ScienceDirect

Zoology
Available online 10 August 2023, 126109
In Press, Journal Pre-proof @ What's this? 7

Ovary organization and ultrastructure in six species of Amynthas
and Metaphire earthworms (Annelida, Crassiclitellata,
Megascolecidae) ¥

Piotr Swigtek 2 O X, Rojen Singh Thounaojam b Th. Binoy Singh_b, Samuel James €, tukasz Gajda ?,

Karol Matota 2, Dominika Ras 2, Anna Z. Urbisz ?

Show more

:= Outline | & Share =9 Cite

https://doi.org/10.1016/j.z00l.2023.126109 7
Get rights and content 71

Under a Creative Commons license 7 open access

Highlights

» Paired and fan-shaped ovaries occur in segment XIII

* Oogonia and early meiotic germline cells form syncytial cysts

» During diplotene, germ cells diversify into oocytes and nurse cells
» Growing oocytes, enveloped by follicular cells, form egg strings

» Nurse cells do not gather nutrients and degenerate

« Ovary organization and oogenesis are the same in parthenogenetic and sexual
species

Abstract



Ovaries in earthworms belonging to the family Megascolecidae are paired structures attached to the
septum in the anterior part of the XIII segment. They are fan to rosette shaped with numerous rows of
growing oocytes, known as egg strings, radiating from the ovary center towards the segmental cavity.
The histological and ultrastructural ovary organization in megascolecids and the course of oogenesis
remain unknown. The paper presents the results of light and electron microscopy analyses of ovaries
in six megascolecid species, three from the genus Amynthas and three from Metaphire. Both
parthenogenetic and sexually reproducing species were included in the study. The organization and
ultrastructure of ovaries in all studied species are broadly similar. Considering the histological
organization of ovaries, they could be divided into two zones. Zone I (proximal, close to the
connection with the septum) is tightly packed with germline and somatic cells. Germ cells are
interconnected via intercellular bridges and thin strands of the central cytoplasm (known as
cytophore) and form syncytial cysts. Cysts unite oogonia, early meiotic cells (till diplotene), and
clustering cells develop synchronously. During diplotene, interconnected cells lose developmental
synchrony; most probably, one cell per cyst grows faster than others, detaches from the cysts, and
becomes an oocyte. The remaining cells grow slightly and are still interconnected via the thin and
reticular cytophore; these cells are considered nurse cells. Zone II has a form of egg strings where
growing oocytes are isolated one from another by thin somatic cells and form short cords. We present
the ultrastructural details of germline and somatic cells. We propose the term "Amynthas" type of
ovaries for this ovary organization. We suppose that such ovaries are characteristic of other
megascolecids and related families.
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1. Introduction

Classical classifications of Clitellata, including earthworms (Crassiclitellata) (Michaelsen, 1928,
Michaelsen, 1900, Stephenson, 1930), have been based on the reproductive systems, mainly due to
the belief that reproductive structures are more conservative than somatic structures. However, this
concept has been criticized many times. Contemporary classifications of earthworms (and other
Clitellata) are based on a wide variety of morphological features and molecular data (sequences of
selected mitochondrial and/or nuclear genes, transcriptomic data) (e.g., Anderson et al., 2017; Erséus
et al., 2020; James and Davidson, 2012). Despite this, scientists still use the features connected with
reproductive organs for earthworm taxonomy, species identification, and higher taxa classification
(Sims, 1980, Timm and Martin, 2015). Usually, the overall morphology, number, and segmental
localization of reproductive organs (e.g., gonads, reproductive tracts, genital pores, and genital
markings) are recorded (e.g., Csuzdi et al., 2019, Csuzdi et al., 2015; Lone et al., 2022). Much less
attention is paid to the histology and ultrastructure of the reproductive system. The exception is
studies devoted to sperm formation and ultrastructure, performed for numerous earthworm (and



other clitellates) taxa and used for some phylogenetic considerations (summarized in Ferraguti, 1999;
Jamieson, 2006; Marotta and Ferraguti, 2009). On the contrary, contemporary ovarian histology and
ultrastructure analyses are surprisingly rare and fragmentary. It seems that since the time of intensive
light microscopy analysis of oogenesis and ovary organization in clitellate annelids at the turn of the
19th and 20th centuries (summarized in Beddard, 1895; Jamieson, 1981; Stephenson, 1930), our
knowledge about ovary micromorphology and functioning in Clitellata has not increased significantly.
Some ultrastructural and cytochemical analyses were devoted to oogenesis in such lumbricids as
Eisenia fetida (Lumbricidae) (e.g., Chapron and Relexans, 1971a, Chapron and Relexans, 1971b;
Lechenault, 1968) and more recently to Denrobaena veneta (Faron et al., 2015, Siekierska, 2003).
Occasionally, the analyses of ovaries were used for studies showing the effects of some agents (e.g.,
pollutants, such as cadmium or insecticides) on earthworm reproduction (Parthasarathi and
Ranganathan, 2000, Siekierska, 2007, Siekierska and Urbanska-Jasik, 2002). Our knowledge about
ultrastructural aspects of ovary organization and functioning in earthworms is limited mainly to a
few representatives of Lumbricidae. In general, ultrastructural analyses of oogenesis in clitellate
annelids showed that oocytes, together with accessory (nurse) cells, develop in syncytial groups of
cells (cysts) (Eckelbarger and Hodgson, 2021; Gorgon and Swiatek, 2020; Swiatek and Urbisz, 2019).
The development of oocytes in syncytial cysts seems to be a conservative phase of oogenesis,
accelerating oogenesis due to the directional transfer of organelles and macromolecules from nurse
cells to oocytes (Chaigne and Brunet, 2022, Gerhold et al., 2022, Lu et al., 2017). In clitellates, the
germline cysts have a specific pattern of organization; each cell is connected via a specialized cell
junction (intercellular bridge, ring canal) with the central, anuclear cytoplasmic mass, termed
cytophore (see Swiatek and Urbisz, 2019 for more details and germline cyst classification in other
animals; see also Discussion). The abovementioned ultrastructural studies of earthworm oogenesis
revealed that also, in these animals, germ cells form syncytial cysts; however, the cytophore is poorly
developed (Chapron and Relexans, 1971b, Siekierska, 2003), and the details of germline cyst
organization and functioning are limited.

Gates, 1974, Gates, 1976 was the first to see the potential of using ovarian characters in earthworm
systematics. He proposed a simple classification of ovaries based on their overall morphology (Gates,
1976). According to Gates, the ovaries of earthworms could be with or without egg strings. Egg strings
are separated longitudinal rows of growing oocytes located in the distal part of ovaries from which
the gametes are released into the coelomic cavity (Gates, 1976). Gates' ideas were followed by some
researchers such as Sims, who proposed the classification of earthworm superfamilies based on these
ovarian characteristics (Sims, 1980). On the other hand, as mentioned above, no systematic studies
have been devoted to analyses of ovarian organization and function. We recently started a
comprehensive project describing ovary histology, ultrastructure, and oogenesis to break this
impasse. The first studies described ovarian micromorphology in selected hormogastrids (Swiatek et
al., 2023). This paper is devoted to ovary organization in six representatives of the family
Megascolecidae. We chose three species from the genus Amynthas and three from Metaphire, which
we could collect, identify, and process for histological and ultrastructural analyses. Additionally, both
amphimictic and parthenogenetic specimens have been studied. The parthenogenetic morphs were



Amynthas vittatus, A. divergens, Metaphire agrestis, M. hilgendorfi (Blakemore, 2003, Minamiya et al.,
2011; Y. Kamihira and Y. Minamiya personal communication) and A. hupeiensis (Gates, 1982). The
sexually reproducing specimens were M. houlleti.

We used a set of microscopy techniques to describe ovary histology and ultrastructure. We hope
these new data are the first step to exploring ovary microorganization in Megascolecidae and closely
related families such as Acanthodrilidae, Benhamiidae, and Ocnerodrilidae (Anderson et al., 2017,
James and Davidson, 2012, Omodeo, 2000).

2. Material and Methods

2.1. Species collection and determination

Specimens of Amynthas vittatus (Goto & Hatai, 1898), Amynthas divergens (Michaelsen, 1892),
Metaphire hilgendorfi (Michaelsen, 1892) and Metaphire agrestis (Goto & Hatai, 1899) were collected in
Japan in October 2020. Specimens of Metaphire houlleti (Perrier, 1872) were collected in Imphal West,
Manipur, India, in May and June 2021, Amynthas hupeiensis (Michaelsen, 1895) were collected in Iowa,
USA, in June 2022. All specimens, except for M. houlleti, were identified using morphological
characters. Due to uncertainties in identifying specimens collected in India, DNA barcoding was done
(see below).

In total, 14 specimens have been taken for analysis. Only mature specimens with well-developed
clitellum were collected and analyzed. Table 1 summarizes the data about the studied species, sites of
collection, number of analyzed specimens, and methodology.

Table 1. The data about the studied species, sites of collection, number of analyzed specimens, and
methods used.

Light
Number microscopy

Time and of Stereomicroscopy/ - semi- Transmission

place of analyzed Nomarski thin electron DNA
Species collection specimens contrast sections Histochemistry microscopy barcoding
Amynthas October 2 - + - + -
vittatus 2020,

Hakodate

City,

Hokkaido,

Japan
Amynthas October 2 - + - + -

divergens 2020,
Hakodate



Light
Number microscopy
Time and of Stereomicroscopy/ - semi- Transmission
place of analyzed Nomarski thin electron DNA

Species collection specimens contrast sections Histochemistry microscopy barcoding

City,
Hokkaido,

Japan

Metaphire October 2 - + - + -
hilgendorfi 2020,

Hakodate

City,

Hokkaido,

Japan

Metaphire October 2 - + - + -
agrestis 2020,

Hakodate

City,

Hokkaido,

Japan

Metaphire Mayand 3 + + + + Col, 128,

houlleti June 2021, 18S, 28§,
Imphal histone
West, H3
Manipur,

India,

Amynthas June 3 + - - - -
hupeiensis 2022,
lowa, USA

2.2. DNA barcoding

Small pieces of body wall were excised from previously dissected specimens of Metaphire sp.
collected in India. DNA was extracted from ethanol-fixed material using the DNeasy Blood & Tissue
Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. Fragments of four
commonly employed marker genes: mitochondrial cytochrome c oxidase subunit I (COI) and 12S
rRNA, nuclear 18S rRNA, and 28S rRNA were amplified. Polymerase chain reactions (PCRs) were



carried out in 50ul reactions consisting of 21 ddH20; 25ul of Color OptiTaq/tiTaq PCR Master Mix
(2x) (EURX, Gdansk, Poland); 1l of each primer at 10mM concentration; and 2l of total genomic
DNA. The primers and thermal profiles used for DNA barcoding are listed in Table S1. The
amplification products were sent to GenoMed (Warsaw, Poland) and sequenced in both directions.
The obtained sequences were analyzed with the BLAST tool available on the NCBI.

2.3. Light microscopy and transmission electron microscopy

Specimens of all studied species were transferred to the laboratory after collection in the field. After
narcotization in 50% ethanol for 1 min, the body region containing reproductive systems plus some
neighboring segments (i.e., body fragment between XI and XVIII segments) was cut out and
immediately fixed with 2.5% glutaraldehyde in a 0.1 M phosphate buffer (pH 7.4). The vials with fixed
body fragments were kept in the fridge for several weeks till transferred to the laboratory in the
Institute of Biology, Biotechnology and Environmental Protection, Faculty of Natural Sciences,
University of Silesia in Katowice, Poland. In this laboratory, the tissue processing was continued. In
the case of A. vittatus, A. divergens, M. hilgendorfi, and M. agrestis, the body fragments with
reproductive organs were divided into smaller pieces and processed in such form. In the case of M.
houlleti and A. hupeiensis, the body fragments were dissected under a stereomicroscope, and ovaries
were extracted. After washing in 0.1 M phosphate buffer (pH 7.4), the body fragments or dissected
ovaries were postfixed for 2h in 1% OsO4 in the same buffer, dehydrated in a graded series of ethanol
that was replaced by acetone, and embedded in an Epoxy Embedding Medium Kit (Sigma, St. Louis,
MO). Semi-thin sections (0.7 um thick) were cut on an RMC Power XT ultramicrotome (RMC
Boeckeler, Tucson, AZ) and stained with 1% methylene blue in a 1% sodium biborate solution at room
temperature for 30s. Next, the sections were examined using an Olympus BX60 microscope
(Olympus, Tokyo, Japan) equipped with an Olympus XC50 digital camera and cellSens Standard
software (Olympus, ver. 1.8.1) and with an Olympus BX63 microscope equipped with an Olympus XC
camera and an Olympus cellSens Dimension software (Olympus, ver. 1.8.1). Ultra-thin sections (50-
60nm thick) were cut on a Leica 7 ultramicrotome (Leica Microsystems, Wetzlar, Germany). The ultra-
thin sections were contrasted with uranyl acetate (30min) and lead citrate (20min). The contrasted
sections were examined using a Hitachi H500 transmission electron microscope at 75kV.

2.4. Stereomicroscope and differential interference contrast

The isolated ovaries from M. houlleti and A. hupeiensis, were placed on Petri dishes and analyzed with
a Leica M205C stereomicroscope equipped with an Olympus ZX81 camera and Zeiss Discovery V.8
stereomicroscope. Additionally, in the case of A. hupeiensis, ovaries were whole-mounted onto a
microscope slide and observed under an Olympus BX63 microscope equipped with a Teledyne
Photometrics Prime BSI camera and an Olympus cellSens Dimension software under Nomarski
differential interference contrast.

2.5. Histochemistry



For the histochemical staining, semi-thin sections were prepared the same way as described in
Section 2.3. Bonhag's method was used to detect proteins. The sections were treated with a 2%
solution of periodic acid for 10min at room temperature to remove the osmium and then stained
with bromophenol blue (BPB) for 24h at 37°C and washed in tap water. Sudan Black B staining was
used to detect lipids. The sections were stained with Sudan Black B at room temperature (15min) and
washed in ethanol and water. Additionally, to detect cell components such as polysaccharides and
lipids, the epon semi-thin sections were stained with methylene blue-azure II solution and basic
fuchsin, according to Humphrey and Pittman (1974). This procedure stains polysaccharides, (e.g.,
glycogen, pink to red), whereas lipids are stained yellow-brown. After histochemical stainings, the
sections were examined using an Olympus BX60 microscope, as described in Section 2.3.

3. Results

3.1. Molecular analyses

The obtained 658 bp DNA fragment of COI sequence for Metaphire sp. from India was identical to
Metaphire houlleti voucher EW913 (Acc. KU565274). The newly generated sequences for this species:
12S rRNA, 18S rRNA, and 28S rRNA, were deposited in the GenBank database under accession
numbers: 0Q436964, 0Q430852, and 0Q430853, respectively.

3.2. General organization of ovaries

Unless otherwise indicated, the following descriptions refer to all species studied.

In all species, ovaries are paired and attached to the septum between segments XII and XIII. They are
a fan to rosette shape with dozens of short egg strings, which spread out radially from the place of
ovary attachment to the septum (Fig. 1, Fig. 2, Fig. 3, Fig. 4). In five of the six studied species, there is
no ovary envelope, and ovaries hang freely in the segmental cavity (Figs. 1, 2A, B). In contrast, in A.
divergens, the whole ovary is ensheathed by a thin somatic envelope (Fig. 2C). The proximal part of
each ovary is tightly connected via strands of connective tissue intermingled with muscle cells to the
septum (Fig. 2A; for more details, see Section 3.5). In this area, the blood vessels enter the ovary (Fig.
2A). The most proximal part of the ovary, termed zone |, is solid and tightly packed with the mass of
germline cells associated with somatic cells (Figs. 1-3A, B). The germ cells here are oogonia and early
meiotic (till diplotene) cells. The rest of the ovary has a more loose structure; the cells are not tightly
packed, forming strings of growing oocytes enveloped and interconnected by thin somatic cells (the
so-called egg strings) (Figs. 1, 2, 3C, D, 4). This is the distal part of the ovary, i.e., zone II. Thus, the
developmental gradient of the germ cells can be observed. Oogonia and early meiotic cells occur in
zone I, whereas growing oocytes enveloped by somatic cells form numerous short and separated egg
strings, which radiate toward the segmental cavity (Fig. 1, Fig. 2, Fig. 3, Fig. 4).
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Fig. 1. Gross morphology of ovaries. A) A general view of Metaphire houlleti ovary surface. Growing
oocytes in the distal ovary part (zone II) are visible — arrows. Stereomicroscope. B) Ovary of Amynthas
hupeiensis visualized by stereomicroscope, growing oocytes are marked by arrows. C-D) Portions of A.
hupeiensis ovaries visualized by Nomarski interference contrast. Germline and somatic cells are
tightly packed and hardly visible in the proximal part of the ovary (zone I). Growing oocytes are well-
visible (long arrows), and, together with follicular cells (arrowheads), form egg strings (es) in zone II.
Within vitellogenic oocytes, nuclei with nucleoli are visible (short arrows). Scale bars = 150pum.
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Fig. 2. General histological organization of ovaries. A) Metaphire hilgendorfii; B) Metaphire houlleti; C)
Amynthas divergens. A-B) cross sections, C) oblique section. Zone I contains tightly packed germ and
somatic cells; in zone II, vitellogenic oocytes (vo) are ensheathed by somatic cells (arrowheads) and
form egg strings (es) which radiate towards the segmental cavity. Ovaries are connected to the

septum (sp) via stands of connective tissue (asterisk) and muscles (ms); note blood vessels entering



the ovary (bv). Note that ovaries of A. divergens are covered by ovarian envelope (double arrows).
Epon semi-thin sections stained with methylene blue, light microscopy (LM). Scale bars = 150pm.
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Fig. 3. A-B) Zone | in Amynthas vittaus (A) and Metaphire hilgendorfi (B). C-D) End of the zone I and the
beginning of zone Il in Amynthas divergens (C) and Metaphire houlleti (D). Arrows point to dividing
oogonia, short arrows - follicular cells, avo - advanced vitellogenic oocytes, bu — meiotic germ cells in
a bouquet stage, evo - early vitellogenic oocytes, nu - oocyte nuclei with nucleolus, og — oogonia, sp -
septum, st — strands of somatic tissue entering ovary. Degenerating cells are encircled. Epon semi-
thin sections stained with methylene blue, LM. Scale bars = 20pum.
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Fig. 4. A) The base of egg string in Metaphire houlleti. Egg strings in M. houlleti (B), Amynthas divergens
(C) and Metaphire hilgendorfi (D). Inset in B) higher magnification of oocyte arrested in metaphase I.
A-D) Epon semi-thin sections stained with methylene blue. E-G) Histochemistry of late vitellogenic
oocytes in M. houlleti. E) Methylene blue-azure II solution and basic fuchsin staining, pink signals
come from polysaccharides, blue from proteins. F) Bromophenol blue staining, blue signals come
from proteins. G) Sudan Black B staining, gray signals come from lipid droplets. Double arrows point
to ovary envelope in A. divergens, circles - degenerating germ cells, avo — advanced vitellogenic



oocytes, ao — arrested oocyte in metaphase I, bu - meiotic germ cells in a bouquet stage, dgc -
diplotene germ cells, es — egg strings, fc — follicular cells, gl - glycogen accumulations, lvo - late
vitellogenic oocytes, mp - metaphase plate, nu - oocyte nuclei with nucleoli (no), og - oogonia. Scale
bars = 20pum.

Below is a detailed description of germline cells in the successive ovarian zones. The somatic
components are described separately.

3.3.Zone | - oogonia and early (leptotene-pachytene) germ cells

Oogonia occur close to the connection of the ovary to the septum (Figs. 2-3A, B). They are easily
recognizable due to relatively large nuclei with lucent nucleoplasm and dense chromatin patches
attached to the nuclear envelope (Fig. 3A, B; 5A, B). Oogonia (and early meiotic germ cells - see
below) stay interconnected and form syncytial cysts (Fig. 5A-C). The general pattern of cyst
organization found in the studied species is the same as in other clitellate annelids (Swiatek and
Urbisz, 2019). Namely, each oogonium (and early meiotic germ cell) has one intercellular bridge (ring
canal) connecting it to the central and anuclear cytoplasmic mass (Fig. 5A-C). This central cytoplasm,
known as the cytophore, has a form of thin and reticular cytoplasmic strands stretched between
interconnected cells (Fig. 5A-C). The membranes of ring canals and the cytophore are lined by a thick,
electron-dense fibrous material (Fig. 5A-C). This electron-dense material is not continuous; in places
where the material is absent, the cytophore cytoplasm forms thin lateral processes (Fig. 5C). The
cytoplasm filling ring canals and the cytophore are slightly more electron-lucent than the cytoplasm
of oogonia itself; it lacks membranous cell organelles (Fig. 5A-C). Such a cytophore could be
considered an initial cytophore because its ultrastructure changes when germ cells enter meiosis (see
below). Oogonia, besides having relatively large nuclei, also have accumulations of mitochondria,
cisternae of ER, prominent Golgi complexes with electron-dense material filling their trans faces,
which suggests their high activity (Fig. 5A-C), some reserve material (glycogen and lipid droplets -
not shown), and accumulations of electron-dense membrane-unbound material, known as nuage
material (Fig. 5A). In A. vittatus, M. hilgendorfi and M. houlleti, the mitotic divisions of oogonia were
observed (Fig. 3A-B, D). Dividing oogonia could be observed in different locations in zone I, and at
least two to three cells divide in synchrony (Fig. 3A-B, D). The number of interconnected oogonia per
cyst and the number of oogonial cysts occurring in zone I are unknown. The main obstacle was no
clear boundaries between the individual cysts. Oogonia are tightly packed and associated with
somatic cells, forming a solid mass of cells (Fig. 2, Fig. 3). Thus, no clear borders between cysts were
found, even when analyzing serial semi-thin sections. At the ultrastructural level, maximally, four
oogonia connected to the cytophore were found on a section (Fig. 5B). It seems that techniques that
allow making three-dimensional reconstructions of tissue ultrastructure, such as, e.g., serial block-
face scanning electron microscopy (Denk and Horstmann, 2004, Smith and Starborg, 2019), could
answer the question of how many cells are interconnected.
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Fig. 5. Ultrastructural details of germline cyst organization in zone I. A-C) Cysts uniting oogonia in
Amynthas vittatus (A) and Metaphire hilgendorfi (B-C). D-G) Cysts uniting zygotene/pachytene cells in a
bouquet stage in A. vittatus (D-E) and M. hilgendorfi (F-G). Arrowheads - electron-dense rim, ellipse -
ring canal, agc - apoptotic germ cell, bu - chromosomes organized in a bouquet, cs - crystals, cp -
cytoplasmic processes of the cytophore not lined by dense rim, cy - cytophore, d - electron-dense
accumulations of unknown character; g — Golgi complex, er — smooth endoplasmic reticulum, fc -
somatic cells, if - bunches of cytoskeletal elements interpreted as intermediate filaments; m -
mitochondria, n - nuage material, nu - nucleus. Transmission electron microscopy (TEM). Scale bars =

3pm.

Early meiotic germ cells are located more peripherally to oogonia (Fig. 3). They do not form such a
compact mass of cells like oogonia (Fig. 3). The interconnected early meiotic germline cells show



developmental synchrony, i.e., all cells in a given cyst are in the same phase of meiosis (Fig. 3, Fig. 5).
The nuclei of these cells contain condensing chromosomes (in leptotene) and condensed
chromosomes forming a characteristic aggregation on one pole of the nucleus, the so-called bouquet
stage (in zygotene/early pachytene) (Figs. 3, 4A-B, 5D-G). Similarly to oogonia, these early meiotic
germ cells have prominent accumulations of mitochondria, short cisternae of ER, well-developed
Golgi complexes, and some reserved material in the form of lipid droplets (Fig. 5D-G). Early meiotic
cells are still interconnected via ring canals and the cytophore and form cysts (Fig. 5D, F-G). Ring
canals and the cytophore cell membrane are still lined by the electron-dense material (Fig. 5D, F-G).
As with oogonial cysts, the cytophore has a reticular character. In foci with no dense material, the
cytophore cytoplasm forms lateral processes (Fig. 5C, G). The cytophore is filled with a well-
developed net of smooth ER (Fig. 5F-G); other cell components are rare, e.g., some electron-dense
accumulations of unknown character and mitochondria (Fig. 5G). This smooth ER network seems
limited to the cytophore; it was not observed within the cell cytoplasm (Fig. 5C, D, F). As in the case of
oogonial cysts, the boundaries between cysts are not evident, and the number of interconnected cells
is not known. Some early meiotic germline cells undergo apoptosis (Fig. 5E).

3.4. Zone Il - diplotene germ cells and growing oocytes — egg strings

As meiosis progresses, germ cells (interconnected into cysts) are moved to the more distal portions of
the ovary (zone II) (Figs. 1-2, 3C-D, 4A-D). Together with somatic cells, they form separated ovarian
subunits termed egg strings (Figs. 1-2, 4B, D). Oocytes in a growth phase, gradually accumulating cell
components, including reserve material, are the main component of egg strings (Figs. 1-2, 4B, D).
However, in the base of egg strings, in direct contact with zone I, there are early diplotene germ cells
(Figs. 4A, 6A). They are still interconnected by intercellular bridges and the cytophore (not shown).
The chromatin in these cells is decondensed; in the cytoplasm, there are mitochondria, short
cisternae of ER, Golgi complexes, and lipid droplets (Fig. 6A). At this stage of meiosis, the synchronous
development of interconnected cells is lost. Some diplotene germ cells develop microvilli, accumulate
more cytoplasm with organelles and reserve materials than others, and become oocytes (Figs. 3C-D,
4, 6B-C, 7). The second subpopulation of germ cells does not grow significantly; they are regarded as
nurse cells. The organization of chromatin in nurse cells resembles interphase; they do not form
microvilli and accumulate much fewer reserves than oocytes (Figs. 4C, 6D-E).
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Fig. 6. Ultrastructural details of the base of egg strings — diplotene cells, vitellogenic oocytes, and
nurse cells. A) Two diplotene cells in Metaphire houlleti. B-C) Early vitellogenic oocytes in Amynthas
vittatus (B) and Amynthas divergens (C). D-E) Nurse cells in A. vittatus (D) and A. divergens (E). F)
Apoptotic nurse cell (anc) close to the advanced vitellogenic oocyte (avo) in A. divergens. Cytoplasmic
processes of the cytophore not lined by dense rim - cp, arrowheads mark electron-dense rims of ring
canals, ellipses - ring canals; cy - cytophore, dgc - diplotene germ cells, er — endoplasmic reticulum,
evo - early vitellogenic oocyte, fc - follilular cell, g - Golgi complex, if — bunches of cytoskeletal
elements interpreted as intermediate filaments, Id - lipid droplets, m - mitochondria, mi - microvilli,
n - nuage material, nc - nurse cells, no - nucleolus, nu - nucleus, y - yolk. TEM. Scale bars = 3um.
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Fig. 7. Ultrastructure of late vitellogenic oocytes. A) Amynthas vittatus, B) Metaphire hilgendorfii, C-D)
Amynthas divergens. bv - blood vessel, er — endoplasmic reticulum, fc - follicular cell, g — Golgi
complex, gl — glycogen accumulation, Id - lipid droplet, m - mitochondria, mi — microvilli, no -
nucleolus, nu - nucleus, y - yolk. TEM. Scale bars = 3pum.

When becoming morphologically distinguishable from nurse cells, oocytes already contain some
reserve materials such as lipids and small accumulations of electron-dense spheres (Fig. 6B-C). Thus,
the previtellogenic phase of oogenesis is short and occurs before oocytes and nurse cells become
distinguishable. Growing oocytes (vitellogenic phase of oogenesis) have large nuclei with patches of



condensed chromatin, lucent nucleoplasm, and prominent nucleoli (Figs. 2, 3C-D, 4A-F, 6B-C, 7A). For
description convenience, we distinguished early, advanced, and late vitellogenic oocytes depending
on their volume and amount of accumulated reserve material (Figs. 3C-D, 4, 6B-C, 7, 8). Besides
massive accumulations of mitochondria and long cisternae of ER, active Golgi complexes oocytes
gather reserve material in the form of vast accumulations of glycogen, numerous electron-dense
spheres of yolk, and lipid droplets (Figs. 3C-D, 4C-D, 7). Bromophenol blue staining confirmed that
dense yolk spheres contain proteins (Fig. 4F). Sudan Black B staining confirmed the presence of lipids
(Fig. 4G), methylene blue-azure II solution and basic fuchsin staining revealed both polysaccharides
and proteins (Fig. 4E). The oocyte surface, i.e., oolemma with microvilli, seems not to be covered by a
vitelline envelope (Fig. 7). The ring canals connecting the oocytes to the cytophore have never been
observed; most probably, oocytes are no longer connected with the rest of the cyst. However, three-
dimensional reconstructions should be done to determine if and when oocytes lose connection to the
cytophore. Fully grown oocytes are located at the terminal position in the string (Figs. 1C-D, 2, 4B-D).
They contain vast glycogen accumulations, usually washed out during material processing (Fig. 4B, E-
F). These oocytes are arrested in the metaphase of the first meiotic division, as was observed in the
case of M. houlleti (Fig. 4B). The following stages of oogenesis, after detaching of oocytes from the
ovary, have not been observed.
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Fig. 8. Ultrastructural details of somatic components. A) A fragments of ovary connection to the
septum in Metaphire hilgendorfii. B) Ovary envelope in Amynthas divergens. C) Follicular cells and
extracellular matrix close to oogonia in A. divergens. Hemidesmosome-like cell junctions are
encircled. D) Follicular cells enveloping late vitellogenic oocytes in A. divergens. E) Crystal-like
inclusions in somatic cells in Metaphire agrestis. bv - blood vessel, cs - crystal-like inclusions, ep -
epithelial cells, ex — extracellular matrix, fc — follicular cells, if - bunches of cytoskeletal elements
interpreted as intermediate filaments, lvo - late vitellogenic oocytes, m - mitochondria, mi -
microvilli, no - nucleolus, nu - nucleus, oe — ovary envelope, og - oogonia, ov — ovary, sp — septum, y
- yolk. TEM. Scale bars = 3um.



Nurse cells contain large nuclei with patches of dense chromatin and nucleolus (Figs. 4C, 6D-E). Their
cytoplasm is enriched in accumulations of mitochondria, cisternae of rough ER, Golgi complexes,
nuage accumulations, and a small amount of reserve material in the form of lipid droplets and
spheres of proteinaceous yolk (Fig. 6D-E). Nurse cells are still interconnected by ring canals and the
cytophore (Fig. 6D-E). Cytophores are poorly developed; they have a form of thin cytoplasmic strands
with lateral projections (Fig. 6E). Within the cytophore, dense spheres and some organelles, such as
mitochondria, can be observed (Fig. 6E). It seems that nurse cells accompany the growing oocytes for
a short time. Analysis of serial semi-thin sections revealed that vitellogenic oocytes are enveloped
only by follicular cells (see below), and no accompanying nurse cells were observed within the egg
strings. Nurse cells are most probably eliminated when oocytes start the growth phase. The
histological and ultrastructural observations suggest that, at least, some nurse cells undergo apoptosis
(Figs. 3D, 4A, D, 6F). The scheme showing ovary and germline cyst organization is presented in Fig. 9.
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Fig. 9. A scheme presenting the general organization of “Amynthas” ovaries (panel A) and the details
of germline cysts organization (panels B-D). Germ cells in successive stages are not in a scale. A)
Ovary is attached to the septum. Small blood vessels enter the ovary. The most proximal part of the
ovary (zone I) is solid and tightly packed with the mass of germline cells associated with somatic cells



(details of somatic cells are omitted for clarity). The rest of the ovary (zone II) has a more loose
structure, forming strings of growing oocytes (egg strings) enveloped by thin somatic cells. Germ cells
in zone I are interconnected and form small syncytial cysts (not depicted in this panel). Germline
cysts have never been observed in zone II. B-D) Details of cysts organization. Each cell is
interconnected via a thin ring canal to the central cytoplasmic mass, a cytophore. The cytophore has a
form of thin and anatomizing cytoplasmic strands stretched between interconnected cells. Ring
canals are lined by electron-dense fibrous material (electron-dense rim). In places where the dense
material is absent, the cytophore cytoplasm forms thin cytoplasmic processes. The exact number of
interconnected cells is not known, however, ultrastructural observations suggest that six to eight cells
could be connected. B) Cyst with oogonia; C) Cyst with early meiotic germ cells in a bouquet stage; D)
Cyst with interconnected nurse cells. Most probably, vitellogenic oocyte is no longer connected to the
cyst.

3.5. Somatic components

No specific, morphologically distinguishable somatic ligament connects ovaries with the septum.
Ovaries are tightly interconnected to the septum via a relatively broad connection composed of
coelomic epithelium, muscle cells, connective tissue, and blood vessels (Figs. 2A, C, 8A). Muscle cells
do not enter into ovaries; they are present only in the connection area (Fig. 2A). Connective tissue has
well developed extracellular matrix to which somatic cells are attached via connections resembling
hemidesmosomes (Fig. 8A). In five of the six studied species, the coelomic epithelium lining the
septum does not extend onto the whole ovary, and there is no outer ovary envelope (Figs. 1, 2A-B). In
contrast, in A. divergens, the ovary envelope is present (Figs. 2C, 4C, 8B). It comprises two layers of
epithelial cells interconnected by an extracellular matrix (Fig. 8B). In all species studied, thin strands
of somatic tissue may enter deeply into the ovarian zone I (Fig. 3B). Ultrastructural analysis suggests
that thin strands of extracellular matrix occur between germ cells (oogonia), as was shown in the
case of A. divergens (Fig. 8C).

All categories of germ cells are in direct contact with the somatic cells, regarded as follicular cells.
Follicular cells usually tightly adhere to germ cells, as seen in the case of oogonia (Figs. 3A, B, C, 5A) or
cysts with early meiotic germ cells (Figs. 3, 4A, 5F). Oocytes are also enveloped by elongated follicular
cells, and these two cell categories form egg strings (Figs. 1C-D, 2A, 4A-E, 7B, 8D). Follicular cells are
in direct contact with the oocyte microvilli (Figs. 7B, 8B, D), encompass oocytes, and separate one
from another (Figs. 1C-D, 4B, D, 8D). Nurse cells are also enveloped by follicular cells (Figs. 4C, 6E).
Follicular cells usually have elongated nuclei with dense patches of heterochromatin (Figs. 7B, 8B-D).
Their cytoplasm contains mitochondria, short ER cisternae, and electron-dense vesicles (Figs. 7B, 8B-
D). The cytoplasm of follicular cells is usually enriched in bunches of cytoskeletal elements
interpreted as intermediate filaments (Figs. 5A, F, 6F, 8D). It seems that enriched cytoskeleton is
characteristic of follicular cells directly enveloping germ cells, from oogonia till vitellogenic oocytes
(Figs. 5A, F, 6F, 8D) and intermediate filaments are anchored by desmosomes and hemidesmosomes
(Fig. 8A).



Coelomocytes were not observed inside the ovaries. In M. agrestis and M. hilgendorfi, some follicular
cells are packed with crystal-like elements of medium electron density (Figs. 5F, 8E). Blood vessels are
present both within the ovary connection area and within the ovaries (Figs. 2A, 7C, 8B, E).

4. Discussion

4.1. Ovaries of studied megascolecids are composed of germline cysts, growing oocytes,
and somatic components

Oogenesis is a complex process with two main stages: the proliferative stage, when oogonia divide
mitotically, and the growth phase, when oocytes pass meiosis and grow due to gathering cell
components and nutrients necessary for proper embryo development (Gilbert and Barresi, 2016). A
growing body of evidence suggests that the conservative aspect of the late proliferative stage and
early meiosis is the formation of syncytial germline cysts, also known as clusters, nests, or clones
(Chaigne and Brunet, 2022, Gerhold et al., 2022, Matova and Cooley, 2001, Pepling et al., 1999).
Mitotic divisions of the last oogonia generations are incomplete, i.e., the contractile rings are not
completely closed (there is no abscission) but stabilized by numerous proteins. As a result, the sister
cells are interconnected via relatively broad (up to 10pm in diameter) and stable cytoplasmic
channels known as intercellular bridges, cytoplasmic bridges, or ring canals (Chaigne and Brunet,
2022, Greenbaum et al., 2011, Haglund et al., 2011, Pepling et al., 1999). Ring canals allow exchanging
of cytoplasm with macromolecules (e.g., RNPs, proteins) and organelles between interconnected cells.
Such exchange seems crucial for some molecular mechanisms of oogenesis, e.g., oocyte specification
(Nashchekin et al., 2021). Female germline cysts are usually polarized, i.e., two cell categories emerge.
The first is oocyte or oocytes, which continue meiosis, gather nutrients, and finally become egg cells.
The second is accessory cells (nurse cells, trophocytes) which do not continue meiosis, sometimes
become polyploid and produce and transfer macromolecules and organelles toward oocytes and
eventually die (Lebo and McCall, 2021, Niu and Spradling, 2022, Spradling et al., 2022). This
'nourishing mechanism' is one of the most well-known functional aspects of cyst functioning
(Chaigne and Brunet, 2022, Gerhold et al., 2022, Lu et al., 2017, Spradling et al., 2022). Although
female cysts are present in numerous animal phyla (Chaigne and Brunet, 2022), our knowledge about
the formation and functioning of female germline cysts comes mainly from model species such as
Drosophila melanogaster, Caenorhabditis elegans and Mus musculus (Niu and Spradling, 2022).

We found germline cysts in ovaries of all species studied at the ultrastructural level. Oogonia and
germ cells in early meiosis (till early diplotene) are interconnected via ring canals and the reticular
cytophore. All interconnected cells are in the same cell cycle phase; thus, clustering cells develop
synchronously. Then, the synchrony is lost - some cells (prospective egg cells) detach from the cyst,
continue meiosis and start to grow. The remaining cells (nurse cells) do not grow markedly and do
not continue meiosis; however, they are still interconnected via ring canals and the reticular
cytophore. Despite intensive analysis of serial semi-thin and ultra-thin sections, we could not find the
ring canals connecting growing oocytes with its group of cells. Most probably, just after the oocyte
starts the growth phase, the ring canal is closed, and the cell is no longer connected to the cyst.



During this time, oocytes and somatic cells form egg strings, whereas nurse cells die via apoptosis.
Generally, the functioning and final fate of nurse cells in clitellate germline cysts are poorly known
(for more details, see, e.g., the paper discussing the fate of nurse cells in Enchytaeus albidus - Urbisz et
al., 2017). In the case of earthworms, it seems that nurse cells function for a short time as cysts
without connection to the growing oocytes and are finally eliminated by apoptosis (this study,
Swiatek et al., 2023). This phenomenon could be connected with the poorly developed reticular
cytophore and the tendency for relatively quick detachment of oocytes from cysts. It implies that the
exchange between nurse cells, cytophore, and oocyte is structurally- and time-limited (see Section
4.3). More intense and detailed analyses of cyst organization and functioning in earthworms are
planned in selected representatives of lumbricids (Swiatek et al., 2023).

Recent, intensive microscopic analysis of numerous clitellates such as leeches and micordriles
(Gorgon and Swiatek, 2021, Swigtek and Urbisz, 2019) and some older ultrastructural data devoted to
earthworms (Chapron and Relexans, 1971b, Siekierska, 2003) clearly show that the formation of
female germline cysts does occur and is widespread across Clitellata. What is more, in all clitellates
studied to date, the organization of the cysts is the same: each cell has one ring canal connecting it to
the central cytoplasmic core (cytophore) (Swiatek et al., 2009, Swiatek and Urbisz, 2019). Thus, there
is a strong evolutionary tendency to retain such cyst organization across Clitellata. It is worth
mentioning that cysts equipped with the cytophore are also a conservative evolutionary aspect of
spermatogenesis in Clitellata and all Annelida (Jamieson, 2006, Jamieson, 1981, Olive, 1983, Rouse,
2006). On the other hand, female cysts with central cytoplasmatic cores are not widespread in
Metazoa. Apart from clitellates, such cysts are known from some echiurans (Leutert, 1974), mites
(Liana and Witalinski, 2012), and certain nematodes, including C. elegans (Seidel et al., 2018).

It could be concluded that the presence of germline cysts enveloped by somatic cells within the
ovaries of the studied megascolecids reflects the conservative evolutionary aspect of animal
gametogenesis (Chaigne and Brunet, 2022, Pepling et al., 1999). Specifically, the general pattern of
cyst organization found in the studied Amynthas and Metaphire species is the same as in other
clitellates studied to date (Swiatek and Urbisz, 2019).

4.2. Megascolecids have Amynthas type of ovaries

The pattern of ovary organization in the studied megascolecids is the same as in other Clitellata -
ovaries are composed of germline cysts equipped with the cytophore and enveloped by somatic cells.
However, the ovaries of, e.g., leeches, microdriles, and earthworms are different. Why is this so? There
are three possible main reasons: 1) the germline cysts equipped with the cytophore are evolutionary
flexible and may differ markedly between taxa, e.g., in the number of interconnected cells or
cytophore shape and dimensions (see below); 2) the growing oocytes could be retained within the
ovary till the completion of yolk absorption or could be released from the ovary early (before
vitellogenesis) and complete oogenesis in the segmental cavity (intraovarian versus extraovarian
oogenesis sensu Eckelbarger, 1983) or 3) the somatic components may differ markedly, e.g., in leeches
a massive somatic sheath (ovisac) tightly envelops ovarian cords (for details see Gorgon and Swiatek,



2021), whereas, in microdriles and megadriles, ovaries are loosely suspended in the coelom (Swiatek
and Urbisz, 2019).

Earthworm ovaries differ in general morphology between taxa. These differences have been recorded
from the beginning of studies devoted to the anatomy and histology of earthworms (Beddard, 1895,
Stephenson, 1930). Gates (1976) proposed a simple classification of earthworm ovaries based on the
overall shape and the presence or absence of egg strings. Ovaries without egg strings are
characteristic of Criodrilus lacuum and Moniligastridae (Gates, 1976). If egg strings occur, the ovaries
could be fan- to rosette-shaped with several or numerous egg strings. Such ovaries are typical for
Acanthodrilidae, Megascolecidae, Benhamiidae, and Ocnerodrilidae. In Lumbricoidea, ovaries are
discoidal or rectangular to triangular with one egg string only (Gates, 1976). Such classification based
only on the general characters does not reflect the diversity and complexity of ovary organization.
During our systematic studies of ovaries in clitellate annelids, we proposed the classification based on
the above-discussed characters, which, in our opinion, better reflect the state of matter. To date, we
have described several types of ovaries in leeches and microdriles, giving them names of the best-
studied genera, e.g., ovary types "Glossiphonia", "Piscicola" or "Hirudo" in leeches (Gorgon and
Swiatek, 2021), "Tubifex" or "Enchytraeus" ovaries in microdriles (Swiatek and Urbisz, 2019). To
follow this idea, we propose to term the ovaries found in the studied megascolecids as the ovaries of
the "Amynthas" type. The main characters of "Amynthas" ovaries (Fig. 9) are:

1) a fan- to rosette-shape with numerous egg strings arranged radially around the site of ovary
connection to the septum;

2) regarding the internal organization, two zones can be distinguished - in zone I (close to the
septum), germline cells are interconnected via ring canals and form tightly packed and synchronously
developing cysts; in zone II (distal part), synchrony is lost, oocytes detach from cysts, grow and form
numerous rows of cells (egg strings);

3) germline cysts are equipped with poorly developed reticular cytophore, and growing oocytes
quickly detach from cysts;

4) ovaries are directly connected to the septum; the ovary envelope is usually absent, and germline
cysts and growing oocytes are enveloped by thin somatic cells.

We studied the micromorphology of ovaries in six Amynthas and Metaphire species. On the other
hand, Megascolecidae is the most speciose family of earthworms (Edwards and Arancon, 2022a,
Jamieson et al., 2002). Are "Amynthas" ovaries typical for all Megascolecidae? Considering the
evolutionary conservatism of ovary organization in other Clitellata and the observations of ovaries
with numerous egg strings in other Megascolecidae (Gates, 1976, Sims, 1980), we suppose this type of
ovaries should be typical for all megascolecids. Moreover, we expect the same organization of ovaries
in families closely related to Megascolecidae such as Acanthodrilidae, Benhamiidae, or
Ocnerodrilidae. Of course, this idea should be proven by detailed microscopical analysis. To date, such
analyses are lacking; usually, only the localization of ovaries and gross morphology is given.



Histological studies are scarce; the case of Eudichogaster kinneari (Acanthodrilidae) (Lakhani, 2014) is
one of the exceptions. These analyses showed that ovaries of E. kinneari have overall morphology
similar to "Amynthas"; i.e., there are many egg strings. However, these studies are based on light
microscopy only, and there is no information about, e.g., the occurrence of germline cysts.

Generally, we expect that in earthworms (regarded as Crassiclitellata + Moniligastridae =
Metagynophora) several types of ovaries occur. As mentioned, "Amynthas" ovaries should be
characteristic of Megascolecidae and closely related families. "Dendrobaena” ovaries are typical of
Lumbricidae, Hormogastridae, and supposedly for other closely related families (Siekierska, 2003,
Swigatek et al., 2023). "Dendrobaena” ovaries were classically described as ovaries with one egg string,
and apart from this difference, they have a very similar internal organization to the "Amynthas" type.
In both cases, germline cysts equipped with the reticular cytophore are present, and oocytes quickly
detach from cysts (Swiatek et al., 2023; this study). Based on general morphological descriptions
(Gates, 1976, Sims, 1980), other types of ovaries should be found in, e.g., Glossoscolecidae and
Criodrilidae. Ovaries of Eudrilidae most probably also belong to the other type. They could be tiny
structures, freely suspended in the coelom and connected via thin oviducts with ovisacs, or ovaries
could be wholly enclosed in a celomic sac system (Jamieson, 1967). Such an organization warrants
investigation and the ultrastructural analysis of eudrilids ovaries is carried out in our laboratory.

4.3, Selected aspects of ovary organization and oogenesis

Some aspects of ovary organization and oogenesis found in studied megascolecids need additional
comments. Generally, the gross morphology and histological organization of ovaries in all studied
species are similar. However, some differences have been observed. One is the presence of the ovary
envelope directly covering ovaries in A. divergens. In contrast, in the remaining species, the ovaries are
not enveloped and are suspended freely in the segmental cavity. Surprisingly, such a significant
difference is present in closely related species. At the moment, there is no clear explanation for this
phenomenon. Generally, ovaries of earthworms are not enveloped by a common somatic sheath, and
oocytes are ovulated from them to the segmental cavity and gathered in the ovisac, the extended
fragment of the septum between XIII and XIV segments (Edwards and Arancon, 2022b). It is unclear if
in A. divergens ovulated oocytes are gathered within the ovary envelope or, as in other earthwormes,
are released from ovaries towards the ovisac. This problem needs further studies involving more
megascolecid species and a more detailed analysis of A. divergens.

The other details of ovary micromorphology and oogenesis in the studied species are the same, and
no apparent differences have been found. It is not surprising that oogenesis is a rather conserved
process. An analysis of other clitellates showed that ovary organization and the mode of oogenesis are
conserved, at least at the family level (Swiatek and Urbisz, 2019). There are also no detectable
differences between sexually (amphimictic) reproducing and parthenogenetic specimens. This is an
expected result; in both modes of reproduction, oocytes must be produced, and parthenogenesis
affects male reproductive organs (Edwards and Arancon, 2022c).



Cytological aspects of oogenesis found in studied genera are similar to other earthworms studied to
date (mainly Lumbriculidae and Hormogastridae - "Dendrobaena” ovaries (Lechenault, 1968,
Siekierska, 2003, Swiatek et al., 2023). As was discussed, germline cysts are formed. The delicate and
reticular cytophore and a small number of interconnected cells characterize both "Amynthas" and
"Dendrobaena” ovaries. In other Clitellata, e.g., microdriles, cytophores are usually well-developed,
large structures which gather a mass of cytoplasm rich in organelles as was described in "Tubifex"
ovaries (Urbisz et al., 2021, Urbisz et al., 2015). Poorly developed reticular cytophore characteristic for
"Amynthas" and "Dendrobaena” ovaries seems to have a limited contribution to exchanging cell
components between sister cells. However, it cannot be excluded that some macromolecules are
exchanged between clustering cells before the oocyte detaches. Molecular analyses like those
performed on the model species, such as the fruit fly and mouse (Milas and Telley, 2022, Niu and
Spradling, 2022, Spradling et al., 2022) could resolve this problem. The number of clustering cells in
the "Amynthas" and "Dendrobaena" ovaries is low. In Carpetania matritensis (Hormogstridae), which
has "Dendrobaena" ovaries (Swiatek et al., 2023), eight cells (one oocyte and seven nurse cells)
compose one cyst. In studied megascolecids, we could not count interconnected cells due to tightly
packed cell mass in zone I and no clear borders between cysts. However, no more than four
interconnected cells were present in a single section, suggesting a low number of interconnected
cells. Thus, it seems that the reticular cytophore and cyst composed of a few cells are characteristic of
"Amynthas" and "Dendrobaena” ovaries. It could be expected that similar features will be found in
other earthworms. To prove these predictions, ultrastructural analyses of ovaries in other families are
needed because the germline cysts are not detectable at the light microscopy level.

Like other earthworms, the studied megascolecids produce many eggs filled with a relatively small
amount of yolk. Fully grown oocytes are characterized by vast accumulations of glycogen, whereas
proteinaceous yolk is not abundant. The vitelline envelope in the studied species is absent or so
poorly developed and transparent that it was not recognized at the ultrastructural level. In recently
studied hormogastrids such as e.g., C. matritensis, the vitelline envelope is a thin layer of fibrous
electron-lucent material deposited between microvilli (Swiatek et al., 2023). Small amounts of
proteinaceous yolk and poorly developed egg envelopes are connected with cocoon production,
which ensures supplying developing embryos with proteins and their shelter.
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