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Spermatogenesis is a continuous and dynamic developmental process, in which a single diploid spermatogonial stem cell

(SSC) proliferates and differentiates to form a mature spermatozoon. Herein, we summarize the accumulated knowledge

of SSCs and their distribution in the testes of teleosts.
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1. Spermatogenesis—an Overview

Spermatogenesis is a continuous and dynamic developmental process which can be divided into three phases: the

mitotic, or spermatogonial, phase with the generation of spermatogonia; the meiotic phase with primary and secondary

spermatocytes; and the spermiogenic phase with the haploid spermatids emerging from meiosis and differentiating into

motile, flagellated, haploid spermatozoa.

In the spermatogonial phase, the primary increase in germ cell numbers occurs during successive rounds of mitotic

duplication of the spermatogonia. The number of spermatogonial generations, and hence the number of mitotic divisions

before differentiation into spermatocytes, varies among, but not within, species. There can be as few as two (humans) and

as many as 14 (guppy) generations, but, most commonly, five to eight generations are reported . In this phase, in all

invertebrates and vertebrates, at the end of mitosis, incomplete cytokinesis occurs, and the two newly-generated

spermatogonia remain connected by a cytoplasmic bridge, instead of forming individual cells (Figure 1A,B). However, the

cytoplasmic bridge is not present in the descendants of an SSC that enters a self-renewal pathway in which two single,

isolated daughter cells are generated. Therefore, cytoplasmic bridges are considered a sign of SSC differentiation and are

present during all subsequent germ cell divisions (Figure 1B). All differentiated descendants of an SSC form clones

connected by cytoplasmic bridges through which their developmental steps are synchronized (Figure 1A). These bridges

are cleaved when spermatogenesis is complete, and germ cells leave the germinal epithelium as spermatozoa .

Figure 1. Mitotic/spermatogonial phase. (A) Mitosis produces spermatogonium clones. In rodents, type A single

spermatogonia (As) harbor the spermatogonial stem cell population, which can either self-renew or generate two

interconnected cells named type A-paired spermatogonia (Apr). The A-paired spermatogonia are interconnected by

cytoplasmic bridge (CB) as a consequence of incomplete cytokinesis during cell division. Amplifying divisions beyond the

A-paired also do not complete cytokinesis and continue to generate longer syncytial chains, termed A-aligned

spermatogonia (Aal). (B). An electron micrograph showing a cytoplasmic bridge (arrow) connecting daughter cells

resulting from spermatogonium division. The mitochondria (M), nucleus (N), smooth endoplasmic reticulum (SER),

centrioles (C), and microtubules (arrowhead) are depicted in the cytoplasms of two interconnected spermatogonia (Spg)

(illustration and data: Nóbrega—unpublished observations).
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During the meiotic phase, the spermatogonia differentiate into spermatocytes that go through two meiotic divisions

characterized by reshuffling of the parental genetic material during the first division and the reduction to a haploid genome

at the second division .

In the spermiogenic phase, the haploid spermatids emerging from meiosis differentiate into flagellated spermatozoa

without further proliferation. The morphological changes in germ cells occurring during spermiogenesis involve reduction

in cytoplasmic volume and organelles, maximum DNA condensation, and differentiation of the flagellum, and are similar

among species. However, the final spermatozoon morphology can differ and sometimes provides taxonomic

discrimination .

Following the general vertebrate scheme, the testes of fish are composed of the interstitial or intertubular compartment,

and the germinal or tubular compartment, separated by a basement membrane . The interstitial compartment contains

the steroid-producing Leydig cells, blood/lymph vessels, macrophages, granulocytes, and connective tissue elements .

The peritubular myoid cells form a single layer of flattened cells surrounding the seminiferous tubules . These cells are

contractile and involved in the transport of spermatozoa and testicular fluid in the tubule . The germinal compartment is

composed of germ cells at various stages of development and their associated somatic Sertoli cells, which together form

the germinal epithelium . In the epithelium, germ cell survival and development depend on constant close contact with

Sertoli cells . Although many features are conserved in vertebrate spermatogenesis, the Sertoli/germ cell association

differs among vertebrates. While anamniotes (fishes and amphibians) exhibit so-called cystic spermatogenesis, the

amniotes (reptiles, birds, and mammals) present non-cystic spermatogenesis , in which the seminiferous epithelium can

be divided into separate stages according to the cell associations observed in each tubular cross-section .

The germinal epithelium of amniote adult testes is composed of a fixed number of “immortal” Sertoli cells that support

successive waves of spermatogenesis . During these waves, a given Sertoli cell simultaneously supports several

germ cell developmental stages (i.e., cells belonging to different germ cell clones). The Sertoli cell base may contact

spermatogonia, with lateral segments contacting spermatocytes and early spermatids, and adluminal segments contacting

late spermatids. In this type of spermatogenesis, Sertoli cells have been shown to be terminally differentiated in the

testes, ceasing division during the early pre-pubertal phase, from approximately 10 and 20 days after birth in mice and

rats, respectively . However, recent studies have demonstrated that Sertoli cells from the transition region between the

seminiferous tubules and the rete testis of adult testes remain undifferentiated for a longer period and are able to

proliferate, although at a lower rate .

In anamniote vertebrates, the germinal epithelium is composed of spermatogenic cysts. The cyst as a morpho-functional

unit is formed when a group of Sertoli cells envelope a single SSC . As spermatogonia divide, the derived cells remain

interconnected by cytoplasmic bridges . Thus, the anaminiote Sertoli cell supports a single germ cell clone, while in

amniote testes, depending on species, at least five germ cell clones at different stages of development are supported by a

single Sertoli cell . Sertoli cells from anaminiote testes are able to continuously proliferate, even after the onset of

puberty .

The structural differences in the Sertoli/germ cell relationship of anamniotes and amniotes result in a less complex

situation in fish than exists in mammals. Cystic spermatogenesis proceeds in a sequential manner, while, in non-cystic

spermatogenesis, several processes occur simultaneously . In vertebrates, the endocrine system has evolved as the

master control system of spermatogenesis, and the somatic Sertoli, Leydig, and peritubular myoid cells became the

primary targets for the major reproductive hormones, acting as paracrine relay stations for these signals in the testes 

.

2. Spermatogonial Stem Cell Niche

Spermatogenesis relies on the activity of SSCs, which are capable of self-renewal to produce more stem cells or

differentiation into daughter cells dedicated to spermatogenesis . The balance between SSC self-renewal

and differentiation is the basis of maintaining the homeostasis of spermatogenesis. If one process takes precedence over

the other, testicular cancer (in case of self-renewal) or a depletion of spermatogenesis (in differentiation) is the outcome

(Figure 2).
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Figure 2. Balance between spermatogonial stem cell (SSC) self-renewal and differentiation. An imbalance results in

testicular cancer or depletion of spermatogenesis.

The simultaneous process occurs in vertebrates showing continuous spermatogenesis, while, in seasonal breeding

species, a switch from self-renewal to differentiation is observed as gonads begin to mature .

Spermatogonial stem cells are maintained in a specialized microenvironment in the testes known as the testicular niche

(Figure 3) . The niche provides growth factors and cell-to-cell interactions that regulate SSC activity in

the testes: cell-cycle quiescence, maintenance of the undifferentiated state, proliferation via self-renewal, and apoptosis

(Figure 3) .

Figure 3. Mammalian SSC niche. Spermatogonial stem cells (SSC) reside along the basement membrane (BM) in

proximity to interstitial Leydig cells (LE) and blood vessels (BV), and are in contact with Sertoli cells (SE). In this

microenvironment, physical and paracrine interactions regulate SSC self-renewal, differentiation, quiescence, apoptosis,

and the ability to transform into different cell types (pluripotency). Peritubular myoid cells (PTM) are also depicted in the

figure.

The niche can be defined as a microenvironment that maintains the undifferentiated state of a stem cell by preventing its

differentiation, and is usually composed of (1) supporting cells; (2) stem cells; and (3) the surrounding extracellular matrix

(Figure 3) . In mammals, SSCs lie on the basement membrane of the seminiferous epithelium and are in contact

with Sertoli cells, which control the fate of the SSCs via physical and paracrine interactions . In addition to

Sertoli cells, peritubular myoid cells and Leydig cells may contribute soluble growth factors to the niche environment 

. Mammalian SSCs are preferentially located in those areas of the seminiferous tubules near the interstitial tissue

where Leydig cells and blood vessels reside (Figure 3) . Recent studies have shown that type A

undifferentiated spermatogonia are uniformly distributed on the basement membrane of seminiferous mouse epithelium
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. It has been demonstrated that SSC self-renewal and proliferation are intensified in areas of high fibroblast growth

factor (FGF), which corresponds to vasculature-proximal and interstitium-proximal regions, and SSCs must be exposed to

a sufficiently high level of FGF in order to maintain the self-renewal state .

In anamniote species, SSCs and their niche remain poorly investigated. In fish and other anamniotes, SSCs are single

cells, not lying directly on the basement membrane, but completely enclosed by Sertoli cell cytoplasmic extensions .

Similarly to mammals, fish have SSCs that are considered type A undifferentiated spermatogonia (A ) . There is

evidence for two sub-types of single, undifferentiated spermatogonia, type A  and type A , in several fish species

(Figure 4A–C), including ancient species, such as sterlet Acipenser ruthenus (Figure 4D–G) . The

A  spermatogonia exhibit a large nucleus with little heterochromatin; a high volume of the cytoplasm; a convoluted

nuclear envelope; evident nucleoli; and particularly relevantly, darkly staining material near invaginations of the convoluted

nuclear envelope . These patches are known as “nuage,” material composed of ribonucleic acid (RNA) and RNA-

processing proteins . The A  spermatogonia show a smooth nuclear envelope, darker chromatin with abundant

patches of heterochromatin distributed in the nucleus, and less nuage .

Figure 4. Spermatogonial niche and type A undifferentiated (A ) spermatogonia. (A) Asterisks show the most

undifferentiated type A spermatogonia (A ), preferentially located near the interstitial compartment (delimited in yellow)

in zebrafish Danio rerio. (B,C) In common carp Cyprinus carpio, both A  and A  are located near the interstitium,

close to Leydig cells (LE) and blood vessels (bv). Sertoli cell (S) and type B spermatogonia are shown. (D–G):

Generations of sterlet Acipenser ruthenus spermatogonia: A  and A  and type A differentiated (A ) spermatogonia.

Staining: periodic acid–Schiff (A,E,G) and toluidine blue (B,C,D,F). Scale bar: 10 µm.

These cells also exhibit differences in the cell cycle, as shown by bromodeoxyuridine 5-bromo-2’-deoxyuridine (BrdU), a

marker of S-phase in pulse-chase experiments . Nóbrega and collaborators , using BrdU pulse-chase, reported that

BrdU was rapidly diluted in type A  spermatogonia, while the percentage of BrdU-positive A  spermatogonia remained

constant. The authors  suggested that type A  constitute an “active” population with rapid proliferation and

differentiation, as indicated by the more rapid loss of BrdU; A  are the “reserve” population with slow self-renewal

proliferation, as indicated by relatively stable BrdU labeling. Two types of single A spermatogonia in humans display

similar characteristics: a “pale” type acting as reserve, and a “dark,” active type . In medaka Oryzias latipes,

Nakamura and collaborators , using a BrdU pulse-chase experiment, also revealed distinct rapid and slow-dividing

populations of oogonial stem cells.

With respect to whether spermatogonia display a preferential distribution within the fish testes, studies of zebrafish 

and Astyanax altiparane  have shown that both A * and A  spermatogonia are located near the interstitial

compartment, in contact with androgen-producing Leydig cells and blood vessels (Figure 4A–C). These observations

suggest that the androgens; growth factors; and vascular supplies of oxygen, nutrients, and hormones may play essential

roles in SSC maintenance and self-renewal vs. differentiation in the fish testis niche .

Functional assays have been reported that consist of transplanting SSCs from a donor into a recipient testis in which

endogenous spermatogenesis has been blocked . Depending on self-renewal and differentiation capacities,

transplanted spermatogonia are able to colonize the recipient testis and differentiate into functional gametes . Studies

[35]

[36]

[1]

und
[13][1]

und* und
[1][18][37]

und*

[1][37]

[1]
und

[1][37]

und

und*

und* und

und* und diff

[18] [18]

und und*
[18]

und

und*

[38][39]

[40]

[18]

[41]
und und

[1][12]

[42]

[42]



have demonstrated donor-derived spermatogenesis following type A  spermatogonia transplantation into recipient

testes in several species of fish . Type A undifferentiated spermatogonia have also been shown to exhibit

sexual plasticity and the ability to de-differentiate and differentiate into oocytes when transplanted into zebrafish ovaries

. In addition, A  spermatogonia transplanted into sexually undifferentiated larvae were able to differentiate into

functional spermatozoa or eggs, depending on the genetic sex of the recipient . Taken together, these findings

provide evidence that SSCs represent a subset of type A  spermatogonia.

Although available information on fish SSCs has expanded in recent decades, markers for SSCs have been identified in

only a few species , presenting limitations to detecting and isolating SSCs. Similar to the situation in mammals, in the

past decade, spermatogonium transplant was the only means of assessing the “stemness” of putative SSCs in fish 

.

There is evidence that promyelocytic leukemia zinc finger protein (PLZF), a transcription repressor essential for the

maintenance of mammalian SSCs , can be a marker of SSCs in fish, as demonstrated in the rohu Labeo rohita ,

zebrafish , dogfish Scyliorhinus canicula , rainbow trout Oncorhynchus mykiss , and several species of catfish

. In the neotropical catfish Rhamdia quelen, in situ hybridization showed that plzf is strongly expressed in type

A  spermatogonia, but was also detected in type A  spermatogonia, although at less intensity .

Glial cell-derived neurotrophic factor (GDNF) is a Sertoli cell growth factor involved in mammalian SSC maintenance .

The GDNF-binding receptor GDNF family receptor alpha1 (GFRα1) attaches to the membrane of SSCs, and is considered

a SSC marker in several mammalian species . Recently, GFRα1 has been detected in type A  of Nile

tilapia Oreochromis niloticus , rainbow trout , dogfish , and common carp (Figure 5A). In rainbow trout, gdnf is
expressed in germ cells from spermatogonia to spermatocytes but not in Sertoli cells, indicating that it is not secreted as

an autocrine SSC niche factor in rainbow trout testes, unlike in mammals .

Figure 5. (A) Immunoreactivity of GFRα1 was found preferentially in type A undifferentiated spermatogonia (arrowheads)

of common carp. In contrast, GFRα1 immunoreactivity decreased in differentiated spermatogonia (arrows). The inset

shows GFRα1-positive undifferentiated spermatogonia (arrowheads). (B) POU2 was detected in common carp type A

undifferentiated spermatogonia (arrowheads), whereas its immunoreactivity decreased in differentiated spermatogonia

(arrows). Inset shows POU2-positive undifferentiated spermatogonia. Spc = spermatocyte. Scale bar: 25 µm.

Transcription factors NANOG and Pou5f3 (POU family/Oct4) are expressed in SSCs of mammals, and in some fish,

including medaka, zebrafish, Nile tilapia, and rainbow trout . Both NANOG and Pou5f3 play important roles

in the maintenance and self-renewal of undifferentiated and pluripotent cells . In medaka gametes, nanog is

expressed only in spermatogonia, being absent in somatic cells of ovary and testis . In common carp, POU2 was

detected in A  spermatogonia, decreasing in expression as spermatogonia differentiated (Nobrega et al.—unpublished

observations) (Figure 5B).

Recently, an approach to establishing markers for SSC in fish has been developed . The method consisted of

generating monoclonal antibodies (mAb) to cell-surface molecules of rainbow trout type A  spermatogonia by

inoculating enriched live A  spermatogonia into mice and screening with a combination of cell enzyme-linked

immunosorbent assay, live-cell staining, and flow cytometry (FCM) . Among the obtained antibodies, two (numbers 80

and 95) were capable of specifically labelling A  spermatogonia of rainbow trout and zebrafish , while other

antibodies (numbers 172 and 189) showed strong signals for type A spermatogonia and the oogonia of several species of

salmonid . By using these antibodies with fluorescence-activated cell sorting (FACS)  or magnetic-activated cell

sorting (MACS) , it was possible to enrich A  spermatogonia and increase transplant success rate in selected

teleosts. This method presents the potential to identify molecular markers of SSCs in fish, and the potential to isolate and

enrich SSCs for downstream studies, such as single-cell RNA-seq or in vitro experiments. Table 1 presents the major

SSC markers currently reported in fish.
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Table 1. Spermatogonial stem cell markers in fish.

Marker Specification Species Reference

SGSA-1 Spermatogonia specific-
antigen-1 Japanese eel

Notch1 Notch homolog protein 1 Rainbow trout

Pou5/2 (Oct-4) POU domain, class 5/2 Medaka
Common carp Nobrega et al. unpublished

observations

Ly75 (CD205) Lymphocyte antigen 75 Rainbow trout
Pacific bluefin tuna

PLZF Promyelocytic leukemia zinc
finger

Zebrafish
Carpa rohu

Dogfish
Rainbow trout

Catfish (several
species)

GFRα1 GDNF-family receptor α1

Nile tilapia
Dogfish

Rainbow trout
Common carp Nobrega et al. unpublished

observations

NANOG NANOG homeobox Medaka
Nile tilapia

NANOS2 NANOS homolog 2
Medaka

Nile tilapia
Rainbow trout

NANOS3 NANOS homolog 3 Rainbow trout

Antibodies numbers 80
and 95 Not identified

Rainbow trout
Also applied in

Zebrafish
Salmonids

 

3. Endocrine and Paracrine Regulation

In vertebrates, pituitary gonadotropin follicle stimulating hormone (FSH) and luteinizing hormone (LH) control testicular

development, and function by regulating the activity of local signaling systems involving sex steroids and growth factors

, small RNAs , and epigenetic switches .

In rodents, FSH can modulate the production of Sertoli cell growth factors that are relevant for SSC self-renewal or

differentiation . Among the growth factors, the GDNF secreted by Sertoli cells plays an important role in SSC self-

renewal , while activin A and bone morphogenetic protein 4 (BMP4), also produced by Sertoli cells, promote

differentiation . Growth factors produced by Leydig and peritubular myoid cells can also modulate SSC self-renewal or

differentiation . For example, colony-stimulating factor 1 secreted by Leydig and some peritubular myoid cells 

stimulates SSC self-renewal.

The gonadotropic hormones FSH and LH are important for testis development and spermatogenesis in fish . Despite

their similar roles in vertebrates, evolution has taken a different path for the gonadotropic hormones and their biological

activities in teleost fish when compared to the other vertebrates. Leydig cells express not only the receptor for LH,

typically seen in all vertebrates, but also the receptor for FSH . Therefore, FSH can regulate Leydig cell

functions, including stimulation of androgen  and production of growth factors acting on spermatogonial self-

renewal and differentiation, such as Wnt5a  and insulin-like peptide 3 (Insl3) , respectively (Figure 6). Studies have

reported elevated levels of circulating androgens and FSH coinciding with active spermatogonial proliferation in male

Chinook salmon Oncorhynchus tshawytscha, and FSH stimulates spermatogonium proliferation in juvenile Japanese

eel Anguilla japonica  as well as androgen production in several fish species . Research in immature

Japanese eels has shown FSH-induced spermatogenesis to be blocked by trilostane, a steroid hormone synthesis

inhibitor, suggesting that FSH effects were mediated by androgens . On the other hand, studies in zebrafish have

demonstrated the impact of FSH on germ cell development independent of androgens . This is supported by evidence

that hundreds of testicular transcripts respond to FSH but not to sex steroids in the testes of zebrafish  and rainbow
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trout . Most of these genes belong to cellular pathways known to regulate cell proliferation and differentiation, such as

insulin-like growth factor (Igf3), Insl3, transforming-growth factor members (Tgf-β), Wnt, Notch, and Hedgehog signaling

. Since Sertoli cells express FSH receptor , it is likely that Sertoli cells act as a paracrine relay station for FSH

signal in the testes .

Figure 6. Schematic representation to summarize the regulation of zebrafish spermatogonial phase. Fsh exerts a central

role in the zebrafish’s spermatogonial phase by triggering and balancing steroid and growth factor production in testicular

somatic cells (Leydig and Sertoli cells). In Leydig cells, Fsh stimulates the production of androgens and Insl3, which are

both involved in the spermatogonial differentiation and proliferation. Moreover, Fsh promotes spermatogonial self-renewal

by increasing Wnt5a release by Leydig cells. In Sertoli cells, Fsh increases Igf3, which in turn promotes differentiation and

proliferation by activating β-catenin signaling in the germ cells. Fsh also down-regulates Amh, a member of the TGF-β

(transforming growth factor-beta) superfamily produced by Sertoli cells. Amh, through PGE2 or inhibin, exerts an inhibitory

role on spermatogonial self-renewal and germ cell differentiation in the zebrafish testes. To sustain its inhibitory role, Amh

also decreases androgen and Igf3 production in Leydig and Sertoli cell, respectively.

Most of the accumulated knowledge regarding the role of growth factors in spermatogonial self-renewal vs. differentiation

was derived from zebrafish studies (Figure 6) . The Tgf-β Amh, expressed in Sertoli cells , has

been shown to exert a role in adult teleost gonad development in both males and females, particularly at germ cell early

stages . In zebrafish and Japanese eels, Amh is characterized as a “spermatogenesis-preventing substance” .

Studies of zebrafish have demonstrated that Amh counteracts gonadotropin-induced effects on Leydig cell

steroidogenesis , inhibits Sertoli cell pro-differentiation Igf3, and stimulates inhibitory factors such as inhibin-α and

prostaglandin E2 (Figure 6) . These data clearly demonstrate that Amh inhibits spermatogonium differentiation through

modulation of growth factor production and suppression of Leydig cell function , maintaining spermatogonia in an

undifferentiated state (Figure 6).

The other well-known studied growth factor, Igf3, has been shown to be expressed exclusively in the gonad tissue in

several teleost species . In the testes, Igf3 has been detected in Sertoli cells , as well as in undifferentiated and

differentiated spermatogonia, spermatocytes, and spermatids of tilapia . There is evidence that FSH stimulates Igf3,

which, in turn, promotes spermatogonial proliferation and differentiation in zebrafish testes (Figure 6) . A recent study

has shown that FSH-stimulated Igf3 release activates β-cateninc signaling in type A spermatogonia to stimulate their

differentiation (Figure 6) .

Accumulated evidence in zebrafish demonstrates that FSH stimulates spermatogonial differentiation by down-regulating

Amh and activating β-catenin signaling via Igf3. In addition, FSH promotes spermatogonial self-renewal through Wnt5a

and the non-canonical Wnt pathways . This balanced regulation could counteract depletion of A  spermatogonia

while promoting spermatogonial differentiation (Figure 6).
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