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ABSTRACT In teleost fish, the gonad originates from primordial germ cells (PGCs) and somatic
cells. However, it is not clear whether the final gonadal position is determined by anteroposterior
and dextrosinistral differentiation of endodermal organs or by the distribution of PGCs. The pond
smelt has a transparent body even after hatching, enabling clear observation of PGC distribution
and endodermal differentiation. Here, we first examined normal embryonic development to define
the spatio-temporal characteristics of our developmental model. Second, the origin of PGCs was
investigated by in situ hybridization. Third, the migration route of PGCs was tracked by microin-
jection of GFP-nos3 3 UTR mRNA and visualization of PGCs by green fluorescent protein. Lastly,
differentiation of gonadal and endodermal organs was examined histologically. Maternal vasa
transcripts were detected at the ends of cleavage furrows, indicating that PGCs differentiated by
inheritance of germplasm asin other teleosts. During gastrulation, PGCs migrated following somatic
cell movement and lined both sides of the embryonic body. During the segmentation period, PGCs
moved posteriorly and were distributed in a line among dorsal mesentery cells around the posterior
part of the intestinal bulb in the 16" to 24" somite region at 3 days post hatching. At 1 month post
hatching, the gonad was formed at the 20t somite region. PGC distribution was biased to the left
side of the body cavity, while the pancreas was formed on the right side. These results indicate
that PGCs accumulate at the gonadal region by dorsal mesentery cells, and gonadal position is

determined by the digestive system.
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Introduction

The gonad is formed by germ cells and somatic cells. Germ-line
cells differentiate by inheritance of maternal factors, or induced
by inter-cellular interactions during development at a distant body
site. Committed germ cells are called primordial germ cells (PGCs)
and have been found in almost all metazoans from Porifera to
Mammalia (Extavour and Akam, 2003). PGCs can migrate long
distances fromtheir origin to the genital ridge (Molyneaux and Wylie,
2004). It has been suggested that the presumptive gonadal area
is induced in the dorsal mesentery during development and that
it differentiates into the gonad by inclusion of germ and somatic
cells (Nakamura et al., 2006).

The first study on PGCs in bony fishes was performed by Ei-

genmann (1891) who investigated the mechanism of ovoviviparous
reproductionin shiner perch, and identified PGCs as relatively large,
round cells. However, the origin of the PGCs could not be traced
before the gastrula stage using the available histological methods.
More recently, evolutionary developmental biological approaches
have been used to track the origin of PGCs in bony fishes. The
identification of the vasa gene, which shows conserved expression
in germ cells, has enabled the identification of the developmental
origin of PGCs (Yoon et al., 1997). In zebrafish, PGCs differenti-
ate from blastomeres that inherit germ plasm, which is maternally

Abbreviations used in this paper: dpf, days post fertilization; dph, days post hatching; gfp,
green fluorescent protein; hpf, hours post fertilization; mph, month post hatching;
PGC, primordial germ cell.
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synthesized in advance, and that colonize the cleavage furrow
after fertilization. PGCs migrate to the genital ridge and differenti-
ate into the gonad together with somatic cells. In recent years,
the origin and migration route has been identified using live cell
imaging of GFP marked cells. PGCs can be visualized in real time
by microinjection of GFP-conjugated zebrafish nos33’'UTR mRNA,
an artificially synthesized mRNA, into fertilized eggs (Saito et al.,
2006). Thistechnology has been applied to a wide range of species,
from archaic fish species such as sturgeon (Saito et al., 2014) to
more highly evolved species such as flounder (Goto et al., 2015).

With this new approach, the migratory behavior of PGCs has
been characterized in a variety of fish species. PGCs are derived
from the cleavage furrow in all analyzed teleosts, then migrate
to the lateral side of the embryonic body during gastrulation, and
finally to the genital ridge. Three broad types of migratory behavior
have been observed during gastrulation (Fig. 1). In the first type,
PGCs migrate passively guided by somatic cell movement, mainly
conversion, during gastrulation, and localize along the lateral sides
of the embryonic body; the PGCs then migrate to the genital ridge
on their own. In the second type, PGCs migrate to the lateral
sides of the embryonic body through the equatorial plane region

during gastrulation, and localize in a small area. In the third type,
PGCs migrate to the lateral side of the embryonic body through
the animal region of the blastodisc during the blastula and gastrula
stages and localize in a small area. The migratory route taken by
PGCs differs among species and is not related to the taxonomic
position of the species. To date, studies on PGCs migration have
been carried out in archaic species or highly evolved species. In
order to obtain a more complete understanding of PGCs migra-
tion in bony fishes throughout evolution, studies on intermediate
species such as pond smelt are required.

After the arrival of PGCs at the presumptive gonadal anlage,
the gonad differentiates and produces gametes by interactions
between germ cells and somatic cells. In loach and goldfish, it
has been reported that sex differentiation can occur without PGCs
(Fujimoto et al., 2010; Goto et al., 2012). When this occurs, the
fish are sterile although their gonadal somatic cells show the same
features as fertile gonads along the anteroposterior axis. Gonadal
growth likely depends on the distribution of PGCs, and/or onthe sur-
rounding organs, such as stomach, intestine, liver, or swim bladder.
However, it is not clear if all PGCs that arrive at the presumptive
gonad commit to make gonad or if PGCs are indispensable for
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Fig. 1. Phylogenetic tree of fishes and migration behavior of primordial germ cells (PGCs) in each species. Phylogenetic tree of fish species
(modified from Betancur et al., 2013 and Nakatani et al., 2011). The migration patterns of PGCs in fish species can be classified into three types: (Pat-
tern 1) PGCs are distributed around the lower part of blastodisc at the Tk-cell stage. During gastrulation, PGCs migrate passively with somatic cells
and are distributed widely along the embryonic body. (Pattern 2) PGCs are distributed around the lower part of the blastodisc at the 1k-cell stage.
During gastrulation, PGCs migrate actively to a restricted region of the embryonic body. (Pattern 3) PGCs are distributed around the middle region
of the blastodisc. During gastrulation, PGCs migrate to a restricted region of the embryonic body through the animal-pole region of the blastodisc.
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gonadal differentiation and growth. A
Pond smelt (Hypomesus nipponensis,
subcohort Euteleosteomorpha, superorder
Protacanthopterygii, order Osmeriformes) is
an intermediate bony fish between archaic and
highly evolved species (Betancur et al., 2013;
Fig. 1). Embryological studies have indicated that
the pattern of embryonic development in pond
smelt is similar to that in highly evolved fishes
(Yamada, 1963). In addition, pond smelthasa C
transparent body even after hatching, enabling
clear observation of endodermal differentiation.
However, description of embryonic development
is still inconclusive and fragmentary. And the
migratory behavior of PGCs has not beeninves-
tigated. The gonads of osmeriform fishes show
asymmetric differentiation, with the left gonad
being larger than the right (Supplementary Fig.
S1). It is not clear whether this characteristic E
depends on the original distribution of PGCs
in the genital ridge or on interactions between
the gonad and endodermal organs, e.g. liver,
pancreas and intestinal tract. These charac-
teristics make pond smelt a valuable model to
investigate the interaction between PGCs and
endodermal organs during gonadal develop-
ment in teleosts. In this study, we characterize
embryonic development in the pond smelt and
investigate PGCs differentiation and migration
to the gonadal anlage and how the subsequent
gonad differentiation is shaped by surrounding
endodermal organs. These analyses provide
insights into the influence of surrounding en-
dodermal organs on gonad differentiation.

Results

Embryonic development of pond smelt at 10°C

The first study on embryonic development in pond smelt was
carried out by Yamada (1963). However, as this study did not use
dechorionation, a detailed description of the formation of the em-
bryonic body, somites and digestive system was not provided. As
this information is essential to understand the migratory behavior
of PGCs and gonad formation, we examined normal embryonic
development in pond smelt with dechorionated embryos. Devel-
opmental stages were assigned on the basis of morphological
features using the zebrafish model (Kimmel et al., 1995). Here we
summarize formation process of the embryonic body and the diges-
tive system. Detailed descriptions are provided in Supplementary
Fig. S2 to S5 and Supplementary Table S1.

Formation of the embryonic body

At 50 hours post fertilization (hpf), the blastodisc covered half
of the yolk and an embryonic shield and germ ring had formed
(Supplementary Fig. S2 U), coinciding witha 2 h arrest of epiboly. At
64 hpf, when epiboly was 90% complete, cells of both the epiblast
and hypoblast began migrating dorsally, leading to the formation
of the embryonic body by 72 hpf (Supplementary Fig. S2 W, X). At
84 hpf the embryonic body increased in size and the tail bud was
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Fig. 2. Localization of vasa signal during cleavage and blastula stages. Vasa signals are
indicated by arrowheads and are located at the cleavage furrow during the cleavage period.
(A) 2-cell stage. (B) 4-cell stage. (C) 8-cell stage. (D) Tk-cell stage. vasa signals take over its
distribution pattern at 8-cell stage. (E) 16-cell stage. vasa signals in some embryos are located
at the cleavage furrow between the upper and lower blastomeres. (F) 1k cell stage take over
the vasa signal at 16 cell stage. Scale bar denotes 500 um.

formed (Supplementary Fig. S2 Y).

In order to analyze the embryonic body formation process
more precisely, whole-mount in situ hybridization (WM-ISH) was
performed using goosecoid (gsc, a marker of the tip of invaginating
cells; enclosed by black dotted line in Supplementary Fig. S6) and
no tail (ntl, a marker of germ ring and forming embryonic body;
enclosed by white dotted line in Supplementary Fig. S6). As epiboly
proceeded from the 30% to the 90% epiboly stage, the region
showing expression of nfl moved towards the vegetal pole, while
that of gsc stayed around the equatorial plane (Supplementary Fig.
S6 A-D). After the 90% epiboly stage, the region of gsc expression
moved towards the animal pole and was followed by that of nt/
expression, suggesting the occurrence of an extension movement
(Supplementary Fig. S6 D,E). Taken together, the movementwhich
form embryonic body was arrested during the 30 to 90% epiboly
stage, after that dramatic conversion and extension movements
occurred resulting in embryonic body formation.

Formation of the digestive system

At the 44-somite stage, a depression was present on the dorsal
partofthe yolkin the 1stto 4" somites region, indicating the formation
of the intestinal bulb (Supplementary Fig. S3H). Subsequently, the
intestinal bulb moved posteriorly and at 14 dpf stage occupied the
11" to 14" somite region (Supplementary Fig. S4D). At this stage,
the intestinal bulb and intestinal tract were located between the 11
and 38" somites, occupied 27 somites in length. From this stage,
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liver formation was observed in the ventral part of the intestinal
bulb (Supplementary Fig. S4D”), and the intestinal bulb and liver
extruded towards the intestinal tract.

In hatching stage embryos, the intestinal bulb and liver were
located between the 11" and 17" somites, while the intestinal tract
was located between the 18" and 38" somites. The length of the
intestinal tract shrunk to 20 somites, although the intestinal bulb,
liver and intestinal tract still occupied a total of 27 somites (Supple-
mentary Fig. S4H). This suggests that the apparent shortening of
the intestinal tract may result from enlargement of the intestinal
bulb and liver.

Origin of PGCs

The origin of PGCs was analyzed by WM-ISH using the germ
line marker gene vasa. From the 2-cell to 8-cell stages, vasa
signals were detected at the cleavage furrow (arrowheads in Fig.
2 A-C). At the 16-cell stage, some embryos had signals between
the upper and lower blastomeres (arrowheads in Fig. 2E). At the
1000-cell (1k-cell) stage, the distribution pattern of vasa positive
cells was similar to that at the cleavage period (arrowheads in Fig.
2D). Signals observed at the 16-cell stage were also inherited at
the 1k-cell stage (arrowhead in Fig. 2F).

Migration route of PGCs

PGCs were visualized using GFP-conjugat-
ed zebrafish nos3 3'UTR mRNA. PGCs could
be distinguished by GFP staining after the 50%
epiboly stage. Same to the 1k-cell stage (Fig.
2 D,F), PGCs were clustered around the germ
ring at the 50% epiboly stages (Fig. 3 A,A)).
From the 50% to 90% epiboly stages, PGCs
moved to the vegetal pole region (Fig. 3 A-C,
A-C’). As epiboly proceeded, the number of
GFP positive cells increased but the distribu-
tion pattern remained similar. This indicated
that PGCs were moved passively by somatic
cell movements. From the 90% epiboly stage
to the 12-somite stage, PGCs showed a dra-
matic mass movement to the lateral side of the
forming embryonic body (Fig. 3 C-E, C-E’).
This movement was consistent with somatic
cell movements that form the embryonic body.
Consequently, PGCs were arranged in lines
on both sides of the embryonic body, and then

Fig. 3. Migration route of primordial germ cells
(PGCs) during gastrula, segmentation and
hatching period. PGCs are visualized by specific
expression of GFR A-H are side views and A-G’ are
dorsal views. (A,A’) 50% epiboly stage. Distribu-
tion of PGCs is similar to that at the 1k-cell sage
(Fig. 2F) except for the number. (B,B’) 70% epiboly
stage. (C,C’) 90% epiboly stage. (D,D’) Embryonic
body formation stage. (E,E’) 12-somite stage. PGCs
distribute from the 1% to the tail bud region. (FF’)
58-somite stage. PGCs distribute from 13" to 24"
somite region. (G,G’) 12 dpf. PGCs distribute from
the 15" to 24" somite region. (H) Hatching stage
embryo. PGCs distribute from the 16" to 24" somite
region. Scale bars denote 500 um.

moved posteriorly. The distribution of PGCs became narrower as
development advanced, and the cells located from the first somite
to the tail bud region at the 12-somite stage (Fig. 3E, E’), from the
13" to 24" somite region at the 58-somite stage (Fig. 3 F,F’), from
the 15" to 24™ somite in the 12 dpf stage (Fig. 3G, G’) and from
the 16" to 24™ somite at the hatching stage (Fig. 3 H). In each
embryo, PGCs were distributed at the same area after 12.0 dpf.
In support of this result, PGCs in 14 dpf embryos had a roundish
shape (Supplementary Fig. S7). In zebrafish, non-motile PGCs
show a similar spherical shape.

Formation of the gonad at 3 days and 1 month post hatching
At 3 days post hatching (dph), PGCs with GFP fluorescence
were distributed between the 16™ and 24" somite region forming a
row on the dorsal side of endodermal organs, e.qg. liver, pancreas,
pyloric part of stomach and intestinal tract (Fig. 4 A’,A”). Aright-left
asymmetry in distribution of PGCs was not observed. Histological
analysis showed PGCs were present among the dorsal mesentery
cells attached to the gut (Fig. 4 B,C) or on the dorsal mesentery
(Fig. 4D). In the region where PGCs were distributed, the pyloric
part of stomach (Fig. 4C) and the anterior part of the intestinal
tract with villus structure on its surface could be seen (Fig. 4D).
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Fig. 4. Spatial localization of pri-
mordial germ cells (PGCs) in3dph
larvae. (A) 3 dph larvae observed
using transmitted light microscopy.
Endodermal organs, e.qg. liver, pyloric
part of stomach and intestinal tract,
are clearly observable in whole em-
bryos. (A’) Higher magnification of
the region marked in the rectangle
inA. The photograph is merged with
the fluorescence image showing
GFP positive cells (PGCs). PGCs
distribute from the 16" to 24" somite
region dorsal to the liver, pancreas,
pyloric part of stomach and intestinal
tract. (A") Dorsal view of A PGCs’
distribution shows no laterality. (B)
Histological section cut approxi-
mately at the position marked as B
in (A). PGCs are distributed among
dorsal mesentery cells, which locate
in the dorsal region of the body cav-
ity. Around this region, the pancreas
and posterior end of liver can be
observed. (C) Histological section
at the position marked as C in (A).
PGCs are present among dorsal
mesentery cells. Aroundthis region,
the pyloric part of the stomach and
bile duct extending from the liverare
observed. (D) Histological section at
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the position marked as D in (A’). PGCs are distribute on the dorsal mesentery. bd: bile duct, ib: intestinal bulb, int: intestinal tract, li: liver, pc: pancreas,
pgc: primordial germ cell, pnd: pronephric duct, pyl: pyloric part of stomach. Scale bars in (A to A”) denote 1000 um and (B - D) denote 100 um.

At 1 month post hatching (mph), the swim bladder was ventrally
connected to the gut at the 19" somite region (Fig. 5A’ and B)
and this region contained no PGCs (Fig. 5B). The left gonad was
observed at the 20" somite region posterior to the middle part of
the swim bladder (Fig. 5 D,E). Both sides of the gonad were ob-
served in a space at the posterior end of the pancreas and swim
bladder (Fig. 5F). PGCs were not detected in the more posterior
area around 21" to 24" somite region (Fig. 5G) where they had
been observed previously at the 3 dph stage.

The number of PGCs in each 8 um thick histological section was
counted on the right and left sides along the anteroposterior axis of
each embryo (Fig. 6). On the right side, PGCs were present from
the posterior end of the left gonad, and a mean of 8 PGCs was
observed. On the left side, PGCs were present from the middle
to posterior of the swim bladder, and a mean of 37.5 PGCs was
observed. Thus, more PGCs were presentin the left side compared
to the right side, showing asymmetrical gonad formation (Fig. 6).

Discussion

Comparison of embryonic development in pond smelt and ze-
brafish showed little difference in the schedule of organ formation,
although significant differences were observed in the positions of
the intestinal bulb and liver. In both species, the intestinal bulb
budded in the 1% to 3 somite region, the dorsal center of the yolk,
while the digestive organs subsequently differentiated later in a
different manner in each species. In zebrafish, the intestinal bulb

remains in the 1%to 4™ somite region and the liver forms in the 1¢
somite region, anterior to the intestinal bulb (Field et al., 2003). In
contrast, in the pond smelt, the intestinal bulb moved to the 11*
to 14" somite region, around the posterior edge of the yolk, and
the liver was formed at the ventral part of intestinal bulb. After this
stage the intestinal bulb and liver grew and occupied the 11t to
17" somite region. The digestive tract, intestinal bulb and intesti-
nal tract consistently occupied 27 somites during differentiation.
These results in pond smelt indicate that the liver and intestinal
bulb extended and pushed the intestinal tract in a posterior direc-
tion. Despite the essential functions of the digestive system, little
is known about anteroposterior axis patterning mechanisms. The
differentiation of the digestive system from the gut has been inves-
tigated for the pancreas (Hick et at., 2009) and the liver (Field et
al., 2003) in zebrafish. However, zebrafish is not a suitable model
to analyze anteroposterior axis formation because the fish lack a
stomach and have unclear boundaries in the gut. In this study, we
were able to characterize the anteroposterior axis of the digestive
organs in pond smelt. Therefore, given this characterization and
other features, such as a transparent body, we suggest pond smelt
is a good alternative model for studying pattern formation of the
digestive system.

In pond smelt, PGCs were clearly visualized using GFP nos3
3" UTR mRNA, as is the case in other fish species (Saito et al.,
2006, 2011, 2014; Nagasawa et al., 2013; Goto et al., 2015).
However, PGCs were detected earlier in embryonic development
in pond smelt than zebrafish and other teleost species, because of
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Fig. 5. Formation of gonad in 1 mph
larvae. (A) Whole image of 1 mph
larvae. The swim bladder can be seen.
(A’) Higher magnification images of
rectangle in (A). Green bar at 20 somite
region shows the area of distribution
area of the gonad estimated from the
histological sections. (B) Histological
section at the position marked as B in
(A’). Dorsal part of pyloric region of gut
protrudes and swim bladder is formed.
Swim bladder has two-layered structure:
innerendodermal cells derived from gut
and outer mesodermal cells derived
from dorsal mesentery cells. (C) Histo-
logical section at the position marked as
Cin (A). Swim bladder is separate from
the pyloric region of gut. (D) Histologi-
cal section at the position marked as
D in (A). Left gonad is observable as
a thickening of outer cells of the swim
bladder. (E) Histological section at the
position marked as E in (A). Left gonad
with a PGC is present. (F) Histological
section at the position marked as F in
(A’). Posterior end of the swim bladder
at which the pancreas is small. Right
and left-gonad have PGCs covered with
somatic cells.(G) Histological section at
the position markedas G in (A). Posterior
ofthepancreas. Atthe 215 to 24" somite
region, where PGCs are detected at
the hatching stage, the gonad shows
no differentiation. int: intestinal tract,
l-gd: left-gonad, li: liver pc: pancreas,
pnd: pronephric duct, pyl: pyloric part
of stomach, rgd: right-gonad, sb: swim
bladder. Scale bars in (A/A") denote
1000 um and in (B-G) denotes 100 um.

a brighter GFP signal compared to these other species. In PGCs,
the DEAD END protein, which is included in the germ plasm, binds
to the nos3 3’UTR sequence mRNA and protects it from digestion
by the CCR4-NOT1 complex in the course of post-transcriptional
regulation by miRNA (Kedde et al., 2007; Chekulaeva and Filipow-
icz, 2009). In somatic cells, which obviously lack germ plasm, the
mRNA is digested due to the absence of DEAD END protein and
therefore the cells show low levels of GFP fluorescence. Thus, GFP
fluorescence can be used to distinguish PGCs and somatic cells.
The CCR4-NOT1 complex, which digests mMRNA, presumably has
a different optimum temperature in zebrafish and pond smelt as
enzymes usually have their highest activity at the temperature of
the species’ normal environment. Therefore, it is possible that the
CCR4-NOT1 complex shows the same level of activity at 28.5°C in
zebrafish as at 10°C in pond smelt. Therefore, we hypothesize that
much of the GFP-nos 3'UTR mRNA in somatic cells is digested in
the longer embryonic development of pond smelt, enabling greater
GFP fluorescence in PGCs.

In pond smelt, vasa signals were identified at the cleavage
furrow indicating that PGCs are derived from cells that inherit
maternally-synthesized germ plasm, in a similar manner as other
teleosts (Fig. 1). During the late blastula to gastrula stage, PGCs
migrated along with somatic cells from the germ ring region and

AT ST

were widely distributed on the lateral side of the embryonic body.
This migratory behavior is termed pattern 1 in Fig. 1 and is similar
to that in goldfish, ukigori, turbot and other species. During the
segmentation period, PGCs migrated posteriorly and were located
in a 6 somite wide region posterior to the 16" somite from 12 dpf
to the hatching stage. At the 14 dpf stage, PGCs had a round-
ish shape (Supplementary Fig. S7). In zebrafish, PGCs extend
pseudopodia during migration and thereafter have a roundish
shape after localization at genital ridge (Blaser et al., 2005). Our
observations suggest that in pond smelt, PGCs have no motility
after the pharyngula period. However, PGCs distributed from
the 16" to 24" somites region at 3 dph moved to the 20™ somite
region at 1 mpf. In medaka, somatic cells which locate posterior
region of lateral plate mesoderm release Stromal cell-Derived
Factor 1a (SDF-1a) and PGCs have its receptor C-X-C chemokine
receptor type 4 (CXCR4). PGCs autonomously migrate to SDF-1a
expression domain and are covered by somatic gonadal precursor
cells. They then move anteriorly and medially to the embryonic
body in a passive manner mediated by somatic cell movements.
Consequently, one gonad is formed with right and left PGCs and
somatic cells (Nakamura et al., 2006). Similar to this mechanism,
in pond smelt, our results indicate that PGCs are surrounded by
somatic dorsal mesentery cells and move passively to the 20"
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somite region as a result of somatic cell movements, and then
differentiate into the gonad. PGC migration in pond smelt is pas-
sive during gastrulation, autonomous during segmentation, and
passive after 14 dpf.

Right-leftgonadal asymmetry is known in osmerid fish, including
pond smelt (Supplementary Fig. S1). The left gonad is larger in
mature fish. In this study, PGCs show biased distribution to the
left sided gonad at 1 mph. PGCs were symmetrically distributed
before 12 dpf, and were central located at 3 dph. After hatching,
the pancreas differentiated and filled the right side of the abdominal
cavity, leaving a small space in the left side. Therefore, we suggest
that right-left gonadal asymmetry was generated by redistribution of
PGCs that had accumulated by the dorsal mesentery cells during
gonadal formation with somatic cells and/or pancreas differentia-
tion. In zebrafish, the direction of liver budding and intestinal bulb
looping are correlated; however, in the Ntl mutant they become
independent, indicating that right-left behavior of these tissues can
be regulated separately (Field et al., 2003). Although the right-left
differentiation of the pancreas and PGCs seems to be correlated
in pond smelt, it remains possible that they are regulated by dif-
ferent mechanisms. Further investigations will be necessary to
determine whether this is the case.

In addition to dextrosinistral laterality, the mechanisms for
gonadal differentiation along the anteroposterior axis remain
unknown. In pond smelt, PGCs were present in the 15" to 24"
somites region at 12 dpf embryos and moved to the 16" to 24"
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somites region at the 3 dph stage, just posterior to intestinal bulb;
they finally located around the 20" somite region as the gonad. The
final position is considerably posterior to that of zebrafish (5" to 7
somite region; Yoon et al., 1997) and medaka (12" to 13" somite
region; Sasado et al., 2004). This difference is a consequence of
the formation of anterior organs, namely esophagus and stomach,
in pond smelt but not zebrafish and medaka. However, in all three
species, the gonad differentiates just posterior to where the liver,
pancreas and intestinal bulb differentiate. The intestinal bulb, in
which PGCs are commonly distributed in its posterior region, first
differentiates in a similar region in pond smelt (1% to 4™ somite
region), zebrafish (1% to 4™ somite region; Field et al., 2003) and
medaka (1%t to 3™ somite region; Iwamatsu, 2004). It is possible
that the positions of liver, pancreas and intestinal bulb are pre-
patterned by a common mechanism in these three species. In
addition to this, the position of the gonads might be determined by
the same common mechanism as these endodermal organs. Inthe
mouse, mesenchymal cells release SDF-1 and induce epithelial
bud branching from the gut which have its receptor; CXCR4 and
consequently the structure of the pancreas is formed (Hick et al.,
2009). As indicated above, migration of PGCs is regulated by
CXCR4 and SDF-1 system commonly to branching of the pancreas.

Inthis study we showed that the transparent body of pond smelt
during embryonic development can be exploited to investigate
organogenesis in this species. We also showed that molecular
biological techniques developed in other fish species can also be
applied to pond smelt. These features and
the biology of pond smelt make them a good
model system for investigating organogen-
esis and gonad formation, in particular with
regard to the formation of the dextrosinistral
and anteroposterior axes in teleosts.

Materials and Methods

Ethics

This study was carried out in accordance with
the Guide for the Care and Use of Laboratory
Animals in Hokkaido University and the Field
Science Center for Northern Biosphere, Hokkaido
University (Approval number 22-1).
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Embryo preparation

Mature pond smelt running up river from the
sea for spawning were captured by a spoon net
from the Ryukei River, Hokuto, Hokkaido, Japan
at midnight at the end of April. Eggs were collected
onto vinylidene chloride film (Saran Wrap: Asahi
KaseiCo., Ltd., Tokyo, Japan) and miltinto a micro-
capillary tube (Terumo Co., Ltd., Tokyo, Japan)
by gently pressing on the abdomen. Fertilization

was carried out by dry method. About 300 eggs

I | were scattered in a 90 mm diameter petri dish

1 filled with 50 ml tap water. Fertilized eggs were

\
;

Fig. 6. Right-left asymmetry of primordial germ cell (PGC) distribution at the 1 mph stage.
Number of PGCs in the right and left gonads (indicated on the right and left of the vertical line) in 8 um
serial sections from 9 individuals. The partial ovoid indicates the posterior part of the swim bladder.

washed with tap water three times within 1 min.
Dechorionation was carried out by trypsin under
high pH conditions optimized for rainbow smelt
(Takahashi et al., 2016) with slight modifications.
Fertilized eggs were treated with 15 ml of smelt’s
Ringer’s solution (SRS: 128 mM NaCl, 2.8 mM
KCI, 2.7 mM CaCl,) containing 0.1% trypsin and
100 ul of 1N NaOH for 1 min followed by adding

3 1 PGC/8 um section
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30 ml of SRS containing 0.1% trypsin without NaOH. After 3 h treatment,
almost all of the eggs were dechorionated. Dechorionated embryos were
transferred to an agar-coated petri dish filled with SRS containing 1.6%
albumin. After 3 h incubation, embryos were cultured in SRS without albu-
men until embryonic body formation stage; they were then transferred to
tap water. All procedures were performed at 10°C.

Observation and photography of whole embryos

Petri dishes coated with 5 mm agar were used for observation. Pho-
tography was carried out using a fluorescence stereomicroscope (Leica
MZ16F, Leica Microsystems GmbH, Wetzlar, Germany) with attached
digital camera (Leica DFC300 FX, Leica Microsystems GmbH). Higher
magpnification observations and photography were carried out using an
inverted microscope (Leica DMI6000 B, Leica Microsystems GmbH) with
attached digital camera (Leica DFC350 FX).

Establishment of basic outline of pond smelt embryonic development

Normal embryonic development of pond smeltat 10°C was investigated
using dechorionated embryos. Five embryos were selected and transferred
to a petri dish coated with agar. Fresh embryos were selected at every
observation period. In order to investigate the timing of Mid-blastula transi-
tion (MBT), nuclei were stained with 5 ug /ml 4’-6-diaminido-2-phenylindole
(DAPI) dissolved in 10 mM Tris-HCI (pH 7.4), 5 mM EDTA, and 0.15 M
NaCl for 30 min. Approximately 50 dechorionated embryos from the 512
to 2k cell stage were fixed every 1.25 h (half of 1 cell cycle) in 2% glutar-
aldehyde in phosphate-buffered saline (PBS) overnight. Fixed embryos
were washed with PBS and stored at 4°C until analysis.

WM-ISH was used to analyze embryonic body formation. Two probes
were selected: goosecoid (gsc), which is a marker of the tip of invaginating
cells; and, no tail (ntl), which is a marker for the germ ring and forming
embryonic body. The gsc RNA probe was labeled with digoxigenin and was
stained deep purple with NBT and BCIP. The nt/ RNA probe was labeled
with FITC and stained brown with DAB. Approximately 50 dechorionated
embryos were fixed in 4% paraformaldehyde in PBS overnight. Fixed
embryos were stored and dehydrated with methanol at -20°C. Construc-
tion of RNA probes and their application in WM-ISH were as described
by Fujimoto et al., (2006).

Investigation of origin of PGCs with WM-ISH

The origin of the PGCs was investigated using vasa (Yoon et al., 1997)
as the germ plasm and germ line cell marker. The RNA probe was labeled
with digoxigenin and stained deep purple with NBT and BCIP.

Visualization of PGCs
GFP nos3 3’ UTR mRNA was prepared as described by Saito et al.,
(2006) and was injected into 1-cell embryos and detected as described.

Histology

Hatched larvae were fixed in Bouin’s fixative for 3 h. Fixed larvae were
washed with 80% ethanol, dehydrated through a butyl alcohol series, and
subsequently embedded in a paraffin block. Serial transverse sections
(8 um thick) were cut and stained with hematoxylin and eosin according
to standard procedures. Observation and photography were carried out
with a Leica DM2500 microscope (Leica Microsystems GmbH) with at-
tached digital camera (Leica DFC295 FX). PGCs were confirmed by their
histological characteristics, such as a round shape, relatively large size,
large nucleus and clear nuclear membrane (Nagai et al., 2001).
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