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Abstract: Ovoviviparity and male pregnancy represent distinctive reproductive strategies in sea-
horses. However, the detailed process of gonadal development in seahorses, particularly in the
pot-bellied seahorse (Hippocampus abdominalis), remains largely unknown. In this study, we investi-
gated the complete gonadal development process of the pot-bellied seahorse under captive breeding
conditions (18 £ 1 °C). Immediately after birth, primordial germ cells (PGCs) were found within the
genital ridge, enclosed by a single layer of somatic cells. Around 7-9 days after birth (DAB), the ovary
begins to differentiate. By 30 DAB, two germinal ridges had formed along the edge of the follicular
lamina in the ovary. The primary oocytes, resulting from this differentiation process, gradually
migrated from the dorsal sides to the mid-ventral area of the ovary, eventually maturing into eggs.
In the testis, the primary and secondary spermatocytes appeared at 15 and 30 DAB, respectively,
preceding the formation of the testicular lumen (50 DAB). The testis was observed to consist of a single
large germinal compartment. Under captive breeding conditions in Northern China, the pot-bellied
seahorse demonstrated year-round breeding capability, with each male producing approximately
100-150 larvae. The findings from this study contribute valuable insights into seahorse aquaculture
and enhance understanding of the unique reproductive strategy employed by seahorses.

Keywords: Hippocampus abdominalis; ovoviviparity; germ cell; gonad development; ovary; testis

Key Contribution: The findings of this study provided information on the development of gonads
and germ cells in the Hippocampus abdominalis, spanning from larvae to adults, found the ovaries of
seahorses exhibited a unique two germinal ridge structure. They observed that the testis consisted of
a single large germinal compartment in the absence of spermatocyte structures.

1. Introduction

Fish reproduction is pivotal in both individual reproductive processes and aquacul-
ture [1]. Further comprehension of gametogenesis and gonadal development is essential
for gaining insights into fish reproduction [2,3]. In aquaculture, the quality of gametes
determines the success of artificial breeding, with the production of high-quality eggs and
seedlings being a primary objective to enhance industry efficiency [4]. Spermatogenesis and
oogenesis are intricate processes that play a vital role in transmitting genetic information to
the next generation [5]. The origin, development, and maturation of germ cells are subject
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to complex and precise regulation, involving both extrinsic (such as hormones and growth
factors) and intrinsic (cell-autonomous) regulation [3].

The reproductive strategy is a crucial aspect of an organism’s life, profoundly influ-
encing fitness and survival [2]. Fish employ diverse reproductive strategies, including
oviparity, where eggs are laid in the water prior to fertilization; viviparity, where embryos
develop inside the parental reproductive system and receive direct nutrition [6]; and the
recently explored ovoviviparity, where embryos develop internally within parental repro-
duction organs and receive nutrition from the yolk sac [7,8]. Syngnathid fishes, such as
seahorses and pipefish, represent a unique reproduction strategy of ovoviviparity and
male pregnancy within the family of approximately 300 species [9,10]. In this extraordinary
process, females release mature eggs into the male’s brood pouch, where fertilization occurs,
followed by the completion of embryonic development. Seahorses possess particularly
specific gonadal structures and intricate brood pouch structures [10-12].

Seahorses are widely recognized for their male-ovoviviparous reproduction strategy,
where both fertilization and embryo development occur within the male’s brood pouch [13].
Research on the seahorse trade, which began in the mid-1990s, revealed that certain species
and populations had already suffered from overexploitation [14,15]. The combined effects
of overexploitation, incidental bycatch, and habitat loss have led to a drastic decline in
the seahorse population worldwide [16,17]. Consequently, in November 2002, all seahorse
species were listed under the Convention on International Trade in Endangered Species
(CITES) [18]. Currently, there are 46 taxonomically recognized species of seahorses, all
belonging to a single genus [19,20]. Due to their unique reproductive strategy and specific
breeding environment requirements, only 13 species have been successfully bred in artificial
settings [21]. The seahorse exhibits distinctive gonadal structures in addition to its unique
brood pouch. Selman et al. (1991) pioneered the study of Hippocampus erectus ovarian
structure, revealing its distinction from typical bony fishes [11]. Hippocampus erectus was
the first to examine the ovary structure of its species, revealing differences from most bony
fishes. Our investigation revealed that Hippocampus abdominalis exhibited a distinct ovarian
structure from typical bony fishes, featuring two germinal ridges and an orderly germ cell
arrangement. Biagi et al. (2016) identified a unique testis structure in Hippocampus guttulatus
in contrast to other bony fishes. In cross-section, the testis exhibits a cystic structure with
a central lumen, where the initial spermatogenesis occurs. Spermatogenesis occurs in
two stages, with the first stage in the spermatocysts and the second stage in the central
lumen [12]. While previous studies have primarily focused on seahorse evolution [22-24],
environment toxicity [25,26], and brood pouch development [27-32], there remains a
limited understanding of sex differentiation, gametogenesis, and gonadal development in
seahorses [13,33-35].

Hippocampus abdominalis is a temperate-water species known to grow to heights ex-
ceeding 30 cm and weigh up to 30 g [36]. It primarily inhabits shallow water in Australia
and New Zealand [20]. In 2016, this species was introduced to China from Australia,
and significant advancements in artificial breeding were accomplished by 2020 [1]. In
this study, we comprehensively investigate the development of gonads and germ cells in
H. abdominalis, from larvae to mature adults, under large-scale captive breeding conditions
in Northern China. Our investigation includes the localization of primordial germ cells
(PGCs), the process of sexual differentiation, and gametogenesis.

2. Materials and Methods
2.1. Animals and Sample Collection

The larvae, juveniles, and adults of H. abdominalis used in this study were obtained
from Duobao Aquaculture Co., Ltd., located in Rizhao, Shandong Province, China. The
seahorses were reared in concrete tanks measuring 25 m x 25 m X 1 m from the larval
stage to adulthood. To maintain optimal conditions, the tanks were maintained at a salinity
of 2.5%, a light intensity of 2800 =+ 500 lux, and a photoperiod of 15 h of light and 9 h of
darkness. The water temperature was controlled at 18 + 1 °C. Seahorse juveniles were
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initially fed with Artemia nauplii until they reached two months of age. Juveniles from two
months of age to three months of age were fed with frozen Copepods. After three months,
the adults were fed frozen Mysidacea.

Nine larvae were randomly sampled every three days until 30 days after birth (DAB),
and successively, six seahorses were sampled biweekly until 165 DAB. To facilitate sam-
pling, the seahorses were individually anesthetized using ethyl3-aminobenzoate methane
sulfonate (MS-222) to ensure they were unconscious before being euthanized for sampling.

2.2. Histology Analysis

The larvae and gonadal tissue obtained from juveniles and adults were fixed in Bouin’s
solution for 48 h. Subsequently, the samples underwent a series of procedures, including
dehydration using an ethanol gradient and treatment with transparent xylene. They were
embedded in paraffin. Thin slices with a thickness of 3 pm were obtained using a microtome
(Leica Microsystems, Wetzlar, Germany) and stained with hematoxylin and eosin (HE). To
visualize the basement membrane, a reticulin staining method was applied [37]. Fix the
tissue in a 10% formalin fixative, then conventionally dehydrate and embed. Cut into a
paraffin section 3 um thick and dewax with distilled water. Put the section on the dyeing
frame, drop in Gomori Oxidant, and oxidize for 5 min followed by washing with water
slightly. Bleach in Oxalic Acid solution for 1-2 min, then rinse in running water for 2 min
and slightly with distilled water. Mordant dyeing with Ferric Ammonium Sulfate solution
for 5 min and wash lightly with tap water and distilled water. Following mordant dyeing,
Gomori Ammoniacal Silver solution was added, and the section was dyed for 3 min. After
this step, it was gently washed with distilled water. The section was subsequently reduced
using Gomori Reductant for 1 min and thoroughly rinsed in running water for 10 min.
Finally, the tissue was conventionally dehydrated and rendered transparent before being
sealed with resinene. The prepared slices were sealed with neutral gum and examined
using a light microscope with a camera (DS-Ri2; Nikon, Tokyo, Japan). Images were
captured for further analysis.

2.3. Immunofluorescence

Testes and ovaries were fixed in 4% (w/v) paraformaldehyde (PFA) for 24 h. Following
that, the samples underwent dehydration using an ethanol gradient (70%, 80%, 90%, and
100%) and treatment with transparent xylene. They were then embedded in paraffin
wax. Subsequently, the samples were transected at a thickness of 4-6 um using a Leica
Microsystems instrument from Germany, Wetzlar (104). After dewaxing and dehydration,
the sections were further rehydrated in PBST (Phosphate-buffered saline with Tween-20)
for 3 cycles of 5 min each. To block nonspecific binding, the sections were incubated in
4% normal goat serum for 30 min, followed by overnight incubation at 4 °C with an anti-
vasa anti-rabbit immunoglobulin G (IgG) (1:400; 128306; Gene Tex, Irvine, CA, USA). The
residual antibodies were washed in PBS (Phosphate-buffered saline) for 3 cycles of 10 min
each. Subsequently, the sections were incubated with tetramethyl rhodamine isothiocyanate
(TRITC)-conjugated goat anti-rabbit. immunoglobulin G (IgG) (H + L) (1:300; Bio Basic Inc.,
Ambherst, NY, USA) and 6-diamidino-2-phenylindole (DAPI, 1 ng/mL diluted in PBS) for
1 h at room temperature. Images were captured using a laser microscope (DS-Ri2; Nikon,
Japan, Tokyo).

2.4. Statistical Analysis

The statistical analysis was performed using SPSS version 20.0 software (SPSS Inc.,
Chicago, IL, USA). The data were presented as the mean + SD (standard deviation). To
compare the sex ratio of Hippocampus abdominalis, a chi-square test was employed.
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3. Results
3.1. Growth

Figure 1 depicts the total length (TL) of the Hippocampus abdominalis at various life
stages, including larvae, juveniles, and adults. The TL growth curve displays a reverse
S-shape, with a period of slow growth observed 30 days after birth (DAB). Subsequently,
there is a notable period of slowed growth occurring between 55 and 90 DAB. Nevertheless,
after reaching 90 DAB, juveniles undergo a phase of rapid growth.

201
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Figure 1. The total length of the breeding group of pot-bellied seahorses is from 0 to 165 DAB.
Roughly 10 individuals were sampled at each stage. The curve of total length is reverse S-shaped,
showing periods of retarded growth from 55 to 90 DAB and rapid growth from 90 to 165 DAB.

3.2. The Gonadal Primordium and Ovarian Differentiation of H. abdominalis

Gonadal primordium was first detected at 0 days after birth (DAB), situated beneath
the notochord. Inside the gonadal primordium (Figure 2(A1,A2)), both primordial germ cells
(PGCs) and somatic cells were ensconced by somatic epithelial cells. PGCs were distinguish-
able from somatic cells by their markedly larger size (diameter: 9.2 &+ 0.81 pum), elliptical shape,
and the presence of a prominent nucleus with a distinct nucleolus (Figure 2(A1,A2)) [4].

Ovarian differentiation was initially observed at 7 DAB. A distinct cavity was found
within a specific area of the gonads, classifying them as ovaries. Gonads lacking this
cavity were classified as testes. The testis displayed a flat cross-sectional shape primarily
composed of spermatogonia. At the same developmental stage, the testes were notably
smaller than the ovaries. The biological sex of 32 larvae and juveniles was randomly
tested. The count of female seahorses was 18, while male seahorses numbered 16, re-
sulting in a 1:1 biological sex ratio of H. abdominalis (p = 0.616 > 0.05) compared to the
theoretical expectation.

3.3. Ovarian Developmental Characteristics of H. abdominals

At 10 DAB, the ovaries displayed an elliptical cross-sectional shape. Within the
ovary, primary oocytes at the chromatin nucleolus stage were detected. By 30 DAB,
oocytes in the perinucleolous phase could be observed within the ovary (Figure 3(B1)).
Two distinct germinal ridges (GR) initially emerged on either side of the ovarian cavity
(Figure 3(B1,B2)). At 50 DAB, oocytes had advanced to stage II, with primary oocytes
remaining the predominant type in the ovaries (Figure 3(C1)). The follicular lamina,
bounded externally by the ovarian wall and internally by the luminal epithelium, was
visible. All germ cells originated from the GR located at the end of the ovary and were
arranged sequentially. They developed and gradually moved toward the middle of the
ovary (Figure 3(C1)).
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Figure 2. The gonadal primordium and gonad differentiation. (A) Primordial germ cells completed
migration at 0 DAB; (A1,A2) Magnified image in panel (A); (B) at 7 DAB, ovary lumen was observed
in gonads; (B1,B2) magnified image in panel (B); (C) at 7 DAB, without the presence of this cavity, it
was observed in the testis; (C1,C2) magnified image in panel (C). GP: gonadal primordium; YS: yolk
mass; K: kidney; PGCs: primordial germ cells; N: notochord; HG: hindgut; O: ovary; Oo: oogonia; SC:
Sertoli cells; L: ovary lumen; SG: spermatogonia; T: testis; GSC: gonadal somatic cells; PF: perfoliate
cell. Scale bars: 200 um (B); 100 um (A); 50 um (C); 25 um (A1,A2,B1,B2,C1,C2).

At 100 DAB, the ovaries exhibited a slightly transparent, elongated columnar shape
with an orange-yellow hue. Over half of the ovarian volume was primarily filled with
oocytes in the cortical alveolus stage and oil droplet stage (Figure 3(D1)). The oocytes were
surrounded by a layer of follicular cells (Figure 3(D2)). Additionally, the zona radiata, lo-
cated between the follicular layer and the plasma membrane, became visible (Figure 3(D2)).

At 120 DAB, the ovary displayed an orange—yellow color attributed to the presence of
vitellogenin (Figure 4(A1)). The oocyte layer comprised oocytes at multiple stages, encom-
passing the chromatin nucleolar stage, perinucleolar stage, cortical alveolus stage, early
vitellogenic stage, and late vitellogenic stage (Figure 4(A1)). During the early vitellogenic
stage, the yolk granules were arranged peripherally in the cytoplasm (Figure 4(A1)). The
surrounding follicular cells showed clear differentiation into cubic granulosa cells in the
inner layer and theca cells. However, the structure of theca cells was not clear in the ob-
servations (Figure 4(A2)). During the late vitellogenic stage, oocytes exhibited augmented
cellular volume, accompanied by a conspicuous rise in both yolk granule quantity and size
within the cytoplasm (Figure 4(A2)).

At 150 days after birth (DAB), the ovaries of adult fish had achieved full maturity,
reached their maximum volume, and occupied roughly half of the abdominal cavity. During
this stage, the oocyte underwent nuclear envelope disappearance and cell depolarization,
resulting in a significant increase in size due to hydration. The oocytes became translucent
due to the disassembly of crystalline yolk proteins (Figure 4C(C1)). Mature eggs nearly
entirely occupied the entire ovarian cavity (Figure 4(C1,C2)).
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10 DAB

Figure 3. The formation of two germinal ridges and primary oocyte development. (A-D) Illustration of
female seahorses at 10 DAB, 30 DAB, 50 DAB, and 100 DAB; (A1) at 10 DAB, the primary oocytes began
to appear in the gonad; (B1) at 30 DAB, the size of primary oocytes increased, and two germinal ridges
formed. At the same time, prefollicle cells and the cortical alveolus stage appeared; (B2) magnified
image in panel (B1); (C1) at 50 DAB, the cortical alveolus stage oocytes began to appear in the gonad;
(C2) magnified image in panel (C1); (D1) at 100 DAB, oocytes entered the oil droplet stage and the
follicular layer differentiated into two layers; (D2) oil droplet stage oocytes. GR: germinal ridge; PGCs:
primordial germ cells; SC: somatic cells; PF: prefollicle cells; CN: chromatin nucleolar stage; LE: luminal
epithelium; L: ovary lumen; LP: late perinucleous stages; N: nucleolus; Oo: oogonia; PO: primary
oocytes; BV: blood vessels; EP: early perinucleolus stage; FC: follicle cells; GR: germinal ridge CA:
cortical alveolus stage; OD: oil droplet; ODS: oil droplet stage; YM: yolk mass; LD: lipid droplet; LV:
late vitellogenic stage; EV: early perinucleolus stage; Te: theca cells; ZR: zona radiata; YG: yolk granules.
Scale bars: 200 pm (D1); 100 um (C1); 50 pm (C2,B1); 25 um (A1,D2); 20 pm (B2).

3.4. Developmental Characteristics of the Testis in H. abdominalis

At 15 DAB, the germinal epithelium consisted of Sertoli cells and germ cells, supported
by the basement membrane (Figure 5(A1,A2)). Within the germinal compartment, two
types of germ cells were identified: spermatogonia and primary spermatocytes. The
spermatogonia cells were measured to be 9.59 £ 0.72 um in size, with a cell nucleus
diameter of 5.22 + 0.28 um (Figure 5(A1)). Primary spermatocytes were distinguished
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by an unclear boundary around their nucleus, and the chromosomes appeared loosely
arranged (Figure 5(A1)).

Figure 4. The process of ovary and oocyte maturation from 120 to 150 DAB. (A) Illustration of a
female seahorse at 120 DAB; (A1) at 120 DAB, oocytes entered the vitellogenic stage; (A2) magnified
image in panel (A1); (B) the follicle layer of early vitellogenic stage oocytes; (C) illustration of a
female seahorse at 150 DAB; (C1) at 150 DAB, the ovary reached full maturity; (C2) magnified image
in panel (C1); (D) the follicle layer of late vitellogenic stage; L: ovary lumen; LP: late perinucleous
stages; N: nucleolus; BV: blood vessels; FC: follicle cells; GR: germinal ridge; CA: cortical alveolus
stage; OD: oil droplet; ODS: oil droplet stage; YM: yolk mass; LD: lipid droplet; LV: late vitellogenic
stage; EV: early perinucleolus stage; ZR: zona radiata; YG: yolk granules. Scale bars: 500 pm (A1,C1);
200 um (A2,C2); 25 um (B,D).

At 30 DAB, secondary spermatocytes were initially detected in the testes (Figure 5(B2)).
The diameter of secondary spermatocytes (6.93 = 1.41 um) and the size of their nuclei
continued to decrease, accompanied by a reduction in the cytoplasm. At 50 DAB, the
presence of a central lumen was first observed in the middle of the testis (Figure 5(C2)). By
100 DAB, the germinal epithelium displayed a wave-like pattern owing to the asynchronous
and rapid proliferation and differentiation of germ cells. The arrangement of germ cells
from outer to inner layers included spermatogonia, primary spermatocytes, secondary
spermatocytes, and spermatids (Figure 5(D2)). Numerous secondary spermatocytes mi-
grated towards the border of the germinal epithelium (Figure 5(D1,D2)). A small number
of spermatids were found within the central lumen, surrounded by flocculent substances
occupying the center of the central lumen (Figure 5(D1)).

At 120 DAB, there was a significant increase in the number of secondary spermatocytes
within the central lumen (Figure 6(A1)). By 150 DAB, the testes had reached full maturity,
with the presence of spermatozoa within the central lumen (Figure 6(B1)). The testis appears
as a column shape with a large central lumen and a thin wall (Figure 6(B1)). The wall
consisted of the tunica albuginea and germinal epithelium (Figure 6(B2)). Spermatogonia
were distributed throughout the germinal epithelium (Figure 6(B2)). Nevertheless, the
structure of the spermatocysts was not distinctly visible in tissue sections (Figure 6C). This
type of spermatogenesis belongs to semicystic spermatogenesis.
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Figure 5. The development of testis from 15 to 100 DAB. (A-D) Illustration of male seahorses at
15 DAB, 30 DAB, 50 DAB, 100 DAB; (A1) at 15 DAB, primary spermatocytes appeared in the testes;
(A2) magnified image in panel (A1); (B1) at 30 DAB, secondary spermatocytes appeared in the
testes; (B2) magnified image in panel (B1); (C1) at 50 DAB, the central lumen formed in the testes;
(C2) magnified image in panel (C1); and (D1) at 100 DAB, the spermatids began to appear in the
central lumen; (D2) magnified image in panel (D1). I: intestine; N: notochord; K: kidney; T: testes;
SC: Sertoli cells; TA: tunica albuginea; SG: spermatogonia; SS: secondary spermatocytes; MF: muscle

fibers; PS: primary spermatocytes; L: central lumen; GE: germinal epithelium; ST: spermatids. Scale
bars: 50 um (A1-D1); 25 um (A2,B2,C2,D2).
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Figure 6. Testis development and sperm maturation. (A-B) Illustration of male seahorses at
120 DAB, and 150 DAB; (A1) at 120 DAB, the number of spermatids increased; (A2) magnified image
in panel (A1); (B1) at 150 DAB, the structure of mature testis; (B2) magnified image in panel (B1);
(C) the basement membrane was enhanced by the reticulin method; (D) the optical microstructure
of the spermatozoa of H. abdominalis TA: tunica albuginea; L: central lumen; BV: blood vessel; SG:
spermatogonia; SS: secondary spermatocytes; GE: germinal epithelium; ST: spermatids; SP: spermatozoa;
PS: primary spermatocytes. Scale bars: 500 pm (B1); 100 pm (A1); 50 um (A2); 25 um (B2,C); 10 pm (D).

3.5. Expression of Vasa in Gonads of H. abdominalis by Immunofluorescence

The localization of PGCs in gonads was investigated using tissue section immunoflu-
orescence with anti-vasa antibodies. At 0 DAB and 6 DAB, strong vasa expression was
observed in PGCs of the gonadal primordium (Figure 7(A1,A3,B1,B3)). By 10 DAB, vasa
signals were detected in the cytoplasm of spermatogonia, oogonia, and primary oocytes
(Figure 7(C3,D3)). At 150 DAB, vasa signals were predominantly found in spermatogonia
and primary spermatocytes, with few signals in spermatids (Figure 7(E3)). At 150 DAB,
the vasa signal was evenly distributed in the cytoplasm of oogonia (stage I) and primary
oocytes (stage II). At the cortical alveoli stage, the vasa signals appeared as numerous small
particles primarily located in the peripheral region of the cytoplasm (Figure 7(F3)). During
the early vitellogenic stage, the vasa signals decreased significantly and were distributed in
the cytoplasm (Figure 7(F3)). At a late vitellogenic stage, as vitellogenesis progressed, the
vasa signal became difficult to discern, possibly due to the dispersion of vasa protein into
the enlarged oocytes (Figure 7(F3)).
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150 DAB Testis 10 DAB Ovary 10 DAB Testis 6 DAB 0 DAB

150 DAB Ovary

Figure 7. Distribution of vasa signals in different development stages of the ovary and testis.
(A1) Immunofluorescence of the vasa in gonadal primordium at 0 DAB. (B1) Immunofluorescence of
the vasa in gonads at 6 DAB vasa are expressed in the cytoplasm of germ cells. (C1) Immunofluores-
cence of vasa in the testes of 10 DAB males. (D1) Immunofluorescence of vasa in the ovaries of 10 DAB
females. (E1) Immunofluorescence of vasa in the testes of 150 DAB males. (F1) Immunofluorescence
of the vasa in the ovaries of 150 DAB females. (A2-F2) Nuclei of the testis and ovarian section were
stained by DAPI (blue). (A3-F3) Vasa and nucleus are shown in red and blue, respectively. The vasa
and nucleus are shown in red and blue, respectively. GP: gonadal primordium; PGCs: primordial
germ cell; T: testis; O: ovary; PO: primary growth oocytes; SG: spermatogonia; SC: Sertoli cells; SS:
secondary spermatocytes; PS: primary spermatocytes; K: kidney; I: intestine. Scale bars: 200 um ((F),
F1-F3); 50 um ((A), A1-A3, (B), B1-B3, (C), C1-C3, (D), D1-D3); 25 um ((E), E1-E3).

4. Discussion

In this study, we investigated the development of gonads and germ cells in H. abdomi-
nalis from PGCs to mature eggs and spermatozoa under captive breeding conditions. At
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0 DAB, PGCs migrated to the genital ridge and became enclosed by somatic cells under the
notochord. In various species, such as Seriola lalandi, histological observations combined
with the analysis of the PGC migration factor SDF1 have shown that PGCs typically reach
the location of the gonadal primordium around 15-20 days after hatching. Days 1-22 are
recognized as critical time points for PGC migration [38]. In contrast, Ctenogobius giurinus
did not form gonadal progenitor bases until 8 days post-hatching, whereas Scophthalmus
maximus exhibited this formation 15 days after hatching [39,40]. The presence of strong
immunofluorescence signals in the vasa confirmed the presence of PGCs within the gonadal
primordium. In teleosts, initial ovarian differentiation is commonly characterized by the
occurrence of meiotic germ cells or the formation of the ovarian cavity [1,41,42]. In the case
of H. abdominalis, the formation of the ovarian lumen was observed at 7 DAB, and oogonia
entered meiosis at 9 DAB. This finding suggests that somatic cell differentiation precedes
the differentiation of germinal cells in this species. Similar observations of the emergence
of chromatin nucleolar stage oocytes have been reported in H. guttulatus and H. reidi at
15 days post-hatching (dph) and 12 dph, respectively [18,43].

Another unique feature of seahorses is the presence of two germinal ridges in the ovary.
At 30 DAB, transverse sections of the ovary revealed the presence of two germinal ridges
located along the edge of the follicular lamina (Figure 8). These germinal ridges acted as
the primary source of germ stem cells, continually generating germ cells. Subsequently,
the oocyte departs from the germinal ridge and undergoes maturation. These findings
align with previous research regarding gonadal structures in seahorses. In contrast to other
teleosts, such as Paralichthys olivaceus and Sebastes schlegelii, which lack a consistent double
germinal ridge structure. Each female seahorse can lay 100-150 eggs approximately every
23 days, which aligns with the developmental period of embryos in the male brood pouch.

Regarding the testes at 15 DAB, the initiation of meiosis led to the appearance of primary
spermatocytes, signifying testicular differentiation. Secondary spermatocytes were observed
at 30 DAB, and the formation of the testicular lumen occurred at 50 DAB. The testes exhibited
a characteristic structure with a single central lumen surrounded by the tunica albuginea and
the germinal epithelium. Notably, in this study, the emergence of secondary spermatocytes
preceded the formation of the central lumen in the testes, which differs from the pattern
observed in most other teleost species, where the development of the lobular lumen and
sperm duct typically precedes the meiosis of spermatogonia [42,44,45].

In H. abdominalis, the development of spermatids progresses to spermatozoa within
the central lumen at 150 DAB. The germinal epithelium displays a wave-like pattern re-
sulting from variations in the speed of germ cell proliferation and differentiation across
distinct regions. Once the primary spermatocytes develop into secondary spermatocytes,
they move towards the fringe of the germinal epithelium and eventually enter the central
lumen, where they undergo maturation into spermatozoa. This type of spermatogenesis
is termed “semicystic spermatogenesis”, where spermatocytes or spermatids are released
into the lumen and mature into spermatozoa [12]. This characteristic aligns with previous
studies in syngnathid fish [46—49]. In addition, no distinct spermatocyst structures, which
are typical in other teleost species, were observed in H. abdominalis, even with intensified
staining using the reticulin method. This structure of the testis differs significantly from
previous studies on the testicular structure of teleostei. For instance, in the developing
testes of Cyprinus carpio, germ cell proliferation leads to the formation of spherical cell
clusters. Within these clusters, each spermatogonium is surrounded by one or more pre-
Sertoli cells, resulting in the formation of cysts. The acinar clusters of spermatogonia that
are scattered throughout the gonad also become partially surrounded by the basement
membrane [50]. Similar observations of the absence of spermatocyst structures have also
been reported in Syngnathus schlegeli [51]. These characteristics in H. abdominalis differ from
those of H. guttulatus and Syngnathus abaster, where the germinal epithelium is composed
of numerous typical spermatocysts [12,47]. This type of spermatogenesis and the absence
of spermatocysts could lead to a reduced number of simultaneously mature sperm, and
it has been interpreted as one of the possible mechanisms evolved to reduce the cost of
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sperm production [52]. Because of their low fecundity and absence of sperm competition
in seahorses, they do not have to spend more energy on sperm production [48,53]. The
findings of this study provided a theoretical foundation for investigating the adaptive evo-
lution of reproductive strategies in marine organisms. Additionally, they offer a biological
underpinning for further delving into the molecular regulation mechanisms governing
gonad development in seahorses.

(A) Ovarian cross section

/\W Y

8, l\//\ 59 @ = GR
&\ W 00ess
(B) Unrolled ovarian cross section

Luminal epithelium

Figure 8. A schematic representation illustrating ovarian structure. (A) Ovarian cross-section. (B) The
ovary has been cut along its dorsal midline, and both halves have been unrolled. CA: oocytes at the
cortical alveolus stage; LV: oocytes at the late vitellogenic stage; EV: oocytes at the early vitellogenic
stage; FC: follicle cells; W: ovarian wall; Y: yolk sphere; SC: somatic cells; N: nucleolus; BM: basement
membrane; BV: bleed vessel; L: ovary lumen; PGO: primary oocytes; Oo: oogonia; GR: germinal ridges.

5. Conclusions

This study demonstrated the characteristics of growth and sexual differentiation, go-
nad development, and gametogenesis in H. abdominalis under captive breeding conditions.
We confirmed the two germinal ridges in the ovary and the semi-cystic pattern with no
spermatocyte structures in the testes. This result provides essential foundational data for a
deeper understanding of the unique reproductive strategy employed by seahorses.
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