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Summary
Large amounts of hydrocarbons accumulate during 24h after injection than 4h after injection, showing that
vitellogenesis in the developing basal oocytes of the hydrocarbons are slowly and continuously deposited in
German cockroach Blattella germanica (L.), and all oocytes. This result was confirmed with topical application

ovarian hydrocarbons are deposited into an egg case
(ootheca) during oviposition. Hydrocarbons are not
synthesized by the ovaries, but are delivered by
hemolymph lipoproteins and accumulate within the basal
oocytes. A native B. germanica hydrocarbon, [3H]3,11-
dimethylnonacosane, injected into adult females of various
ages, was taken up by the ovaries in relation to oocyte
growth. Ovarian uptake of the hydrocarbon was low in
day 0-1 females, increased dramatically between days 3
and 6 and declined sharply through oviposition on day
8-9; ovarian uptake of the hydrocarbon was low during
a 21-day pregnancy that followed. [14C]Propionate,
which becomes incorporated into methyl-branched
hydrocarbons, was injected into 5-day-old vitellogenic
females to monitor the de novo biosynthesis of
hydrocarbons and the time course of hydrocarbon
deposition in the ovary. Propionate was rapidly
incorporated into hydrocarbons within 4 h. Hydrocarbon

of [3H]3,11-dimethylnonacosane: ovarian uptake was
three times higher after 24h than after 4h.In vitro
incubations of sternites, which synthesize hydrocarbons,
with [14C]propionate and ovaries, showed that both
hemolymph and purified high-density lipophorin
facilitated ovarian uptake of newly synthesized
hydrocarbons; maximum uptake occurred with 10%
hemolymph or 1mgmf?! high-density lipophorin. These
results were confirmed with sternites treated with
[3H]3,11-dimethylnonacosane and co-incubated with
ovaries. This is the first report to show that copious
amounts of maternal hydrocarbons are provisioned in
oocytes and to demonstrate the existence of a hydrocarbon
transport pathway involving hemolymph high-density
lipophorin.
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uptake by the ovaries, however, was three times higher hydrocarbon transport, integument.

Introduction

All insects and plants depend on epicuticular lipids forconsiderably among insects, suggesting that the site of HC
water balance, protection from pathogens and environmentaynthesis in insects varies with the location of oenocytes. In
stresses, and some cuticular lipids are used as intra- and int€enebrio molitoy the oenocytes are grouped along the upper
specific cues, as pheromones and allelochemicals, respectiveige of the tracheal trunks, separated from the fat body (Romer,
(Howard, 1993; Nelson and Blomquist, 1995). Hydrocarbon4991), and in larvae of the butter@alpodes ethliusenocytes
(HCs), represented mainly by normal and methyl-branchedre also found in the hemocoel (Jackson and Locke, 1989). In
alkanes and alkenes, are the major cuticular lipids in insectie locustsSchistocerca gregariandLocusta migratoriathe
and their hydrophobic properties contribute significantly tooenocytes are found only in the peripheral fat body, which is
water retention and water balance (Hadley, 1984; Gibbsituated beneath the abdominal epidermis (Diehl, 1975; Katase
1998). and Chino, 1984). The oenocytesiybsophila melanogaster

Studies in different groups of insects implicate theare within the abdominal epidermis, and complete feminization
oenocytes, large abdominal cells rich in smooth endoplasmif the HC pheromone mixture produced by males was recently
reticulum and mitochondria, as the site of HC synthesisnduced by targeted expression of ttesformergene in adult
(Romer, 1991). The tissue localization of oenocytes variegenocytes (Ferveur et al., 1997), in support of the idea that
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oenocytes synthesize HCs. In the American and Germamajor lipid of lipophorin, representing up to 50 % of the lipids
cockroache®eriplaneta americanand Blattella germanica  (Sevala et al., 1999), (vi) the ovaries and integument take up
respectively, the oenocytes are also distributed near theassive amounts of HCs (Schal et al., 1998b) and (vii)
epidermal cells of the abdominal tergites and sternites and aipophorin is also taken up by the oocytes and therefore acts as
separated from the hemocoel by a basal membrane (Krameryolk protein precursor (see below). Thus, we combine the
and Wigglesworth, 1950; Liang and Schal, 1993). advantages of the well-characterized cockroach HCs and
A large proportion of the HCs are directed to the exterior ofipophorin system with physiological measurements and
the cuticle. Clearly then, when oenocytes are situated in themmunoassays to describe HC transport to the ovary.
hemocoel, a hemolymph transport pathway would be required
for delivery of HCs to the epidermis and ultimately to the
epicuticle. Such a pathway, involving hemolymph high-density
lipophorin (HDLp), has now been described in many insects Chemicals
(for a review, see Schal et al., 1998Db). Interestingly, however, Sodium [1}4C]propionic acid (2.04GBgmmd)) was
it is also prominent in insects whose oenocytes are adjacentparchased from NEN Research Products (Boston, MA,
epidermal cells in the integument. In all studies that hav&/SA). [11,123H]3,11-Dimethylnonacosane (approximately
examined internal lipids, a large but developmentally regulate.11 TBg mmotl) was a gift from Dr Glenn Prestwich (Salt
pool of internal HCs has been found (Dwyer et al., 1986; Gubake City, UT, USA). TC199 medium was purchased from
and Blomquist, 1991; Gu et al., 1995; Young et al., 1999Specialty Media (Lavallette, NJ, USA), and all the remaining
Sevala et al., 1999, 2000), and in most of these studies, thhemicals were purchased from Sigma (St Louis, MO, USA).
internal HCs appear to be qualitatively similar to the cuticulaOrganic solvents were obtained from Fisher Scientific
HCs (Chino and Downer, 1982; Schal et al., 1994, 1998b; G{Pittsburgh, PA, USA).
et al.,, 1995; Sevala et al.,, 2000; Young et al., 2000). The
rationale proposed for internal HCs is that hemolymph Animals
HDLp functions primarily to deliver HCs from oenocytes to The German cockroadBlattella germanicdL.) colony was
integumental tissues that do not synthesize HCs, including theaintained in incubators at 27+0.5°C, approximately 50 %
head and thorax (including the legs and wings). relative humidity and on 12h:12h light:dark photoperiod.
However, our studies of adlBt germanicdemales indicate Newly emerged adult females were separated from the colony
that a major fraction of the internal HCs is localized withinon the day of adult eclosion (day 0) and maintained in separate
oocytes, suggesting that an important function of hemolymphlastic cages. Insects were provided with Purina 5012 Rat
HCs and HDLp is to provision the developing oocytes as welChow (Purina Mills, St Louis, MO, USA) and watat libitum
as cuticular surfaces overlying regions that do not synthesiz&emales were mated on day 6 and they oviposited 2—-3 days
HCs. Because neither the fat body nor the gonads cdater under these conditions. Females were always maintained
synthesize HCs, large amounts of HCs must be transportéugroups because solitary females are reproductively repressed
from the oenocytes and deposited in the ovaries prior tfGadot et al., 1989; Holbrook et al., 2000).
ovulation (Gu et al., 1995). Moreover, as large amounts of HCs
are found in the egg case (Schal et al., 1994, 1998b; Young eBiosynthesis and transport of hydrocarbamsivo andin

Materials and methods

al., 2000), it appears that the female might provision her vitro
progeny with maternal HCs and possibly HDLp, the latter as Methylmalonyl CoA, derived from propionate, can serve as
a yolk protein precursor. a methyl-branch donor in the synthesis of methyl-branched

In many insects, almost half the yolk mass is composed ¢1Cs inB. germanicgChase et al., 1990). Since over 80 % of
lipid imported by vitellogenin and lipophorin. Yet nothing is the HCs are methyl-branched (Jurenka et al., 1989), overall HC
known about the mechanism by which HCs are deposited isynthesis can be followed. [f€]Propionate (16.65kBq) in
insect oocytes, the role of HCs in embryonic development an@l5ul of TC199 medium was injected into 5-day-old adult
HC—lipophorin interactions in the embryo. In this paper, weemales. The females were provisioned with food and water in
report the results ofn vivo and in vitro analyses of HC Petri dishes in an incubator at 27 °C. Ovaries were dissected
transport and uptake by the ovary and the role of lipophorin iafter 4 or 24 h, rinsed thoroughly at least three times in saline,
HC transport. We use the German cockroAclgermanicaas  and HCs were extracted from the ovaries and the rest of the
a model system because (i) it is large and therefore readibyody separately, purified and assayed for radioactivityivo
amenable to physiological and biochemical approaches, (ii) itdC transport and uptake experiments were confirmed with
HCs have been chemically well characterized (Augustynowicthe native HC 3,11-dimethylnonacosane. Synthetic racemic
et al., 1987; Carlson and Brenner, 1988; Jurenka et al., 1989),1,123H]3,11-dimethylnonacosane (21.46kBq) was either
(i) the biochemical pathways of HC biosynthesis are weltopically applied to the abdominal tergites or injected into the
understood (Chase et al., 1990, 1992; Blomquist et al., 1993)emocoel in 0.4l of hexane. After predetermined incubation
(iv) the sites and developmental time course of HC synthestsmes, the ovaries were dissected, rinsed thoroughly, lipids
are better known than in any other arthropod (Gu et al., 199%ere extracted, HCs purified and the radioactivity in the HC
Schal et al., 1994; Young et al., 1999), (v) HCs constitute thfsaction analyzed by liquid scintillation spectrometry.



Hydrocarbon uptake by cockroach oocytes83

Forin vitro studies, abdominal sternites 3 and 4 from 5-day- Hemolymph collection and lipophorin isolation and
old virgin females were co-incubated with a pair of ovaries purification
of various ages in 5@ of TC199 medium [adjusted t0  Hemolymph was collected from ice-anesthetized day 2—4
410mosmolt! by the addition of 55mmott NaCl and  females by severing the cerci and gently pressing the abdomen.
40 mmol I Hepes, pH 7.4, and sterilized by filtration through Hemolymph was collected into chilled 1.5ml microcentrifuge
a 0.22um low protein binding filter (Millipore, Bedford, MA, tubes containing cold saline and protease inhibitors
USA) just prior to use] and 25.9kBq of }4€]propionate. Al (0.05molt! sodium phosphate buffer, pH7.0, containing
incubations were at 27 °C with constant shaking on an orbit@.15 mol 1 NaCl, 10 mmolt! EDTA, 5mmol I glutathione,
waving shaker (VWR, Atlanta, GA, USA) to oxygenate thea mmolt! phenylmethyl sulfonyl fluoride, 10y mt?
tissues. After 4 or 24 h incubations, the tissues were removegupeptin and 1agmt? pepstatin), centrifuged at 785or

and analyzed for labeled HCs. As required, either purifieg min at 4°C to pellet the hemocytes, and the plasma was
HDLp or hemolymph was added to the medium. Thesegtored at —80 °C.

experiments were repeated with labeled HC. Sternites 3 and 4HDLp was purified by KBr  density-gradient

from 5-day-old virgin females were dissected and rinseditracentrifugation, as described by Shapiro et al. (1984) and
thoroughly in saline, and 3f{]3,11-dimethylnonacosane previously applied td. germanicaby Gu et al. (1995) and
(21.46kBq) was topically applied in Qb of hexane on the Sevala et al. (1997, 1999). Briefly, plasma obtained from virgin
cuticular surface of the sternites. The sternites were cemales was mixed with 2.58g of KBr in saline and adjusted
incubated with ovaries in TC199 and processed as above. to 5.8 ml. The KBr mixture was placed into a Beckman 13.5ml
) o QuickSeal tube, overlaid with 7.7ml of freshly prepared
Extraction and quantification of hydrocarbons 0.9% NaCl, and subjected to ultracentrifugation with slow
The surface lipids were extracted from egg cases agcceleration and deceleration at 2850@6r 22h at 4°C in a
described by Young and Schal (1997). Briefly, each egg caggeckman L8-70M ultracentrifuge using a fixed angle rotor
was immersed in 2ml ofi-hexane containing 3fg of n-  (70.1 Ti). Fractions of 400 were collected starting from
hexacosane as internal standard, agitated gently for 5min, afitk top of the tube. The purity of lipophorin fractions was
the solvent was decanted into a clean vial. This procedure waRecked by sodium dodecyl sulfate polyacrylamide gel
repeated, and the egg case was subjected to a final rinse Wilctrophoresis (SDS-PAGE). Pure lipophorin fractions were
1ml of hexane. The three hexane extracts were combingsholed, concentrated and dialyzed against 10mrholl
and subjected to HC purification and analysis by gaphosphate-buffered saline, pH7.4, using a Centricon-10
chromatography. microconcentration tube with a 200° molecular mass cut-
Internal ||p|dS were extracted by a modified B|Igh and Dyeroff membrane (Amicon, Danvers, MA, USA) Protein
(1959) procedure (Gu et al., 1995). For samples to be analyze@ncentration was measured by the Bradford method

by gas chromatography, @ of n-hexacosane was added as(Bradford, 1976) with bovine serum albumin as standard.
internal standard. Lipids were extracted from various tissues

by homogenization in water for 30's (Kontes micro ultrasonic Enzyme-linked immunosorbent assay (ELISA)
cell disruptor, Vineland, NJ, USA), and the homogenate was The lipophorin titer in hemolymph, ovaries and egg cases
extracted with hexane:methanol:water (2:1:1). Samples wemgas determined by indirect ELISA as described by Sevala et
vortexed vigorously and centrifuged at 2@0QEC-Centra7, al. (1999), with minor modifications. Diluted (1:2000 to
International Equipment, Needham Heights, MA, USA) for1:8000) hemolymph (104), ovary extract or egg case extract
10min. A sample of the hexane phase was loaded ontoamd a series of HDLp standards (1-100ng)min coating
Biosil-A (Bio-Rad, Richmond, CA, USA) mini-column buffer (50 mmoltl sodium carbonate/bicarbonate buffer,
(approximately 500 mg of silica gel in a glass-wool-stopperegH 9.4) were bound to each well of an Immunoware high-
Pasteur pipette), and the HCs were eluted with 7 ml of hexankinding 96-well ELISA plate (Pierce, Rockford, IL, USA) by
The solvent was reduced with a gentle stream gf &d incubating overnight at 4 °C. Several blanks were also included
unlabeled HCs were quantified by gas chromatographin each plate. The plates were rinsed three times with
whereas radioactive HCs were assayed in 3 ml of scintillatiophosphate-buffered saline containing Tween-20 (8 nholl
fluid (ScintiSafe EconoF, Fisher) by liquid scintillation sodium phosphate, 2mmoll potassium phosphate,
spectrometry (LS5801, Beckman, Fullerton, PA, USA). 140 mmol 1 sodium chloride, 10 mmat} potassium chloride
For gas chromatography analysis, the hexane was reducadd 0.05% Tween-20, pH7.4) and blocked for 1 h with 1%
to 1-2ul with N2 and analyzed on an HP 5890l (Hewlett- bovine serum albumin at 37 °C. The wells were then filled with
Packard, Palo Alto, CA, USA) gas chromatograph equippedO0pl of diluted HDLp antiserum in phosphate-buffered saline
with a flame-ionization detector and interfaced with an HRcontaining Tween-20 (1:500) and normal rabbit serum, and
336511 ChemsStation. Splitless injection was made into ancubated for 1 h. Plates were washed three times and loaded
25mx0.32mmxlpum HP-1 capillary column operated at with 100ul of anti-rabbit immunoglobulin conjugated to
150°C for 2min, then increased at 10 °Cmiito 280°C and alkaline phosphatase (Sigma) diluted 1:10000 in phosphate-
held for 10 min. The injector and detector were held at 280 anolffered saline containing Tween-20, and incubated for 1 h at
300°C, respectively. 37°C. Plates were washed again and developed at room
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temperature with 100l of enzyme substratey-nitrophenyl then transferred into the oviposited egg case. This pattern is
phosphate (Pierce), and the reaction was stopped after 30 nailso evident in the second reproductive cycle: day 25 ovaries
by adding 10Qu of 2 mol -1 NaOH to each well. Absorbance contained only 0.jig of HCs, while the ovaries and egg case
was read at 405nm in a PowerWave200 automated microplaaecumulated 1988y of HCs by day 34. Newly formed egg
reader (Bio-Tek, Winooski, VT). cases contained 6.00+0.287 mg lipids (measEetm., N=6),
representing 16.3+0.77 % of the fresh mass of the egg case,
while internal HCs represented 4.48+0.58 % of total egg case
Results |IpIdS
Accumulation of hydrocarbons in the ovaries and egg case  These data, coupled with previous results showing that the
The reproductive cycle of femal germanicas depicted ovaries do not synthesize HCs (Gu et al., 1995), demonstrate
in the inset to Fig. 1. The German cockroach has panoistitbat HCs must be shuttled to the ovaries through the
ovarioles: the basal oocytes mature synchronously betwedémmolymph. Moreover, transfer of ovarian HCs to the interior
days 0 and 9 in response to juvenile hormone (for a revievof the egg case suggests that ovarian HCs are deposited into
see Schal et al., 1997). All females were mated on day 6 atide maturing basal oocytes and not the follicle cells that encase
most oviposited on day 9 (Fig. 1). Although germanicas  them. We examined the hemolymph—ovary transport pathway
oviparous, females exhibit functional ovoviviparity: fertilized bothin vivo andin vitro.
eggs are oviposited into an egg case which remains attached to
the vestibulum of the female between days 9 and 28. During In Vivo biosynthesis and transport of hydrocarbons to the
this ‘pregnancy’, the new basal oocytes in the ovaries remain ovaries
repressed. After parturition, the female resumes a new Because HC synthesis is developmentally regulated in adult
vitellogenic cycle and the basal oocytes grow to approximateliemales (Schal et al., 1994), females of different ages were
2.5mm in length (not shown). injected with 21.46 kBq 0f3H]3,11-dimethylnonacosane, the
Corrected for hemolymph volume (see Sevala et al., 1999najor HC in the native HC profile, to control for HC synthesis
total HCs in the hemolymph declined in the young female sooand therefore examine only its distribution within the female.
after eclosion (Fig. 1), probably because large amounts dfemales were incubated for 24 h at 27 °C, their epicuticular
hemolymph HCs were deposited on the teneral epicuticlipids extracted with hexane, the ovaries were dissected and
(Young and Schal, 1997; Young et al., 1999). Subsequentlyhoroughly rinsed, and cuticular and ovarian HCs were
hemolymph HC levels remained relatively constant apurified and assayed by liquid scintillation spectrometry. HC
approximately 16Qg through the remainder of the uptake by the ovaries was low on days 0-2, increased on days
reproductive cycle. In contrast, levels of ovarian HCs change8-4, peaked on days 5-6 and declined sharply thereafter
considerably in relation to oocyte maturation and thgFig. 2A). The ovaries of pregnant females took up no HCs,
reproductive cycle. Levels of ovarian HCs increased durin@s was also indicated by the gas chromatography data (Fig. 1),
oocyte maturation and declined sharply at oviposition on dagnd neither did the egg case on days 16 and 26; the exterior
9. Subsequently, the ovaries did nnt
accumulate HCs during ‘pregnan 250 First egg case
(days 9-25). While the exterior of the ¢ / interna HCs Second gg case
case contained only 224§ of HCs, it 'i' interna HCs
interior contained 224,69, whick 200- é
approximately equaled the differel
between the ovarian HC contents be
and after oviposition (231.6 and .8,
respectively). Thus, copious amounts
HCs accumulate in the ovaries and
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1A Ovaries Table 1. In vivohydrocarbon biosynthesis and transport
3000+ Hydrocarbon synthesis and
Tt distribution (disints mint)
% é 20004 Tissue 4h 24h
S0 Ovary pair 5315+695 19867+2879
SS Rest of the body 126 6517803 9711146486
Og 1000+
§ Day 4 females were injected with 16.65kBq of'fC]propionate,
and the ovaries were dissected 4h or 24h after injection.
0- P, Hydrocarbons were extracted from the ovaries and the rest of the
— body, and radioactivity was assayed by liquid scintillation
300007 g Epicuticle speztrometry. Y y v
7’,'; Values are means 1€le.m. (N=5).
LI,_)g 20 000
c—g.g amount of labeled HCs in the rest of the body declined by
=i 23.3% at 24 h (Table 1).
2S 10 0004 These results were confirmed with topical application of
"”§ [3H]3,11-dimethylnonacosane (21.46kBq) to the tergites of
© day 5 females. Both ovaries were dissected after 4 or 24 h, and
0 — — — — the amount of radioactive HCs was analyzed. After 4h, the
0 10 20 30 ovaries contained 9574+958disints mirof HCs (mean +
Femaleage (days) s.e.M., N=5), representing only 0.75 % of the topically applied

Fig. 2. Age-dependerin vivo hydrocarbon (HC) deposition in the HC. However, 24h after topical application of the labeled

ovary and epicuticle in relation to the reproductive cydd]3,11-
Dimethylnonacosane (21.46kBq) was injected inp0.4f hexane

HC, 2.7 times more labeled HCs appeared in the ovaries,
representing 2% (25690+2256 disints mjnof total labeled

into the hemocoel of females of various ages, and uptake diCs.
[3H]3,11-dimethylnonacosane by the ovary (A) and epicuticle (B)

was assayed 24 h later. Values are meansett.; some error bars

are obscured by the symb®=8 for each mean, except on day 0,

where N=10, day 1, wherdN=13, day 6, wheré\=6, and day 8,
whereN=9.

Involvement of lipophorin in hydrocarbon transport to the
ovaries
The hydrophobic nature of HCs suggests that plasma
lipoproteins might shuttle them from the integument to

storage and deposition sites. Indeed, in a number of insect

of these egg cases contained approximately 200 disintd minspecies, hemolymph HCs associate with an HDLp (Chino,
of HC (data not shown), probably from contamination from1985; Schal et al., 1998b; Sevala et al., 2000). We tested the
the cuticular surface. hypothesis that HDLp delivers HCs to oocytes by quantifying

Interestingly, when HCs were not directed to the ovariesiC uptake by the ovary in the presence of either hemolymph
more HCs were deposited on the epicuticular surface (Fig. 2Byr HDLp. Sternites 3 and 4 from 4-day-old virgin females
As expected, the teneral cuticle received large amounts of H@gre co-incubated for 24 h with an ovary from day 5 females
(1.7 % of injected HCs). As HC uptake by the ovaries increased) the presence of 25.9kBq of [fC]propionate. With
the HCs delivered to the epicuticle declined by 69% andTC199 medium alone, large amounts of HCs were
subsequently, as the ovaries of pregnant females were refractdmpsynthesized (95918424 946 disints minmean *s.e.Mm.,
to HC deposition, cuticular uptake increased 2.6-fold. N=5), but most of the HCs remained with the sternites

We compared the time course of HC biosynthesis and itand only 78+29 disints mit was deposited into the ovary;
deposition in the ovaries by measuring the incorporation ahe amount deposited in the ovary was subtracted as
[Y4C]propionate into HCs in the ovaries and the rest of the bodyackground from all other incubations. The amount of
4 and 24 h after injection. Young and Schal (1997) showed thdgbeled HCs in the ovary increased with increasing
after injection of radiolabeled propionate irBo germanica hemolymph concentrations in TC199, reaching a plateau at
nymphs, incorporation into HCs was complete within 2-4h10% hemolymph (Fig. 3).
The in vivo data presented in Table 1 confirm that HC The capacity of HDLp to accept HCs from the integument
biosynthesis was rapid. Within 4h, 2@®3disintsmirl was was also tested by incubating sternites 3 and 4 with
incorporated into HCs and no further HCs were synthesized-2.0 mgnit! HDLp in the presence of labeled propionate.
by 24h (116978disintsmi;, P>0.05; Student'st-test). HDLp was isolated from plasma by KBr density-gradient
However, the distribution of the newly biosynthesized methylequilibrium ultracentrifugation and its purity confirmed by
branched HCs changed during the 24 h incubation. While th8DS-PAGE (Fig. 4A). Our results indicated that loading of
amount of labeled HCs in the ovaries increased 3.7-fold, theewly synthesized HCs onto HDLp increased linearly in
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2000 Lipophorin uptake by oocytes
g.ﬁg 1500_’ De_:velopmental studies of the lipophorin con_tent of the
20 ] ovaries and egg case showed that the ovaries sequester
g% 1000- lipophorin from the hemolymph (Fig. 6), and the increase in
85 lipophorin content within the ovaries corresponded well with
g % 500 the increase in the HC content of the ovaries (Fig. 1).
3 1 Moreover, as shown for HCs, almost all ovarian lipophorin is
0- . subsequently recovered from the egg case. The trivial amount
0 10 20 30 40 50 of lipophorin remaining in the ovaries disappears by day 15
Percentge hemdymph (data not shown), suggesting that one or more oocyte was

Fig. 3. Accumulation of newly synthesized hydrocarbons (HCs) inresorbed during ovulation.
the ovaryin vitro. An ovary from a day 4 female was co-incubated
with abdominal sternites 3 and 4 from a day 5 female inub00

of TC199 medium containing 25.9kBq of {4€]propionate and o D'S_CUSS'OH _ _ _
0-50% Blattella germanicaplasma. Values are means SE.M. Oocyte maturation in oviparous animals is characterized by
(N=3-5). Some error bars are obscured by the symbol. a vitellogenic period during which all maternally derived yolk

protein precursors are sequestered in the oocyte, usually
through receptor-mediated endocytosis (Bu and Schwartz,
relation to the amount of HDLp in the medium (Fig. 4B).1994; Sappington and Raikhel, 1995, 1998; Raikhel and
HDLp is thus necessary to effect translocation of HCs from th8nigirevskaya, 1998; Burmester and Scheller, 1999). Large
integument to the hemolymph, and its presence would bemounts of maternal lipids are also sequestered (Speake and
absolutely mandatory for transferring newly synthesized oThompson, 1999), and lipid accumulation in eggs has been
stored HCs to the ovaries. reported in many insects (for reviews, see Engelmann, 1970;
This was confirmed with sternites and ovary co-incubationKunkel and Nordin, 1985). Important egg lipids are
Without HDLp, most of the labeled HCs remained associateghospholipids for membrane formation during embryogenesis,
with the sternites, and only 137+24.5disintsThitmean + and triacylglycerol is used mainly as an energy source.
s.e.M., N=5) was deposited in the ovary; this amotint
was subtracted as background from subsec
incubations. Incubations of an ovary with vary

. . e —~ 80 000~ B
concentrations of HDLp yielded similar results A T
incubations with hemolymph, with maximt H Lp £SE 60000~
deposition of HCs in the ovary occurring e @é y = 33343x—928
concentrations of HDLp above 1 mgth(Fig. 4C).  204- 52 40000
Interestingly, this represents approximately 1 — 8‘5’
hemolymph, because the HDLp concentratiol  121- T .2 20000~
hemolymph is approximately @ ul-1 (Sevala e A g ]
al., 1999). Furthermore, this transfer occu : 0 — ¥ T T 1
without facilitation by a lipid transfer partic 2~ (gl - 5000 ~
(LTP). p.c 4000
The relationship between ovarian uptake of | joN=
and ovarian age was examinigdvitro using co-  50.2- gL 3000~
incubations of sternites 3 and 4 from day 5 vi 52 50004
. . . (SRS
females together with ovaries of various ages o
1mgmt! HDLp. [3H]3,11-Dimethylnonacosar  34.2= T g 10007
. . (=}
was topically loaded onto the sternites so that 0-

r T I I 1
0 0.5 1 15 2
Lipophorin concentation (mg mi=1)

transfer of labeled HC to the ovary was conside
As expected from thén vivo results (Figs 1, 2
HC uptake increased steadily with growth of ' _ _ _ _
ovary and peaked on day 8, just before ovula Fig. 4. Acc.umullatlon of newly synthesized hydrocarbons (HCS) in the medwm
and ovaryin vitro. An ovary from a day 4 female was co-incubated with
abdominal sternites 3 and 4 from a day 5 female inub@d TC199 medium
hvsiological st e f dav 6-9 f containing 25.9kBq of [£4C]propionate and various concentrations of purified
physio oglca s age, (_)varle_s rom _ay €M Blattella germanicdipophorin. (A) SDS-PAGE of hemolymph (H) and purified
were co-incubateth _V'tro with sternites from da lipophorin (Lp). (B) Accumulation of newly synthesized hydrocarbons in the
5 females, {*C]propionate and 10% hemolym; medium; r2=0.999, P<0.0001. (C) Accumulation of newly synthesized
Day 7 ovaries took up the largest amount4i-  hydrocarbons in the ovary. Values are means.ela. (N=3-5). Some error bars
labeled HCs (Fig. 5B). are obscured by the symbol.

it declined sharply after oviposition on day
(Fig. 5A). To relate ovarian uptake of HCs to tt
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10000 A a 5
1 HCs from PH]3,11- T 60- Eqg
8000—— dimethylnonacosane > case
3
6000 2 40
é\ b S
£ 4000+ 2
@ 1 % 20
:% 2000+ S
£ ] g
% 0- T T T T 1 = -
S 20004 g 0 2 4 6 8
@ Female age (da
£ HCs from f4CJpropionate g (ays)
£ 1500 Fig. 6. Accumulation of lipophorin in ovariés vivo. The amount of
3 lipophorin in the ovaries and egg case was determined by ELISA.
O Values are means #de.m. (N=9). Some error bars are obscured by
I 1000+ the symbol.
5004 deposited in the ovaries, much more than the less thangl60
in the hemolymph (Fig. 1) or approximately 31&pfound on
the epicuticular surface of the female (Schal et al., 1994; Young
0 O 2 4 & 8 10 et al., 1999). Moreover, we showed that all ovarian HCs were
Female ge (day transferred to the egg case, confirming that HCs are localized

within the oocytes and not in other ovarian tissues, such as
Fig. 5. Ovarian uptake of hydrocarbons (H@syitro. (A) [3H]3,11-  follicle cells. Since the ovaries do not synthesize HE®0vo
Dimethylnonacosane (21.46 kBq) was topically applied onto sternite@Gu et al., 1995), a hemolymph transport pathway must be
3 and 4 of a day 5 female, and the sternites were then co-incubatgfolved, and our results demonstrate that hemolymph is indeed
in TC199 with ovaries of different ages in the presence ofgqyired to effect the transfer of HCs from the sternal
1mgmtl purified high-density lipophorin (HDLp). 3H]3,11- idntegument (probably oenocytes) to the ovary (Fig. 3).

Dimethylnonacosane levels in the ovary were assayed by liqui . . .
scintillation spectrometry. (B) Sternites 3 and 4 from a day 6 female Seminal work by Chino and co-workers showed that in

were co-incubated with an ovary from a day 6, 7, 8 or 9 female iﬁeveral inse(_:t species hemqumph '__'CS are associated with
500 of TC199 medium containing 10% hemolymph and [1- HDLP, @ major hemolymph lipoprotein of 600kDa. In most
14C]propionate (25.9kBg). Both sets of incubations were at 27 °C folsects, HDLp is characterized by two constituent apoproteins,
24h. Values are means +dem. (N=8). Some error bars are apoLp-lI and apolLp-Il, with approximate molecular masses of
obscured by the symbol. 240kDa and 80 kDa, respectively (Fig. 4A) (Chino et al., 1981,
Chino, 1985; Law and Wells, 1989; Kanost et al., 1990; Law
Surprisingly though, there are few quantitative studies omt al., 1992; Van der Horst et al., 1993; Blacklock and Ryan,
apolar lipids in insect eggs, even though both embryos antP94; Soulages and Wells, 1994; Arrese et al., 2000). HDLp
neonates in most insects require extensive waterproofingerves multiple functions, including that of a juvenile hormone
Nelson and Sukkestad (1970) found complex mixtures dbinding protein in beetles, termites, flies, bees and cockroaches
branched HCs, including mono-, di- and trimethyl HCs in egg¢Trowell, 1992; King and Tobe, 1993; Sevala et al., 1997,
of the mothManduca sextand, surprisingly, the HC content Engelmann and Mala, 2000). Its most recognized function,
of egg lipids is high (9.45%) (Kawooya and Law, 1988)however, is in bulk transport of lipids, including phospholipids,
compared with that oB. germanica(4.85%). Kawooya and diacylglycerol (DAG), carotenoids, hydrocarbons and, in some
Law (1988) calculated that there is twice as much sterol antiosquitoes, triacylglycerol (Ford and Van Heusden, 1994).
10 times more HCs in the eggs bf. sextathan can be Lipids may comprise up to 50 % of the mass of lipophorin, but
attributed to the combined total of egg lipophorin andits lipid composition varies greatly among species and
vitellogenin. Although HCs appear to represent a significanprobably in relation to physiological stages.
lipid class in insect eggs, we are unaware of other quantitative In many insects, HCs constitute the major lipid carried by
studies of HCs in insect eggs. HDLp, and the dynamic transformations of lipophorin may be
Our previous investigations with germanicaevealed more more closely related to reproductive physiology in adults and
than 40Qug of ‘internal’ HCs just before ovulation (Schal et al., the periodic replenishment of HCs in the new cuticle of
1994). This amount declined dramatically after ovipositionjmmatures than with DAG-fueled flight. In cockroaches,
suggesting that the eggs were provisioned with HCs angrmites, locusts, beetles, flies and moths, HDLp shuttles HCs
constituted a major fraction of internal HCs in adult femalesto the cuticle, and in some insects, to specialized pheromone
Herein, we confirmed that 238 of these internal HCs is glands (for reviews, see Schal et al., 1998a,b). The fat body,
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too, contains HCs (Gu et al., 1995; Young et al., 1999), ansame endocytic mechanism, presumably involving receptor-
our present results show that the ovaries also serve as mmediated processes; HDLp is then converted into very high
important HC deposition site in females. Because lipophorin idensity particles within the eggs (Kulakosky and Telfer, 1990;
the major HC transporter in the hemolymph, the HC profileJelfer and Pan, 1988; Telfer et al., 1991). The clearest
of the hemolymph, lipophorin and cuticle are generally similadocumentation of lipophorin uptake into oocytes comes from
(e.g. Chino and Downer, 1982; Schal et al., 1998b; Sevala etcent studies of the mosquitedes aegyptDuring the first
al., 2000). In some insects, male and female HDLp carryitellogenic cycle,Lp gene expression is upregulated after a
different HCs, some of which serve as sex pheromones, atdbod meal and hemolymph lipophorin is transported into the
the sex-specific composition of lipophorin is determined by thgolk granules of the developing oocyte (Sun et al., 2000). The
types of HCs biosynthesized by sex-specific oenocytes [fdipophorin receptor in the mosquito oocyte is distinct from
example, cockroach and locust (Katase and Chino, 1984; Ghe vitellogenin receptor (Cheon et al., 2001), unlike in
et al., 1995)Drosophila melanogastgiPho et al., 1996) and Hyalophora cecropiabocytes (Kulakosky and Telfer, 1990).
moths (Schal et al., 1998a)] and not by features of lipophorin. An early study identified non-vitellogenin proteins with a
In the mothM. sexta a lipid transfer particle (LTP) plays a high lipid content, presumably lipophorin, in ovaries Bf
role in the delivery of lipids to the developing oocytes and thgermanica(Kunkel and Pan, 1976). Our polyclonal antibodies
conversion of adult HDLp to egg very high density lipophorinagainst hemolymph HDLp recognize ovarian proteins in this
(Liu and Ryan, 1991). In some insects, LTP also carries HCspecies (Fig. 6), suggesting that lipophorin enters the oocytes.
(Blacklock and Ryan, 1994), and in the American cockroaclyet, the amount of lipophorin in the ovaries appears to be low
HCs comprise 40 % of the lipids in LTP, while HDLp carriesrelative to the amount of vitellin, and a calculation of the
only 28 % of HCs; however, the latter is much more abundariiC:lipophorin ratio suggests that not all HCs enter the oocytes
in the hemolymph (Takeuchi and Chino, 1993). However, ouwith internalized lipophorin. We recovered 38 of HCs
results, together with previous vitro work with purified from a mature ovary pair containing approximately 40 basal
HDLp (Katase and Chino, 1982, 1984), suggest that LTP is natocytes (Fig. 1), but only %y of lipophorin (Fig. 6). Since
necessary for exchange of HCs between the integument aatl hemolymph HCs are carried by HDLp, and the hemolymph
HDLp and between HDLp and the ovary. We found maximuncontains approximately gy HDLppl=1 and approximately
HC uptake by the ovary from sternites with either 10%10ugHCsul-! (Sevala et al., 1999), it follows thatug of
hemolymph (Fig. 3) or 1 mgmi HDLp (Fig. 4C). Since the HDLp carries approximatelyig of HCs. Clearly, HDLp must
concentration of HDLp in the hemolymph of the Germaneither unload the bulk of the HCs at the oocyte surface (as a
cockroach is approximately 9 mgth{Sevala et al., 1999), the reusable shuttle) or enter the basal oocytes, unload HCs and
in vitro uptake data agree well with the situ conditions. other lipids and recycle to the hemolymph. Regardless, the age-
Nevertheless, it is possible that LTP may be associated withelated uptake of HC and HDLp in the ovaries is identical to
or even synthesized by, the incubated tissues, and thegiellogenin uptake, suggesting either that common receptors
experiments will have to be repeated with LTP antibodies tare used or a coordinated proliferation of independent receptors
block LTP function. for vitellogenin and lipophorin. Interestingly, it appears that,
Unlike vertebrate lipoproteins, insect lipophorin is generallyin Manduca sexta90 % of the lipids that accumulate in the egg
considered to be a reusable particle that shuttles lipids amoage delivered by low-density lipophorin that is not internalized
tissues without entering cells (Chino and Kitazawa, 1981; VafKawooya and Law, 1988). Cockroaches do not have low-
Heusden et al., 1991). Chino et al. (1977) suggested thedéensity lipophorin, leaving open the question of how HCs
lipophorin must act as a reusable lipid shuttle because insettight be deposited in the ovaries.
eggs contain larger amounts of lipid than could be accounted In the cockroachDiploptera punctata HDLp content
for by ovarian lipophorin and vitellogenin. Indeed, in someincreases to approximately 1§ per oocyte early in
insects, no lipophorin can be detected in oocytes or ititellogenesis, but declines rapidly to non-detectable levels in
represents only a minor fraction of total egg protein, forovulated eggs (King and Tobe, 1993). This pattern indicates that
example in Rhodnius prolixus (Gondim et al.,, 1989), lipophorin shuttles out of the oocytes, that it is rapidly
suggesting that lipophorin acts primarily as a shuttle. In othenetabolized within the oocytes or that lipophorin is associated
insects, however, oocytes sequester lipophorin, and ovariamly with follicle cells and not with oocytes. Notably, in this
lipophorin is physically and immunologically identical to viviparous cockroach, the bulk of maternal lipids is taken up by
hemolymph lipophorin, suggesting a common origin (Thomagmbryos, not oocytes. In ovoviviparousucophaea maderae
and Gilbert, 1969; Chino et al, 1977). Furthermoremuch smaller amounts of lipophorin than vitellogenin enter the
immunocytological observations and tracking &fH]DAG- eggs, as iB. germanicabut nothing is known about its ovarian
labeled lipophorin and®§S]apoLp-labeled lipophorin showed HCs. It would be of interest to relate the reproductive mode of
that HDLp from adultM. sextahemolymph was sequestered cockroaches (oviparity, ovoviviparity, viviparity) to maternal
by oocytes without recycling the lipophorin back to thestrategies of provisioning HCs into the eggs. The relatively high
hemolymph (Kawooya and Law, 1988; Kawooya et al., 1988HC content ofB. germanicaHDLp, compared with other
Van Antwerpen et al.,, 1993). In the motHyalophora insects, including other cockroaches (e.Beriplaneta
cecropig HDLp and vitellogenin enter the oocytes through theamericana (Chino and Kitazawa, 1981), is probably related to
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its role in supplying HCs to a large batch of externally incubatedradford, M. (1976). A rapid and sensitive method for quantification of
oocytes, and it is possible that less HCs are provisioned inProteins utilizing the principle of protein-dye bindingnal. Biochem72,
248-258

cockroaches that 'ntem_a”y mCUbate_ their embryos. Bu, G. and.Schwartz, A. L.(1994). Receptor-mediated endocytosisThe
It follows then, that inB. germanica even though HDLp Liver: Biology and Pathobiologged. I. M. Arias, J. L. Boyer, N. Fausto,

ven

N L . . . . - Raven.
binding protein, its titer will fluctuate in relatlo_n to shuttling g, imester, T. and Scheller, K.(1999). Ligands and receptors: Common
HCs (Sevala et al., 1999). Soon after eclosion, the teneraltheme in insect storage protein transpigeturwissenschafted6, 468—474.

cuticle has a large demand for HCs (Fig. 2B) (Schal et a|9ar|son, D. A. and Brenner, R. J(1988). Hydrocarbon-based discrimination

. of the North AmericaBlattellacockroach species (Orthoptera: Blattellidae)
1994). As the oocytes begin to grow, they too sequester Iargeusing gas chromatographgnn. Entomol. Soc. A8, 711-723.

amounts of HCs, and the female meets these increasimgase, J., Jurenka, R. A., Schal, C., Halarnkar, P. P. and Blomquist, G.
demands for apolar |ipidS by producing more HCs and HDLp, J. (1990). Biosynthesis of methyl-branched hydrocarbons: Precursors to the

| i h | h | s | t al. 1999 d female contact sex pheromone of the German cockrdaldttella
elevaung nhemolymph volume ( evala et al., ) an germanica(L.) (Orthoptera, Blattellidae)nsect Biochem20, 149-156.

redirecting HC deposition away from the cuticle (Fig. 2B).  chase, J., Touhara, K., Prestwich, G. D., Schal, C. and Blomquist, G. J.
The mechanism(s) of HDLp-mediated deIivery of HCs to (1992). Biosynthesis and endocrine control of the production of the German

oocytes, the function(s) of lipophorin within the oocyte and the g%‘;'goggr Lfse;gpggg%rfggg 4_3’11'd'memylnonacosan'z'ﬁm' Natl

fate of ovarian lipophorin and HCs have not been studied in argheon, H. M., Seo, S. J., Sun, J. X., Sappington, T. W. and Raikhel, A. S.

insect, and recent investigations of ||p|d accumulation in the (2001). Molecular characterization of the VLDL receptor homolog

. . . . . mediating binding of lipophorin in oocyte of the mosquitedes aegypti
ovaries of other arthropods have yet to identify lipoprotein |\ giochem. Mol. BioB1, 753-760.

carriers (Ravid et al., 1999). It is reasonable to hypothesize thakino, H. (1985). Lipid transport: biochemistry of hemolymph lipophorin. In

maternal HCs serve to provision the embryonic and neonateComprehensive Insect Physiology, Biochemistry and Pharmacaioigit0

. . " . (ed. G. A. Kerkut and L. I. Gilbert), pp. 115-135. Oxford: Pergamon Press.
cuticle with a waterproofing layer. We have shown previoushy i 4 204 Downer, R. G. H.(1982). Insect hemolymph lipophorin: a

that the female provisions the exterior of her egg case with anmechanism of lipid transport in insecéglv. Biophys15, 67-92.
HC profile that has a melting temperature 15 °C higher than th&hino, H., Downer, R. G. H. and Takahashi, K.(1977). The role of

. Y - ... diacylglycerol-carrying lipoprotein | in lipid transport during insect
of her own cuticular HCs; this would provide the egg case with vitellogenesisBiochim. Biophys. Actd87, 508-516,

superior waterproofing (Young et al., 2000). Our preliminarychino, H., Katase, H., Downer, R. G. H. and Takahashi, K(1981).
radiotracer experiments show that maternal HCs that areDiacylglycerol-carrying lipoprotein of hemolymph of the American

- . - ockroach: purification, characterization and functibiipid Res22, 7-15.
deposited in the egg appear on the neonate epicuticle (C. Sd@rrfno, H. and Kitazawa, K. (1981). Diacylglycerol-carrying lipoprotein of

unpublished results). Moreover, although the embryo can hemolymph of the locust and some insedtd.ipid Res22, 1042-1052.
synthesize HCsle novoaround dorsal closure (Y. Fan and C. Diehl, P. A.(1975). Synthesis and release of hydrocarbons by the oenocytes

Schal, unpublished results), their contribution to the neonateOf23the zdzsert locustSchistocerca  gregariaJ. Insect Physiol. 21,
, , 1237-1246.

cuticle is relatively minor. Our working hypothesis, thus, is thabwyer, L. A., Zamboni, A. C. and Blomquist, G. J.(1986). Hydrocarbon
maternal lipophorin within the embryo serves to transport accumulation and lipid biosynthesis during larval development in the

: abbage loopeiTrichoplusia ni Insect Biocheml6, 463-469.
matema"y SequeStered HCs to the embwonlc and neOnaéﬁcgelmann, F.(1970).The Physiology of Insect Reproducti&hmsford, NY:

cuticles. Pergamon Press. 307pp.
Engelmann, F. and Mala, J.(2000). The interactions between juvenile
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