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A.A. Ximenes, G.A. Oliveira, P. Bittencourt-Cunha, M. Tomokyo, D.B. Leite,
E. Folly, D.M. Golodne and G.C. Atella

Instituto de Bioquimica Médica, Centro de Ciéncias da Saude, Universidade Federal do Rio de Janeiro,
Rio de Janeiro, RJ, Brasil

Correspondence to: G.C. Atella, Instituto de Bioquimica Médica, CCS, UFRJ, Bloco H, 22 andar,
Av. Bauhinia, 400, llha do Fundao, 21941-590 Rio de Janeiro, RJ, Brasil
Fax: +55-21-2270-8647. E-mail: atella@Biogmed.ufrj.br

Lipid transport in arthropods is achieved by highly specialized lipoproteins, which resemble those described in vertebrate blood.
Here we describe purification and characterization of the lipid-apolipoprotein complex, lipophorin (Lp), from adults and larvae of
the cowpea weevil Callosobruchus maculatus. We also describe the Lp-mediated lipid transfer to developing oocytes. Lps were
isolated from homogenates of C. maculatus larvae and adults by potassio bromide gradient and characterized with respect to
physicochemical properties and lipid content. The weevil Lp (465 kDa) and larval Lp (585 kDa), with hydrated densities of 1.22
and 1.14 g/mL, contained 34 and 56% lipids and 9 and 7% carbohydrates, respectively. In both Lps, mannose was the
predominant monosaccharide detected by paper chromatography. SDS-PAGE revealed two apolipoproteins in each Lp with
molecular masses of 225 kDa (apolipoprotein-l) and 79 kDa (apolipoprotein-Il). The lipids were extracted and analyzed by thin-
layer chromatography. The major phospholipids found were phosphatidylserine, phosphatidylcholine and phosphatidylethanol-
amine in adult Lp, and phosphatidylcholine, phosphatidylethanolamine and sphingomyelin in larval Lp. Hydrocarbons, fatty
acids and triacylglycerol were the major neutral lipids found in both Lps. Lps labeled in the protein moiety with radioactive iodine
("?51-iodine) or in the lipid moiety with fluorescent lipids revealed direct evidence of endocytic uptake of Lps in live oocytes of C.
maculatus.
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INTRODUCTION

and bruchids in particular are underrepresented in insect

Cowpea (Vigna unguiculata) is a leguminous crop cul-
tivated in most tropical regions, where its seeds contribute
to human and animal diets as an important source of
carbohydrates and protein. Insects from the order Co-
leoptera (family Bruchidae) cause serious losses of cow-
pea and other seeds in storage. One of the most important
insect pests of the cowpea is the larva of Callosobruchus
maculatus (Coleoptera: Bruchidae), which avidly attacks
the seeds during storage. Studies of Coleoptera in general
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biochemistry, despite the fact that Coleoptera is the largest
insect order. Additionally, most biochemical research on
beetles has concentrated on the description of digestive
enzymes (1). A detailed description of the lipid metabolism
of these organisms is lacking.

In insects, lipophorins (Lps) are the major hemolym-
phatic lipoproteins, which carry and distribute lipids of
many classes among the tissues involved in lipid absorption,
storage and utilization (2). Lps contain two apolipoproteins,
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apolipophorin | (apoLp-l, ~250 kDa) and apolipophorin I
(apoLp-Il, ~80 kDa), which comprise about 60% of the mass
of the particle (3). A third apoprotein (apolipophorin Il
apoLp-Ill), of molecular mass about 17 kDa, is present in
adults of some species in a molecular ratio that depends on
physiological state of the insects (4).

Lps have been suggested to function as a shuttle for
the transport of most of the lipid classes in the hemolymph
(5). The best-known transport system is that of diacylgly-
cerol (6). Insects capable of sustained flight use lipids as
their main energy source. Lp particles transfer diacylglyc-
erols to flight muscles and can then return to the fat body to
be reloaded with diacylglycerol, thus acting as a reusable
shuttle (5).

Insect oogenesis is another physiological process that
also requires lipids. This process is characterized by a
rapid accumulation of proteins and lipids by the growing
oocytes and the production of a great number of eggs in a
relatively short period of time. This process is very complex
and the involvement of several organs coordinated by
hormones has been recognized (7). In this process, Lp is
the main lipoprotein responsible for lipid delivery to oo-
cytes. Evidence for the role of Lp as the major vehicle for
lipid transport to the oocytes was first provided by Chino et
al. (8) in Philosamia cynthia (Lepidoptera). In Manduca
sexta (Lepidoptera), Kawooya and Law (9) showed that
low-density lipophorin unloads its lipids to the ovaries and
then returns to the hemolymph. In addition, high-density
lipophorin was also found to transfer lipids, resulting in its
conversion to very high-density lipophorin, but without a
recycling of apoproteins to the hemolymph (10).

In the present study, we purified and characterized the
lipophorin from adults and larvae of the cowpea weevil C.
maculatus. The biochemical role of this lipoprotein in the
lipid transfer process is discussed.

MATERIAL AND METHODS
Insects

A C. maculatus colony was maintained on cowpea
seeds under standard conditions (28°C and 80% relative
humidity, with a photoperiod of 12-h light/12-h dark).

Lipophorin purification

Adults or larvae (4 g) were homogenized using a tissue
grinder (Thomas Scientific, Swedesboro, NJ, USA) in an
ice bath in the presence of 20 mM glutathione, 5 mM EDTA,
2 mM PMSF, 0.5 pg/pL antipain, 5 uM pepstatin, and 0.5
Mg/uL leupeptin in PBS (10 mM phosphate, 0.15 M NaCl,
pH 7.4). The homogenate was then centrifuged at 100,000
gfor 30 min at4°C in a Beckman ultracentrifuge (Optima L-
90 ultracentrifuge, Beckman Coulter, Palo Alto, CA, USA)
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to remove insoluble material. Potassium bromide (KBr)
was added to the supernatant to a final concentration of 0.4
g/mL and this mixture was again centrifuged at 125,000 g
in a Beckman ultracentrifuge (Optima L-90 ultracentrifuge,
Beckman Coulter) with a fixed-angle Beckman rotor (Ti
50.2) at 4°C for 20 h. The gradient of KBr was fractionated
from the top to the bottom and Lp fractions (1-4 from the
top) were pooled, extensively dialyzed against PBS and
stored under liquid nitrogen until use. The degree of puirifi-
cation was monitored by SDS-PAGE and protein concen-
tration was estimated by the method of Lowry et al. (11)
and the micro-BCA Kit (Pierce, Rockford, IL, USA) in the
presence of 0.5% SDS, using bovine serum albumin as a
standard.

Polyacrylamide gel electrophoresis and molecular
mass determination

Polyacrylamide slab gels were run under both denatur-
ing (with SDS) (12) and nondenaturing conditions (13).
Electrophoresis was performed at constant voltage (100
V) on Tris-glycine gradient gels of 3-20% acrylamide, and
the protein bands were stained with Coomassie blue. For
molecular mass determinations, the molecular weight stand-
ard Rainbow Kit from Amersham (Buckinghamshire, Eng-
land) was used.

The molecular mass of Lp was determined by a pore-
limiting gradient PAGE (3-20%) as described by Nichols et
al. (14). The gels were run at 100 V for 24 h. Calibration
standards used were thyroglobulin (669 kDa), apoferritin
(440 kDa), catalase (232 kDa), and bovine serum albumin
(66 kDa). The size calibration was based on nonhydrated
particle sizes of the standard proteins calculated from the
molecular weight and partial specific volume of the proteins,
assuming spherical shape (14).

Lipid analysis

Lipid extraction was performed by the method of Bligh
and Dyer (15) for 2 h in a stoppered tube in 5 mL chloro-
form-methanol-water solution (2:1:0.8, v/v), with intermit-
tent shaking. The mixture was centrifuged at 1500 g for 30
min at4°Cina Sorvall RC-5b preparative centrifuge (Sorvall
Centrifuge, Newtown, CT, USA), the supernatant was col-
lected and the pellet subjected to a second lipid extraction
(1 h). To the pooled supernatants, 5 mL water and 5 mL
chloroform were added, the mixture was shaken and, after
centrifugation, the organic phase was removed and dried
under nitrogen. The content of total lipids was determined
gravimetrically. Extracted lipids were analyzed by one-
dimensional thin-layer chromatography (TLC) for neutral
lipids (16), or by two-dimensional TLC for phospholipids
(17). To visualize the lipids, the plates were immersed for
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10 s in a charring solution consisting of 3% CuSO,4and 8%
HsPO, (v/v) and heated to 110°C for 10 min (18). The
charred TLC plates were then subjected to densitometric
analysis. Each lipid spot was identified by comparison with
lipid standards (Sigma Aldrich Co., St. Louis, MO, USA),
run in parallel.

Carbohydrate analysis

Total carbohydrate was determined colorimetrically by
the sulfuric acid/phenol method (19) using glucose as a
standard. To a 400-pL solution, 20 pL 80% phenol (w/v)
was added. Then, 1 mL concentrated sulfuric acid was
added rapidly and the tubes were allowed to stand for 10
min. The absorbance was measured at 490 nm for hex-
oses and compared to a standard curve prepared with
various amounts of a 1-mg/mL glucose solution. The car-
bohydrate composition was analyzed by descending pa-
per chromatography in isobutyric acid-ammonium hydrox-
ide-water (3:2:1, v/v) using Whatman No. 1T paper. Sub-
sequently, the chromatograms were dried and stained with
silver nitrate (20).

Lipophorin density determination

The density of Lps was determined by the method of
Coelho et al. (21). The purified Lp was added to a PBS
solution containing 44% (w/v) KBr, to a final volume of 5
mL. This solution was transferred to a centrifuge tube,
overlaid with 5 mL PBS and centrifuged for 20 h in a
Beckman 40 Ti apparatus at 125,000 g at 4°C. After
centrifugation, the gradient was fractionated and the den-
sity of each fraction was measured using the refractive
index of KBr at 25°C.

Lipophorin labeling

Purified Lp was labeled with fluorescent fatty acid
(BODIPY®FL Cyg) or phospholipids (TRITC-DHPE; Molec-
ular Probes Inc., Eugene, OR, USA) using the method
described by Martin-Nizard et al. (22). Distribution of the
fluorescent lipids and Lp was observed using the methods
described by Atella and Shahabuddin (23).

Following manufacturer instructions for radiolabeling
(Sigma, St. Louis, MO, USA), purified Lp was iodinated
with 125]-iodine (100 mCi/mL; Amersham, Piscataway, NJ,
USA), using 200 mCi/mg protein. The iodogen (Pierce)
was used at a concentration of 100 mg/mg protein. Free
iodine was removed using Sephadex G-50 spin columns.

Lipophorin uptake by ovaries

Radio '?5I-iodine-labeled Lp was injected (1 pg/insect)
into the hemolymph of one-day-old vitellogenic females at
28° or 4°C using a PLI-100 microinjector (Harvard Appara-
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tus, Holliston, MA, USA). At the desired time, the ovaries
were dissected in medium 199 (Sigma-Aldrich Co.), washed
and incubated for 30 min at 28°C in 1 mL of the same
culture medium. The radioactive ovaries were homog-
enized in 0.15 M NaCl and the radioactivity was estimated
by gamma counting. Alternatively, Lp labeled with either
fluorescent fatty acids or fluorescent phospholipids was
injected (10 pg/insect) into the hemolymph of vitellogenic
females at 28°C. One day after injection, the oocytes were
dissected and examined with a fluorescent Axioscope
microscope (Carl Zeiss, Inc., Thornwood, NJ, USA).

RESULTS

The soluble protein fraction from homogenates of lar-
vae and adults of C. maculatus was subjected to a KBr
gradient ultracentrifugation and the fractions were ana-
lyzed by SDS-PAGE (Figure 1). The fractions at the top in
both gradients contained only Lp, consisting of two apolip-
oproteins, apoLp-I and apoLp-Il, with molecular masses of
225 and 79 kDa, respectively. ApolLp-lll (18 kDa) was
visualized in larvae but not in adults (Figure 2D). Pore-
limiting gradient PAGE experiments indicated a molecular
mass of 480 kDa for adult Lp and of 585 kDa for larval Lp
(Figure 2C).

Top
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-
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Figure 1. Purification of Callosobruchus maculatus lipophorin
(Lp). Adults (A) or larvae (B) were homogenized and Lp was
purified by KBr gradient ultracentrifugation as described in Mate-
rial and Methods. The fractions (1 to 10) were subjected to SDS-
PAGE (3-20%) and the proteins stained with Coomassie blue.
ApoLp-I = apolipophorin I; apoLp-II = apolipophorin II.

www.bjournal.com.br



Lipophorin from Callosobruchus maculatus 21

Table 1 shows the biochemical composition of the  Table 1. Chemical composition (%, w/w) of adult and larval
purified C. maculatus Lps. The adult Lp contained 57% lipophorins from the cowpea weevil Callosobruchus maculatus.
protein and 34% lipid and had a high sugar content (9%).
The total lipid content of larval Lp (56%) was much higher

Adult lipophorins Larval lipophorins

than that of adult Lp, but the carbohydrate content was  Protein (%) 56.7 + 2.8 377+ 1.9
similar (7%). The C. maculatus Lps stained positively with  Neutral sugars (w/w) 9.1+ 1.1 7.2+ 1.1
the periodic acid-Schiff reagent for the presence of carbo-  LiPid (%) 34.2 £ 15 55.1+24
hydrates (data not shown) and mannose was the onl Neutral lipids (%) 892+ 13 79113
Y was Y Phospholipids (%) 10.8 + 2.0 20.9 £ 1.0
sugar detected by paper chromatography in either case
(Figure 2B). Data are reported as means + SEM for four determinations.
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Figure 2. Biochemical properties of Callosobruchus maculatus lipophorin (Lp). A, Determination of Lp density. Lp from adults (filled
circles) and larvae (open circles) was purified using KBr gradient ultracentrifugation. The density (d) of each Lp was measured with a
refractometer (red line) and the amount of protein estimated at 280 nm. B, Carbohydrate analysis of Lp. The carbohydrate
composition of adult (A) and larval (L) Lp was analyzed using paper chromatography. or = origem. C, Determination of Lp molecular
mass. Lp (30 pg) obtained from adults (A) and larvae (L) was subjected to a pore-limiting PAGE. Thyroglobulin (T), apoferritin (F),
catalase (C), and bovine serum albumin (A) were used as molecular mass standards. D, Analysis of apolipophorin-lll amounts of
larval and adult Lp by a gradient SDS-PAGE (6-22.5%). Other experimental details are described in Material and Methods.
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Lp purified from adults showed a density of 1.22 g/mL,
whereas larval Lp had a density of 1.14 g/mL (Figure 2A).
These values were based on the density of KBr, calculated
from the refractive index of each fraction of a KBr gradient,
as described in Material and Methods.

The lipid composition of adult C. maculatus Lp is given
in Figure 3. Hydrocarbons, triacylglycerol, free fatty acids,
and 1,3-diacylglycerol were the main neutral lipids (Figure
3A), whereas phosphatidylserine, phosphatidylcholine and
phosphatidylethanolamine were the major phospholipids
(Figure 3B). The lipid composition of larval Lp showed

A

Percentage

H CHOE TG FA 1,.3-DG 1,2-DG ND MG PL

40
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20
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Figure 3. Lipid analysis of Callosobruchus maculatus lipophorins
(Lps). Two milligrams of purified Lp from adults (dark gray col-
umns) and larvae (light gray columns) were subjected to lipid
extraction. The neutral lipids (A) and phospholipids (B) were
analyzed by thin-layer chromatography as described in Material
and Methods. The content of each class of lipid was estimated
by densitometry and plotted as a percentage. The vertical bars
represent the SEM for four determinations. CHOE = cholesterol-
ester; 1,2-DG = 1,2-diacylglycerol; 1,3-DG = 1,3-diacylglycerol;
FA = fatty acids; H = hydrocarbons; MG = monoacylglycerol; ND
= non-determined; PA = phosphatidic acid; PC = phosphatidyl-
choline; PE = phosphatidylethanolamine; Pl = phosphatidylinosi-
tol; PL = phospholipids; PS = phosphatidylserine; SM = sphingo-
myelin; TG = triacylglycerol.
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slight differences compared to adult Lp. In the larval Lp, we
observed free fatty acids, triacylglycerol and hydrocarbons
(Figure 3A), and the major phospholipids were phosphati-
dylcholine, phosphatidylethanolamine and sphingomyelin
(Figure 3B).

In order to determine the source of the relatively el-
evated hydrocarbon content found in both Lps, the total
lipid contents of the larval homogenate and of the cowpea
seeds were analyzed (Figure 4). TLC revealed that triacyl-
glycerol, fatty acids and diacylglycerol were the most abun-
dant lipids in the larval homogenate (Figure 4B). In cowpea
seeds, triacylglycerol, sterols, phospholipids, and fatty
acids predominated. Diacylglycerol was also detected, but
in minor amounts (Figure 4A).

Receptor-mediated internalization of molecules is an
energy-dependent active process and is significantly re-
duced at lower temperatures (24). We examined the up-
take of ?5|-labeled Lp in adults at 28° and 4°C. At 28°C, the
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Figure 4. Lipid composition of total homogenates of cowpea
seeds (A) and Callosobruchus maculatus larvae (B). Two milli-
grams of total homogenates was subjected to lipid extraction as
described in Material and Methods. The extracted lipids were
separated by thin-layer chromatography and the content of each
lipid was measured by densitometry. The vertical bars represent
the SEM for four determinations. DG = total diacylglycerol (1,2-
DG + 1,3-DG); FA = fatty acids; H = hydrocarbons; MG =
monoacylglycerol; ND = non-determined; PL = phospholipids;
ST = sterols; TG = triacylglycerol.
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ovaries were able to take up Lp. At 4°C, no lipid uptake was
observed (Figure 5). Taken together, these results demon-
strate that Lp internalization by developing eggs in C.
maculatus is an energy-dependent active process.

To confirm the lipid transfer to ovaries, vitellogenic
females were injected with lipophorin fluorescently labeled
with phospholipids (Texas Red-PE; Figure 6B) or a fatty-

CPM x 10°
w
1

1 -
0
28°C,1h 28°C, 24 h 4°C,24 h

Figure 5. 125-lipophorin uptake by Callosobruchus maculatus
ovaries. Vitellogenic females were injected with 125I-lipophorin at
28° or 4°C. After 1 and 24 h, the ovaries were isolated and the
radioactivity was estimated by gamma counting. The vertical bars
represent the SEM for four determinations. Other experimental
details are described in Material and Methods. CPM = counts per
minute.

Figure 6. Visualization of lipid uptake by Callosobruchus macula-
tus ovary. Vitellogenic females were injected with lipoprotein
labeled with fluorescent fatty acids (green) or phospholipids (red)
shortly after emergence. After 24 h, the developing oocytes were
dissected and examined with a confocal microscope. Scale bar =
100 um. A, Phase-contrast of an ovarian follicle; B, localization
of phospholipids; C, localization of fatty acids; D, merged image
of B and C.
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acid analog (BODIPY-FA; Figure 6C). One day later the
ovaries were excised and the fluorescence distribution
was determined. In agreement with the results obtained
using '%I-Lp, we found that the ovaries of C. maculatus
were able to take up lipophorin.

DISCUSSION

The biochemical characterization of purified Lps is an
important step toward understanding the process of lipid
utilization in insects. In the present study, we purified and
partially characterized two Lps from the cowpea weevil C.
maculatus. Radio- and fluorescent-labeled Lp was used to
investigate its transport to the ovaries.

Lps from adults and larvae of C. maculatus were iso-
lated by a single-step KBr gradient ultracentrifugation. In
this gradient, both Lps floated to the top of each tube, free
of contaminants (Figure 1). The Lps obtained from adults
and larvae consisted of two apoproteins (apolLp-I and
apoLp-Il) of molecular masses similar to those from other
species (25). Larval Lp contains little of the smallest apo-
lipoprotein (apoLp-lll; Figure 2D) while adult Lp contains
none of this form. ApoLp-Ill has been found in adults of
various insect species (26,27). In Manduca sexta and
Locusta migratoria, this apolipophorin is involved in the
molecular changes that Lp undergoes during flight; as a
result, Lp particles acquire a greater capacity for carrying
lipids from fat body to flight muscles (2,6,28). These changes
are regulated by the adipokinetic hormone (5). Adults of C.
maculatus seldom fly, and never for long distances; this
could be the reason for the absence of apoLp-IIl in adult
Lp.

A second KBr gradient ultracentrifugation using the Lp
samples showed a density of 1.12 g/mL for adult Lp and of
1.14 g/mL for larval Lp (Figure 2A). These densities are
close to the values reported for high-density Lp in other
insect species (26). The Lp from adults is especially poor in
lipids, which make up only about 34% of its total mass,
whereas to the larval Lp was 55% (Table 1). This differ-
ence in lipid content could be responsible for the higher
molecular mass (Figure 2C) and the lower density (Figure
2A) of the larval Lp compared to the adult, since no apoLp-
11l was detected in either Lp.

Interestingly, our study indicates the presence of hy-
drocarbons associated with C. maculatus Lp. However, no
significant amount of hydrocarbons was found in total
larval homogenate or in cowpea seeds, supporting the
concept that hydrocarbons are mostly synthesized during
adulthood, presumably at the oenocyte level, and trans-
ported by Lp to the sites of deposition, including the epicu-
ticle and ovaries (3,29).

In the malaria vector Anopheles gambiae (30), in the

Braz J Med Biol Res 41(1) 2008



24

cockroaches Blattella germanica (31) and Periplaneta
americana (32) and in the Colorado potato beetle Leptino-
tarsa decemlineata (33), hydrocarbons are also the major
lipid class associated with lipophorin particles.

A structural model of cockroach and locust lipophorins
has already been proposed (34). It is composed of three
radially symmetrical layers. The outer surface contains
phospholipids and apolLp-l, the middle layer consists of
diacylglycerol and apoLp-Il and the central core is com-
posed of hydrocarbons. Based on its low diacylglycerol
content, it would be interesting to study lipophorin by
physical methods in order to determine its structural organ-
ization.

C. maculatus Lp stains positively with the periodic acid-
Schiff reagent for the presence of carbohydrates (data not
shown), and mannose is present as the main monosac-
charide in the particle (Figure 2B). It is possible that glyco-
sylation of Lp has an important role in folding and subunit
assembly to achieve the mature protein in the hemolymph
and ovary. Glycosylation is known to increase the solubility
of proteins (35). Thus, the mannose content of C. macula-
tus Lp could have a significant role in keeping this large,
hydrophobic protein in the hemolymph, improving lipid
transport to the tissues.

During insect oogenesis, oocytes accumulate large
amounts of lipids, which are supplied by means of Lp-
selective lipid transport (9,30). However, during lipid trans-
fer to Anopheles gambiae oocytes by Lp, lipid accumula-
tion occurs simultaneously with the deposition of the pro-
tein moiety inside yolk granules through endocytosis (30).
This finding is not in agreement with the general idea of Lp
as a reusable shuttle for lipids in insects.

Receptor-mediated lipoprotein endocytosis has been
studied in mammals and insects. In mammals, LDL par-
ticles are internalized upon binding to LDL receptors,
which are transmembrane proteins (36). Genes for similar
receptors have been cloned and sequenced from L.
migratoria (37), Galleria mellonella (38) and A. aegypti
(39). Recently, by transforming the human LDL receptor
gene into insect cells, Van Hoof et al. (40) demonstrated
that an endocytic pathway for Lp uptake does exist in
insects. However, no endocytic uptake of Lp has been
directly observed in insect oocytes.

Here we provide direct evidence of endocytic uptake of
Lp in live oocytes of C. maculatus. Clearly, lipids from Lp
accumulated in the yolk granules (Figure 6). During Lp
endocytosis by oocytes, we observed a staining pattern
which is similar to the LDL receptor-transfected insect cells
(40). This result, together with the temperature depend-
ence of the process, indicates Lp endocytic uptake by C.
maculatus oocytes. Whether Lp-mediated lipid transfer to
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C. maculatus oocytes acts as a reusable shuttle remains to
be investigated. Further investigation of the mechanism of
lipid delivery to the insect oocytes may lead to the identifi-
cation of targets that can control the density of pest insects
and their impact on losses of seeds in storage.
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