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The paper reports a histological and immunohistochemical
description of oocyte growth and ultrastructural aspects of
zona radiata (ZR) formation as well as the relationship
between plasma estradiol-17β‚ (E2) levels and ovarian
development in swordfish (Xiphias gladius L.) from the
Mediterranean Sea. Ovaries were inactive during March to
mid April; maturation occurred during late April to June and
spawning in June and July.
Zona radiata formation starts, as Pas positive material, in
oocytes at the lipid stage. In this stage a deposit of elec-
trondense material between oolemma and follicular cells
appears. In the cortical alveoli stage and through the early
vitellogenic stage, the deposition of a moderately electron-
dense material occurred on the inner side of the ZR. Finally,
in late vitellogenic oocytes a third layer, made of microfibril-
lar material, appeared. The immunohistochemical analyses
revealed that the initial internalisation of hepatic zona radi-
ata proteins (Zrp) in the swordfish oocyte starts before the
uptake of vitellogenin (Vtg) and that it is associated with the
low previtellogenic E2 plasma levels, while a significant E2
increase in plasma is associated with the beginning of Vtg
uptake. This would appear to confirm the hypothesis that the
differential and sequential induction of zonagenesis and
vitellogenesis may reflect a general feature of teleost oogen-
esis.
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T
he swordfish (Xiphias gladius L.) is a gono-
choristic, cosmopolitan pelagic top predator
and represents an important commercial fish-

ing resource. Reports on the reproduction of this
species mainly consider swordfish from the north-
western Atlantic (Taylor & Murphy, 1992; Arocha &
Lee, 1995; Arocha, 2002) and Pacific (DeMartini et
al., 2000). Information regarding reproduction of
swordfish from the Mediterranean Sea are limited to
studies based on distribution of eggs and larvae
(Potoschi et al., 1994), on seasonal variations of the
gonadosomatic index (IG) (de la Serna et al., 1996),
and on preliminary histological observations (de la
Serna et al., 1996; Desantis et al., 1998).

Oocyte growth in female teleosts is mainly due to
the incorporation of exogenous proteins such as
vitellogenin (Vtg) and zona radiata proteins (Zrp)
under the control of sexual hormones. These pro-
teins are synthesized by the liver under the stimula-
tion of estradiol, transported in the bloodstream to
the follicular layer and then endocytated by oocytes
and used for the formation of both yolk and vitelline
envelop (Wallace, 1985; Celius and Walter, 1998).

Data on the relationship between oocyte develop-
ment and estradiol levels have been reported for
several captive (Matsuyama et al., 1991; Kjesbu et
al., 1996; Lee et al., 2002) and wild (Susca et al.,
2001) teleosts, but not for swordfish.

The aim of this study is to describe, by means of
histological, immunohistochemical and ultrastruc-
tural methods, the developmental stages of sword-
fish oocytes and to provide data on i) seasonal ovar-
ian development and reproductive period of the
species in the North Ionian Sea and ii) the relation-
ship among the changes in 17β‚-estradiol (E2) plas-
ma levels, relative ovarian mass (gonadosomatic
index, IG) and oocyte growth.
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Materials and Methods

Sample collection
Ovaries were obtained from 116 swordfish with

lower jaw-fork length (LLJF) > 140 cm. All fish
sampled were adult according to de la Serna et al.
(1996). Fish were captured during March (n=9),
April (n=10), May (n=20), June (n=13), July
(n=25), August (n=14), September (n=8), October
(n=7), November (n=6) and December (n=4)
2000-2001 in the North Ionian Sea (Gulf of
Taranto) by commercial vessels using long lines or
drift nets. Soon after capture, LLJF was measured to
the nearest cm; the ovaries were removed and the
gonad weight (WG) measured to the nearest g. At
landing, the eviscerated body weight (WB) was meas-
ured to the nearest 100 g.The gonadosomatic index
(IG) was calculated as 100*(WG/WB). Gonad slices
(1 cm thick) of all the specimens sampled were fixed
in Bouin‘s solution for 12 h for light microscopical
studies. Small ovarian pieces from three vitellogenic
females were fixed in 3% glutaraldehyde in 0.1 M
sodium cacodilate buffer (pH 7.4) for 3 h at 0-4°C
for ultrastructural investigations.

For E2 measurements, blood from 51 specimens
was collected from the heart with heparinized
syringes and cannula. Syringes and cannula were
rinsed in advance with a solution containing 200
mM NaCl; 8.6 KCl, 8000 IU ml-1 sodium heparin
and 1 mM phenylmethylsulphonylfluoride (PMSF,
Sigma), pH 7.3. Blood was kept on ice after sam-
pling at sea and then centrifuged at 5000 g for 15
min. Plasma was collected using a plastic pipette
and stored at -20°C in the laboratory (usually < 4h
after capture).

Histology and conventional histochemistry
The fixed samples were dehydrated in increasing

ethanol concentrations, clarified in Histolemon and
embedded in paraffin wax. Sections (5 µm thick)
were processed for haematoxylin – eosin, Mallory’s
trichrome, Periodic acid-Schiff (Pas) reaction and
immunohistochemistry. The oocyte classification
used an adaptation of the schemes commonly used
for teleosts (Matsuyama et al., 1988; Mandich et
al., 2002; Corriero et al.; 2003). Oocyte size was
determined on histological slides using a Quantimet
500W (Leica, Cambridge, U.K.) image analyser, by
measuring the maximum and minimum oocyte-
diameters of at least 30 oocytes from each devel-
opmental stage.

Transmission electron microscopy
After washing in sodium cacodilate buffer, the

samples were post-fixed with 1% OsO4, dehydrated
through increasing ethanol concentrations, and
embedded in Araldite. Thin sections (60-80 nm
thick) were cut, counterstained with uranyl acetate
and lead citrate and observed with a Zeiss EM 109.

Immunohistochemistry
For the immunolocalization of Zrp and Vtg, ovar-

ian sections were deparaffinized, hydrated and pre-
treated for 30 min with 0.3% H2O2 in methanol to
inhibit endogenous peroxidase activity. They were
then incubated for 30 min in normal horse serum
(NHS) diluted 1:10 in phosphate buffered saline
(PBS) (0.01 M phosphate buffer pH 7.4 contain-
ing 0.15 M NaCl) to block non-specific binding
sites for immunoglobulins. The sections were then
incubated for 1 h at 37°C in a moist chamber with
the antiserum diluted in PBS containing 0.1%
BSA. The working dilutions were: anti-salmon Zrp
O-173 (abSalm-Zrp; Biosense, Bergen, Norway), 1:
100; anti-swordfish Vtg (abSwo-Vtg; Eicker,
2001), 1: 10000.The immunohistochemical visual-
isation was obtained using the Vectastain Universal
Elite Kit (Desantis et al., 2000).

To confirm the specificity of the immunostaining,
the following control staining procedures were car-
ried out: (1) replacement of primary antibody with
normal horse serum; (2) omission of the primary
antibody; (3) replacement of primary antibody with
pre-immune rabbit serum; (4) replacement of pri-
mary antibody with rabbit anti-mouse albumin
serum.

E2 measurement
200 µl of plasma were extracted three times with

5 ml dichloromethane, the extracts redissolved and
estradiol measured by ELISA using acetyl-
cholinesterase as tracer and an antisera raised
against estradiol-6-CMO-BSA in sheep provided by
Prof Zvi Yaron (Tel Aviv). Inter and intraassay vari-
ations for the method were less than 10%. Full
details of the methodology are given in Cuisset et
al. (1994) and Nash et al. (2000).

Statistical analysis
E2 plasma levels and IG were expressed as mean

± S.E. The analysis of variance was carried out by
the GLM procedure (SAS, 1988), and comparison
between least square means was performed with

414

A. Corriero et al.



415

Original Paper

Tukey-Kramer adjustment. Statistical significance
was accepted at p<0.05.

Results

Histological analysis
Swordfish ovaries were paired organs elongated

along the cranio-caudal axis, located in the abdom-
inal cavity and suspended by a mesovarium.
Anteriorly the right and left ovaries were free, while
their posterior ends joined in a common oviduct,
which opened to the exterior in the urogenital pore.
In cross-section the ovary showed a round profile.
The right and left ovaries often differed in length
and weight.

The ovaries were surrounded by a thick muscle
wall and the parenchyma showed numerous oviger-
ous lamellae containing oogonia and oocytes, the

latter in different stages of growth (Figure 1a).
Diameters of oogonia and oocytes at different
developmental stages are reported in Table I.

Oogonia, generally found in clusters of a few cells
interspersed in the interstitial tissue, were round or
oval unstained cells with a euchromatic nucleus

Figure 1. Micrographs of swordfish ovaries at dif-
ferent maturational stages. (a) ovary showing the
muscle wall and ovigerous lamellae. Haematoxylin-
eosin staining (bar = 500 µµm). (b) A cluster of
oogonia adjacent to an advanced chromatin nucleo-
lus stage oocyte. Haematoxylin-eosin staining (bar
= 10 µµm). (c) Oocyte at early chromatin nucleolus
stage in association with a single follicular cell.
Haematoxylin-eosin staining (bar = 15 µµm). (d)
Oocytes at early and late perinucleolar stage.
Haematoxylin-eosin staining (bar = 30 µµm). (e)
Oocyte at lipid stage showing weak ooplasm
basophily and lipid droplets. Haematoxylin-eosin
staining (bar = 50 µµm). (f) Thin Pas+ ZR in an
oocyte at lipid stage (bar = 30 µµm). (g) Oocyte at
cortical alveoli stage. Haematoxylin-eosin staining
(bar = 50 µµm). (h) Oocytes at cortical alveoli stage
showing the appearance of Pas+ cortical alveoli
(bar = 50 µµm). Arrowhead, perinucleolar-stage
oocyte; arrow, lipid-stage oocyte; double arrow-
head, follicular cell; small arrow, nucleolus; double
arrow, cortical aallvveeoollii; asterisk, zzoonnaa rraaddiiaattaa; bb,
Balbiani’s body; cn, chromatin nucleolus-stage
oocyte; epn, early perinucleolar-stage oocyte; lpn,
late perinucleolar-stage oocyte; l, lipid droplets; m,
muscle wall; n, nucleus; oo, oogonium.

Table I. Diameter of oogonia and oocytes at different develop-
mental stages in the swordfish (mean in µµm ± S.E.).

n Diameter 95% C.I.

Oogonia 30 10.17±0.46 ±0.9744
Chromatin nucleolus stage 33 16.77±0.88 ±1.7889
Perinucleolar stage 39 74.88±4.10 ±8.3041
Lipid stage 31 169.70±5.35 ±11.3498
Cortical alveoli stage 32 231.20±3.30 ±7.1842
Early vitellogenesis stage 33 351.03±7.58 ±15.4326
Late vitellogenesis stage 31 567.70±27.66 ±57.8894
Post vitellogenesis stage 34 848.60±13.43 ±27.5649
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showing a large, eccentric nucleolus (Figure 1b).
Oogonia were present in all samples analysed
although they could be more easily observed in
inactive or regressing ovaries.

Chromatin nucleolus stage oocytes had a large
eccentric nucleus showing chromatin strands. The
nucleus of the smallest oocytes at this stage showed
a single eccentric nucleolus, while a few peripheral
nucleoli were observed in the largest ones. During
this stage, ooplasm basophily increased progres-
sively with oocyte growth. At this stage, follicular
cells, squamous in shape were associated with the
oocytes (Figures 1b, c).

Perinucleolar stage oocytes had numerous nucle-
oli adjoining the nuclear envelope.The early perinu-
cleolar oocytes showed intense ooplasm basophily,
while the late ones displayed decreased ooplasm
basophily and the presence of the basophilic, perin-
uclear, Balbiani’s body. Flat follicular cells consti-
tuted a single complete layer around the oocytes
(Figure 1d).

Lipid stage oocytes exhibited a further reduction
of ooplasm basophily and were characterised by the
presence of small lipid droplets and the appearance
of a thin Pas+ ZR interposed between oolemma and
follicular cells (Figures 1e, f).

Cortical alveoli stage oocytes were characterized
by an increase in number of lipid droplets as well as
the presence of both Pas+ and Pas- cortical alveoli
whose number increased with oocyte size. Zona radi-
ata thickness reached up to 2 µm (Figures 1g, h).

Early vitellogenesis stage oocytes were charac-
terised by small spherical eosinophilic granules
(yolk globules) in the peripheral ooplasm. In this
stage ZR thickness reached 5 µm and the follicular
cell layer became cubic (Figure 2a).

Late vitellogenesis stage oocytes showed further
accumulation of yolk granules that progressively
filled the entire ooplasm (Figures. 2a, b). Zona
radiata thickness showed a remarkable increase up
to 40 µm and, in Pas stained sections, appeared to
be constituted by two layers: an external layer
(zona radiata externa, ZRE) and an internal one
(zona radiata interna, ZRI). Zona radiata externa
was thinner and more intensely stained with Pas
than ZRI (Figure 2b).

Ovaries with vitellogenic oocytes were observed in
specimens captured during late April to late July.

Post-vitellogenesis stage oocytes were character-
ized by: i) migration of the nucleus towards the ani-
mal pole associated with contemporaneous pro-
gressive coalescence of lipid droplets and yolk glob-
ules (Figure 2c); ii) germinal vesicle breakdown
(Figure 2d); iii) ooplasm hydration and complete
detachment of the follicular cells (Figure 2e).

Figure 2. Micrographs of swordfish ovaries at different matura-
tional stages (a) Oocytes at perinucleolar, lipid, early and mid-
late vitellogenesis stages. Mallory’s trichrome staining (bar =
500 µµm). (b) Oocyte at mid-late vitellogenesis stage. Mallory’s
trichrome staining (bar = 100 µµm). Inset: detail of a late vitello-
genesis stage oocyte showing a double-layered ZR. Pas reaction
(bar = 15 µµm). (c) Migratory nucleus oocyte, showing coales-
cence of yolk and lipids, together with vitellogenic and perinu-
cleolar oocytes. Haematoxylin-eosin staining (bar = 500 µµm). (d)
Detail of a postvitellogenic oocyte with dissolving nuclear enve-
lope. Haematoxylin-eosin staining (bar = 100 µµm). (e) Spawning
ovary where a hydrated oocyte together with vitellogenic, pre-
vitellogenic and atretic oocytes are visible. Haematoxylin-eosin
staining (bar = 500 µµm). (f) Partially running ovary showing a
postovulatory follicle, previtellogenic oocytes, two early atretic
oocytes and part of two healthy vitellogenic oocytes.
Haematoxylin-eosin staining (bar = 200 µµm). (g) Numerous pos-
tovulatory follicles in an ovary devoid of vitellogenic oocytes.
Haematoxylin-eosin staining (bar = 300 µµm). (h) Regressing
ovary showing a late atretic follicle and previtellogenic oocytes
(bar = 100 µµm). (i) Regressing ovary showing previtellogenic
oocytes, irregular cell masses containing pigmented inclusions
and eosinophilic granulocytes. Haematoxylin-eosin staining (bar
= 100 µµm). Arrowhead, perinucleolar-stage oocyte; arrow, lipid-
stage oocyte; double arrowhead, follicular cells; double arrow,
zona radiata; small arrow, nucleolus; asterisk, zona radiata exter-
na; double asterisk, zona radiata interna; af, atretic follicle; eg,
eosinophilic granulocytes; n, nucleus; pf, postovulatory follicles;
ym, yolk mass.
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Ovaries with post-vitellogenesis stage oocytes
were observed in specimens captured during early
June to late July.

Convoluted post-ovulatory follicles, characterized
by hypertrophic granulosa cells delimiting an irreg-
ular lumen, were clearly observed in the ovaries of
only 4 of 38 specimens captured during June to late
July. In two specimens, post-ovulatory follicles
coexisted with late vitellogenic oocytes (Figure 2f),
while the ovaries of the other two fish had only
chromatin nucleolus and perinucleolar stage
oocytes (Figure 2g).

Atretic follicles were present in the ovaries of all

fish caught during late April to late July. In early
atretic follicles (Figures 2e, f) the nucleus and the
ZR lost their structural integrity and the yolk
underwent degeneration and was phagocytized by
hypertrophied granulosa cells. In late atretic folli-
cles (Figure 2h) the yolk was no more visible and
the entire oocyte was invaded by granulosa cells.

Regressing ovaries, collected from specimens cap-
tured between June and November, were character-
ized by chromatin nucleolus and perinucleolar
stage oocytes, vitellogenic atretic oocytes, and
irregular cell masses containing pigmented inclu-
sions (melanomacrophagic centres). Cells contain-
ing eosinophilic granules were sometimes observed
in the connective tissue and around degenerating
oocytes (Figures 2h, i).

Electron microscopy
Ultrastructural observations were carried out to

study the appearance as well as the development of

Figure 3. Electron micrographs showing morphological changes
during the development of the zona radiata. (a) Lipid stage
oocyte separated from a squamous granulosa cell by a subfol-
licular space. Deposits of electrondense material are found on
the oolemma (bar = 10 µµm). (b) During the early cortical alve-
oli stage short microvilli emerging from both the oocyte and
squamous granulosa cell show contacts. Oocyte microvilli pen-
etrate poro canals placed in the electrondense zona radiata
externa (bar = 1 µµm). (c) Oocyte at early vitellogenesis stage
surrounded by a zona radiata constituted by a zona radiata
externa and a zona radiata interna. Oocyte microvilli emerge in
the electron-lucent subfollicular space and contact granulosa
cells (bar = 1 µµm). (d) Granulosa cell and zona radiata externa
surrounding an oocyte at late vitellogenesis stage. Note that
the granulosa cell is cubic in shape and its cytoplasm contains
a number of mitochondria and an extensive endoplasmic reticu-
lum. The pore canals contain oocyte microvilli (bar = 1 µµm). (e)
The zona radiata interna of a late vitellogenesis oocyte show
two additional moderately electrondense bands (bar = 0.5 µµm).
ca, cortical alveoli stage oocyte; er, endoplasmic reticulum; ev,
early vitellogenic oocyte; gc, granulosa cell; lo, lipid stage
oocyte; lv, late vitellogenic oocyte; m, mitochondria; n, nucleus;
tc, thecal cell; zre, zona radiata externa; zri, zona radiata inter-
na; arrow, moderately electrondense bands in the zona radiata
interna; asterisk, subfollicular space; arrowhead, microvillus;
double arrowhead: basement membrane; small arrow, deposit of
electrondense material.

Figure 4. Micrographs of swordfish ovaries at different matura-
tional stages. (a) Immunostaining with abSal-Zrp. Immuno-
reactivity is localized in the ZR and cortical alveoli (bar = 50
µµm). (b) Detail of an oocyte showing abSal-Zrp immunopositive
ZR and cortical alveoli: note the connection between these two
structures (bar = 10 µµm). (c) Detail of a vitellogenic oocyte
immunostained with abSal-Zrp. The antiserum reacted more
strongly in the ZRI than ZRE. Positive material can be observed
also in the cortical ooplasm and in the follicular layer (bar = 10
µµm). (d) Immunohistochemical staining with abSwo-Vtg. (bar =
100 µµm). (e) abSwo-Vtg showed a weak reaction with the
ooplasm of oocytes histologically classified in early vitellogene-
sis stage and a strong reaction with late vitellogenic oocytes
(bar = 100 µµm). Arrow, zona radiata; double arrow, cortical alve-
oli; asterisk, zona radiata interna; double asterisk, zona radiata
externa; af, atretic follicles; ev, early vitellogenic oocyte; lv, late
vitellogenic oocyte;
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the ZR during the oocyte growth.
The follicle (granulosa) cells formed a complete

unilayer around the oocyte and were supplied with
an external basal lamina. Oocytes at lipid stage
(Figure 3a) showed a squamous granulosa cell layer
(c. 1 µm thick) containing a flattened euchromatic
nucleus, and their electron-lucent cytoplasm dis-
played rough endoplasmic reticulum (RER), small
Golgi complex and vesicles. Granulosa cells and
oocytes were separated by an electron-lucent subfol-
licular space (c. 200 nm thick) and spots of elec-
trondense substance were evident on oolemma
(Figure 3a).

In oocytes at early cortical alveoli stage (Figure
3b), short microvillar projections emerged from
granulosa cells, passed through the subfollicular
space (about 800 nm thick), and contacted
microvilli projecting from the oocyte. Oocyte
microvilli penetrated the pore canals (150 nm
wide) of a discontinuous layer of electrondense
homogeneous material (500 nm thick) covering the
oolemma. This structure represents the developing
ZRE (Figure 3b). A thin layer of homogeneous
moderately electrondense material started to be
deposited in the inner layer of the ZR.

In early vitellogenesis stage oocytes (Figure 3c),
the granulosa cells were cubic in shape with an
increase in cytoplasm organella.The ZR reached a
thickness of about 5 µm and appeared to be con-
stituted of two layers.The inner layer (ZRI) was up
to 1 µm thick and was less electrondense than ZRE
and showed a reticular appearance. Both ZRI and
ZRE were traversed by pore canals containing
oocyte microvilli which emerged in the subfollicular
space and contacted granulosa cells (Figure 3c).

In late vitellogenesis stage (Figure 3d) the cubic
granulosa cells measured c. 5 µm in height and
showed increased RER and mitochondria. The ZR
reached a thickness of 40 µm and appeared entire-
ly electrondense so that it was very difficult to dis-
tinguish the thinner ZRE from the thicker and
slightly less electrondense ZRI. In this stage a third
ZR layer (300 nm thick), constituted by a microfil-
amentous substance and perpendicularly oriented

between ZRI and oolemma, occurred (Figure 3e).
This layer appeared to be arranged in two bands
different in electrondensity, the inner one being
more electrondense than the outer one.

Immunohistochemistry
abSal-Zrp reacted with oocytes having a mini-

mum diameter of 180 µm. Initially, the antiserum
reacted only in the area corresponding to the ZR
(Figure 4a). In larger oocytes (diameter 200-250
µm), some positive cortical alveoli appeared to be
connected to the positive ZR (Figures 4a, b). In
more developed oocytes (diameter > 250 µm) the
antiserum reacted more strongly in the ZRI than
ZRE. In these oocytes the presence of immunopos-
itive peripheral vesicles as well as cortical ooplasm
material was evident. Positive material was also
seen in the follicular cell layer (Figure 4c).

abSwo-Vtg reacted with ooplasm of oocytes hav-
ing a minimum diameter of 250 µm (Figures 4d, e).
A weak staining intensity was observed in the
ooplasm of oocytes histologically classified in early
vitellogenesis stage, while the ooplasm of late vitel-
logenic oocytes displayed a strong staining intensi-
ty (Figure 4e). The immunostaining with abSwo-
Vtg and abSbr-Vtg was also found in the connective
tissue and sometimes the follicular cell layer and
the ZR. No immunostaining was observed in control
sections or in ovaries devoid of vitellogenic oocytes.

Changes in IG and E2 plasma levels during 
ovarian development

Changes in IG and E2 plasma levels during ovari-
an development are reported in Table II.

Mean IG values rose from 0.35 ± 0.01 in inactive
specimens that exhibited perinucleolar or lipid
stage as their maximum oocyte stage, to 0.50 ±
0.04 in fish with oocytes at cortical alveoli stage
and to 1.88 ± 0.29 in animals with vitellogenic
oocytes. Mean IG values increased significantly (p<
0.05) to 9.11 ± 0.92 in individuals with oocytes at
post-vitellogenesis stage. In post-spawning and
regressing specimens, mean IG values decreased sig-
nificantly (p<0.05) to 1.42 ± 0.37.

n IG 95% C.I. E2 (ng mL-1) 95% C.I.

Perinucleolar/lipid stage 10 0.35±0.01a ±0.0245 1.02±0.12a ±0.2727
Cortical alveoli stage 9 0.50±0.04a ±0.0826 1.88±0.41ab ±0.9491
Early/late vitellogenesis stage 14 1.88±0.29a ±0.6152 7.91±1.06bc ±2.2944
Post-vitellogenesis stage 9 9.11±0.92b ±2.1236 11.17±3.59c ±8.2831
Regressing 9 1.42±0.37a ±0.8596 5.05±0.57ac ±1.3103

Table II. Changes in gonadosomatic index (IG) and
17β-estradiol (E2) plasma levels during swordfish
ovarian development. IG and E2 values are mean ±
S.E. of samples grouped according to the maximum
oocyte stage observed in the ovaries or evidence of
recent reproductive activity (regressing). Means
with different superscripts within the same column
are significantly different (pp<0.05).



E2 plasma levels followed similar changes to the
one observed in IG, showing a slight increase in fish
with cortical alveoli stage oocytes (1.88 ± 0.41 ng
ml-1) compared to specimens with only perinucleo-
lar and lipid stage oocytes (1.02 ± 0.12 ng mL-1).
Plasma E2 rose in vitellogenic female swordfish to
7.91 ± 1.06 ng mL-1 (p=0.055, close to the thresh-
old level of statistical significance) and reached the
maximum value close-to spawning (11.17 ± 3.59
ng mL-1). After spawning, E2 plasma levels fell to
5.05 ± 0.57 ng mL-1.

Discussion

This study reports a histological and immunohis-
tochemical description of oocyte growth in the
swordfish as well as of some ultrastructural aspects
of ZR formation and provides data on the temporal
pattern of ovarian maturation of the species in the
North Ionian Sea and on the relationship between
ovarian development, IG and E2 plasma levels.

In the previous studies on swordfish ovaries (de la
Serna et al., 1996; Arocha, 2002), only four devel-
opmental stages were described, as, far for provid-
ing a detailed study of oogenesis, the aim of the his-
tological descriptions was confined to define the
fecundity pattern.

The morphological features of the swordfish
oocyte developmental stages here reported are in
agreement with those described in other teleost
species (Matsuyama et al., 1988; Corriero et al.,
2003).The main structural changes associated with
oocyte development include: i) increase of cyto-
plasm organelles, evidenced by increased ooplasm
basophily and appearance of Balbiani’s body, the
latter considered as a centre for the biogenesis of
cell organelles (Coello & Grim, 1990); ii) lipid syn-
thesis and accumulation; iii) appearance of cortical
alveoli; iv) yolk accumulation; v) migration of the
nucleus to the animal pole and simultaneous coa-
lescence of lipids and yolk; vi) ooplasm hydration.

The simultaneous presence of all of the oocyte
developmental stages in spawning specimens indi-
cates that swordfish has an asynchronous oocyte
development and it is a multiple spawner, as
already reported by Arocha (2002) for the north-
western Atlantic swordfish.This spawning pattern is
also confirmed by the simultaneous presence of
advanced vitellogenesis stage oocytes and post-ovu-
latory follicles in some ovaries.

During December to mid-April no vitellogenic

oocytes were observed in the ovaries from swordfish
caught in the North Ionian Sea. Although the num-
ber of samples analysed was limited, this finding indi-
cates that, in the area under investigation, swordfish
ovaries are inactive during late autumn-early spring.
Maturation occurred during late April to June when
ovaries contained vitellogenic oocytes.The spawning
period, shown by the presence of post-vitellogenesis
stage oocytes and post-ovulatory follicles, occurred
in June and July. In fact, post-vitellogenesis stage
oocytes, destined to be imminently spawned, and
post-ovulatory follicles, which become soon indistin-
guishable from ovarian connective tissue, are evi-
dence of imminent and recent spawning, respectively
(Hunter et al., 1986).

Arocha & Lee (1995) reported in the subtropical
northwestern Atlantic the presence of active
mature female swordfish (females with yolked
oocytes) during all months except July, while
spawning females (females with hydrated oocytes)
were found mainly from December to February but
also in March, May and June. Spawning female
swordfish were caught during March-July in the
central North Pacific (DeMartini et al., 2000).
Thus, the temporal pattern of swordfish ovarian cycle
appears to differ among geographical areas. In the
Mediterranean, the presence of a spawning peak in
July has been reported on the basis of larval findings
(Potoschi et al., 1994) and seasonal changes of IG,
(de la Serna et al., 1996). Megalofonou et al.
(1995) in a study based on age estimation of juve-
niles by means of the count of presumed otoliths
daily growth increments, reported a spawning period
during late June to late August with a peak in July.
In the present study, no evidence of recent or immi-
nent spawning has been found in any of the 14 spec-
imens captured during August.

Oocyte growth in fish, as in other oviparous verte-
brates, is mainly due to the incorporation of exoge-
nous proteins (Wallace, 1985). Vtg is a precursor
of egg yolk proteins synthesized by the liver of
female oviparous vertebrates during sexual matura-
tion (Wallace, 1985). In teleosts, ZR formation is a
complex phenomenon that involves proteins of
hepatic origin (Oppen-Berntsen et al., 1992a,
1992b). Zona radiata, also termed chorion,
eggshell, and vitellin envelope, is involved in preven-
tion of polyspermy during fertilization and protec-
tion against mechanical damage to the developing
embryo (Walther, 1993). Both Vtg and hepatic Zrp
are transported through the blood to the ovaries
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where they are incorporated by growing oocytes.
Synthesis of Zrp and Vtg is interrelated in teleosts
because both processes are controlled by estradiol
17-β (Wallace, 1985; Oppen-Berntsen et al.,
1992a, 1992b; Celius & Walter, 1998).

An immunohistochemical study (Hyllner et al.,
1994) revealed that in rainbow trout the formation
of the vitelline envelope precedes the active uptake
of Vtg during oocyte development.
Immunochemical analysis of plasma Vtg and Zrp
levels in Atlantic salmon (Celius & Walter, 1998)
revealed a preferential induction of Zrp after estra-
diol injection and suggested an ordered sequence of
initiation of zonagenesis and vitellogenesis during
teleost sexual maturation.

Our electron microscopy observations revealed that
ZR formation starts in oocytes at the lipid stage as a
deposit of electrondense material between oolemma
and follicular cells. In the cortical alveoli stage and
through the early vitellogenic stage, the deposition of
a moderately electrondense material occurred on the
inner side of the ZR. Finally, in late vitellogenic
oocytes a third layer, made of microfibrillar material,
appeared. Ovary histological sections stained with
Pas reaction revealed a thin ZR in oocytes at the
lipid stage (oocyte diameter c. 150 µm). Oocytes at
this developmental stage did not show immunoreac-
tivity with abSal-Zrp. This could indicate that the
first step of ZR formation is represented by glyco-
proteins synthesised within the follicle. More devel-
oped oocytes (diameter about 180 µm) started to
incorporate exogenous Zrp, as revealed by the
appearance of abSal-Zrp immunopositivity. abSal-
Zrp immunopositive material was localised initially
only in the vitelline envelope and subsequently also in
the cortical ooplasm, where it was contained in some
cortical alveoli.The discrepancy observed in the ZR
reactivity to Pas and abSal-Zrp during follicle
growth may depend on the lacking of exogenous Zrp
in oocytes with diameter < 180 µm as well as on the
low sensitivity of the eterologous antibody used.The
immunohistochemical findings, at least, can be con-
sidered reliable because Zrp is structurally conserved
among teleostean fish (Oppen-Berntsen et al.,
1999). In addition, as reported in the product speci-
fication sheet, the antibody used cross-reacts well
with Zrp from different teleosts, including
Perciformes species.

Cortical alveoli, also termed yolk vesicles, are
generally considered to be endogenous oocyte
products, frequently seen in association with Golgi

apparatus, which are released into the perivitellin
space at fertilization to prevent polyspermy
(Selman et al., 1988). In teleosts, the simultane-
ous presence in an oocyte of ultrastructurally dif-
ferent cortical alveoli has been demonstrated
(Ohta et al., 1990). In swordfish, on the basis of
affinity to Pas reaction and abSal-Zrp immunore-
activity, at least two types of cortical alveoli seem
to be present. abSal-Zrp immunopositive cortical
alveoli could be supposed to be the site of accu-
mulation and metabolism of exogenous proteins
internalised by oocytes before they are resecreted
on the inside of the growing oocyte eggshell (Dr.
Oppen-Berntsen, personal communication).

Vtg uptake in swordfish starts in oocytes having
a minimum diameter of 250 µm, as revealed by
immunohistochemical staining with both abSwo-
Vtg. The immunostaining, mainly localised in the
ooplasm, increased in intensity during vitellogenesis
and finally fell in post-vitellogenic oocytes.

It is apparent that the initial oocyte internalisa-
tion of hepatic Zrp in the swordfish starts before
the uptake of Vtg and that it is associated with low
previtellogenic estradiol plasma levels and IG val-
ues, while increase in plasma E2 levels and IG values
are associated with the beginning of Vtg uptake. In
rainbow trout and Atlantic salmon Zrp hepatic syn-
thesis seems to be induced by lower E2 plasma lev-
els than for Vtg (Hyllner et al., 1994; Celius &
Walter, 1998). This would appear to confirm the
hypothesis that the differential and sequential
induction of zonagenesis and vitellogenesis may
reflect a general feature of teleost oogenesis.

In our study an increase in both E2 plasma levels
and IG values was correlated with the presence of
post-vitellogenic oocytes. In most of the teleosts
studied previously, E2 is highest in late vitellogene-
sis and sharply declines in fish with post-vitel-
logenic ovaries (Matsuyama et al., 1991; Lee &
Yang, 2002). In vitro experiments have revealed
that only vitellogenic follicles produce E2 (Kagawa
et al., 1983a, 1984) and, as reported for other
teleosts with asynchronous-type ovaries (Kagawa,
1983b; Kjesbu et al., 1996), the absence of a
decline in plasma E2 levels in post-vitellogenic
swordfish can be correlated with the contempora-
neous presence of vitellogenic oocytes.
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