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The prawn Macrobrachium borellii has lecithotrophic eggs with highly-abbreviated development. The major
yolk component is lipovitellin (LV), a lipoprotein with 30% lipids (by weight). LV consumption during
embryogenesis was followed by ELISA and Western blot analysis using an anti-LV polyclonal antibody. No
cross-reacting proteins were observed and LV-like lipoproteins were strongly recognized by the antibody in
hemolymph (vitellogenin), yolk (LV) and embryos (LVe), as determined by Western Blot analysis. LV
decreased significantly along development from 9.4 to 1.1 pg/mg egg. Consumption rate of LV was slow in

gﬁ:\‘;,vzrds' early embryogenesis, followed by a rapid utilization in late embryonic stages. Significant LVe amounts were
Crustacean still present at hatching. LV apolipoproteins were selectively degraded during embryo development, being
Decapod the highest molecular weight subunit the most affected. Comparison among in vitro, in vivo and theoretical
Vitellin proteolysis suggested that trypsin may be involved in LV degradation during late embryogenesis. Embryo
Vitellogenin lipoprotein (HDLe) synthesis was first detected at stage 6. HDLe shared the same density, MW and subunit
Lipovitellin . composition as adult hemolymph HDL; and did not cross-react with LV-like lipoproteins. Though expressed
Embryo llpoproteln at low concentration, it fulfilled embryo needs for lipid transport among organs.

Embryogenesis

© 2008 Published by Elsevier Inc.

1. Introduction

During crustacean vitellogenesis, the growing oocyte accumulates
yolk proteins (vitellus) in one of the most energy demanding process
in females. The female-associated lipoprotein vitellogenin (VTG) is
transported from hemolymph into the vitellogenic oocytes as a
precursor for the synthesis of the egg yolk lipovitellin (LV) (Okuno
et al.,, 2002; Okumura et al., 2007). LV is often a high MW carotene-
lipo-glycoprotein complex representing the major egg reserve that
plays a crucial role in embryo nourishment and larval survival.

Eggs from the decapod crustacean Macrobrachium borellii have
only one lipovitellin, whose protein and lipid composition have been
characterized (Garcia et al., 2004). The native particle has an apparent
molecular mass of 440 kDa and 30% lipids (by weight). Experimental
evidence using cross-linking reagents and partial proteolysis, sug-
gested that LV is a hetero-trimer held together by non-covalent
interactions and composed of two subunits of 94 and 112 kDa. Though
LV is the most important component of proteinaceous yolk in M.
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borellii and other crustaceans, its utilization by embryos has not been
much explored.

This freshwater prawn has a highly abbreviated type of develop-
ment hatching after 39+2 days as a free swimming larvae at 24 °C.
Females breed large, eggs cemented to the pleopods in a brooding
chamber (Lavarias et al., 2002). Embryogenesis of M. borellii
lecithotrophic eggs can be divided into 7 stages according to
morphological features. During embryogenesis, yolk lipids are the
most important energy reserve followed by proteins, being both of
them simultaneously utilized throughout development (Heras et al.,
2000).

Adult hemolymph and egg yolk lipoproteins have been well
studied in crustaceans regarding their synthesis, composition and
function (Wilder et al., 2002). However, there is little information
about the presence and characterization of embryo hemolymphatic
lipoproteins and LV degradation along development, which is
restricted to reports on the crab Callinectes sapidus (Walker et al.,
2003, 2006).

In the present work, we have developed an anti-vitellogenin ELISA
and Western Blot analysis for the assessment of LV consumption and
embryo processing during M. borellii embryogenesis. In addition,
embryo hemolymph lipoproteins were identified, partially character-
ized and compared to those from eggs and adults by immunological
and biochemical methods.
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2. Materials and methods
2.1. Isolation of embryos and vitellus

Eggs at different stages of the embryonic development were
collected from brooding females. Developing stages (7 in total) were
identified according to (Lavarias et al., 2002) checking each egg brood
with a stereoscopic microscope (Nikon SMZ-10, Tokyo, Japan). Stage
1 (0-9 days) constitutes embryos from 4-cell morula to gastrula
with a highly viscous vitellus that takes up about 90% of the egg; in
stage 2 (10-18 days): vitellus fills up to 80% of the egg volume; in
stage 3 (18-23 days), embryos have incipient eyes visible and the
vitellus fills up to 70%; in stage 4 (26-35 days) the vitellus mass is
divided into four lobules; in stage 5 (36-40 days) the cuticle pigmen-
tation becomes evident and embryo is under active organogenesis;
in stage 6 (40-46 days) blue from hemolymph hemocyanin becomes
visible and the vitellus has almost internalized into the embryo
and represents about 20% of the egg volume; in stage 7 (46-50 days)
are 4-5 mm long with all the characteristics of postlarvae ready to hatch.
In general, vitellus decreases its viscosity along with development. Eggs
were homogenized in 3 ml phosphate buffer 50 mM, pH 74, and
sequentially centrifuged at 10,000 g for 20 min, and 100,000 g for
60 min. The final supernatant (cytosolic fraction) was collected.

Lipoprotein analysis was performed at stages 6-7 of embryogen-
esis in yolk and embryos separated from each other, as previously
described (Heras et al., 2000). In short, they were isolated under a
stereoscopic microscope and washed repeatedly with a solution of
75 mM NaCl. Embryos were then homogenized in a Potter-type
homogenizer (Thomas Scientific, Swedesboro, NJ), using 0.02 M pH 7.5
Tris-HCl buffer containing 2 mg/ml protease inhibitor and the
cytosolic fraction was obtained by centrifugation.

2.2. Lipoprotein isolation

Hemolymphatic, yolk and embryo lipoproteins were isolated by
density gradient ultracentrifugation. Aliquots of cytosol were over-
layered on NaBr (density 1.26 g/ml) containing 0.01% sodium azide,
and centrifuged at 178,000 xg at 10 °C for 24 h in a Beckman L8 70 M
centrifuge, using a SW 60 Ti rotor. A saline solution of the same density
to that of samples was centrifuged in parallel to determine relative
densities, and check the correct gradient formation. The total volume
of the tubes was fractionated from top into 0.2 ml aliquots, and the
protein content of each fraction was monitored spectrophotometri-
cally at 280 nm. The protein peak containing the lipoproteins was
separated as a whole fraction. All the samples were frozen at -70 °C
until analysis.

2.3. Gel electrophoresis

Embryo and hemolymphatic apolipoproteins were analyzed by
native and dissociating electrophoresis. Protein subunits were ana-
lyzed by SDS-PAGE using a gradient of 4-23% acrylamide (Laemmli,
1970), and stained with Coomasie Brilliant Blue R-250 (Sigma
Chemical Co., St. Louis, MO). MW was calculated as previously
described (Garin et al., 1996).

2.4. Anti-LV rabbit serum preparation

Antibodies directed against purified LV were prepared in rabbits.
Animals were given multiple subcutaneous injections of about 1.5 mg
of LV emulsified in Freund's complete adjuvant (Sigma Chemical Co.,
St. Louis, MO). A booster injection containing about 1.5 mg antigen
mixed with Freund's incomplete adjuvant was administered after
4 weeks. Two weeks later, rabbits were bled through cardiac puncture.
The collected blood was allowed to clot for 30 min at room tem-
perature and then overnight (4 °C). After centrifugation, the serum

obtained was stored at =70 °C until use. The specificity of the anti-
serum was verified by immunoblotting against proteins from different
tissues. The antiserum reacted only with the LV fraction.

2.5. Western blot analysis

Proteins were separated by native or SDS-PAGE electrophoresis
and electroblotted for 1.5 h at 12 V (Trans-Blot SD Semi Dry Transfer
Cell, Bio-Rad Laboratories, Hercules, CA, USA) from the unstained gel
to nitrocellulose membranes using 39 mM Tris, 48 mM Gly, pH 9.2,
20% MeOH buffer (Towbin et al., 1977). After being blocked overnight
at 4 °C with 3% (w/v) non fat dry milk in 10 mM Tris-HCl, pH 7.4,
0.15 M NaCl, the membranes were incubated with the anti-LV serum
(1:5000) for 2 h. Specific antigens were detected by goat anti-rabbit.
IgG horseradish peroxidase conjugate (1:1000) immunoreactivity was
visualized by ECL.

2.6. Enzyme-linked immunosorbent assay (ELISA) development

The procedure was based on the assay of (Engwall and Perlmann,
1972). The standard curve was performed using purified LV. Nunc-
Immunoplate Polisorp microtiter plates were loaded with 50 pL/well of
the LV standard (0-30 ng) dissolved in a buffer containing 15 mM
sodium carbonate, 35 mM sodium bicarbonate, pH 9.6 (coating buffer).
Samples of hemolymph, ovary, hepatopancreas and eggs were diluted
with the coating buffer. Aliquots of 50 L were incubated at 37 °C for
90 min. The antigen solutions were then shaken out, and each well was
filled with 300 pL of PBS, pH 7.4, containing 3% (w/v) non-fat dry milk.
The plates were incubated at room temperature for 2 h and
subsequently washed three times with 0.05% (v/v) Tween in PBS. The
anti-LV rabbit serum diluted in PBS-Tween (1:1000) containing 3% non
fat dry milk was poured into each well. Plates were incubated
overnight at 4 °C and washed three times as above described.

Goat anti-rabbit IgG horseradish peroxidase conjugate (Bio-Rad
Laboratories) diluted 1:1000) in PBS-0.05% Tween-3% non fat dry milk
was added to each well (50 pL) and incubated at 37 °C for 2 h. After
four washes as before, 50 pL aliquots of substrate solution, ABTS, and
H,0, (Bio-Rad) were added to each well, and the plates were
incubated at room temperature for 15 min. After colour development,
the reaction was stopped with 2% oxalic acid (50 pL). The absorbance
was read at 405 nm in a Beckman Coulter, Inc. Instruments (DTX 880).
One percent non fat dry milk in PBS was used in all the assays as
negative control and blank. Samples were analyzed in triplicate, and
the values were averaged. LV could be detected at concentrations as
low as 4.8 ng/well.

2.7. Trypsin treatment

LV and trypsin were incubated at a ratio trypsin/LV 1:100 (by
weight) at 37 °C for different times (5 min, 1 h, 4 h, 6 h and 18 h),
according to the procedure previously described (Garcia et al., 2006).

2.8. Statistical analyses

Data were analyzed by analysis of variance using Instat 2.0. Results
were considered significant at 5% level.

3. Results
3.1. Lipovitellin consumption during embryogenesis

A standardized enzyme-linked immunosorbent assay (ELISA) was
developed to quantify LV at different embryonic stages. An LV-specific
polyclonal antibody developed against M. borellii yolk LV that also
exhibited specificity toward female hemolymph vitellogenin and
embryo LV was used for this analysis.
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Fig. 1. Changes of LV levels during M. borellii embryogenesis. LV was quantified by ELISA
using a polyclonal antibody against egg LV. Results are given as mean+SD (n=3)
expressed as pg LV/mg egg. Bars with different characters on top are significantly
different from the preceding stage * (p<0.05); ** (p<0.001).

Fig. 1 depicts changes of LV levels in egg cytosol along develop-
ment. LV showed significant changes between stages 5 and 6, when it
decreased more than 70%, coinciding with the active embryo
organogenesis previously observed morphologically and biochemi-
cally. This consumption continued throughout stages 6 and 7, account-
ing for the decrease from 9.4 (stage 1) to 1.1 pg/mg egg (stage 7).

Fig. 2A shows the electrophoretic pattern of egg soluble proteins
during development. The 440 kDa LV was the major protein compo-
nent of whole egg throughout development. As expected, newly
synthesized proteins appeared at the end of development, most
probably synthesized by embryos. Western blot analysis of whole egg
extracts showed that apolV degradation did not produce fragments
which could be recognized by the antibody (Fig. 2B). This result was
confirmed when egg proteins were analyzed by dissociating SDS-
PAGE. Several polypeptides appeared at later stages, while LV subunits
decreased (Fig. 3A), though these polypeptides did not seem to be
originated by LV hydrolysis, as suggested by the lack of reactivity with
the anti-LV antibody as shown by Western Blot analysis. The two LV
subunits were recognized by the polyclonal anti LV antibody, being the
112 kDa subunits more sensitive to hydrolysis than those of 94 kDa,
particularly at late developing stages (Fig. 3B). In an attempt to
identify the LV hydrolysis products, a complementary experiment was
performed, where the cytosolic protein was loaded at twice the
concentration into SDS-PAGE gels. This allowed the detection of a
immunoreacting 70 kDa protein (Fig. 4, line C6). In addition, an
increment on proteolysis was observed along time when LV purified
from stage 1 eggs was digested in vitro with trypsin (a common
protease found in crustacean eggs). A 5 min digestion resulted in the
immunodetection of the 70 kDa fragment, plus several LV fragments of
lower molecular weight. At longer digestion times, an increasing
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Fig. 2. Analysis of M. borellii egg soluble proteins at different embryonic stages by native
PAGE (A), and Immunoblot (B). Lanes 1-7 developing stages; ST: MW standard. Arrows
indicate MW of native LV. Arrows indicate MW of LV.
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Fig. 3. Analysis of M. borellii of egg extracts at different embryonic stages by dissociating
PAGE (A) and Western Blot (B). Lanes 1-7 developing stages; ST: MW standard. Arrows
indicate MW of LV subunits.

amount of low MW fragments was observed, some of them
immunoreacting with anti LV antibody (Fig. 4 A and B).

3.2. Isolation and characterization of M. borellii embryo lipoproteins

After gradient ultracentrifugation of embryo cytosol, absorbance
was measured at 280 nm in each fraction, and a protein profile with
two maxima was observed. One of them (the smallest) of approx 1.11-
113 g/ml was named HDLe due to similar density to that of adult
hemolymph HDL, (Garcia et al., 2002). The major protein peak had a
density of 1.18-1.19 g/ml, which is the same density of the previously
characterized yolk LV (Fig. 5) (Garcia et al.,, 2004). Therefore, this
embryo lipoprotein was named LVe and further characterized.

The amount of LVe and HDLe during late embryogenesis was 1.3
and 0.012 pg/mg egg, respectively.

Fig. 6 shows the results obtained by the electrophoretic compar-
ison of female hemolymphatic and embryonic lipoproteins performed
under native (A, C) and dissociating (B, D) conditions. Electrophoretic
mobility revealed under native conditions a dominant protein band of
440 kDa in both LVe and VTG and a single band of 295 kDa in both
HDLe and HDL,. Under dissociating conditions, three major apolipo-
proteins of 112, 94 and 27 kDa were observed in LVe, while a single
subunit of 120 kDa was present in HDLe and HDL,; (Fig. 6 B and D).

Cross-reactivity of anti-LV polyclonal antibody was determined for
different M. borellii adult and egg lipoproteins, namely egg yolk
lipoprotein (LV), embryo lipoproteins (LVe and HDLe), sex-related circu-
lating vitellogenin (VTG), and non-sex related hemolymph lipoprotein
(HDL;). Western blot analysis of proteins under native conditions
showed that the polyclonal anti LV antibody only recognized a single
band of 440 kDa in samples corresponding to VTG, LV and LVe (Fig. 7 A).
Under dissociating conditions, embryo [Ve subunits of 94 and 112 kDa
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Fig. 4. Analysis of the effect of trypsinolysis on M. borellii LV by SDS PAGE (A) and
immunoblot (B). Lane C6: Stage 6 egg cytosol without trypsin; Lanes 5min,1h,4h,6h
and 18 h: trypsin-treated LV for 5 min to 18 h; Lane LV: LV without trypsin; St: MW
standards. Arrows indicate MW of LV subunits.
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Fig. 5. Protein distribution of cytosol from M. borellii obtained by gradient density ultracentrifugation in NaBr 1.26 g/ml. (A) NaBr density gradient; (®) M. borellii yolk cytosol;

(O) Embryo extracts.

were recognized, but also a subunit of less than 90 kDa was
immunodetected; it is present in yolk LV but not in circulating VTG
(Fig. 7 B). No cross-reactivity between anti LV antibody and HDLe or
HDL; hemolymphatic lipoproteins was found (Fig. 7 A and B).

4. Discussion

During crustacean embryogenesis, hydrolytic enzymes are acti-
vated at selected developing times to degrade yolk for embryo
nutrition and energy supply. This includes the activation of proteases
that degrade LV to amino acids and peptides, and also several lipases
that hydrolyze the phospholipids from LV as well as the triacylglycerol
from yolk lipid droplets (Ezquieta and Vallejo, 1986; Subramoniam,
1991; Heras et al., 2000; Gonzalez Baré et al., 2000). Moreover, during
embryogenesis of Emerita asiatica crabs, high esterase and protease
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Fig. 6. Native (A and C) and dissociating (B and D) gel electrophoresis lipoproteins
from embryo (LVe and HDLe) and adult hemolymph (VTG and HDL,). The gels were
prepared using a polyacrylamide gradient of 4-23% w/v. Proteins were revealed by
Coomassie Blue staining. ST, MW standards. Arrows indicate MW of lipoproteins or
their subunits.

activities resulting in the digestion of LV have been reported
(Subramoniam, 1991). The consumption rate of M. borellii egg LV as
estimated by ELISA increased significantly at stage 6, coinciding with
the depletion of both total yolk lipids and proteins previously
observed (Heras et al., 2000). Moreover, at this stage, the embryo
lipid catabolism became activated, particularly its lipases, acyl-CoA
synthetases and the mitochondrial B-oxidation system (Gonzalez Baré
et al., 2000; Lavarias et al., 2006). We have also observed that embryo
lipases did not degrade LV lipid classes at the same time, and as a
result LV became selectively depleted of phosphatidylcholine and
triacylglycerols at the expense of cholesterol and sphyngomyelin at
late stages of development (6 and 7) (Garcia et al., 2004).

One of the focus of the present study was in the degradation on the
protein moiety of LV along development. In a similar fashion as LV
lipid degradation, the trimeric LV also evidenced selective subunit
degradation, being the 112 kDa fraction more susceptible to proteases
than the 94 kDa one. This happens all along development and become
more evident in late stages (6 and 7). This result was coincident with
other reports dealing with in vitro digestion in M. borellii LV (Garcia
et al., 2006), as well as the degradation of LV in another prawn of
the same genus (Lee et al., 1997). Interestingly, LV proteolysis on Ar-
temia yolk was mediated by a trypsin-like protease that seemed to be
bound to LV that may play an important role in the regulation of LV
consumption during embryogenesis. This enzyme is presumably
synthesized by the female and transferred to the yolk granules
where it becomes associated with LV. This protease is activated
concomitantly with the yolk granule dissolution that takes place
during hydration of the dry cyst. In M. borellii, LV proteolysis rate
seems to accelerate as embryogenesis proceeds in order to meet the
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Fig. 7. Western blot analysis of M. borellii adult and embryo lipoproteins using anti LV
polyclonal antibody. Native (A) and dissociating (B) gel electrophoresis. Arrows indicate
MW of LV.
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nutritional needs of the enlarging embryonic cell mass, similarly to
what was suggested for the crab C. sapidus (Walker et al., 2006). We
are unaware if an association between trypsin and LV also happens in
M. borellii. Nevertheless, immunological detection of partial in vitro LV
trypsinolysis products gave a similar protein pattern at short times but
a different pattern at longer digestion times than that of LV
degradation in egg extracts. This can be interpreted in several ways:
(1) The LV-degrading proteases in M. borellii are different from trypsin
(2) egg trypsin degrades LV in combination with other proteases, (3)
there is a loss of epitopes in the smaller peptides generated (Fig. 4).
Besides we can not rule out the possibility that the fragments are so
small that are not detectable in the Western blot conditions employed.
This possibility is further supported by a theoretically complete
trypsinolysis of M. borellii aminoacid sequence (Garcia et al., 2006)
which resulted in small fragments of <2 kDa.

The amount of remaining LV at the moment of hatching (stage 7) is
in agreement with results reported in a morphometric study carried
out in M. borellii where it was noted that eggs at hatching still
possessed 35% yolk (already inside the vitelline sac). In that study yolk
was suggested to nourish the newly hatched free swimming larvae
until they start feeding (Lavarias et al., 2002). The present study
demonstrates that LV it not only degraded but also present in the
embryos, becoming the major lipoprotein at late stages (LVe). This
conclusion can be drawn from the fact that it has the same
characteristics as yolk LV, regarding density, native molecular weight
and reactivity against anti-LV antibodies, though it must be pointed
out the appearance of a small polypeptide subunit that is a product of
the proteolysis by the embryo. This occurrence is similar to that
reported by Lee in the embryo of the crab C. sapidus. The reactivity of
M. borellii VTG with the anti-LV antibody also evidenced the structural
relationship among VTG, LV and LVe. The immunological relationship
between hemolymph VTG and ovarian VT, as well as VTG incorpora-
tion into ovary have been demonstrated for several crustaceans,
(Yamashita and Indrasith, 1988; Vazquez Boucard et al., 2002; Auttarat
et al., 2006). The peptide mass fingerprinting of M. borellii, as
determined by MALDI-TOF, produced 42 polypeptides with an
absolute match to Macrobrachium rosenbergii vitellogenin (Garcia
et al., 2006), pointing to a very similar amino acid sequence among
vitellogenins within the genus. This also reinforce the relationship
among hemolymph vitellogenin and egg lipovitellin, as the later has
been reported to be originated by post traductional modification of
the former in M. rosenbergii (Okuno et al., 2002). Nevertheless, few
reports have dealt with the modifications of LV in isolated embryos or
the study of other embryo lipoproteins (Fig. 8).

Embryos at late stages seem to synthesize an HDL lipoprotein that
represents 0.9% of total lipoproteins. This low level of HDLe is probably
related to the fact that this prawn has yolky, lecitotrophic eggs and the
newly hatched larva seems to rely on the remaining yolk for survival
until they start feeding (Heras et al., 2000). As lipids are already
packed into LV and lipid droplets, embryos may not need to transport
a large amount of lipids using HDLe.

HDLe is not directly derived from LV (or LVe) subunits, as it
displays quite different immunological, biochemical and physical
properties. In contrast, this lipoprotein shares the same MW, density
and subunit composition with those of adult hemolymph HDL;, and
none of them cross-reacted with anti LV antibodies. Both of them
have a single 120 kDa apolipoprotein and they are most probably the
same particle. A similar relationship between hemolymph and
embryo lipoproteins was observed in C. sapidus by ELISA (Walker et
al., 2003; Walker et al., 2006). The only report of a crustacean embryo
lipoprotein is an HDL (called LP1), probably homologous to M. borellii
HDLe. This HDL was identified in the hepatopancreas of late stage
embryos from the blue crab (Walker et al., 2003). These authors
suggested that LP1 amino acid and lipid precursors come from LV
degradation by proteases and lipases, a possibility that could be true
also for M. borellii.

There is another aspect that may link egg LV catabolism with
embryonic lipoprotein synthesis in crustaceans is related to the fact
that females transfer ecdysteroids to the eggs tightly bound to LV.
These morphogenetic hormones take part in the control of embry-
ogenesis and early development (Subramoniam, 2000). If this strategy
also happens in M. borellii, LV hydrolysis could not only produce fatty
acids and amino acids for embryo development but also, at late stages,
may increase the available amount of unconjugated, active ecdyster-
oids. These may complement the hormones produced by the embryo
Y-organ, signalling the onset of embryo lipoprotein synthesis.
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