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blomhoffii (Squamata: Serpentes: Viperidae: Crotalinae)
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Abstract: The Japanese mamushi, Gloydius blomhoffii, is a medium-sized pit
viper found in Japan, Korea, and China and is one of the most familiar snake
species to Japanese people due to its nutritional and medicinal value, as well as
its venomous nature. Although the reproductive biology (e.g., mating season,
breeding cycle, spermatogenesis, follicular growth, and pregnancy period) of
the mamushi has been partly investigated, there is no detailed report about
how the embryos of the mamushi develop in the mother’s oviduct. To provide
new information about developmental and reproductive biology of the
mamushi and to provide a basis for evolutionary developmental studies aimed
at understanding morphological evolution of pit vipers, we described
embryonic development of the mamushi covering the middle pharyngula and
just before birth, during which pit viper-specific anatomical traits are formed.
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Introduction

Snakes (Serpentes: Squamata) are one of
the most successful and cosmopolitan groups
of reptiles, even occurring above the Arctic
Circle in Europe and above the timberline in
the Himalayas (Pough et al., 2016) and
including over 3,700 living species (Uetz et al.,
2018). The body plan of snakes is distinct
among reptiles, lacking limbs and scleral ossi‐
cles (the bony dermal plates present in the
eyes of many lizards) and having a suite of
anatomical characters such as an elongated
body supported by a large number of precloa‐
cal vertebrae (ranging from 120 to more than
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400), a highly kinetic skull, and venom deliv‐
ery systems (Lillywhite, 2014; Pough et al.,
2016).

How these “snake characters” evolved has
been gradually clarified through experimental
approaches of evolutionary developmental
biology in the last few decades (reviewed by
Guerreiro and Duboule, 2014). Describing
embryonic development of snake species is an
important initial step for evolutionary devel‐
opmental analyses aimed at understanding
the molecular and cellular mechanisms of
snake body plan evolution. Normal embry‐
onic development has been described in
several snake species including both vivi‐
parous (garter snake, Thamnophis sirtalis
[Zehr, 1962], asp viper, Vipera aspis [Hubert
and Dufaure, 1968], jararaca pit viper,
Bothropoides jararaca [Polachowski and
Werneburg, 2013]) and oviparous (monocled
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cobra, Naja kaouthia [Jackson, 2002], Afri‐
can rock python, Python sebae [Boughner et
al., 2007], African house snake, Boaedon
fuliginosus [Boback et al., 2012], Egyptian
cobra, Naja haje [Khannoon and Evans,
2014], sand snake, Psammophis sibilans
[Khannoon and Zahradnicek, 2017], Japa‐
nese four‐lined snake, Elaphe quadrivirgata
[Matsubara et al., 2014; Murakami et al.,
2017]) species.

In this paper, we describe the embryonic
development of a viviparous pit viper, the
Japanese mamushi (Gloydius blomhoffii),
based on the staging system of the garter
snake (Thamnophis sirtalis) by Zehr (1962).
The Japanese mamushi is a medium‐sized
(total length, 40–65 cm; body mass, 35–150 g)
venomous snake living in Japan, Korea, and
China (Toriba, 1996; Uetz et al., 2018). The
Japanese mamushi becomes sexually mature
in 2–3 years and gives birth to 2–9 neonates
between August and October, reproducing
either biennially or triennially (Yomeishu
Seizo Co., Ltd., 1999). In Japan, the mamushi
has long been hunted and sometimes artifi‐
cially propagated for their nutritional and
medicinal value (Yomeishu Seizo Co., Ltd.,
1999; Sasaki et al., 2009, 2012). Also, approx‐
imately 1,000 cases of mamushi bites occur
annually in Japan, of which approximately
1% are fatal (Okamoto et al., 2016; Chiba et
al., 2018). With such a cultural background,
the mamushi is one of the most familiar snake
species for Japanese people.

Reproductive biology of the mamushi (e.g.,
mating season, breeding cycle, spermatogene‐
sis, follicular growth, and pregnancy period)
has been partly investigated (Yomeishu Seizo
Co., Ltd., 1999; Sasaki et al., 2012). However,
there is no detailed report about how the
embryos of the mamushi develop in the
mother’s oviduct. To provide new information
on developmental and reproductive biology of
the mamushi, we describe their embryonic
development from middle pharyngula through
immediately before birth, during which pit
viper‐specific anatomical traits are formed.
Our report on development of a snake

species, of which embryos are relatively easily
available, would contribute to future evolu‐
tionary developmental studies aimed at
understanding the morphological evolution of
pit vipers as well as snakes in general.

Materials and Methods

Gravid females of G. blomhoffii were
collected from Hiroshima Prefecture, Japan
by local snake hunters between late June and
early September in 2015, 2016, 2017, and
2018 and were commercially supplied to the
authors for study. After decapitation, the
abdomen of each snake was opened with a
surgical knife and scissors, and embryos were
removed from the oviduct (uterus) using
forceps and a spoon. To describe external
morphology of the embryos that covers the
middle to late stages of embryogenesis as fully
as possible, the snakes were sacrificed at
different times during each year, in order to
harvest embryos at different embryonic
stages. For example, the embryos at stage 19
were collected in early July, whereas those at
stage 37 were collected in middle September.
Although we were unable to obtain all later
embryonic stages, we obtained 12 of the last
19 stages employed in the staging system of
T. sirtalis (Zehr, 1962). The embryos were
transferred to petri dishes filled with
phosphate‐buffered saline (PBS) and were
excised from the surrounding extraembryonic
membranes. All embryos were fixed with
Serra’s fixative (a mixture of 60% ethanol,
30% formalin, and 10% acetic acid) except
those at stage 37, which were fixed with 10%
buffered formalin.

To assess external morphology, the fixed
embryos were examined under a dissecting
microscope (Leica M125). Photographs of
earlier embryos (stages 19–27) were taken
with a digital camera (Advan Vision,
AdvanCam‐LP2) mounted on the dissecting
microscope. A single‐lens reflex digital
camera (Olympus, E‐5) was used to photo‐
graph later embryos (stages 30–37). For
stage 28 embryos, morphology of the whole
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embryo was recorded using the single‐lens
reflex camera, whereas the head was photo‐
graphed through the microscope. A total of
61 embryos was examined for describing the
process of embryonic development based on
external morphological features that had
been used in previous studies (Zehr, 1962;
Hubert and Dufaure, 1968; Jackson, 2002;
Boughner et al., 2007; Boback et al., 2012;
Khannoon and Evans, 2014; Polachowski
and Werneburg, 2013; Matsubara et al., 2014;
Khannoon and Zahradnicek, 2017; Murakami
et al., 2017). The numbering of mamushi
embryonic stages was established based upon
the staging sequence for T. sirtalis (Zehr,
1962), which is the most frequently cited stag‐
ing sequence in developmental studies of
snakes (e.g., Reyes et al., 2010; Tokita et al.,
2013). All of the live animal procedures were
approved by the Committee on the Ethics of
Animal Experiments of Faculty of Science,
Toho University (15‐51‐301, 16‐52‐301, 17‐
53‐301, 18‐54‐301).

Results

Stage 19 (n=4; Figs. 1A and 2A)
The epidermis of the head is translucent, so

the brain is visible through the skin. The fron‐
tonasal process is smooth, creating a rounded
shape at the rostrum. Eye pigmentation is not
yet developed. The maxillary process is differ‐
entiated within the first pharyngeal (maxillo‐
mandibular) arch and extends anteriorly,
approaching the level of the posterior margin
of the eye. The mandibular process is distinct
from the maxillary process. The otic vesicle is
clearly visible at the dorsal side of the second
pharyngeal (hyoid) arch. The trunk coils two
times.

Stage 23 (n=1; Figs. 1B and 2B)
The nasal pit appears as a deep depression

between the frontonasal and lateral nasal
processes. The maxillary and lateral nasal
processes bulge laterally. An internasal
depression appears at the anterior tip of the
frontonasal process. Expansion of the mesen‐

cephalon is now conspicuous compared to the
prosencephalon and metencephalon. The
trunk coils three times.

Stage 25 (n=2; Figs. 1C and 2C)
The tip of the maxillary process extends

anterior to the eye, whereas the tip of
mandibular process does not extend beyond
the center of the eye. The retina of the eye is
faintly pigmented but the eye is not yet
surrounded by a mesenchymal bulge. The
trunk coils 3–4 times.

Stage 26 (n=2; Figs. 1D and 2D)
The eye is surrounded by a mesenchymal

bulge. The maxillary process expands anteri‐
orly toward the lateral nasal process and these
two processes start to fuse. The pharyngeal
slits are reduced to shallow grooves. The
lateral body walls are still separated medially,
so the heart is visible between the walls. The
trunk coils 4–5 times.

Stage 27 (n=3; Figs. 1E and 2E)
Medial and lateral nasal processes have

fused except for at their most anterior part,
and a small pore remains as an external naris.
The internasal depression is still present. The
maxillary process is completely fused with the
lateral nasal process, and the groove between
the two processes is no longer visible. The
trunk coils 4–5 times.

Stage 28 (n=8; Figs. 1F and 2F)
The eyelid folds begin to form. The lower

jaw extends to the level of the anterior margin
of the eye. The medial and lateral nasal
processes fuse completely to create the exter‐
nal naris. The depression of the pit organ is
not visible externally. The tongue is not visible
even when the mouth is pried open. The
hemipenis is visible at the posterior part of
the trunk. The trunk coils 4–5 times.

Stage 30 (n=11; Figs. 1G and 2G)
The lower eyelid reaches the margin of the

pupil. Cervical flexure is no longer prominent.
Scales are not visible. The facial prominence
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extends rostrally. The tip of the lower jaw
extends anteriorly beyond the anterior border
of the eye. The depression of the pit organ is
faintly visible between the eye and the exter‐
nal naris. The tongue is visible. The otic vesi‐
cle is no longer visible in lateral view.

Stage 32 (n=5; Figs. 1H and 2H)
Scales are now visible in the trunk region

but not in the head region. The eyelid folds
have fused and cover the eye completely. The
tip of the rostrum is more pointed. The lateral
trunk muscles begin to extend ventrally, but
the heart is still visible in lateral view through
the ventral body wall.

Stage 34 (n=6; Figs. 1I and 2I)
Scales are visible around the mouth and

Fig. 1  Embryos of the Japanese mamushi, Gloydius blomhoffii (lateral view). The stage of each embryo
is given in the upper right of each picture. (A) stage 19; (B) stage 23; (C) stage 25; (D) stage 26; (E) stage
27; (F) stage 28; (G) stage 30; (H) stage 32; (I) stage 34; (J) stage 35; (K) stage 36; (L) stage 37. Scale bars
are 5 mm. Abbreviations: cf, cervical flexure; h, heart; hp, hemipenis; ind, internasal depression; lm, lateral
trunk muscle; s, primordium of scale.
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frontal region of the head. The lateral trunk
muscles meet along the ventral midline, at
least in the region of the heart, so the heart is
no longer visible in lateral view. The depres‐
sion of the pit organ is now clearly visible.
Body pigmentation is absent.

Stage 35 (n=12; Figs. 1J and 2J)
The fangs on the upper jaw are visible.

Scales around the eyes are visible. Except for
a small area around the umbilical cord, the
left and right trunk muscles have completely
fused at the ventral midline. Pigmentation of
the head is faintly visible posterior to the eye.

Fig. 2  Heads of mamushi embryos. (A) stage 19; (B) stage 23; (C) stage 25; (D) stage 26; (E) stage 27;
(F) stage 28; (G) stage 30; (H) stage 32; (I) stage 34; (J) stage 35; (K) stage 36; (L) stage 37. Photographs B,
C, E and F have been flipped horizontally using imaging software. Scale bars are 1 mm. Abbreviations: e,
eye; el, eyelid; fnp, frontonasal process; ha, hyoid arch; ind, internasal depression; lnp, lateral nasal process;
md, mandibular process; mes, mesencephalon; met, metencephalon; mnp, medial nasal process; mx,
maxillary process; n, external naris; np, nasal pit; ov, otic vesicle; p, pit organ; pro, prosencephalon; ps,
pharyngeal slits; pu, pupil; s, primordium of scale.
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The outline of the brain is faintly evident
externally.

Stage 36 (n=5; Figs. 1K and 2K)
Scales cover the entire head. The outline of

the brain is no longer visible externally due to
the scales covering the parietal region of the
head. The mandibular teeth are visible. The
shape of the pit organ, externally, is now simi‐
lar to that of the adult. Black pigmentation is
intensified on the entire body. Pigmentation
of the scales close to the ventral midline of
the trunk is darker than that of the scales on
the dorsal side of the trunk. The pattern of
pigmentation on the dorsal side of the body
(where some large coin‐shaped spots are
distributed) is distinct from that of the ventral
surface (where a number of small black spots
are distributed). The hemipenis is no longer
visible externally, and is retracted behind the
cloaca.

Stage 37 (n=3; Figs. 1L and 2L)
External morphology of the embryos at this

stage is almost identical with that of hatch‐
lings. The pigmentation pattern is fully estab‐
lished on the entire body. The scales covering
the upper and lower jaws are pale brown,
whereas those posterior to the eye are dark
brown. On the dorsal side of the body large
dark brown spots are aligned longitudinally
on the pale brown ground color. The ventral
pigmentation pattern is distinct from that of
the dorsum, with small black spots dispersed
on a light gray ground color.

Discussion

In this paper, we described the middle to late
stages of normal embryonic development of
G. blomhoffii. To our knowledge, G. blom‐
hoffi is the third viperid species for which the
process of normal embryonic development
has been described. The other two species are
the asp viper, Vipera aspis (Hubert and
Dufaure, 1968), and the jararaca, Bothro‐
poides jararaca (Polachowski and Werneburg,
2013). All of these three species are vivipar‐

ous, and in the present study we confirmed
that they share a general embryogenetic
pattern.

Cranial morphology unique to vipers, such
as a steep upward inflection of the rostrum,
becomes apparent after stage 30 of embryonic
development (corresponding to stage 37 of
Hubert and Dufaure [1968]). Both G. blom‐
hoffii and B. jararaca are members of the
subfamily Crotalinae, which is the sister clade
of the subfamily Viperinae (Alencar et al.,
2016). One of the most unique characters of
crotaline snakes is the pit organ (loreal pit)
used for infrared sensing (Goris, 2011).
Although Polachowski and Werneburg (2013)
described the first sign of the pit organ devel‐
opment as a kind of groove or slit anteroven‐
tral to the eye of SES‐stage 1 embryos of B.
jararaca (see Fig. 2 of their paper), we first
detected the pit organ in stage 30 embryos of
G. blomhoffii, as a small depression antero‐
ventral to the eye. To fully understand how
the crotaline‐specific loreal pit forms, addi‐
tional studies of histogenesis of the pit organ
(Hofstadler‐Deiques, 2002), as well as osteo‐
genesis of the bones surrounding the pit
(Savitzky, 1992), should be pursued in pit
viper species.

The pit organ is also present in some
species of the families Boidae and Pythonidae
(their pit organ is called “labial pit” on the
basis of its position in the head) (Goris,
2011). The pictures of the embryos of African
rock python, Python sebae, by Boughner et
al. (2007) show that the labial pit of this
species first appears at stage 7, which corre‐
sponds to stage 34 of the mamushi. As we
described in this paper, the loreal pit of the
mamushi first appears in the embryos at stage
30. Structurally, the loreal pit of crotaline
snakes is more complex than the labial pit of
pythonid snakes (see Fig. 2 of Goris, 2011).
The earlier appearance of the pit organ in the
mamushi, perhaps by the heterochronic shift
of its formation, may be attributed to such a
structural complexity of the loreal pit that
generally takes longer time to be completed.

Gloydius blomhoffii could be a good model
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species of pit vipers because the embryonic
materials are relatively easily available in
Japan. We expect that the recently published
genome sequence of another pit viper species,
the hundred‐pace viper, Deinagkistrodon
acutus (Yin et al., 2016), will also facilitate
future evolutionary developmental studies
aimed at understanding the morphological
evolution of this distinct and highly successful
snake lineage.
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