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Abstract

The ultrastructure of the ovary during development and yolk production is poorly known in Brachyura and Majoidea
in particular. Here, we describe the histology, histochemistry and ultrastructure of the adult ovarian cycle in four
Mithracidae species from three different genera: Mithrax hispidus, Mithrax tortugae, Mithraculus forceps and
Omalacantha bicornuta. All species showed a similar pattern of ovarian development and vitellogenesis. Macroscopi-
cally, we detected three stages of ovarian development: rudimentary (RUD), developing (DE) and mature (MAT);
however, in histological and ultrastructural analyses, we identified four stages of development. The oocytes of the
RUD stage, during endogenous vitellogenesis, have basophilic cytoplasm filled with dilated rough endoplasmic
reticulum. The reticulum lumen showed many granular to electron-dense materials among the different stages of
development. The Golgi complexes were only observed in the RUD stage and are responsible for releasing vesicles
that merge to the endogenous or immature yolk vesicles. At the early DE stage, the oolemma showed many coated
and endocytic vesicles at the cortex. The endocytic vesicles merge with the endogenous yolk to form the exogenous
or mature yolk vesicles, always surrounded by a membrane, characterizing exogenous vitellogenesis. The exog-
enous yolk vesicles comprise glycoproteins, showing only neutral polysaccharides. At the late DE stage, endocytosis
still occurs, but the amount of endogenous yolk decreases while the exogenous yolk increases. The late DE stage is
characterized by the beginning of chorion production among the microvilli. The MAT stage is similar to the late DE,
but the endogenous yolk is restricted to a few cytoplasmic areas, the ooplasma is filled with exogenous yolk, and the
oolemma has very few coated vesicles. In the MAT stage, the chorion is fully formed and shows two electron-dense
layers. The ovarian development of the species studied has many similarities with the very little known Majoidea in
terms of the composition, arrangement and increment of the yolk vesicles during oocyte maturation. The main
differences are in the vitellogenesis process, where immature yolk formation occurs without the direct participation of
the mitochondria but with the participation of the rough endoplasmic reticulum in the endogenous phase.
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Background

Studies on reproductive cycles and ovarian development
can provide important information for the establishment
of guidelines applicable to the management of natural
stocks in decapod crustaceans [1]. Similarly, the structural
and functional comprehension of the reproductive system

*Correspondence: willsantana@gmail.com

! Universidade do Sagrado Coracao — USC, Pré-Reitoria de Pesquisa e Pés-
Graduagéo, Rua Irméa Arminda, 10-50, Jd. Brazil, Bauru, SP 17011-160, Brazil
Full list of author information is available at the end of the article

( ) BiolVled Central

and indicate if changes were made.

is fundamental to understanding the fertilization mecha-
nisms and behavioral and anatomical evolution of mating
in Brachyura [2, 3]. In females, the evaluation of physio-
logical maturity encompasses the study of these functional
and structural characteristics. Ovarian development until
ovulation is commonly assessed by macroscopic analyses
using the color and proportion of the gonads in the cepha-
lothorax for several brachyuran groups, including portu-
nids, aethrids and majoids [4—6]. Although macroscopic
analyses are common, detailed information about ovarian
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development ultrastructure are rare compared with the
great biodiversity of brachyurans [7].

Majoidea is the largest brachyuran superfamily, with
910 valid species distributed in six families [8]. It is
composed mostly of small and medium-sized crabs,
with several species subject to commercial exploitation
for both consumption (e.g., Maja brachydactyla Balss,
1922) and aquarium hobby (e.g., Mithraculus forceps A
Milne-Edwards,1875) [9-11]. Along the Brazilian coast,
Majoidea is represented by approximately 90 species dis-
tributed in 45 genera, including the Mithracidae studied
here: Mithrax hispidus (Herbst, 1790), Mithrax tortugae
(Rathbun, 1920), Mithraculus forceps and Omalacantha
bicornuta (Latreille, 1825), which can be easily found in
the intertidal and sublittoral zones [12].

Based on macroscopic and histological characteristics,
ovarian development in Majoidea can be divided into
four stages, two corresponding to the immature and two
to the mature phases [6, 13, 14]. These four stages are
characterized by the presence of lipid and neutral poly-
saccharides and the absence of acid polysaccharides in
all stages of the development [14]. However, similar to
most brachyuran crabs, detailed information about ovar-
ian development in Majoidea is scarce and restricted to
Chionoecetes opilio (Fabricius, 1788) and Hyas coarctatus
Leach, 1816 [14] and Maja squinado (Herbst, 1788) [13],
and the ultrastructure of ovary during development and
vitellogenesis was only studied in Libinia emarginatta
Leach, 1815 [15] and Ma. brachydactyla [16]. In both
species, the endogenous and exogenous vitellogenesis
depicts different patterns of yolk formation, making any
comparative analysis difficult. In addition, nothing is
known about the histology and ultrastructure of adult
ovarian cycle of any Mithracidae species until now.

Here, we describe the ovarian development and yolk
production for four species from three different genera of
Mithracidae to verify the possible differences in the yolk
formation and composition among the family.

Methods

Female crabs of Mithrax hispidus, M. tortugae, Mithra-
culus forceps and Omalacantha bicornuta were manually
collected in Ubatuba and Laje the Santos, Sdo Paulo state,
Brazil during SCUBA and free diving sessions. After
sampling, the crabs were kept alive in aerated containers
and were transported to the laboratory where the experi-
ments were performed. The specimens were identified
following the appropriate literature [12, 17, 18].

Females were discriminated according to the devel-
opmental stage (i.e., juvenile with a narrower abdomen
attached to the sterno-abdominal cavity or adult with
detached and rounded abdomen) and were anesthetized
by thermal shock of —20 °C for 15 min [19]. The dorsal
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carapace was removed using a Dremel® rotary tool, and the
ovarian maturation stages were classified macroscopically
according to the color, size and relative proportion of the
gonads to the hepatopancreas following the criteria used by
Costa and Negreiros-Fransozo [4] and Zara et al. [7].

For light microscopy, ovary samples of approximately
3 cm® from the anterior region of the cephalothorax
(right side) were fixed in 4% paraformaldehyde prepared
with water from the collection site and 0.2 M sodium
phosphate buffer (pH 7.2) for 24 h. After fixation, the
material was dehydrated in a progressive series of ethanol
(70-95%), embedded and included in methacrylate resin
(Historesin®—Leica) using routine procedures. Serial sec-
tions of 5-8 pm were obtained in a rotary microtome,
and the slides were stained with hematoxylin and eosin
for traditional histology description [20], avoiding xylene
and ethanol baths [21]. To demonstrate the presence of
proteins, we used mercuric-bromophenol blue [22, 23]
and xylidine ponceau [24]. For acid and neutral polysac-
charides, we used Alcian blue and Periodic Acid Schiff
(PAS), respectively [20].

For transmission electron microscopy (TEM), sam-
ples of 1-2 mm? of the different ovarian stages from the
anterior margin of the cephalothorax (left side) were
fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.2) for 4 h at 4 °C and were post-fixed in 1%
osmium tetroxide in the same buffer for 2 h. The samples
were “En Bloc” stained overnight with 1% aqueous uranyl
acetate, were subsequently dehydrated in an ascending
series of acetone (70-100%) and then were embedded in
Epon-Araldite resin. Thin and ultrathin sections were cut
using an ultramicrotome Leica UC7. The Ultrathin sec-
tions were collected using copper grids and stained with
2% uranyl acetate in water and 0.2% lead citrate in 0.1 M
NaOH. The grids were examined and photographed
using Jeol J1010 transmission electron microscopy with
an 80-Kv electron beam.

For oocyte measurement, we used the Leica IM50
software to measure the longest diameter of 30 whole
oocytes with visible nuclei and nucleoli in each stage of
development with a 10x objective. The normality of the
oocyte diameter was evaluated by the Shapiro-Wilk test,
and the average and standard deviation were compared
using the Dunn test (p < 0.05) when the Kruskal-Wallis
test indicated differences among the ovarian stages. For
Omalacantha bicornuta, we did not have a sufficient
number of oocytes at all developmental stages to include
the species in the statistical analyses.

Results

All species analyzed here show the same pattern of
ovarian development. Thus, according to the macro-
scopic characterization of the ovaries, three stages of
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development were established for these species: rudi-
mentary—RUD, developing—DE and mature—-MAT.

In the RUD stage, the ovary presented a central germi-
nal zone composed of oogonia and oocytes arranged at
the periphery. The whole ovary is surrounded by a thick
layer of dense connective tissue (Fig. la). The oogonia
have a high nuclear proportion relative to the size of the
cell, the nuclei have chromosomes in meiotic prophase
and the cytoplasm is basophilic and less intense than
the chromosomes (Fig. 1b). Follicular cells surround the
oocytes, which are flattened, with acidophilic cytoplasm
and elliptic nuclei constituting a simple squamous epi-
thelium (Fig. 1a, c). The oocytes have large nuclei with
diffuse chromatin, large nucleoli and basophilic cyto-
plasm (Fig. 1d, e). From the germinal zone to the periph-
ery, there is an increase in the size of the oocytes (Fig. 1f).
The rudimentary oocytes furthest from the germinal
zone have lucid vesicles and vesicles that contain aci-
dophilic material forming endogenous yolk (Fig. 1d-f).
The endogenous yolk comprises glycoproteins due to its
strong reactivity for proteins and neutral polysaccha-
rides (Fig. 1g, h) and the absence of acid polysaccharides
(Fig. 1i). The cytoplasm is also reactive for proteins and
neutral polysaccharides (Fig. 1g, h).

According to the ultrastructural analyses, the ovary is
surrounded by connective tissue composed of several
fibroblasts with elliptical nuclei and heterochromatin
accumulated next to the nuclear envelope preferably and
collagen fibers arranged irregularly between the fibro-
blasts in different directions (Fig. 2a, b). The oogonia
have numerous mitochondria and polyribosomes in the
cytoplasm. The nuclei are found in different stages of
meiosis, and in several of them, we can observe the pair-
ing of the chromosomes, as identified by the presence of
the synaptonemic complex (Fig. 2¢, d). The follicular cells
have electron-dense basal lamina and cytoplasm filled
with mitochondria, rough endoplasmic reticulum (RER)
and free polyribosomes. The nuclei are elliptical, contain-
ing several blocks of heterochromatin, which are com-
monly associated with the nuclear envelope. At this early
stage of ovarian development, the oocyte microvilli and
follicular cells are weakly developed (Fig. 2e).

The RUD oocytes closest to the germinal zones have
cytoplasm with many polyribosomes and mitochon-
dria. The perinuclear region shows many electron-dense
ribosome-like granules or nuage. The large nucleus shows
heterochromatin granules dispersed throughout the
nucleoplasm and a rounded nucleolus (Fig. 2f-h). The
most peripheral oocytes have a much dilated RER with
granular material of different electron densities in its
interior. Among the RER, we observed several mitochon-
dria (Fig. 2i). In the oocyte cortex, portions of the RER
are composed of the electron-dense spherical luminal
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and compact material characterizing the endogenous
yolk vesicles, which marks previtellogenesis or endog-
enous vitellogenesis (Fig. 2i-k). In the middle of the
highly dilated RER, many typical Golgi complexes can be
observed (Fig. 2j, 1). The Golgi complex clearly receives
materials from the endoplasmic reticulum through the
transitional element vesicles that are electron-lucid on
the cis face and release vesicles with finely electron-dense
material on the trans face, which are similar to the mate-
rial found in the dilated RER (Fig. 21).

Two cellular patterns related to the oocyte develop-
ment were identified during the DE stage. This stage was
divided in initial and final DE, the latter corresponding
to the intermediate stage (INT). However, this division
could not be observed macroscopically and the INT stage
was only used in histological and ultrastructural descrip-
tions. In the beginning of the DE stage, the oocyte cortex
shows no evidence of the chorion, and the oocytes are
completely surrounded by follicular cells maintaining the
same size from the previous stage (i.e., RUD) (Fig. 3a—c).
This stage is characterized by the presence of mature yolk
vesicles in the cytoplasm preferably distributed from the
oocyte cortex to the cell center. The nucleus is central
and has a smaller volume in relation to the cytoplasm.
The mature yolk vesicles are less common in the perinu-
clear space, and numerous cytoplasmic vesicles are found
in this region (Fig. 3a, b). The cytoplasm among the
yolk vesicles shows lucent vesicles unstained to all tech-
niques used (Fig. 3b, d—f). The cytoplasm is reactive for
neutral polysaccharides, indicating the presence of gly-
cogen (Fig. 3f). The yolk vesicles are glycoprotein struc-
tures with basic amino acids and neutral polysaccharides
intensely reactive to xylidine and PAS (Fig. 3d—f). The
most developed oocytes of the DE stage have the peri-
nuclear space filled with mature yolk vesicles, with easily
visualized rounded nuclei in the central region (Fig. 3g, i).
The oocyte cortex shows a thin chorion (Fig. 3h). The his-
tochemical composition of the mature yolk vesicles has
the same strong reactivity for proteins and neutral poly-
saccharides as the early DE stage (Fig. 3j, k). Such vesicles
do not present acid polysaccharides in its composition
(Fig. 31).

In TEM, the oocyte cortex of the DE early stages does
not have a chorion. In this phase, two types of cytoplas-
mic vesicles are visible: the first is smaller, with electron-
dense luminal material, which varies from granular to
fibrous aspects, called immature or endogenous yolk ves-
icles (Y1); the second type of vesicle is larger, and its con-
tent is electron-dense, called mature or exogenous yolk
vesicles (Y2) (Fig. 4a, b). Y1 can occur throughout the
cytoplasm but are particularly abundant in the perinu-
clear region. Among the vesicles, we can observe several
lipid droplets of different sizes (Fig. 4b) that are observed
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Fig. 1 Ovary at the RUD stage under light microscopy; a—f sections stained with hematoxylin and eosin (HE); g xylidine ponceau stain; h PAS stain;
i Alcian blue stain; a, b Mithrax tortugae (Rathbun, 1920). a Ovarian structure enveloped by a thick layer of connective tissue. Note the oocytes sur-
rounded by follicular cells (black arrow) arranged in the periphery with a central germinal zone; b oogonia with nucleus occupying a large part of
the cells and basophilic cytoplasm, nuclei with meiotic prophase (black arrow); € Mithraculus forceps A. Milne-Edwards, 1875, proliferation of oogonia
and presence of follicular cells around the oocytes; d, @ Omalacantha bicornuta (Latreille, 1825) and Mithraculus forceps, presence of lucid vesicles
(white arrows) and vesicles with acidophilic material (black arrow) in the cytoplasm of oocytes; f Mithrax hispidus (Herbst, 1790), increase in oocyte
size from the germinal zone (black arrow) towards the periphery (white arrow); g, h Mithrax tortugae andMithraculus forceps, cytoplasm and endog-
enous yolk vesicles with positive reactivity for proteins and neutral polysaccharides; i Mithrax hispidus, cytoplasm and endogenous yolk vesicles with
the absence of acid polysaccharides. Note the presence of endogenous yolk vesicles (white arrows) and lucid vesicles (black arrows) in the oocytes.
CT connective tissue, FC follicular cell, GZ germinal zone, N nucleus, NU nucleolus; OC oocyte, OO Oogonia
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Fig. 2 Transmission electron microscopy of the ovary at the RUD stage; a connective tissue showing several fibroblasts with elliptic nuclei and
heterochromatin accumulated to the nuclear envelope; b collagen fibers among fibroblasts (white arrow); € oogonia with mitochondria and polyri-
bosomes in the cytoplasm and nuclei at the different meiosis stages. Note the pairing of the chromosomes (white arrows); d synaptonemic complex
(white arrow); e follicular cell with elliptical nucleus, electron-dense basal lamina and cytoplasm filled by mitochondria. Oocyte and follicular cell
microvilli poorly developed (black arrow); f oocyte with large nucleus, with heterochromatin granules dispersed throughout the nucleoplasm (black
arrows) and rounded nucleolus; g cytoplasm with many polyribosomes and mitochondria. Note the electron-dense granules in the perinuclear
region (black arrow); h detail of the electron-dense granules or nuage; i-k cytoplasm with many mitochondria and dilated rough endoplasmic
reticulum, with the presence of granular material of different electron densities (black arrows); I The Golgi complex receives materials from transi-
tional vesicles that are electron-lucid on the cis face (white arrow) and releases vesicles with granular electron-dense material on the trans face (black
arrow). F fibroblast, FC follicular cell, G Golgi complex, L basal lamina, M mitochondria, N nucleus, NU nucleolus, RER rough endoplasmic reticulum
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Fig. 3 Ovarian histology at the DE stage; a—¢, g-i stained with hematoxylin and eosin; d xylidine ponceau stain; e, j mercuric-bromophenol blue
stain; f, k PAS stain; I Alcian blue stain; a Mithrax tortugae (Rathbun, 1920), oocyte with large central nucleus, surrounded by follicular cells showing
mature yolk vesicles arranged in the oocyte cortex. b Mithrax hispidus (Herbst, 1790). Note the cytoplasmic vesicles in the perinuclear region (white
arrow) and lucid vesicles between the yolk vesicles (black arrow); € Omalacantha bicornuta (Latreille, 1825), oocyte cortex without chorion (black
arrow), d—f Mithrax hispidus, Mithrax tortugae and Mithraculus forceps A. Milne-Edwards, 1875, cytoplasm and yolk vesicles with positive reactivity for
proteins and neutral polysaccharides; g Mithraculus forceps, more developed oocytes with perinuclear space filled by mature yolk vesicles; h Mithrax
hispidus, oocyte cortex with thin chorion (black arrow); i Omalacantha bicornuta, rounded central nucleus; j, k Mithrax tortugae and Mithraculus
forceps, cytoplasm and yolk vesicles with positive reactivity for proteins and neutral polysaccharides; I Mithrax hispidus, cytoplasm and yolk vesicles
with the absence of acid polysaccharides. C chorion, FC follicular cell, GZ germinal zone, N nucleus, Nu nucleolus, Y yolk vesicle

as lucid vesicles under the light microscope (Fig. 3b). At
this stage, Y1 appears to be in different compaction stages
of the luminal content (Fig. 4c), and the vesicles do not
have ribosomes attached to the membrane. Y1 receives
small endocytic vesicles that merge with its membrane
unit. Thus, the receipt of exogenous material from these
vesicles will form Y2 (Fig. 4c, d). Y1 can also merge with
each other, but we could not observe this type of fusion
with Y2 (Fig. 4e). Y1 and Y2 are always surrounded by a
single membrane unit (Fig. 4e, f). In the DE stage, we can
observe the appearance of microvilli in the more devel-
oped oocytes, where the deposition of the chorion occurs
(Fig. 4g). During this exogenous phase, the oolemma and
its oocyte cortex show several endocytic vesicles. The
newly formed endocytic vesicles are coated vesicles cov-
ered with a protein similar to clathrin (Fig. 4g, h).

In the MAT stage, the oocytes are the largest, with the
cytoplasm completely filled with Y2 (Fig. 5a—d). The fol-
licular cells maintain the form as simple squamous epi-
thelium with flat nuclei. The chorion is acidophilic and
a little thicker than that observed at the end of the DE
stage, juxtaposed with the follicular cells (Fig. 5e). The
chorion is extremely reactive to proteins and neutral pol-
ysaccharides (Fig. 5f-h), but in its glycoprotein constitu-
tion, there are no acid polysaccharides (Fig. 5i). Although
it has a very variable structure, Y2 is larger compared to
the previous stage, and when filling the cytoplasm, it is
difficult to visualize the irregular and elliptical nuclei,
which has a lower nucleus-cytoplasm volume in the
mature oocytes (Fig. 5a—d, f). Y2 maintains the same gly-
coprotein composition with the same reaction intensity
as observed in DE and remains negative for acid polysac-
charides (Fig. 5f—i). Among Y2, there is an accumulation
of intensely reactive PAS material, indicating the pres-
ence of glycogen (Fig. 5h). The ultrastructure of the MAT
oocytes showed chorion maturation during this phase,
modifying from a thick and irregular structure with the
presence of microvilli in its interior to a perfectly regular
structure with two layers of different electron densities
at the end of the process (Fig. 6a, b). In the oocytes with
irregular chorion, the endocytic vesicles are still observed
as covered vesicles, but in a smaller number than that

observed in previous stages (Fig. 6a, c). The follicular cells
preserved the same structural aspect from the RUD, with
the cytoplasm filled by RER and several mitochondria.
The single difference observed is that the basal lamina
of these cells is not as electron dense as that in the RUD
stage (Figs. 2e, 6b). The cytoplasm of the oocytes is filled
with Y2; however, among them, there are small areas with
Y1, lipid droplets and a glycogen (Fig. 6d, e). Both Y1 and
Y2 remain surrounded by a membrane unit (Fig. 6f).

The investment pattern in the oocyte growth var-
ied among the species studied. Mithraculus forceps
showed uniform growth between the stages with
83.96 + 26.65 pm in the RUD, 248.33 + 45.99 pum
in the DE and 440.22 £ 97.78 pum in the MAT stage.
Mithrax tortugae has the highest growth rate between
the DE and MAT stages, ranging from 295.90 £ 28.06 to
551.70 & 48.44 um. In M. hispidus, the highest investment
in oocyte growth occurs between the RUD and DE stages,
ranging from 159.28 + 23.52 to 426.79 + 54.56 ym and
stabilizing between the DE and MAT stages (Table 1).

In the statistical analyses, the mean diameter of oocytes of
M. tortugae and Mi. forceps showed a significant difference
between the stages (RUD, DE and MAT) (p < 0.05, Kruskal-
Wallis, Dunn method comparisons). In M. hispidus,
there was no significant difference between the DE and
MAT stages (Dunn = 1473, p < 0.05), indicating that, in
these species, the nutrient incorporation rate is low in
MAT, with the RUD and DE stages being the main yolk
absorption phases.

Discussion

Although the monophyletism of some Majoidea fami-
lies is still controversial [25-27], Mithracidae forms
a monophyletic well-supported group [28 and refer-
ences therein]. Because Mithracidae appears to be a
cohesive group and the ovary development of the spe-
cies studied here shows similar patterns in the macro-
scopic, histological, histochemical and ultrastructural
characteristics in all developmental stages, we consider
this pattern common to the family. A similar model of
ovarian development under light microscopy was also
observed in Chionoecetes opilio and Hyas coarctatus
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Fig. 4 Ovarian ultrastructure at the DE stage; a, b oocyte cortex without chorion (black arrow). Cytoplasm filled with immature and mature yolk
vesicles, with many lipid droplets; ¢ different compaction stages of the endogenous yolk vesicles (1, 2 and 3). Note the presence of endocytic
vesicles in the oocyte cortex (white arrow); d endogenous yolk vesicles received small endocytic vesicles by fusion (black arrow). Notice the absence
of ribosomes attached to the membrane; e f fusion between the endogenous yolk vesicles (white arrows). Immature and mature yolk vesicles sur-
rounded by the membrane unit (black arrows); g Microvilli (black arrow) between the chorion and oocyte cortex showing endocytosis; h endocytic
coated vesicle (white arrow). 1. Endogenous yolk vesicle with luminal material, 2. endogenous yolk vesicle with finely electron-dense material, 3.
endogenous yolk vesicle with granular material, C chorion, EV endocytic vesicle, L/ lipid droplet, YT immature yolk vesicles, Y2 mature yolk vesicles
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and was considered by Lanteigne et al. [14] to be typical
for the family Oregoniidae. Thus, phylogenetically close
majoid species appear to have similar patterns of ovarian
development.

The pattern of ovary maturation for Mithrax hispidus,
M. tortugae, Mithraculus forceps and Omalacantha
bicornuta is macroscopically divided into three stages:
RUD, DE and MAT. However, in histological and ultra-
structural analyses, we could identify four stages of
development, as described for other Majoidea [6, 13,
14, 16, 29, 30]. In our macroscopic analyses, the four
stages of development were not identified because of the
variable relationship between the ovary and hepatopan-
creas. In the DE, we observed a higher increase in the
yolk vesicles in the ovary; however, we could not iden-
tify macroscopically a proportion between the size of
the ovary and the hepatopancreas as proposed for other
groups, such as Portunidae [4, 7, 31, 32]. For instance, in
Callinectes danae Smith, 1869 the differentiation
between the DE and intermediary stage (INT) is charac-
terized by the appearance of the chorion and an increas-
ing size [7]. Although present in mithracids, the INT
stage could only be determined by histology and TEM.

In the beginning of the RUD stage, the species have a
large number of oogonia with large nuclei, nucleoli. The
oocytes during development are enclosed by follicular
cells, being this process similar to other Majoidea [16],
Raninidae [33], Portunidae [7], Ocypodidae [34] and
to Penaeidae [35] and Palaemonidae [36] shrimps. The
central germinal zone facilitates the displacement of the
oocytes to the ovarian margin during the development
[37], which is apparently a pattern for Majoidea [14-16]
and other Brachyura such Uca rapax (Smith, 1870),
Callinectes ornatus Ordway, 1863 and C. danae [7, 34,
38]. According to the histochemical tests, oogonia and
oocytes have basophilic cytoplasm composed of pro-
tein, neutral polysaccharides (glycogen) and the absence
of acid polysaccharides in all phases of development as
observed in Chionoecetes opilio and Hyas coarctatus [14].
Contrary to the Majoidea, the oocytes of other brachy-
uran groups, such as Cardisoma guanhumi Latreille,
1825 [39] and Callinectes danae [7], presented a positive
reaction to acid polysaccharides in the initial phases of
development.

In TEM, the RUD oocytes are characterized by endog-
enous vitellogenesis, and these cells are in prepara-
tion to start intense protein synthesis due to the large
number of ribosomes, mitochondria, dilated RER and
Golgi complexes as observed in Libinia emarginata
[15]. Electron-dense granules or spherical nuages are
found in large amounts in the perinuclear region, form-
ing clusters of ribosomes. The same clusters were also
found during the early stage in other phylogenetically
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distant species, such as the Malaysian prawn Macro-
brachium rosenbergii de Man, 1879 [36]. In Mithraci-
dae, the nuages are different from those observed in
Maja brachydactyla [16]. At the beginning of primary
vitellogenesis (endogenous phase), the nuages move
from the nuclear envelope and settle in the central area
of the cytoplasm, where they are associated with the
mitochondrial masses forming the intermitochondrial
cement [16]. We could not observe intermitochon-
drial cement formation in the studied species. Thus,
the beginning of endogenous vitellogenesis is marked
by the dilatations of the RER, which has granular mate-
rial of different electron densities in the interior to form
masses of endogenous luminal yolk. In L. emarginata,
Y1 originates from the progressive differentiation of
the RER [15]. In Ma. brachydactyla, the formation of
Y1 starts with an internal regression of the mitochon-
dria with the participation of autophagosomes becom-
ing bright vesicles with granular material inside [16].
Although Rottlant et al. [16] do not exclude the participa-
tion of the RER in the synthesis of Y1, they directly assign
the development of these vesicles to the mitochondria
and Golgi complex. The intense participation of the Golgi
complex in the synthesis of the electron-dense granular
material, responsible for the origin of the yolk vesicles is
common to all other known majoidean species [15, 16].
Here, we only observed the vesicles leaving the Golgi
complex and apparently returning to the dilated vesi-
cles of the Y1 or even to the dilated endoplasmic retic-
ulum (ER) without ribosomes. Thus, the Golgi complex
receives material from the RER, modifies it and sends it
to another cytoplasmic region, thus being a very active
organelle at this stage of the ovarian development.

In DE and MAT, the oocytes are mostly filled by Y2.
At the beginning of the DE, Y1 receives exogenous mate-
rial and progressively becomes Y2 composed of glyco-
proteins with neutral polysaccharides exclusively. The
absence of acid polysaccharides was also reported for
Callinectes danae, although it is poorly known in Brach-
yura [7]. Both phases have lipid droplets in the interior
of the oocytes with the ovary being the only place where
the lipids are segregated and incorporated in the devel-
opment of the oocytes [14]. Despite the similarities, his-
tological techniques showed differences in the quantity,
distribution and size of the yolk vesicles in the interior of
the oocyte and in the morphology of the follicular cells
and production of the chorion, which is almost absent
in the DE stage. Oocytes of the MAT stage have more
compact amounts of Y2, hindering the visualization of
the nuclei as also described for Portunidae [7]. The folli-
cular cells are slender, and the chorion is slightly thicker,
similar to what is observed in other brachyurans (e.g., [7,
16, 38]).
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B ‘ 50pm

Fig. 5 Light microscopy of the MAT stage; a—e hematoxylin and eosin stain; f mercuric-bromophenol blue stain; g xylidine ponceau stain; h PAS
stain; i Alcian blue stain; a-c Mithrax tortugae (Rathbun, 1920), Mithrax hispidus (Herbst, 1790) and Mithraculus forceps A. Milne-Edwards, 1875,
oocyte showing irregular nucleus and cytoplasm filled with mature yolk vesicles. Note the elliptical and flattened follicular cells; d, e Mithrax tortu-
gae and Mithraculus forceps, acidophilic chorion juxtaposed follicular cells; f, g Mithrax tortugae and Omalacantha bicornuta (Latreille, 1825), chorion
and yolk vesicles reactive for proteins; h Mithrax tortugae, chorion and yolk vesicles reactive for neutral polysaccharides; i Omalacantha bicornuta
chorion and yolk vesicles with the absence of acid polysaccharides. Note the glycogen granules (white arrow) among the yolk vesicles. C chorion, FC
follicular cell, N nucleus, Y yolk vesicles
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. -} o einddsina e .
Fig. 6 Ovarian ultrastructure at the MAT stage of development; a thick and irregular chorion, still with the presence of microvilli (black arrow).
Note some endocytic vesicles (white arrow); b regular chorion, with two layers of different electron-dense material (1 and 2). Follicular cell with less
electron-dense basal lamina and cytoplasm with mitochondria; € endocytic-coated vesicle; d, e cytoplasm filled with mature yolk vesicles, among
them, small areas with immature yolk, lipid droplets and glycogen a (black arrow); f immature and mature yolk vesicles surrounded by the mem-
brane unit (black arrows). 1. less electron-dense chorion layer, 2. more electron-dense chorion layer, C chorion, £V endocytic vesicle, FC follicular cell,
L basal lamina, L/ lipid, M mitochondria, MV microvilli, Y7 immature yolk vesicle, Y2 mature yolk vesicle
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Table 1 Larger diameter of the oocytes at each stage
of development for the species studied

Species RUD (pum) DE (um) MAT (um)

Mithrax hispidus 15928 £ 2352 42679 £5456 462.16 + 31.25
Mithrax tortugae 142.17 £ 4468 29590 £2806 551.70 & 4844
Mithraculus forceps 83.96 £ 2665 24833 +4599 44022 £97.78

Values are given as mean =+ standard deviation. RUD rudimentary, DE
developing and MAT mature stages of ovarian development

The beginning of exogenous vitellogenesis in the spe-
cies studied occurs at the DE stage as seen in TEM. This
process was categorized by the presence of coated vesi-
cles on the oolemma and many cytoplasmic endocytic
vesicles. Such vesicles are responsible for the extracel-
lular uptake of different compounds, a characteristic of
the exogenous vitellogenesis. At this stage, the oocytes
have several microvilli and the oocyte cortex showing
many signs of endocytosis, which is apparently a pat-
tern for Majoidea [15, 16]. The same heterosynthetic
process of the yolk vesicle formation can be observed in
other invertebrate taxa, such as the polychaete Phrag-
matopoma caudata Kreyer in Morch, 1863 [40], but it is
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absent in some crustacean such as the giant red shrimp
Aristaeomorpha foliacea (Risso, 1827) [41]. After the
beginning of exogenous vitellogenesis, endogenous vitel-
logenesis is still active but decreases gradually. At this
point, we can observe both types of yolk vesicles in the
cytoplasm, similar to that observed in L. emarginata
and Ma. brachydactyla [15, 16]. In all analyzed species
the follicular cells maintained the same ultrastructural
aspect from the RUD stage. However, in Ma. brachydac-
tyla these cells became enlarged and the cytoplasm has
the appearance of a secretory cell [16]. At the end of the
DE stage, the development of oocyte microvilli with cho-
rion deposition is fairly irregular. The oocyte cortex has
several endocytic vesicles, and the oocytes are almost
filled with Y2 corresponding to the INT stage.

The MAT stage has much fewer endocytic vesicles and
less Y1, indicating the final stage of maturation of the ovary.
The cell is almost completely filled with Y2 formed with
compounds from the exogenous phase that were taken
up from hemolymph during the DE stage, similar to that
described for other Majoidea [15, 16]. The chorion at this
stage is more compact and thick, with two different layers
of electron density, as observed in Libinia emarginata [42].

Endogenous
vitellogensis

RER

Exogenous
vitellogensis

RER

Fig. 7 Schematic diagram illustrating the process of yolk vesicle formation in Mithrax hispidus (Herbst, 1790), Mithrax tortugae (Rathbun, 1920), Mith-
raculus forceps A Milne-Edwards, 1875, and Omalacantha bicornuta (Latreille, 1825). 2. Uncertain return of the GV to the RER, £V endocytic vesicles, FC
follicular cell, G Golgi complex, GV Golgi vesicles, MV microvilli, OO oolemma, RER rough endoplasmic reticulum, Y7 immature yolk vesicle, Y2 mature
yolk vesicle
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We noticed a variation among the species studied
in relation to the investment in the oocyte growth. In
M. tortugae, the greatest increase in size was between
the DE and MAT stages; however, in M. hispidus, the
greater absorption of nutrients occurred between the
RUD and DE stages. Mithraculus forceps shows a con-
tinuous growth rate among all stages. The accumula-
tion of yolk during the phases of development is variable
among the species studied here, although they have the
same pattern of ovarian development, and occurs in two
phases: endogenous and exogenous vitellogenesis. Dur-
ing endogenous vitellogenesis, the dilated RER receives
electron-dense material and passes through a process of
compaction and formation of the immature yolk with the
Golgi complex, which is responsible for the synthesis of
some of this material. The exogenous phase is character-
ized by the presence of the endocytic vesicles, which are
responsible for capturing the extracellular compounds.
These vesicles migrate to Y1 or Y2, increasing the size of
the yolk vesicles. The summary of this synthesis is shown
in Fig. 7.

Conclusions

The ovarian development pattern of the analyzed
Mithracidae species showed many similarities to the
previously described Majoidea species, such as the com-
position, arrangement and increment of the yolk vesicles
during oocyte maturation. In relation to the vitellogen-
esis, the analyzed species have distinct ultrastructural
characteristics from those previously described for
majoids, such as the immature yolk formation without
direct participation of the mitochondria characterizing
the endogenous phase. Additionally the participation
of the rough endoplasmic reticulum in the endogenous
phase described here is a pattern more similar to that
observed in Libinia (subfamily Pisinae) [15] than in Maja
(family Majidae) [16], previous majoid groups in which
ovarian development has been described. This work
using Mithracidae as a model detailed the entire process
of the ovarian development and can be useful in several
contexts, such as characterizing groups in Majoidea and
helping understand the evolution of female reproductive
systems.
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