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VITELLOGENESIS IN INSECTS AND OTHER GROUPS - A REVIEW
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The eggs from oviparous organisms contain large amounts of vitellus, or yolk, which are
utilized by the growing embryo. Vitellogenesis is the process of vitellus accumulation and
involves massive heterosynthefic synthesis of the protein vitellogenin (Vg) and its deposition in
the oocyte. This work summarizes data on Vg structure, synthesis, uptake by oocytes and its fate
during embryogenesis. The hormonal control of vitellogenesis and its tissue, sex and temporal
regulation are also discussed. Where it is available, data on structure and expression of Vg-
coding genes are reviewed. Insect vitellogenesis is priovized although other oviparous animal

groups oulside insects are also treated.
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The embryonic development of oviparous
amimals occurs 1solated from the maternal body.
The egg should therefore contain all necessary
supplies for the development of the embryo
until eclosion. This supply is called vitellus, or
yolk, and 1s composed of proteins, sugars and
lipids, stored 1n an organized manner inside
the egg.

Vitellogenesis 1s the period of rapid oocyte
growth, when the vitellus deposition occurs
(Pan ct al., 1969; Hagedorn & Kunkel, 1979;
Postlethwait & Giorgi, 1985). Vitellin (Vn) is
the major protein of the vitellus in almost all
of the organisms studied. Vitellin derives from
vitellogenin (Vg), whosc expression shows de-
velopment, sexual, hormonal and tissue speci-
ficity.

Vitellogenin synthesis occurs in a short
period of time and in many cases involves
extenstve cytological remodelling of structures
of both the organ responsible for its synthesis
(fat body) and uptake {ovary).

The physiology, endocrinology, cellular
biology and biochemistry of Vg and vitello-
genesis have been studied 1in great detail. Data
concerning the genes coding for Vg are being
used for the elucidation of its structure, the
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control mechanisms of 1its expression and the
processes that govern its evolution.

This review summarizes the data needed to
understand the basic aspects of insect vitello-
genesis. Data and considerations of Vg struc-
ture, 1ts synthesis and uptake, utilization dur-
ing embryogenesis, the Vg coding genes and -
the hormonal control of its expression are
treated separately, Several groups of oviparous
animals outside insccts will be also discussed.

VITELLOGENIN STRUCTURE

Table 1 contains information about Vg struc-
ture of different groups. Vitellogenins are
phospholipoglycoproteins composed of differ-
ent subunits that can be found as monomers or
dimers with a native molecular weight (MW)
in the range of 300-600 Kd. Vitellogenins of
the higher diptera, with a native MW of 200
Kd, are an exception.

The phosphate groups present in Vg are
generally either bound to serine or via phos-
pholipids, More recently, phosphate groups
were also found associated with mannose in
Vg of Rhodnius prolixus (Masuda & Oliveira,
1985) and 1t seems that in Vg of the moth
Manduca sexta a small portion of the phos-
phate 1s also associated with the carbohydrates
{Osir et al,, 1986b). The carbohydrates associ-
ated with Vg are of the high-mannose type in
insects (Ng & Dain, 1976) and of the complex



TABLE 1
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Structure of vitellogenin (Vg) and vitetlin (Vn). The native and denatured molecular weights of Vg, Vg
precursors and Vg subunits from different species are shown. Modifications such as glycosylation (G),
phosphorylation (P) and the presence of lipids (L) in the Vg molecule are also indicated. (+) means that the

corresponding modification has been detected but not quantified

Native MW

—-_———

Organism Precursor
(Kd) (Kd)

NEMATODE
Caenorhabditis
elegans

180
ECHINODERM
Strongviocentrotus 240(Vn) 195 (Vg)
purpuralus
POLYCIAETE
Ferinereis 320; 530(Vp) 176
cultrifera 380 (Vn)
Nerels virens 420
TICK
Dermacentor 700: 4000 {VnA)
andersoni 700, 8000 (VnRB)
rnithodoros 300; 600 (Vg) 215,210
moubala

600 (Vi)
CRUSTACEAN
Armadillidium 700, 620
vielgare 540, 470
THYSANURA
Thermobia
domestica 430, 3100, 240
COCKROACH
Blatella 240
frermanica
Leucophaea 148, 285 (Vn) 215
maderae
Periplanetu 320
Gmerianag {175, Vn)
STICK INSECT
Bacifus
FOSSTHS
LOCUST
Locustia 530-550 265, 250
migratorida 16.3-175
pl 6.9{Vn)

CRICKET
Ceutophilus sp. ~ 200

{2 Prec.)
Achaeta 352,327
domesticus (Vg)
HEMIPTERAN
Triatoma
proctracta 437 (Vn)

Subunits Modification References
(Kd) G L P

170 {A) + Klass et al., 1979

170 (B) + Sharmrock, 1983

115,88 + Shamrock, 1984

180 (Vn} + Harnington & Easton, 1982
Shyu et al., 1986

176(Vg) Baert et al., 1984

9R, 83, 22, 5% 16% Baert & Slomianny, 1987

20, 16 (Vn)

208 135 + Fischer & Schmitz, 1981
Baert et al., 1984

7 subunis 4.6% T% + Boctor & Kamel, 1976

215, 210, 12.4% 7.6% Chinzer et al., 1983

160, 140,

125, 100 {Vg)

+ 64, 50 (Vn)

127, 90, 80 + Suzuki, 1987
Rousset et al., 1987

160, 102 (Vg) Storella & Kunkel, 1979

102, 95, 5¢ (Vn) + Wojchowsk: et al., 1986

155,112, 95, 85% 69% + Dejmal & Brookes, 1972

92, 54 (Vg) Engelmann & Friedel, 1974

E12, 90, 54 (Vn) DRella-Cioppa & Engelmann, 1987

117G, 105, 92, Storella et al., 1985

78 {Vnl)

105, 101,

60 (Vn2)

180-60 (5) Grorgi et al., 1989

126, 117, 13.6% 10% Chen et al., 1976

112,104, 64, Gellissen et al., 1976

54 (Vg) Chen et al., 1978

+ 96, 57 (Vn) Chen, 1980

165, 124, + Bradley et al., 1987

118, 83

130,97 49 47 + Bradley & Edwards, 1978

Nicolaro & Bradley, 1980

Mundall & Engelmann, 1977

conl.
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Crganism Native MW Precursor Subunits Modification References
{Kd) (Kd) (Kd) G L P
Rhodnius 260, 430 203, 190 159, 148, 53, + + + Chalaye, 1979
prolixus {(Ve) 48 Masuda & Oliveira, 1985
Valle et al., 1987
Valle et al., 1992a
MOTH
Manduca sexta 260 (Vg) 177, 47 3% 13%  + Mundall & Law, 1977
Osir et al., 1986b
Philosamia
cynthia 500 (Vi) 10% Chino et al., 1976
Plodia 462 (Vnl) =200 153, 147, 43 Shirk et al., 1984
interpunctelia 264 (Vn2) 69, 33 {ovary)
Hyalophora 1595 (1 Vg) Kunkel & Pan, 1976
cecropia pl 5.7
Bombyx mori 420-440 (Vn) 200 (180) 180, 42 3% 7.5% + fzumt et al,, 1980
13.58 fzumt & Tomino, 1983
Zhu et al., 1986
LOWER DIPTERA
Aedes aegypli 380 (Vg) 2350 200, 65 6-10% + + Hagedorm {pers. comm.)
Raikhel, 1937
Bose & Raikhel, 1988
Raikhel et al., 1990
Culex
pipiens fatigans 3RO (V) 160, 82 + + + Atlas et al., 1978
Rhynecosciara 500 (Vg) 211, 201, 9.5% + Pereira & De Bianchy, 1983
americand 70, 5%
HIGHER DIPTERA
Dacus oleae 47,49 Zongza & Dimitriadss, 1988
Musea 2Vn 54,52, 51, De BRianchi, 1987
domestica 48, 46
Calliphora 210(Vn) 49, 46 Fourney et al,, 1982
vicina 51, 49 {ovary)
Stomoxys
calcitrans 50.6-41.1 (6} Chen et al,, 1987
Sarcophaga 56.1, 53.7,50 + Huybrechts & Dle Loof, 1982
bullata Briers & Huybrechts, 1984
Drosophila
melanogaster 46, 45, 44 Warren & Mahowald, 1979
COLEOPTERA
Coccinella 400 (Vn) 133, 130, 46, + + Zhai et al., 1984
septempunctata 43
Leptinotarsa {2 Vg) 280,271,229, + + Peferoen et al., 1982
decemliineata 50.5 (Vgl)
282, 271, 236,
226, 221,
48 (Vg2)
VERTEBRATE
Xenopus laevis 460 210-220 121, 1186, 10-11%12%  + Wahli, 1988
111 {Lv1) Byrne et al., 1989
34, 31.5,
30.5 (Lv2)
34,33
{phosvitin)
19,13, 14
{phosvetes)
Crallus galfus 450-500 235-260 135,105 {Lv1} + + Protter et al., 1982
40, 30 (1.v2) Byrne et al,, 1989
34, 28, 18, 15,

13 {phosvitin)




type in vertebrates (Gottlieb & Wallace, 1982).
In invertebrates the predominant sugars are
mannose and N-acetylglycosamine, generally
1n the proportion of 4:1 (De¢ymal & Brookes,
1972; Chinze1 et al., 1983; Baert et al., 1984).
The lipids associated with Vg are mainly di-
and triglycerides, phosphatidylcholine, phos-
phatidylethanolamine and cholesterol (Hage-
dorn & Judson, 1972; Chen et al., 1976; [zumi
et al., 1980; Bacrt et al., 1984). Furthermore,
cvidence has recently been obtamed that Aedes
aegypli Vg 1s submitted to sulfation in the
Golgi complex during the maturation of the
subunits {Dhadialla & Raikhel, 1990; Raikhel
et al., 1990).

Vitellogenins contain several subunits in a
wide range of MW and the stoichiometric re-
lationship among these subunits is often diffi-
cult to determine. In some cases, polypeptides
described as part of Vg arc actually deriva-
tives of the proteolytic processing of this
molecule. This can be the consequence of a
failure to control degradation during sample
preparation {Chen ct al., 1976, 1978; Bacrt et
al., 1984: Storella ct al., 1985; Brookes, 1986:
Della-Chroppa & Engelmann, 1987; Borovsky
& Whitney, 1987).

In the majority of insects Vg has subunits
in the ranges of 150-200 and 50-60 Kd, de-
rived from precursors with MW around 200
Kd. Interestingly, clcavage of these precursors
can occur at alternative sites, gencrating sub-
units with both homologous and specific re-
gions (Chen et al., 1978). The higher diptera
are an exception since they have only subunits
in the range of 50 Kd, which arc synthesized
as precursors of a shghtly higher MW that
loosc only the signal peptide during secretion
(Postlethwait & Kaschnitz, 1978; Brennan et
al., 1980). Additionally, amino acid sequence
comparisons among different Vgs showed no
similarity between those from Drosophila
melanogaster and from other organisms. Fur-
thermore, cvidence has been obtained of ho-
mology between Drosophifa Vg (called yolk
protein, YP, as stated below) and the
triacylglycerl lipase family, a charactenistic not
shared by other Vgs (Terpstra & AB, 19¥8;
Baker, 1988; Bownes et al., 1988).

Other female specific proteins secreted by
fat bodies and accumulated by oocytes have
been adentified. This 1s the case of a 31 Kd
protein called microvitellogenin found 1n fyalo-
phora cecropia (Kulakosky & Telfer, 1987)
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and 1in M. sextg (Kawooya et al,, 1986; Wang
ct al., 1988) and of a 21 Kd female specific
protein from L. migrailoria (Zhang & Wyatt,
1990). In 4. aegypti a 53 Kd witellogenic
carboxipeptidase synthesized by the fat body
and sequestered by the oocytes has been re-
cently descnbed (Hays & Raikhel, 1990; Cho
et al., 1991). In Bombyx mori a group of re-
lated hemolymph proteins, called 30 Kd pro-
teins”, are present in significant amounts in-
side the oocytes (Zhu ct al., 1986; Sakai et al.,
1988). Additionally, proteins synthesized by
the follicle cells and deposited in yolk bodies
arc known in some Lepidoptera, like the 70
Kd paravitellogenin from H. cecropia (Bast &
Telfer, 1976; Raikhel & Dhadialla, 1992), the
72 Kd egg-specific protein (ESP) from B. mori
(Irte & Yamashita, 1983; Zhu et al., 1986) and
two follicle-specific proteins from M. sexta
(Tsuchida et al., 1991). Howcver, these pro-
teins bear no rclation to vitellogenin.

In other orgamisms Vgs are also synthe-
sized as 200-250 Kd precursors (Table 1) and,
in the case of vertebrates, the cleavage prod-
ucts are called lipovitellins (Lv) and phosvitins,
There are two different Lv, with 110-120 Kd
(Lvl) and with 30-40 Kd (Lv2) (Tablc I). The
lipoviteilins are lipoproteins with 20% hpids
and low contents of phosphorus (0.5%) and
sugars {0.3%). Phosvitins contitute a Vg do-
main which is absent from Vg of invertebrates.
They show a low lipid content (0.4%), 10-
11% of carbohydrates and approximately 50%
of scrine residues, the majority of which 1s
phosphorylated (Tata & Smith, 1979). In
Xenopus laevis an additional cleavage in the
phosvitin domain of one of the Vg varnants
gives rise to smaller phosphoproteins, called
phosvetes (Wahl, 1988). Inside the cgg Lv
and phosvitins arc associated in crystalline

complexes with high affinity for calcium (Tata
& Smith, 1979).

It s believed that phosvitin 1s rclated to the
bone formation of developing vertebrates,
which require morc phosphate and calcium than
invertebrates (Wahli, 1988), Indications that
phosvitin 1s evolving more rapidly than the
rest of Vg and that the phosvitin evolution
occurs through the expansion of scrine con-
taining regions {(Byrne ct al,, 1989) corrobo-
rate this hypothesis.

The organization of Vg derivatives in ver-
tebrates 1s NH2-Lv1-phosvitin-Lv2-COOH
{Gerber-Huber et al,, 1987; Van het Schip et
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al,, 1987a). In Locusta migraforia and R.
prolixus the large Vg subunits (in the range of
150 Kd) are thought to occupy the C-terminal

position in the Vg precursor (Wyatt et al,,
1984b; Vallc ct al., 1992b).

Regions of homology have been found
between Vg and von Willebrand factor, a gly-
coprotein that participates 1n the bilood clotting
of vertebrates. In this case, comparison with
Vg led to the identification of an extra dupli-
cation event in the evolution of the cysteine
rich D regions of von Willebrand factor (Byrne
et al., 1989). Regions of homology have also
been found between vertebrate and Caenorhab-
dits elegans Vg and the human B100-apolipo-
protein, an LDL fraction component (Baker,
1988; Byme et al.,, 1989). Additionally, ho-
mology has been found between D. melano-
gaster YP and hpoprotein lipases (Baker, 1988;
Bownes et al., 1988; Terpstra & AB, 1988).
These data, together with biological similari-
ties among these proteins, led to the sugges-
tion that Vgs are ancestors of B100-apohpo-
protein, and that Vgs could exert biological
functions other than merely being utilized as a
yolk supply to the devcloping embryo (Baker,
1988).

SYNTHESIS AND UPTAKE OF VITELLOGENIN

Sites of Vg synthesis in different organ-
isms are listed in Table II.

In the polychaetes Vg was thought to be
autosynthesized, 1.e., the ococytes, not integrated
in gonads, would be the site of Vg synthesis.
However, there 1s evidence in Nereis virens
that some other somatic tissue synthesizes Vg
(Fischer, 1979). Furthermore, recently the
vitellogenin receptor in oocytes of N. virens
was i1dentified (Hafer et al., 1992). The vitel-
lus heterosynthetic origin was also confirmed
in the polychaete Perinereis cultrifera, where

Vg synthesis by the coelomocytes was detected
(Baert & Slomianny, 1987).

The fat body, equivalent to the vertebrate
liver, is the exclusive site of Vg synthesis in
the majority of the insects, In some coleoptera
and higher diptera the ovary i1s an additional
site of Vg synthesis (Table II). In the latter
group therefore the term “yolk polypeptide”
(YP) has been proposed because Vg is by
definition, synthesized exclusively by fat bod-
ies (Bownes, 1982).

In the cyclorrhaphan diptera, where the

major YP synthesis occurs 1n the tat bodies, an
alternating synthesis by the fat body and ova-
ries can occur during e¢ach vitellogenic cycle
{De Bianchi et al., 1985; Zongza & Dimitriadis,
1988). On the other hand, in some higher
dipteran species the ovary can be the principal
or exclusive site of Vg synthesis (Chen ¢t al.,
1987; D¢ Bianchi, 1987). In the coleoptera
only a smail amount of the total Vg found in

the oocytes may be synthesized in the ovary
(Zhat et al., 1984; Pcferoen & De Loof, 1986}.

In ticks and crustaceans Vg synthesis oc-
curs in the fat body. However, the ovary is an
additional site of Vg synthests in the 1sopod
Porcellio dilatatus (Table 1I) where the peaks
of Vg synthesis by both organs do not occur at
the same time (Souty, 1983),

During the vitellogenesis of insects the cells
of the fat body undergo certain changes by
which they are converted from lipid and gly-
cogen storage cells to cells with a massive
protein synthesis. Cytological studies of fat
bodies of vitellogenic nsects have been done
mainly with L. migratoria {Chen et al., 1976;
Rinterknecht & Roussel, 1978: Couble et al.,
1979) and A. aegypti {Raikhel & Lea, 1983,
1987, Raikhel, 1987), although other insects
have also been analysed, like the hemipteran
R. profixus (Chalaye et al., 1983) and the stick -
insect Bacillus rossius (Giorgi et al., 1989).

Ultrastructural and immunocytochemistry
studies, carned mainly with 4. aegypfi (Raikhel
& Lca, 1983; Raikhel, 1987), defined three
distinctive phases in the fat body cells, during
each oogenesis cycle: 1) the previtellogenic
phase, 1n which the cells have large lipid in-
clusions, much glycogen and a contracted
nucleus; 2) the vitellogenic phase, character-
1ized by abundant rough endoplasmic reticu-
lum and Golgi1 apparatus, large nucleus and
multilobed nucleolus and 3) termination phase,
when abundant lysosomes are present,

In A. aegypti the maximum intensity of Vg
synthesis i1s attained 27 hours after the blood
meal. The Vg synthesis then declines rapidly
due to the action of lysosomes. Endoplasmic
reticulum and Golgi1 complexes are degraded
1n two steps, that consist of the formation of
a prelysosome and its fusion with a primary or
secondary lysosome. The mature Vg-contain-
ing secrctory granules, on the other hand, fuse
with lysosomes dircctly (Raikhel, 1986a, b).
These events arc intense and precisely coordi-
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TARBLE [l
Sites of vitellogenin synthesis
(rganism Site of synthess References
NEMATODE

Caenorhabditis elegans

ECHINODERM

Strongylocentrotus purpuratus

POLYCHAETE

Perinereis cultrifera
Nereis virens

TICK

Ornithodoros moubala

CRUSTACLEA

Porcellio dilatatus

COCKROACH

Blatella germanica
Leucophaca maderae

STICK INSECT

Bacillus rossius

LOCUST

Locusta migratoria

CRICKET
Ceutophifus sp
Achaeta domesticus

HEMIPTERA
Rhodnius prolivus

MOTH

Manduca sexta
FPlodia interpunctella
Hyalophora cecropia

LOWER DIPTERA
Aedes aegypti
Rhyncosciara americana

HIGHER DIPTERA
Dacus oleae

Musca domestica
Calliphora vicina
Stomoxys calcitrans
Sarcophaga bullata

Drosophila melanogaster

COLEOPTERA
Coccinella sepiempunctata
Leptinotarsa decemlineata

VERTEBRATES
Xenopus faevis
Callus gallus

intestine (32 cells)

intestine and gonads

celomocyles
maybe somatic tissue

fat body

fat body and ovary

fat body
fat body

fat body

{at body

fat body
fat body

fat body

fat body
fat body
fat body

fat body
fat body

fat body and ovary
fat body and ovary
fat body and ovary
ovary

fat body

fat body and ovary

fat body and ovary
fat body and ovary

liver
liver

Kimble & Sharrock, 1983

Shyu et al., 1986

Baert & Slomianny, 1987
Fischer, 1979

Chinzei & Yano, 1985

Picaud & Souty, 1980
Souty, 1983

Wojchowski et al., 1986
Brookes, 1986

Della-Cioppa & Engelmann, 1987

Giorgi et al., 1989
Couble et al., 1979

Bradley et al., 1987
Chang & Bradley, 1983

Valle et al., 1992a

Wang et al., 1988
Shirk et al., 1984
Pan et al., 1969

Hagedorn & Judson, 1972
Pereira & De Bianchi, 1983

Zongza & Dimitriadis, 1988
De Bianchi et al., 1985
Fourney et al., 1982

Chen et al., 1987

Cardocn et al., 1988
Kambyselhs, 1977
Postlethwait et al., 1980

Zhai et al,, 1984
Peferoen & De Loof, 1986

Tata & Smith, 1979
Tata & Smith, 1979
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nated. Maximal activity of lysosomal enzimes
have been detected at 30 hours after the blood
meal (Raikhel, 1986b). In an attempt to study
the regulation of the lysosomal activity 1n the
fat body, the lysosomal chzime catepsin D has
been recently purified and characterized
(Raikhel et al., 1990).

In 1nsects, the proteolytic processing of the
Vg prcecursors occurs inside the fat bodies
whereas 1n polichaetes, echinoderms and ver-
tebrates i1t occurs only after uptake of the pre-
cursors by the oocytes. However, some varia-
tions can occur, e.g. the cleavage of the 180
Kd Vg precursor in the body cavity of
Caenorhabditis elegans (Sharrock, 1984},
Vitellogenin processing in the fat body and
additional processing after oocyte uptake can
occur in ticks (Ornithodoros moubata, Chinzei
ct al., 1983), cockroaches (Blatella germanica,
Wojchowskt et al.,, 1986) and locusts (L.
migratoria, Chen, 1980). In the case of the
cockroach Leucophaea maderae its is not yet
clcar whether the proteolysis occurs inside the
oocytes {Brookes, 1986; Della-Cioppa & En-
gelmann, 1987).

In some 1nsects all Vg subunits are
glycosylated, e.g. in the cockroach B. germa-
nica (Wojchowskt et al., 1986), in the lower
diptera A. aegypti (Raikhel, 1987) and R.
americana (De Bianchi et al., 1982) and 1n the
coleopteran Coccinella septempunctata (Zhai
et al., 1984). On the other hand, in thc moth
M. sexta Vg only the larger subunit 1s
glycosylated (Mundall & Law, 1979). In this
species 1t has also been demonstrated that the
smaller subunit 1s localhized inside the native
protcin (Osir et al., 1986b). The distribution of
differently processed oligosaccharides is

thought to be species-characteristic (Nordin ct
al,, 1984),

Vitellogenin precursor cleavage inside the
fat body 1s subsequent to the glycosylation and/
or phosphorylation processes in the cockroaches
B. germanica (Wojchowski et al., 1986) and
L. maderae (Dclla-Cioppa & Engelmann,
1987). Glycosylation 1s essential for the pro-
cessing and secretion of Vg in B. germanica
(Wojchowsk et al., 1986) but not in the toad
X. laevis (Gottlieb & Wallace, 1982). In con-
trast, deglycosylation of Vg from M. sexta docs
not alter significantly its uptake by the ococytes
(Osir et al., 1986a).

In A. aegypti glycosylation occurs cotransla-
tionally while cleavage and phosphorylation

of Vg subunits are subsequent processes
(Raikhel, 1987; Bose & Raikhel, 1988; Raikhel
et al,, 1990). If glycosylation 1s blocked by
tunicamycin, 4. aegypti pre-Ve 1s cleaved into
its subunits but it 18 not phosphorylated and
further processing and secretion are prevented
{Dhadialla & Raikhel, 1990). Monoclonal an-
tibodies specific to each of the A. aegypti Vg
subunits were developed that recognize differ-
ent steps on the Vg secretory pathways (Raikhel
et al., 1986). These antibodies were used to
confirm that 4. aegypti Vg subunits originate
from a common precursor and that processing,
sccretion and internalization of both subunits
occur simultaneously (Raikhel & Lea, 1987;
Bose & Raikhel, 1988). Recently it was shown
that after cleavage, dedes Vg subunits undergo
additional maturation and that sulfation of these
molecules in the Golgi complex is probably
mvolved 1n this process (Dhadialla & Raikhel,
1990).

Vitellogenin from the silkworm B, mori 1s
phosphorylated in the fat body and additional
phosphorylation occurs in the ovary. In this
species inhibition of protein synthesis blocks
Vg sceretion but not Vg phosphorylation (Ta-
kahashi, 1987). Chicken Vg is found in the
blood as a phosphoglycoprotein, but in the
hepatocytes it occurs mainly as a non-glyco-
sylated and non-phosphorylated precursor, sug- -
gesting that glycosylation and phosphorylation
occur immediately before secretion (Protter ct
al., 1982).

Vitellin accounts for 70-90% of the total
protein in invertebrate eggs, with cxception of
B. mori, where it makes up only 30% of the
total protem. In this species ESP and the “30
Kd proteins™ make up 20-25% and 35% of the
protein vitellus, respectively (Inie & Yamashita,
1980, Zhu et al., 1986).

Endocytosts of Vg by oocytes 1s selective
and receptor-mediated. Analysis of this pro-
cess 1n A. aegypli led to the first desenption of
coated pits and coated vesicles, when 1t was
verified that vitellus deposition 1s related to a
I5-fold increase in the number of invagina-
tions In the oocyte surface (Roth & Porter,
1964). Immunocytochemistry experiments con-
firmed that Vg binds mainly to microdomains
at the base of oocyte microvilli, in regions
with electrondense glycocalix, intracelularly
coated with clathrin (Raikhel, 1984),

Evidences for the existence of a Vg recep-
tor in the oocytes were found 1n several organ-



isms, like N virens (Hafer ct al.,, 1992), K.
prolixus (Olivewra ct al., 1986), Nauphoeta
cinerea (Konig & Lanzremn, 1985; Indrasith et
al., 1990), L. migratoria (Rohrkasten & Ferenz,
198064, b; Rohrkasten ct al., 1989), M. sexta
(Osir & Law, 1986), A. aegypti (Koller et al.,
1989: Raikhel et al., 1990: Dhadialla et al.,
1992} and X. laevis (Opresko & Wiley, 1987).
In A. aegypti phosphorylation of Vg 1s essen-
tial for its binding to the receptor (Dhadialla et
al,, 1992},

There 1s evidence of structural homology
between locust and chicken Vg receptors. Struc-
tural identity as well as functional relationship
among Vg receptors from anclids (N. virens)
and locusts (L. migratoria and S. gregaria) has
also been demonstrated (Hafer et al., 1992),
On the other hand, 4. aegyp!i Vg receptor does
not cxhibit structural homology to chicken or
locust Vg rceceptors (Dhadialla et al., 1992),
The chicken Vg rcceptor 1s able to bind the
mammalian apoprotein E, apparently at the
same recognition site as Vg, It has been sug-
gested that Vo could be the oviparous protein
equivalent to the apoprotein E (Steyrer et al.,

1990).

Once 1n the oocyte, Vg is rapidly dissoci-
atcd from the receptor and transported to
endosomes, The tusion of these endosomes
yiclds organelles called yolk bodics which are
specialized 1n long-term storage and where the
protein may be crystallized (Raikhel, 1984},
Otherwise, proteins which arc non-specifically
internalized are accumulated in vesicles and
shifted to the lysosomal system (Storella &
Kunkel, 1979; Raikhel & Lea, 1986). Uptake
and storagc of yolk proteins by insect oocytes
have been recently reviewed in great detail

(Raikhel & Dhadialla, 1992).

UTILIZATION OF YOLK PROTEINS DURING EM-
BRYOGENESIS

Embryonic development consists of an mni-
tial phase of embryonic differentiation followed
by larval differentiation inside the egg. In the
initial phase Vn 1s not significantly utilized,
being dispersed throughout the egg. Later Vn
scgregates to the embryonic intestine, where it
1s more intensely degraded, during the larval
difterentiation phase (Storclla & Kunkel, 1979;
irite & Yamashita, 1980; Bownes, 1982;
Storella et al., 1985; Oliveira et al., 1989), At
the time of cclosion larvae of several insects
st1ll have varying amounts of Vn (Perassi, 1973;
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Irie & Yamashita, 1980: Sharrock, 1983: Zhu
et al., 1986; Olivcira et al., 1989).

Analysis of the protcolytic processes oc-
curring during embryogenesis resulted in the
identification of proteases and proteolytic n-
hibitors in a variety of organisms (Indrasith et
al., 1988; Kageyama & Takahashi, 1990). In
Rana pipiens trypsin and chymotrypsin inhibi-
tors have been 1dentified that are integral parts
of lipoviteliin, one of the Vg subunits. This
led to the speculation that yolk protemns could
exert a dynamic role on the development con-
trol, a proposal that awaits further mvestiga-
tion (Salisburry et al., 1980).

Many insccts have more than one Vn, and
thcy can be differentially sequestered, being
localized 1n distinct regions inside the oocyte,
like tn the cricket A. domesticus (Nicolaro &
Bradley, 1980). It has also been obscrved that
distinctive Vn molccules can be utilized at
different rates during embryogenesis (in the
stick insect Carausius morosus, Masett1 &
Giorgi, 1989; in the cockroach P. americana,
Storelia et al., 1985). In R. prolixus polypep-
tides derived from Vn cleavage remain in the
same macromolccular complex, although dif-

ferent subunits decline with distinct ratios
(Oliveira et al., 1989).

Vitellin makes up only 30% of the total
cgg proteins in B, mort (Inie & Yamashita,
[980; Zhu ct al., 1986). The transplantation of
ovarics into male larvac resulted in oocyte
development without Vn, thus raising the ques-
tion whether Vn s essential for the embryonic
development. After induction of parthenogen-
csis, eclosion and larval development occurred
normally in a certain number of the oocytes
and some¢ larvae even reached maturity
(Yamashita & Iric, 1980). During 8. mori
cmbryonic differentiation (1.e, before the lar-
vae formation inside the eggs), ESP 1s utilized
rapidly and completely (Zhu et al., 1986) and
seems to be the only protein to decline (Irie &
Y amashita, 1980).

The egg specific proteins that have becen
observed in variable amounts in other moths
({I. cecropia, Bast & Telfer, 1976; Plodia
interpunctella, Shirk et al., 1984; B. mori, Zhu
et al., 1986; M. sexta, Tsuchida, 1991) are
supposed to be the major nutrient source dur-
ing embryogencsis in Lepidoptera, since they
are the first to be consumed (Shirk et al.,
1984).



Mem. Inst. Oswaldo Cruz, Rio de Janeiro, Vol 88 (1), jan./mar. 1993 9

TABLE III

Vitellogenin mRNAs and genes. Vitellogenin mRNA size and vit genes size, number and location are indicated.
The vitellogenin subunits of the nematode Caenorhabditis elegans coded by each vit gene are in brackets

FF RS W) —rum — S W EEJE L EEEEEEETE. TeW = = ErE AT

Organism mRNA  Genes Location References
(Kb)
NEMATODE
Caenorhabditis etegans 3.1 vitl (pseudogene) X chromosome Blumenthal et al., 1984
vit2 {170B) X chromosome Spieth & Blumenthal, 1985
vit3-4-5 (170A) X chromosome
vit (180) autosomal
ECHINODERM
Strongylocentrotus 5.1 | vit (19KDb) Shyu et al., 1986
purpuratus Shyu et al., 1987
LOCUST
Locusta migratoria 7.1 VgA (12Kb) X chromosome Applebaum et al., 1951
(318) VB (10.5Kb) Bradfield & Wyatt, 1983
Locke et al., 1987
Schistocerca gregana 6.3 Wyatt, 1988
HEMIPTERA
Rhodnius prolixus 6.1 Valle et al., 1992b
LOWER DIPTERA
Acdes acgypti 6.5 5 genes (4 cloned: (emmll et al., 1986
Al, A2, B, ) Hamblin et al., 1987
HIGHER DIPTERA
Drosophila melanogaster 1.3 3 genes 1.35Kb X chromosome Riddell et al., 1981
{(ypl-2-3) Barnett et al., 1980
VERTEBRATES
Xenopus laevis 6.3 4 genes: Wahli & Dawid, 1980

Al (21Kb), BI,
A2 (16Kb}, B2

Gallus galfus 3 genes:

Vigl (20,4Kb), 2 e 3

LML EEEE L LPEeT-LES . SRl L L

Wahli et al., 1979

Van het Schip et al., 1987a
Silva et al., 1989

GENES CODING FOR VITELLOGENIN AND YOLK
PROTEINS

Vitellogenin-coding genes of the different
species will be designated here as vit with
exception of the Vg-genes in D. melanogaster,
which are called yp in the literature. Data on

the vif and yp genes are summarized in Table
[11.

Vitellogenin is coded by a small gene fam-
ily in all species studied (2-6 copies per hap-
loid genome). The echinoderm S. purpuratus
1s the unique exception known, in the sense it
has only one copy of a vif gene (Shyu et al.,
1987). It has been suggested that the products
of the different vit gene copies could have
different susceptibilities to hormonal stimula-

tion or to degradation during the embryogenic
process {Hamblin et al., 1987).

The vit genes are 1n general located on the
X chromosome, comprise between 12 and 20
Kb 1n length and code for mRNAs 1n the range
or 5-7 Kb (Table III). These transcripts (Vg
mRNA) encode precursors of a MW around
200 Kd that are subsequently cleaved to gen-
crate the Vg subunits (Chen et al., 1976, 1978;
Raikhel, 1987; Valle et al., 1992b}. In this
aspect the silkmoth B. mori 1s an exception,
because its Vg subunits (180 and 42 Kd) are
coded by distinct mRNAs (Izumi & Tomino,
1983).

In the nematode C. elegans the members
of the subfamilies vif 3-4-5 and vit -2 (Table
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[1I) have 95% of homology within the sub-
families, and the homology between both sub-
families 1s 70%. On the other hand, the ho-
mology between vit 6 and vit I-5 1s less than
50% (Spicth et al., 1985a). In another nema-
tode of the same genus, C. briggsae, 5 genes
vit have been identified, each one 85-90%
homologous to the corresponding vit gene from
C. elegans (Zucker-Aprison & Blumenthal,
1989). The nematode and vertebrate vif genes
are homologous, mainly in the 5' region, thus
suggesting a common origin,

L. migratoria vit genes (A and B) are poly-
morphic at the 3' rcegion and show moderate
homology to a 6.3 Kb mRNA from the locust
Schistocerca gregaria (Bradficld & Wyatt,
1983; Locke et al., 1987).

The vit genes cloned from A. qegypti have
been termed A1, A2, B and C, according to the
homology levels among them, which 1s found
mainly 1n the 3' region of the genes (Gemmiil
et al., 1986; Hamblin et al., 1987).

D. melanogaster yp genes, nonhomologous
to other vit genes, are single copy, distinct,
non-amplified and homologous to different YP
mRNAs, However, they exhibit roughly 50%
homology that can reach 73% in the C-termi-
nal half (Barnett ¢t al., 1980; Yan ct al., 1987).
D. melanogaster yp I and yp 2 genes have |
intron while yp 3 has 2 introns (Hovemann et
al.. 1981: Hovemann & Galler, 1982: Yan et
al.,, 1987). The yp I and yp 2 genes have
opposite orientations, with the 5' terminus 1221
bp apart (Riddell et al., 1981; Hovemann &
Galler, 1982). The yp 3 gene 1s located closer
to the centromere, at about 1000 Kb from the
other yp genes. In other Drosophila species
analysed the yp genes have a similar arrange-
ment, suggesting that maintainance of yp genes
coupling during evolution may have some func-
tional significance (Hatzopoulos & Kambysel-
lis, 1987).

The vit genes from the toad X, lgevis are
classified in two groups, 4 and B, with 20%
divergence. Each of these groups has two genes
with 95% homology to each other (Wahli et
al., 1979). In chicken the vir 1 and vif 2 genes
code for abundant protcins whereas vif 3 1s
less expressed (Protter et al,, 1982; Silva et
al., 1989)., The comparison of X. laevis and
chicken vif genes revealed a conservation in
the position and number of the introns; how-
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ever, a comparison of the exon sequences

showed a variable degree of homology
(Nardelli et al., 1987b).

The number of introns present in the vif
genes from different invertebrate species has
no obvious relation to their phylogenetic posi-
tion. Thercfore, the vit genes from the nema-
tode . purpuratus and the locust L. migratoria
have several introns (Gerber-Huber et al., 1987;
Shyu et al., 1987; Van het Schip et al,, 1987a;
Wyatt, 1988) while in C. elegans the size
comparison between Vg mRNA and the vir
genes points to the existence of few introns, a
general characteristic in this species (Spieth et
al., 1985b). Strikingly, 1t has been shown that
the many introns present in vertebrate Vg (34
in chicken and frog) are related 1n position to
those found 1n the nematode C. elegans, sug-
gesting that the Vg gene i1s very ancient
(Nardell: et al., 1987a). Recently the complete
sequence of the boll weevil Vg gene was ob-
tained (Trewitt et al,, 1992). Protein sequence
comparisons indicate that the vit gene of this
coleopteran insect 1s a member of the nema-
tode- vertebrate vitellogenin family.

The non-translated initial region of the vit
genes comprises m general 9-28 bp, except in
S. purpuratus, that comprises 99 bp (Shyu et
al., 1987). The signal peptide coded by vir
genes 1s homologous in the different species
studied (Hovemann & Galler, 1982; Locke et
al., 1987, Shyu et al., 1987; Byme et al., 1989).

The 5' sequence of the vit gene transcripts
studied 1s compatible with the formation of
loops 1n the mRNA, suggesting inhibition of
the translation initiation (Hung & Wensink,
1983; Zucker-Aprison & Blumenthal, 1989).
Additionally, in some cases the signal peptide
15 coded by infrequent codons. It is believed
that selection for the slow translation of the
Vg mRNA nitial region has occurred, ensur-
ing an efficient interaction with the secretion
apparatus {(Spieth et al., 1985b; Yan et al.,
1987).

Repetitive elements 1n introns and flanking
DNA has been localized 1n the vif genes from
L. migraforia. These clements, called Lm!,
show characteristics reminiscent of the human
Alu family (Wyatt, 1988). A repetitive clement
(CR1) has been localized at the 3' end of the
chicken vit gene. This element has LTR char-
acteristics and seems to be avian specific (Van
het Schip et al., 1987b).
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Analysis of vif genes promoters from some
organisms are being conducted in order to find
clements that could be responsible for the dif-
ferent kinds of control exerted on Vg expres-
sion, namely time-, sex- and stage-specificity
or hormonal control.

In relation to the hormonal control, a se-
quence similar to the ERE (estrogen respon-
sive element, 5'-GGTCANNNTGACC-3') has
been localized in the sea-urchin 8. purpuratus
(Shyu et al., 1987) and in D. melanogaster
(Hung & Wensink, 1983; Yan et al., 1987).
The L. migraforia vit genes, which are regu-
lated by juvenile hormone (JH), have blocks
of homology in their promoter regions that
scem to correspond to enhancer seguences
responsible for tissue specificity or hormonal
regulation. Two of these elements have a length
of 12 bp and are related to elements found
upstream of the P. americana oothecin gene,
also stimulated by JH. One of these L.
migratoria elements has an octanucleotide
which is present in the Drosophila ERE (Locke
et al., 1987).

The X. laevis vit Bl gene promoter region
has two imperfect ERE palindromes in a re-
gion called ERU (estrogen response unit). The
regulatory capacity of each i1solated ERE 1s
very small or zero. Nonetheless, when ERU 1s
present the receptor binds cooperatively
(Martinez & Wahli, 1989). Furthermore, an
heptamer known as elegans box has been lo-
calized near the vertebrate ERE. This element
has been originally detected in the C. elegans
vit gene promoter region (Spieth et al., 1985a).
In X. laevis the elegans box increases the ERE
basal activity, independently of the hormone.
It has been suggested that this element 1s a

conserved enhancer 1n estrogen regulated genes
(Klein-Hitpass et al., 1986).

In insects, elements responsible for tissue
specificity of expression are identified only in
the case of the D. melanogaster yp genes.
Either yp 1 or yp 2, together with their respec-
tive promoter regions, were used in P-element
mediated transformation of D. melanogaster
germinal hineages. The transcripts of the intro-
duced genes showed the original temporal and
sexual expression patterns in the transformed
flies. However, yp I transcripts were found
only in fat bodies and yp 2 transcripts only in
ovaries, suggesting that yp expression in dif-
ferent tissues is determined by distinct cis el-
ements (Garabedian et al., 1985). Subsequently,

the sex, stage and tissue specificity of Vg
expression was assigned to a 125 bp segment
localized 1n the region between yp I and yp 2.
This segment is functional in a heterologous
promoter of an unrelated Drosophila gene, 1n
different ortentations or at different distances
from the transcription initiation point. There-
fore, this segment determines the yp 1 expres-
sion pattern in the fat body and presumably
has an enhancer function {Garabedian et al.,

1986).

The differentiation of D. melanogaster 1s
known to be controlled by various regulatory

- genes, arranged 1n hierarchical cascades (Baker,

1989; Wyatt, 1991). The sex determination
regulatory genes are required for initiation and
maintenance of sex-specific YP synthesis
(Belote et al., 1985). Recent data showed a
direct linkage between the regulatory cascade
controlling somatic sexual diferentiation and
some target genes, namely the yp genes (Burtis
et al., 1991). This work evidenced binding of
the products of one of the sex determination
genes, doublesex (dsx) to the 125 bp enhancer
element between yp [ and yp 2. It was sug-
gested that this binding 1s related to the sex-
specific expression of yp genes in Drosophila.

HORMONAL CONTROL OF VITELLOGENESIS

Vitellogenesis in insects is basically con-
trolled by two hormones, ecdysone and juve-
nile hormone (JH). Ecdysone is an ecdysteroid
that acts on the moulting of the larval instars.
It is produced by the larval prothoracic glands
1n response to the prothoracicotrophic hormone
(PTTH). Ecdysone 1s converted to its active
form, 20-hydroxyecdysone (20-HE), in the fat
body. In the adult stage the prothoracic glands
disappear and ecdysone synthesis is overtaken
by either ovarian cells, as 1n A. aegypli,
(Hagedom et al., 1975) or other abdominal
cells, as in ). melanogaster (Bownes, 1982,

1989).

The JH 1s a sesquiterpenoid produced by a
pair of organs at the base of the brain, called
corpora allata. This hormone confers the ju-
venile character of the moults that occur in the
immature instars, Its absence from the last
larval instar has as consequence the moult to
the adult stage. In the adult, JH may regulate
vitellogenesis.

There 1s evidence that both JH and ecdys-
one act through the formation of a hormone/
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receptor complex that enters the nucleus and
binds to the DNA near the target genes (Wyatt
et al., 1984a). It has been claimed that the
insect JH receptor belongs to a homologous
supcrfamily of nuclear hormone receptors that
include those for steroids and thyroid hormones

(Wyatt, 1990).

Several proteins and genes involved in in-
sect sexual determination and others related to
reproduction are the subject of a recent review
(Wyatt, 1991). In contrast to the vertebrates,
in insects the hormonal differences between
sexes are not the only requisite for the occur-
rence of the wvitellogenesis process. Factors
intrinsic to the fat body are also needed for the
differential programming in males and females.
These factors, determined early in develop-
ment, are partially expressed in the last imma-
ture instar and totally manifested 1n the adult
stage (or after a moult in the absence of JH).
Consequently, treatment with exogenous JH
analogs induces a low level of Vg expression
in immature insects of both sexes, with excep-
tion of the last larval instar, where females
exhibit higher response than males. In the adult
stage, the males in general do not synthesize
Vg in response to the hormonal induction, while
in females the expression i1s maximal (5.
germanica, Kunkel, 1979; L. migratoria,
Dhadialla & Wyatt, 1983; Chinzer & Wyatt,
1985; B. mori, Mine et al., 1983). Wyatt and
coworkers (1984a) attributed sexual differences
in Vg expression during Locusia development
to changes in the chromatin structure. Further-
more, as discussed above, recent data indicate
a direct involvement of a product of the D.
melanogaster sex determination gene dsx in
the sex-specific expression of the yp genes
(Burtis et al., 1991).

Despite these observations, Vg 1s induced
by JH in males of the cockroach D. punctata
(Mundall et al., 1983). These males can even
produce oocytes contamning Vn after ovary
implantation (Mundall et al., 1979; Stay et al.,
1980). Additionally, residual Vg levels have
been detected in normal males from different
species (Kelly & Telfer, 1977; Chalaye, 1979;
Lamy, 1979). In R. prolixus males the charac-
teristic residual Vg haemolymph levels
(Chalaye, 1979) can be rised either upon JH
application (Chalaye & Lauverjat, 1985) or by
feeding the colony with human blood (Valle et
al., 1987).

In nematodes there is no evidence for hor-
monal activation of the vif genes. Vg synthesis
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in C. elegans is hermaphrodite-specific and
sexual determination seems to be coordinately
regulated in the intestine and in germinal tis-
sues (Kimble & Sharrock, 1983). However,
Spieth et al, (1988) found estrogen regulated
expression of a C. elegans recombinant vif gene
in transgenic lineages of this nematode.

Juvenile hormone stimulates vitellogenesis
in the argasid tick Ornithodoros parkeri (Pound
& Oliver, 1979). However, the gonadotrophic
hormone in the Acarine order i1s supposed to
be similar but not identical to the JH mol-
ecules active 1n insects (Connat et al,, 1983).

In crustacea and in Thysanura insects the
moult persists in the adults and moult and vi-
tellogenesis cycles are correlated. In the 1so-
pods ecdysone 1s also required for Vg synthe-
sis and secretion and for the oocyte growth
(Suzuki, 1987). In the thysanurans it 1s be-
lieved that ecdysteroids induce previtello-
genesis, while wvitellogenesis seems to be
controled by JH (Bitsch et al., 1985). Mating
in this order also plays a role in the vitellogen-
esis induction (Rohdendorf & Watson, 1969).

The hormonal control of vitellogenesis has
been studied 1n great detail in several orders of
insects: Orthoptera, Hemiptera and Diptera,
Examples from these insect orders as well as
vertebrates will be analysed separately.

Orthoptera

In the orthoptera vitellogenesis 1s controlled
by JH (Blattidac; L. maderae, Engelmann,
1969; P. americana, Bell, 1969; B. germanica,
Kunkel, 1979; Acnididae:; L. migratoria, Chen
et al., 1976; Gryllidae; A. domesticus, Bentord
& Bradley, 1986), After JH treatment male
and female fat bodies of L. migratoria exhibit
both an increase in ploidy (Nair et al., 1981)
and the development of structures characters-
tic of cells involved in intense protein synthe-
sis (Lauverjat, 1977; Della-Cioppa & En-
gelmann, 1980}, Most importantly, in female
fat bodies JH specifically induces transcription
of Vg mRNA at a high level. As a result, Vg
mRNA can make up to 55% of the total poly
(A +)-mRNA 1n this organ (Applebaum et al.,
1981). In L. migratoria the Vg mRNA does
not disappear concomitantly with the Vg syn-
thesis decrease, suggesting its maintenance in
the non-translated form (Chinzei et al., 1982).
Vitellogenesis 1s more rapid after secondary
hormonal stimulation (Chen et al., 1979;
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Chinzei et al., 1982) and this has been corre-
lated to a “memory effect”, attributed to the
persistence of receptors induced in the primary

stimulation (Dhadialla et al., 1987).

It was recently demonstrated that different
classes of Locusta proteins respond mn differ-
ent ways to JH: whereas Vg is induced de
novo only in females, a 19 Kd polypeptide
called persistent storage protein (PSP) is stimu-
lated in both sexes and the apolipophorin III 1s
not stimulated at all (Wyatt et al., 1992). The
induction of L. migratoria vit A and B genes
by the JH analog methoprene 1s coordinated
(Dhadialla et al., 1987). Sequences flanking
the 5' extremities are similar in both genes,
indicating the presence of common regulatory
signals (Wyatt et al., 1986). Nevertheless, as-
says to express locust Vg in Drosophila by P-
clement mediated transformation were not suc-
cessful, Although recombinant locust Vg inte-
gration in the Drosophila genome has been
obtained, translation did not occur, even in the
presence of methoprene, The failure of Dros-
ophila cells to recognize Locusta promoter sig-
nals 1s probably due to the cvolutionary dis-
tance between both insccts (Wyatt et al., 1986).

The Locusta migratoria corpus allatum 1s
activated by brain neurosecretory cells (NSC)
during oogenesis, probably through a humoral
factor (McCaffery, 1976, Rembold et al., 1980).
On the other hand, in the locust S. gregaria
the corpus allatum stimulatory brain factor
seems to act through the nervous pathway

(Tobe et al., 1977).

It 1s believed that ecdysone 1s involved in
the inhibition of JH induction of Vg synthesis
(L. migratoria, Lagueux et al., 1977; B.
germanica, Kunkel, 1979; D. punctata, Stay et
al., 1980). In this order ovariectomy generally
results in accumulation of Vg i the hacmo-
lymph (P. americana, Bell, 1969; A. domes-
ticus, Bradley & Edwards, 1978; .. maderae,
Engelmann, 1978; N. cinerea, Lanzrein et al.,
1981; L. migratoria, Chinzei & Wyatt, 1985),
although 1t has not bcen ascertained 1t this
effect 1s due to removal of the ultimate “sink™
of Vg accumulation rather than the source of
ecdysone. This procedure has been success-
fully used for obtaining hemolymph Vg.

The adipokinetic hormone, sccreted by the
glandular lobe of the corpus cardiacum, 1s
involved in lipid mobilization during locust
flight (Applebaum, 1983). Recently 1t has been
shown that in L. migraforia this hormone 1s

also correlated with the negative control of
vitellogenesis (Moshitzky & Applebaum, 1990).
This 1s an interesting observation since in lo-
custs the population migration starts in the
previtellogenic phase and induces a reproduc-
tive diapause (Applebaum, 1983).

Hemiptera

In hemiptera, vitellogenesis 15 controlled
by JH (R. prolixus, Coles, 1965; Triatoma
profracta, Mundall & Engelmann, 1977;
Oncopeltus fasciatus, Kelly & Telfer, 1977;
Dysdercus intermedius, Dittmann et al., 1985).
The hemiptera become competent to synthe-
s1zeé Yg 1n response to JH only after one moult
in the absence of this hormone (Kelly & Hunt,
1982). Additionally, JH is necessary in the
previtellogenic ovary tn order to render the
follicle cells able to react to a further exposure
to the hormone (Davey, 1987},

The sexual dimorphism present in K.
prolixus fat bodies i1s not prominent, as males
of this species synthesize variable amounts of
this protein (Chalaye, 1979; Valle et al., 1987).
Nevertheless, JH application in males climi-
nates completely the remaining sexual dimor-
phism of fat body cells and also results in a
dose-dependent occurrence of Vg in the hemo-
lymph (Chalaye & Lauverjat, 1985). Although -
JH analogs are effective in R. prolixus, any of
the molecular species known as JH could be
identified in this hemipterin, suggesting that in
this case JH function is exerted by some non-
identified molecular species (Feder et al., 1988).

Allatectomy completely abolishes yolk
deposition i the hematophagous 7. profracta
(Mundall & Engelmann, 1977) while in R.
prolixus this procedure only slows down the
vitellogenesis process, without eliminating 1t
(Pratt & Davey, 1972a).

In the phytophagous hemipterin D. interme-
dius the corpus allatum of the virgin female 1s
regulated by the brain (Dittmann et al., 1985),
Accordingly, tn the hematophagous T. protrac-
ta and R. profixus the brain has an inhibitory
cffect on the corpus allatum. Nevertheless, in
R. prolixus a transient neurosecretory brain
stimulation of the corpus aflatum has been also
detected immediately after the meal (Mundall
& Engelmann, 1977; Davey, 1987).

Mating 1n 7. protracta activates the corpus
allatum via the ventral nerve cord. Feeding in
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this species serves as an additional stimulus
for vitellogenesis (Mundall & Engelmann,
1977). On the other hand, mating in R. prolixus
affects oviposition (Coles, 1965) but its action
probably occurs through a myotropic factor
released by the NSC (Davey, 1967). The oo-
genesis process 1s also mcreased in mated fe-
males and it 1s behieved that the mating stimu-
lus 1s mediated by a factor released by the
female spermathecae (Davey, 1987). In the
ovary terminal oocyte growth in each follicle
1s coordinated while the other oocytes stay in
the previtellogenic phase, Virgin females, be-
stdes their tendency to retain vitellogenic eggs,
accumulate oocytes 1n the previtellogenic phase,

i.e., below the “activation size” (Davey, 1967;
Pratt & Davey, 1972b).

Juvenile hormone also acts directly on R.
prolixus vitellogenic ovary increasing the con-
dition known as “patency”’. This phenomenon,
which consists of the enlarging of the
interfollicular channels, 1s thought to occur
through a Na+-K+-ATPase (Pratt & Davey,
1972a; Davey, 1981}, This effect scems to be
antagonized in vivo by antigonadotropins se-
creted by abdominal neurossecretory cells (Pratt
& Davey, 1972b; Davey, 1981, 1987). It has
been suggested that the function of these
antigonadotropins 1s to assure a rapid cessa-

tion of vitellogenesis when the corpus allatum
1s inhibited by the brain (Davey, 1987).

Ecdysone inhibits the vitellogenesis and ovi-
posifton m R. prolixus and it was proposed
that this hormone acts through the inhibition
of JH production (Garcia et al., 1979). How-
ever, it was postenorly verified that feeding 1n
this species stimulates ecdysone synthesis,
which increases until 4-5 days after feeding,
shortly before the ovarian Vn peak (Feder et
al., 1988).

Although 1t 15 generally accepted that R.
prolixus oogenesis 1s controlled by hormones
released 1n response to the abdominal stretch-
ing (Davey, 1987), Garcia & Azambuja (1985)
suggested that induction of this process is
dependent on a protein dict. In this work it
was shown that feeding with non-proteic mac-
romolecules induces abdominal stretching with-
out stimulating oogenesis. It has also been
observed that the blood feeding source has a
profound influence over scveral physiological
and biochemical aspects in R. profixus, includ-
ing molting, oviposition and Vg synthesis by
the fat bodies (Lima Gomes et al., 1990; Valle
et al., 1987, 1992a).

Denise Valle

Lower Diptera (Orthorrapha)

Most part of the information from this group
has been obtained from studies on mosquito
vitellogenesis. The hormonal control of mos-
quito vitellogenesis generated a lot of contro-
versy 1n the last two decades and has been the
subject of several reviews (Fuchs & Kang,
1981; Borovsky, 1984; Kelly et al., 1987). The
ovary 1§ the site of ecdysone synthesis 1n A.
aegypti (Hagedorn et al.,, 1975} and it was
proposed that ecdysone is the hormone that
triggers vitellogenesis in mosquitoes (Fallon et
al.,, 1974). This proposal led to discussion
because only pharmacological ecdysone quan-
tities could induce Vg synthesis in previtello-
genic females of the anautogenous mosquito,
A. aegypti (Borovsky & Van Handel, 1979:
Lea, 1982).

Further 1t was established that in the lower
diptera JH regulates the previtellogenic phase
while ecdysone controls the vitellogenic phase.
The exposure of the fat bodies to JH in the
previtellogenic phase reduces to physiological
levels the amount of ecdysone necessary to
promote Vg synthesis (Flanagan & Hagedorn,
1977, Kelly et al., 1981; Borovsky et al., 1985:
Martinez & Hagedorn, 1987). This was con-
firmed by Ma et al. (1987, 1988). They mea-
sured Vg synthesis by in vifro cultured A4.
aegypti fat bodies using Vg-specific mono-
clonal antibodies 1n an enzyme-linked
immunosorbent assay, They found that physi-
ological quantities of 20-HE stimulated Vg
synthests and secretion in both blood-fed and
non-blood-fcd female fat bodies. However, fat
bodies cultured immediately after eclosion did
not respond to 20-HE. Prior treatment of these
cultured fat bodies with JH permitted the de-

velopment of competence to respond to 20-HE
(Ma et al., 1988).

Raikhel & Lea (1990) have recently dem-
onstrated that the previtellogenic role of JH, at
least in part, is the stimulation of production
of ribosomes in the fat body cells. Addition-
ally, Dittmann et al (1989) have shown that JH
also 1ncreases ploidy of the fat body cells.

Previtellogenic growth of the oocytes is also
regulated by JH. The brain seems to regulate
activity of the corpus allatum (Gwadz &
Spielman, 1973; Hagedorn et al., 1979). The
brain factor is suddenly released on the first
day after adult emergence. Juvenile hormone
1s then secreted by the corpus allatum but, in
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contrast to the brain factor, gradually during
2-3 days (Hagedom ct al., 1977). In Culex
pipiens the oocyte growth 1s dependent on a
head factor, released 4-8 minutes after the
beginning of feeding (Baldridge & Feyereisen,
1986). However, in the autogenic mosquito
Aedes atropalpus there 1s no brain control over
the corpus allatum (Kelly et al., 1981).

The vitellogenic phase is initiated after
feeding of non-autogenous species or after the
adult emergence of autogenous species, when
the so called corpora cardiaca stimulating fac-
tor {CCSF) 1s released from the ovary. This
factor, not species-specific, stimulates secre-
tion of the egg development neurosecretory
hormone (EDNH) by the corpus cardiacum
(Borovsky, 1982; Lea & Van Handel, 1982).
In fact, EDNH is synthesized by the NSC and
further transfered to the corpus cardiacum,
where it 1s stored (Lea, 1967, 1972). The ovary
1s the target tissuc for EDNH, where it induces
ecdysone secretion. The action of EDNH 1s
similar to the larval PTTH and the possibility
of a structural similarity between these two
hormones has been suggested (Hagedorn et al.,
1979). Partial characterization of purified A.
aegypti EDNH showed 1t 1s a polypeptide
monomer of 19 Kd (Borovsky & Thomas,
1985). More recently a group of five peptides
were purtfied from 4. aegypti heads that elicit
yolk deposition and secretion of ecdysteroids
by ovaries of decapitated 4. afropalpus
(Matsumoto et al., 1989).

Ovarian ecdysone secretion seems to be me-
diated by cyclic AMP (Shapiro, 1983). In the
lower diptera ecdysone induces the separation
of follicles from the germana in the ovary.
This event is independent of additional brain
factors (Beckemeyer & Lea, 1980). Changes
in ecdysone titer also parallel changes 1n the
Vg mRNA levels, with ecdysone increasing
before and decreasing slowly, while Vg mRNA
decays abruptly (Racioppi et al., 1986). These
data corroborate the suggestion that ecdysone
Vg synthesis induction acts at the transcrip-
tional level (Kaczor & Hagedorn, 1980). Ec-
dysone increases Vg synthesis also in decapi-
tated females, but high expression levels are
achieved only after the blood meal. It was also
verified that ecdysone and JH act directly 1n
the fat body (Racioppi et al,, 1986).

A. aegypti Vg mRNA transcription starts 1
h after blood feeding and reaches its maxi-
mum after 36 h (Racioppi et al., 1986). How-

ever Vg synthesis peaks at 27-30 hours after
the blood meal and declines rapidly afterwards
(Raikhel & Lea, 1983). At that time the lyso-
somal activity in the fat body cells 1s maximal
and directed toward the specific degradation

of Vg and organelles involved in its synthesis
(Raikhel, 1986a, b).

The events involved 1in Vg synthesis termi-
nation are thought to depend on a decreasing
titre of ecdysone. However, it 1s believed that
Vg synthesis by the fat body is programmed to
decline even if the exposure to ecdysone is
prolonged (Bohm et al., 1978). A humoral
factor released by mature ovaries that inhibits
yolk deposition in less developed follicles has

also been 1dentified (Meola & Lea, 1972).

(Oogenesis induction depends on absorption
of peptides from the ingested blood (Chang &
Judson, 1977a; Van Handel and Lea, 1984).
Feeding itself or abdominal stretching do not
scem to be involved, as previously believed
(Larsen & Bodestein, 1959). In several mos-
quitoes an influence of the blood source on
egg production was observed. In the majority
of the tested speciecs human blood results in
the smallest egg production (Shelton, 1972;
Nayar & Sauerman, 1977). This phenomenon
was associated with a low content of isole-
ucine in the human blood (Chang & Judson, .
1979}, This amine acid does not interfere with
the endocrine system and its effect is nutri-
tional and direct, 1.e., 1solated fat bodies also
respond to 1soleucine (Chang & Judson, 1977b;
Briegel, 1985).

Higher diptera (Cyclorrapha)

In this group of insects the Vgs, called yolk
proteins (YP) are produced by both the fat
body and the ovary in the majority of the
spectes examined (Table II). Kambysellis
(1977) 1dentified three factors in the regula-
tion of the vitellogenesis process in D.
melanogaster: a brain factor, an ovarian factor
that stimulates fat bodics YP synthesis (further
recognized as ecdysone) and a thoracic factor

(JH) involved 1n the YP uptake by ovaries,

Handler & Postlethwait (1977) verified that
the brain factor 1s released upon adult eclosion
and acts on the thoracic factor, necessary for
Vg synthesis induction in the ovarian follicles.
Subsequently 1t was shown that JH regulates
the YP synthesis and uptake, while ecdysone

is involved only in YP synthesis {(Postlethwait
& Handler, 1979).
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Experiments using altered phenotype sex
mutants of ). melanogaster suggested that
sexual determination involves steps that pro-
mote ecdysteroid synthesis 1n females. These
ecdysteroids would then activate synthesis of
YP by fat bodics (Postlethwait et al., 1980).
The authors have also shown that in isolated
abdomens from male insects only ecdysone
induces fat body YP synthcesis and therefore
proposed that ecdysone 1s the vitellogenic
hormone acting in this organ while JH acts on
the ovary. That JH is not able to induce YP
synthesis in males was confirmed in other
Drosophila species (Bownes, 1980).

Experiments with 1solated abdomens also
showed that female fat bodies can be induced
by both hormones, whereas ovaries answer only
to JH (Jowett & Postlethwait, 1980). These
results provided additional evidence that ec-
dysone is the primary hormone responsible for
YP synthesis induction in fat bodies. The fact
that female fat bodies can be induced to pro-
duce YP by JH in isolated abdomens (Jowett
& Postlethwait, 1980) was further explained
by the finding that JH can induce an increase

in ecdysteroid production (Schwartz et al,,
1985).

There are two distinct lines of evidence
concerning vitellogenesis control in Drosophila.
At one side sexual hormonal differences,
mainly ecdysteroids, arc thought to be deter-
minants of the process (Schwartz et al., 1985).
On the other side, the sex determination genes
rather than any sexually dimorphic hormone
levels are said to cause the yp genes to be
transcribed in females and repressed in males
{Bownes, 1989). Recent data indicating the
direct involvement of the sex determination
gene dsx product in the expression of yp genes
in Drosophtla (Burtis et al., 1991) favors the
sccond hypothesis. The control of the sex-de-
termination genes over the yp genes in the fat
body was shown to be direct and continuous.
However, 1n the gonads these gencs would be
necessary for the follicle cell formation but
would not control yp gene expression directly.
Here the yp genes are regulated by specific
factors deriving from the somatic tissue of the
gonad (Bownes et al., 1990).

Another point of debate consists the site of
ecdysteroid production in Drosophila. Difter-
ent groups have detected ecdysteroid synthesis
by ovarian cells but while some point the ovary
as the major source of this hormone (Schwartz

Dentse Valle

et al., 1985), others argue that ovarian
ecdysteroids are transfered to the oocytes and
that ovaries contribute only a small amount of

the total hemolymph ecdysteroid content
(Bownes, 1989),

In M. domestica juvenile hormone and
ecdysone can induce Vg synthesis (Adams &
Filipi, 1988). In this species both fat bodies
and ovanes are stimulated by ecdysone and
males are also responsive, but roughly 100
times less sensitive (Agui et al,, 1991). Juve-
nite hormone has no effect on males whereas
in females the ovaries are more intensively
stimulated by this hormone than fat bodies
(Agul et al., 1991).

The state of nutrition gradually affects ovi-
position. In females fed with a non-protein
diet JH and ecdysone induce ocogenesis redi-
recting resources so that YP expression in fat
bodies 1s enhanced (Bownes & Blair, 1986).
On the other hand Vg expression is induced by
ecdysone but not by JH 1n males and females
of Sarcophaga bullata, Calliphora vicina,
Phormia terrae-novae and Lucilia caesar sub-
mitted to a non-protein diet (Huybrechts & De
Loof, 1982).

Vg synthesis in S. bullata can be detected
only in the fat body (Table II) and ecdysone
has been identified as a major factor respon-
sible for sexual differences in the activation of
vit genes (Briers & Huybrechts, 1984). In this
insect 1t was shown that the NSC participate 1n
the activation of the endocrine glands mnvolved
in vitellogenesis (Cardoen et al., 1988),

Vertebrates

Vitellogenesis 1n vertebrates is under estro-
gen control, Hormonal treatment of vertebrate
male adults can induce Vg synthesis (Tata &
Smith, 1979) and studies on hormonal induc-
tion of Vg synthesis and cloning of vit genes
in vertebrates are in general done by using
hormonally treated males instead of females
{Wahh et al., 1979; Protter et al., 1982}, De-
spite the ease in inducing Vg synthesis in
males, several nuclease hypersensitivity sites
were detected 1n the vif 2 gene of liver and
oviduct cells of chicken embryos but not in
other embryo tissues, Some of these sites are
present before hormonal treatment, suggesting
an embryonic targeting of these tissues for vif
gene expression. Other sites are induced by
17-beta estradio] addition (Burch & Weintraub,
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1983). It was further shown that estrogen in-
duced hypersensitive sites are located 1n the
vicinity of functional or imperfect estrogen re-
sponse elements (ERE) corresponding se-
quences. It was suggested that these sites are
adequate models to study chromatin restruc-
turation events independent of transcription and
that ERE would be only one component of a
complex distal control region {(Burch & Fischer,
1990). Binding of a palindromic sequence of
the chicken vir gene promoter to the hormone/
receptor complex and to other non-histone
proteins not presenting tissue- or species-speci-
ficity was also detected (Feavers et al., 1987).

Estrogen treatment of vertebrates stimulates
specifically synthesis of Vg and Vg mRNA
(Baker & Shapiro, 1977; Jost et al., 1978;
Martin et al., 1986). Estrogen also increases
the half-life of Vg mRNA from 16 h to 3
weeks, thus reducing its cytoplasmic degrada-
tion (Brock & Shapiro, 1983). However, the
involvement of vertebrate hepatocytes in Vg
synthesis is not as conspicuous as that of in-
sect fat body cells, where the amount of Vg
mRNA may rcach more than half of the poly(A
+)-RNA (Applebaum et al., 1981).

‘Secondary hormonal 1induction 1s faster than
the primary one. In addition, the control of X.
laevis vit A and vit B gene expression 1s dis-
tinct after primary hormonal induction and
coordinated after secondary induction (Wolffe
& Tata, 1983). It was subsequently shown that
MmRNAs corresponding to vit Al and vit Bl
genes are more rapidly accumulated at levels
5 to 8 times higher than mRNAs coding for vit
A2 and vif B2 (Ng et al., 1984).

X. laevis vit A exprcssion 18 not assoclated
with hypomethylation, indicating that changes
in the methylation pattern are not a general
prerequisite for gene activation (Gerber-Huber
et al., 1983). On the other hand, a region with
imperfect palindrome structure was detected
in the third intron of the chicken vit 2 gene.
This region 1s flanked by a CpG dinucleotide
that has demethylation kinetics sumilar to the
kinetics of the Vg mRNA synthesis. This re-
gion 1S also able to bind a protein fraction
from hepatocytes cytoplasmic extracts (Jost et
al., 1987). Hypomethylation in the chicken vit
gene extends to a repetitive element (CKJI)
located at the 3’ end, in a region that cxhibits
changes in the chromatin structure. It was
suggested that this element may play a role 1n
the determination of the local chromatin con-
formational state {Van het Schip et al., 1987b).

Estrogen induced expression of X. [aevis
Vg A in human cancer cell cultures transfected
with the vit A2 genes indicated evolutionary
conservation of factors and signals involved in
the Vg control of expression (Klein-Hitpass et
al., 1986).

CONCLUDING REMARKS

The great number of Vg post-translational
modifications and the fact that it 1s a major
protein in certain moments of the life cycle
make Vg and the vitellogenesis process an
extremely useful model for the study of the
protein synthesis, maturation and secretion.

Despite being the major constituent of the
eggs, its nutritional role duning the embryonic
development has been under discussion for an
increasing number of species.

Comparison of the genes coding for Vg 1n
different organisms has led to considerations
about the evolutionary processes goveming
distinct species, Additionally, a number of gene
sequences have been localized that confer
expression specificity in relation to various
parameters, like sex, tissue and hormones.

The number of molecular tools available to
study Vg and the vitellogenesis process 1s 1n-
creasing and investigations in these arcas can’
contribute to the understanding of different
mechanisms of regulation of gene expression
and to the means by which these mechanisms
are established during development.
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