
T~ssue & Ceil, 1997 29 (6) 665-673 
© 1997 Harcourt Brace & Co Ltd 

Egg shells of mallophagans and 
anoplurans (Insecta: Phthiraptera): 
morphogenesis of specialized regions 
and the relation to F-actin cytoskeleton 
of follicular cells 
M. Zawadzka, W. Jankowska, S. M. Bilifiski 

Abstract. The egg shells of investigated phthirapterans consist of three basic elements: an anterior operculum, a 
main egg shell and a posterior hydropyle. In some species these elements show further regional specializations: 
bristles and projections that facilitate attachment to feathers of the host, micropyles and aeropylar openings. All of 
the egg shell specializations are formed by distinct subpopulations of follicular cells. Staining with rhodamine- 
conjugated phalloidin has revealed that these subpopulations significantly differ in the distribution of microfila- 
ments (F-actJn). In this respect four morphological categories of the follicular cells have been distinguished: 
(1) cells devoid of processes and microvilli, with basal arrays of microfilaments, responsible for the secretion of a 
flat chorion; (2) cells devoid of processes and microvilli, separated by intercellular spaces, with basal arrays of 
microfilaments, responsible for the secretion of attachment structures; (3) cells equipped with actin-containing 
processes, responsible for the formation of micropyles or aeropyles, and (4) cells equipped with bundles of 
microvilli, responsible for the formation of hydropyles. 
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Introduction 

Insect egg shells are complex, extracellular structures, 
consisting of a large number of structural proteins that are 
synthesized and secreted by mesodermal follicular cells in 
an exact temporal and spatial order (reviewed by Margaritis, 
1985; Regier & Kafatos, 1985). Generally, the egg shells are 
composed of two layers: an external chorion and internal 
vitelline envelope (vitelline membrane). In the majority of 
investigated insects the chorion consists of several sublayers 
and shows regional specializations, e.g. an operculum (the 
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'exit gate' for a larva), respiratory or attachment structures, 
and the micropylar apparatus which facilitates sperm entry 
during fertilization (Margaritis, 1985). Classic morpholog- 
ical and biochemical studies have shown that various egg 
shell regions are secreted by distinct groups of the follicular 
cells (Margaritis et al., 1980; Regier et al., 1980) and that in 
some model systems at least these groups synthesize 
different sets of the egg shell proteins (Mazur et al., 1980). 

Most of the recent papers describing the morphogenesis 
of the egg shell specializations deal with the micropyles (e.g. 
Yamauchi & Yoshitake, 1984; Zarani & Margaritis, 1986, 
1991a, b, c; Wenzel et al., 1990; Landim & Yabuki, 1995). 
These studies have revealed that the micropylar channels are 
molded around long cellular extensions of the follicular 
cells. The only exception to this rule has been recently 
described in the hymenopteran, Eurytoma amygdali (Zarani 
& Margaritis, 1994). Although the formation of other 
regional specializations of the chorion has not been analyzed 
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in detail, it has become evident that this process usually 
depends on various modifications of the apical surface of the 
follicular cells (Regier et al, 1980; Mouzaki et al., 1991). 

The present paper reports the results of comparative 
studies on the morphogenesis of egg shell specializations in 
seven species of mallophagans (Eomenacanthus stramineus, 
Uchida pallidulus, Menopon gallinae, Goniocotes gallinae, 
Lipeurus maculosus, Columbicola columbae, Trichodectes 
canis) and one of anoplurans (Haematopinus suis). It is 
shown that the specializations are formed by distinct groups 
of follicular cells, which differ not only in morphology but 
also in the distribution of filamentous actin (F-actin). 

Materials and methods 

The specimens were collected from domestic pigs 
(Haematopinus suis), dogs (Trichodectes canis), hens 
(Eomenacanthus stramineus, Uchida pallidulus, Menopon 
gallinae, Goniocotes gallinae), pigeons (Columbicola 
columbae) and pheasants (Lipeurus maculosus). 

Light (LM) and transmission electron microscopy 
(TEM) 
Dissected ovaries were fixed in 2.5% glutaraldehyde in 
0.1 M phosphate buffer, pH 7.4, at room temperature, rinsed 
and postfixed in 1% osmium tetroxide in the same buffer. 
After dehydration in a series of ethanols and acetone, the 
material was embedded in Epon 812. Ultrathin sections 
were contrasted with uranyl acetate and lead citrate and 
examined in a JEM 100SX electron microscope at 60 kV. 
Semithin (0.7 gm) sections were stained with 1% methylene 
blue in 1% borax and examined in a Jenalumar (Zeiss Jena) 
microscope. 

Scanning electron microscopy (SEM) 
Chotionated eggs were isolated, fixed (as described in the 
previous section), dehydrated and critical-point dried. The 
specimens were then mounted on holders covered with 
double-stick tape, coated with carbon and gold and exam- 
ined in a JSM 5410 scanning electron microscope using an 
accelerating voltage of 25 kV. 

RNA staining 
The ovaries were fixed in 8% formaldehyde in 0.1 M phos- 
phate buffer (pH 7.4) for 2 h, at room temperature. The 
material was then infiltrated and embedded in JB-4 
(Polysciences, Warrington, PA, USA; for details see manu- 
facturers' instructions). Sections (4-6 gin) were stained 
with 1% toluidine blue, pH 4.8. 

Fluorescence microscopy 
The ovaries were dissected in 4% formaldehyde, freshly 
prepared from paraformaldehyde in PBS for 40 rain at room 
temperature. The specimens were then rinsed in PBS and 
stained with rhodamine-labeled phalloidin (Sigma Chemical, 
St Louis, MO, USA) in PBS (1 gg/ml) for 30 rain at room 
temperature in the dark. Labeled ovaries were mounted on 

microscopic slides and examined using a Jenalumar epifluo- 
rescence microscope (Zeiss Jena) equipped with appropriate 
filters. 

Results 

Gross morphology of the ovary 
The ovaries of investigated species are of the polytrophic- 
meroistic type (for classification and characterization of 
insect ovaries see King & B~ining, 1985; Stys & Bilifiski, 
1990; Brining, 1994). They are composed of five loosely 
arranged ovarioles. Within each ovariole a terminal fila- 
ment, germarium, vitellarium and short pedicle can be 
distinguished. The vitellarium comprises 3-4 ovarian folli- 
cles (egg chambers) in a linear arrangement; each egg 
chamber consists of an oocyte and seven polyploid nurse 
cells, and is surrounded by a mesodermal follicular epithe- 
lium. During previtellogenesis, follicular cells become 
binuclear and gradually diversify into four subpopulations: 

(1) cells coveting the nurse cells; 
(2) cells migrating between the nurse cells and the anterior 

pole of the oocyte; 
(3) columnar follicular cells coveting lateral aspects of the 

oocyte, and 
(4) cells surrounding the posterior pole of the oocyte. 

Subpopulations 2, 3 and 4 are responsible for the forma- 
tion of three basic elements of the egg shell (see below). For 
further descriptions of phthirapteran oogenesis see Ries 
(1932), Bili6ski & Jankowska (1987) and Bilidski (1989). 

Architecture of egg shells 
The egg shells of all investigated species consist of three 
basic elements: (1) an anteriorly located operculum; (2) a 
main egg shell covering lateral aspects of the oocyte, and 
(3) a posterior hydropyle (Fig. 1). In some species these 
elements show further regional specializations: micropyles, 
aeropylar openings and bristles or projections which facili- 
tate attachment to feathers of the host (Figs 1, 2a, d, and e). 
A list of regional specializations of the egg shells in investi- 
gated species is presented in Table 1. 

As in other insects, the egg shells of phthirapterans are 
composed of an outer chorion and an inner vitelline enve- 
lope, adjacent to the plasma membrane. The chorion, in 
turn, consists of a thin trabecular layer and an outermost, 
homogeneous chorionic layer (Fig. 2j). In the pig louse, H. 
suis the latter part comprises a perforated roof and a solid 
floor (see below). All surface specializations of the egg 
shells (bristles, micropyles, hydropyles) are built of the 
homogeneous chotionic layer only. The follicular cell 
imprints have never been observed on any of the investi- 

Cr(y gated e~,~,s. 

Aeropyles 
The egg shells of all the investigated mallophagans are solid 
and devoid of openings (except for micropyles; see below). 
In contrast, the outermost chorionic layer of the pig louse, 
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Fig. 1 Schematic representation of a generalized phthirapteran egg shell; 
basic elements (H, hydropyle: MS, main egg shell; OP, operculum) and 
regional specializations (b, bristles: m, micropyle; p, opercular projection)• 

H. suis is perforated by numerous canals (Figs 2a and b) that 
facilitate gas exchange between the environment and the 
developing embryo (Hinton, 1981). In accordance with the 
term used by Hinton (1981) these structures will be referred 
to as aeropyles (APLs). Analysis of semithin sections has 
revealed that the APLs of the operculum are markedly wider 
(Fig. 2b) and remain separated (Fig. 2j), while those pene- 
trating the main egg shell fuse laterally, forming a broad, 

air-filled (Hinton, 1981) space. This space divides the outer- 
most chorionic layer into a porous 'roof' and a solid 'floor' 
(Fig. 2k). As opposed to other insects (e.g. dipterans, 
Margaritis et al., 1980; Mouzaki & Margaritis, 1991; 
Mouzaki et al., 1991) these layers are not connected by 
vertical 'pillars'. 

The APLs are formed around broad cellular processes 
of the follicular cells (Figs 2j and k). Processes penetrating 
the operculum are much larger, more voluminous, and as a 
rule, contain nuclei; they are connected with the main 
body of the cell by means of narrow stalks (Fig. 2j). The 
chorion in statu nascendi consists of numerous, intermin- 
gled fibers that surround the processes of the follicular 
cells (Figs 2h and i). 

Micropyles 
Micropyles (MPLs) have been found only in some species 
(E. stramineus, U. pallidulus, M. gallinae, L. maculosus and 
T. canis). They have the appearance of low hemispherical or 
conical protuberances, and are located next to the rim of the 
operculum, forming a characteristic 'micropylar ring' (Figs 
2d and e). Each MPL contains a single, narrow 
(0.5-4 I.tm in diameter) micropylar canal (Figs 2e, 3c). The 
canals span the outermost chorionic layer reaching the 
trabecular layer of the chorion. In the dog louse, T. canis all 
MPLs are combined into a fence-like structure that is perfo- 
rated by several, relatively broad micropylar canals (report 
in preparation). 

In all the species MPLs are molded around cellular 
processes of the follicular cells (Fig. 3c). 

Attachment structures 
Egg shells of the representatives of the family Menoponidae 
(E. stramineus, U. pallidulus and M. gallinae) are equipped 
with variously shaped attachment structures: bristles covering 
the anterior part of the main egg shell and opercular projec- 
tions (Figs 2d, 3a). These structures are formed within inter- 
cellular spaces which develop between the follicular cells at 
the onset of choriogenesis (Figs 3a and b). The follicular cells 
responsible for the formation of the bristles are always larger 
than those secreting the remaining (flat) regions of the main 
egg shell. Since their baso-apical axes are tangential to the 
oocyte surface, resulting bristles are oriented towards the 
anterior pole of the shell (Fig. 3a, arrows). 

Table 1 Specializations of basic egg shell elements (operculum, main egg shell, hydropyle) in investigated phthirapterans 

Species Length of egg (ttm) Operculum Main egg shell Hydropyle 

Anoplurans 
Haematopinus suis 1500 Aeropyles Aeropyles 

Mallophagans 
Eomenacanthus stramineus 800 Micropyles and a projection Bristles 
Uchida pallidulus 500 Micropyles and a projection Bristles 
Menopon gallinae 500 Micropyles and a projection Bristles 
Goniocotes gaIIinae 350 - -  - -  
Columbicola cohtmbae 750 - -  
Lipeurus maculosus 450 Micropyles - -  
Trichodectes canis 300 Micropyles - -  

m 

m 

Surrounded by a collar 
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Fig.2 a, Haematopinus suis. Operculum and anterior part of the main egg shell; note numerous aeropyles perforating both parts of the shell. Scanning 
electron microscope (SEM) (× 250). b, Haematopinus suis, Isolated operculum. SEM (× 300). c, Haematopinus suis. Hydropyle. SEM (× 1500). 
d, Eomenacanthus stramineus. Anterior part of the egg shell; note bristles, opercular projection (asterisk) and micropyles (arrow). SEM (x 500). 
e, Lipeurus maculosus. Fragment of the operculum with micropyles (arrows). SEM (x 2000). f, Lipeurus maculosus. Hydropyle. SEM (x 5400). 
g, Columbicola cohtmbae. Hydropyle; note the collar-like structure (asterisk). SEM (x 3000). h, Haematopinus suis. Detail of developing chorion; 
follicular epithelium has been stripped away in distilled water; note chorionic fibers and aeropylar openings (asterisks). SEM (× 4000). i, Haematopinus 
suis. Follicular cell process (asterisk) surrounded by chorionic fibers. TEM (× 9500). j, Haematopinus suis. Developing operculum; note broad projections 
of follicular cells (black asterisks) that contain nuclei and trabecular layer of the chorion (white arrow); black arrow indicates a stalk connecting the 
projection with the main body of the follicular cell. f, follicular epithelium; white asterisk, homogeneous chorionic layer. LM, semithin section, methylene 
blue (× 700). k, Haematopinus suis. Developing main egg shell; note broad space (asterisks) separating a perforated roof from the solid floor of the homo- 
geneous chorionic layer, f, follicular epithelium; arrow, projection of the follicular cell. LM, semithin section, methylene blue (x 700). 

Hydropyles 
According to Hinton (1981), hydropyles (HPLs) of phthi- 
rapterans are responsible for the uptake of water. In investi- 
gated species HPLs are slightly convex or hemispherical 
and comprise numerous, slender (2-3 ~tm in diameter) 
canals (Figs 2c, f and g). The canals are arranged parallel to 
each other and penetrate the whole thickness of the chorion 
(Fig. 3d). They are molded around bundles of long 
microvilli that protrude from the apical surfaces of follicular 
cells covering the posterior oocyte pole (Fig. 3e). In pigeon 
louse, C. columbae, the HPL is connected with the main egg 
shell by a short pedicle and encircled by a collar-like 
structure (Fig. 2g). 

Distribution of actin filaments in the follicular cells 
At the onset of choriogenesis the follicular ceils are already 
diversified into four subpopulations (see above). Staining 
with rhodamine-conjugated phalloidin has revealed that these 
subpopulations differ in the distribution of microfilaments. 

The cells covering the lateral aspects of the oocyte (i.e. 
those responsible for the formation of the main egg shell and 
bristles) comprise basally located arrays of parallel microfil- 
aments (Fig. 4a). Microfilaments of the neighboring cells are 
aligned and oriented perpendicular to the long axis of the 
oocyte. The apical parts of these cells are devoid of distinct 
microfilaments (not shown). The only exception to this rule 
has been found in the pig louse, H. suis, Here, in the apices 
of the follicular cells large accumulations of microfilaments 
have been identified (Fig. 4). Further analysis has shown that 
these microfilaments are localized within the processes of 
the follicular cells (see above) and gather mainly in the 
vicinity of their membranes (Fig. 4d). 

In the basal parts of the follicular cells surrounding the 
anterior pole (i.e. those responsible for the formation of the 
operculum and MPLs), individual microfilaments occur 
(Fig. 4b); their orientation is random and not related to the 
oocyte axes. The cellular processes that serve as templates 
for micropylar canals comprise distinct accumulations of 
filamentous actin (Fig. 4c). 

The follicular cells covering the posterior oocyte pole (i.e. 
those responsible for the formation of the HPL) are devoid of 
basal arrays of microfilaments. The microvilli of these cells 
contain numerous, parallel actin filaments (Figs 4e and f). 

After chorion deposition, and before the passage of the 
oocyte from the ovarian follicle to the oviduct, a major 

reorganization of F-actin cytoskeleton takes place in the 
main and anterior follicular cells. Within each cell the 
microfilaments gather and form thick bundles (stress fibers) 
which are arranged parallel to each other and span the whole 
diameter of the cell (Fig. 4g). The orientation of the stress 
fibers in the neighboring cells is random and not related to 
the oocyte axes (Fig. 4g). 

Discussion 

Although the architecture of the egg shell has been studied 
in numerous representatives of several insect orders (see 
e.g. Scali & Mazzini, 1981; Ogorza3ek, 1987; Mazzini & 
Gaino, 1990; Rogciszewska, 1991; Kambysellis, 1993; 
Mazzini et al., 1993; Simiczyjew, 1994), its morphogenesis 
has been reported only for the dipterans, i.e. Drosophila 
melanogaster (Margaritis et al., 1980; Margaritis, 1986), 
Dacus oleae (Mouzaki et al., 1991), Rhagoletis cerasi 
(Mouzaki & Margaritis, 1991), Ceratitis capitata (Zarani & 
Margaritis, 1991b), and Bradysia tritici (Wenzel et al, 
1990); the lepidopterans, i.e. Bombyx mori (Yamauchi & 
Yoshitake, 1984), Antheraea polyphemus (Regier et al., 
1980; Mazur et al, 1980), Lymantria dispar (Leclerc & 
Regier, 1993); the plecopterans, i.e. Perla marginata and P. 
pallida (Rogciszewska, 1995) and the hymenopteran, 
Eurytoma amygdali (Mouzaki & Margaritis, 1994; Zarani & 
Margaritis, 1994). These analyses have indicated that during 
oogenesis of 'higher' (holometabolous) insects the follic- 
ular epithelium gradually diversifies into morphologically 
distinct subpopulations which, in turn, are involved in the 
formation of certain regional specializations of the egg 
shell. In the most thoroughly investigated species, the fruit 
fly, Drosophila melanogaster, as many as 10 subpopula- 
tions have been distinguished (Margaritis et al., 1980). 

Preliminary histological studies (Bilitiski & Jankowska, 
1987) have shown that in the bird louse, E. stramineus, the 
follicular epithelium differentiates into four basic subpopula- 
tions. Three of them, the anterior cells, the main body cells 
and the posterior cells, contribute to choriogenesis and secrete 
the operculum, the main egg shell and the hydropyle, respec- 
tively (Bilir~ski & Jankowska, 1987). Our present investiga- 
tions have indicated that at least in some phthirapteran 
species the basic subpopulations consist of morphologically 
distinct groups of cells. These groups significantly differ in 
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Fig. 3 a, Uchida pallMulus, Anterior part of a choriogenic ovarian 
follicle (longitudinal section), f, follicular epithelium; op, opercular projec- 
tion: arrows, bristles. LM, semithin section, methylene blue (x 500). 
b, Eomenacanthus stramineus. Anterior part of a choriogenic ovarian 
follicle (cross section); bristles develop within intercellular spaces 
(encircIed). LM, semithin section, RNA staining (x 850). e, Menopon 
gallinae. Anterior part of a choriogenic ovarian follicle (tangential section). 
Note micropyle and its canal (arrow). LM, semithin section, methylene 
blue (x 900). d, Goniocotes gaIlinae. Posterior part of a choriogenic 
ovarian follicle (longitudinal section); note developing hydropyle and its 
canals (arrows). LM, semithin section, methylene blue (x 900). 
e, Goniocotes gallinae. Bundle of microvilli within the hydropylar canal. 
TEM (× 31 000). 

the distribution of the microfilaments, and most importantly 
participate in the formation of various egg shell specializa- 
tions. On these grounds we distinguished four morphological 
categories of the follicular cells. 

1. Cells devoid of cellular processes and microvilli, not 
separated by intercellular spaces, with basal arrays of 
microfilaments, and responsible for the secretion of the 
'flat' chorion (Fig. 5A). 

2. Cells devoid of cellular processes and microvilli, sepa- 
rated by intercellular spaces, with basal arrays of micro- 
filaments, and responsible for the secretion of attachment 
structures (Fig. 5B). 

3. Cells equipped with actin containing processes, respon- 
sible for the formation of MPLs and APLs (Fig. 5C). 

4. Cells equipped with bundles of microvilli, and respon- 
sible for the formation of HPLs (Fig. 5D). 

In studied phthirapterans, the above categories of follic- 
ular cells occur in various combinations which result in a 
rather high diversity of egg shells. Obviously, the more the 
categories differentiate during oogenesis, the more compli- 
cated the shell that is formed. Figure 6 shows diversification 
of the follicular epithelium into subsequent subpopulations 
and categories in the pig louse, H. suis, and representatives 
of the family Menoponidae, characterized by the simplest 
and most complex egg shells, respectively. 

Openings perforating insect egg shells are, as a rule, 
formed around processes of specialized follicular cells 
(micropylar canals of dipterans and lepidopterans; 
Yamauchi & Yoshitake, 1984; Wenzel et al., 1990; Zarani 
& Margaritis, 1986, 1991a, b, c) or elongated microvilli 
present at three-cell junctions (hydropylar canals of silk- 
moths; Regier et al., 1980). We may add to this list0 bundles 
of microvilli that serve as templates for the formation of 
hydropylar canals in phthirapterans. Ultrastructural as well 
as immunohistochemical studies on various dipteran and 
lepidopteran species have shown numerous microtubules 
and microfilaments inside the processes of the follicular 
cells (Margaritis, 1984; Yamauchi & Yoshitake, 1984; 
Wenzel et al., 1990; Zarani & Margaritis, 1991a, c). These 
cytoskeletal elements are believed to participate in the elon- 
gation and/or stabilization of the processes. In contrast, 
analogous structures of mallophagans and anoplurans do not 
contain detectable amounts of tubulin (unpublished results) 
and are filled with microfilaments only. This may be related 
to the shape of the processes, which in phthirapterans are 
short and broad while in holometabolous insects they are 
slender and usually longer. 

After the completion of choriogenesis, thick stress fibers 
appear within the follicular cells of investigated phthi- 
rapterans. Similar fibers ('bundles') have also been identi- 
fied in the follicular cells of the German cockroach, Blattella 
germanica (Zhang & Kunkel, 1992). In accordance with 
Zhang and Kunkel (1992) we suggest that these fibers are 
responsible for ovulation, i.e. the passage of the developed, 
chorionated egg to the oviduct. 
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Fig. 4 a, Columbicola columbae. Basal arrays of microfilaments in follicular cells covering lateral aspects of the oocyte. Rhodamine-phalloidin (× 500). 
b, Columbicola columbae. Transition zone between anterior and lateral follicular cells; note individual microfilaments in the former subpopulation. 
Rhodamine-phalloidin (× 500). e, Lipeurus macuIosus. Anterior follicular cells; note accumulations of microfilaments (arrows). Rhodamine-phalloidin 
(× 500). d, Haematopinus suis. Apical accumulations of microfilaments in follicular cells covering lateral aspects of the oocyte; the shape of some 
accumulations (arrows) suggests that microfilaments gather predominantly in the vicinity of membranes of follicular cell projections. Rhodamine-phalloidin 
(× 650). e, Haematopinus suis. Posterior pole of a choriogenic ovarian follicle; note bundles of microvilli (cross ~optical' section). Rhodamine-phalloidin 
(× 500). f, Columbicola columbae. Posterior pole of a choriogenic ovarian follicle; note bundles of microvilli (longitudinal 'optical' section). 
Rhodamine-phalloidin (× 500). g, Haematopinus suis. Stress fibers in postchoriogenic follicular cells. Rhodamine-phalloidin (× 900). 
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Fig. 5 Schematic representations of 4 described categories of follicular 
cells (A, B, C, D). Arrows indicate microfilaments; see Discussion for 
further description. 

ACKNOWLEDGEMENTS 

We are grateful to Prof. Dr W. Kilarski (Institute of 
Zoology, Jagiellonian University, Poland) for electron 
microscopy facilities, and to Prof. Dr J. Z]'otorzycka and Dr 
M. Modrzejewska (Department of Parasitology, University 
of Wroclaw, Poland) for the identification of the specimens, 
This work was supported by funds from the State 
Committee for Scientific Research (KBN): DS/IZ/ZS/97 to 
S.M.B and BW/IZ/96 to M.Z. 

REFERENCES 

Bilir~ski, S.M. 1989. Formation and function of accessory nuclei in the 
oocytes of the bird louse, Eomenacanthus stramineus (Insecta, 
Mallophaga). I. Ultrastructural and histochemical studies. 
Chromosoma, 97,321-326. 

Bilir~ski, S.M. and Jankowska, W. 1987. Oogenesis in the bird louse 
Eomenacanthus stramineus (Insecta, Mallophaga). I. General descrip- 
tion and structure of the egg capsule. Zool. Jb. Anat., 116, 1-i2. 

BOning, J., ed. 1994. The insect ovary: ultrastructure, previtellogenic 
growth and evolution. Chapman and Hall, London. 

Hinton, H.E. 1981. Biology of insect eggs. Pergamon Press, Oxford, vols 
1-3. 

Kambysellis, M.P. 1993. Ultrastructural diversity in the egg chorion of 
Hawaiian Drosophila and Scaptomyza: ecological and phylogenetic 
considerations. Int. J. Insect. Morphol. Embryol., 22, 417-446. 

King, R.C. and BOning, J. 1985. The origin and functioning of insect 
oocytes and nurse cells. In: Comprehensive insect physiology, 
biochemistry and pharmacology. Vol. l. Embryogenesis and 
reproduction (eds G.A. Kerkut and L.J. Gilbert). Pergamon, 
Oxford, 37-82. 

Landim, C. and Yabuki, A.T. 1995. Fine structure and morphogenesis of 
the micropyle apparatus in bees' eggs. Biocell, 19, 125-132. 

Leclerc, R.F. and Regier, J.C. 1993. Choriogenesis in the Lepidoptera: 
morphogenesis, protein synthesis, specific mRNA accumulation, and 
primary structure of a chorion cDNA from gypsy moth. Dev. Biol., 
160, 28-38. 

Margaritis, L.H. 1984. Microtubules during formation of the micropylar 
canal in Drosophila melanogaster. Cell Biol. Int. Rep., 4, 317-321. 

Margaritis, L.H. 1985. Structure and physioIogy of the eggshell. In: 
Comprehensive insect physiology, biochemistry and pharmacology. 
Vol. 1. Embryogenesis and reproduction (eds G.A. Kerkut and L.J. 
Gilbert). Pergamon, Oxford, 153-230. 

Margaritis, L.H. 1986. The eggshell of Drosophila melanogaster. II. New 
staging characteristics and fine structural analysis of choriogenesis. 
Can. J. Zool., 64, 2152-2175. 

Margaritis, L.H. Kafatos, F.C. and Petri, W.H. 1980. The eggshell of 
Drosophila melanogaster. I. Fine structure of the layers and regions of 
the wild-type eggshell. J. Ceil Sci., 43, 1-35. 

Mazur, G.D., Regier, J.C. and Kafatos, F.C, 1980. The silkmoth chorion: 
morphogenesis of surface structures and its relation to synthesis of 
specific proteins. Dev. Biol., 76, 305-321. 

Mazzini, M., Carcupino, M. and Fausto, A.M. 1993. Egg chorion architec- 
ture in stick insects (Phasmatodea). Int. J. Insect MorphoI. EmbryoI.. 
22, 391-415. 

Mazzini, M. and Gaino, E. 1990. Oogenesis and involvement of chorionic 
structures in ephemeropteran taxonomy, In: Mayflies and stoneflies 
(ed. I.C. Campbell). Kluwer Academic, Dordrecht, 95-104. 

Mouzaki, D.G. and Margaritis, L.H. 1991. The eggshell of the cherry fly 
Rhagoletis cerasi. Tissue Cell, 23,745-754. 

Mouzaki, D.G. and Margaritis, L.H. 1994. The eggshell of the almond 
wasp Eurytoma amygdali (Hymenoptera, Eurytomidae) - 1. 
Morphogenesis and fine stmcture of the eggshell Iayers. Tissue CelI, 
26, 559-568. 

FOLLICULAR EPITHELIAL CELLS 

CELLS COVERING ANTERIOR CELLS MAIN BODY CELLS POSTERIOR CELLS 
NURSE CELLS 

3rd CAT 3rd CAT 4th CAT. 

perforated opercuImn perforated mare egg shell hydropyle 

A B 

FOLLICULAR EPITHELIAL CELLS 

CELLS COVERING ANTERIOR CELLS MAIN BODY CELLS POSTERIOR CELLS 
NURSE CELLS ~ 

2nd CAT 3rd CAT. 2nd CAT I st CAT 4th CAT, 

' I 

opereular mmropyles bnstles flat chorion hydropyle 
proj¢ction 

{operculum) (main egg shell) 

Fig. 6 Diversification of follicular cells into subpopulations and categories in A, the pig louse, Haematopinus suis, and B, representatives of the family 
Menoponidae. Arrows indicate types of chorionic structures produced; see Discussion for further description. 



MORPHOGENESIS OF EGG SHELLS IN PHTHIRAPTERANS 673 

Mouzaki° D.G., Zarani, F.E. and Margaritis, L.H. 1991. Structure and 
morphogenesis of the eggshell and micropylar apparatus in the olive 
fly, Dacus oleae (Diptera: Tephritidae). J. Morphol., 209, 39-52. 

Ogorza~ek, A. 1987. Inductive effect of oocyte nucleus on ovarian follicle 
morphogenesis in water bugs (Heteroptera). In: Recent advances in 
insect embryology in Japan and Poland (eds H. Ando and C. Jura). 
ISEBU, Tsukuba, 51-67. 

Regier, J.C. and Kafatos, F.C. 1985. Molecular aspects of chorion forma- 
tion. In: Comprehensive insect physiology, biochemistry and pharma- 
cology. Vol. 1. Embryogenesis and reproduction. (eds G.A. Kerkut 
and L.J. Gilbert), Pergamon, Oxford, 113-152. 

Regier, J.C., Mazur, G.D. and Kafatos, F.C. 1980. The silkmoth chorion: 
morphological and biochemical characterization of four surface 
regions. Dev. Biol., 76, 286-304. 

Ries, E. 1932. Die Prozesse der Eibildung und das Eiwachstum bei 
Pediculiden und Mallophagen. Z. Zellforsch. Mikrosk. Anat., 16, 
314-388. 

Rogciszewska, E. 1991. Ultrastructural and histochemical studies of the 
egg capsules of Perla marginata (Panzer, 1799) and Dinocras 
cephalotes (Curtis, 1827) (Plecoptera: Perlidae). Int. J. Insect 
Morphol. Embryol., 20, 189-203. 

Rogciszewska, E. 1995. Oogenesis of stone flies. Development of the 
follicular epithelium and formation of the eggshell in ovaries of Perla 
marginata (Panzer) and Perla pallida Guerin (Plecoptera: Perlidae). 
Int. J. Insect Morphol. Embryol., 24, 253-271. 

Scali, V. and Mazzini, M. 1981. The eggs of stick insects, Sipyloidea 
sipylus (Westwood) and Orxines maeklotti de Haan (Phasmatodea, 
Heteronemiidae): a scanning electron microscopic study. Int. J. Inv. 
Repro&, 4, 25-38. 

Simiczyjew, B. 1994. Egg morphology and chorion fine structure of 
Hydrometra stagnorum (Heteroptera). Zool. Pol., 39, 79-86. 

Stys, P. and Bili~iski, S. M. 1990. Ovariole types and the phylogeny of 
hexapods. Biol. Rev., 65,401-429. 

Wenzel, F., Gutzeit, H.O. and Zissler, D. 1990. Morphogenesis of the 
micropylar apparatus in ovarian follicles of the fungus gnat Bradysia 
tritici (syn. Sciara ocellaris). Roux's Arch. Dev. Biol., 199, 146-155. 

Yamauchi, H. and Yoshitake, N. 1984. Formation and ultrastructure of the 
micropylar apparatus in Bombyx mori ovarian follicles. J. Morphol., 
179, 47-58. 

Zarani, F.E. and Margaritis, L.H. 1986. The eggshell of Drosophila 
melanogaster. V. Structure and morphogenesis of the micropylar 
apparatus. Can. 1. Zool., 64, 2509-2519. 

Zarani, F.E. and Margaritis, L.H. 1991a. Ultrastructural features and 
formation of the micropylar apparatus in the cherry fly Rhagoletis 
cerasi. J. Morphol., 208,205-214. 

Zarani, F.E. and Margaritis, L.H. 1991b, Fine structure and morpho- 
genesis of the micropylar apparatus in the medfly Ceratitis capitata 
(Wiedemann) (Diptera: Tephritidae). Int. J. Insect Morphol. Embryol., 
20, 127-139. 

Zarani, F.E. and Margaritis, L.H. 1991c. The eggshell of Drosophila 
melanogaster. VII. Formation of the micropylar canal and the role of 
the paracrystalline structure. Roux's Arch. Dev. Biol., 200, 95-103. 

Zarani, F.E. and Margaritis, L.H. 1994. The eggshell of the almond wasp 
Eurytoma amygdali (Hymenoptera, Eurytomidae) - 2. The micropylar 
appendage. Tissue Cell, 26, 569-577. 

Zhang, Y. and Kunkel, J.G. 1992. Program of F-actin in the follicular 
epithelium during oogenesis of the German cockroach, Blatella 
germanica. Tissue Cell, 24, 905-917. 


