
Phospholipids (PLs), sterols, triacylglycerols (TAGs) and
diacylglycerols (DAGs) are the main lipid classes found in
marine shrimps and are associated with the maturation of
oocytes and the survival of the initial larval stages (Teshima
and Kanazawa, 1980a,b, 1983; Teshima et al., 1982, 1989;
Kanazawa et al., 1985; Chen and Jenn, 1991; Alava et al.,
1993; Chen, 1993; Xu et al., 1993). Free sterols are commonly
found in developing ovaries, where they contribute to
membrane structure and form precursors to hormones and
steroids. Cholesterol is an essential nutrient for crustaceans
since they are incapable of de novo synthesis of the steroid ring
(Van der Oord, 1966; Zandee, 1967; Teshima and Kanazawa,
1971; Teshima et al., 1982; Kean et al., 1985). In contrast to
cholesterol, PLs, TAGs and DAGs are synthesized by

crustacean tissues, including the ovary, provided that fatty
acids (including polyunsaturated fatty acids; PUFAs) are
supplied to these tissues (for a review, see Harrison, 1990;
Shenker et al., 1993; Khayat et al., 1994b).

A dramatic increase in ovarian lipid accumulation occurs
during vitellogenesis, with lipids accounting for 18–41 % (in
various species) of the total ovarian dry mass at the end of
ovarian maturation (Teshima and Kanazawa, 1983; Castille
and Lawrence, 1989; Lautier and Lagarrigue, 1988; Harrison,
1990; Lee and Walker, 1995). In most species, PLs, TAGs and
sterols are the most abundant ovarian lipid classes. In the blue
crab (Callinectes sapidus), lipid droplet, which form a minor
component in immature ovaries, constitute 27 % of the total
lipids in mature ovaries (Lee and Walker, 1995). The fatty acid
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By the end of oocyte development, the ovaries of
Penaeus semisulcatus have accumulated almost equal
amounts (approximately 16 mg lipid g−1 protein) of
phospholipids and triacylglycerols. The phospholipids
consist mainly of phosphatidylcholine (75–80 %) and
phosphatidylethanolamine (20–25 %). Approximately
30 % of the total fatty acid content of both phospholipids
and triacylglycerols is made up of polyunsaturated fatty
acids. In fractions obtained by centrifugation of ovarian
homogenates, most of the increase in levels of ovarian
lipids during ovarian maturation was associated with an
increase in triacylglycerol levels in the floating fat fraction
and of phospholipids in the infranatant fraction. The
presence of polyunsaturated fatty acids in the ovaries
indicates the occurrence of lipid transport to the ovary
during oocyte maturation. The gradual decrease in the
relative abundance of polyunsaturated fatty acids as the
ovaries matured supports previously published results
suggesting intra-ovarian synthesis of saturated and mono-
unsaturated fatty acids.

Most of the lipids found in the female haemolymph
(64.8 %) were recovered in the high-density lipoprotein
fraction after density ultracentrifugation. The

haemocyanin fraction recovered from this stage of
fractionation contained substantial amounts of lipid
(16.8 %) that could be removed by further sequential
centrifugation at a higher NaBr density, leaving less than
0.9 % of the total haemolymph lipids associated with this
fraction. While 16.2 % of the lipids were recovered
from the very high-density lipoprotein fractions, these
lipoproteins carried only 64–89 µg lipid mg−1 protein
compared with 538.9 µg lipid mg−1 protein in the high-
density lipoprotein fraction, indicating that the high-
density lipoproteins are more likely to be the main
transporters of lipids to the ovary. However, the
contribution of very high-density lipoproteins to lipid
transport cannot be ruled out at this stage.

In this study, we present two models for lipid transport
to the ovary based on the abundance of phospholipids and
triacylglycerols in the haemolymph and on the amounts of
polyunsaturated fatty acids accumulated within the ovary
during vitellogenesis.
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compositions of PLs and TAGs show an abundance of
PUFAs, including eicosapentaenoic acid (EPA; 20:5 n-3) and
docosahexaenoic acid (DHA; 22:6 n-3), which are considered
important for the future survival of embryos (Middleditch et
al., 1980; Cahu et al., 1986, 1994; Lytle et al., 1990; Teshima
et al., 1992). Studies using [14C]acetate and [14C]palmitic acid
have demonstrated the absence of de novo synthesis of PUFAs
in penaeid shrimps (Kanazawa et al., 1977, 1979a,b; Castell,
1982; Shenker et al., 1993). Recent results (Mourente, 1996)
indicate that the midgut gland (the hepatopancreas) and ovarian
cells have a limited capacity to convert linoleic and linolenic
acids to C20- and C22-PUFAs. This indicates that most of the
EPA and DHA found in penaeid tissues, including the ovary,
must originate from the diet.

The origin of lipids reaching the ovary is not fully
understood. Lipids stored in the hepatopancreas have been
shown to be transported to the ovary during vitellogenesis
(Castille and Lawrence, 1989; Teshima et al., 1988; for a
review, see Harrison, 1990). However, the amount of lipids
accumulated within the ovaries is greater than that stored in the
hepatopancreas (Castille and Lawrence, 1989). Teshima et al.
(1986a,b) showed that female shrimps double their food
consumption, indicating that lipids accumulating in the ovaries
must originate from the food. It is not known whether these
lipids pass via the metabolic junction in the hepatopancreas or
are taken up directly from the gut.

Being insoluble in water, lipids are transported as
lipoproteins in the haemolymph. So far, three lipoproteins
have been identified and isolated from crustacean
haemolymph, all belonging to the high-density lipoprotein
(HDL) and very high-density lipoprotein (VHDL) classes
(Lee and Puppione, 1978, 1988; Teshima and Kanazawa,
1980a,b; Puppione et al., 1986; Spaziani et al., 1986; Lee,
1990; Komatsu and Ando, 1992; Komatsu et al., 1993; Chen
and Chen, 1993, 1994; Khayat et al., 1994b; Hall et al., 1995;
Lubzens et al., 1995, 1997). The HDL fraction in
haemolymph isolated from crustacean males contains
lipoprotein 1 (LP1), while that from vitellogenic females
contains LP1 and vitellogenin (Vg), the female-specific
protein that shows immunoidentity with vitellin (Vt). Vitellin
is the main lipoprotein found in mature ovaries. The LP1
from males was found to be identical with the β-1,3-glucan-
binding protein (BGBP) associated with the immune response
in crayfish (Soderhall et al., 1994). The N-terminal sequence
of LP1 from male Penaeus vannamei was found to show high
homology with the crayfish BGBP (Ruiz-Verdugo et al.,
1997). The VHDL fraction was found to contain the clotting
protein (Hall et al., 1995).

In the present paper, we have measured the lipid content and
fatty acid distribution in the ovaries of P. semisulcatus
throughout the course of oocyte maturation. We compare the
lipids occurring in lipid droplets, infranatant and membrane
fractions of immature and mature ovaries. We show that
ovarian lipids contain EPA and DHA, indicating their uptake
into the ovary. To provide a dynamic model explaining the
mode of transport of lipids into ovaries, the relative abundance

of lipids found in the high-density lipoproteins, very high-
density lipoproteins and haemocyanin was measured in the
haemolymph of females. Our model is also based on
previously published results describing the lipid and protein
profiles of haemolymph lipoproteins (Lubzens et al., 1997), the
abundance of vitellogenin and the volume of haemolymph
(Shafir et al., 1992).

Materials and methods
Animals

Marine shrimp, Penaeus semisulcatus (de Haan), caught in
Haifa Bay, Israel, were kept in circular tanks (3 m×1 m,
diameter × height) in running sea water (salinity 40 ‰; three
exchanges per day) and fed with pelleted food (prepared by Dr
George Kissil, National Mariculture Center, Israel
Oceanographic and Limnological Research, Eilat, Israel), bait
shrimp and squid. Water temperatures ranged between 16 and
20 °C in the winter months (December–April) and between 24
and 26 °C in the summer (May–November). Under these
conditions, females produced vitellogenic ovaries all year
round.

Determination of lipid content and fatty acid composition of
ovaries

Ovaries were collected from intermoult females and from
females immediately after moulting. They were weighed, and
a small piece of tissue was removed and fixed in 4 % formalin
in sea water for determination of the mean oocyte diameter
(AOD) as described by Shlagman et al. (1986). Ovaries
removed from females immediately after moulting had an
AOD close to 0 µm (N=3). Previtellogenic ovaries were those
with an AOD within the range 46–59 µm (N=4), and
vitellogenic ovaries had oocytes ranging in diameter from
179 µm to 245 µm (N=3) in one group of samples and from
265 µm to 398 µm (N=5) in a second group of samples. Late
vitellogenic ovaries in which oocytes had an AOD of more
than 400 µm usually showed the presence of cortical rods
(Browdy et al., 1990). The ovaries were homogenised in
phosphate-buffered saline solution (0.01 mol l−1; pH 7.4)
containing protease inhibitors (final concentrations of
phenylsulphonylfluoride, PMSF, 1 mmol l−1; aprotenin and
leupeptin at 1 µg ml−1). Lipids were extracted from these
ovarian homogenates and the amounts of PLs, TAGs and
cholesterol accumulating during ovarian development were
determined (Lubzens et al., 1997). These results are presented
in Figs 2–4. In additional experiments (results shown in
Fig. 5), immature (early vitellogenic stage; AOD ranging
between 135 and 160 µm ) and mature (late vitellogenic stage;
AOD between 450 and 630 µm) ovaries were fractionated
after homogenization (as described above) by centrifugation
(10 000 g; 4 °C for 30 min). Three fractions were collected: the
top layer (or cap), containing the floating fat and lipid droplets,
and the infranatant and pellet, containing the membranes. Total
lipids, lipid classes (TAGs, PLs and cholesterol) and fatty acid
composition were determined as described previously
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(Lubzens et al., 1997) for all homogenates and for the three
fractions collected after centrifugation. Since the cap fraction
contained both floating fat and infranatant, the lipid
composition of the floating fat was calculated by subtracting
the amounts of PLs, TAGs and cholesterol contained in the
infranatant fraction. All results were corrected to give
milligrams lipid per gram ovarian tissue. The lipid composition
of the food provided to the shrimps was also determined.

Fractionation of haemolymph into high-density lipoproteins
(HDLs), very high-density lipoproteins (VHDLs) and

haemocyanin

Haemolymph was obtained by making a cut in the anterior
rostrum and collecting haemolymph into a 10 % (w/v) sodium
citrate solution to avoid clotting. Haemolymph from three
females was pooled to give a total volume of approximately
19 ml, and the final concentration of sodium citrate was
adjusted to 1 % by adding a calculated volume of 10 % sodium
citrate solution. The haemolymph was centrifuged at 9000 g for
20 min at 4 °C to remove cells (Fig. 1; step II). After removal
of a 0.3 ml sample for total lipid and total protein
determinations, the supernatant (17.5 ml) was subjected to
NaBr gradient ultracentrifugation by raising the density of the
sample to 1.22 g ml−1 with a saturated NaBr solution (Fig. 1;
step III) and centrifugation at 125 000 g for 40–48 h at 12 °C
(Fig. 1; step IV) in a T-875 fixed-angle rotor of a Sorvall
(Dupont, USA) ultracentrifuge (Lubzens et al., 1997). Three
fractions were collected: (1) the upper orange-coloured layer

containing the HDL, (2) the bottom fluffy layer containing the
haemocyanin (Hcy I fraction) and (3) the infranatant between
the HDL and haemocyanin. After removal of small samples for
protein (from all three fractions) and lipid determinations
(from HDL and haemocyanin fractions), the infranatant
and Hcy I fractions were separately subjected to further
ultracentrifugation. The density of each fraction was raised to
1.31 g ml−1 with a saturated NaBr solution, and
ultracentrifugation was carried out as before (Fig. 1; steps V
and VI). A pale orange layer designated VHDL I was obtained
from the top of the infranatant fraction and was subjected to
lipid extraction and analysis and to protein content
determinations. The fraction containing the Hcy I (step VI)
showed a pale orange upper band, a lower dark haemocyanin
fluffy layer and below this a white cloudy layer that was
discarded. The upper and lower fractions were collected
separately into two tubes and subjected to additional
ultracentrifugation at 1.31 g ml−1 for 48 h as before (125 000 g,
12 °C; not shown in Fig. 1). Following this last centrifugation
step, weak orange bands from both tubes were combined to
give the VHDL II fraction. The lower layers from the two tubes
were combined to give the Hcy II fraction. Both VHDL II and
Hcy II fractions were subjected to lipid extraction and analysis
and total protein content determinations. Lipid analysis
included the determination of total lipids, the lipid class
distributions (PLs, DAGs, TAGs and cholesterol) and the fatty
acid distribution of glycerolipids. Total proteins were
determined for each of the fractions collected using a

Haemolymph +
sodium citrate

9000 g
20 min, 4°C

Supernatant mixed
with NaBr to a

density of 1.22 g  ml-1

125 000 g
48 h, 12°C

Infranatant

Hcy I

Mixed with NaBr to a density of
1.31 g  ml-1

125 000 g, 48 h, 12°C VHDL I  VHDL II
Hcy II
Cloudy layer
    (discarded)

 HDL (retained)

 Cellular pellet
  (discarded)

I II III
I

IV

VIV

Fig. 1. Fractionation procedure for
haemolymph samples subjected to NaBr
gradient ultracentrifugation. Haemolymph
samples were collected (step I), and
sodium citrate (10 % solution w/v) was
added to a final concentration of
approximately 1 %. All samples
contained PMSF (0.1 mmol l−1 final
concentration). Following a brief
centrifugation to remove cells (step II),
the density of the supernatant (step III)
was raised to 1.21–1.22 g ml−1 with
NaBr. Samples were subjected to
ultracentifugation (step IV) and, after
48 h, three layers were collected: high-
density lipoprotein (HDL), infranatant
and haemocyanin (Hcy I). The density of
the infranatant and Hcy I fractions
was raised to 1.31 g ml−1 with NaBr,
and each fraction was subjected to
ultracentrifugation for 48 h (step V for
the infranatant fraction; step VI for the
Hcy I fraction). The very high-density
lipoprotein (VHDL I) fraction was
collected (step V) from the infranatant
fraction. The upper (VHDL II) and lower
(haemocyanin) fractions (in step VI)
were collected separately and subjected to additional ultracentrifugation at 1.31 g ml−1 NaBr. The upper layers of VHDL II and of the
haemocyanin-containing (Hcy II) fractions were collected and pooled.
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modification of the Lowry procedure (Markwell et al., 1978)
or by the method of Bradford (1976).

Polyacrylamide gel electrophoresis (PAGE)

Native, non-denatured 5 % polyacrylamide gels were
prepared, and samples from each of the fractions (high-density
lipoproteins, very high-density lipoproteins and haemocyanin)
were loaded and run as described by Khayat et al. (1994a) and
Lubzens et al. (1997). Proteins were visualized by staining with
Coomassie Blue.

Statistical analyses

Analysis of variance (ANOVA), Duncan’s test for
variability (SAS Institute, Inc., NC) and Student’s t-tests were
used to evaluate the differences in accumulation of PLs, TAGs
and cholesterol and the differences in the distribution of fatty
acids in PLs and TAGs during oocyte development, in ovarian
homogenates and in the floating fat, infranatant and pellet
fractions obtained after centrifugation. Regression analyses
(see Fig. 2) were performed using SAS/STAT, and lines were
plotted using SAS/Graph software (version 6, volume 2, SAS
Institute Inc., NC, USA).

Results
Lipid content of ovaries

Phospholipids, TAGs and cholesterol were identified as the
main lipid components of the ovaries during the process of
vitellogenesis (Fig. 2). The total fresh mass of the ovaries
increased from 638±187 mg in non-vitellogenic ovaries
to 2618±259 mg (mean ± S.D.) at the termination of
vitellogenesis (Table 1). The amounts of PLs and TAGs
increased with oocyte diameter in ovaries throughout the
progression of vitellogenesis. Almost equal amounts of PLs
and TAGs (approximately 16 mg g−1 fresh mass) were found in
fully mature ovaries (AOD>250 µm; Fig. 2). There was a
rapid accumulation of lipid as oocytes increased in diameter
from approximately 100 µm to 300 µm. The amount of PLs in
previtellogenic ovaries (oocyte diameter <100 µm) exceeds
that of TAGs, which were almost completely absent from the
ovaries of young females. The amount of phospholipids
present increased sharply with the growth of oocytes from 100

to 300 µm in diameter and then reached a plateau. The relative
amount of TAGs increased throughout vitellogenesis, almost
up to the time of egg extrusion, while the relative amount
of cholesterol (approximately 1 mg g−1 fresh mass) did not
change significantly during this period. Comparisons
(Duncan’s multiple-range test for variables, P=0.05) were
made after arranging the results into four oocyte size groups
on the basis of AOD (Fig. 3). The relative amounts of PLs and
TAGs increased significantly at each stage of oocyte
development.

The main fatty acids found in ovarian PLs and TAGs were
16:0, 18:1, 20:5 n-3 and 22:6 n-3 (Fig. 4). The percentage of
16:0 in TAGs was significantly higher than that in PLs at all
stages of oocyte development (P values ranging from 0.03 to
0.006; t-test). The percentages of 16:1 n-7, 18:1 and 22:6 n-3
were significantly higher in TAGs than in PLs (P values
ranging from 0.01 to 0.04) in non-vitellogenic (AOD
46–59 µm; Fig. 4A) and mid-vitellogenic (AOD 179–245 µm;
Fig. 4B) ovaries, but these differences were not statistically
different in late vitellogenic ovaries (AOD 265–398 µm;
Fig. 4C). There were no differences in the abundance of 18:2
n-6 and 20:1 n-9 in PLs and TAGs at the stages tested.
Phospholipids contained significantly more 18:0 than TAGs in
mid-early and late vitellogenic ovaries (P ranged from 0.0016
to 0.02). Phospholipids also contained larger amounts of 20:5
n-3 than of TAGs, but these differences were statistically
significant only for the two earlier stages of ovarian
development (P ranged from 0.0004 to 0.01). The greater
abundance of 20:4 n-6 in PLs was statistically significant only
in non-vitellogenic ovaries (Fig. 4A; P=0.01). Statistical
analyses were performed (general linear model procedure) to
detect changes in the abundance of each fatty and in PLs and
TAGs at different stages of ovarian development. The analysis
revealed that, for TAGs, no significant differences were found
in the percentage distribution of all fatty acids, except for 22:6
n-3. The abundance of 22:6 n-3 was significantly lower in
vitellogenic ovaries (Fig. 4C) than in non-vitellogenic ones
(Fig. 4A; P=0.0507). For PLs, significant differences were
found in 18:1, 20:4 n-6 and 20:5 n-3 between the early
(Fig. 4A) and late (Fig. 4C) stages of oocyte development (P
ranging from 0.0001 to 0.05).

In phospholipids, there was a 53 % increase in mono-
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Table 1. The total lipid, lipid classes, polyunsaturated fatty acid and cholesterol contents of ovaries during vitellogenesis in
Penaeus semisulcatus

Mean oocyte Mass of Lipid content (mg) PUFAs (mg)

diameter (µm) ovaries (mg) PL TAG Ch Total PL TAG

46–59 (N=4) 638±187 3.55±1.21 1.09±0.80 0.73±0.71 5.37±1.58 1.35±0.39 0.36±0.26
179–245 (N=3) 1047±194 11.72±6.50 9.65±7.30 1.14±0.40 22.51±14.27 3.89±2.05 3.10±2.20
265–337 (N=4) 2618±259 41.25±4.84 39.65±3.88 3.26±0.50 84.15±2.92 12.82±2.13 11.96±1.03

Values for lipids and PUFAs are given as mg g−1 fresh mass. 
Values are means ± S.D.
PUFAs, polyunsaturated fatty acids.
Phospholipid (PL), triacylglycerol (TAG) and cholesterol (Ch) levels were determined for each ovary.
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unsaturated fatty acids (MUFAs; from 20.3 to 31.1 %) during
oocyte growth, while polyunsaturated fatty acids (PUFAs)
decreased by an average of 21 % (from 38.2 to 30.1 %) because
of a decrease in the relative abundance of n-3 (Table 2). The
increase in the amount of MUFAs (P=0.0001) and the decrease
in the amount of PUFAs (P=0.0009) were statistically
significant. The relative amount of saturated fatty acids (SFAs;
P=0.35) and the mean ratio of n-3:n-6 (P=0.78) did not change
during vitellogenesis. The distribution of SFAs, MUFAs and
PUFAs did not change in the TAGs during oocyte

development, but the mean ratio of n-3:n-6 changed from
2.4±1.0 to 2.0±0.4 (P=0.43; t-test).

The phospholipids consisted mainly of phosphatidylcholine
(PC; approximately 75 % for non-vitellogenic and 80 % for
vitellogenic ovaries) and phosphatidylethanolamine (PE; 25 %
for non-vitellogenic and 20 % for vitellogenic ovaries). The
fatty acid analysis revealed a greater abundance of PUFAs
(22.5 % of EPA and 15.8 % of DHA) in PE than in PC (10.8 %
of DHA and 11.8 % of EPA), which was also reflected in a
higher n-3:n-6 ratio in PE. The PC showed a relatively greater
abundance of MUFAs (mainly 16:1) than of PE (results are not
shown in detail).

To examine the origin of lipids in the ovary, the total
amounts of lipids and of PUFAs (which are not synthesized in
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Table 2. The relative distribution of saturated (SFA), mono-unsaturated (MUFA) and polyunsaturated (PUFA) fatty acids and
the n-3:n-6 ratio in the phospholipids (PL) and triacylglycerols (TAG) extracted from shrimp ovaries at various stages of oocyte

development

Mean oocyte diameter (µm)

0 (N=3) 46–59 (N=4) 179–245 (N=3) 265–398 (N=5)

Fatty acids PL PL TAG PL TAG PL TAG

SFA (%) 21.8±1.5 22.9±0.9 24.2±2.6 23.7±1.0 25.7±0.8 23.9±1.8 26.4±2.8
MUFA (%) 20.3±1.0 25.2±2.2 29.4±1.5 28.6±0.7 30.4±0.3 31.1±2.6 31.6±1.6
PUFA (%) 38.2±1.8 38.5±1.7 35.0±4.0 33.5±1.3 32.8±2.3 30.1±2.7 29.2±3.1
n-3:n-6 (%) 2.0±0.3 1.7±0.6 2.4±1.0 2.0±0.4 2.9±0.5 1.8±0.3 2.0±0.4
Total (mg lipid g−1 5.6±0.5 5.7±0.5 1.8±1.3 11.1±3.4 8.5±4.0 16.3±0.2 16.2±2.9

ovarian fresh mass)

Previtellogenic ovaries contained negligible amounts of triacylglycerols. 
*Values are means ± S.D.
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the ovary; Shenker et al., 1993) were calculated in ovaries at
three stages of oocyte development (Table 1). High variability
was observed in the lipid and PUFA contents of ovaries
ranging in size from 179 to 245 µm, reflecting the rapid
accumulation of lipids in this size range, as shown in Fig. 2.
The total lipid content (PLs + TAGs + cholesterol) of an ovary
increased 15.7-fold, from a mean value of 5.4 mg to 84.2 mg
in mature ovaries, whose mean fresh mass reached 2.6 g. The
mean increase in fresh mass of the ovary over this period was
only 4.1-fold. Most of the increase in lipid content occurred
after the oocytes had reached a diameter of 245 µm, coincident
with a large increase in the total mass of the ovary. While the
amount of phospholipids increased 11.6-fold during oocyte
development, the increase in the amount of PUFAs in the
phospholipid was only 9.5-fold. The proportion of
phospholipids in the total lipids was reduced from 66 to 49 %
during vitellogenesis. Triacylglycerols increased 36.4-fold in
the toal lipids and 33.2-fold in the PUFAs. However, the

proportion of TAGs increased from 20.3 % to 47.1 % during
egg formation in the ovary. The proportion of PUFAs in the
total lipids was 31.8 % in non-vitellogenic ovaries and 29.4 %
in mature ovaries.

Fractionation of homogenates from immature and mature
ovaries revealed that the main increase in lipid content during
development was associated with the cap and infranatant
fractions. The floating fat cap contained mainly TAGs and
small amounts of cholesterol (Table 3; Fig. 5). Mature ovaries
contained significantly greater amounts of TAGs (P<0.02;
ANOVA) than immature ones. While the mean values for
cholesterol showed a fourfold increase, this change was not
statistically significant (P>0.47; ANOVA) owing to the high
variation among samples. The infranatant fraction from mature
ovaries containing vitellin showed significantly higher
amounts of PLs, TAGs and cholesterol (P ranging from 0.006
to 0.03). Most of the PLs (69.2±0.03 %) and cholesterol
(62.4±0.23 %) of mature ovaries were found in this fraction.
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Fig. 4. The distribution of fatty acids (as a
percentage) in the phospholipids (PLs) and
triacylglycerols (TAGs) extracted from
ovaries. Mean oocyte diameter was determined
for each ovary, and the results were pooled
into three groups: (A) ovaries (N=4) in which
the mean oocyte diameter (AOD) ranged from
46 to 59 µm (non-vitellogenic); (B) ovaries
(N=3) in which the AOD was between 179 and
245 µm (vitellogenic) and (C) ovaries (N=5) in
which the AOD was between 265 and 398 µm
(end of vitellogenesis). Bars indicate standard
deviation of the means.
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There were similar amounts of PLs and TAGs in the pelleted
fraction of immature and mature ovaries (P=0.63 for PLs and
P=0.93 for TAGs; ANOVA). However, most of the lipids of
immature ovaries were located in the pelleted fraction, which
contained 59.4±13.7 % of the total lipids and had a relatively
high abundance of PLs (61.9±14.1 %) and cholesterol
(76.9±7.1 %). The pelleted fraction of immature ovaries
contained significantly more cholesterol (1.48±0.23 mg g−1

compared with 0.65±0.26 mg g−1 tissue) than that of mature
ovaries (P=0.015).

Squid and shrimp, provided as food for the experimental
animals kept in captivity, contained substantial amounts of
PUFAs. The food pellets contained 15.8 % of 18:2 n-6, while
squid contained 0.5 % and frozen shrimp and 1.3 % (results are
not shown in detail). Squid and shrimp were richer in EPA
(17.7 % for squid and 14.8 % for shrimp compared with 8.9 %
in food pellets) and DHA (33.5 % in squid and 17.3 % in
shrimp compared with 8.5 % in food pellets) and shrimp
contained greater amounts of 20:4 n-6 (6.7 % compared with
1.9 % in pellets and 1.7 % in squid).

Lipid and protein content of the haemolymph, HDL, VHDL
and haemocyanin fractions

The total amount of glycerolipids in the female
haemolymph sample was 1288.4 µg ml−1 at
10.5 µg mg−1 protein, and the total amount of cholesterol was
193.7 µg ml−1 at 1.6 µg mg−1 protein (Table 4). Most of the
haemolymph lipids, 62.7 % of the glycerolipids and 78.4 % of
the cholesterol, were recovered in the HDL layer, which
contained only 1.4 % of the haemolymph proteins (Fig. 1, step
IV). Thus, 1 mg of protein contained 453.7 µg of glycerolipids
and 85.2 µg of cholesterol. Most of the haemolymph proteins
were found in the haemocyanin (Hcy I) fluffy precipitate, and
this fraction contained 17.9 % of the total glycerolipids and
9.8 % of the total cholesterol. The interface layer
(‘infranatant’ in Fig. 1; step IV), between the top HDL
fraction and the bottom haemocyanin I layer, contained the
VHDL I fraction, which was collected after centrifugation at
higher salt density (1.31 g ml−1). The VHDL I fraction

contained 5.1 % of the total haemolymph lipids at 89.3 µg total
lipid mg−1 protein. This fraction consisted mainly of the
clotting protein (visualized as a typical ladder in
polyacrylamide gel electrophoresis; PAGE) and small
amounts of haemocyanin (Fig. 6). The haemocyanin I
fraction, centrifuged at a higher NaBr density (1.31 g ml−1),
resulted in the separation of a VHDL II fraction which
contained 64.4 µg lipid mg−1 protein (9.3 % of total
haemolymph lipids). The haemocyanin II fraction, which was
collected after two ultracentrifugations steps, contained only
trace amounts of lipids (less than 0.9 % of the total
haemolymph lipids) and was almost completely devoid of
clotting protein (Fig. 6). No lipids were found in haemocyanin
extracted from gels after native PAGE. All lipid fractions
(HDL, VHDL I and VHDL II) contained mainly PLs (74.1 %

Table 3. Lipid composition of ovarian homogenates and fractions (floating fat or cap, infranatant and pellet) obtained after
centrifugation of immature and mature ovaries

PL TAG Cholesterol
(µg mg−1) (µg mg−1) (µg mg−1)

Immature Homogenates 9.0±1.84 5.49±2.76 1.90±0.37
Cap 0.01±0.01 1.74±0.71 0.05±0.05
Infranatant 2.85±0.91 0.86±0.50 0.42±0.18
Pellet 4.79±1.69 2.43±2.16 1.48±0.23

Mature Homogenates 20.48±4.08 25.12±2.41 2.48±0.43
Cap 0.05±0.09 6.80±2.24 0.22±0.38
Infranatant 12.35±2.96 4.46±1.82 1.35±0.39
Pellet 5.39±1.15 2.56±1.34 0.65±0.26

Results are shown for phospholipids (PLs), triacylglycerols (TAGs) and cholesterol (µg lipid mg−1 tissue).
Values are means ± S.D. for three replicates at each stage.
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1.79 7.07

4.13 18.15

8.69 8.60
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Ch
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Pellet

Fig. 5. Distribution of glycerolipids (TAG, PL) and cholesterol (Ch)
in the floating fat (cap), infranatant and pellet fractions obtained by
centrifugation of ovarian homogenates of immature (Early; mean
oocyte diameter ranging from 135 to 160 µm, N=3) and mature
(Late; mean oocyte diameter ranging from 450 to 630 µm; N=3)
ovaries. The values given below each column show the total
amount of lipids (glycerolipids and cholesterol) in each fraction
(mg g−1 ovarian tissue). PL, phospholipid; TAG, triacylglycerol.
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in the HDL, 85.4 % in VHDL I and 88.7 % in VHDL II) and
DAGs (11.3–15.9 %). Triacylglycerols were found only in the
HDL (7.5 %) and VHDL I (3.0 %) fractions. The distribution
of cholesterol among the different lipoprotein fractions is
shown in Table 4, which also shows that cholesterol
constituted 13.1 % of the total lipids in the VHDL I and 7.3 %
in VHDL II but 15.8 % in the HDL fraction. No major
differences were found in the fatty acid distribution (results
not shown in detail) in the HDL, VHDL I and VHDL II: all
contained 20:4 n-6 (2.3–2.5 %), 20:5 n-3 (7.1–9.4 %) and 22:6
(10.2–14.5 %). Most of the lipids (98.6 %), but only 62 % of
the proteins, were recovered during fractionation.

Discussion
Approximately 84.2 mg of lipids (fresh mass) accumulate in

a mature ovary weighing an average of 2.6 g before egg
extrusion (Table 1). The results indicate that most of the lipids
were accumulated before the oocytes reached their maximum
size, which may be 650 µm or more in diameter at ovulation.
These results, together with those published previously
(Browdy et al., 1990), indicate that there are four stages of
oocyte maturation: (a) a previtellogenic stage in ovaries whose
oocytes are less than 100 µm in diameter, (b) an early
vitellogenic stage in which oocyte diameter is in the range
100–200 µm, (c) a vitellogenic stage where oocyte diameters
range from 200 to 300 µm and (d) a late vitellogenic stage
where the mean oocyte diameter is greater than 300 µm.
Cortical crypts appear in oocytes at late vitellogenic stages
(Browdy et al., 1990), but in live samples they could be clearly
distinguished during the late stage when AOD exceeded
450 µm (M. Khayat and E. Lubzens, unpublished results).

Approximately equal quantities of PLs and TAGs were
found, in addition to cholesterol. Diacylglycerols were not
detected, although they have been reported to occur in P.
japonicus in minute quantities (1.6–3.9 %; Teshima and
Kanazawa, 1983). The occurrence of DAGs may indicate
degradation during lipid extraction. The relative proportion of
PLs decreased from 66 % to 49 % during the course of
vitelloegensis, while that of TAGs increased from 20 % to
47 %. The relative greater abundance of PLs in non-
vitellogenic ovaries probably reflects their contribution to
ovarian membrane structure. This was clearly demonstrated
after fractionation of immature and mature ovarian
homogenates (Fig. 5), which showed similar amounts of lipids
in the pelleted membrane fraction at the two stages. The
increase in the amount of lipids in the infranatant fraction as
maturation proceeds (from 4.13 to 18.15 mg g−1) reflects the
accumulation of vitellin during ovarian maturation. The
percentage of PLs (68.5 %), TAGs (22.7 %) and cholesterol
(8.75 %) was similar at both stages. Similar data have been
reported previously for the lipid composition of purified
vitellin (Lubzens et al., 1997). There is also an increase in the
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Table 4. Distribution of lipids and proteins in the haemolymph and fractions obtained by NaBr gradient ultracentrifugation

Glycerolipids Cholesterol Total lipids
Proteins (µg mg−1 (µg mg−1 (µg mg−1

Fraction (% of totala) (µg ml−1)b (% of total)c protein) (µg ml−1) (% of total) protein) protein)

Total haemolymph 1288.4 10.5 193.7 1.6 12.1
HDL 1.4 808.3 62.7 453.7 151.9 78.4 85.2 538.9
Hcy I 77.8 230.4 17.9 2.4 19.0 9.8 0.2 2.6
VHDL I 0.7 66.0 5.1 77.6 9.4 4.9 11.7 89.3
VHDL  II 1.9 154.3 12.0 59.7 10.7 5.5 4.7 64.4
Hcy II 58.8 11.6 0.9 0.14 0 0 0 0.14

The initial haemolymph volume was 17.5 ml and the protein content was 123 mg ml−1 .
aOnly 62.7 % of the proteins were recovered after fractionation.
bResults were corrected for the initial haemolymph volume.
c98.6 % of the original glycerolipids and cholesterol were recovered after fractionation.
Fractions are defined in Fig. 1.
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Fig. 6. The protein profiles of the high-density lipoprotein (HDL),
very high-density lipoprotein (VHDL I and VHDL II) and
haemocyanin (Hcy I and Hcy II) fractions after NaBr density
ultracentrifugation (as described in Materials and methods and
Fig. 1). Samples were subjected to 5 % native polyacrylamide gel
electrophoresis and stained with Coomassie Blue. Lipoprotein 1
(LP1) and vitellogenin (VTG) were found only in the HDL fraction,
while the clotting protein (shown as a ladder) and haemocyanin
(Hcy) were present in the VHDL I and VHDL II fractions. The Hcy I
fraction also contained low levels of clotting protein, but this was
absent from the Hcy II fraction.
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amount of lipid (from 1.79 to 7.07 mg g−1) in the floating fat
or cap fraction during maturation. This fraction, which is
composed almost exclusively of TAGs, reflects the
accumulation of TAGs during vitellogenesis. This layer
probably did not contain vitellin since it lacked PLs. In mature
ovaries, recovery of TAGs is lower than that of PLs and
cholesterol, reflecting the difficulty in the quantitative recovery
of the semi-liquid cap lipids. Thus, the amount of TAGs in the
cap is probably higher than the measured value of 27 %.

These results are in accordance with those reported for the
blue crab Callinectes sapidus, in which 27.5 % of the total lipids
were found in the lipid droplet fraction of mature oocytes (Lee
and Walker, 1995). In P. japonicus, an increase in PL content
from 39 % to 46.4 % occurred during egg development, while
only a slight change in the abudance of TAGs (from 24.2 to
27.9 %) was reported (Teshima and Kanazawa, 1983). A
relatively large proportion of these lipids in P. semisulcatus
consist of PUFAs (30.1 % in the PLs and 29.2 % in the TAGs),
which are not synthesized in the shrimp and must originate from
their diet (Harrison, 1990). The relative abundance of both
DHA and EPA decreases during oocyte maturation, indicating
intraovarian synthesis of other lipids during this period
(Shenker et al., 1993). The food consumed by the shrimp affects
the abundance of specific fatty acids in their tissues, including
the ovary (Lytle et al., 1990; Alava et al., 1993; Cahu et al.,
1994, 1995; Xu et al., 1994). The food supplied to the shrimps
examined here contained abundant amounts of PUFAs, which
have been shown to be essential for egg development and for
the survival of larvae after hatching (Bray et al., 1990; Bray and
Lawrence, 1992; Cahu et al., 1995; Xu et al., 1994).

Haemolymph LPs carry mainly PLs (74.1 % in HDL to
88.7 % in VHDL II) and DAGs (11.3–15.9 %). Triacylglycerols
were only found in HDL (7.5 %) and VHDL I (3.0 %). We have
previously shown (Lubzens et al., 1997) that female HDL is
composed of two LPs: LP1 and vitellogenin. These lipoproteins
contained PLs (77.8 % in LP1 and 70.9 % in vitellogenin), DAGs
(5.0 % in LP1 and 9.5 %, in vitellogenin) and cholesterol (20.3 %
in LP1 and 12.0 % in vitellogenin). TAGs were found almost
exclusively in vitellogenin. Hall et al. (1995) showed that male
HDL/BGBP contains an average of 47.6 % (w/w) lipids, while
VHDL (or clotting protein) contains 11.4 % and haemocyanin
0.2 %. They proposed that the clotting protein and haemocyanin
may play a significant role in lipid transport in crayfish. In P.
semisulcatus, most of the haemolymph lipids were recovered in
the HDL fraction, and the amount found was within the range
reproted previously (Lubzens et al., 1997). The HDL fraction of
P. vannamei has also been reported to carry substantial amounts
(52–80 %) of the lipids found in the haemolymph (Vasquex-
Moreno et al., 1995; Yepis-Plascencia et al., 1995; Ruiz-
Verdugo et al., 1997). The N-terminal amino acid sequence of
P. vannamei HDL protein has a high homology to the BGBP of
crayfish (Ruiz-Verdugo et al., 1997), and similar results were
obtained for LP1 of P. semisulcatus (M. Khayat, M. Hall, A.
Tietz, E. Lubzens and K. Soderhall, unpublished results).

The VHDL fraction of P. semisulcatus was composed
mainly of the clotting protein as identified by its characteristic

ladder pattern in non-denatured PAGE. The clotting protein
was also detected in the Hcy I fraction, and this may explain
the abundance of lipids in this fraction before their removal by
further ultracentrifugation steps. While lipid analysis of
haemocyanin removed from a NaBr density gradient at a
density of 1.21 gm ml−1 indicated the presence of lipids, the
haemocyanin lost these lipids after repeated centrifugations at
higher NaBr densities. After the second ultracentrifugation
step, the haemocyanin fraction contained less than 0.9 % of the
total haemolymph lipids, while it still carried 58 % of the
proteins found in the original haemolymph sample. Moreover,
lipids were not detected in haemocyanin extracted from native
gels. The total amount of glycolipids in both VHDL fractions
(VHDL I and VHDL II) amounts to 17.3 % of the lipids
recovered after fractionation. These fractions contained
substantial amounts of PUFAs, but the amount of lipids per
milligram protein is significantly lower than in the HDL
fraction. While ovarian receptors for vitellogenin have been
reported in crustaceans (Jugan and Soyez, 1985; Laverdure and
Soyez, 1988; Jugan and Van Herp, 1989), it is not known
whether they bind to other lipoproteins such as LP1 or VHDL.

From the data presented here and by Shafir et al. (1992), it is
possible to suggest a model for transport of lipids into the ovary.
Assuming that almost all lipids are delivered to the ovary by
HDLs (LP1 and/or vitelloegenin) and VHDLs, two alternative
hypothetical routes can be examined: (1) TAGs in the
haemolymph are the main source of TAGs in the ovary, (2) PLs
in the haemolymph are the source of PLs and TAGs in the ovary.

Considering the first of these possibilities: the ovary
accumulated 38.56 mg of TAGs, of which 97 % (37.4 mg)
apparently originates from extraovarian sources (as indicated
by PUFA abundance; see Results). The mean amount of TAGs
in female haemolymph is 45 µg ml−1 (Lubzens et al., 1997).
The mean volume of haemolymph in a female weighing 50 g
is 20.15 ml, and the total amount of TAGs in the haemolymph
is then 0.906 mg. Approximately 10 days are needed for
ovarian development (Browdy, 1988). Assuming a constant
and equal rate of ovarian development, an accumulation of
3.7 mg of TAGs per day in the ovary is expected, requiring the
TAGs in the haemolymph to be turned over four times per day.
Since TAGs in the haemolymph are bound to vitellogenin
(Lubzens et al., 1997) and have also been found in the VHDL
I fraction, this will indicate a high turnover for vitellogenin and
the clotting protein. Alternatively, if TAGs in the VHDL I
fraction reflect contamination with vitellogenin, then
vitellogenin is the only source of TAGs in the ovary.

Similarly, we can examine the second possibility, that
haemolymph PLs are the main source of ovarian lipids. The
concentration of PLs in the haemolymph is approximately
1000 µg ml−1. The total TAGs and PLs in the ovary is 80.9 mg,
of which 76.25 mg accumulates during vitellogenesis. Only
71.1 mg originates from extraovarian sources. This means that
the amount accumulated daily is 7.1 mg, requiring that 28 %
of PLs in the haemolymph must turn over per day. Because
PLs are found in LP1, vitellogenin and the clotting protein,
these lipoproteins can theoretically serve as a source for
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ovarian lipids. The relatively low lipid content per milligram
protein of the clotting protein seems to exclude it from a
function in lipid transport.

The rate of turnover of lipids in the haemolymph of shrimps
is unknown. A differential turnover rate of haemolymph proteins
has been observed in other studies (Khayat et al., 1994b), with
a faster turnover of vitellogenin relative to that of LP1. This,
however, does not exclude the possibility of a reusable shuttle
for lipid transport by one of the haemolymph lipoproteins, which
would then transport the lipid moiety without being sequestered
from the haemolymph. A lipase has recently been found in
ovarian homogenates (A. Tietz, N. Daube and E. Lubzens, in
preparation) and could be associated with lipid processing within
the ovary during vitellogenesis. The measurement of a lipid
turnover rate is complicated by the occurrence of intraovarian
lipid synthesis and by the possiblity of additional synthesis in
the hepatopancreas and oxidation of lipids in all tissues.

This work was supported by grants from the National
Academy of Sciences and Humanities (231/91) and the
Binational Science Foundation (93-00083). We would like to
thank Mrs Fidi Kopel for her help in the statistical analyses.

References
Alava, V. R., Kanazawa, A., Teshima, S. and Koshio, S. (1993).

Effect of dietary phospholipids and n-3 highly unsaturated fatty
acids on ovarian development of Kuruma prawn. Nippon Suisan
Gakkaishi 59, 345–351.

Bradford, M. M. (1976). A rapid and sensitive method for
quantitation of micro quantities of protein utilizing the principle of
protein–dye binding. Analyt. Biochem. 72, 248–254.

Bray, W. A. and Lawrence, A. L. (1992). Reproduction of Penaeus
species in captivity. In Marine Shrimp Culture: Principles and
Practices (ed. A. W. Fast and L. J. Lester), pp. 93–170. Amsterdam,
The Netherlands: Elsevier Science Publisher BV.

Bray, W. A., Lawrence, A. L. and Lester, L. J. (1990).
Reproduction of eyestalk ablated Penaeus stylirrostris fed various
levels of total dietary lipid. J. World Aquacult. Soc. 21, 41–52.

Browdy, C. L. (1988). Aspects of the reproductive biology of
Penaeus semisulcatus de Haan (Crustacea; Decapoda; Penaeidae).
PhD thesis, Tel-Aviv University, Tel-Aviv, Israel.

Browdy, C. L., Fainzilber, M., Tom, M., Loya, Y. and Lubzens,
E. (1990). Vitellin synthesis in relation to oogenesis in vitro-
incubated ovaries of Penaeus semisulcatus (Crustacea, Decapoda,
Penaeidae). J. Exp. Zool. 255, 202–215.

Cahu, C. L., Cuzon, G. and Quazuguel, P. (1995). Effect of highly
unsaturated fatty acids, α-tocopherol and ascorbid acid in
broodstock diet on egg composition and development of Penaeus
indicus. Comp. Biochem. Physiol. 112, 417–424.

Cahu, C., Fauvel, C. and Aquacop, (1986). Effect of food fatty acid
composition of P. vannamei broodstock on egg quality. ICES,
Mariculture Committee, 1986 F/28, 10pp.

Cahu, C., Guillaume, J. C., Stephan, G. and Chim, L. (1994).
Influence of phospholipid and highly unsaturated fatty acids on
spawning rate and egg and tissue composition in Penaeus vannamei
fed semi-purified diets. Aquaculture 126, 159–170.

Castell, J. D. (1982). Fatty acid metabolism in crustaceans (1982). In
Proceedings of the Second International Conference in

Aquaculture Nutrition: Biochemical and Physiological Approaches
to Shellfish Nutrition, vol. 2 (ed. G. D. Pruder, G. Langdon, D. and
D. Conklin), pp. 124–145. Rehobeth Beach, DE: World
Mariculture Society Special Publication.

Castille, F. C. and Lawrence, A. L. (1989). The relationship between
maturation and biochemical composition of the gonads and
digestive glands of the shrimps Penaeus aztecus Ives and Penaeus
setiferus (L.). J. Crust. Biol. 9, 202–211.

Chen, C. C. and Chen, S. N. (1993). Isolation and partial
characterization of vitellin from the egg of giant tiger prawn,
Penaeus monodon. Comp. Biochem. Physiol. 106B, 141–146.

Chen, C. C. and Chen, S. N. (1994). Vitellogenesis in the giant tiger
prawn, Penaeus monodon (Fabricius, 1789). Comp. Biochem.
Physiol. 107B, 453–460.

Chen, H. Y. (1993). Requirements of marine shrimp, Penaeus
monodon, juveniles for phospatidylcholine and cholesterol.
Aquaculture 109, 165–176.

Chen, H. Y. and Jenn, J. S. (1991). Combined effects of dietary
phophatidylcholine and cholesterol on the growth, survival and
body lipid composition of marine shrimp, Penaeus penicillatus.
Aquaculture 96, 167–178. 

Hall, M., van Heusden, M. C. and Soderhall, K. (1995).
Identification of the major lipoproteins in crayfish hemolymph as
proteins involved in immune recognition and clotting. Biochem.
Biophys. Res. Commun. 216, 939–946.

Harrison, K. E. (1990). The role of nutrition in maturation,
reproduction and embryonic development of decapod crustaceans:
a review. J. Shellfish Res. 9, 1–28.

Jugan, P. and Soyez, D. (1985). Dmonstration in vitro de l’inhibition
de l’endocytose ovocytaire par un extrait de glandes du sinus chez
la crevette Macrobrachium rosenbergii. C.R. Acad. Sci. Paris 300,
705–709.

Jugan, P. and Van Herp, F. (1989). Introductory study of an oocyte
membrane protein that specifically binds vitellogenin in the crayfish
Orconectes limosus. Invertebr. Reprod. Dev. 16, 149–154.

Kanazawa, A., Teshima, S. and Endo, M. (1979a). Requirements
of prawn, Penaeus japonicus for essential fatty acids. Mem. Fac.
Fish. Kagoshima Univ. 28, 27–33.

Kanazawa, A., Teshima, S. and Ono, K. (1979b). Relationship
between essential fatty acid requirement of aquatic animals and the
capacity for bioconversion of linolenic acid to highly unsaturated
fatty acids. Comp. Biochem. Physiol. 63B, 295–298.

Kanazawa, A., Teshima, S. and Tokiwa, S. (1977). Nutritional
requirements of prawn. VII. Effects of dietary lipids on growth.
Bull. Jap. Soc. Sci. Fish. 43, 849–856.

Kanazawa, A. S. and Sakamoto, M. (1985). Effects of dietary lipids,
fatty acids and phospholipids on growth and survival of prawn
(Penaeus japonicus) larvae. Aquaculture 50, 39–49.

Kean, J. C., Castell, J. D., Boghen, A. G., D’Abramo, L. R. and
Conklin, D. E. (1985). A re-evaluation of the lecithin and
cholesterol requirements of juvenile lobster (Homarus americanus)
using crab protein-based diets. Aquaculture 47, 143–149.

Khayat, M., Lubzens, E., Tietz, A. and Funkenstein, B. (1994a).
Cell-free translation of vitellin in the shrimp Penaeus semisulcatus
(de Haan). Gen. Comp. Endocr. 93, 205–213.

Khayat, M., Shenker, O., Funkenstein, B., Tom, M., Lubzens, E.
and Tietz, A. (1994b). Fat transport in the penaeid shrimp, Penaeus
semisulcatus (de Haan). Israel J. Aquacult. Bamidgeh 46, 22–32.

Komatsu, M. and Ando, S. (1992). Isolation of crustacean egg yolk
lipoproteins by differential density gradient ultracentrifugation.
Comp. Biochem. Physiol. 103B, 363–368.

T. RAVID AND OTHERS



1829Lipid accumulation in shrimp ovaries

Komatsu, M., Ando, S. and Teshima, S. I. (1993). Comparison of
hemolymph lipoproteins from four species of Crustacea. J. Exp.
Zool. 266, 257–265.

Lautier, J. and Lagarrigue, J. G. (1988). Lipid metabolism of the
crab Pachygrapsus marmoratus during vitellogenesis. Biochem.
Syst. Ecol. 16, 203–212.

Laverdure, A. M. and Soyez, D. (1988). Vitellogenin receptors
from lobster oocyte membrane: solubilization and characterization
by a solid phase binding asay. Int. J. Invertebr. Reprod. Dev. 13,
251–266.

Lee, R. F. (1990). Lipoproteins from the hemolymph and ovaries of
marine invertebrates. Adv. Comp. Env. Physiol. 7, 187–207.

Lee, R. F. and Puppione, D. L. (1978). Serum lipoproteins in the
spiny lobster, Panulirus interruptus. Comp. Biochem. Physiol. 59B,
239–243.

Lee, R. F. and Puppione, D. L. (1988). Lipoproteins I and II from
the hemolymph of the blue crab, Callinectes sapidus, lipoprotein II
associated with vitellogenesis. J. Exp. Zool. 248, 278–289.

Lee, R. F. and Walker, A. (1995). Lipovitellin and lipid droplet
accumulation in oocytes during ovarian maturation in the blue crab,
Callinectes sapidus. J. Exp. Zool. 271, 401–412.

Lubzens, E., Khayat, M., Ravid, T., Funkenstein, B. and Tietz, A.
(1995). Lipoproteins and lipid accumulation within the ovaries of
penaeid shrimp. Israel J. Aquacult. Bamidgeh 47, 185–195.

Lubzens, E., Ravid, T., Khayat, M., Daube, N. and Tietz, A.
(1997). Isolation and characterization of the high-density
lipoproteins from the hemolymph and ovary of the penaeid shrimp
Penaeus semisulcatus (de Haan): apoproteins and lipids. J. Exp.
Zool. 298, 339–348.

Lytle, J. S., Lytle, T. F. and Ogle, L. T. (1990). Polyunsaturated
fatty acid profiles as a comparative tool in assessing maturation
diets of Penaeus vannamei. Aquaculture 89, 287–299.

Markwell, M. A. K., Haas, S. M., Bieber, L. L. and Tolbert, E.
(1978). A modification of the Lowry procedure to simplify protein
determination in membrane and lipoprotein samples. Analyt.
Biochem. 87, 206–210.

Middleditch, B. S., Missler, S. R., Hines, H. H., McVey, J. P.,
Brown, A., Ward, D. G. and Lawrence, A. L. (1980). Metabolic
profiles of penaeid shrimp: dietary lipids and ovarian maturation.
J. Chromatogr. 195, 359–368.

Mourente, G. (1996). In vitro metabolism of 14C-polyunsaturated
fatty acids in midgut gland and ovary cells from Penaeus
kerathurus Forskål at the beginning of sexual maturation. Comp.
Biochem. Physiol. 115B, 255–266.

Puppione, D. L., Jensen, D. F. and O’Connor J. D. (1986).
Physiochemical study of rock crab, Cancer antennarius
lipoproteins. Biochim. Biophys. Acta 875, 536–568.

Ruiz-Verdugo, L. M., Garcia-Banuelos, M. L., Vargas-Albores,
F., Higuera-Ciapara, I. and Yepiz-Plascencia, G. M. (1997).
Amino acid and lipids of plasma HDL from the white shrimp
Penaeus vannamei Boone. Comp. Biochem. Physiol. 118, 91–96.

Shafir, S., Tom, M., Ovadia, M. and Lubzens, E. (1992). Protein,
vitellogenin and vitellin levels during ovarian development in
Penaeus semisulcatus (de Haan). Biol. Bull. 183, 394–400.

Shenker, O., Tietz, A., Ovadia, M. and Tom, M. (1993). Lipid
synthesis from acetate by the in vitro incubated ovaries of the
penaeid shrimp, Penaeus semisulcatus. Mar. Biol. 117, 583–589.

Shlagman, A., Lewinsohn, C. and Tom, M. (1986). Aspects of
reproductive activity of Penaeus semisulcatus (de Haan), along the
southeastern coast of the Mediterranean. P.S.Z.N.I. Mar. Ecol. 7,
15–22.

Soderhall, K., Johansson, M. W. and Cerenius, L. (1994). Pattern
recognition in invertebrates: The β-1,3-glucan binding proteins. In
The Insect Host Defense (ed. J. A. Hoffmann, C. A. Janeway, Jr
and S. Natori), pp. 97–103. Austin: R.G. Landes Co.

Spaziani, E., Havel, R. J., Hamilton, R. L., Hardman, D. A.,
Stoudemire, J. B. and Watson, R. D. (1986). Properties of serum
high density lipoproteins in the crab Cancer antennarius
(Stimpson). Comp. Biochem. Physiol. 85B, 307–314.

Teshima, S. and Kanazawa, A. (1971). Biosynthesis of sterols in the
lobster Panulirus japonicus, the prawn, Penaeus japonicus and
crab, Portunus trituberculatus. Comp. Biochem. Physiol. 38B,
597–602.

Teshima, S. and Kanazawa, A. (1980a). Lipid constituents of serum
lipoproteins in the prawn. Bull. Jap. Soc. Sci. Fish. 46, 57–62.

Teshima, S. and Kanazawa, A. (1980b). Lipid transport in
crustaceans. Min. Rev. Data File Fish. Res. 1, 1–25.

Teshima, S. and Kanazawa, A. (1983). Variation in lipid
composition during the ovarian maturation of the prawn. Bull. Jap.
Soc. Sci. Fish. 49, 957–962.

Teshima, S., Kanazawa, A., Horinouchi, K. and Koshio, S. (1988).
Lipid metabolism in destalked prawn, Penaeus japonicus: Induced
maturation and transfer of lipid reserves to the ovaries. Nippon
Suisan Gakkaishi 54, 1123–1129.

Teshima, S., Kanazawa, A. and Kakuta, Y. (1986a). Role of dietary
phospholipids in the transport of [14C]tripalmitin in the prawn. Bull.
Jap. Soc. Sci. Fish. 52, 519–524.

Teshima, S., Kanazawa, A. and Kakuta, Y. (1986b). Role of dietary
phospholipids in the transport of [14C]cholesterol in the prawn.
Bull. Jap. Soc. Sci. Fish. 52, 719–723.

Teshima, S., Kanazawa, A. and Koshio, S. (1992). Ability for
bioconversion of n-3 fatty acids in fish and crustaceans. Oceanis
18, 67–75.

Teshima, S., Kanazawa, A., Koshio, S. and Horinouchi, K. (1989).
Lipid metabolism of the prawn, Penaeus japonicus during
maturation: Variation in lipid profiles of the ovary and
hepatopancreas. Comp. Biochem. Physiol. 92B, 45–49.

Teshima, S., Kanazawa, A., Sasada, H. and Kawasaki, M. (1982).
Requirements of larval prawn, Penaeus japonicus, for cholesterol and
soybean phospholipids. Mem. Fac. Kagoshima Univ. 31, 193–199.

Van der Oord, A. (1966). The biosynthesis of the emulsifiers of the
crab Cancer pagurus L. Comp. Biochem. Physiol. 17, 715–718.

Vazquex-Moreno, G. M., Sotelo-Mundo, R., Vazquez-Moreno, L.,
Ziegler, R. and Higuera-Ciapara, I. (1995). A non-sex-specific
hemolymph lipoprotein from the white shrimp Penaeus vannamei
Boone. Isolation and partial characterization. Comp. Biochem.
Physiol. 111B, 181–187.

Xu, X. L., Ji, W. J., Castell, J. D. and O’Dor, R. K. (1993). The
nutritional value of dietary n-3 and n-6 fatty acids for the Chinese
prawn (Penaeus chinensis). Aquaculture 118, 277–285.

Xu, X. L., Ji, W. J., Castell, J. D. and O’Dor, R. K. (1994).
Influence of dietary lipid sources on fecundity, egg hatchability and
fatty acid composition of Chinese prawn (Penaeus chinesis)
broodstock. Aquaculture 119, 359–370.

Yepis-Plascencia, G., Sotelo-Mundo, R., Vasquez-Moreno, L.,
Ziegler, R. and Higuera-Ciapara, I. (1995). A non-sex-specific
hemolymph lipoprotein from the white shrimp Penaeus vannamei
Boone. Isolation and partial characterization. Comp. Biochem.
Physiol. 111B, 181–187.

Zandee, D. I. (1967). Absence of cholesterol synthesis as contrasted
with the presence of fatty acid synthesis in some arthropods. Comp.
Biochem. Physiol. 20, 811–822.


