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Summary

Ovarian development in the red claw crayfish Cherax quadricarinatus is divided into two major

phases, namely primary- and secondary-vitellogenesis. Two anatomically distinctive types of .

primary-vitellogenic ovary are present: one contains uniform milky white oocytes (in the
chromatin, chromatin-nucleolus, early-perinuclear and late-perinuclear stages), while the other
contains two diversely colored oocyte populations, the smallest oocytes being uniform milky
white and the largest being yellow to orange (i.e., at the lipid stage). Secondary-vitellogenic
ovaries are characterized by the presence of a synchronously growing large oocyte group
together with oocytes of all the first four, primary-vitellogenic stages. The synchronous group
develops from the yolk stage via the prematuration stage into the maturation stage. Polypeptides
of relatively low molecular masses (65-95kDa) are abundant in the primary-vitellogenic ovary
containing chromatin to lipid-stage oocytes. Polypeptides of relatively higher molecular masses
(>100kDa) were detected both in the secondary-vitellogenic ovary (composed mainly of yolk-
stage oocytes) and in newly laid eggs. During secondary vitellogenesis, the high-density
lipoprotein (HDL) fraction of the hemolymph contains four secondary vitellogenic-specific
polypeptides (208, 196, 177 and 80 kDa) that are not present in the hemolymph of the primary
vitellogenic female. In this study we have elucidated the relationship between the progress of
gonad maturation, oocyte development and the sequence of appearance of specific polypeptides
in the ovary and the hemolymph of C. quadricarinatus.
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Introduction

Among the different approaches to studying the
reproductive cycle of decapod crustaceans, the outward
appearance and/or weight of the ovaries are often used
to stage the ovarian development cycle of the female.
However, both the appearance of the ovaries and the
gonadosomatic index (GSI) provide only limited

*Corresponding author.

information on actual changes taking place in the
ovaries and on the development of the oocytes. A more
accurate assessment of ovarian development can be
obtained by following oocyte development (0ogenesis)
histologically. A number of general studies have
covered oocyte development in decapod crustaceans
(Adiyodi and Subramonian, 1983; Charniaux-Cotton
and Payen, 1988; Meusy and Payen, 1988); for
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example, the histomorphological features of individual
oocytes were investigated by light microscopy in the
red swamp crayfish Procambarus clarkii (Kulkarni et
al., 1991). However, only very few studies have
integrated observations on oogenesis Wwith the
description of ovarian development, as was done for
the spiny lobster Panulirus japonicus (Minagawa and
Sano, 1997).

Another way to follow ovarian development is by
monitoring the process of egg yolk formation
(vitellogenesis), mainly that of yolk protein (Adiyodi
and Subramoniam, 1983). In a number of species, the
dynamics of yolk protein accumulation were followed
by comparing immature and mature ovaries by means
of SDS-PAGE (Tom et al., 1987, 1992; Yano and
Chinzei, 1987; Quackenbush, 1989) or 2D-PAGE
(Cariolou and Flytzanis, 1993). It was shown that
during primary-vitellogenesis the oocytes synthesize
specific glycoproteins (Charniaux-Cotton and Payen,
1988), which have no immunochemical relationship to
other yolk proteins. It was suggested that these proteins
contribute to the formation of cortical granules (Tom et
al., 1987). Later, during secondary vitellogenesis, yolk
protein is accumulated in the oocyte. The major
fraction of egg yolk protein — vitellin — is a high-
density lipoprotein (HDL) with a cartenoid prosthetic
group and a carbohydrate moiety (Fyffe and O’Connor,
1974; Meusy, 1980; Zagalasky, 1985; Komatsu and
Ando, 1992; Chang et al., 1993a, 1993b, 1996).

Concurrent morphological, anatomical and physio-
logical changes during the reproductive cycle of the
female Australian red-claw crayfish Cherax quadri-
carinatus have already been described (Sagi et al.,
1996). The present study makes a significant
contribution to the holistic description of the processes
occurring during the reproductive cycle in this species
by elucidating the relationship between anatomical and
histological observations (such as gonad color, GSI,
histological and histochemical structure) and the
sequence of appearance of specific polypeptides in the
ovary and hemolymph during the reproductive cycle.

Materials and Methods

Animals

C. quadricarinatus females were grown in our
facility at the Ben-Gurion University of the Negev. All
animals were kept in 100-L freshwater tanks at 27+
2°C with a photoperiod of 14L:10D. Water quality was
assured by circulating the water through a gravel
biofilter. Food was supplied ad libitum.

Morphological and anatomical observations

Females were examined externally for endopod
morphology (Sagi et al., 1996) and carapace length.
For anatomical studies the animals were anesthetized in
ice-cold water and the gonads were dissected out and
weighed (£0.001g). The GSI was calculated as the
percentage of gonad to body weight. Oocyte diameter
was measured under a light microscope, and the mean
oocyte diameter (+SE) for each ovarian stage was
calculated from a sample of 15 oocytes (from the large
oocyte population) per ovary. The ovarian stage in the
reproductive cycle was determined in terms of endopod
morphology, GSI, mean oocyte diameter and color of
the gonad (Sagi et al., 1996).

Histology

Ovarian tissue from females at different repro-
ductive stages was removed and fixed in Bouin’s
solution. Ovaries with a GSI of up to 3 were fixed for
24 h, dehydrated in an alcohol series, and embedded in
Paraplast (melting point 60-61°C). Ovaries with a GSI
of 3-5 were fixed in Bouin’s solution for 48h,
dehydrated in a butanol series, and embedded in
Paraplast. Sections of 5 um were stained with hema-
toxylin and eosin (H&E) for general histology and with
periodic acid-Schiff (PAS) to detect the presence of
carbohydrate. To detect the presence of lipids, ovaries
were fast frozen in liquid nitrogen, cut with a cryostat,
and stained with Sudan black.

Ovarian polypeptide analysis

Ovaries from animals in different reproductive
stages were dissected out on ice. Ovarian samples were
homogenized in 0.05M Tris-HCI buffer containing
0.25M NaCl, pH 7.4, and the following protease
inhibitors: 1 mM benzamidine, 4mM EDTA, 10mM
leupeptin and 0.2mM PMSF. The samples were
centrifuged (10,000 rpm, 15 min at 4°C), and the

- supernatants were removed and assayed for total

protein content (Bradford, 1976) with bovine serum
albumin as the standard. Aliquots were stored at
-20°C prior to 7% SDS-PAGE separation (Laemmli,
1970). High molecular mass (200, 116.5, 97.4, 66.2,
45, 31 kDa) markers (Sigma, St. Louis, USA) were
used. The gel was stained with Coomassie brilliant
blue R-250 for general protein staining and with PAS
for carbohydrate.
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Isolation of hemolymph high-density lipoprotein
(HDL)

Hemolymph of C. quadricarinatus males and
females was withdrawn by a syringe from sinuses at
the base of the fifth walking legs and transferred to a
tube containing 1% EDTA (final concentration).
Ovarian stage was determined by GSI, mean oocyte
diameter, color of the gonad and histological analysis.
Sodium bromide was added to the hemolymph to a
final density of 1.22 g/ml before it was centrifuged at
41,000 rpm for 48 h at 12°C. The orange floating layer
was collected and dialyzed against 0.25M NaCl-
10mM phosphate buffer (pH 7.4). The isolated HDL
was then subjected to 7% SDS-PAGE as described
earlier.

Results

Ovarian development was divided into two different
phases: the primary-vitellogenic phase, in which the
ovaries were comprised of oocytes up to the lipid stage
(Fig. 1, stages I-V), and the secondary-vitellogenic
phase, in which the ovaries included all the first four
primary vitellogenic oocyte stages in addition to a
prominent group of synchronous oocytes in the yolk,
prematuration and maturation-stage (Fig. 1, VI-VIII;
Fig. 2).

Anatomical observations revealed two kinds of
primary-vitellogenic ovary: one, with uniform milky
white oocytes of diameter as high as 0.2 mm, for which
the GSI was up to 0.1 and the other with an oocyte
diameter of up to 0.4 mm and a GSI of up to 0.25. The
oocyte of the first group belonged to the chromatin,
chromatin-nucleolus, early-perinuclear and late-peri-
nuclear stages, as described below (Fig. 1, I-IV;
Fig. 3). Oocytes at the chromatin stage (Fig. 3A, CH)
were usually gathered in groups. Oocyte diameter was
12.3+0.5 um, and nucleus diameter was 9.7+0.1 um.
The oocyte membrane was not well defined, but the
centrally located nucleus, which contained basophilic
chromatin materials, had a well defined membrane. In
the chromatin nucleolus stage (Fig. 3B, CN), oocyte

diameter was 30.2+ 3.5 um;, anid nucleus diameter was"

16.0+0.3 um. The oocyte membrane was well defined,
and the centrally located nucleus contained two to ten
small, round and basophilic nucleoli, situated peri-
pherally (Fig. 3B, n). In the early-perinuclear stage
(Fig. 3C, EP) average oocyte diameter was 81.0+
10 um, and that of the centrally located nucleus was
31+1.24 um. Four to five large, round and strongly
basophilic nucleoli were situated at the periphery of the
nucleus (Fig. 3C, n). A thin perinuclear zone (Fig. 3C,
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Fig. 1. Diagrammatic summary of oocyte development in C.
quadricarinatus.1. Chromatin stage. I1. Chromatin-nucleolus
stage. IIL. Early perinuclear stage. IV. Late perinuclear stage.
V. Lipid stage. VI. Yolk stage. VII. Prematuration stage.
VIII. Maturation stage. N, nucleus; n, nucleolus; f, follicle
cell; pz, perinuclear zone in the early-perinuclear stage; pzl,
perinuclear zone in the late-perinuclear stage; y, yolk
globules; o, oil globules; pz2, perinuclear zone in the pre-
maturation stage; ve, vitellin envelope. The logarithmic scale
refers to oocyte diameter; other details are presented propor-
tionally as percent of the oocyte diameter.

pzl) was evident, which stained positively with PAS
(Fig. 3D, pz). A very small number of basophilic

follicle cells (1-2 um thick) were visible around the

oocytes (Fig. 3C, f). Oocytes in the late-perinuclear
stage (Fig. 3C, LP) had a diameter of 209.5+55 yum.
The centrally located nucleus, with a diameter of
52.2+1.37 um, contained four to five large, round and

strongly basophilic nucleoli at the periphery. The

perinuclear zone was thicker (Fig. 3C, pzl). A
complete single layer of basophilic follicle cells (3-
5 um thick) was visible on the outer surface of the
oocyte.

Anatomical observation of the second kind of
primary-vitellogenic ovary revealed two distinctly
colored oocyte populations, the smallest one white and
the other largest oocytes, being yellowish to orange in
color. The latter ovaries contained lipid stage oocytes
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Fig. 2. Correlation between the presence of oocytes in C.
quadricarinatus ovaries at various vitellogenic stages. Stages
I-VIII refer to the oocyte stages (see Fig. 1). GSI, gonado-
somatic index.

(Fig. 1, V; Fig. 4) along with many oocytes at earlier
stages. In the lipid stage, average oocyte diameter was
349.7+60 um, and that of the nucleus was 71+1.9 um.
The nucleus was centrally located, with four to five
large, round and strongly basophilic nucleoli at the
periphery. The entire cytoplasm stained PAS positive
(not shown), and was more basophilic than that in
previous stages, with numerous empty globules having
a diameter of 4+0.05um (Fig. 4A, arrows). These
globules resembled oil droplets, as confirmed by their
positive Sudan black staining (Fig. 4B, arrows). A

e gingle-cell follicle layer (6.0-8.0 ym thick) surrounded

the oocyte.

Secondary-vitellogenic ovaries were characterized
by synchronous growth of the large oocyte group
(Fig. 2). This process included change in color to deep
orange, olive green or creamy brown, and an increase
in GSI up to 5. This group of oocytes developed
synchronously from the yolk stage via the pre-
maturation stage and to the maturation stage. Yolk was
deposited in the cytoplasm and oocyte diameter

reached as high as 2mm. In the yolk stage oocyte
diameter was 498.7+80um and nucleus diameter,
75.6+2.3 um. The nucleus was centrally located, and
in most cases no nucleoli were observed (Fig. SA). At
this stage, two different types of globules were found
in the cytoplasm: lipid globules, 5.2+ 0.05 um in dia-
meter (Fig. 5A, o) and yolk globules, ranging from 3 to
10 um in size (Fig. 5A, y). Yolk globules were PAS
positive (not shown). In yolk-stage oocytes located
next to the ovarian wall (Fig. 5A, ow), the yolk
globules were often inclusive to the side, closer to the
ovarian wall (Fig. 5A, left), while the lipid globules
were spread throughout the entire cytoplasm. An
increase in the width of the single-cell follicle layer, up
to 12.0 um in thickness, was evident. Prematuration-
stage oocytes had a diameter of 828.9+126 um, and
the diameter of the nucleus was 63.7+2.0 um. The
nucleus was smaller than that in the previous stage,
strongly basophilic, centrally located, and surrounded
by adistinctive perinuclear zone (Fig. 5B, pz2). Two to
three strongly basophilic nucleoli were present at the
periphery of the nucleus (Fig. 5B, n). The yolk and
lipid globules were evenly distributed throughout the
cytoplasm, except in the perinuclear zone, in which
only small lipid droplets were found (Fig. 5B, arrows).
The yolk globules were larger than those in previous
stages, ranging in diameter from 3 to 20um. A
single-cell follicle layer (8.0-14.0um thick) sur-
rounded the oocyte, Maturation-stage oocytes had a
diameter of 1800.3+ 181 um. At this stage the shape of
the nucleus was irregular and the membrane was
indistinct (Fig. 6A, N). The follicle cells around the
oocytes became narrower (0.5-1um), and a clear
vitellin envelope was evident between the follicular
cells and the oocyte membrane (Fig. 6B, ve).

Throughout the course of the vitellogenic process,
there was a gradual change in the polypeptides profile
as shown by the SDS-PAGE (Fig. 7). Polypeptides of
relatively lower molecular weights (65-95kDa) were
more pronounced in the primary-vitellogenic ovary
containing oocytes from the chromatin stage through
lipid stages (Fig 7A, lanes 1-3). Among the low
molecular -weight  polypeptides, 95 and 73 kDa
polypeptides were found to be PAS positive (Fig. 7B,
lane 1-5). Later in the vitellogenic process, a group of
polypeptides of relatively higher molecular masses,
such as 177, 155 and 106 kDa, were more pronounced
(Fig. 7A arrows). These polypeptides were detected
firstly in the secondary-vitellogenic ovary (composed
mostly of yolk-stage oocytes) and were also present in
newly laid eggs (Fig. 7A, lanes 4 and 5).

A common polypeptide with an approximate


















