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The production and uptake of the follicular epithelium yolk protein (FEYP) is 
terminated coincident with the initiation of vitelline membrane synthesis in 
follicles of the lndianmeal moth, Plodia interpunctella (Hiibner). This was de- 
termined by visualizing the cytolocalization of the FEYP subunits YP2 and YP4 
using antisera to immunolabel ultrathin sections or whole-mounted ovaries. 
Both subunits of FEYP were detectable in the Golgi apparatus and associated 
secretory granules of the follicular epithelial cells (FC) in vitellogenic follicles. 
Before the follicles entered the terminal growth phase, the oocytes began pro- 
duction of specialized organelles, late yolk spheres. Following the appearance 
of late yolk spheres in the oocyte, the FC initiated the production of vitelline 
membrane proteins and the rapid clearance of YP2 from their cytoplasm. No 
YP2 was detected in the Golgi apparatus or in the secretory granules of FC 
from follicles in terminal growth phase, although YP4 was detected in these 
,organelles. The vitelline membrane of follicles in termal growth phase was a 
bilayered structure with an electron-dense layer of vitelline membrane pro- 
teins that originated in the FC and an electron-translucent layer containing 
yolk proteins. During this period, late yolk spheres were observed fused with 
the oolemma exposing and possibly releasing their contents to the electron- 
translucent layer of the vitelline membrane. From this evidence, we suggest 
that during termination of vitellogenesis, the oocyte and FC work in concert to 
end uptake of yolk proteins and begin the synthesis of egg membranes, and 
that the oocyte contributes to the production of vitelline membrane by the 
release of previously sequestered yolk proteins. 0 1995 wlley-L~SS, Inc * 
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INTRODUCTION 

As an ovarian follicle completes vitellogenesis in moths, the three cell types 
within the follicle, i.e., oocyte, nurse cells, and follicular epithelium cells (FC*), 
must change their activities from those of vitellogenic to post-vitellogenic 
(compare Telfer and Smith, 1970). During vitellogenesis the tissues of the fol- 
licles are involved in processes supporting the accumulation of the mater- 
nally contributed nutrient stores, organelles, and positional information within 
the oocyte that are necessary for directing and supporting early embryogen- 
esis. After vitellogenesis is complete, the follicle enters into the terminal 
growth phase and begins sealing the oocyte within an impermeable encase- 
ment. The nurse cells complete the transfer of cytoplasm to the oocyte, close 
the cytoplasmic connections, i.e., ring canals, with the oocyte, and become 
pycnotic, thus ending their role. The oocyte discontinues the endocytotic ac- 
tivities of yolk protein uptake and forms a cortical periplasm. The FC initiate 
synthesis of the vitelline membrane, form tight junctions between the cells 
establishing an occlusion zone around the oocyte (Rubenstein, 1979), and se- 
crete the chorion. At the completion of these processes, the mature egg is 
ready for fertilization. 

As described previously for the moth, Hyalophora cecropia, the terminal 
growth phase begins when a follicle finishes vitellogenesis, and it is marked 
by the follicle becoming impermeable to the stain, Trypan blue (Telfer and 
Anderson,l968). The impermeability to Trypan blue and other extra-ovarian 
materials is the result of vitelline membrane synthesis (Telfer and Anderson, 
1968) and of the formation of an occlusion zone by the FC (Rubenstein, 1979). 
It is only after the formation of the occlusion zone that the oocyte becomes 
isolated from further exposure to the vitellogenins present in the hemolymph 
of H. cecropia (Rubenstein, 1979). 

The termination of vitellogenesis in H. cecropia has been associated prima- 
rily with the initiation of vitelline membrane synthesis (Telfer and Smith, 1970). 
From studies in the fruit fly, Drosophila melanogaster, we know that the pro- 
teins that comprise the vitelline membrane are produced by the FC (Fargnoli 
and Waring, 1982). However, in the moth Anagasta (Ephestia) kiihniella, there 
has been conflicting evidence as to the cellular origin of the major compo- 
nents of the vitelline membrane (Cruickshank, 1971,1972; Cummings, 1972). 
On the bases of both pulse/chase radioactive amino acid labeling and ultra- 
structural evidence, Cruickshank (1971,1972) concluded that the oocyte con- 
tributed significant amounts of proteinaceous material to the vitelline 
membrane. He suggested that the proteins originated from membrane bound 
organelles in the cortex of the oocyte. On the other hand, using only ultra- 
structural evidence, Cummings (1972) concluded that the proteins of the vi- 
telline membrane originated in the FC as observed in Drosophila. However, 

'Abbreviations used: bb = brush border; cm = collapsing membranes; FC = follicular epi- 
thelial cells; FEYP = follicular epithelium yolk protein; Colgi apparatus; lys = late yolk q = .  sphere; m = mitochondrion; rnv = microvillus; n = nuc eus, nc = nurse cell; oo = oocyte; 
sp = inter-follicular epithelial cell space; v = vesicle; vm = vitelline membrane; YP = yolk ~, ~ ~ ~ . . > -  ~ ~ ~ ~ , ,  ~ ~ , ~ - ~ ~ .  
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neither of these works unequivocally resolved the nature and origin of the 
proteinaceous components of the vitelline membrane, nor did they clarify 
the origin or function of the sites of protein labeling in the oocyte cortex 
in A. kiihniella. 

Plodia interpunctella (Hiibner) is a pyralid moth that is closely related to A. 
kiihniella and that shares similarities in yolk proteins (Shirk, 1987) and repro- 
ductive physiology. The availability of synchronously developing pharate 
adults has provided a temporal framework for the analysis of vitellogenesis 
in P. interpunctella. Previous investigations established the developmental tim- 
ing of follicle maturation (Zimowska et al., 1991), vitellogenin production 
and uptake (Shirk et al., 1992), initiation of vitellogenesis in terminal follicles 
(Zimowska et al., 1994), and their correlation with ecdysteroid titers (Shaaya 
et al., 1993) during metamorphosis. 

The terminal follicles within the ovarioles of P. interpunctella become 
vitellogenic at 105 h after pupation (Zimowska et al., 1994) and complete 
vitellogenesis and initiate choriogenesis within 2 to 6 h after adult eclosion 
(eclosion is 136 h after pupation) (Zimowska et al., 1991). During vitellogen- 
esis of P. interpunctella, two major yolk proteins, vitellin and follicular epithe- 
lium yolk protein (FEW), are accumulated in the yolk spheres of oocytes 
(Shirk et al., 1984; Bean et al., 1988). As is typical of Lepidoptera, the fat body 
secretes vitellogenin, which consists of two subunits, YPI (M, = 153,000) and 
W 3  (M, = 43,000), into the hemolymph.Vitellogenin is accumulated, without 
major change, in the yolk spheres of the oocyte as vitellin (M, = 475,000). The 
follicular epithelial cells secrete FEW (M, = 235,000) which consists of sub- 
units YP2 (M, = 69,000) and W4 (M, = 33,000) (Shirk et al., 1984; Bean et al., 
1988; Zimowska et al., 1994). 

In this investigation, the changes in the follicles during the termination of 
vitellogenesis and initiation of vitelline membrane synthesis in I? interpunctella 
were examined. To identify events during this period, we examined the sub- 
cellular distribution of the individual subunits of the FEYP with antisera for 
each of the subunits (Bean et al., 1988) using immunofluorescent and 
immunogold labeling of tissues. We determined the sites and timing of syn- 
thesis and release of the two FEW subunits by the FC during the termina- 
tion of vitellogenesis. In addition, we describe evidence that suggests that 
the oocyte actively participates in the termination of vitellogenesis and the 
initiation of vitelline membrane synthesis. 

MATERIALS AND METHODS 
Insect Preparations 

The Plodia interpunctella colony was reared according to Silhacek and Miller 
(1972) in a 16 h light:8 h dark cycle at 30°C and 70% relative humidity. White 
pupae (& 1/2 h) were collected just prior to the beginning of the scotophase 
to obtain synchronous cohorts. The cohorts were determined to be of a spe- 
cific developmental stage during metamorphosis as identified on the basis of 
time from pupation and on external morphological characters as described 
in Zimowska et al. (1991). Insect age is expressed in hours from the time of 
n..n.+inn nr c.A..l+ ,mln~linn 
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Immunohistochemistry 

The polyclonal rabbit antisemm for YP2 used in immunoreactions was de- 
scribed in Bean et al. (1988). The polyclonal rabbit antiserum for YP4 was 
prepared as described in Bean et al. (1988) and the specificity is shown in 
Figure 10. Non-reactive serum for each antiserum was collected from pre- 
immune rabbits. Preabsorbed antisera for YP2 and YP4 were prepared by 
serially exposing each of the antisera to the corresponding antigen electro- 
blotted to nitrocellulose (Shirk et a]., unpublished data). The absence of anti- 
gen recognition by a preabsorbed antiserum was determined by exposing 
the blot to a goat-antirabbit-horseradish peroxidase conjugate (BioRad, Her- 
cules, CA) and then developing a color reaction using an Immuno-Blot assay 
(BioRad). Background levels of immunoreactivity for each of the preabsorbed 
and non-reactive sera were determined by labeling whole-mounts and paraf- 
fin sections of ovaries from 120 h pharate adults (Zimowska et al., 1994). 

Immunofluorescent detection of yolk polypeptides YP2 in whole-mounts 
of ovaries was performed as described previously (Zimowska et al., 1991). 
Immunogold-localization of YP2 and YP4 in ultrathin sections was performed 
as described previously (Zimowska et al., 1994). 

Transmission Electron Microscopy 

Ovaries were prefixed in 2.5% glutaraldehyde in cacodylate buffer (0.1 M 
sodium cacodylate, pH 7.5, 0.15 mM CaCIJ at 4°C for 2 h and fixed in 1% 
Os04 in cacodylate buffer plus 2.5% sucrose at 4°C overnight. The tissues 
were dehydrated in a ethanol-acetone series and embedded in Epon- 
Araldite (Mollenhauer, 1964). Ultrathin sections were poststained with 2% 
uranyl acetate followed by 0.2% lead citrate (Reynolds, i963). Ultrastructural 
examination was performed on a Hitachi H-600 transmission electron micro- 
scope operating at 75 kV. 

Vitelline MembranelChorion Purification 
The procedure for purifying the vitelline membrane/chorion is a modifi- 

cation of that used in Drosophiln melanogffiter (Fargnoli and Waring, 1982). 
One-hour-old embryos were washed twice in 0°C distilled water and once in 
0°C homogenization buffer (40 mM Tricine, pH 6.8, 20% sucrose, 150 mM 
NaC1, 1 mM MgCI,, 0.1 mM PMSF, 1% Triton X-100). The embryos were dis- 
rupted in homogenization buffer by 1 min of sonication at 0°C with a cup- 
horn sonicator (Heat Systems Ultrasonics, Inc., Farmingdale, NY). The 
homogenate was centrifuged at 50g for 5 rnin at 4°C. The pellet was resus- 
pended in homogenization buffer, sonicated, and pelleted by centrifugation 
six times. The pellet was then resuspended in homogenization buffer, the 
large pieces of chorion were allowed to settle by gravity for 30 min at O°C, 
and the supernatant was removed. The washing and settling of the chorion 
pieces was repeated five times until no yolk spheres were present by visual 
inspection with a microscope (data not shown). The preparation was placed 
in SDS-sample buffer (Shirk et al., 1984) and boiled for 5 min. The proteins 
were resolved by SDS-PAGE and electroblotted to Trans-Blot membrane 
(BioRad) as described previously (Bean et al., 1988). The immunoblots were 
hI,.,-LnA -"A ,.on,-+nA 3.2 Ane"";hnA ,.,.n~,;,...cl.. fch;-l, n* -1 1007\ T h e  ;"A;- 
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vidual blots were reacted with antisera for YP2 and YP4. The immunoreac- 
tive bands were visualized with an Immun-Blot color assay (BioRad) using 
horseradish peroxidase-linked goat anti-rabbit IgG as the second antibody. 

RESULTS 
Cytological Distribution and Secretory Pathways for YPs 
From Follicular Epithelial Cells 

YP2 was observed in the FC and oocytes of vitellogenic follicles. In whole- 
mounted ovaries that contained vitellogenic follicles, immunofluorescent stain- 
ing of YF? was mstricted to the columnar FC surrounding the oocytes of 
vitellogenic follicles (Fig. 1A; Table 1). The columnar FC sulluunding the oocyte 
contained similar levels of immunofluorescently staining YF? and, therefore, 
uniformly accumulated without apparent polarization around the oo- 
cyte. However, YP2 was not detected in the squamous FC surrounding the 
nurse cell cap. Staining of whole-mounted ovaries with either non-reactive 
serum (Fig. 1B) or preabsorbed sera for YF? (Zirnowska et al., 1994) produced 
minimal, non-specific fluorescence in the preparations. 
YP2 was detected within the columnar FC that surround the oocytes of all 

ages of vitellogenic follicles (Table 1). The presence of YP2 was examined in 
follicles of the same whole-mounted ovariole of a vitellogenic 124 h pharate 
adult, and YP2 was detected in the columnar FC of the terminal follicle 
through the 29th follicle in this ovariole (Fig. 2A,B,C). However, YP2 was not 
detected in any of the follicles that were younger than the 29th follicle in this 
preparation (data not shown). Because the columnar FC surrounding the oo- 
cytes were clearly stained with the W 2  antiserum, shuctural features of the 
columnar FC could be observed. The columnar FC were generally arranged 
in rosettes, and as the follicles became more mature, the planar surface of the 
FC increased approximately four-fold from the 29th follicle to the most ma- 
ture terminal follicle (Fig. 2A-C). 

Within the columnar FC of the vitellogenic follicles, YP2 and YP4 were 
localized in Golgi apparatus and the secretory granules. Immunogold label- 
ing of ultrathin sections of vitellogenic follicles showed that YP2 was present 
in the forming and mature secretory granules associated with the Golgi ap- 
paratus (Fig. 3A). In addition, YP2 labeling was observed in secretory gran- 
ules near the plasma membrane. Labeling was also observed in secretory 
granules fused with the plasma membrane of the columnar FC (Fig. 38). Simi- 
lar labeling patterns in the Golgi apparatus and secretory granules were ob- 
sewed for YP4 in vitellogenic and terminal growth phase follicles (see Figs. 
6A and 7A). 

Transformation of Follicles From the Vitellogenic Stage to the 
Terminal Growth Phase 

After follicles of moths complete vitellogenesis, they initiate a terminal 
growth phase (Telfer and Anderson, 1968). During the terminal growth phase, 
the follicles of P. interpunctella lose the property of staining with the vital 
dye, Trypan blue (Table 1; Zimowska et al., 1991). The presence of YP2 in the ..- . . . . . . . , ... . .. . . . .. . . .  
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Fig. 1. YP2 is localized within the follicular epithelial cells of vitellogenic follicles from 124 h 
pharate adult female. Whole-mounted ovaries were immunofluorescently stained by reacting 
with YP2 antiserum (A) as primary antisera. As a control, ovaries were incubated with a non- 
reactive serum (B) as the primary serum. Preabsorbed antisera for YP2 produced fluorescent staining 
levels equivalent to the non-reactive serum (data not shown). The terminal follicles are marked with 
an asterisk. Abbreviations: fc, follicular epithelial cell; nc, nurse celi cap. Scale bar = 100  Wm. 

able with Trypan blue (Fig. 4A; Table 1). In whole-mounted ovarioles thai 
contained both vitellogenic and choriogenic follicles, only follicles that r e  
tained a nurse cell cap and were vitellogenic had immunofluorescently d e  
1 :- L 1 E E A n  $,.ll;nl-c ,,-,, -"A mdo nenn *l.~ 
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Fig. 2. YP2 is localized in follicular epithelial cells of different stages of follicles from 124 h 
vitellogenic pharate adult females. Whole-mounted ovaries were reacted with YP2 antiserum as 
primary antisera. A: The follicular epithelial cells of the youngest follicle, the 29th follicle from 
the terminal follicle, that contains YP2 antigen. B: YP2 antigen in follicular epithelial cells of the 
23rd follicle from the terminal oocyte, which was an active vitellogenic follicle, from the same 
preparation as shown in A C: YP2 antigen in the follicular epithelial cells of the vitellogenic 
terminal follicle from the same preparation as shown in A. The nurse cell cap of the next distal 
(posterior) follicle i s  marked with an asterisk in A and 8. Abbreviations: fc, follicular epithelial 
cell; n, nucleus; nc, nurse cell cap; sp, inter-follicular epithelial cell space. Scale bar = 25 pun. 

Fig. 3. YP2 is  localized within the Colgi apparatus and secretory granules of follicular epithe- 
lial cells of vitellogenic follicles. Ultrathin sections were reacted with YP2 antiserum as the 
primary antiserum. A: A Colgi apparatus producing secretory granules. The arrows point to 
forming or mature secretory granules. B: Secretory ganules juxtaposed to the portion of the 
plasma membrane of a follicular epithelial cell that is part of the brush border with an oocyte. 
The arrow points to a mature secretory granule. The A in B poinU to a 20 nm gold particle 
linked IgC. Abbreviations: fc, follicular epithelial cell; g, Colgi apparatus; m, mitochondrion; 
-" :".".<,.,,:-..I... ,...;.,..A;-, .-..ST .""... c *.,a I... - ,, " C  a,... 



364 Zimowska et al. 

mle 1. Structural and functional changes of follicles dnring termination 
of vitellogenesis in &&&temmcteUa 

nurse cells were absorbed into the oocyte and the nurse cell cap disappeared, 
the columnar FC no longer contained detectable amounts of YP2 (Fig. 4A. 
follicle "c"). In live stained preparations (data not shown), follicle "c," which 
lacked the nurse cell cap, was insensitive to staining with Trypan blue (Table 
1) demonstrating that the disappearance of YP2 was coincident with the ini- 
tiation of the terminal growth phase. 

As a follicle progresses from the vitellogenic stage into the terminal growth 
phase, the columnar FC undergo a rapid change in activity by terminating 
the synthesis of yolk protein and initiating the production and deposition ol 
the vitelline membrane proteins (Fig. 5; Table 1). In the penultimate 
vitellogenic follicle, the vitelline membrane was identified as a broad elec- 
tron-translucent region outside of the brush border of the oocyte and along 
the apical surface of the columnar FC (Figs. 58; 6A,B). Along the apical sur. 
face of the columnar FC, electron-dense granules were deposited and incor. 
porated into the vitelline membrane region (Fig. 58). The columnar FC 
--:-L-:--> *%-:---A -..:LL 1 ---- :-L-. .c ,-  ------ --> -- --,I -1 
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Table 1. (continued) 

the apical surfaces (Fig. 5A,B). Within the oocyte, a few late yolk spheres 
structural variants of yolk spheres as described below, could be obsenrec 
that were positioned close to the oolemma and associated with collapsed mem 
branes (Fig. 5B). 

Imrnunogold labeling of ultrathin sections from vitellogenic follicles showec 
that both YM and YP4 were associated with the Golgi apparatus and secre 
tory granules of the columnar FC adjacent to the vitellogenic oocyte (Fig 
6A,B). The immunogold labeling also showed that YP4, as well as YP2, wa 
detectable within the late yolk spheres of vitellogenic oocytes (Fig. 6A) an( 
that YP4 Pig. 6A) and YP2 (Fig. 6B) were present in the broad, diffuse vi 
telline membrane. 

In the terminal vitellogenic follicle, identified by the presence of the nurs, 
cell cap, the vitelline membrane formed a condensed, electron-dense regio~ 
between the oocyte and the columnar FC (Fig. 5C,D; Table 1). In addition t~ 
the condensed vitelline membrane, the columnar FC developed cytoplasmi, 
contacts between cells at the apical surface so that the vitelline membrant 
was continuously in contact with the FC (Fig. 5C). 

During the terminal growth phase, the condensed vitelline membrane be 
.--.. . 1-2, .... ~ ~ - ,  . L - ~ - . ~ - ~ ~ -  --:.,~ -~~ - , ~ - . ~ ~ -  ~ .~ ~~~ ~> ~ .~ ~. 



Fig. 4. Disappearance of YP2 in terminal growth phase follicles. The panels show a 
fluoromicrograph (A) and a transmitted-light-micrograph (B) o i  vitellogenic and terminal growth 
phase follicles in the same whole-mounted ovariole. The whole-mounted ovariole was reactec 
with YP2 antiserum as the primary antiserum. The micrographs show the presence of a nurse 
cell cap and YP2 in the FC of the penultimate vilellogenic follicle "a" and the "most" vitellogenic 
follicle "b." The nurse cell cap is absent and YP2 is not detectable in the adjacent terminal 
growth phase follicle "c." Abbreviations: fc, follicular epithelial cell; nc, nurse cell cap; on, .. "..,. 1 .... *" -  , & \  .-2 ,"% 



Termination of Vitellogenesis i n  the Mqth 367 

Fig. 5. Ulhastructura~ changes in vitelline membrane during the termination of vitellogenesis 
and the initiation ofvitelline membrane synthesis. Tissues were osmicated before embedment in 
epon. A: The penultimate vitellogenic follicle "a," the "most" vitellogenic follicle "b," and the 
adjacent terminal growth phase follicle "c" in an ovariole as designated in Figure 4. B: The 
viteiline membrane and an adjacent follicular epithelial cell from follicle "a" in k C and D 
show the vitelline membrane and adjacent follicular epithelial cells from iollicle " b  in A E: 
The vitelline membrane and an adjacent follicular epithelial cell from follicle "c" in A. Arrows 
in B-E point to electron-dense droplets in vesicles from the apical portion of a follicular epithe- 
lial cell and in thickening vitelline membraw. Arrowheads in C point to late yolk spheres 
associated with collapsed membranes. Abbreviations: cm, collapsing membranes; fc, follicular 
epithelial cell; lys, late yolk sphere; n, nucleus; nc, nurse cell; oo, oocyte; sp, inter-follicular 
epithelial cell space; v, vesicle; vm, vitelline membrane. Scale bars = 25 pm (A), 2.5 Fm (B,C), 
and I )tm (D,E). 



Fig. 6. YP2 and YP4 are localized in follicular epithelial cells and oocytes of vitellogenic (A 
and 6 )  and terminal growth phase follicles (C). Ultrathin sections were reacted with a YP4 
antiserum (A) and YP2 antiserum (8 and C) as primaly antisera. In the follicular epithelial cells, 
the Golgi apparatus (arrows) and associated secretory granules (A and 8) and dissociating Golg~ 
apparatus (C)  contain irnrnunogold-labeled YP4 and YP2. Immunogold-labeled YP2 and YP4 
were detected in the broad, diffuse vitelline membrane (A and B). In the oocyte, yolk sphere: 
contained immunogold-labeled YP2 (B and C) and YP4 (A). The A in A points to a 20 nm golc 
particle linked IgG. Abbreviations: bb, brush border; fc, follicular epithelial cell; lys, late yolk 
sphere; m, mitochondrion; mv, microvillus; 00, oocyte; sp, inter-follicular epithelial cell space, .. .,. - . ,  . - 
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Fig. 7. YP4 is associated with the Golgi apparatus and secretory granules in follicuiar epi. 
thelial cells of follicles synthesizing vitelline membrane (terminal growth phase). Ultrathir 
sections were reacted with YP4 antiserum as the Drimarv antiserum. Electron microeraoh! 
show sections of a follicular epithelial cell close tb the tunica propria (A), and adjaFeni tc 
the vitelline membrane (B). Arrows point to Golai apparatus and associated secretorv eran. 
ules. The A in A points to a 20 nh gold p r t i 2 e  iinked IgG. Abbreviations: fc, foili;ula~ 
epithelial cell; lys, late yolk sphere; m, mitochondrion; 00, oocyte; sp, inter-follicular epi. 
thelial cell space; vm, vitelline membrane. Scale bar = 1 km. 

cent component (Figs. 5E, 6C; Table 1). The electron-dense region of the vi. 
telline membrane was juxtaposed to the apical surface of the columnar FC 
and the electron-translucent region was oriented to the surface of the oocyte. 

Although the numbers of secretory granules diminished in the columnai 
FC of follicles in terminal growth phase, YP4 (Fig. 7A,B) labeling associated 
with Golgi apparatus was still evident. In contrast to YP4, YP2 labeling in thi 
Golgi apparatus and secretory vesicles of these follicles was at background 
level (Fig. 6C). The Golgi apparatus and secretory granules were distributec 
throughout the columnar FC and were observed in the basal regions of thi 
cells (Fig. 7A) as well as the apical regions (Fig. 78). Secretory granules wen 
obswed juxtaposed and fused with the plasma membrane of the columnai 
FC which apparently released W4 into the inter-FC spaces (Fig. 7). 

Proteinaceous Yolk in the V i t e l l i i e  Membrane  

Within the oocyte during late vitellogenesis, a specialized form of yon 
sphere, designated here as late yolk spheres, appeared in the cortical regior 
of the oocyte (Fig. 5C,D; Table 1). The morphology of the late yolk sphere: 
progressively changed from the time that they appeared during late vitello. 
genesis. The first detectable late yolk spheres were nearly spheroid and simi. 
lar to normal yolk spheres except that the electron-dense matrix contained 
few internal vesiculations and occasional non-immunolabeled electron-densi 
"cores" (Fig. 8A,C). As the termination of vitellogenesis progressed, the lati .. ..lL "...l."",." I."""," ,, ....,"..,.." "..A 1-0 ....:z,, :.. "ha," XI,^& l"', 
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yolk spheres had irregular shapes with only electron-translucent material! 
contained within the limiting membrane (Fig. 8B,C). However, the late yoll 
spheres of all shapes, even those that had fused with the oolemma, had de. 
tectable levels of yolk proteins within them. Immunogold labeling of tht 
ultrathin sections showed that YP2 (Fig. 8; also Fig. 6B,C) and YP4 (Figs. 6A 
7B) were present within the matrix of all forms of the late yolk spheres. Ir 
addition to the late yolk spheres, the late vitellogenic oocytes also developec 
pockets of collapsing membranes that were associated with late yolk sphere: 
that were close to the oolemma ("crn" in Fig. 5C,D). 

During termination of vitellogenesis, late yolk spheres were observed jux. 
taposed and fused with the oolemma (Fig. 9A). The fusion of the late yo11 
spheres with the oolemma would suggest the release of their contents, in. 
cluding the YPs, towards the electron-translucent vitelline membrane (Fig 
8B,C; Table 1). To determine if YPs were a component of the vitelline mem. 
brane in embryos, a purified preparation of vitelline membrane/chorion wa: 
examined by immunoblotting. Both YP2 and YP4 were detected in the vi. 
telline membrane/chorion preparation (Fig. 10). 

Immunogold labeling of ultrathin sections of a follicle producing vitellint 
membrane proteins showed that YP2 was present in the electron-translucen 
vitelline membrane but not in the electron-dense region of the vitelline mern 
brane (Fig. 9B; also Fig. 6C). Immunogold labeling of YP4 was also observec 
in the electron-translucent vitelline membrane (Fig. 78). In addition, both sub. 
units of vitellin (YPI and YP3) were present in the late yolk spheres and thf 
electron-translucent vitelline membrane (data not shown). 

DISCUSSION 

As a follicle completes vitellogenesis in the Indianmeal moth, P. inter. 
punctella, we observe five integrated changes in cellular activities delineating 
the end of vitellogenesis and the beginning of the terminal growth phasf 
(Table 1): (1) the nurse cells transfer their cytoplasm to the oocyte and be. 
come pycnotic; (2) the oocyte produces late yolk spheres; (3) the columnai 
FC terminate the production of FEW; (4) the columnar FC begin synthesi! 
and release of the vitelline membrane proteins; and (5) the columnar FC es. 
tablish intercellular junctions to form occlusion zones around the oocyte. Thi: 
investigation focused primarily on the changes in the activities of the follicu. 
lar epithelium and the oocyte that lead to the termination of vitellogenesi: 
and to the initiation of the production of the egg membranes that surrounc 
the oocyte. 

Transformation of the Follicular Epithelium 
During vitellogenesis in P. interpunctella, the columnar FC produce FEYI 

that forms part of the proteinaceous yolk of the oocytes. The subunits of FEYI 
were localized in the Golgi apparatus and in the secretory granules in tht 
columnar FC. Both YP2 and YP4 were observed in a l l  of the secretory gran. 
ules located from the apical to the basal surfaces within the columnar FC 
suggesting that the synthesis, packaging, and secretory pathway of the twc 
^ _ _ L _ _ _ _ : L ^  :_ ..__:t-- IL_____L___I IL^ _ ,̂,̂  ____I 1 _ I ^ _ ~ _ ^ 1  L^_ LL^ L._^ -__1_____:1- 
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tlg 8 El(,( tron-tr.lnslu((,nt late. yolk sphcrcs appear as structural varlants of yolk spheres from 
[he cone* 01 oocvtes durlrlr the termlnaflon of v~tello~enes~s. Llfrath~n sectlons were reacted 
with YP4 antiseruk as the 6irnary serum. Late yolk sp6eres appearing in  an wcyte during late 
viteliogenesis (A) and follicles during the initiation of vitelline membrane synthesis (B and C) 
(see follicle "a" in Fig. 4). Arrowheads in A indicate pieces of membranes and electron-translu- 
cent vesicles within a yolk sphere. Arrowheads in B indicate vesicles containing yolk proteins 
dissociating from late yolk spheres. Arrowheads in C indicate yolk proteins in late yolk spheres 
that are opening to the brush border, and the arrows point to non-labeled electron-dense cores 
in the late yolk spheres. The A in B indicates a 20 nm gold particle. Abbreviations: lys, late yolk 

.. ,,. ,. 8 8  - 7  ,., a .  ,--. 





Fie. 10. YPs are associated with the vitelline membrane of 1-h-old embwos. The ~roteins of - 
purified vitelline membrandchorion preparation wcrc reiolvrd hy SDS-PAGE and eleciroblottec 
Reaction of the electroblots with antisera to YP2 b and CJ or YP4 (lanes d and e) showe 
that bolh YPs were present in vitelline membrdne txiracts. The cross-reactive material in lane 
has been shown to be due to the presence of Y1'2 i legr~~lat~ve products (Bean et al., 1988). Lan 
designations: (a) molecular weight standarrl5; (h, dl p ~ r i i  ed vitelline membrandchorion prepa 
ration: (c, e) homoeenate of 1-h-old ew5. Molec~lar weghr standards (X 10.'~ are marked o 
the left, and the paTtion of theYPs aremarked on the righi: 

Because there was no apparent pooling of the secretory granules within th~  
FC or regulated release of the granules from the FC, the pattern of FEYl 
secretion from the columnar FC is consistent with the "fast pathway" as de 
scribed for other tissues ( W a n  and Castle, 1992). 

Synthesis of YP2 by the columnar FC appears to terminate rapidly durini 
the transition from the vitellogenic to the terminal growth stage. This wa 
evidenced by significant differences in the amount of YP2 labeling in the co 
lumnar FC, generally, and in the Golgi apparatus and secretory vesicles, spe 
cifically, between the most mature vitelloge~c follicle and the first follicle i~ 

fc, follicul?r epitheljal,cell: - lys, - late yolk sphere; oo, oocyte; v, vesicle; vm, vitelline membrant ... . . 
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terminal growth phase. The amount of YP2 labeled material associated with 
the Golgi apparatus and secretory vesicles declined rapidly between these 
two stages, indicating that the overall decline in labeled protein was not solely 
the result of an increased rate of clearing or transport but most likely in- 
volves a decline in synthesis as well. 

Even though YP2 disappeared rapidly in the most posterior vitellogenic 
follicle, YP4 did not follow the same course of clearance from the FC. YP4 
labeled material was observed in the Golgi apparatus and secretory granules 
of columnar FC from follicles in terminal growth phase even though YP2 
labeled material was no longer present. This evidence suggests that the regu- 
lation of the FEYP subunits is not coordinate, which supports previous ob- 
servations. We reported that during the initiation of vitellogenesis in the terminal 
follicles, the appearance of the two subunits was not coordinate in the FC as YP2 
production began 13 h before YP4 production (Zimowska et al., 1994). 

The non-coordinate appearance and clearance of YP2 and YP4 might sug- 
gest that these two polypeptides may not be components of the same pro- 
tein. However, that YP2 and YP4 are the subunits of a protein receives 
considerable support from other evidence: (1) they are present in the same 
secretory granules in the columnar FC during vitellogenesis, (2) they are uni- 
formly present in mature yolk spheres in oocytes (Zirnowska et al., 1994), 
and (3) they co-purify as a single protein complex using several different 
separatory methods (Shirk et al., 1984; Bean et al., 1988). In addition, the non- 
coordinate regulation of subunits of other proteins has been reported, e.g., 
globins in vertebrates (compare Evans et al., 1990) and the yolk polypep 
tides, YT1, YP2 and YP3, in the FC of Drosophila ovaries (Brennan et al., 1982). 
The significance of the non-coordinate production of YP2 and YP4 to oocyte 
development in P. interpunctella has not been determined, and it may impact 
on the proliferation and growth of yolk spheres. Alternatively, the increased 
production of YP4 that is coincident with the period of FC patency (Zirnowska 
et al., 1994) and its propensity to reside in the inter-FC matrix suggests that 
YP4 may have a role in the stabilization and/or transport of materials through 
the inter-FC spaces. 

The initiation and termination of YP2 production during follicular devel- 
opment may provide a model for examining the nature of the changing regu- 
latory milieu in the FC as the follicles develop. Once choriogenesis is initiated 
in Antherea polyphemus (Paul and Kafatos, 1975), Bombyx mori (Swevers and 
Iatrou, 1992), and D. melanogaster (compare Kafatos et a]., 1986), the process 
continues as a developmental cascade and does not require further extra- 
follicular regulators to complete chorion production. In B. mori, ovarioles con- 
taining choriogenic terminal follicles were cultured in vitro (Swevers and 
latrou, 1992). Those vitellogenic follicles that were 34 h or less before the 
start of choriogenesis were committed to further development and autono- 
mously regulated the completion of follicular development in vitro. The de- 
velopmental program, which included vitelline membrane synthesis and 
choriogenesis, in follicles beyond the 34 h stage was not influenced by addi- 
tion of 20-hydroxyecydsone (20E) nor was the chorionic potential of follicles 
that were within the 34 h stage enhanced. Previously, we reported that YP2 . . . . . . . . . . - - - .  . . .. . . .  
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licles of P. interpunctella (Shirk et al., 1990). Because YP2 production termi- 
nates at the beginning of the terminal growth phase, which is most likely 
controlled by a developmental cascade, we may be able to use the changes in 
YP2 production to examine the regulatory mechanisms. 

Terminal Growth Phase and Formation of Vitelline Membrane 
At the end of the vitellogenic stage, the follicles shift from the accumula- 

tion of maternally produced components to the enclosure of the oocyte withm 
the egg membranes. The activities and structures of both the oocyte and the 
FC change from vitellogenic to choriogenic within a 2 h period. 

In the penultimate vitellogenic follicles of P. interpunctella, large electron- 
translucent vesicles that contain yolk proteins form in the cortical region of 
the oocyte. Similar organelles appear in the cortical region of the late 
vitellogenic oocytes of other Lepidoptera but the presence of yolk proteins 
within them has not been confirmed for the other species. Cortical "refractile 
bodies" have been described in B. mori (Akutsu and Yoshitake, 1977; Yamauchi 
and Yoshitake, 1984) and H. cecropia (Rubenstein, 1979); "accessory yolk nu- 
clei" and "electron-lucent coated vesicles" were re~orted in the butterflv. 
Calpodes ethlius (Griffith and Lai-Fook, 1986); and "ac:eessory yolk nuclei" a id  
"membrane-bound vesicles" were described in A. kiihniella (Cruickshank, 1971, 
1972). Because the homologous organelles in P. intwpunctella contain yolk pro- 
teins, we suggest that "late yolk spheres" is a more descriptive and appropri- 
ate designation for these organelles. 

The vitelline membrane of the most mature vitellogenic follicle was a single- 
layered condensed structure, and electron-dense granules were being secreted 
from the FC into this structure. In D. melanogaster, electron-dense granules 
that contain vitelline membrane proteins are released from the apical sur- 
faces of the FC Wahowald and Kambysellis, 1980; Fargnoli and Waring, 1982). 
We observed similar structures in P. interpunctella and conclude that the role 
of the FC in the production of vitelline membrane protein is similar to that in 
Drosophila. This is consistent with the conclusions of Cummings (1972) who 
suggested that FC have a role in vitelline membrane production that is simi- 
lar in insects from Odonata to Diptera. 

Subsequently, the vitelline membrane of the first follicle in terminal growth 
phase was a bilayered structure. The electron-dense layer, being produced 
by the FC, had become much more uniform in thickness and density than in 
the most mature vitellogenic follicle. In addition to the electron-dense layer, 
an electron-translucent layer became apparent that was juxtaposed to the oo- 
cyte surface. A bilayered vitelline membrane structure has also been observed 
in the follicles of the moths B. mori (Akutsu and Yoshitake, 1977; Fig. 6), H. 
cecropia (Rubenstein, 1979; Fig. IC), and the butterfly, C. ethlius (Griffith and 
Lai-Fook, 1986). However, a bilayered vitelline membrane was not observed 
in Drosophila (Cummings et al., 1971; Giorgi, 1977; Giorgi and Postlethwait, 
1985) or the stick insect, Carausius morosus (Giorgi et al., 1993). 

Are Yolk Proteins Components of Vitelline Membrane? 

Yolk proteins were localized immunocytologically in the vitellie membrane 
nf r m r i n ~ t c  E+IOPC nf ~ r i t n l l n m ~ n i o  0-A t ~ m i n = l  o ~ n u r t h  n h r ~ e n  ~~ I I~c IDc  fmm 
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P. interpunctella. We present two non-mutually exclusive hypotheses that could 
account for the presence of the yolk proteins in the electron-translucent layer 
of the terminal growth phase follicles: (1) the yolk proteins are trapped mate- 
rial that does not enter the oocyte during uptake; and/or (2) the yolk protein 
in the vitelline membrane is due to the release of previously sequestered yolk 
proteins from the oocytes. 

The first alternative has merit from the following observations. In the 
penultimate vitellogenic follicle, the vitelline membrane is broad, and the pres- 
ence of the yolk proteins is most likely due to the passage of proteins through 
the vitelline membrane and bmsh border for entry into the oocyte. In the 
first terminal growth phase follicles, the FC have stopped producing YP2 and 
YF4 production is considerably reduced. The FC have also formed an occlu- 
sion zone around the oocyte and the electron-dense vitelline membrane origi- 
nating from the FC has become thicker and more uniform, thus blocking the 
entry of vitellogenin into the oocyte. In addition, the structure of the brush 
border has declined, and the formation of nascent yolk spheres has ceased. 
These observations suggest that any material remaining in the vitelline mem- 
brane may be trapped there and be incorporated as a structural component 
of the vitelline membrane. 

The second hypothesis, which has been suggested previously (Cruicks- 
hank, 1971, 19721, gains credence from the following observations. Begin- 
ning in the penultimate vitellogenic and becoming more frequent in the 
more developmentally advanced follicles of P. interpunctella, some late yolk 
spheres were observed fused with the oolemma and appeared to be re- 
leasing their contents into the broad electron-translucent layer of the vi- 
telline membrane. Fusion of late yolk spheres with the oolemma was 
especially evident in the first follicles in terminal growth phase when FEYP 
production had stopped and vitellogenin entry was blocked because of 
the presence of the oclussion zone and the formation of the electron-dense 
vitelline membrane. Strong labeling for the yolk proteins was present 
throughout the whole region of the electron-translucent vitelline mem- 
brane during this period of the terminal growth phase. 

This evidence is consistent with the previous reports that suggested the 
release of material from the oocyte at the termination of vitellogenesis. On 
the bases of pulse chase autoradiographic evidence, Cmickshank (1971) 
showed that labeled material accumulating in vesicles localized in the cortex 
of late vitellogenic oocytes was released into the vitelline membrane of A. 
kuhniella. Ultrastructural evidence also indicated that the vesicles in the cor- 
tex of the oocyte discharged their contents into the vitelline membrane 
(Cruickshank, 1972). The vesicles that release their contents into the vitelline 
membrane in A. kiihniel[a are most likely to be identical to the late yolk spheres 
in P. interpunctella described here. The release of materials from vesicles within 
oocytes into the vitelline membrane was also reported for the butterfly, C. 
ethlius (Griffith and Lai-Fook, 1986). Electron-lucent granular material was 
reported to be exocytosed from "coated vesicles" into an electron-lucent layer 
of the vitelline membrane in late vitellogenic follicles of this butterfly in a 
process similar to that described for the late yolk spheres in P. interpunctella. - .  .. . . . ..., . ., - .... . - . .  . 7 .  .. 
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licles of P. interpunctella (Shirk et al., 1990). Because YP2 production termi- 
nates at the beginning of the terminal growth phase, which is most likely 
controlled by a developmental cascade, we may be able to use the changes in 
YP2 production to examine the regulatory mechanisms. 

Terminal Growth Phase and Formation of Vitelliie Membrane 
At the end of the vitellogenic stage, the follicles shift from the accumula- 

tion of maternally produced components to the enclosure of the oocyte within 
the egg membranes. The activities and structures of both the oocyte and the 
FC change from vitellogenic to choriogenic withii a 2 h period. 

In the penultimate vitellogenic follicles of P. interpunctella, large electron- 
translucent vesicles that contain yolk proteins form in the cortical region of 
the oocyte. Similar organelles appear in the cortical region of the late 
vitellogenic oocytes of other Lepidoptera but the presence of yolk proteins 
within them has not been confirmed for the other species. Cortical "refractile 
bodies" have been described in B. mori (Akutsu and Yoshitake, 1977; Yamauchi 
and Yoshitake, 1984) and H. cecropia (Rubenstein, 1979); "accessory yolk nu- 
clei" and "electron-lucent coated vesicles" were reported in the butterfly, 
Calpodes ethlius (Griffith and Lai-Fook, 1986); and "accessory yolk nuclei" and 
"membrane-bound vesicles" were desaibed in A. kiihniella (Cruickshank, 1971, 
1972). Because the homologous organelles in P. interpunctella contain yolk pro- 
teins, we suggest that "late yolk spheres" is a more descriptive and appropri- 
ate designation for these organelles. 

The vitelline membrane of the most mature vitellogenic follicle was a single- 
layered condensed structure, and electron-dense granules were being secreted 
from the FC into this structure. In D. melanogaster, electron-dense granules 
that contain vitelline membrane proteins arcreleased from the apical sur- 
faces of the FC (Mahowald and Kambysellis, 1980; Fapol i  and Warin~ 1982). 
We observed similar structures in P. &zterpunctella anz conclude tha tke  role 
of the FC in the production of vitelline membrane protein is similar to that in 
Drosophila. This is consistent with the conclusions of Cummings (1972) who 
suggested that FC have a role in vitelline membrane production that is simi- 
lar in inseds from Odonata to Diptera. 

Subsequently, the vitelline membrane of the first follicle in terminal growth 
phase was a bilayered stntcture. The electron-dense layer, being produced 
by the FC, had become much more uniform in thickness and density than in 
the most mature vitellogenic follicle. In addition to the electron-dense layer, 
an electron-translucent layer became apparent that was juxtaposed to the oo- 
cyte surface. A bilayered vitelline membrane structure has also been observed 
in the follicles of the moths B. mori (Akutsu and Yoshitake, 1977; Fig. 6) ,  H. 
cecropia (Rubenstein, 1979; Fig. 1 0 ,  and the butterfly, C. ethlius (Griffith and 
Lai-Fook, 1986). However, a bilayered vitelline membrane was not observed 
in Drosophila (Cummings et al., 1971; Giorgi, 1977; Giorgi and Postlethwait, 
1985) or the stick insect, Carausius morosus (Giorgi et al., 1993). 

Are Yolk Proteins Components of Vitelline Membrane? 

Yolk proteins were localized immunocytologically in the vitelline membrane 
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P. interpunctella. We present two non-mutually exclusive hypotheses that could 
account for the presence of the yolk proteins in the electron-translucent layer 
of the terminal growth phase follicles: (1) the yolk proteins are trapped mate- 
rial that does not enter the oocyte during uptake; and/or (2) the yolk protein 
in the vitelline membrane is due to the release of previously sequestered yolk 
proteins from the oocytes. 

The first alternative has merit from the following observations. In the 
penultimate vitellogenic follicle, the vitelline membrane is broad, and the pres- 
ence of the yolk proteins is most likely due to the passage of proteins through 
the vitelline membrane and brush border for entry into the oocyte. In the 
first terminal growth phase follicles, the FC have stopped producing YP2 and 
YP4 production is considerably reduced. The FC have also formed an occlu- 
sion zone around the oocyte and the electron-dense vitelline membrane origi- 
nating from the FC has become thicker and more uniform, thus blocking the 
entry of vitellogenin into the oocyte. In addition, the structure of the brush 
border has declined, and the formation of nascent yolk spheres has ceased. 
These observations suggest that any material remaining in the vitelline mem- 
brane may be happed there and be incorporated as a structural component 
of the vitelline membrane. 

The second hypothesis, which has been suggested previously (Cruicks- 
hank, 1971,1972), gains credence from the following observations. Begin- 
ning in the penultimate vitellogenic and becoming more frequent in the 
more developmentally advanced follicles of P. interpunctella, some late yolk 
spheres were observed fused with the oolemma and appeared to be re- 
leasing their contents into the broad electron-translucent layer of the vi- 
telline membrane. Fusion of late yolk spheres with the oolemma was 
especially evident in the first follicles in terminal growth phase when FEW 
production had stopped and vitellogenin entry was blocked because of 
the presence of the oclussion zone and the formation of the electron-dense 
vitelline membrane. Strong labeling for the yolk proteins was present 
throughout the whole region of the electron-translucent vitelline mem- 
brane during this period of the terminal growth phase. 

This evidence is consistent with the previous reports that suggested the 
release of material from the oocyte at the termination of vitellogenesis. On 
the bases of pulse chase autoradiographic evidence, Cruickshank (1971) 
showed that labeled material accumulating in vesicles localized in the cortex 
of late vitellogenic oocytes was released into the vitelline membrane of A. 
kiihniella. Ultrastructural evidence also indicated that the vesicles in the cor- 
tex of the oocyte discharged their contents into the vitelline membrane 
(Cruickshank, 1972). The vesicles that release their contents into the vitelline 
membrane in A. kiihniella are most likely to be identical to the late yolk spheres 
in P. interpunctella described here. The release of materials from vesicles within 
oocytes into the vitelline membrane was also reported for the butterfly, C. 
ethlius (Griffith and Lai-Fook, 1986). Electron-lucent granular material was 
reported to be exocytosed from "coated vesicles" into an electron-lucent layer 
of the vitelline membrane in late vitellogenic follicles of this butterfly in a 
process similar to that described for the late yolk spheres in P. interpunctella. 
R-.-,,rl +hr o.rirlo.rm Cr-- A &iilm;,,lln r 0 4 l r l ; . , ~  .I...-I D ; n 4 n v ~ , , n r 4 0 1 1 n  *ha 



Termination of Vitellogenesis in the Moth 377 

release of yolk proteins from the oocyte into the vitelline membrane is likely 
and may be operative in many other Lepidoptera. 

The release of volk vroteins from the oocvte into the vitelliie membrane 
was not apparent in either Drosophila (Cummings et al., 1971; Giorgi, 1977; 
GiorM and Postlethwait, 1985; Buttenvorth et al., 1992) or in C. morosus (Giord 
et al, 1993). The cortical regions of the oocytes of these two insects do not 
contain organelles similar in structure to late yolk spheres and all vitelline 
membrane proteins apparently originate in the FC. In fact, the presence of 
yolk proteins in the vitelline membrane of Drosophila appears to be detrimen- 
tal to normal formation and function of vitelline membrane. The production 
of mutant yolk polypeptides in Drosophila resulted in the formation of YP 
precipitate plaques in the vitelline membrane that disrupted formation of 
eggshell membranes and led to sterile phenotypes (Giorgi and Postlethwait, 
1985; Butterworth et al., 1922). 

From our observations, we propose that both the follicular epithelial cells 
and the oocvte of P. interuunctella contribute vroteins to the vitelline mem- 
brane for the encasement of the oocyte in the egg membranes. This perspec- 
tive places the oocyte in an active role in the termination of vitellogenesis 
rather than a passive one, i.e., once the oocyte has accumulated sufficient 
supplies for embryogenesis, it also participates in its own closure. Because 
the yolk proteins can form condensed aggregates, it is most likely that they 
provide structural components for the formation of a water tight component 
of the vitelline membrane. If the oocyte is actively participating in the termi- 
nation of vitellogenesis, what then would be the nature of the signal that 
tells the oocyte (and/or the follicular epithelium) that vitellogenesis is com- 
plete, that the formation of late yolk spheres be initiated, and that their fu- 
sion with the oolemma for release of the yolk proteins into the vitelline 
membrane begin? These questions remain to be addressed. 
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