 6α-
hydroxybufalin; 6) epoxidation at 14-C and 15-C of bufalin produces
resibufogenin; 7) acetoxylation at 16-C of resibufogenin produces
cinobufagin
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less toxic to predators compared to other BDs, further suggests
that diversification of BDs could be due to non-adaptive
evolution.

Diversity of BDs in Japanese toads is high (Supplemental
Table S1) in spite of the presumably weak selective pressure.
The shared moieties among BDs in toads, including C/D cis-
conformation and the pyrone ring at position 17, which are
fundamental and conserved aspects of the molecular struc-
tures, apparently serve to impart strong toxicity to BDs
(Kamano et al. 1998; Liu et al. 2018; Steyn and van
Heerden 1998). The further diversification of BDs may
subsequently have been driven by rapid mutations in the
enzymes that further modify this basic bufadienolide
structure (e.g., hydroxylation, acetoxylation, and esterifi-
cation). Indeed, Shibata et al. (2018) suggested the pres-
ence of molecular mechanisms to rapidly diversify venom
genes in the Japanese habu (Protobothrops flavoviridis), a
viperid snake. Our analysis of BD profiles from Japanese
toads appears to demonstrate that toxin diversity can oc-
cur under weak selection pressure related to environmen-
tal variables, rather than under strong selection pressures,
as in arms races. The model seen in the Japanese toads
may also apply to the diversity of defensive toxins in
various other animals.
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