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Spermatogenesis and spermatology
of some teleost fish species (")

R. BILLARD (?)

Station de Physiologie animale, |.N.R.A.,
78350 Jouy-en-Josas, France.

Summary. In teleost fish, the whole of the processes involved in the formation of
spermatozoa and their release and in fecundation are extremely diverse.

Two main types of testicular structure are distinguished : a tubular and a lobular. The
organization of the lobules and genital duct structure is very diverse in the latter type.

Spermatogenesis can be continuous, as in guppy, discontinuous with overlapping
cycles, as in carp, or show well separated cycles as in trout.

Spermiogenesis shows increasing degrees of complexity, leading to the formation of
extremely simple spermatozoa as in carp (spherical head, very little nuclear histone
transformation, very simple mid-piece with untransformed cytoplasmic and mitochondrial
remains) or much more complex spermatozoa as those of guppy (elongated head, histone-
protamine transformation, transformation of the centriolar complex in the deep nuclear
notch, very developed mid-piece with glycogen stores).

Spermatogenetic production is extremely variable (GS!: 0.1-10 % ; annual pro-
duction : 1.10° to 7.10° spermatozoa/g body weight).

Spermiation vyield varies according to species but also within the same species
(20-90 % in trout).

The endocrine model of spermatogenesis and spermiation is very different in carp and
trout. The main environmental factor influencing spermatogenesis is photoperiod in trout and
temperature in carp ; spermiation depends on temperature in trout and on social
environment as well as temperature in carp.

Sperm physiology (survival time /n vivo and in vitro, motility time, metabolism) is very
different in the several species studied. Two groups with a fundamentally different
physiology (internal or external fecundation), sperm biology and morphology (structure of
testis and spermatozoon) can be grossly distinguished. These groups are fish with lobular
testes (guppy) and those with tubular testes (teleosts).

Introduction.

The reproductive function in male teleosts is original in several ways.

1. There is a wide variation in the amount of spermatozoa produced. This is
indicated by the increase in testicular weight at the same time as body weight

('} This paper reviews the personal work of the author and co-workers ; their articles are noted in
parenthesis in the text and given in a list at the end.

(2} Present address : Museum national d'Histoire naturelle, Ichtyologie, 43, rue Cuvier 75231 Paris.
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{fish growth is a continuous or subcontinuous process) ; testicular weight is
usually expressed as a percentage of empty body weight or as gonadosomatic
index (GSI). In annually reproducing species this gonad growth reaches 5 to 10 %
in salmonids (Hiroi and Yamamoto, 1968, 1970) and cyprinids (Solewski, 1957 ;
Weil, 1981), 2 to 3 % in pike (Medford and Mackay, 1978) and 0.2 to 2 % in
various tilapia (Peters, 1971). Spermatogenetic production has been studied in
detail in only a small number of cases (Turdakov, 1968), but since spermatozoa
constitute the majority of cells in the mature testis, testicular weight is thought to
be a good criterion of the quantity of spermatozoa produced. It is therefore
evident that spermatogenetic activity varies greatly from one species to another.
The reasons for these differences are not clear and they have been little discussed
by authors, even in recent reviews on spermatogenesis (Nagahama, 1983). Other
than aspects of quantitative production, it is necessary to consider sperm quality
and the true amounts of spermatozoa available for fertilization.

2. The periods during which spermatogenesis occurs differ widely as well
as the time at which the gametes are released (review by Billard and Breton,
1978). It is supposed that spermatogenesis is continuous in male guppies in the
laboratory because females seem to be gravid all year long {Rosenthal, 1952 ; Billard,
1966). In nature, spermatogenesis is seasonal in temperate zone species ; Atlantic
salmon {Jones and Orton, 1940), brook trout {(Henderson, 1962) and pike (Lofts
and Marshall, 1957) show spermatogenesis in summer and the sea-bream in
spring (Papadopol, 1962). In some cases, spermatogenesis may begin in autumn
and finish in spring as in the stickleback (Craig-Bennett, 1931) ; it appears to also
be seasonal in some subtropical and tropical species (Barbus liberiensis ;. Payne,
1975 ; tilapia : Hyder, 1970 ; see review by Lam, 1983). Sperm release or
spermiation also takes place at very different seasons (autumn and winter in
salmonids and spring or summer in cyprinids) ; it coincides with the rainy season
in the tropics. In temperate zone species, it is interesting that spermiation and
spawning occur at such different seasons although conditions favoring maximal
juvenile survival, such as availability of food that is sufficient in quality (prey size
corresponding to larval mouth size) as well as quantity, only occur in spring or
summer.

3. The modes of reproduction are very diverse. This question has been
reviewed in detail by Breder and Rosen (1966). Some species are viviparous and
have internal fecundation, while other more numerous species present external
fecundation in very diverse media (fresh water, salt water, briny water) where the
gametes are subjected to considerable osmotic shock. Laying and incubation
substrates (grass, algae, gravel) also vary. The male sometimes incubates the
edgs. Reproductive behavior is very diversified ; some species spawn in couples,
while others spawn in groups. This variety of reproductive modes is often
associated with important body changes (permanent or temporary) or with
endocrine adaptation directly related with the reproductive function. The hippo-

Abbreviations : GA : type A spermatogonia ; GB : type B spermatogonia ; GSI : gonadosomatic
index ; PGC : primary germ cell.
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campus male, which incubates the eggs, presents changes in tegument due to
specific endocrine determinism (Boisseau, 1967). These general observations,
usually based on field work, seldom contain any detailed analysis of the dynamics
of spermatogenesis or spermiation or of the quantity and biology of the
spermatozoa involved in reproduction.

The present work uses several freshwater species of the temperate zone,
such as salmonids and cyprinids, as examples and describes and quantifies the
formation, release, morphology and viability of their spermatozoa. These species
will be compared with the guppy, a tropical species which reproduces continually.
Spermatogenesis, its endocrine regulation and sperm biology will be analysed
using some examples to illustrate widely diverse modes of reproduction. We shall
also define the positive and negative environmental factors that determine the
times of the year at which spermatogenesis and spermiation occur in the species
studied. The literature on spermatogenesis in teleost fish will not be exhaustively
reviewed here ; readers are referred to several recent reviews on this subject
which summarize the state of the art (Grier et a/.,, 1980 ; Grier, 1981 ; Bruslé,
1982 ;: Nagahama, 1983 ; Fostier et al, 1983 ; Stoss, 1983 ; Van Thienoven,
1983).

The aim is to better understand the regulatory mechanisms initiating seasonal
reproduction and the emergence of juveniles at the same time that qualitatively
and quantitatively suitable food supplies become available in the environment.

1. The morphological and dynamic aspects of spermatogenesis
1.1. Testis morphology.

The morphology of the testis has been studied macroscopically (1) and
microscopically (2). The testis is usually paired but the two lobes may be partially
fused, as in perch, or totally fused, as in guppy. Two types of testicular structure
are distinguished.

1.1.1. Tubular type (guppy) (1). — At the center of the testis is a large cavity
(fig. 1) where the spermatozoa are stored ; they are grouped into bundles called

Tubule

Testicular
canal

FIG. 1. — Structure of the testis of the guppy {Poecilia reticulata).
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spermatozeugmas. Tubules radiate from this cavity towards the periphery
(fig. 2) ; the blind end (apex) of these tubules is apposed against the testicular
capsule. Isolated germ cells (3), the stem spermatogonia, are found concentrated
at the apex. Immediately below the germ cells, the B spermatogonia organize into
cysts which progress towards the center of the testis during spermatogenesis
(fig. 2) (4).

1.1.2. Lobular type. — In this type, connective tissue extends from the
testicular capsule to form irregular « tubes » lined with a Sertoli cell epithelium
including germ cells (fig. 3). The blind end is apposed against the testicular
capsule ; the tubes converge ventrally towards a sperm collection system. Lobular
structure is thus different from tubular structure ; type A spermatogonia (GA's)
are found all along the lobule, while in the tubule they are localized in the apex.
During spermatogenesis, the cysts move only slightly towards the center of the
lobule ; the spermatozoa are released into the lobule lumen from which they
reach the efferent and deferent systems (fig. 2) (4, b). The complexity of lobular
testis structure varies with the species since the extensions of connective tissue
may overlap more or less.

1.1.3. Interstitial cells and the interlobular space. — The lamina of
connective tissue from the capsule is composed of fibroblasts bordered on the
lobule side by a basal lamina against which Sertoli cells are apposed. The

Tubule type Lobule type

© GA

Cyst

s
Displacement:

= Cyst
ed  «=#5p70a

% /. ¢
o
o Y ey

FIG. 2. — Schematic illustration of the two types of teleost testicular structure tubular and lobular.
Tubular type (guppy) : Top left . A spermatozoa {(GA's) are found only in the apex of the tubule
and cysts are migrating towards the efferent duct {ed). Bottom left : cross-section of a spermatid
cyst.

Lobular type (trout) : Top right : GA’s and cysts are seen throughout the length of the lobule ;
spermatozoa are released into a central lumen. Bottom right : cross-section of a lobule. Left :
sexual rest. Right : spermatogenetic activity.

ic : interstitial cell ; bm : basal membrane ; sc : Sertoli cell.
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fibroblasts form a quasi-continuous layer around the tubules and a discontinuous
one around the lobules {fig. 2). Using morphological criteria, interstitial cells can be
distinguished between the fibroblast layers. They are found in all studied species
such as guppy, trout, pike, goldfish, roach, carp and tilapia (6).

1.1.4. Genital tract. — The male genital tract is very simplified in guppy ; a
single duct, equivalent to a vas deferens, connects the central lumen of the testis
with a genital papilla (1) (fig. 4).

At the place where the open ends of the lobules converge in other teleosts
with lobular testes, there is an epithelial area which has no germ cells and delimits
a space where the spermatozoa accumulate. This area, found all along the testis,
is connected at its posterior part to a duct that joins it to the genital papilla. The
two original ducts in both testes fuse at the genital papilla. The whole of this
collection system, intratesticular and extratesticular, acts as a spermiduct. The
structure of the epithelium lining the extratesticular part varies according to the
species and the sex cycle stage. In trout, the epithelium is secretory and may
phagocytose the spermatozoa (7) and the spermiduct is long (as long as the testis
itself) and distends to become a true sperm storage organ, attaining a space of
10 % of the body weight. On the contrary, in carp the length of the free

"Spans " of
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FIG. 3. — Schematic illustration of trout testicular structure (lobular type).
The lobules are delimited by connective extensions from the testicular capsule.
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FIG. 4. — Schematic illustration of the adult Poecilia reticulata genital tract.
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spermiduct is very reduced and in no case is it a large storage organ. No
accessory gland, except for a small diverticulum at the base of the spermiduct in
pike, can be microscopically identified in the species studied ; the function of this
diverticulum is unknown. The spermiduct in trout contracts spontaneously, the
amplitude of the contractions decreasing with the temperature (4). These
contractions do not occur in the testis itself.

1.2. Morphology of Sertoli cells and germ cells.

1.2.1. Sertoli cells. — In the guppy (8) as in other teleosts with lobular testes
(5), germ cells other than spermatozoa, whether isolated or in groups, are
surrounded by Sertoli cells ; the germ cells are never in contact with the basal
lamina. Several roles, based on morphological criteria, have been attributed to the
Sertoli cells : (i) the support and structuration of lobules, tubules and cysts ;
{ii) the spermatozeugma morphogenesis in guppy ; (iii) the transfer and eventual
conversion of metabolites or hormones towards germ cells or the central cavity ;
(iv) the phagocytosis of germ cells and residual spermatozoa. The Sertoli cells
seem to be permanent in lobular testes but degenerate in the guppy, and we have
no clear understanding of their renewal or origin ; (v) the isolation of the cyst
compartment beyond the spermatocyte stage due to the appearance of tight
junctions which prevent peroxidase penetration (Marcaillou and Sz6llési, 1980).

1.2.2. Primordial germ cells (PGC) and spermatogonia.

Tubular testis. — Several large GA's found in the guppy apex have nuclei
measuring between 8 and 10 um in histological preparations. These nuclei have
only one rather large, more or less central nucleolus and several chromatin
filaments that radiate towards the periphery (1). These cells are interpreted as
type A {(GA) spermatogonia. Ultrastructural analysis (3) shows that each one is
almost entirely surrounded by a layer of Sertoli cytoplasm. They have few
structured organelles, only a few mitochondria and little reticulum (3). The
presence of PGC in adult guppy was not cleared.

Lobular testis. — Some germ cells in trout similar to those in guppy are
inserted in the Sertoli layer all along the lobules. They are more numerous in the
lobular than in the tubular apex. The morphology seen in photonic microscopy of
the nucleus {10 um) of embryonic gonad cells in newly-hatched alevins is similar
and the cells are considered to be primordial germ cells (PGC). Their total number
is about 50 (9). They show mitotic activity and yield two types of gonocytes
which are morphologically different in photonic microscopy (9) and least one of
which (G2) may occur in adult males.

Spermatogonia grouped in cysts appear to be irreversibly engaged in
spermatogenesis and are interpreted as type B spermatogonia (GB). By
estimating the number of cells in various types of cysts, it has been determined
that there are 14 spermatogonial generations in guppy. During these generations,
cell diameter decreases from 7 to 3 um {measured on histological sections) and
the chromatin becomes more dense (1) as the organelles diversify (3) (8).

The cysts of species with lobular testes cannot be dissected and they are
therefore difficult to identify in seriated sections ; this makes it impossible to
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routinely count the cells they contain and thus the number of spermatogonial
generations.

There appears to be fewer spermatocytes per cyst in trout than in guppy,
suggesting a reduced number of spermatogonial generations.

1.2.3. Spermatocytes. — Guppy spermatocytes have been thoroughly
analysed (1-3). Leptotene spermatocytes are distinguished from final spermato-
gonia by their larger nuclei {4 ym). The cysts increase in size. Changes in the
various leptotene-zygotene and pachytene phases occur synchronously in each
cyst and all the cells of a cyst seem to be linked by cytoplasmic junctions. There
are few spermatocyte |l cysts, indicating that this phase is short. Spermatocyte
morphology is similar in species with lobular testes.

1.2.4. Spermatids. — Spermatid morphology, spermiogenetic profile and
final sperm structure show diverse degrees of complexity depending on the
species {(fig. 5). The most complex type, occurring in guppy (10}, shows an
extremely developed mid-piece formed during spermiogenesis at the same time
that the nuclear head elongates along with the microtubular structures. During
elongation, dense chromatin elements appear in the nuclear periphery which
correspond with the appearance of protamine in the nuclear proteins (11).
Glycogen particles are visible in the mid-piece (12).

In trout, the nucleus elongates slightly as the chromatin becomes more dense
{13). The centriolar complex changes little (14) and the mid-piece is reduced to a
ring-shaped mitochondrion {13-15). A septum appears in the A microtubule of
some doublets (16). The spermatozoon head shows symmetric revolution.
Spermiogenesis in carp and pike is very brief ; the sperm head generally remains
spherical with the flagellum inserted on one side of the sphere by an unmodified
centriolar complex. The mid-piece is reduced (14). An original type of
spermiogenesis has been described in the eel (17) where the nucleus elongates
greatly and a mitochondrion is found in the anterior part of the sperm head.

In conclusion, fish spermatozoa, even when very complicated as in guppy,
are primitive compared with those of higher vertebrates ; the chromatin is less
transformed and condensed and the mid-piece is very reduced.

1.3. Dynamics of spermatogenesis.

1.3.1. Spermatogenetic cycle. — An examination of the guppy testes shows
that there is continuous spermatogenetic activity throughout the year ; spermato-
zeugmas can be collected all year long (Billard, 1966) without modifying the
reserves, showing that production is permanent. This is not true in species with
lobular testes where spermatogenesis is not continuous. Two main types of
spermatogenetic cycles have been distinguished.

— In trout there are two successive, distinct cycles. All the spermatozoa of one
cycle are eliminated before the next cycle begins ; only the GA’s are permanent
(fig. 6-7) (24, 25). The situation is similar in roach (fig. 7} (26), tench (27) and pike
{28-32).

— In carp the two successive cycles are not as distinct. GB’s and spermatozoa
are always present in the lobules as well as GA’s. Spermatozoa and spermatids,
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FIG. 6. — Schematic illustration of the spermatogenetic cycle in a rainbow trout lobule.
1. Inactive spermatogenesis ; 2. primary spermatogonium multiplication ; 3. active spermato-
genesis ; lobular size increases considerably ; 4. active spermatogenesis ; release of early
spermatozoa ; 5. spermiation ; 6. spermatozoa are eliminated by release or resorption.
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FIG. 7. — Evolution of various cell types (number of cysts per orthogonal section of lobule)

during the annual reproductive cycle in roach, carp and trout.
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found in summer, correspond to the main spermatogenetic activity which is
accompanied by a rise in the GSI {fig. 7) (25).

The histological images of these two types of spermatogenesis are very
different. Well-defined phases succeed each other in trout : spermatogenesis and
the presence of cysts, GA’'s + spermatozoa, GA's alone. In carp, cysts and
spermatozoa occur permanently (22).

The period when active spermatogenesis occurs varies with the species. In
carp and trout it takes place in summer and in tench in spring ; in roach it begins
in autumn and finishes in spring. The different types of spermatogenetic cycle can
thus be identified by the season at which they occur (fig. 8) (29). Spermato-
genesis lasts 36 days at 25 °C (1) in guppy and the leptotene-spermiation interval
14 days (18). In roach, the latter interval lasts 30 days at 10 °C (Gillet and Billard,
unpublished).

1.3.2. Spermatogenetic production. — The guppy produces an average of
36 spermatozeugmas per day (19) or 750 000 spermatozoa daily, counting the
number of spermatozoa per spermatozeugma (1). The values obtained for several
species with lobular testes are given in table 1.

1.3.3. Spermiation. — The term « spermiation » in guppy means the same
as in mammals, 7.e. the detachment of spermatozoa from the Sertoli cells. {n
lobular testes, this term has no morphological basis since the spermatids are not
inserted in the Sertoli cell layer. The term « spermiation » could correspond to the
opening of the cysts and the release of spermatozoa into the lobule lumen, but it
is the usage to refer to the release of spermatozoa by the testis and their arrival in
the spermiduct. The expulsion of spermatozoa from the spermiducts (sperm
release) by abdominal massage shows that the process exists ; its intensity is
estimated by measuring sperm volume after massage, the sperm being collected
in a test-tube placed under the abdominal pore. In this way, most of the sperm in
the spermiducts can be collected. The volume of milt and sperm concentration,
estimated by spermatocrit (32) and optic density (33), are measured during the
reproductive period in trout (30, 31) and pike (32).

In both species, the total number of spermatozoa collected is much lower
than spermatogenetic production (table 1). No systematic study has been done in
carp, but regular measurements at given times have shown that sperm volume is
low when there is no hormonal stimulation {see below). In species such as trout

J J A S O ND J F M a M J U
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Gonad GB Meiosis Spermiogenesis  Spermigtion
inactivity

FIG. 8. — Position of various spermatogenetic events during the cycle in trout, roach and tench.
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and pike with distinct spermatogenetic cycles, the residual spermatozoa are
resorbed in the testis itself where they are phagocytosed by Sertoli cells (5) and
by some macrophages identified in the lobular lumen (4, 21). Moreover, some
spermatozoa are lysed in the lobular lumen (13). Lysis and resorption by
phagocytosis also occur in the spermiduct (7).

1.4. Conclusion.

Spermatogenesis seems to be continuous in a species like guppy which has
an original testicular structure consisting of tubules in which cysts move. This
process is seasonal in such species as trout, carp and tench but occurs at
different seasons ; three groups can be distinguished which include a number of
temperate zone species (41) (fig. 8) : group 1 (trout, carp, pike): spermato-
genesis occurs in summer ; group 2 (roach) : spermatogenesis begins in autumn
but is interrupted in winter due to low temperatures and then recommences and
terminates in spring ; group 3 (tench) : the testes are quiescent in autumn and
winter and spermatogenesis occurs entierely in spring.

While there is little difference in spermatogenetic production among the
species {between 68 000 and 150 000 spermatozoa per day and per g of testis, or
between 1.7 and 7.5 106 spermatozoa per day and per g of body weight), the
spermiation yield is much more variable (between 3 and nearly 100 % of the
spermatogenetic production). Although testicular weight alone is a good criterion
of spermatogenetic production, it cannot be used to determine the efficiency of
the male reproductive function, particularly the number of spermatozoa released
during reproduction.

Spermatogenesis is a very diversified process in teleost fish, as seen above.
This diversity is evident in the structures of the testis and genital tract, the
dynamics of spermatogenesis — which may be continuous, quasicontinuous or
very seasonal — spermatogenetic effectiveness (up to 14 spermatogonial
generations), spermatogenetic production and spermiation vield.

This diversity also occurs in the morphology of the spermatids and the
spermatozoa may reflect an adaptation to the various biotopes the fish have
colonized.

We shall see how the different components of these diverse environments
influence and determine the various phases of the reproductive function.

2. Some aspects of the endocrine regulation
of spermatogenesis and spermiation

2.1. Material and methods.

Radioimmunoassay (34) and biological assay (35) of gonadotropins have
been developed for endocrine studies by Breton and Jalabert, radioimmunoassay
of androgens by Fostier (36) and the immunocytochemical analysis of pituitary
cells by Dubois (37). The techniques of hypophysectomy (38), castration (39) and
stereotaxy (40) have also been used. Hypophysectomy was widely practiced on
guppy and goldfish but not in trout due to technical problems. Castration is
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difficult in cyprinids and has only been done in trout. Gonadotropins
(glycoproteins) used for standard RIA and hormone supplements were provided
as follows : Burzawa-Gérard (1973) : carp gonadotropin (cGTH) ; Breton et al.,
{1976) : trout and salmon gonadotropins {tGTH and sGTH).

2.2. Profiles of trout and carp gonadotropins and androgens during the annual
cycle.

The study was based on regular samplings of plasma and pituitary at given
times once or twice a month in rainbow and brown trout and in carp (25). In
brown trout the levels of pituitary and plasma GTH rose markedly in April-May
while testis weight was minimal ; GB first appeared at this time. During the rest
of the cycle, pituitary GTH varied little but tended to increase during spermiation.
Plasma GTH increased during spermatogenesis, reaching a maximum before
spermiation began. Similar profiles were found in rainbow trout (25) where plasma
GTH tended to decrease just before the first spermatozoa appeared in the
spermiducts. Other experiments have confirmed this trend and showed that total
androgen, and in particular 11-ketotestosterone (11-KT), reached the highest peak
at spermiation. The disappearance of 11-KT from the piasma at the end of the cycle
coincided with the arrest of spermiation {41).

2.3. Endocrine control of spermatogenesis and spermiation,

2.3.1. Spermatogenesis. — Hypophysectomy has shown that the depen-
dence of various spermatogenetic stages varies with the species.

— In guppy the last spermatogonial generations degenerate rapidly when the
pituitary has been removed. On the contrary, primary generations of GB (G;-G,)
disappear more slowly after hypophysectomy. Spermatocytes | do not develop
into spermatocytes Il and spermatids do not elongate. However, the GA’s subsist
in the apex and the first stages of meiosis do not seem to be pituitary-dependent
(42) ; methallibure treatment does not inhibit spermatogenesis as much (43).
Supplements of the crude pituitary extracts of gambusia, a species of the same
group, maintain or at least qualitatively regenerate spermatogenesis in hypo-
physectomized guppies (44), and limited, partial regeneration is obtained with
carp pituitary extracts and steroids (4-44).

— In goldfish, hypophysectomy carried out in full spermatogenesis causes a
considerable decrease in testicular weight (4) and the total disappearance of all
germ cells, except GA’s and spermatozoa, within four weeks (45). A milder
inhibitory treatment using methallibure showed that higher levels of gonadotropic
hormones were needed to maintain spermatocytes and spermatids than to
maintain GB’s (46). Spermiogenesis did not require the presence of GTH (45).
Some experiments on maintenance or restoration after hypophysectomy or
methallibure treatment have shown that spermatogenesis is completely restored
{45) by carp total pituitary extracts (47-48) and by a highly purified gonadotropic
factor (49). In goldfish, preparations of cyprinid crude pituitary gonadotropins
seem to be more active than those of salmonids, suggesting specific zoologic
activity (44). Mammalian gonadotropic hormones have no effect on spermato-
genesis in goldfish ; the GSI has been only partially maintained with HCG, but
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this hormone has no effect on the germ cells themselves. Testosterone in the
form of propionate may maintain spermatogenesis after hypophysectomy but the
dose varies with the stage : 1 to 10 pg per injection are enough to maintain the
GB’s but 200 pg are needed for meiosis and spermiogenesis (45).

2.3.2. Spermiation. — Goldfish spermiation is completely inhibited by
hypophysectomy (50-51) and does not seem to occur when GTH levels decrease
to less than 10 ng/ml with methallibure treatment (46). Intact males in captivity
showing circulating levels of 8 ng release no sperm (52). Hormone supplements
given to intact or hypophysectomized males show that purified gonadotropic
hormones and crude pituitary preparations as well as HCG markedly stimulate
goldfish spermiation ; pituitary hormones other than GTH have little or no effect
{60). Among the sex steroids, only methyltestosterone and progesterone have a
clear effect (51). In carp, the injection of cGTH is followed by a temporary rise in
11-KT, suggesting that this steroid mediates the action of GTH. Attempts to
neutralize circulating GTH in trout by antibodies did not notably inhibit
spermiation (fig. 9). However, GTH supplementation caused an increase in the
volume of sperm released (4). Supplements of testosterone and 11-KT in the form
of silastic implants in the testes had no marked effects on spermiation (4) but the
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levels of the steroids released might not have been high enough. In pike, the
administration of pike or carp crude pituitary extract (53) or of progesterone (54)
stimulated spermiation while testosterone and HCG had no significant effects.

2.3.3. Conclusion. — The degree to which spermatogenesis depends on the
pituitary varies with the spermatogenetic stage. GA morphology or physiology is
not affected by hypophysectomy since the GA's are restored after the operation.
However, GB development, especially in the older generations, is pituitary-
dependent. The same is true of meiotic prophase.

Guppy spermiogenesis seems to require gonadotropin but goldfish spermio-
genesis does not. This points to species differences that correspond with
differences in the complexity of spermiogenesis, goldfish, as carp, producing only
round spermatids which show little transformation until sperm are formed.

The maintenance of spermatozoa in the lobules or the testicular duct of
guppy does not require the presence of GTH since spermatozoa subsist after
hypophysectomy ; their fertilizing ability has not been tested.

The specific zoological action of gonadotropins is clear in HCG which cannot
maintain or restore spermatogenesis in hypophysectomized goldfish. This
conclusion has not been confirmed in eel because HCG induces complete
spermatogenesis in the hypophysectomized animal (Khan, 1983). The existence of
zoological specificity within the same teleost group, suggested by this work, has
yet to be confirmed by using purified preparations of known biological activity
and a more complex approach, as for example, /n vitro studies.

Spermiation is initially gonadotropin-dependent but, contrary to carp, trout
does not need high amounts of -GTH to maintain this activity : It should be
pointed out that after injection of gonadotropin a rise of 11-KT and 17«-208-
dihydroxy-4-pregnen-3-one (17«-208P) (Scott and Baynes, 1982) is observed. As
injection of 11-KT was not followed by a stimulation of spermiation, it seems
likely that 17a-208P is more directly involved in this process. In fact, progesterone
was shown to have some effect on spermiation.

Differences between trout and carp as to the gonadotropic determinism of
spermiation suggest divergent regulations which will be examined in relation to
their physical and social environments.

2.4. Feedback of the male gonad on the hypothalamo-pituitary axis.

Before analysing the stimulatory, inhibitory or synchronizing effects of the
external environment on the male reproductive function, it is necessary to
understand how the central nervous system and the pituitary perceive information
from the testes or other organs, both adult and juvenile ; the prepuberty possibly
correspond to a period of sexual quiescence in seasonally reproducing species.

Bilateral castration causes a rise in circulating GTH in adult rainbow trout but
its amplitude and duration of response vary with the cycle stage (55-56).
Supplements of estradiol (E;) and testostercne (T) given to castrated or intact
males affect the levels of circulating GTH which also vary with the cycle stage. In
March during sexual rest, castration causes a rise in GTH which is not inhibited
by T implant ; when T is implanted in intact animals, GTH also increases (55). In
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June, when spermatogenetic activity intensifies, the GTH rise after castration is
inhibited by E; and T. In full spermiation in December, the strong reaction to
castration is only partially inhibited by implants of T and E, in the general cavity
and by 11-KT in the pituitary, but this reaction is not significantly modified by
testicular extracts, whether they contain steroids or not (65). On the contrary,
administration of a factor extracted from seminal fluid and treated with charcoal
partially inhibits the GTH rise which follows castration (56).

Hemicastration in May causes no changes in the levels of circulating tGTH
while bilateral castration results in an increase ; after hemicastration, the contra-
lateral testis shows compensatory hypertrophy and its weight is equal to the sum
of the two testes of the intact controls.

Testicular fragments invisible to the naked eye and resulting from incomplete
bilateral castration carried out on male trout in May, regenerated testes in
September that weighed the same as those of the sham-operated control fish.

Thus, the gonad seemed to act on the higher centers by modulating pituitary
gonadotropin secretion ; this modulation varied with the stage of the reproductive
cycle. Non-steroid factors, perhaps of an inhibin-type, appeared to be involved,
and we wished to test the putative role of androgens on both spermatogenesis
and the regulation of gonadotropin secretion by continuously administering anti-
androgens (cyproterone acetate and oxymetholone) in the feed of intact male
trout. Testicular growth was inhibited when the treatment began in May before
the active phase of spermatogenesis was initiated (57). Measurements of
circulating GTH showed that the concentrations tended to be substantially higher
in treated than in untreated fish. If the treatment began in June, after testicular
growth had started, it had no effects on either spermatogenesis or plasma GTH
concentrations (57). This experiment shows that the anti-androgens had a direct
effect on the gonad before spermatogenesis was established. The effects of the
gonad on the central level could thus vary during the annual cycle.

In trout juveniles several months old and weighing more than 10 g, the testis
reacted to a sGTH injection by producing testosterone and 11-KT. At the same
time, the pituitary level of GTH increased ; this did not occur in the castrated
controls (58). Intraperitoneal implantation of testosterone, E, and cortisol in
juveniles also caused a rise in pituitary GTH (59, 60). It can therefore be
concluded there was positive gonadal feedback on the pituitary. However,
juveniles castrated when immature showed a pituitary GTH level one year later
that was comparable to that of the sham-operated controls which were then
mature. The castrated animals also showed higher levels of circulating GTH than
the controls (61), suggesting that a negative feedback was established. Removing
the gonad thus does not inhibit the rise in pituitary GTH over a long period but it
is possible that non-sexual steroids, such as cortisol, might be involved since
cortisol couid increase the level of pituitary GTH if implanted in the pituitary (59).

The sites and modes of the action of steroids and other gonadal factors have
not been studied in detail. In the case of cortisol, the effects differ with the
administration site : intraperitoneal injection to juvenile trout has no effect on the
rise in pituitary GTH, contrary to an intrapituitary implant (59). Testosterone and
E, are effective in both cases (59). The action appears to be centered in the
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pituitary. In adult goldfish which show a negative estrogen feedback on central
levels (60), the site of action is mainly in the pituitary and less in the hypo-
thalamus (60). It may be that the steroid effect seen in the pituitary does occur in
neuroendocrine components such as the LRH fibers that are abundant in that
gland (62).

in conclusion, the type of testicular feedback on the hypothalamo-pituitary
axis in trout is not the same in adults in spermatogenesis and spermiation as in
those in sexual rest and in immature juveniles. However, in all cases the testis is
receptive to gonadotropic stimulation, indicating that the reasons for sexual
inactivity are to be found at high levels such as the pituitary and the central
nervous system ; these latter appear to be subject to endocrine control as well as
exogeneous factors.

2.5. Effect of some environmental factors on spermatogenesis and spermiation

The effect of the environment varies according to the species and the
development of the testis (spermatogenesis or spermiation}.

In tench, increasing the rearing temperature of 6 °C accelerates the process
of spermatogenesis (27) ; 700 degrees-days are needed to initiate spermatogonial
division and 1 000 degrees-days for spermiogenesis.

In goldfish, the temperature plays a major role in spermatogenesis ; after
3 months of rearing under long days (16L : 8D) and at 30 °C between February
and May, only GA's are found in the testes while GTH levels remain high in the
plasma and pituitary (63). Spermatogenesis occurs normally at temperatures
between 10 and 24 °C, but if rearing at 30 °C is continued beyond the month of
May, spermatogenesis is reinitiated 7 months later. The GSI is then higher in
males kept under 16L : 8D than under 8L : 16D (64). Photoperiod has little effect
on spermatogenesis in goldfish but in general long days are more favorable than
short ones (65). Among other factors influencing spermatogenesis and
spermiation are feeding and the concentration of dissolved O,. A fast of 3 months
causes the testes to regress at 12 as at 20 °C (65). Spermatogenesis, complete at
5 mg of Q,/liter, is inhibited when the concentration drops to between 1.5 and
3 mg (64).

Goldfish do not spermiate under a constant rearing temperature (10, 17,
24 °C) but in a natural environment, fluctuating temperatures favor spermiation
(62). The social environment is also important. In goldfish, GTH levels and
spermiation are stimulated after the males are put with females (66). The same is
true for carp.

In rainbow trout, spermatogenesis occurs within a wide temperature range
{8-18 °C) (67, 68), but needs a well-defined photoperiod as, for example, a regime
decreasing from 16L : 8D to 8L : 16D in 6 months (68, 69). During spermiation,
environmental requirements seem to be the opposite ; the photoperiod has no
effect while at rearing temperatures of 15-18 °C the volume of released sperm is
lower than at 10 °C (67). When the temperature is raised from 10 to 18 °C ; heat
shock causes a considerable rise in plasma GTH but spermiation is not intensified
(fig. 10) (67).
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2.6. Attempts to control spermatogenesis and spermiation.

When the above-mentioned decreasing photoperiod is advanced in rainbow
trout for example between January and June, spermatogenesis is advanced as
well as spermiation. Early spermatogenesis can be experimentally induced in
juvenile trout by repeated sGTH injections (70} or by intraperitoneal implant of
200pug of testosterone in cocoa-butter. When various sex steroids are
incorporated in the feed and given continuously for 150 days from the first feed
intake, sex reversal, hermaphrodites and sterile individuals result (71). When a
similar treatment is given to adults from the onset of spermatogenesis, that
process is inhibited and severe testicular necrosis results (72, 73).

Theoretically, there are several ways of controlling spermatogenesis : by
advancing or inhibiting it and by reversing the sex. Some, such as advancement
by modifying the photoperiod, have been used in practice ; others, such as sex
reversal, have opened interesting perspectives in the genetic control of sex.

As concerns spermiation, it is necessary to be able to stimulate sperm release
in species with low spermiation yield. This implies better management of brood
fish in hatcheries. Gonadotropic treatment, /.e. carp pituitary extract for pike (43)
or LHRH-A combined (74) or not (75) with pimozide for carp (which suppress the
dopaminergic inhibition of GTH secretion), increases the volume of sperm
available for insemination.

2.7. Conclusion.

Spermatogenesis and spermiation depend on such diverse environmental
factors as photoperiod, temperature, dissolved O, and the social milieu but their
effect differs with the species. In carp, spermatogenesis is initiated immediately
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after spawning, but no clear GTH variations are observed. The effect of photo-
period has not been studied much in carp, but it is generally conceded that
gametogenesis in species reproducing in spring or summer is stimulated by long
photoperiods {Lam, 1983). In trout a GTH peak in spring precedes the onset of
spermatogenesis. This GTH surge, which occurs at the same time in the pituitary
and plasma, could be due to such an environmental factor as exceeding the
critical daylength. Spermiation depends more on temperature than on photo-
period. Low temperatures favor trout spermiation while high and sometimes
fluctuating ones favor cyprinid spermiation. In the latter, social factors such as
the presence of females are also important.

3. Data concerning sperm physiology

3.1. Material and methods.

Sperm motility is evaluated microscopically by reference to an arbitrary scale
which associates motility intensity with the percentage of motile spermatozoa
(76). More objective techniques, such as inelastic light diffusion {77) and
stroboscopy, have also been used to analyse the beating frequency of the
flageilum.

Fertilizing ability is determined by inseminating lots of about 200 ova with a
given amount of sperm {sperm dilution : 10-2-10-4) in a diluent. The percentage
of eyed-eggs gives the approximate fecundation percentage.

3.2. Motility.

3.2.1. Duration of motility. — The spermatozoa of teleosts are immotile in the
genital tract and only become motile after dilution in the external medium or after
they are put into the female genital tract, as in viviparous species. The factors
inhibiting motility are K* in salmonids and osmotic pressure in cyprinids. The
duration and intensity of motility vary according to species, temperature and
diluent composition and may fluctuate during spermiation. Spermatozoa survive
only a short time in fresh water (about 1 min) and considerable structural
modification may occur, including even plasma membrane rupture (78). The
motility of the spermatozoa of some sea fish is also brief in salt water of 35 ¢/,
salinity but structural changes are not as marked. Generally, when isotonic
physiological solutions are used to dilute the sperm, sperm structure is not
modified (78) but motility time still varies greatly, lasting 1 to 2 h in guppy vs only
one or several minutes in other species. After the spermatozoon swims for
30 min, the amount of glycogen in the mid-piece is considerably depleted (79).

3.2.2. Motility and fertilizing ability in rainbow trout. — There is no clear
relationship between motility estimated under a microscope and fertilizing ability
(80). On the other hand, changes in the beating frequency of flagella after dilution
do correspond to changes in fertilizing ability (fig. 11). The frequency measured at
20 °C is 50 Hz at the onset of motility (fig. 11) (80) and it decreases linearly to
15 Hz in 30 sec : a second phase then begins in which only a part (50 % or less)
of the spermatozoa remains motile for 1 or more min with beating frequencies of
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percentage of trout spermatozoa after dilution (dilution rate : 1/1 000 at insemination).

about 10-15 Hz. These spermatozoa may fertilize ova but only when the dilution
rate is low. It is thus understandable that increasing the number of spermatozoa
may compensate for the decrease in motility. This has been clearly observed after
deep-freezing when thawed spermatozoa showing short, low motility can fertilize
the same proportion of ova as untreated spermatozoa, if the number used to
inseminate is 10-fold higher (81). This may be due to the fact that the
spermatozoon can penetrate the ovum at only one place, /.e. through the
micropyle ; the chances of fecundation depend on the distance the spermatozoon
must cover to reach the micropyle and possible on the form of its trajectory. The
lower the motility of the spermatozoon, the less distance it can cover ; this can be
compensated for by increasing the sperm concentration.

3.2.3. Effect of sperm age. — In species with discontinuous reproduction,
the spermatozoa all appear over a relatively short period of one month. However,
they are released over several months, that is they age as the reproductive period
advances. This aging process is particularly evident in sea-bass since motility time
and intensity decrease rapidly in one month (83) as well as sperm fitness for
storage and deep-freezing (84). cAMP stores, motility time and fitness for storage
and deep-freezing also decrease in trout at the end of spermiation.

Moreover, at the onset of spermiation, the fertilizing ability of the
spermatozoa is different at various genital tract levels ; this ability is higher in the
spermiducts than in the testes (82). This would support the hypothesis of extra-
testicular maturation ; it should be noted that the more concentrated intra-
testicular spermatozoa are not « protected » by the seminal fiuid (see below).

3.2.4. Effect of dilution medium composition. — Experiments on sperma-
tozoa washed in potassium-rich (50 mM) media to prevent the initiation of motility
have shown that elimination of the seminal fluid and washing causes a decrease
in fertilizing ability (85, 86). This process is amplified even more if the ova are also
washed (87). It is thus evident, at least in trout, that the seminal fluid besides
immobilizing the spermatozoa also protects them. The levels of minerals and
amino acids in the seminal fluid of trout (88, 89) and carp (90, 91) show wide
species differences and very original compositions ; the amino acid levels of the
seminal fluid are almost 400-fold higher in carp than in trout. It has been
experimentally proven that adding BSA to the saline solutions enhances trout
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sperm survival and allows an increase of the dilution rate, /.e. that each ovum can
be fertilized using fewer spermatozoa (86). In carp, in which sperm motility is
inhibited by the osmotic pressure of the seminal fluid, the osmotic contribution of
the mineral fraction alone is not enough because sperm motility can be initiated in
a saline solution that re-constitutes the mineral composition of the seminal fluid.
To obtain total inhibition the osmotic contribution of the peptide part must be
added.

The oxygen level of the medium is also important in sperm survival, at least
in salmonids. Although the respiration of both immotile and motile spermatozoa is
low, in vitro storage under O, prolongs the conservation time (92, 93). Further-
more, spermatozoa do not survive in the genital tract for more than several hours
after a male rainbow (94} or fario (95) trout is killed, while an aliquot of their
sperm can be stored several days /in vitro.

The pH of the external medium plays a determinant role in the motility of
trout spermatozoa. At pH 7 or less, the spermatozoa are immotile and at pH 9,
motility intensity is maximal (fig. 12). The internal pH of the spermatozoa varies in
parailel with the external pH and is about 1 pH unit less (Christen et al.,
unpublished data). When media are buffered at different pH's for insemination,
maximal fertility rate is between pH 8 and 9.5 {96, 97, 98).

3.2.5. Effect of temperature. — Temperature has a strong influence on
sperm motility and fertilizing ability in rainbow trout. The beating frequency of the
flagella is low at 5 °C ; it increases rapidly at about 10 °C and is maintained at
50 Hz up to 20-25 °C (80). When insemination is carried out within a temperature
range of 1 to 20 °C, the fertility rate is highest at 5 °C and at 10-% to 10-5
dilution {99). At 0-5 °C, the /n vitro storage time of the spermatozoa is prolonged
{(76). High intermale variability in sperm reponse to temperature is without doubt
related with differences in sperm quality (67, 80, 99),

3.2.6. Effects of micropollutants on spermatozoa. — The spermatozoa of
species with external fertilization, such as trout, are vulnerable to micropollutants
like PCB (100), lindane (101) and heavy metals (102} or other compounds like
fatty alcohols {103). The effect of these micropollutants is amplified when the
temperature rises (101). Pesticides like parathion inhibit spermatogenesis in guppy

804
50 A/\
A \ n A/ A
A A
N _ 40
S 254 k>
o o
R 3204
A
A
0 T T T T T T T T T
7 8 9 10 75 8 85 9 95
pH
FIG. 12. — Changes in flagellum beating frequency and fecundation percentage

of rainbow trout spermatozoa diluted in media buffered at different pH'’s.



398 R. BILLARD

(104). Most of these effects occur at low doses which do not kill the larvae or
adults. Fish spermatozoa and even spermatogenesis are thus sensitive to
anthropic changes in the environment.

3.3. Data on sperm metabolism.

The ATP stores of rainbow trout spermatozoa are quickly depleted after
motility begins. This internal ATP decreases from 2 to 0.3 mM in one min then
regenerates in the following minutes, although motility is not re-initiated and the
flagellar mechanism continues to function. Once motility is initiated and then
stops, sperm flagellar beating can be re-initiated after the sperm membrane has
been removed by a detergent and the sperm diluted in a reactivation medium
containing Mg+ *, ATP and cyclic AMP.

The addition of theophylline to the dilution medium may prolong motility and
fertilizing ability (105), but this type of motility is similar to the residual motility
observed after 30 sec with low flagellar beating frequencies (fig. 11).

3.4. Conclusions.

The gametes of freshwater species with external fecundation are released
into a particularly hostile medium. In a few minutes, the spermatozoon is
hydrated so that its plasma membrane may rupture. The egg, however, is
protected against hypo-osmotic shock by the cortical reaction related with ion-
proton exchange that renders the plasma membrane-chorion-perivitelline space
complex impermeable. This process alsc blocks the micropyle in several minutes,
making further fecundation impossible. As the gametes are released synchron-
ously, the spermatozoon needs only a brief time to fertilize the egg ; this would
explain why such spermatozoa have short motility time, no extensive energy
stores or elaborate metabolic mechanisms, and no device for resisting hypo-
tonicity.

On the other hand, guppy spermatozoa, which have no contact with the
external medium and are transmitted to the female in a spermatozeugma, show
longer motility coupled with stores and a more complex metabolism. They are
especially suited to internal fecundation.

4. Discussion.

Testicular structure has been discussed recently by Grier et a/. (1980) and
Grier (1981) who divide teleost testes into two groups, restricted and unrestricted,
based on the distribution of stem spermatogonia ; these groups correspond to
tubular and lobular-type testes, respectively. The restricted type has been
extended to include the whole atheriniform group. Brock (1978) identified two
types of lobular-type structure, acini in cyprinids and tubules in percoids, but
Roosen-Runge (1977) noted that these two forms represent two extremes of the
same type. In fact, syngnathids have an even simpler testicular structure in which
the gonad is reduced to a tube which has few connective extensions and is very
short (fig. 13). The tubular-lobular distinction probably corresponds to two
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filiations, one the tubule type (not found in higher vertebrates), and the other the
lobule type which announces amniote structure.

In mammals, connective tissue extensions originating from the testicular
capsule delimit lobules in which the germ tissue is no longer apposed to the walls
but to the inside of a neoformation called the seminiferous tubule. This complex
in the efferent system is also complicated by the appearance of a rete-testis (fig.
13). The term seminiferous tubule cannot then be used in fish.

The existence of interstitial cells (identified by morphological criteria) in the
interlobular or intertubular space and of a Sertoli-germinal compartment does,
however, relate the fish testis to the type of structure found in vertebrates.

Not being able to find interstitial cells in the interlobular space of some fish
species (for example, pike), Lofts and Marshall (1957) attributed steroidogenic
function to the somatic cells in the germinal compartment, calling them « lobule
boundary cells ». Since then, interstitial cells have been identified in all species
studied (Gresik, 1975 ; Nagahama et al., 1978 ; Grier et al., 1980 ; Van den Hurk
et al., 1982), including pike (6). At present, authors do tend not to use the
terminology of Lofts and Marshall but refer to the cells as Sertoli cells (5) (Gresik
et al., 1973 ; Gardiner, 1978a ; Grier, 1976, 1981 ; Nagahama, 1983). The use of
« cyst cell » proposed by Roosen-Runge (1977) and mentioned by Gresik et al.
{1973) and (4), has not been retained. The steroidogenic function of the interstitial
cells has been reviewed and discussed by Fostier et al. (1983).

The origin of Sertoli cells in teleosts has not been thoroughly described. In
species with lobular testes such as trout, the female gonad is easily identified by
the appearance of meiosis at about 6 to 10 weeks after hatching, while the male
gonads are those which remain undifferentiated beyond 10 weeks (Takashima et

Nerophis Salmo Mammals

Connective
tissue

Capsule
Germinal ‘

tissue

Rete Seminiferous
tubule

Epididymis j’\i\‘f‘;i‘s
)

=

ﬂ'ﬁ

Lobule

Deferent duct

FIG. 13. — Testicular structure in syngnathids (Nerophis) (from Guyomarc'h, 1970) and Salmonids.
A comparison with the mammalian structure in which the extension of the testicular capsule also
delimits lobules in which the seminiferous tubules are inserted (from Davis et a/., 1970).



900 R. BILLARD

al., 1980) (9). In the latter, various types of somatic cells have been identified
among the germ cells (primordial germ cells and gonocytes) (3). Among the
somatic cells are Sertoli cell precursors which correspond to stem cells in
mammals. At 1 to 2 years of age, the lobule precursors appear in the form of tube
having a central lumen bordered with somatic cells (corresponding to Sertoli
cells) ; these somatic cells are associated with germ cells. The same lobule
precursors are also found in juveniles {rainbow trout : Magri, 1983 ; eel : Khan,
1983) after gonadotropic hormone administration. In species with tubular testes,
as guppy, the somatic cells are associated with germ cells as soon as the apex of
the immature gonad is formed, and this association continues to exist in adults.
These cells are probably equivalent to Sertoli cells. Below the apex, the number
of Sertoli cells surrounding the cysts increases as spermatogenesis progresses.
According to Billard (8), these cells degenerate at the end of spermatogenesis or
they may be included in the epithelium of the efferent ducts (Van den Hurk et a/.,
1974 ; Grier et al., 1978) so that there is no permanent Sertoli epithelium in
tubular testes. This led to the presumption that Sertoli cells are renewed in adults.
Although tritiated thymidine has been incorporated into Sertoli cells (Felice and
Ralsh, 1969), no mitotic structures were found (1), indicating an extratubular
supply in the form of fibroblasts, for example. Between the undifferentiated stage
and lobule formation, testis size and the number of somatic cells augment. It is
probable that stem cells multiply actively before lobule formation, /.e. at the onset
of puberty. This multiplication may also be gonadotropin-dependent. Sertoli cell
increase has not been demonstrated in adults. However, the testis regeneration
obtained after hemi-castration or sub-total castration in adults indicates that there
is considerable cell multiplication compared to that in juveniles. Unless there is an
extratesticular cell supply, there must be considerable stem ceil and Sertoli cell
renewal in trout.

The renewal ability of testes after partial castration raises several questions.
Testis structure appears to be almost normal when there is regeneration,
indicating that the various components have been renewed. When only one testis
is removed and compensatory hypertrophy results, the lobules tend to be larger
but it cannot be determined if this increase in size is due to new spermatogenetic
waves or to better spermatogenetic yield because of reduced degeneration. But
when a small fragment of testis shows almost complete renewal, it must be
considered as due to multiplication, unless there is an extratubular supply of
somatic cells. Moreover, incomplete castration in adult trout after the post-
meiotic stages does not cause autoimmune-type alterations in spermatogenesis
after destructuration of the lobules ; in salmon, testicular extracts cause auto-
immune destruction of the male gonads (Laird et al., 1978).

The arrangement of Sertoli cells in the lobules is quite different from that in
the seminiferous tubules of higher vertebrates. In lobular testes, the germ cells,
including the GA’s, are always embedded in the Sertoli cells and are never in
contact with the basal lamina ; there is no basal compartment, only an adiuminal
one. However, due to tight junctions between the Sertoli cells, a testis-blood
barrier has been observed in several species ; this barrier appears at different
stages in different species, /.e. at meiosis in guppy (Marcaillou and Sz6ll6si, 1980)
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and later after spermiogenesis in Aphanius dispar (Abraham et a/., 1980 ; also see
Bergmann et al., 1984).

The endocrine function of the Sertoli cells is still not clear in fish. Criteria for
defining its steroidogenic activity (metabolism or synthesis) are relatively limited
and consist of histoenzymological evidence of various enzymes or the presence of
lipids (Mattei et al., 1982). At present, there is not clear answer to the question of
whether the Sertoli cell is the target of a gonadotropic hormone and, if so, which
hormone. Only an /in vitro study using isolated Sertoli cells can provide a valid
answer.

In lobular and tubular types, germ cells occur at various sites ; the GA's are
isolated, the GB’s, spermatocytes and spermatids are found in cysts, and the
spermatozoa are grouped at the base of tubules but are free in the lumen of
globules. The term « GA » probably includes several types of cells that have not
been distinguished by morphological criteria. Their number remains almost
constant during the annual cycle, although it increases in some species such as
carp. Such an increase could mean the appearance of intermediate spermato-
gonia. The mode of GA renewal is controversial, some authors are of opinion
they are of extralobular origin (Van den Hurk et a/., 1978) and suggest that the
Sertoli cells send extensions outside the lobules to gather the stem spermatogonia
(Ruby and McMillan, 1975). However, many authors think that the GA’s are
renewed from a stock that is permanently present inside the lobules ; we agree
with this hypothesis proposed by Wiart {1936) because we have never observed
GA's in the extralobular or extratubular space in any of the species we have
studied. It is often believed that primary germ cells (PGC) and GA’s are
characterized by the presence of ringed lamellae and granular material associated
with mitochondria (Nagahama, 1983). However, these structures are also found in
GB’s and granular material even occurs in spermatocytes.

The grouping of germ cells into cysts is considered to be characteristic of
anamniotes. The cells in the group develop isogenically from a GA spermato-
gonia. However, Bruslé (1982) studying Liza aurata and Wiebe (1968)
Cymatogaster aggregata reported that the cells were organized into cysts only at
the spermatocyte stage. In the latter species, Gardiner (1978b) observed
spermatogonia in cysts. In the species described in the present paper, the
spermatogonia that were linked together by intercellular junctions were grouped
into cysts with a syncitial structure. The concept of groups of isogenic cells
having cytoplasmic continuity is general {(Roosen-Runge, 1977) and is also applied
in mammals (Dym and Fawcett, 1971) although the cysts are not morphologicaily
identifiable.

The number of spermatogonial generations (fourteen) is very high in guppy ;
similar values (ten-twelve) were found in gambusia, another species with tubular
testes, but they are lower in species with lobular testes (Roosen-Runge, 1977).
Higher values were reported in Scleropages by Scott and Fuller (1976). Generally,
PGC multiplication is high in fish. About 50 PGC's are found in the undifferen-
tiated gonad of the juvenile trout and 8 to 80.10° GA in the aduit testis (13) ; this
is equal to at least 17 divisions. The process is even more marked in the capacities
of trout for compensatory hypertrophy ; when a testis is removed at the
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beginning of the cycle, the remaining testis doubles in size at the end of
spermatogenesis, giving a GS| comparable to the controls. When prepuberal
juvenile trout are castrated under a binocular, castration sometimes proves to be
incomplete and the remaining bits of gonad regenerate testes of a size and
structure comparable to the controls (61). It is hypothetised that PGC may
actively contribute in the adult testis and might also explain the presence of pre-
vitellogenetic oocytes in adult testes (unless oocytes in meiosis have subsisted
from the juvenile gonad) or the presence of small testicular nodules sometimes
found in the ovaries. Such PGC’s have been described in the gonads of adult
mugilids (gonochoric) and serranids (hermaphrodites) by Bruslé (1982). Michibata
(1975) distinguished stem (3-4 um) and differentiated (5-10 um) spermatogonia.

Primordial germ cells or undifferentiated gonocytes present in adults might
multiply many times, more than the spermatogonia whose number of divisions is
better defined.

While overall cell morphology is comparable among species up to the
spermatocyte stage, notable differences appear at spermiogenesis. This point has
been thoroughly discussed (Billard, 8, 10, 13) in relation to the final morphology
of the spermatozoon and its physiology (see below). The degree of chromatin
condensation and of nuclear change is more marked when spermiogenesis is
complicated. The significance of these structures is still not well known.

It is necessary to question the resistance of the sperm structure to manipu-
lation. For example, it has been shown that after deep-freezing, the chromatin of
trout spermatozoa is modified. This may be why a large number of carp motile
spermatozoa lose their fertilizing ability after deep-freezing, and it is not sure that
these alterations would not cause chromosome anomalies in the progeny.

The most complex spermatozoa with an elongated nucleus and developed
mid-piece are not found exclusively in species with lobular testes ; they aiso occur
in other groups such as Cymatogaster aggregata, a viviparous perciform. Gardiner
(1978a) studying this species concluded that the elongated head and mid-piece
were specialized for internal fecundation. In the anterior part of the spermatozoa,
specialized areas have been described in some species such as viviparous
Xiphophorus helleri in which lectins are specifically bound at an exact point in the
plasma membrane having a glycocalyx that adheres closely to the nuclear
envelope (Jonas-Davies et al., 1983). These lectins, concanavalin A and Ricinus
communis, indicate the presence of D-mannosyl and D-galactosyl residues. The
plasma membrane of trout spermatozoa is aiso closely apposed to the nuclear
envelope which itself adheres to the chromatin lamina inside the nucleus (13). The
specialized area probably represent sites at which the membrane fuses at
fecundation. This type of plasma membrane anchorage to the nuclear envelope,
observed in trout, may also represent an adaptation to the mode of fertilization in
which the spermatozoa rest a short time in the water ; the anchorage would
prevent the plasma membrane from detaching from the nucleus after hypo-
osmotic shock.

The fish spermiduct appears to have a composite structure. The free, well-
individualized part between the testis and the genital papilla is thought to be a
neoformation originating in the urogenital area, while the intra or juxtatesticular
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part which varies in morphology and position is not very structured, being a
testicular area with no germinal epithelium (Grier et al., 1980). In carp, Dragotoiu
(1963) reported that the two spermiducts met between the intestine and the
urinary bladder in a single short tube having no musculature but a common
outlet with the urethra. This poses the question of the mode of « ejaculation »
and of a putative urinary sperm supply.

Due to its limited extension, the carp spermiduct is not as well developed for
storage as in trout. However, in the goldfish, another cyprinid, ventral extensions
of the juxtatesticular part of the spermiducts have been interpreted by Takahashi
and Takano {1972) as a sperm reservoir. Besides the function of sperm storage
attributed to spermiducts, the literature also mentions the function of residual
spermatozoon resorption (Hayashi, 1969) and the secretion of protein-like seminal
material (pH 6.5) that contributes to spermatophore cohesion in the viviparous
fish, Cymatogaster aggregata (Gardiner, 1978b). After transfer into the female
genital tract, the spermatozoa dissociate from the spermatophores when the pH is
higher than 7.3-7.9 and they are in the presence of ovarian fluid (Gardiner,
1978b). In view of results obtained in trout, spermatophore dissociation in
C. aggregata may be due to the initiation of sperm motility due to the higher pH.

The spermatozoa of viviparous species are transferred directly into the female
genital tract and seem to have no contact with the exterior medium. Specialized
structures at the anal fin (gonopod) consit of a simple groove in species where
the spermatozoa are grouped into spermatozeugmas or spermatophores and of a
real tube in species where the spermatozoa are free, as in the atheriniform,
A. anableps (Grier et al., 1981). Thus, the spermatozoa of viviparous fish are not
necessarily grouped together but when they are free, the transfer structures in the
gonopod are more elaborate. Atheriniform testes (« unrestricted » or tubular) can
also produce free spermatozoa. Moreover, viviparous species, such as C.
aggregata which is a perciform, are found in other groups than atheriniforms.

The reproductive cycle includes two main events, spermatogenesis and
spermiation, that appear to differ greatly as to length, endocrine determinism and
modulating environmental factors, the two latter being subject to family variation.
Spermatogenesis and spermiation and, more generally, gametogenesis and
gamete release-fecundation, can occur continuously as associated events or, on
the contrary, as events separated by a more or less long time interval and thus
dissociated. Some of the species studied may be included in Crews’ (1984) plan.

Different combinations are found which suppose, in the case of dis-
continuity, that there are some particularities, especially in relation to the storage
fitness of one of the gametes while waiting for its sexual partner to be available
and/or for environmental conditions to be favorable for reproduction.

During spermatogenesis, basic plasma GTH levels are low. The pulsatile
character of this secretion has not yet been clarified in males ; in male trout Zohar
(1982) detected some pulses which were less evident than in females.

Secretory pulses have been recorded in female carp but have not yet been
studied in males. It is not known if the GTH pulses are predeced by those of
GnRH secretion but, in view of results in higher vertebrates, they are likely to be.



904 R. BILLARD

It is also known that continuous GnRH administration by an implant, for example,
sustains GTH secretion (Weil and Crim, 1983).

The low basal GTH levels found in males during spermatogenesis may be
refated with the nature of the hormone measured. The GTH mentioned is purified
maturational (glycoprotein) GTH as far as its biological action on oocyte
maturation and spermiation or on the final phase of gametogenesis is concerned.
It may be that the more specific non-glycoprotein hormone of vitellogenesis
(vitellus incorporation in females) postulated by Idler and Ng {1983) also occurs in
males. However, the actual data available show that maturation GTH alone can at
least restore the quality of spermatogenesis in hypophysectomized goldfish (45).
This would indicate that a single gonadotropic hormone stimulates spermato-
genesis. According to Fontaine (1984), there is only a single gonadotropic
hormone in teleosts but another hormone like TSH might play a role. This would
correspond to the survival of its double function (gonadotropic and thyreotropic)
postulated by this author in agnaths. Experimental results tend to show that
spermatogenesis in eel is thyreotropin-dependent (Khan, 1983 ; Leloup-Hatey,
personal communication).

GTH requirements could vary at various times during spermatogenesis,
depending on the complexity of this cycle, as do the number of spermatogonial
generations and the degree of spermatid and sperm transformation. GTH is
indispensable to spermatid elongation in guppy but does not appear necessary to
the simplified spermiogenesis of goldfish. It should be noted that mammalian
gonadotropic hormones have no effect on goldfish spermatogenesis. Specificity
of zoological action also seems to be true within a class of fish. In contrast to
mammals, this process might result from a wider species difference due to longer
evolution of the species. Salmonids as cyprinids show several spermatogenetic
waves so that several cell types are present in the testis at the same time ;
therefore it is difficult to relate a given hormone level to a cell type and to exactly
deduce hormonal requirements at various spermatogenetic stages.

At the onset of and during spermiation, circulating levels of GTH and steroids
are markedly higher than during spermatogenesis. In trout a temporary rise in
GTH just before spermiation appears to initiate a rise in 11-KT, the latter
remaining high throughout spermiation. Other steroid hormones such as 17 o-
20 B-dihydroxy-4-pregnen-3-one (17 «-20 3-P) have been identified in trout
plasma during this period (Scott and Baynes, 1982). It is possible that 11-KT
could madoulate 17 «-20 3-P production (Leprétre, personal communication) and
that the latter could be directly involved in the process of spermiation, its role
being limited to the secretion of seminal fluid and the control of its composition.
Scott and Baynes (1982} reported a high correlation between K* levels in the
seminal fluid and circulating levels of 17 «-20 3-P. Moreover, progesterone
stimulates spermiation in trout, goldfish and pike. Therefore, progesterone (rarely
found in a male vertebrate) could be associated with spermiation, an original
event in fish with lobular testes.

The arrest of spermiation coincides exactly with the clearance of plasma 11-
KT (41) but also probably with that of 17 «-20 8-P according to the data of Scott
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and Baynes (1982}. This would tend to also confirm the role of these steroids in
spermiation.

From this moment, residual spermatozoa are phagocytosed by either Sertoli
cells, spermiduct cells or macrophages. The antigenic recognition of spermatozoa
by Sertoli cells or spermiduct epithelial cells could be modified when these
steroids are absent. The spermatozoa would be recognized as foreign cells and be
phagocytosed, and the testis barrier would no longer be uniquely morphological
but also cytophysiological.

Gonadotropins also show zoological specificity in the case of spermiation {(4)
but hormones like HCG that have no effect on spermatogenesis in goldfish
strongly stimulate spermiation in that fish but not in carp.

Spermiation seems to be a complex stage in the male reproductive cycle
which is modulated by widely diverse hormonal mechanisms and modes of
secretion. Spermiation is also the key stage of reproduction, resulting in the
release of good quality spermatozoa at the time the most favorable environmental
conditions occur simultaneously.

It is therefore necessary to determine the main environmental factors that
affect the processes of spermatogenesis and spermiation in various species or
groups of species. Two general types of reproductive cycle can be identified with
each action of specific environmental factors.

In salmonids gametogenesis mainly depends on the photoperiod, while
spermiation, and especially embryogenesis, has strict . thermal requirements
{< 12° for embryogenesis). Thus, reproduction occurs after gametogenesis with
no clear evident stimuli or homonal response inducing spermiation. It is surprising
that these species reproduce in winter ; in fact, salmonids eggs are large (up to
1 cm in diameter) and are autonomous at least two months before the alevins can
feed. The temperature regulates embryogenesis and delays the swimming up
stage until food is available in the environment.

In cyprinids, gametogenesis and spermiation-ovulation may be dissociated
{example : carp). Temperature is one of the major environmental factors,
although the role of photoperiod has not been analysed in detail. Below certain
thermic limits, gametogenesis is inhibited. As concerns spermiation, the
temperature rise in spring, which fluctuates continuousiy, causes plasma GTH to
increase and stimulates spermiation. Another social-type environmental factor is
also evident via pheromones. The males seem to know the sexual state of the
females and particularly when ovulation is initiated. In cyprinids the direct effect
of temperature on spermiation and ovulation is an efficient way of obtaining egg
laying at the time when food for the larvae is already present because the eggs of
this species are small and hatch only several days after they are iaid. A social
stimulation coincides with the rise in temperature, leading to a rise in plasma GTH
permitting a specific volume of sperm to be mobilized for fecundation (66 and
Kyle and Stacey, personal communication). In this way, cyprinids, as carp and
goldfish, can compensate for the absence of large sperm reserves in the
spermiducts.

Another type of essential information in fish with external fecundation is that
which induces the synchronous release of the sexual products at fertilization. The
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simultaneous release of spermatozoa and ova has a quasi-obligatory character
due to the short life of the gametes once they are in contact with the water.
Various hypotheses have been proposed. The stimuli causing synchronous release
may be transmitted via the lateral line during spawning behavior ; cutting the
lateral streak in medaka suppresses oviposition. According to the pheromone
hypothesis, the laying of the first eggs, accompanied by pheromone-type factors,
would release an immediate ejaculation reflex. Demski and Hornby (1982)
consider that this is possible and that the stimuli-response interval {contraction of
the spermiduct and abdominal musculature) is very brief.

Species differences in spe natogenetic production and spermiation yield are
particularly crucial in seasona.iy reproducing teleosts. First (table 1), there is no
relationship between the male and female GSI. Neither is there any between
female fecundity (number of ova laid per g of liveweight) and spermatogenetic
production, /ie. the ratio of spermatozoa produced/ovum, does not tend to be
constant. On the contrary, the process is amplified with 3.6 billion spermatozoa
per ovum in trout. Estimating the real number of spermatozoa released by using
the coefficient of spermiation yield to express spermatogenetic production instead
of the number of spermatozoa produced in the testis does not change the basic
differences.

Sperm motility is very short in freshwater species with external fecundation
(30 to 60 sec in salmonids and cyprinids). It is slightly longer in saltwater fish,
being 2 min in sea-bass gilthead sea-bream and reaching several hours In
herrings {Dushkina, 1973). Trout spermatozoa rapidly become immotile when the
level of ATP drops, indicating that dynein ATPase activity is higher than
mitochondrial synthetase activity. The low levels of internal ATP could inactivate
the membrane pump and phosphorylation implicated in flagellar beating ; this
inactivation is irreversible because motility is not re-initiated when the ATP level
rises. Inhibition of motility by KCI or by acid pH is apparently not due to a simple
acidification of the internal medium as in sea-urchin (Christen et a/., 1982). The
process of membrane permeability are probably necessary to the regulation of
motility ; present studies emphasize membrane potential and Ca* * movement.

Sperm aging in trout is expressed by a decrease in cyclic AMP (Benau and
Terner, 1980) and we have observed that cAMP had to be added into the
reactivation medium to activate demembranated spermatozoa near the end of
spermiation. These aging processes, causing a change in sperm quality, probably
occur in other species such as carp and pike in which spermatogenesis and
spermiation are dissociated, but this point still has to be studied.

The number of spermatozoa also appears to compensate for short motility
time, as seen in trout, but these data cannot be applied to pike and carp since
motility time is shorter in pike which produces fewer spermatozoa. Egg diameter
is also a factor since in order to be fertilized a large egg (compared to a small egg)
requires more spermatozoa having the same motility time or longer. This
argument has been shown in salmonids, the high number of spermatozoa
compensating for the short motility time and the large egg diameter, but it cannot
be applied to pike which have relatively large eggs, short motility and a small
number of spermatozoa.
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Another factor could be differences in sexual behavior. The two species in
this study which have the highest spermatogenetic production and the highest
gonadal weight, carp and trout, are polyandrous (4-6 males/female), while pike is
not (1-3 males/female) and tilapia spawns in couples.

Carp and trout males participate more often in reproduction and release more
sperm than pike and tilapia. Much has been written on salmonids ; several large
males participate in the ferlitization of one female with chances of fecundation
which vary depending on their position in the social system (example : coho
salmon), but all the males release sperm (Gross, 1984).

Small, precocious males, not included in the social system of the large males
because they are not dominated due to their small size and lack of color, actively
participate in reproduction with the same chances of success as the dominant
males (Gross, 1984). These precocious males might be important in the sense that
they contribute to mix sperm from several males at reproduction.

The testicular weight of primates has been related with the mode of
reproduction, polygamous species having a higher testicular weight than species
in which the female mates with only one male {Harcourt et a/., 1981 ; Harvey and
Harcourt, 1982). This hypothesis might also be valid for fish, /.e. testicular weight,
which shows higher variations than in mammals, and spermatogenetic production
might be related with the mode of reproduction, whether isolated or in groups.
Tilapia which mate in couples have a low testicular weight : 0.4-2 % of body
weight {Peters, 1971). Peters has shown a relationship between the lower GSI
and the smaller number of eggs laid but noted that testicular weight did not vary
before or after spawning ; this author concluded that the quantity of sperm
released must be extremely low and mentioned that for insemination to be
efficient, the spermatozoa must be released very close to the eggs. Leporinus
scrofa, a South American species, also has a very low GSI (0.2 %) (Godinho,
personal communication), but its mode of reproduction is not known.

Large volumes of sperm are released during spawning in carp and trout,
making the medium opaque (Breder and Rosen, 1966). These amounts of sperm
are mobilized in very different ways in the two species. In trout, the spermatozoa
accumulate in the spermiducts from the onset of spermiation, while in carp the
spermatozoa are only mobilized a few hours before spawning. The males seem to
know the physiological state of the females ; giving an injection of gonadotropic
hormone to female carp or HCG to female goldfish stimulates spermiation
within a few hours via a rise in gonadotropin (Kyle and Stacey, personal
communication). The males must perceive a preovulatory peak and mobilize
sperm that accumulates in the genital tract, probably in the system of lacunae
that constitute the intratesticular « spermiduct » because the free spermiduct is
not very developed in carp, and spermiation may continue throughout spawning.
The mode of communication is not known ; it may be accomplished by sexual
pheromones such as glucuronides which are released by the females and induce
mating behavior in Brachydanio and gobies {(Van den Hurk and Lambert, 1983 ;
Colombo et al., 1982).

The amount of sperm released would ensure a sufficient sperm/egg ratio in
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species such as salmonids which reproduce in running water or in carp which stir
up the water by rapid swimming, causing the sperm to be quickly diluted.
However, seminal fluid, as ovarian fluid, might create a favorable micro-
environment for fertilization by limiting hypo-osmotic shock or by maintaining a
favorable pH for fecundation. This would explain why salmonids reproduce in
water of low alkalinity or at pH of less than 7, although it is known that at this pH
the spermatozoa are not motile.

The method used to measure the amount of spermatozoa released by trout
throughout spermiation leads to an overestimate of the number actually available
for fecundation. The values measured correspond to a production of several
weeks, or even several months, in pisciculture conditions, while in nature the
period during which the females ovulate is extremely limited. Deroche (1969)
studying lake trout, reported a case in which the total length of the spawning
period was 18 days but noted that most of the females reproduced during only
two nights. Strictly speaking, the spawning period is usually shorter in salmonids
than the period during which the males spermiate. Spermiation begins shortly
before the females ovulate (in a same population). It is therefore not surprising
that the sperm accumulates beforehand in the spermiducts of the male. Female
carp have a longer spawning period (several months) and it depends a great deal
on the temperature. The strategy of the male carp is different ; there is no
preaccumulation of sperm in the genital tract (where the sperm may age), but
there is preovulatory mobilization which can be explained by the longer spawning
period that depends directly on environmental factors. This is also related with the
fact that carp testicular spermatozoa mobilized experimentally throughout the
year by hormonal stimulation retain their fertilizing ability, while good guality trout
spermatozoa are available for only several months.

5. Conclusion.

Some conclusions and hypotheses have been put forward concerning the
reproductive function in several groups of teleost fish, and we have tried to define
the significance of various modes of reproduction.

Two large groups can be distinguished by their physiology (internal and
external fecundation, sperm biology), morphology (structure of the testis and
spermatozoon) and biochemical characteristics (transformation of nuclear protein,
presence or absence of sperm energy stores) (fig. 14).

The first group includes species such as guppy with tubular testes and
internal fecundation. The spermatozoa have an elongated head but no glycogen
stores and remain motile for several hours. They are usually associated in sperma-
tozeugmas, thus facilitating transfer to the female genital tract. Transfer occurs
through the anal fin that is transformed into a gonopod. In some species the
spermatozoa remain free and are transferred by the gonopod in the form of a
pseudopenis.

The second group of fish includes those with lobular testes and external
fecundation. Sperm morphology is simple since there is no mid-piece or large
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energy stores, and motility is short. The spermatozoa are very vulnerable in fresh
water where they undergo severe hypo-osmotic shock, including rupture of the
plasma membrane. They are « saved » by the rapidity with which they penetrate
the egg. The spermatozoon seeks protection in a structure which resists
hypotonicity due to the cortical reaction and the resulting impermeability.
Therefore this structure only remains open for several minutes. The short life of
the spermatozoon is thus related with the short time the eggs are fertilizable once
they are in fresh water.

In spite of the fact that internal fecundation protects the gametes, it is not
more economical in terms of sperm than external fecundation ; sperm production
in guppy (which has internal fecundation) is higher than in pike which has
external fertilization. Moreover, species with tubular testes have an original mode
of internal fecundation which is found only in teleosts but not in higher
vertebrates. However, some structural elements prefiguring the testicular
organization of higher vertebrates occur in lobular testes.

Tubular type
(quppy)

Lobufar type

Relationships
Spermatids -
Sertoli cells

Morphology
of
spermatozoa j in
spermatozeugma
/free
Fertilization : tnternal Externa!
Spzoa motility few hr few min
Duration
Leptotene - spzoa 14 days 30 doys
(25°C) (10°C)
GSt 4-5% 1-20%
Spermatogenetic
production {continuous) ( seasonal)
Spz /g.testis /year 50.10° 60-70. 109
Spermatogonial 14 4 -6
divisions
Sperm storage Testicular Testis
canal
» and vas def
Seminal fluid * + ++ cerens
Nb Spzoa /egg 2000-5000 30000 - 300000.
FIG. 14. — Some characteristics of male reproduction in species with tubular (guppy)

and lobular (salmonids, cyprinids) testes.
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The wide differences in spermatogenetic production occurring among species
have no satisfactory answer, if only the physiological parameters are considered ;
there is no relationship between spermatogenetic production and spermiation
yield, between the number of spermatozoa produced or released and female
fecundity or egg diameter. However, there is a behavioral relationship, species
with a high GSI spawning in a group and those with a low GSI spawning in
couples. The number of spermatozoa needed for fertilization is higher in the
former than in the latter, the males participating more often in reproduction. The
large volumes of sperm released in group spawning might create a favorable
microenvironment for fertilization.

Spermatogenesis and spermiation, the major events of the annual cycle,
have very different time lengths, the first being shorter than the second ; they
also occur at different seasons. Both are continuous in trout and tench but they
are separated by a resting period in winter in carp and pike. In roach, even
spermatogenesis is inhibited in winter. The differences found between the
seasons of spermiation may be related with species ecological requirements. The
large eggs of salmonids {autumn and winter spawning) have a 2 to 3-month
autonomy between reproduction and the trophic life of the juveniles that occurs
at the end of winter or in spring. On the contrary, the small eggs of cyprinids
have very little autonomy (not more than several days) between hatching and first
food intake. Cyprinids reproduce at a time when food is already found in the
medium or there are indications that it soon will be. The temperature rise in the
spring seems to be a logical reference for spermiation and ovulation. Spermato-
genesis in pike and carp in spring and autum occurs separately from spermiation,
while spermatogenesis in tench begins at the end of winter and is rapidly followed
by spermiation.

It is probable that various environmental factors play a role in the regulation
of spermatogenesis and spermiation. Spermatogenesis depends more on wide,
long-term variations such as seasonal changes in daylength and temperature.
Spermiation is more directly influenced by short-term variations causing an
immediate response, such as exceeding the critical thermic threshold or the
appearance of environmental (laying substrates} or social {presence of females
ready to ovulate) stimuli.

The intensity of spermiation in salmonids depends on the presence of
females and on low temperatures, the optimum (< 12-13 °C) corresponding to
the thermic requirements for incubation. Spermiation is arrested at 18 °C in trout
in spite of a high level of GTH ; this may be due to the inactivation of androgens
converted into conjugates and glucuronides (Kime, 1979} and would be a way of
regulating spermiation by inhibiting it when thermic conditions do not favor egg
survival.

In cyprinids, various regularoty mechanisms are superimposed that lead to
spermiation and sperm release. As favorable environmental conditions
{particularly thermic conditions) may occur late, the brood fish can remain in a
holding state which does not affect sperm survival. In carp and goldsfish, which
have no storage structures and whose spermatozoa are vulnerable when released
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into the spermiduct, the male mobilizes large volumes of sperm only a few hours
before spawning. In this case, the female gives a social signal probably in
response to the environment (heat fluctuations, presence of water plants). Thus,
spermiation requires two distinct conditions : the temperature that is facilitating
and must reach an optimal level and social stimulus that is determinant.

Why are the meeting of the sexes and of the gametes and the development
of the resulting eggs and larvae guaranteed by such diverse modes of
reproduction, morphological structures and regulatory mechanisms ? Teleosts
include more than 20 000 species and thus constitute the largest, and probably
the most diversified an oldest, group of vertebrates. On the other hand, aquatic
media are extremely varied. Therefore, it may be that fish, by a sort of adaptive
dialogue with the environment during their long history, have managed to
colonize a very wide variety of biotopes. The diversification in modes of
reproduction in the large teleost group would be a response to the diverse
environments.

Recu en juillet 1985.
Accepté en mai 1986.

Résumé. Spermatogenése et spermiogenése chez des Poissons Téléostéens.

L'ensemble des processus qui concourent a3 la formation des spermatozoides, a leur
libération et a la fécondation apparaissent extrémement diversifiés chez les poissons Téléos-
téens.

On identifie d’abord deux grands types de structure testiculaire, tubulaire et lobulaire,
ce dernier présentant lui-méme une grande diversité dans I'organisation des lobules et la
structure des conduits génitaux.

— La spermatogenése peut revétir un aspect continu (guppy) ou discontinu avec des
cycles qui s’interpénétrent (carpe) ou sont bien séparés dans le temps (truite).

— La spermiogenése présente des degrés de complexification croissants conduisant a la
formation de spermatozoides extrémement simplifiés, comme ceux de la carpe (téte sphéri-
que, transformation trés sommaire des histones nucléaires, pigce intermédiaire trés simpli-
fiée avec restes de cytoplasme et mitochondries non transformées) ou beaucoup plus com-
plexes comme ceux du guppy l(allongement de la téte spermatique, transformation
histones-protamines, transformation du complexe centriole inséré dans une profonde enco-
che nucléaire, piéce intermédiaire trés développée comportant des réserves de glycogéne).
— La production spermatogénétique est extrémement variable {(RGS variant entre 0,2 et
10 % et production annuelle comprise entre 100 et 7 000 10° spermatozoides/g de poids
corporel).

— Le rendement de la spermiation varie fortement entre espéces, mais aussi a |'intérieur
d'une méme espéce (20 & 90 % chez la truite).

— Le modéle endocrinien de la spermatogenése et de la spermiation est trés différent chez
la carpe et la truite. Les facteurs de |'environnement prépondérants sont la photopériode
chez la truite et la température chez la carpe pour la spermatogenése, la température chez
la truite & laquelle s’ajoute I'environnement social chez la carpe pour la spermiation.

— La physiologie du sperme (durée de survie in vivo et in vitro, durée de motilité, métabo-
lisme) est trés différente dans les quelques espéces é&tudiées.

De cet ensemble de caractéristiques on peut identifier deux groupes qui sont fonda-
mentalement différents tant sur le plan physiologique (fécondation interne ou externe,
physiologie du sperme) que morphologique (structure du testicule et du spermatozoide). Il
s'agit du groupe de Athériniformes {type guppy a testicule tubulaire) et du groupe des
autres Téléostéens & reproduction saisonniere a testicule lobulaire.
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