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SYNOPSIS. Vitellogenesis in the amphipod Orchestia gammarella, in natantian decapods
and probably in other Malacostraca involves two phases, primary and secondary vitello-
genesis. Oogenesis from oogonia to the end of primary vitellogenesis is a continuous
process. The primary proteic vitellus is endogenous. The secondary vitellogenesis takes
place during the reproductive season. Fully grown primary follicles are surrounded
by a permanent follicular tissue (secondary folliculogenesis). The resulting secondary
follicles grow synchronously until ovulation. A tubular network has been observed in
secondary follicle cells of prawns. The prominent feature of secondary vitellogenesis is
the uptake of vitellogenin by the oocytes. This vitellogenin is synthesized by the fat body.
Secondary vitellogenesis is controlled by neurohormones that have not yet been isolated
and whose modalities of action still remain unclear. In Decapoda, the classical gonad-
inhibiting hormone or GIH released by the sinus glands inhibits secondary vitellogenesis
and the synthesis of vitellogenin. In Isopoda, vitellogenesis-inhibiting hormone is synthe-
sized by neurosecretory cells in the median part of the protocerebrum. In Amphipoda,
neurosecretory cells of this region secrete a neurohormone inducing secondary follicu-
logenesis and triggering secondary vitellogenesis. The neurohormones would control the
formation of functional secondary follicles during the reproductive season.

Other hormones are involved in control of secondary vitellogenesis. In Peracarida
molting hormone is necessary for a normal synthesis of vitellogenin and the uptake of
this protein by growing oocytes. In the amphipod Orchestia gammarella secondary folli-
culogenesis requires a low titer of ecdysteroids which characterizes postecdysis. The cor-
relation between molt cycle and secondary vitellogenesis would be established in this way.
After secondary folliculogenesis, the secondary follicle cells become endocrine and secrete
the vitellogenin-stimulating ovarian hormone (VSOH).

INTRODUCTION

Malacostracan Crustacea continue to
molt after reaching puberty. Only some
crabs and most Oxyrhyncha, as in the
Insecta, become sexually mature after a
terminal molt. In many malacostracans,
chiefly in peracarids and natantian deca-
pods, spawning is obligatorily preceded by
a molt.

During the period of genital activity, the
number of spawnings varies according to
the species. Except for penaeid prawns,
malacostracan Crustacea incubate their
eggs, and the time interval between two
spawnings is longer than the time of egg
incubation. In many decapods, the number
of incubated eggs is about several thou-
sands, and in species which lay few eggs
(about twenty in Orchestia gammarella), the
oocytes grow to a large size; therefore, the

1 From the Symposium on Advances in Crustacean
Endocrinology presented at the Annual Meeting of the
American Society of Zoologists, 27-30 December
1983, at Philadelphia, Pennsylvania.

reproduction of malacostracans requires a
large amount of yolk.

Beams and Kessel (1963) carried out the
first electron microscope studies on the
origin of yolk in crayfish oocytes. They
observed proteinaceous yolk in the cister-
nae of the ooplasmic granular endoplasmic
reticulum. They concluded—as others did
later—that the oocyte is capable of syn-
thesizing the massive store of yolk present
in the egg at the end of oogenesis. It is now
well established that the origin of yolk is
dual, intra-ooplasmic and extra-ooplasmic.
As in insects, the fat body of malacostra-
cans synthesizes a precursor (vitellogenin)
of the major egg yolk protein (vitellin). It
may be possible that the amount of pro-
teinaceous yolk required for each spawn-
ing is greater than each source could pro-
duce alone. During the first stage or
primary vitellogenesis, the vitellins are
endogenous. During the second stage, or
secondary vitellogenesis, oocytes take up
vitellogenin by endocytosis.

In this paper, special attention is devoted
to the phenomenon of secondary follicu-
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198 HELENE CHARNIAUX-COTTON

logenesis (Charniaux-Cotton, 1974) that
ensures the synchronous growth of oocytes
during secondary vitellogenesis and which
appears peculiar to malacostracans.

Experimental data have been obtained
concerning endocrine control of vitello-
genin synthesis and of secondary vitello-
genesis. Although in Insecta the hormonal
control of vitellogenin gene expression is
well investigated (review in Chen and Hil-
len, 1983), in Malacostraca, to my knowl-
edge, no comparable study has been pub-
lished. Data concerning the endocrine
mechanisms which connect molting and
secondary vitellogenesis are not yet avail-
able. Some recent reviews are related to
vitellogenesis and its control (Charniaux-
Cotton, 1978, 1980; Meusy, 1980; Blan-
chet-Tournier, 1982; Legrand^a/., 1982;
Meusy and Charniaux-Cotton, 1984).

STAGES OF OOGENESIS

The various stages of oogenesis in Mala-
costraca have been mainly studied in the
amphipod, Orchestia gammarella, and in
some natantian decapods (Zerbib, 1980;
review in Charniaux-Cotton, 1980).

From oogonia to the end of primary
vitellogenesis

Oogonia are located in the germinative
zone, a longitudinal structure which lasts
the whole life of the female and each oogo-
nium is completely surrounded by meso-
dermal cells. Oogonial mitosis takes place
exclusively in the germinative zone. Some
oogonia continually leave this zone by an
unknown mechanism and undergo meiotic
prophase up to diakinesis (they are then
primary oocytes).

I have called the next stage of oogenesis
previtellogenesis. Ribosomes are formed at
a high rate and a rough endoplasmic retic-
ulum (RER) develops in primary oocytes.
Primary follicle cells, which probably orig-
inate from the germinative zone, surround
each oocyte (Rateau and Zerbib, 1978).

The RER vesicles become numerous and
filled with a granular material, the primary
yolk; Dhainaut and De Leersnyder (1976)
have called this vitellogenesis primary
vitellogenesis. Histochemical studies per-
formed by these authors in the crab Eriocher

sinensis and by Zerbib (1976) in 0. gam-
marella indicated that this material is
formed by glycoproteins. Oocytes grow to
a maximal size which is typical for the
species.

Oogenesis from oogonia to the end of
primary vitellogenesis (Fig. 1 A) is a contin-
uous process whose possible variations with
the seasons have not been reported.

Secondary vitellogenesis and secondary
folliculogenesis

Secondary vitellogenesis is characterized
by the synchronous growth of the oocytes
to a large size through endocytotic uptake
of vitellogenin. The RER continues to syn-
thesize glycoproteins which are immuno-
chemically different from vitellogenin (see
Meusy, 1980), and lipid droplets appear at
the periphery of ooplasma and invade it.
Each oocyte is surrounded by a single layer
of secondary follicle cells, and oocyte
microvilli cross the vitelline layer.

At the end of secondary vitellogenesis,
the microvilli retract. The breakdown of
the germinal vesicle (egg nucleus) occurs
some hours before ecdysis in 0. gammarella
(Mathieu-Capderou, 1980) and in the
prawn Palaemon serratus (Cledon, unpub-
lished data).

In 0. gammarella (Charniaux-Cotton,
1974), Palaemonetes argentinus (Schuldt,
1980), Macrobrachium rosenbergii (Fauvel,
1981), and the crab Cancer pagurus (Char-
niaux-Cotton, unpublished data), the sec-
ondary follicle tissue does not degenerate
after ovulation. In histological sections, it
appears as a folded epithelium bordered
by a basal lamina (Fig. 1 A), and it collapses
around each fully grown primary follicle.
The mechanisms of tissue movements and
of primary follicle cell integration into a
one layer secondary epithelium are not
known. During genital rest, the oocytes
remain blocked at the end of primary vitel-
logenesis but during the reproductive
period, the oocytes of newly constituted
secondary follicles undergo synchronously
secondary vitellogenesis (Fig. IB).

Secondary folliculogenesis, which is
probably a general phenomenon in Mala-
costraca, separates the oocytes into two
populations: (1) oocytes surrounded by pri-
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VITELLOGENESIS AND ITS CONTROL 199

FIG. 1. Macrobrachium rosenbergii. Section of ovary. A. Ovary after ovulation. The secondary follicle envelope
(FT II) is empty. All stages of oogenesis from oogonia to the end of the primary vitellogenesis are present.
B. Ovary after secondary folliculogenesis. All the oocytes in secondary vitellogenesis have the same size. FC
I: primary follicle cells; FC II: secondary follicle cells; G: oogonia; OV I: oocyte in primary vitellogenesis; OV
II: oocyte in secondary vitellogenesis; OW: ovarian wall.

mary follicle cells and stratified in zones
corresponding to the different stages of
oogenesis up to the end of primary vitel-
logenesis and (2) oocytes, surrounded by

secondary follicle cells, all of which are at
the same stage of secondary vitellogenesis.
It is a strategy which allows for the accu-
mulation of fully grown primary follicles
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200 HELENE CHARNIAUX-COTTON

during both the period of genital rest and
the time when secondary vitellogenesis is
occurring in oocytes of secondary follicles
and for synchronous development of these
oocytes. I have observed that the second-
ary follicle tissue is not developed in juve-
nile females of O. gammarella, Palaemon ser-
ratus, Carcinus maenas.

TUBULAR NETWORK OF SECONDARY
FOLLICLE CELLS

In our laboratory, Jugan and Zerbib
(1984) have described a tubular network
in the secondary follicle cells of Macro-
brachium rosenbergii (Fig. 2). The tubules
(0.15 /an in diameter) open into all extra-
cellular spaces around the follicle cells.
They are filled with a finely granular elec-
tron dense material. Some oocyte micro-
villi penetrate deeply into the tubule lumen.
After incubation in peroxidase, the visu-
alization of this protein by electron dense
reaction product in the follicle intercellu-
lar spaces, in tubular network, in vitelline
envelope and in pinocytotic vesicles, sug-
gests that the tubular structure could be
implicated in the transportation of vitel-
logenin from the haemolymph to the
oocytes. This structure is not visible after
ovulation, during the secondary folliculo-
genesis and during genital rest. The tubu-
lar network appears as a characteristic fea-
ture of secondary follicle cells during
secondary vitellogenesis.

A tubular network has also been observed
in the prawns Palaemonetes varians and
Palaemon serratus (Jugan, unpublished), and
Arcier and Brehelin (1982) mentioned
tubules in follicle cells of Palaemon adsper-
sus. According to these authors, the tubules
communicate only with the space between
basal lamina and follicle cells and would
take a part in endocrine secretion.

VlTELLOGENIN AND ITS SYNTHESIS

The existence of a female specific pro-
tein (vitellogenin) was reported in hae-
molymph of several species of malacostra-
cans (review in Meusy, 1980). This
substance is a lipoglycocarotenoprotein,

immunologically not distinguishable from
the major egg yolk protein (or vitellin).

By using tritiated vitellogenin in 0. gam-
marella, Zerbib and Mustel (1984) obtained
proof that secondary follicle oocytes take
up the vitellogenin by endocytosis during
the reproductive period.

The fat body has been shown to be the
site of vitellogenin synthesis in the Isopod
Porcellio dilatatus (Picaud and Souty, 1980),
in 0. gammarella (Croisille and Junera,
1980), and in Palaemon serratus (Meusy et
al., 1983a). Immunoenzymatic techniques
and injection of tritiated leucine indicate
that the fat body of 0. gammarella and P.
serratus contains and releases vitellogenin
only when the ovaries are in secondary
vitellogenesis (Croisille and Junera, 1980;
Meusy et al., 1983a, b). In 0. gammarella
(Meusy et al., 1974), P. dilatatus (Picaud
and Souty, 1981) and Idotea balthica basteri
(Souty and Picaud, 1981), where secondary
vitellogenesis and molt cycle are corre-
lated, vitellogenin synthesis is low at the
beginning and at the end of these cycles.

CONTROL OF VITELLOGENIN SYNTHESIS

Some results concerning the control of
vitellogenin synthesis have been obtained
in Peracarida, which differ between
Amphipoda and Isopoda. Few data are
available on Decapoda.

Amphipoda
In 0. gammarella, experiments have

proved the existence of a vitellogenin-stim-
ulating ovarian hormone (VSOH) (Junera
et al., 1977). After they removed andro-
genic glands from males, spermatogenesis
stopped but oogenesis and vitellogenin
synthesis did not take place. An ovary
implanted in these andrectomized males
triggered vitellogenin synthesis. In a com-
plementary experiment, after removal of
the ovaries from vitellogenic females, vitel-
logenin synthesis stopped after about 5-8
days but synthesis was restored by implant-
ing an ovary. The secondary follicle cells
are probably the source of VSOH. It must
be recalled that the ovaries of 0. gamma-
rella control the formation of oostegites
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VlTELLOGENESIS AND ITS CONTROL 201

FIG. 2. Macrobrachium rosenbergii. Electron micrographs of secondary follicle cells during secondary vitello-
genesis. The tubular network (TN) is well developed. The arrows in the insert show the openings of the
tubular network into the extracellular space. BL: basal lamina; FC II: secondary follicle cell; OV II: oocyte
in secondary vitellogenesis; RER: rough endoplasmic reticulum; VL: vitelline layer. (From P. Jugan and C.
Zerbib, 1984.)
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202 HELENE CHARNIAUX-COTTON

and ovigerous setae (Charniaux-Cotton,
1957).

Cauterization experiments of ecdysone-
producing glands (Y-organs) in 0. gamma-
rella show that molting hormone (ecdyste-
roid) is necessary for vitellogenin synthesis
(Meusy et al., 1977; Blanchet-Tournier,
1982). So, in O. gammarella, the simulta-
neous presence of both ovarian and molt
hormone is necessary for vitellogenin syn-
thesis. Consequently, VSOH is different
from 20-OH-ecdysone (ecdysteroid).
Another proof is that, during genital rest,
the fat body does not synthesize vitello-
genin although the molt cycles continue
(Meusy et al., 1974, 1983a, b).

Isopoda

In Porcellio dilatatus, ovariectomy exper-
iments and incubation of male fat body
show that vitellogenin synthesis is not
dependent on an ovarian hormone. It is
regulated by a feed-back mechanism in
females and inhibited by androgenic hor-
mone in males (Picaud, 1983; Gohar and
Souty, 1983).

In Isopods, as in 0. gammarella, molting
hormone is necessary for vitellogenin syn-
thesis (Souty etai, 1982; Picaud, 1983).

Decapoda
In the female prawn Palaemon serratus,

there is no vitellogenin synthesis during
genital rest. Removal of eyestalks (source
of the well-known gonad-inhibiting hor-
mone or GIH) triggers vitellogenin syn-
thesis, but it is not known whether the tar-
get organ of GIH is the ovary or the fat
body (Meusy et al., 1983a).

No data are available on relations
between vitellogenin synthesis and the molt
hormone. Oxyrhynchans and some species
of brachyrhynchans enter a terminal anec-
dysis at the puberty molt. Vitellogenin syn-
thesis occurs after this last molt, that is to
say, while the concentration of ecdyste-
roids in haemolymph is low (see SoummofF
and Skinner, 1983). So, in some decapods,
as in most insects, vitellogenin synthesis
appears not to be dependent on high levels
of molting hormone.

CONTROL OF SECONDARY VITELLOGENESIS

Gonad-inhibiting hormone

Panouse (1943) discovered that Palae-
mon serratus females in genital rest develop
their ovaries after eyestalk or sinus gland
removal. If the operation is performed at
the beginning of a molt cycle, oviposition
occurs after the next ecdysis, but if the
females are operated on later in the cycle,
spawning occurs only after the second post-
operative ecdysis. Eyestalk removal has no
such effect in juvenile females (Panouse,
1946). Later, the sinus gland was demon-
strated as a neurohormone-releasing organ;
the neurohormone-inhibiting ovarian
activity has been called gonad-inhibiting
hormone or GIH (see review in Charniaux-
Cotton and Kleinholz, 1964).

We have observed in prawns that GIH
is responsible for genital rest by inhibiting
secondary vitellogenesis (Charniaux-Cot-
ton, 1978, 1980). During the reproductive
season, GIH can modulate the rate of sec-
ondary vitellogenesis. For example, in P.
serratus, secondary vitellogenesis lasts three
molt cycles during winter in Brittany. If
the eyestalk removal is performed during
the first or second molt cycle, egg laying
occurs at the post-operative ecdysis (Faure
et al., 1981). Klek-Kawinska and Bomirski
(1975) pointed out that the "ovary-inhib-
iting hormone activity" decreases during
the annual reproductive cycle of female
Crangon crangon. The manner in which
GIH controls secondary vitellogenesis is
unknown. Juvenile females do not respond
to destalking, probably because of the non-
development of secondary follicle tissue.
Some experiments performed on P. ser-
ratus indicate that the GIH secretion might
be controlled by the medulla externa
X-organ (MEX); after MEX removal, sec-
ondary vitellogenesis stops (Faure et al.,
1981).

Partial purification of the gonad-
inhibiting hormone

Until now, three attempts at purification
of GIH have been described.

(1) From eyestalks of male Cancer magister
with female Crangon crangon as test ani-
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FIG. 3. HPLC filtration of hydrochloric extracts from 40 Homarus gammarus sinus glands. CHH: crustacean
hyperglycemic hormone; GIH: gonad-inhibiting hormone; MIH: molt-inhibiting hormone; RPCH: red-pig-
ment concentrating hormone. Column: Spherisorb 10 ODS. Elution gradient: formic acid 0.5 M-pyridine 0.14
M (pH 3.0)/l-propanol. (From J. E. van Deynen, D. Soyez, and F. van Herp, unpublished data.)

mals, the hormone is described as hav-
ing a mol wt of approximately 2,000.
(Bomirski et al, 1981).

(2) From eyestalks of the spiny lobster
Panulirus argus with the crab Uca pugi-
lator as test animals, the hormone is
attributed a mol wt of about 5,000
(Quackenbush and Herrnkind, 1983).

(3) From sinus gland of Homarus gammarus
with Atyaephyra desmaresti as test ani-
mals, the mol wt is above 5,000 (Van
Deynen, Soyez and Van Herp, unpub-
lished data).

The inhibition of ovarian activity in eye-
stalkless females by eyestalk extracts of
Cancer and Panulirus was evaluated using
ovarian weight. Weight probably is not a
good criterion because, in eyestalkless
females, oogenesis, up to the end of pri-
mary vitellogenesis, is probably modified
by the absence of hormones other than
GIH.

The activity of sinus glands from Hom-
arus was bioassayed using the diameter of
oocytes in secondary vitellogenesis. As seen
above, growth of these oocytes is con-

trolled by GIH and therefore oocyte size
is a good parameter for estimating gonad-
inhibiting activity.

Separation of GIH and three other hor-
mones from sinus glands of Homarus by
filtration by Reversed Phase HPLC has
been performed (Fig. 3). The gonad-inhib-
iting activity has been eluted in fractions
showing also crustacean hyperglycemic
hormone (CHH) activity. This zone is far
from those containing the molt-inhibiting
hormone (MIH) and red-pigment concen-
trating hormone (RPCH).

Other gonadotropic hormones

A gonad-inhibiting hormone appears to
be released by the median zone of the pro-
tocerebrum in Isopoda since removal of
this zone triggers vitellogenesis (see review
in Legrand e< a/., 1982).

In 0. gammarella, this zone would release
a secondary folliculogenesis-stimulating
hormone (Blanchet-Tournier, 1982).
Implantation of thoracic ganglion into
immature female of the crabs Potamon and
Paratelphusa and of the spider crab Libinia,
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supports the existence of a gonad-stimu-
lating hormone in this ganglion (Adiyodi
and Adiyodi, 1970; Hinsch and Bennet,
1979).

Ecdysteroid liters in the haemolymph

In O. gammarella and Isopoda, the pres-
ence of molting hormone is necessary not
only for vitellogenin synthesis but also for
secondary vitellogenesis since secondary
vitellogenesis stops after Y-organ cauteri-
zation (see review in Blanchet-Tournier,
1982). On the contrary, in Oxyrhyncha,
secondary vitellogenesis occurs in the
absence of ecdysteroids, after the terminal
molt (puberty molt).

In species where secondary vitellogene-
sis and molt cycle are synchronous, the cor-
relation persists after destalking (Char-
niaux-Cotton and Touir, 1973; Faure etal.,
1981), probably being regulated by the
pattern of ecdysteroid titers during the molt
cycle. The low titer at the beginning of the
molt cycle is presumably responsible for
the onset of secondary vitellogenesis.
Actually, introduction of 20-OH-ecdysone
into a female just after ecdysis inhibits the
onset of secondary vitellogenesis in the
prawn Lysmata seticaudata and in O. gam-
marella (Touir and Charniaux-Cotton,
1974; Blanchet et al, 1975; Blanchet-
Tournier, 1982).

DISCUSSION

Secondary vitellogenesis takes place only
during the reproductive season and leads
to spawning. This complex phenomenon
consists of several processes; uptake by the
secondary oocytes of vitellogenin synthe-
sized by the fat body, continuation of the
endogenous vitellogenesis (of varying
import according to the species), entrance
of lipids, roles of follicle cells.

The existence of a permanent secondary
follicular tissue seems peculiar to malacos-
tracan Crustacea. The follicular tissue rec-
ognizes the fully grown primary follicles
and surrounds them, constituting the sec-
ondary follicles. In Orchestia gammarella, it
acquires an endocrine function and secretes
the vitellogenin-stimulating ovarian hor-
mone (VSOH) and the hormone inducing
the temporary breeding characters. In

prawns, a tubular network appears inside
the secondary follicular cells; this structure
is probably the route for vitellogenin from
the hemolymph to the oocytes. At the end
of secondary vitellogenesis, the follicular
tissue ensures ovulation by means of its own
movements.

The endocrine systems controlling sec-
ondary vitellogenesis are still not well
known and seem to be different among the
various crustacean orders. In Decapoda,
the Gonad-Inhibiting Hormone or GIH—
released by the sinus gland—inhibits sec-
ondary vitellogenesis during the rest sea-
son. In Palaemon serratus, the inhibitory
effect of the GIH on vitellogenin synthesis
has pointed out. The mechanisms of actions
of the GIH remain unclear, as does the
nature of the target organ (ovary, fat
body?). Several attempts to purify GIH have
been undertaken. The occurrence of an
ovarian hormone is not yet demonstrated.
In the shrimp Lysmata seticaudata where
secondary vitellogenesis and molt cycle are
synchronous, secondary vitellogenesis takes
place during the reproductive season—that
is to say in the absence of GIH—at the
beginning of each molting cycle. This event
seems related to the low level of ecdyste-
roids present at this time.

In the amphipod Orchestia gammarella,
secondary vitellogenesis takes place during
each molting cycle during the reproductive
season. The occurrence of a secondary
vitellogenesis-inhibiting neurohormone has
not yet been proved. On the other hand,
a hormone from the protocerebrum is
required for secondary folliculogenesis.
This folliculogenesis would be also deter-
mined by a low level of ecdysteroids, a
characteristic of the postecdysis stage. The
secondary follicular cells acquire an endo-
crine function and release VSOH; but
another hormone is necessary to vitello-
genin synthesis, the molting hormone. The
latter seems to be involved also in vitello-
genin uptake since this process stops after
removal of the molt gland, the Y-organ.

In Isopoda, the occurrence of a vitello-
genic-inhibitory hormone originating in
the protocerebrum has been proved. Vitel-
logenin synthesis is not ovary dependent.
After ovariectomy, the level of hemolym-
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VlTELLOGENESIS AND ITS CONTROL 205

phatic vitellogenin increases as a conse-
quence of a feed-back mechanism. As in
amphipods, 20-OH ecdysone is required
for vitellogenesis.

The hormones controlling the second-
ary vitellogenesis in malacostracan Crus-
tacea are incompletely known. Except for
the 20-OH ecdysone, not one has been iso-
lated.
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