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1  | INTRODUC TION

Locomotion, the ability of body displacement, by swimming, walking, 
or flying, is one of the defining characteristics of animals (Biewener, 
2007). However, this ability is generally considered to be highly re‐
stricted in embryos developing in the maternal body. This view is 
well confirmed in mammals: Fetal motion is mostly limited to the 
local parts of the body, including mouth, limbs and fingers, and 
movement of the entire body is much less as compared with that 
after birth (e.g., Nowlan, 2015). Limited locomotion shown by the 
fetus may be attributed to several reasons, including physical (e.g., 
limited space in uterus and physical connection between fetus and 
mother with placenta) and functional (e.g., incomplete development 
of nerves and locomotor muscles) constraints for the fetus.

Recent advances in ultrasound technology, mainly the increased 
portability of instruments, have provided a novel opportunity to 
observe pregnant females of live‐bearing elasmobranchs (sharks, 
skates, and rays), which has revealed the poorly known embryonic 
behavior of nonmammalian vertebrates (Tomita, Cotton, & Toda, 

2016; Tomita, Toda, Uchida, & Nakaya, 2012; Tomita et al., 2018). 
However, ultrasound devices cannot be used underwater, and spec‐
imens should be kept near the surface of the water during obser‐
vation. Thus, frequent monitoring of females using ultrasound was 
generally avoided to limit stress to the individuals. To prevent this 
limitation, we have developed a water‐ and pressure‐resistant sys‐
tem for portable ultrasound, that we named underwater ultrasound 
(Figure 1).

The present study reports the active locomotion of the embryos 
of captive tawny nurse shark Nebrius ferrugineus (Orectolobiformes; 
Ginglymostomatidae) observed by underwater ultrasound. Our data 
shows frequent embryonic migration between the right and left uteri, 
which is contradictory to the “sedentary” mammalian fetus. The re‐
productive mode of the tawny nurse shark is characterized by its 
unique nutrient transfer mechanism from mother to embryo, called 
oophagy. In this reproductive mode, the embryo develops by consum‐
ing unfertilized eggs (nutritive eggs) accumulated in utero (Teshima, 
Kamei, Toda, & Uchida, 1995). Other aspects of the reproductive biol‐
ogy of tawny nurse shark are still poorly understood, except for some 
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Abstract
Underwater ultrasound, a new tool for observing the internal body parts of aquatic 
animals by scuba divers, allowed us long‐term and frequent observations of the em‐
bryos of captive aquatic vertebrates. New ultrasound data of captive tawny nurse 
sharks (Nebrius ferrugineus) revealed that their embryos frequently migrate between 
the right and left uteri during gestation. This report is the first reliable evidence of 
active embryonic locomotion in live‐bearing vertebrates and is contradictory to the 
concept of “sedentary embryo” which has mainly arisen from studies of mammals. 
The tawny nurse shark is unique among orectolobiform sharks, in which the embryo 
develops by feeding on sibling eggs in utero. Thus, we hypothesized that swimming 
aids in an efficient search and capture of these eggs in the uterine environment.
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basic reproductive parameters, such as fecundity of one to four and 
birth	size	of	40–60	cm	in	total	length	(Compagno,	Dando,	&	Fowler,	
2005). The aims of the present study were to first describe locomo‐
tion of the embryonic tawny nurse shark and second, to discuss its 
ecological significance in association with their reproductive strategy.

2  | MATERIAL S AND METHODS

Ultrasound experiments were conducted from June 2015 to 
January 2018 using three tawny nurse shark pregnant females 
(Females 1–3, c.a. 2.7 m in total length) maintained in the exhibition 
tank (“Kuroshio tank”; 7,500 cubic meters) at Okinawa Churaumi 
Aquarium	(Okinawa,	Japan).	These	specimens	were	originally	caught	
from wild in 2001 off Ishigaki Island (Okinawa, Japan). During the 
observation, the diver remained near the pelvic fin of the speci‐
men (Figure 1b). The time of the observation was mostly between 
7:30 a.m. and 8:30 a.m., and the duration of each observation was 
<5 min to limit the potential stress caused to pregnant females. The 
observations were conducted throughout the pregnancy for each 
female, and forty‐four ultrasound observations were recorded in 
total. Ultrasound data were obtained using the portable ultrasound 
diagnostic	imaging	system	FAZONE	M	(FUJIFILM	Co.,	Tokyo,	Japan)	

F I G U R E  1   Underwater ultrasound developed in this study 
(a). Ultrasound observation for the pregnant tawny nurse shark 
at the depth of 10 m in the exhibition tank of Okinawa Churaumi 
Aquarium	(b)

TA B L E  1   Changes in embryonic number in right and left uteri 
through time for three pregnant females

Date

Number of embryos

TotalRigth uterus Left uterus

Female 1

2016.7.9 0 1 1

2016.7.21 0 1 1

2016.7.28a 1/0 0/1 1

2016.8.7 0 1 1

2016.9.5 1 0 1

2016.11.7a 1/0 0/1 1

2016.11.8 0 1 1

2016.12.1a 1/0 0/1 1

2016.12.8 0 1 1

Female 2

2017.9.21 1 0 1

2017.10.5 1 0 1

2017.10.10 1 0 1

2017.10.17 0 1 1

2017.10.26 1 0 1

2017.11.6 0 1 1

2017.11.27 0 1 1

2017.12.16 0 1 1

2017.12.31 0 1 1

Female 3

2017.9.12 2 2 4

2017.9.21b 3→2 1→2 4

2017.10.10c 3→1 1→3 4

2017.10.10 3 1 4

2017.10.17 2 2 4

2017.10.19 2 1 3

2017.10.26 2 1 3

2017.11.6 1 2 3

2017.11.12d 3→2 0→1 3

2017.11.27e 3→2 0→1 3

2017.12.3 2 1 3

2017.12.4 2 1 3

2017.12.8 0 3 3

2017.12.11 2 1 3

2017.12.12 2 0 2

2017.12.16 1 1 2

2017.12.17f 1/0 0/1 1

2017.12.21 0 1 1

2017.12.25 1 0 1

2017.12.31 0 1 1

(Continues)
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and	ARIETTA	Prologue	 (Hitachi‐Aloka	Medical	Ltd.,	Tokyo,	 Japan).	
Water‐ and pressure‐resistant housings, with a maximum depth of 
10	m	for	FAZONE	M	and	20	m	for	ARIETTA	Prologue,	were	code‐
veloped	 by	 SSP	 Ltd.	 (Matsumae,	 Japan)	 and	 Okinawa	 Churaumi	
Aquarium	(Figure	1a)	for	their	underwater	use.	The	probes	used	for	
ultrasound were placed laterally on either side of the trunk to scan 
the whole length of right and left uteri, and the number of the em‐
bryos was recorded for the uterus of each side.

The ultrasound experiment presented in this study was con‐
ducted as part of the routine medical checkup for captive animals 
in	the	aquarium.	Animal	handing	during	the	experiment	was	done	in	
strict accordance with the guidelines for animal experiments of the 
Okinawa Churashima Foundation, with the same consideration for 
animal care and welfare as that for “higher” vertebrates (reptiles, 
birds, and mammals). However, as the guidelines stipulated, the 
approval	from	the	Institutional	Animal	Care	and	Use	Committee	of	
Okinawa Churashima Foundation, required for higher vertebrates, 
is waived for “lower” vertebrates including fishes.

3  | RESULTS

During the experiment, pregnant females carried a maximum of 
four embryos. In all females, the number of embryos in each uterus 
frequently	 changed	 during	 gestation	 (Table	 1).	 According	 to	 the	
change in embryonic number in each uterus, movement of embryos 
between	right	and	left	uteri	occurred	at	least	4,	3,	and	24	times	in	
females 1, 2, and 3, respectively.

Ultrasound footage showed that embryos of the tawny nurse 
shark	 actively	 swam	 in	 utero	 (Figure	 2a,b;	 Supporting	 Information	
Movie	S1).	A	footage	of	female	1	showed	the	process	of	embryonic	
movement	from	the	right	to	the	left	uterus:	At	time	0,	the	head	of	the	
embryo is located in the posterior part of the right uterus, but the rest 
of	the	body	was	 left	 inside	the	 left	uterus.	Thereafter,	up	to	7.41	s,	
the embryo can be seen entering the left uterus in the following 
order:	pectoral	fin,	trunk,	pelvic	fin,	and	tail	(Figure	3a,b;	Supporting	
Information	Movie	S2).	The	speed	of	 the	embryonic	motion,	which	
was calculated by tracing the tip of the pectoral fin, was c.a. 8 cm/s.

In addition to the footage for embryonic locomotion, we also 
recorded an ultrasound footage in which the embryo of female 3 
exposed	 its	head	outside	 the	uterus	 through	the	cervix	 (Figure	4).	
This	behavior	was	also	confirmed	externally	(Figure	4a;	Supporting	
Information	Movie	S3).	This	behavior	occurred	in	the	final	month	of	
pregnancy as all four embryos of female 3, confirmed by ultrasound, 
were born within 1 month after the head protruding behavior was 
observed.

4  | DISCUSSION

Our data strongly suggest that the tawny nurse shark embryo fre‐
quently migrates across right and left uteri, which is the first reliable 
evidence for active embryonic locomotion of viviparous vertebrates. 
The only previous record of embryonic locomotion in elasmobranchs 
was seen in the program for Discovery Channel in 1993: The camera 
crew for the program filmed the swimming embryo of the sand tiger 
shark (Carcharias taurus). However, for this observation, the side of the 
female body was cut for access to the uteri, and the camera was in‐
serted through the opening (G. Gilmore, Jr., Pers. Obs.). Thus, it is not 
an observation under natural conditions. To the best of our knowl‐
edge, the observation of embryonic behavior in natural conditions 
has been reported for three elasmobranch species, including Mobula 
alfredi, Squalus japonica, and Galeocerdo cuvier (Tomita et al., 2016, 
2012, 2018). In these species, embryonic behavior was restricted to 
the respiratory mouth movement (i.e., buccal pumping), not embryonic 
locomotion.

We hypothesize that active embryonic locomotion of the tawny 
nurse shark may be associated with its unique reproductive strat‐
egy. It is known that the tawny nurse shark and the sand tiger shark 
(Carcharias taurus) share a highly specialized mother to embryo nu‐
trient transfer mechanism, called oophagy (Gilmore, 1993; Teshima 
et al., 1995). Unlike many aplacental viviparous sharks, in which the 
embryo acquires nutrient solely from its yolk, embryos of oopha‐
gous sharks develop mainly by feeding on sibling eggs in utero (e.g., 
Gilmore, 2005). It seems likely that in this mode of reproduction, the 
active swimming ability of the embryo may allow it to effectively 
search and capture nutritive eggs in the uterine environment.

Our data also showed that the cervix of the tawny nurse shark 
sometimes opens, and the embryo exposes its head out of the uterus 
through the cervix. This phenomenon is in contrast to that seen in mam‐
mals where the cervix is tightly closed until birth (e.g., Myers et al., 2015). 
Interestingly, intermittent opening of the cervix has been hypothesized 
based on the chemical composition of the uterine fluid in some elas‐
mobranch species: The ionic and protein contents of the uterine fluid 
during late gestation are similar to seawater in Squalus acanthias and 
Orectolobus ornatus, suggesting that some level of fluid exchange occurs 
between the inside and outside of the uterus through the cervix (Ellis & 
Otway, 2011; Kormanik, 1992; Kormanik & Evans, 1986).

To summarize, the mechanism of in utero movements seen in the 
tawny nurse shark is likely to be uncommon among viviparous verte‐
brates. The embryo of this species has abilities of active locomotion, 

Date

Number of embryos

TotalRigth uterus Left uterus

2018.1.6 1 0 1

2018.1.7 0 1 1
aEmbryonic movement between right and left uterus was observed. 
bThree embryos in right and one embryo in left uterus at 10:20 a.m. Two 
embryos	 in	each	uterus	at	10:40	a.m.	cThree embryos in right and one 
embryo in left uterus at 10:37 a.m. One embryo in right and three em‐
bryos in left uterus at 10:55 a.m. dThree embryos in right uterus at 10:27 
a.m. Two embryos in right and one embryo in left uterus at 10:29 a.m. 
eEmbryonic number was chaged from three to two in right and from zero 
to one in left uterus during 1 min. fEmbryo was located across right and 
left uterus. One pup was born. 

TA B L E  1  (Continued)
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oral feeding, and exposure to the external environment. These abil‐
ities are acquired after birth in mammals and probably in most vi‐
viparous elasmobranchs. The early onset of “postnatal behaviors” 

in the tawny nurse shark might reduce the ecological gap between 
embryonic and postnatal periods, which may decrease the risk of 
neonatal mortality.

F I G U R E  2  Locomotion	of	the	tawny	nurse	shark	embryo.	(a)	Serial	ultrasound	images	for	female	3,	showing	the	embryonic	movements	
from	the	anterior	to	the	posterior	portion	of	the	left	uterus.	(b)	Schematic	illustration	of	embryonic	movement	found	in	(a).	See	Supporting	
Information	Movie	S1	for	original	video	clip

F I G U R E  3  Evidence	of	embryonic	movement	from	one	uterus	to	the	other.	(a)	Serial	ultrasound	images	for	female	1,	showing	embryonic	
movement from the left to the right uterus. The embryo passed near the cervix (*), which is located at the junction between right and left 
uterus,	in	the	following	order:	head	(i),	trunk	(ii),	and	tail	(iii)	of	the	embryo.	(b)	Schematic	illustrations	of	the	embryonic	posture	in	uterus,	
which	correspond	to	(i)	and	(iii)	in	(a).	See	Supporting	Information	Movies	S2	for	original	video	clips
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