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Ovarian Follicles and the Uterus

Waclaw Tworzydlo*, Elzbieta Kisiel, Szczepan M. Bilinski

Department of Developmental Biology and Morphology of Invertebrates, Institute of Zoology, Jagiellonian University, Krakow, Poland

Abstract

Editor: Peter K. Dearden, University of Otago, New Zealand

* E-mail: w.tworzydlo@uj.edu.pl

Three main reproductive strategies have been described among insects: most common oviparity, ovoviviparity and
viviparity. In the latter strategy, the embryonic development takes place within the body of the mother which provides gas
exchange and nutrients for embryos. Here we present the results of histological and EM analyses of the female reproductive
system of the viviparous earwig, Arixenia esau, focusing on all the modifications related to the viviparity. We show that in
the studied species the embryonic development consists of two “physiological phases” that take place in two clearly
disparate compartments, i.e. the terminal ovarian follicle and the uterus. In both compartments the embryos are associated
with synthetically active epithelial cells. We suggest that these cells are involved in the nourishment of the embryo. Our
results indicate that viviparity in arixeniids is more complex than previously considered. We propose the new term
“pseudoplacento-uterotrophic viviparity” for this unique two-phase reproductive strategy.
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Introduction

Three main reproductive strategies have been described among
insects: oviparity, viviparity and ovoviviparity [1]. The wvast
majority of studied insect species is characterized by oviparity.
Females of oviparous species lay down eggs in a safe habitat where
embryogenesis takes place. During development, the embryos use
the reserve materials (yolk proteins and lipids) stored during
oogenesis in the oocyte cytoplasm, and are surrounded by
protective coverings, the vitelline envelope and the chorion (see
[1-3] for a review). The second strategy, 1.e. viviparity, is relatively
rare among insects. In this reproductive mode, the embryonic
development takes place within the mother’s body which provides
gas exchange and, what is more important, nourishments for the
embryos [4-6]. In some insect groups, less advanced or
“transitional” reproductive mode, the ovoviviparity has been
reported. In this case, the embryos develop inside eggs that are
retained in the mother’s body until they are ready to hatch [1].
Hatching occurs just after oviposition or the larvae hatch inside
the mother’s reproductive system and are later deposited or
“born”. The latter process is termed, the larviposition. Although,
the ovoviviparity is deceptively similar to viviparity it does not
require any nourishment of the embryos/larvae by the mother, as
the unborn offspring use the reserve materials accumulated in the
egg cytoplasm.

Earwigs (Dermaptera) is a relatively small insect order with
about 2200 living species traditionally classified in three suborders:
two epizoic groups, the Hemimerina and Arixeniina, and free-
living Forficulina [7,8]. Although the classification of extant
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dermapterans is still under debate, recent morphological and
histological studies imply that both epizoic groups should be
included in the most derived dermapteran subgroup, the
Eudermaptera (Spongiphoridae + Chelisochidae + Forficulidae),
and do not constitute separate suborders (see [9,10] for further
discussion of dermapteran classification and cladograms therein).
According to this concept, clearly disparate morphology of
hemimerids and arixenids is interpreted as a result of ectoparasitic
(epizoic) life.

The majority of dermapteran species is, like most insects,
oviparous. The females lay eggs in characteristic nests and, what is
worth noting, in some cases they look after the offspring showing a
simple example of a maternal care. In contrast, two epizoic groups
(the Arixeniina and Hemimerina) are viviparous [4,11]. It was
suggested that in these groups, viviparity evolved to provide
nymphs with an immediate contact with the preferred host and to
accelerate the life cycle [4,11]. It is interesting to note here that the
third aforementioned reproductive strategy, the ovoviviparity, has
also been reported in dermapterans [12,13]. Significantly, the
ovoviviparous species belong to the derived family Spongiphoridae
(the Eudermaptera), and are free-living.

In our previous EM study, we have shown that in Arixenia esau,
female reproductive system consists of merositic-polytrophic
ovaries, strongly dilated lateral oviducts (the uteri) and a single
common oviduct leading to the female genital opening [10]. Our
analyses have additionally indicated that the ovaries and
developing oocytes of A. esau exhibit unique mixture of characters
shared with derived earwigs (Forficulidae) and important adapta-
tions to the viviparity. In this publication, we describe the
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Figure 1. Morphology of the female reproductive system. (A) Three ovarioles (ov) attached to the uterus (u). White arrow indicates
circumferential muscle fibers surrounding the posteriormost section of the uterus. Tracheal branches (black arrowheads). SEM, scale bar: 0.5 mm. (B,
C) Transverse section through the uterus (fragment). Note folded epithelium (ep) lining the uterus (u). Basement lamina (empty arrows), muscle fibers
(white arrowheads), tracheal branches (black arrowheads), grooves separating ridges of the epithelium (arrows), black asterisks in (C) indicate
argyrophylic material on the cell surface. Boxed fragment in (C) is enlarged in Figure 2. (B) Semi-thin section stained with methylene blue. (C) Semi-
thin section stained with AgNOR technique. LM, scale bar: 24 pm. (D) Basement lamina (bl) supporting epithelial cells (ep) of the uterus. The lamina is
penetrated by canals (c) containing tracheal branches (black arrowheads) immersed in filamentous material. TEM, scale bar: 1 um. (E, F) Apical
compartment of an epithelial cell lining the uterus. Note large secretory vacuoles (v), fibro-granular material covering the tips of the microvilli (white
asterisk) and an adherens junction (aj) connecting membranes of neighboring cells. Mitochondria (m). TEM, scale bar: 1 um. (G) Basal compartments
of epithelial cells of the uterus. Mitochondria (m), elements of rough endoplasmic reticulum (rer). Note that plasma membranes are folded and closely
adjoined. TEM, scale bar: 1T um.

doi:10.1371/journal.pone.0064087.g001

morphology and ultrastructure of the uteri and terminal ovarian Materials and Methods
follicles of the same species. We focus on all the modifications .
related to the intrauterine and “‘intrafollicular” development of Ethics statement

embryos. Our studies are in line with classical histological analyses No specific permits were required for the described field studies.
of the related species Arixenia jacobsoni [4], providing new and All locations of insect collecting were neither privately-owned nor
interesting data on the morphology and possible functioning of the protected in any way. Arixenia esau is not a protected or endangered
female reproductive system of the Arixeniina. species.
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Animals

The adult females of Arixenia esau Jordan 1909 were collected
from the walls of small caves and hollow trees (inhabited by
colonies of Chetromeles torquatus bats) in Bintulu District area,
Sarawak, Malaysia in the second half of February 2010. For this
study 11 specimens were used. Multiple specimens were examined
for each developmental stage. The female reproductive systems
were dissected and fixed either in 4% formaldehyde or in 2.5%
glutaraldehyde in 0.1 M phosphate buffer.

Light and electron microscopy

Dissected samples were rinsed and postfixed in 1% osmium
tetroxide. After dehydration in the series of ethanol and acetone
the material was embedded either in Glycid Ether 100 (formerly
known as Epon 812) (Serva, Heidelberg, Germany) or Histocryl
(Agar Scientific Ltd., Stansed, Essex, UK). Semi-thin sections
(0.7 pm  thick) were stained with 1% methylene blue and
examined under a Leica DMR microscope (Heidelberg, Germany)
(LM). Ultrathin sections (80 nm thick) were contrasted with uranyl
acetate and lead citrate according to standard protocols and
analyzed with a Jeol JEM 100 SX transmission electron
microscope (TEM) at 80 kV.

Scanning electron microscopy

For the SEM, the material was fixed and postfixed as described
above. After dehydration in graded series of ethanol, the material
was critical-point dried, coated with gold and examined with a
JSM 5410 scanning electron microscope at 25 kV. Some
specimens analyzed in SEM, were immersed in 70% ethanol,
dehydrated and embedded in Histocryl as described above.

AgNOR technique

Dating from the early days of Ramon y Cajal and Golgi, it was
known that impregnation with silver nitrate results in selective
staining of the interphase nucleolus as well as the Golgi apparatus
[14-16]. More recent papers showed that silver salts are reduced
also by derivatives of the Golgi apparatus, e.g. cortical granules
and acrosomal vesicles [17,18]. In this context, we employed this
procedure to examine whether epithelial cells of the uterus are
synthetically active or not. Silver impregnation was performed on
semi-thin Histocryl sections, according to the method described by
Howell and Black [19] modified by Bilinski and Bilinska [20]. The
sections were stained with a 1:2 mixture of 2% gelatin in 1%

Figure 2. Secretory activity of the uterus epithelial cells.
Transverse section through the infolding of the uterus wall (boxed
fragment of Figure 1C). Two closely opposed epithelial layers are visible.
Note argyrophylic secretory vacuoles in the cytoplasm of epithelial cells
(encircled). Basement lamina (empty arrows), tracheal branches (black
arrowheads), argyrophylic material on the cell surface (white asterisks).
Semi-thin section stained with AGNOR technique. LM, scale bar: 24 um.
doi:10.1371/journal.pone.0064087.9g002
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formic acid and 50% silver nitrate (Sigma, St. Louis, MO, USA).
The staining was carried out for 15 minutes in 37°C.. After rinsing
with distilled water the slides were analyzed with a Leica DMR
microscope.

DNA detection

Opvarioles were fixed, dehydrated in the series of ethanol and
embedded in Histocryl as described above. Semi-thin sections
(0.7 pwm thick) were stained with DAPI (1 pg/ml; Sigma, St. Louis,
MO, USA) in the darkness, for 40 minutes, and analyzed with a
Leica  DMR  fluorescence microscope (FM), equipped with
appropriate filters [21].

Results

Gross morphology of the female reproductive system
and the ovariole

The reproductive system of the Arixenia esau females consists of
paired ovaries, paired lateral oviducts and a single common
oviduct that leads to a female genital opening [9,10]. Each ovary is
composed of three elongated, synchronously developing ovarioles
that are attached to the one of the lateral oviducts (IFigure 1A). The
lateral oviducts are markedly dilated (Figure 1A) and contain
developing embryos, and therefore will be termed the uteri. The
ovarioles as well as the uteri are surrounded by a thick basement
lamina and well developed sheath containing several layers of
muscle fibers and tracheal branches (Figure 1A).

In adult females, the ovarioles consist of 3 elements: an anterior
terminal filament, germarium and a posterior vitellarium [10].
The vitellarium comprises 2—-3 previtellogenic ovarian follicles and
a single, distinctly larger terminal follicle. The latter contains either
vitellogenic/postvitellogenic oocytes [10] or embryos in various
developmental stages.

The uterus

The wall of the uterus is lined with one-cell-thick epithelium
resting on a thick (up to 7 um) basement lamina (Figure 1B, C, D).
The epithelial layer and associated lamina are extensively folded
that leads to the formation of a number of wide ridges
(interspersed by deep grooves) on both, internal and external
(i.e. adluminal and haemocelic) surfaces of the uterus (Figure 1B,
C, arrows). Measurements performed on isolated organs and semi-
thin sections, have shown that the full perimeter of the “stretched”
epithelium is 3—4 times larger than the perimeter of the uterus.
The epithelial lining of the uterus is supported by a prominent
layer of muscle fibers and tracheal branches (Figure 1B, white and
black arrowheads, respectively). Both muscle fibers and tracheal
branches extend radially and penetrate into the heamocelic
grooves of the epithelial layer (Figure 1B, C), forming an elastic
“scaffold” of the organ. The posteriormost part of the uterus
narrows (Figure 1A) and leads to the common oviduct. This part is
additionally surrounded by 3-4 circumferential muscle fibers
(Figure 1A, white arrow).

Epithelial cells of the uterus

The epithelial cells lining the uterus are slender and markedly
elongated (Figure 1B). Their apical surfaces are equipped with
long and parallel microvilli (Figure 1E). The tips of the microvilli
are covered with a layer of electron dense fibro-granular material
(Figure 1E, asterisk). Staining with silver nitrate has revealed that
this material contains argyrophilic proteins (Figures 1C and 2,
asterisks). The apical cytoplasm of the epithelial cells contains free
ribosomes, individual mitochondria and numerous spherical,
secretory vesicles (Figure 1E, F). The membrane of the vesicles
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Figure 3. Embryonic development. (A) Fragment of a young embryo (cross section; blastoderm stage) developing inside a terminal ovarian
follicle. DAPI staining. Note that the nuclei of follicular cells (fc) are substantially larger and “brighter” than blastoderm nuclei (bl). Yolk nuclei (yn). FM,
scale bar: 24 um. (B, €) Fragment of an older embryo (cross section; germ band stage) inside a terminal follicle. Note the germ band (gb) surrounded
by the follicular epithelium (fc) and two embryonic envelopes, serosa (s) and amnion (a). The follicular epithelium is separated from the embryo by a
thin structureless eggshell (arrowheads). LM, scale bar: 24 um. (D) Posterior part of the embryo dissected from the lumen of the uterus. Note well
developed cerci (ce) and the last abdominal segment (telson, t). SEM, scale bar: 0.5 mm. (E) Follicular cell (fragment) surrounding the blastoderm
stage embryo. Note highly folded envelope surrounding irregularly shaped nucleus (n) and large secretory vacuoles (v). TEM, scale bar: 1 um.

doi:10.1371/journal.pone.0064087.g003

is lined with a thin layer of electron-dense material (Figure 1F).
Careful examination of sections stained with silver nitrate has
shown that the secretory vesicles (as the material covering the
microvilli) are argyrophilic (Figure 1G and Figure 2, encircled).
This observation suggests that the dense material covering the
microvilli tips is synthesized within, and secreted from uterine
epithelial cells.

Between apical plasma membranes of neighboring cells, short
adherens junctions have been occasionally found (Figure 1E). The
nuclei reside in the cell centers, and separate the apical cytoplasm
from the rest of the cell. Analysis of cross sections has revealed that
plasma membranes surrounding basal cytoplasm compartments
are folded and closely adjoined (Figure 1G). In the basal cytoplasm
elongated cisternae of rough endoplasmic reticulum (RER) and
small spherical or slightly elongated mitochondria (Figure 1G)
reside. The basal cell surfaces rest on a thick and homogenous
basal lamina (Figure 1D). The lamina is perforated by branching
canals that contain the thinnest tracheal branches immersed in a
filamentous material of medium electron density (Figure 1D).
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Terminal follicles and initial stages of development

As it has been shown in classical embryological analyses,
substantial part of the embryonic development (at least to the final
phase of the dorsal closure) of Arixenia takes place inside terminal
ovarian follicles and within one-cell-thick follicular epithelium that
in younger specimens surrounds developing oocytes [4]. We show
that the cells of this epithelium are large (Figure 3C) and comprise
irregularly shaped nuclei with deeply folded nuclear envelope
(Figure 3A, E). The cytoplasm of follicular cells is densely packed
with free ribosomes, rod-like mitochondria and secretory vesicles
(Figure 3B, E). The vesicles are roughly spherical and filled with
fine granular material of medium electron density (Figure 3E).

The embryos do not adhere directly to the epithelium, and are
separated from it by a thin eggshell, inadequately termed by
Hagan [4] the periplasmic membrane (Figure 3B, C, arrowheads).
For the detailed description of the eggshell see [10].

Inside ovarian follicles of the analyzed specimens, we have
found relatively young embryos in blastoderm stage (Figure 3A) as
well as more advanced ones with already differentiated germ
bands surrounded by embryonic envelopes, the serosa and the
amnion (Figure 3B, C). Analysis of sections stained with DAPI has
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shown that the blastoderm nuclei are distinctly smaller and
produce fainter fluorescence than these of the follicular cells
(Figure 3A). This observation implies that the nuclei of the
follicular cells contain much more DNA and are presumably
polyploid.

After a definitive dorsal closure, embryos “move down to the
another portion of the reproductive tract” [4], i.e. the uterus
(Figure 3D), where they develop until the birth of the offspring
(compare the Discussion).

Discussion

Viviparous reproduction in insects is different from the well-
known mammalian system in that it lacks a typical placenta, an
organ transferring nutrients from the mother to the developing
embryo. Hagan [4] and Retnakaran and Percy [6] classified insect
viviparity into 4 main types.

1. Ovoviviparity, at present regarded as a separate type of a
reproductive strategy (see the Introduction);

2. Adenotrophic viviparity. Fertilized eggs develop inside swollen
part of the common oviduct, termed the uterus. After hatching,
the larvae are retained in the uterus where they feed (orally) on
a secretion of a highly modified accessory gland, termed the
milk gland. This type of the viviparity has been described in the
dipteran families Glossinidae and Hippoboscidae (see [4,22—
25] for details).

3. Haemocoelous viviparity. Embryos and larvae develop in the
haemocoel, and take up nutrients directly from the haemo-
lymph. Haemocoelous viviparity has been found in strepsipter-
ans and dipterans from the family Cecidomyiidae [4,6] that
possess highly modified “dispersed” ovaries (see [26-31] for a
review).

4. Pseudoplacental viviparity. Embryos and larvae develop inside
terminal ovarian follicles and are nourished by highly active
follicular epithelium that in earlier stages surrounded develop-
ing oocytes. This epithelium (or its specialized areas) is
thickened and termed by Hagan “the pseudoplacenta™ [4].
Pseudoplacental viviparity has been described in aphids [32],
certain psocopterans [6], cockroaches [33-35] and both epizoic
dermapteran groups, the Arixeniina and Hemimerina [4,6]. It
is interesting to note that the “placenta-like structure” functions
also during development of the endoparasitic wasp, Aphidius ervi
[36]. Here, the placenta invades the tissues of the host
(viviparous aphid) and transfers nutrients prepared for the host
offspring to the endoparasitic embryo [36].

Our studies clearly show that the pseudoplacental viviparity, at
least in Arixeniina, is more complex than considered earlier [6].
Initial stages of the development indeed take place inside the
terminal ovarian follicles as described by Hagan [4], however
later, the embryos are transferred to the uteri where they remain
until the birth of the offspring. Thus, the embryonic development
of A. esau consists of two “physiological phases™ that take place in
two morphologically disparate compartments. It should be stressed
here, that the “intrauterine” phase of embryonic development has
not been analyzed to date; in his fundamental work, Hagan
mentioned only: “...the last three (embryos)...seem to have moved
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