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Cartilaginous fishes, as an important group of jawed vertebrates, hold great promise for
improving our understanding of vertebrate evolution. Previous studies have established a
good staging scheme for shark embryos. However, to date, little attention has been paid
to the development of skate embryos. In this study, we established a fine developmental
timeline for the Kong skate. We hatched eggs of the Kong skate (Okamejei kenojei) at fixed
temperatures (16.5°C ± 0.5°C) while observing three samples every day and recorded the
complete embryonic development. The embryo weight and development time were found
to have a quadratic relationship. The weight-at-day curve was fitted by y = 0.0005x2 -
0.0109x + 0.0882 (R² = 0.9406). In addition, complete embryonic development from
gastrula to skate larvae took 92 ± 5 days. Here, we divided the entire development
process into 39 stages. This shows that the jaw of O. kenojei is developed from the first
pair of pharyngeal arches, and its body disc is formed by the fusion of the pectoral fin and
head. The eyespots began to form from stage 36 and then became thicker and bigger
until the young skate broke out of the egg. Notably, we found that males and females
develop differently from stage 31; the end of the male pelvic fins expands inward, which
develop into copulatory organ-claspers, whereas in the females, they do not expand. To
the best of our knowledge, this is the first study to record the embryonic development of
eyes, body discs, eyespots, and other organs of O. kenojei in detail. We hope that our
work will provide valuable information for researchers to identify specific time points for
developing skate embryos.
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INTRODUCTION

Skates and their cartilaginous fish relatives shed light on the
evolution of vertebrates (Ebert and Sulikowski, 2007; Criswell
et al., 2017; Criswell and Gillis, 2020; Sleight and Gillis, 2020).
They also offer a great opportunity for biological research, such
as the development of cartilage, the landing of vertebrates, and
the application of bionics (Venkatesh et al., 2014; Enault et al.,
2015; Jung et al., 2018; Johanson et al., 2019; Marconi et al., 2020;
Pears et al., 2020; Wang et al., 2021). Furthermore, they have also
been investigated as potential model organisms for fish body
plans (Freitas et al., 2006; Swenson et al., 2018; Onimaru et al.,
2018). Approximately half of the cartilaginous fishes (Batoids,
Chondrichthyes: Batoidea; e.g. rays, skates, and guitarfish) have
dorsoventrally flattened bodies (Swenson et al., 2018; Bezerra
et al., 2019), the most striking of many traits in these groups, with
derived pectoral fins morphologies (Dahn et al., 2007; Nakamura
et al., 2015; Barry and Crow, 2017). Therefore, it is interesting to
question how Batoid got its flat body. As a trait with unique
modifications, it is key for understanding the evolution of
phenotypic diversification (Tanaka et al., 2002; Enault et al.,
2016; Nakamura et al., 2016). At present, studies such as that
conducted by Barry (2017) and Nakamura (2015) have shown
that the anteriorly expanded pectoral fins of skate fuse to the
head, resulting in the flattened body. Nevertheless, the details on
the morphological development of skate flat body during the
whole embryonic development process are not so much.

Additionally, changes in anatomy come about through
changes in development, and developmental changes help us
understand the evolution of organisms (Gillis et al., 2009; Baker
et al., 2013; Gillis et al., 2013). The embryonic development
process of cartilaginous fishes like slow-motion movies of fish
development, which offers a great chance for understanding the
evolution of vertebrates (Gillis and Hall, 2016; Turner et al.,
2019). Nowadays, the developmental timeline of sharks is well
established in a variety of studies (Ballard et al., 1993; Xie et al.,
2009; Musa et al., 2018; Onimaru et al., 2018). However, many
previous embryonic development studies of skates only
described several periods of the entire series of embryonic
development or were conducted in an environment with a
wide temperature range (Clark, 1927; Wang, 1982; Luer et al.,
2007; Maxwell et al., 2008; Hoff, 2009; Suriano and Bodznick,
2018), which make it difficult to compare the details of
development events among developing cartilaginous fishes
(Debiais-Thibaud et al., 2015; Enault et al., 2016; Enault et al.,
2018; Criswell et al., 2021; Hirschberger et al., 2021).

These gaps indicate a need to establish a developmental
timeline of skates with more details. The O. kenojei is a
common species in shallow coastal waters of the western
North Pacific, feed on shrimp, fishes, and crabs. The age at
maturity of O.kenojei is about 3 years (Ishihara, 1987; Baeck
et al., 2011; Misawa et al., 2019). In this research, adult Kong
skates were kept under artificial breeding conditions where they
laid eggs year around. We collected and hatched the eggs at a
relatively fixed temperature, and recorded the development of
several organs daily, including the eyes, mouth, and pectoral fins.
To the best of our knowledge, this is the first fine developmental
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timeline of O. kenojei. The main aim of this study was to set a
series of normal stages for the development of skates, which were
identified by the key features of each stage. This work is an
important addition to the body of research on skates.
MATERIALS AND METHODS

Breeding
The adult Kong skates, O.kenojei were collected from the
nearshore waters of the Yellow China Sea, located in the east
of China. Then they were kept in pools, measuring 4 m × 4 m × 1
m, with a temperature maintained at 16.5 ± 0.5°C of Haihe
Aquatic Breeding Co., Ltd. (Weihai, China). These adult skates
were domesticated with iced fish for about six months after
which they were fed twice (8:00 AM and 4:00 PM) daily
(Figure 1). The animal study was reviewed and approved by
the Institutional Animal Care and Use Committee, Institute of
Oceanology, Chinese Academy of Sciences.

Sampling
Eggs of the Kong skate, O.kenojei were obtained from these
domesticated skates. To reduce the impact on the skate
population, we collected eggs only in April, 2021. Eggs laid on
the same day were placed in one basket, and then the baskets
were labeled by the date of egg-lying. After collecting the eggs for
one day, the basket was transferred to an incubation pool with
light intensity 70-120 lex, which is same as the breeding pool.
Similarly, all baskets were set in one pool (Figure 1). During
hatching, we checked the eggs daily, and we calculated the
development time (dph) according to the labels of baskets,
after which three fresh eggs were randomly selected from each
basket according to the development time (dph). We repeated
this procedure daily until the juvenile fish escaped the egg case.

Histology Fixation
After selecting the eggs, we used scissors to cut off one side of the
egg case and removed the egg jelly between the egg case and
embryo with a knife. Thus, the embryo was exposed. Then they
were weighed and transferred to the fixative. Notably, before
stage 29, the embryo was small so we used straws to transfer the
embryos to 4% paraformaldehyde (Boster Biological Technology
Co., Wuhan, China). Here, to avoid excessive dehydration and
deformation of the embryos, we did not use any fixatives
containing ethanol and methanol, as soaking in methanol
makes the fine structure of embryos very fragile (Figure 1).
However, after stage 30, the yolk tube was clearly visible, and
after cutting the tube, we moved the embryos into 4%
paraformaldehyde with tweezers. All samples were stored at
4°C overnight. They were then transferred to the key laboratory
of experimental marine biology laboratory (IOCAS) by ice box
cooler filled with ice for observation.

Observation
The embryos were washed with phosphate buffered saline
(Boster Biological Technology Co., Wuhan, China) several
times prior to their examination and recording of the stages,
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after which the embryos were observed and recorded under a
ZEISS Stemi 2000-C stereo microscope. The descriptive
terminology of embryo morphology was based on the standard
established by previous studies (Ballard et al., 1993; Onimaru
et al., 2018). After checking each embryo, the representative
embryo characteristics of each day were recorded by using the
ZEISS Stemi 2000-C stereo microscope at 20-25°C. Based on the
characteristics of head, mouth, eyes, external gills, fins and skin
pigment patterns, we divided the embryonic development of O.
kenojei into different stages, by placing the embryos with similar
characteristics in one stage. Its developmental timeline was
illustrated using Adobe Photoshop CS6 (Figure 1).
RESULTS

Growth Curve of the Kong Skate Embryo
During the complete embryonic development, themean wet weight of
the embryo was positively related to the development time. We
observed that the quadratic relationship of embryo weight and days
had a correlation of 0.94. The growth curve was fitted using y =
Frontiers in Marine Science | www.frontiersin.org 3
0.0005x2 - 0.0109x + 0.0882 (Figure 2). Before 30 days, the variation in
embryo weight was small and the speed of development was slow.
After 30 days, the embryos showed rapid growth. The speed of growth
increased, and before hatching, the maximum speed was obtained.

Fine Staging Scheme for the Kong Skate
Stages 1–8: At these stages, the embryos develop from oosperm to
gastrula in the female genital tracts. These stages span approximately
2 days at 16.5 ± 0.5°C before egg-laying. To determine a fine staging
scheme before egg-laying, it would be necessary to dissect a large
number of pregnant females. However, as the samples are limited
and rare, this report focused on the stages after egg-laying.

Stage 9 (0–1 days post-deposition (dpd)): At this stage, most
embryos are in the gastrula stage. The blastodisc has a ring-like
shape, with a notch in the middle, expanding around (Figure 3).

Stage 10 (2 dpd): The blastodisc is oval in shape (Figure 3).
One side of the blastodisc becomes thickened, and the embryonic
shield begins to form.

Stage 11 (3 dpd): The embryonic shield is clearly visible
(Figure 3). The middle part of the embryonic shield, which
will develop into a neural fold, is thicker than the border region.
FIGURE 1 | Schematic diagram of the experimental procedure.
May 2022 | Volume 9 | Article 831926
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Stage 12 (3.5 dpd): The neural fold is formed in an n-shape.
The direction of the ridge of the neural fold is parallel to the long
axis of the oval blastodisc (Figure 3).

Stage 13 (4 dpd): The middle part of the neural fold starts to
fuse where a constriction can be seen (Figure 3).

Stage 14 (5 dpd): With subsequent embryonic development
(Figure 3), the neural fold develops into a neural groove. The
anterior part of the neural fold is fusing, which will form
the brain.

Stage 15 (6 dpd): The neural groove is fully formed and is
tube-like shape (Figure 3). The head of the embryo is clearly
visible, which is sharper than that of the posterior part of
the embryo.

Stage 16 (7 dpd): The connective tissue between the embryo
and the yolk sac develops, and the embryo can be easily separated
Frontiers in Marine Science | www.frontiersin.org 4
from the external yolk sac. At this stage, the optic vesicle starts to
develop, resulting in a circle-like disc at the head of the embryo
(Figure 3). The somites in the middle part of the embryo are
clearly visible, but because of the fixative, it is very difficult to
count all the somites.

Stage 17 (8 dpd): The head of the embryo becomes sharper.
Below the head of the embryo, the pharyngeal clefts are forming
(Figure 3). There is a dense region around the pharyngeal clefts,
the heart bulge, which will develop into the heart.

Stage 18 (9 dpd): The five pharyngeal clefts are clearly visible,
and their size decreases in turn forming six pharyngeal arches
(Figure 3). However, the ends of the pharyngeal arches are still
adhered to each other, and the whole gill region is still packed in
the connective tissue, having no direct contact with the outside.
The heart tube has begun to form.
FIGURE 3 | Key characteristics of O. kenojei embryos in developmental stages 9–20. Bar = 0.05 cm. ct, connective tissue; hb, heart bulge; oc, optic cup; ov, optic
vesicle; ot, otic placode; pa, pharyngeal arch; pc, pharyngeal cleft; plf, pelvic fin.
FIGURE 2 | Relationship between weight (g) and days post-deposition (dpd) for Okamejei kenojei embryos. The curve was fitted by y = 0.0005x2 - 0.0109x +
0.0882, (R² = 0.9406).
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Stage 19 (10 dpd): The pharyngeal clefts grow larger, and their
edges are thickened (Figure 3). The heart tube is visible. The
optic vesicle develops into the optic cup, with a dip in the middle.
The pelvic fins have begun to form, but they are stacked, making
it difficult to record their shape.

Stage 20 (11 dpd): The ends of the gill arches are segregated at
the end of this stage. Optic cups are protruding from both sides
of the head, and the otic placode is clearly visible (Figure 3).

Stage 21 (12 dpd): The six pharyngeal arches can be seen with
a wedge shape. The pharyngeal gill arch bends toward the
posterior part of the embryo, with an approximately 45° angle
to the long axis of the embryo. The mouth is open. The heart tube
coils up, resulting in a heart disc in the abdominal region.
Pectoral fins have begun to form (Figure 4). The yolk stalk
connecting the embryo and yolk sac is formed.

Stage 22 (13 dpd): The pharyngeal arches have elongated.
There are three external gill buds on each of the last five
pharyngeal arches; the middle external gill bud is the largest
among them (Figure 4). The lens in the middle of the eye cups
starts to develop; the mouth is water-drop shaped, with a length-
width ratio of 2.06:1. The pelvic fins have protruded from both
Frontiers in Marine Science | www.frontiersin.org 5
sides of the body, and in the middle of the two pelvic fins, the
cloaca can be seen.

Stage 23 (14–15 dpd): The pelvic fins grow on both sides. The
olfactory placode is clearly visible at the front of the head
(Figure 4). One side of the eye cup is growing vigorously,
resulting in a water-drop shape. The aspect ratio of the mouth
is 1.91:1. The external gill filaments have begun to grow.

Stage 24 (16 dpd): Two dorsal fin buds can be seen. The
anterior portion of the pectoral fins begins to grow. The external
gills are approximately 0.5 mm long. The length-width ratio of
the mouth is 1.78:1.

Stage 25 (17 dpd): The anterior end of the pectoral fins is close
to the sixth gill arch. The pelvic fins expand outside. The aspect
ratio of the mouth is 1.20:1.

Stage 26 (18–20 dpd): The front end of the pectoral fins is
close to the sixth gill arch. The two dorsal fin buds are clearly
visible. The mouth is changing its shape to a diamond-shape,
with a length-width ratio of 0.92:1, and the globular lens can be
seen in the circular optic cups. At this stage, the width of the
pelvic fins is approximately 0.4 mm (Figure 4). The external gill
filaments continue to elongate.
FIGURE 4 | Key characteristics of O. kenojei embryos in developmental stages 21–29. Bar = 0.05 cm. The pictures of each stage labeled with 1, 2, and 3 indicate
the changes in the embryo’s head. The pictures labeled with 4, 5, 6, 7, 8, and 9 show the development of the embryo’s pectoral fin, pelvic fin, dorsal fin, mouth,
nose, and eye, respectively. cl, cloaca; df, dorsal fin; egb, external gill buds; hd, heart disc; le, lens; m, mouth; nfb, nasal flap buds; oc, optic cup; olf, olfactory
placode; op, olfactory pits; pf, pectoral fin; plf, pelvic fin; op, olfactory pits; ys, yolk stalk.
May 2022 | Volume 9 | Article 831926
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Stage 27 (21–23 dpd): Three dorsal fin buds can be seen. The
eyes do not have pigmentation (Figure 4). The aspect ratio of the
mouth is 0.90:1.

Stage 28 (24–25 dpd): The maxilla and mandible gradually
close, converting the mouth from being diamond-shaped to bell-
shaped. The length-width ratio of the mouth is 0.76:1, and
olfactory pits can be seen (Figure 4).

Stage 29 (25–27 dpd): The front ends of the pectoral fins
sharpen and start to bend inward. The lens are C-shaped and
pigments starts to accumulate on both of its sides. The structure
of external gill filaments is clearly visible, which is a blood
capillary loop with some red blood cells in it. Olfactory pits
elongate, resulting in two nasal-flap buds. In this stage, the
length-width ratio of the mouth is 0.65:1. The width of the
pelvic fins is approximately 0.5 mm (Figure 4).

Stage 30 (28–31 dpd): The bent pectoral fins mark this stage,
and the shape of the mouth becomes oval, with a length-width
ratio of 0.51:1. The pigment in the eye is thicker than it was at the
Stage 29. The pigment is now U-shaped (Figure 5).

Stage 31 (31–33 dpd): The most striking feature at this stage is
the differentiation of the pelvic fins. At this stage the males and
females begin to develop differently. In males, the end of the
pelvic fins expands inward, which will develop into claspers,
whereas in the females, they do not expand. Meanwhile, the front
part of the pectoral fins is hook-shaped. The aspect ratio of the
mouth is 0.34:1 (Figure 5).

Stage 32 (34–41 dpd): Around arches, the lips can be seen. In
this stage, because of the further closure of the maxilla and
mandible, mouth shows a slit-like shape with an aspect ratio of
0.11:1. The inner-curved edges of the front part of the pectoral
fins start to straighten. Pelvic fins are butterfly-shaped, and the
pelvic fin girdle begins to form.

Stage 33 (41–45 dpd): The pigment accumulates around the
lens with a circular shape. The snout is shown in front of the
head, fusing with the pectoral fins. The aspect ratio of the mouth
is 0.01:1 (Figure 5).

Stage 34 (46–50 dpd): The mouth can fully close. The pectoral
fins expand forward, starting to form the body disc. However,
there are still two gaps on both sides of the head. The pigment
shows a palm-like shape above the lens, elongating downward.
The male pelvic fins form a lobe-like structure at their posterior
end. The skin of the embryo shows pigmentation (Figure 5).

Stage35 (51–58dpd):The bodydisc forms fully, and the anterior
part of the body disc curls up. The whole eyes are black, in addition
to the pupils. Palm-like irises are clearly visible. Themale pelvic fins
are transforming into the shape of a club (Figure 5).

Stage 36 (59–62 dpd): The body disc is clearly visible. The
edge of the snout at the anterior of the body disc is visible. The
eyespots first appear on the dorsal side of the embryo, with a
ring-like shape. Golden pigment starts accumulating around the
pupils. At this stage, the teeth are visible. Nasal flaps form a
serrated edge (Figure 5).

Stage 37 (63–71 dpd): The eyespots are clearly visible, and the
crura is fully formed. The golden pigment forms a ring structure
around the pupils, spreading all around the eyes (Figure 5),
except for the area above the palm-like irises, which is brown.
Frontiers in Marine Science | www.frontiersin.org 6
Stage 38 (72–90 dpd): The eyespots become bigger and
thicker. At this stage, the whole eyes are golden, except for the
pupils, which are covered by the palm-like irises (Figure 5). The
area above the palm-like irises is still brown.

Stage 39 (91 dpd until hatching): The external yolk is almost
completely absorbed. The external yolk sac is button-shaped and
empty. The stomach of the embryo is completely filled with yolk.
The egg case has opened (Figure 5). At this stage, the embryo is
like a miniature adult but with a whip-like tail and is ready to
hatch. After the baby skate comes out of the egg case, if there is
no external energy intake, the internal yolk sac will gradually
disappear, within 2 weeks (Figure 6).

Summary of the Embryonic Development
of the Kong Skate
To visualize and compare these development events at each
stage, we illustrated the embryonic development timeline of the
Kong skate using 10 days as the period to identify the main
changes in each organ, i.e., the identification was done every 10
days. This helps us to compare different developmental events
along the timeline (Figure 7). The results showed that the
development of the mouth and eyes began in the early stage of
embryonic development, and the accumulation of eye pigment
and the development of the pectoral fin essentially began at the
same time. At approximately one-third of the way into the
embryonic development process, the male and female pelvic
fins develop differently, and the male copulatory organs begin to
develop. Eyespots appear at approximately two-third of the way
into the embryonic development process, expanding gradually
until hatching.

Comparative Embryonic Development in
Skates and Sharks
By comparing the staging schemes of sharks and skates, we found
that although the staging standards and limitations of samples
vary in different species, which lead to the variation in the
quantity of stages and the unknown in some development
processes, the main developmental events in the embryonic
development timeline of sharks and skates are conservative
(Figure 8). Similarly, the timeline of O. kenojei in this study is
paralleled to others.
DISCUSSION

In this study, we established a detailed developmental timeline
for the Kong skate, hatching eggs of the Kong skate (Okamejei
kenojei) at fixed temperatures (16.5°C ± 0.5°C). It was found that
the complete embryonic development from gastrula to skate
larvae took 92 ± 5 days. The descriptive terminology and staging
standard of developing skate morphology were mostly based on
the standard of sharks established by Onimaru and Ballard
(Ballard et al., 1993; Onimaru et al., 2018) and our result is
likely to set a series of normal stages for the development of
skates by comparing with sharks, and is applicable cross-species.
It is well known that skates are different from sharks, as is the
May 2022 | Volume 9 | Article 831926
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development of their embryos. However, it is complex to
compare the differences between sharks and skates, as the
staging standard and conditions of incubation varies in
different research (Figure 7) . Here, we used some
developmental events as bars in the timeline of developing
embryos to compare cross-species. Ballard’s research is a
systematic study of the shark’s embryonic development with
34 stages (Ballard et al., 1993), but it did not provide more details
about the development of clasper. The research of Chiloscyllium
punctatum conducted by Onimaru raises the highest stage
number to 39, describing more details after stage 31 and the
key stage of clasper development (Onimaru et al., 2018). Our
results are closely paralleled to the record of developing C.
punctatum. Especially the development of the mouth, external
Frontiers in Marine Science | www.frontiersin.org 7
gill and clasper. However, there are two more stages we used to
describe the eye development process, as we found that the eye
development in skate is not only a process of pigmentation, but
also changes of iris and the color of pigment types, which haven’t
been reported before. In addition, in our staging scheme, the skin
pigmentation starts from stage 36, while its starts from stage 33
in C. punctatum. To best of our knowledge, this study is the first
detailed staging scheme in skates. Luer’s research set a
representative timeline of developing skate, but the
macroscopic observation of these embryos ignored many
details of the development process (Luer et al., 2007), like the
development of pelvic fins. Research conducted by Maxwell and
Vazquez have recorded some key development stages of pelvic
fins and pectoral fins in skate (Maxwell et al., 2008; Vazquez
FIGURE 5 | Key characteristics of O. kenojei embryos in developmental stages 30–39. Bar = 0.05 cm. The pictures of each stage labeled with 1, 2, and 3 show the
changes in the embryo’s head. The labels (A4, B4, C4, D4, E4, F4) indicate the pectoral fin. (G4, H4, I4, J4) show the eyespot. (A5, B5, C5, D5, E5, F5, G5, H5,
I5, J5) indicate the development of male pelvic fin. (A6) shows the dorsal fin. (B6, C6, D6, E6, F6, G6, H6, I6, J6) show the development of the female pelvic fin.
The pictures of each stage labeled with 7, 8, and 9 show the development of the embryo’s mouth, nose, and eyes, respectively. cla, clasper; lp, lip; bd, body disc; ir,
irises; es, eyespot.
May 2022 | Volume 9 | Article 831926
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et al., 2020), but the other stages are unknown. Here, we have
recorded the complete embryonic development from gastrula to
skate larvae with more details, although it kept unknown before
stage 9, where the embryos develop in female oviducts.
Moreover, we found that although the staging standard varies
in different research, the main developmental process in the
embryonic timeline was conservative, like the onset time of
clasper development was between the onset time of external
gill development and skin pigmentation. This result could help
researchers optimize the staging scheme of different species by
adding some necessary stages between developmental events.

One of the interesting embryonic development events in O.
kenojei is the formation of the iris. To the best of our knowledge,
this is the first study to record the eye development of skates in
detail. At stage 29, the pigment starts accumulating on both sides
Frontiers in Marine Science | www.frontiersin.org 8
of the crystalline lens, with a C-shape. At stage 34, the pigment
shows a palm-like shape above the lens, elongating downward.
Ultimately, a palm-like golden iris can be seen, resulting in the
irregular shape of the pupil. Some sharks living in turbid water
also have special tapetal reflectance, which is different from the
population that lives in transparent water (Litherland et al.,
2009). Therefore, we conjectured that the pigment on the iris
of elasmobranch fishes might help them to effectively reflect the
diffuse light in the water so that the images projected onto the
retina of the eye have clear edges that are easy to detect. Traits of
organisms are adapted to the environment, and the differences in
traits come about through changes in development. In some
species, like bluespotted ray Neotrygon kuhlii and eastern
shovelnose ray Aptychotrema rostrate, the shape and structure
of iris can help them adapt to the environment (Douglas, 2018).
FIGURE 6 | The Kong skate larvae. (A) Newly hatched larvae possess a large internal yolk sac. (B) Two weeks after hatching, the internal yolk sac of larvae
disappears. Bar=1cm; eys, external yolk sac; iys, internal yolk sac; cla, clasper.
FIGURE 7 | Developmental phases of the Kong skate, O. kenojei, within 92 ± 5 days.
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The palm-like iris of Kong skate may also have the same function.
However, very little attention has been paid to the development of
iris in elasmobranchs. It still remained unanswered whether the
development of iris is similar among elasmobranchs living in the
same environment (Youn et al., 2019).

Claspers of chondrichthyans are one of the complex copulatory
organsamongvertebrates. Researchoncopulatoryorgansmay shed
light on the evolution of sex and copulation (Ahlberg et al., 2009;
Long et al., 2014; Trinajstic et al., 2015). However, very little
attention has been paid to the development of claspers. Here, we
describe the development ofmale skate claspers that appear to form
at stage 31. Due to the lack of sex-specific molecular markers, this
study could not identify the sex of skate embryos, especially the
embryos at the early stage of clasper development. However, we
found that this trait is dimorphic among different individuals at the
same stage; therefore, it may have a strong correlation with sex.
Significantly, research onLeucoraja erinacea showed that androgen
plays an important role in the development ofmale skate claspers at
early stages (O'Shaughnessy et al., 2015). However, at that time,
more evidencewas needed to determine if Leydig cells, a type of cell
that secretes androgen, in the testis had completed differentiation.

To the best of our knowledge, we were the first to record the
yespot development of O. kenojei. After stage 36, the pigment of
the eyespots appears on the dorsal side of the embryo. With
Frontiers in Marine Science | www.frontiersin.org 9
the development of the embryo, the eyespots become larger and
the pigment becomes thicker. Before hatching, an oval pigment
pattern, with a diameter of approximately 5 mm, was clearly
visible. Other skates also have a similar pigment pattern (Janez and
Sueiro, 2007). Similarly, it is common that with the development
of the larvae, the pigment pattern of some elasmobranchs become
thinner or disappear, such as bamboo sharks, Chiloscyllium
punctatum (Harahush et al., 2007; Onimaru et al., 2018; Kuraku,
2021), Alaska skate, Bathyraja parmifera (Hoff, 2009). Juvenile
bamboo sharks have pigmentation bands on their skin, but it is
hard to identify the edges of each pigmentation band in adult skin.
Generally, pigmentation bands are most commonly found in
juvenile sharks, while eyespots are normally present in juvenile
batoids. Pigment patterns vary considerably between these groups.
It is interesting to question how elasmobranch fishes got these
different colored patterns and do these patterns play the same
ecological role.
CONCLUSION

In this study, we provide the first detailed record of the
embryonic development of O. kenojei. The entire embryonic
development process was divided into 39 stages. A breakdown of
FIGURE 8 | Comparison of embryonic development timeline in sharks and skates. Comparison of the main developmental events in developing sharks and skates.
*stages are divided according to the development time and pictures in the research.
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these stages shows that the difference between males and females
appeared after stage 31, and the jaw of O. kenojei developed from
the first pair of pharyngeal arches. The body disc of O. kenojei is
formed at stage 35 by fusing the pectoral fins and head.
Moreover, the eyespots began to form from stage 36, becoming
thicker and bigger until the young skate broke out of the egg. To
our knowledge, this is the first study to record the embryonic
development of O. kenojei in detail.
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