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Rhizocephalans are a group of parasitic barnacles that parasitize other crustaceans. The adult
parasite consists of an external reproductive sac (the externa), which is connected by a stalk to a
system of ramifying rootlets (the interna) that infiltrates the host. The mature externa of Polyascus
planus undergoes a cycle, with its external color changes from yellow, transiently to yellowish
brown as the embryos are developing inside a brood chamber (the mantle cavity), then to brown,
and return again to yellow, upon the peak release of larvae. Hence, this cycle of P. planus is called
the Yellow-Brown cycle after the distinct changes in color; the mature externa typically cycles 3—4
times before it becomes detached from the host. The objectives of the present study are to establish,
based on histological observations, temporal profile of three cycles—the ovarian cycle, secretory

cycle of the colleteric gland, and the molt cycle of the mantle cavity—that occur concurrently in the
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mature externa of P. planus and register the changes in chronological order on the timeline of the
Yellow-Brown cycle. First, about 2 days after oviposition (1.7 £ 0.3 days post-oviposition, dpo)
during the Yellow stage, secondary vitellogenesis begins — a cohort of early vitellogenic oocytes
grows in synchrony with significant and rapid accumulation of yolk bodies inside the developing
oocytes. Simultaneously, the follicle and muscle cells undergo large-scale spatial rearrangements.
By the time the externa is transitioning from the Yellow to Brown stage (7.7 + 0.8 dpo), mature
follicles with fully developed oocytes tightly enveloped by a single layer of follicle cells are formed
and the muscle cells embedded in the inter-follicular tissue. In the colleteric gland, secretory
activity of the epithelia begins 3-4 days after oviposition (3.5 + 0.5 dpo), with the formation of the
reticulated inner zone of the ovisac throughout the remainder of the Yellow stage and into the
Brown stage, followed by the beginning of the secretion of the outer zone when the externa reaches
the mid-Brown stage (9.8 £ 0.5 dpo). Finally, the molt cycle of the mantle cavity is initiated later
than the other two cycles, entering early pre-molt (D1) when apolysis—separation of the cuticle from
the underlying epidermis—first becomes visible about 5 days post-molting (4.7 & 0.3 days post-
molting, dpm), and reaches late pre-molt (D>) with deposition of new cuticle during the transition
from the Yellow to Brown stage (8.8 + 0.8 dpm). By the time the externa returns to the Yellow stage
(0 day post-peak release of larvae, dppr), ovarian follicles are rupturing, ovisacs showing signs for
imminent detachment, and cuticles in extensive apolysis (very late pre-molt, D3.4). Subsequently,
within a span of about three days after the externa reaches the Yellow stage, the mantle cavity molts
(1.4 + 0.2 dppr), followed by ovulation and ovisac detachment (2.5 + 0.3 dppr) and finally
deposition of the ovulated ova (oviposition) (3.7 £ 0.3 dppr) into the mantle cavity. Probable modes

of endocrine regulation of these cycles are discussed in detail.
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BACKGROUND

Rhizocephala, an infraclass of Cirripedia, comprises a group of highly evolved and specialized
parasitic barnacles; they parasitize other crustaceans, mainly decapods (Walker 2001; Hoeg et al.
2020). The parasitic stage begins when female larvae that settle on a potential host inoculate a
cluster of embryonic cells or a discrete vermiform body (the vermigon) into the host (Glenner and
Hoeg 1995; Hoeg and Liitzen 1995; Glenner et al. 2000; Walker 2001). Studies of very early stages
of the inoculated parasitic materials showed that the parasite has differentiated into an epithelium-
enclosed tumor containing a mass of cells (the nucleus) (Heoeg and Liitzen 1995). During the period
of internal growth, the epithelium of the initially inoculated parasite develops into a ramifying
internal root system, the interna, which serves to absorb and store nutrients from the host (Heeg and
Liitzen 1995; Glenner 2001; Bresciani and Heeg 2001) and possibly plays important roles in host
control with specialized structures of the rootlets invading the nervous system of the host
(Lianguzova et al. 2021; Lianguzova et al. 2023; Miroliubov et al. 2020). The nucleus develops into
the visceral mass and mantle of the future externa, which will eventually emerge through the
integument of the host (Heeg and Liitzen 1995). The newly emerged externa is then invaded by
male cyprids, which are dwarf males residing in and receiving nourishment from a specialized
female tissue (the male receptacle) for sperm production; in many species externae not receiving
male implantation in due time will degenerate (Hoeg and Liitzen 1995; Walker 2001).

It is well documented that rhizocephalans influence the morphology, behavior, and physiology of
their hosts (see for review Reinhard 1956; Heeg and Liitzen 1995); the fact that various aspects of
the host are altered or controlled by rhizocephalan parasitism attests to the point that these barnacles
are highly successful in adapting to the parasitic mode of life. These host controls include at least
anecdysis of externa-carrying hosts (Reinhard1956; Hartnoll 1967; Liitzen 1984; O'Brien and Van
Wyk 1985; O'Brien and Skinner 1990; Takahashi and Matsuura 1994; Chen et al. 2022),
feminization of male hosts (Veillet and Graf 1959; Hartnoll 1967; Nielsen 1970; Rubiliani et al.
1980; Rubiliani-Durozoi et al. 1980; Kristensen et al. 2012; Waiho et al. 2017; Chen et al. 2022;

Toyota et al. 2023), parasitic sterilization (Hartnoll 1967; Nielsen 1970; Rubiliani et al. 1980;
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Rubiliani-Durozoi et al. 1980; Fazhan et al. 2020; Chen et al. 2022), suppression of immune
responses (Payen et al. 1979; Payen et al. 1981; Bresciani and Heeg 2001;Goddard et al. 2005;
Bortolini et al., 2008; Hsiao et al. 2016; Waiho et al. 2017; Rowley et al. 2020), altered metabolic
profile (Uglow 1969; Shirley et al. 1986; Powell and Rowley 2008; Hsiao et al. 2016; Waiho et al.,
2017). While these observations regarding control of the hosts have been long documented (see
Hoeg 1995; Hoeg and Liitzen 1995) and there were studies attempting to address these issues
(Andrieux 1969; Zerbib et al. 1975; Andrieux et al. 1976; Chassard-Bouchaud and Hubert 1976,
Rubiliani and Payen 1979; Rubiliani-Durozoi et al. 1980; Andrieux et al. 1981; Waiho et al. 2020;
Chen et al. 2022; Zatylny-Gaudin et al. 2023), the detailed mechanism underlying these host control
has remained obscure.

The externa is the reproductive organ of rhizocephalans, which is typically located on the ventral
surface of the abdomen and connected to the interna via a stalk. Anatomical and functional
observations of the externa have been described in many species and summarized (see for review
Heeg 1995; Hoeg and Liitzen 1995). Briefly, the externa consists of the visceral mass and an
enclosing muscular mantle. It is currently considered that ova are produced and mature in the
ovarian tissue of the visceral mass; however, a recent report provides interesting data indicating that
female germ cells might be originated from the interna (Nesterenko and Miroliubov, 2022). After
being ovulated from the follicles, mature ova enter the ovisac, the secretory product of the paired
colleteric glands, and are deposited along with the enveloping ovisac into the mantle cavity where
the deposited ova are fertilized by spermatozoa (Lange, 2002). The male germ cells are produced by
the male spermatogenic tissue residing inside the male receptacle and released into the mantle
cavity through the receptacle ducts. The fertilized ova and ensuing embryos develop inside the
mantle cavity until the stage of naupliar larvae, which are then expelled into the water through the
mantle opening (see Hoeg and Liitzen 1995 for review; for more recent studies, Korn et al. 2004;
Liitzen and Takahashi 2005; Alvarez et al. 2010; Nour Eldeen et al. 2019; Fazhan et al. 2020,
Golubinsykaya et al. 2021; Chen et al. 2022; Arbuzova et al., 2023).

In a previous study (Chen et al. 2022) we have, using Polyascus planus Boschma, 1933
parasitizing the shore crab Metopograpsus thukuhar Owen, 1839 as a study system, described the

development of the externa, from newly emerged virgin externa to sexually mature externa. Color
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of the externa changes along the development; in particular, the sexually mature externa (the
Yellow and Brown stages) cycles several times before it becomes degenerated and detached from
the host (Chen et al. 2022). During the cycle of the mature externa, the Yellow-Brown (Y-B) cycle
after the distinctive change of the color, molting of the mantle cavity, ovarian maturation, ovulation
and oviposition, fertilization and embryogenesis, and larval release occur. Thus, during this
reproductive phase of the externa, there are several processes taking place, which would require
close and intricate coordination. In this study, the detailed histological changes of three cycles that
occur concurrently in the sexually mature externa are described. These include (1) the ovarian
cycle, in particular with regard to vitellogenesis and folliculogenesis, (2) the secretory cycle of the
colleteric gland, with respect to ovisac formation and detachment, and (3) the molt cycle of the
mantle cavity. Using the histological characteristics, each of these cycles is staged according to
established criteria and the stages are registered on the developmental time-line of the mature
externa. Probable endocrine pathways for the regulation of these cycles are discussed in the context
of relevant knowledge of Malacostraca or Cirripedia crustaceans. It is expected that the temporal
profile established in this report with stage annotation would serve as a basis for future studies of

the mechanism of control and coordination of these cycles.

MATERIALS AND METHODS

Animals and tissue sampling

Collection and rearing of the host animals Metopograpsus thukuhar followed those described by
Hsiao et al. (2016). Briefly, crabs with sexually mature externa, identifiable by their yellow or
brown coloration (Chen et al. 2022), were collected from the Da'an Estuary in Tai Chung, Taiwan.
These crabs were kept in seawater tanks with a salinity of 30%o at a temperature of 25°C + 2°C
under a 10L/14D light cycle with continuous aeration. The animals were monitored twice daily (at 9
a.m. and 5 p.m.), with an additional checkup at 9 p.m. when experimental animals were subjected to

closer inspections for externa sampling.
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Experimental animals bearing one brown externa were chosen and inspected closely for peak
release of larvae (accompanied by a rapid change of the color of the externa from brown to yellow),
molting of the mantle cavity (as evidenced by the presence of an extruded exuvia), oviposition (as
evidenced by a plump externa, after its once vacated mantle cavity had been filled by deposited ova
or eggs), and a change of the color of the externa from yellow to brown. These events occurring
along the Y-B cycle (see Fig. 1; Chen et al. 2022) are used as reference time points for histological
descriptions. Thus, the day when the peak release of larvae was recorded is taken as 0 day post-peak
release (dppr), which is also the beginning of the Yellow stage of the externa. The day when the
mantle cavity molted was recorded is taken as 0 day post-molting (dpm). The day when oviposition
was recorded is taken as 0 day post-oviposition (dpo). The day when the color of the externa turns
brown (the Brown stage) after a one-day transit from yellow was also recorded.

Externae for histological processing were collected, using a pair of sterilized fine scissor (Fine
Science Tools, Inc), from animals anesthetized with cold seawater at the following time points: five
animals at O dppr, two at 1 dppr, two at 2 dppr, two at 3 dppr, five at 0 dpm, three at 0 dpo, and at
least 3 animals each day from 1 to 12 dpo. Histological changes of the molt cycle are presented
using 0 dppr or 0 dpm as reference points, whereas those of the ovarian cycle and secretory cycle
using 0 dppr or 0 dpo as reference points.

. . Oviposition Transition from yellow Peak release
Molting Ovulation to brown of larvae

NN —
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Follicle Oocyte  Post-ovulation Secondary vitellogenesis Mature
rupture moving out and folliculogenesis follicles
of ruptured
follicles
Stage 3 Stage 4 Stage 5 Stages 1, 2 Stage 3
Secretion of Ovisac Post-oviposition Secretion of the inner zone Secretion of
outer zone; detachment outer zone
appearance of
imprints
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Fig. 1. Progression of three cycles occurring in the mature externa of Polyascus planus
parasitizing the shore crab Metopograpsus thukuhar. During the development of mature externa (A,
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the Yellow-Brown cycle), the color of the mature externa changes from yellow, transiently into
yellowish brown, then to brown, and returns again to yellow upon the peak release of larvae.
Histological changes of (B) the ovarian cycles (see Figs. 3, 4), (C) secretory cycle of the colleteric
gland (see Fig. 5), and (D) molt cycle of the mantle cavity (see Fig. 6), are indicated on the timeline
of the cycle of the mature externa, in relative to events that can be visualized with unaided eye from
the outside of the externa, including molting of the mantle cavity cuticle, oviposition of ova into the
mantle cavity, transition of the color of the externa from yellow to brown, and peak release of
larvae (which is accompanied by a rapid change of the color of the externa from brown to yellow)
(Chen et al. 2022).

Histology, histological observations, and statistical analysis

Tissue processing, sectioning, and staining were performed at the Rapid Science Co. Ltd
(Taiwan) as described previously (Chen et al. 2022). Briefly, excised externae were fixed in 10%
neutral buffered formalin (NBF) for 48 hours, dehydrated through a graded series of alcohol,
embedded in paraffin, sectioned longitudinally at 3 pm, mounted on glass slides, and stained with
hematoxylin and eosin Y. Histological observations were performed and images taken using a light
microscope (DM 500, Leica) with a software platform Application Suite X (Leica). Histological
observations were used to demarcate the period of secondary vitellogenesis and folliculogenesis of
the ovarian cycle according to criteria as described by Charniaux-Cotton (1985), and to stage the
molt cycle and secretory cycle according to criteria adopted by Skinner (1985) and Lange (2002),
respectively (see Fig. 1). Note that indication of ovulation in figure 1 is also based on histological
observations.

For the measurement of the diameter of parasite's oocytes, the diameter of 150 most
developmentally advanced oocytes in randomly selected visual fields/animal was measured and the
mean individual oocyte diameter calculated. Data are expressed as mean values = S.D. Differences
in the oocyte diameter among externae of various developmental stages (i.e., days post-oviposition)
were analyzed using one-way ANOVA (with post hoc Tukey’s pairwise comparison) (SigmaStat v.

3.5).

RESULTS
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During the reproductive phase of mature externa of Polyascus planus parasitizing
Metopograpsus thukuhar, color of the externa changes from yellow, transiently into yellowish
brown, then to brown, and return again to yellow upon the peak release of larvae; mature externa
typically cycles 3-4 times before it becomes detached from the host (Fig. 1). Thus, the cycle of the
mature externa of P. planus is called the Yellow-Brown cycle (the Y-B cycle), after the distinctive
color changes of the mature externa of this species (Chen et al. 2022).

Histological changes of three cycles, including the ovarian cycle, secretory cycle of the colleteric
gland, and the molt cycle of the mantle cavity, which progress concurrently over a Y-B cycle of the
mature externa, are given below and registered on the timeline of the Y-B cycle, in relative to events
that are visually identifiable from the outside of the externa (Fig.1). Histological sections of mature

externae are presented showing the anatomical structures which are mentioned below (Fig. 2).

Fig. 2. Histological sections of the mature externa of the P. planus highlighting its anatomical
structures. (A) A pre-ovipository externa showing the mantle, visceral mass, colleteric gland, and
mantle cavity. The mantle cavity cuticle, with a mantle side and a visceral-mass side, and the
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external mantle cuticle are pointed by arrows. (Inset in A) An enclosed area of the colleteric gland is
magnified showing the detailed structures of the collecteric gland, including the epithelial cells,
lumens, and secreted ovisacs of the atrium and branching tubules. (B) A pre-ovipository externa
showing that the matured oocytes in the visceral mass are being ovulated and the ovulated ova are
entering the lumen of the atrium. Note that the ovisac is partially detached from the secretory
epithelium. (C) A post-ovipository externa showing that ova deposited into the mantle cavity are
wrapped inside the ovisac. At, atrium; CG, colleteric gland; EMC, external mantle cuticle; Epi,
epithelial cell; L, lumen; MC, mantle cavity; MCC, mantle cavity cuticle; Mt, mantle; Om, mature
oocyte; Os, ovisac; Tu, tubule.

The ovarian cycle: vitellogenesis, folliculogenesis, and ovulation

Two major ovarian events occur in the visceral mass during the cycle: development and
maturation of a new batch of follicles and ovulation of the mature follicles (Figs. 1, 2).

Shortly after oviposition (see below), development of a new cohort of follicles commences,
which lasts throughout the remainder of the Yellow stage. On the day when oviposition occurs (i.e.,
0 day post-oviposition, 0 dpo), the ovarian lobules, which was once stretched by voluminous mature
follicles, now become slackened, clearly revealing the presence of oogonia, pre-vitellogenic oocytes
(with a strongly hematoxylin-stained cytoplasm), early vitellogenic oocytes (with a hematoxylin-
stained cytoplasm containing a few yolk bodies), and follicle cells within the lobules (Fig. 3A);
distribution of these germ cells of various developmental stages and follicle cells in the lobules
appears random without regional demarcation according to the type or development stage of the
cells (Fig. 3A). Clusters of muscle cells, which were once found in the tissues among individual
mature follicles before oviposition, now scatter around the slackened ovarian lobules (Fig. 3A). One
to two day after oviposition (1.7 + 0.3 dpo; n = 6), secondary vitellogenesis begins to progress in
synchrony so that in the next few days, the early vitellogenic oocytes, as well as their yolk bodies,
become increasingly larger in size (Fig. 3B-E). Simultaneously, follicle cells migrate towards and
begin to envelope the maturing oocytes; the clusters of muscle cells become disintegrating and these
muscle cells are found filling the space among the developing follicles (Fig. 3B—E). About the time
when the externa is transitioning from Yellow stage to Brown stage (7.7 + 0.8 dpo; n = 3), the
ovarian lobules have contained tightly packed follicles, with individual mature oocytes being

enclosed by a thin layer of follicle cells; tissues of elongated muscle cells are tightly embedded in
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the inter-follicular tissue (Fig. 3F). Over a period of nine days, from 0 to 8 dpo, the mean oocyte

diameter increases significantly about 11 folds; the mean diameter does not increase significantly

after 8 dpo (Fig. S1).
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Fig. 3. Histological profile of the ovarian cycle in the mature externa of P. planus 1.
Representative images of the ovarian tissues highlighting the process of vitellogenesis and
folliculogenesis over the cycle are shown. A, B, C, D, E, and F: 0, 2, 3, 5, 7, and 8 days post-
oviposition (dpo), respectively (0 dpo is the day of oviposition). Note that the slackened ovarian
lobes (A) become increasingly organized with the follicle cells migrating towards the oocytes and
enveloping them as the latter are undergoing secondary vitellogenesis, illustrating the temporal
coincidence between the progression of secondary vitellogenesis and folliculogenesis (B—E).
Mature follicles are fully formed when the externa is transiting from the Yellow stage to the Brown
stage (F). Also note that germ cells of various developmental stages, from oogonia up to early
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vitellogenic oocytes, are present throughout the cycle (A—F). FC, follicle cell; Mus, muscle; N,
nucleus; Oev, early vitellogenic oocyte; Og, oogonia; OL, ovarian lobe; Om, mature oocyte; Op,
previtellogenic oocyte; Ov, vitellogenic oocyte. The lines of the Yellow-Brown cycle and ovarian
cycle from Fig. 1 are given below the micrographs. Parenthesized letters above the line of the
ovarian cycle point to the time points of the events illustrated in the micrographs.

The process of ovulation, which would be completed within four days after the externa returns to
the Yellow stage, becomes visible at the beginning of that stage (Fig. 4A). Indications of the first
step of ovulation (i.e. follicle rupture) are now apparent — follicles become clearly separated from
each other with space among neighboring follicles readily visible and follicle cells once encircling
oocyte are in the process of becoming separated from it (Fig. 4B). Shortly afterwards (2.5 £ 0.3
days post-peak release (dppr) of larvae; n = 4), many mature oocytes are moving out the ruptured

follicles (Fig. 4C), which is the second step of ovulation. Ovulated ova are found entering the

atrium of the colleteric glands (Fig. 4D).

Molting Ovulati Oviposition Transition from yellow Peak release
olfing Oyuiation to brown of larvae
e
(A, B) (©@D)
Follicle Oocyte  Post vl 3 Mature
rupture ~ moving out and folliculogenesis follicles
of ruptured
follicles 1 dﬂy

Fig. 4. Histological profile of the ovarian cycle in the mature externa of P. planus II.
Representative images of the ovarian tissues highlighting the process of ovulation are shown. (A, B,
C,D: 0,0, 3, 3, days post-peak release (dppr) of larvae, respectively (0 dppr is the day when the
externa returns to the Yellow stage after the peak release). Note that mature follicles are visibly
separated from each other (A) with the follicular cells peeling off from the oocytes (B, enclosed

area in A), and that oocytes are moving out of the ruptured follicles (C) and eventually enter the
11



Zoological Studies 64:13 (2025)

atrium of the colleteric gland, the ovisac of which is detaching (D). Epi, epithelial cells of the
atrium; FC, follicle cell; L, lumen of the atrium; Mus, muscle; Og, oogonia; Om, mature oocyte;
Op, previtellogenic oocyte; Os, ovisac; Ov, vitellogenic oocyte. The lines of the Yellow-Brown
cycle and ovarian cycle from figure 1 are given here below the micrographs. Parenthesized letters
above the line of the ovarian cycle point to the time points of the events illustrated in the
micrographs.

The secretory cycle in the colleteric gland: ovisac formation and oviposition

Ovisac is formed by the secretory epithelia of the colleteric gland (Fig. 2). Oviposition occurs
three to four days after the externa returns to the Yellow stage (3.7 + 0.3 dppr, n = 3) (Fig. 1). On
the day when oviposition occurs, the ovisac is absent from the lumen of the atrium of the colleteric
gland; some of the cell debris generated during ovisac detachment can be seen (Fig. SA). Epithelial
secretion typically starts three to four days after oviposition (3.5 = 0.5 dpo; n = 2). Secretion, which
is reticulated and called the inner zone, is visible on the apical surfaces of the epithelial cells and
continues to grow throughout the rest of the Yellow stage and into the Brown stage (Fig. 5B, C).
Approximately the time when the externa reaches the mid-Brown stage (9.8 = 0.5 dpo; n =4), a
thin, dense outer zone of the ovisac appears (Fig. 5D). When the externa returns to the Yellow stage,
the outer zone becomes much thicker. Distinctively, hole-like imprints appear in the basal region of
the outer zone (Fig. SE). Approximately three days afterwards (2.5 = 0.3 dppr; n = 4), detachment of
the ovisac from the secretory epithelium becomes very prominent (Fig. 5F). Degradation of the
cytoplasmic extensions of the epithelial cells is ongoing, generating cellular debris that are found in
the space between the ovisac and epithelium; parts of the cytoplasmic extension are still found
inserted onto the outer zone (Fig. 5F). Eventually, oviposition occurs, i.e., ova escaped from the
ruptured follicles enter the ovisac (see Fig. 4D) and push the detached ovisacs down into the mantle

cavity.

12
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Oviposition Transition from yellow Peak release
to brown of larvae

AR —

Molting Ovulation

(E) [£3)] (A (B) (17) (11))
Stage 3 Stage 4 Stage 5 Stages 1,2 Stage 3
Secretion of Ovisac Post-oviposition Secretion of the inner zone Secretion of
outer zone; detachment outer zone
appearance of
imprints 1 day

Fig. 5. Histological profile of the secretory cycle of the colleteric gland in the mature externa of P.
planus. Representative images of the colleteric gland highlighting the process of ovisac formation
and detachment. A, B, C, D: 0, 3, 5, 10 days post877 oviposition (dpo), respectively; E, F: 0, 3 days
post-peak release (dppr) of larvae, respectively. Note the beginning (B) and continued (C) growth of
the inner zone, the appearance of a thin outer zone at the mid-Brown stage (D), the continued
growth the outer zone and the appearance of hole-like imprints (E), and the detachment of

the ovisac from the epithelium and the presence of cellular debris, derived from degradation of the
cytoplasmic extension, between the epithelium and the detaching ovisacs (F). Arrows (1) in E: hole-
like imprints; equilateral arrowhead (A) in F: the portions of the cytoplasmic extension that are
inserted onto the ovisac surface. CD, cellular debris; Epi, epithelial cells; IZ, inner zone; L, lumen;

13
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OZ, outer zone. The lines of the Yellow-Brown cycle and secretory cycle from Fig. 1 are given
herebelow the micrographs. Parenthesized letters above the line of the secretory cycle point to the
time points of the events illustrated in the micrographs. Histological characteristics are used for
stage annotation: Post-oviposition, devoid of ovisac (A), Stages 1, 2, secretion of the inner zone (B,
C); Stage 3, secretion of the outer zone (D, E), and Stage 4, ovisac detachment (F).

The molt cycle of the mantle cavity

The mantle cavity is lined by a continuous cuticular layer, the mantle cavity cuticle, with a
mantle side (the inner mantle cuticle) and a visceral-mass side (the visceral mass cuticle) (Fig. 2).
The mantle cavity cuticle usually molts within two days (1.4 = 0.2 dppr; n = 5) after the externa
reaches the Yellow stage (Fig. 1). On the day of molting (i.e., 0 day post-molting, 0 dpm), the
cuticular layer overlying the epidermis is relatively thin (Fig. 6A, B). In the next few days, the
cuticle becomes increasingly thicker (Fig. 6C, D); approximately 5 dpm (4.7 + 0.3 dpm; n = 3), the
sign of apolysis—separation of the cuticle from the underlying epidermis—can be readily seen (Fig.
6E, F). By the time the externa is transitioning from Yellow stage to Brown stage (8.8 + 0.8 dpm; n
=4), a layer of new cuticle has been deposited (Fig. 6G, H); when the externa returns to the Yellow
stage (0 dppr; n =5), the extent of apolysis is extensive, occurring in many parts of the mantle
cavity (Fig. 61, J).

The external side of the mantle facing the external environment is also lined by a layer of cuticle

(Fig. 2). This cuticle, the external mantle cuticle, never molts during the cycle of mature externa.

14
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Fig. 6. Histological profile of the molt cycle in the mantle cavity in the mature externa of P,
planus. (Continued) Representative images of the mantle side (A, C, E, G, I) and the visceral-mass
side (B, D, F, H, J) of the mantle cavity highlighting cuticular changes over the cycle are shown. (A,

15



Zoological Studies 64:13 (2025)

B), (C, D), (E, F), and (G, H): 0, 4, 5, and 9 days post-molting (dpm), respectively (0 dpm is the day
of molting); (I, J): 0 day post-peak release (dppr) of larvae. Equilateral arrowheads in E, F: space
between the detached cuticle and epidermis. EC, epidermal cells; MC, mantle cavity; MCC, mantle
cavity cuticle; Mus, muscle; Om, mature oocyte; Ov, vitellogenic oocyte. The lines of the Yellow-
Brown cycle and molt cycle from figure 1 are given here below the micrographs. Parenthesized
letters above the line of the molt cycle point to the time points of the events illustrated in the
micrographs. The subdivisions of the pre-molt, D1, D2, and D3-4, are recognized by the occurrence
of apolysis (E, F), deposition of new cuticle (G, H), and extensive apolysis indicating that molting
is imminent (I, J), respectively. Note that, given histological data currently available, it is not
possible to judge when the inter-molt stage begins; thus, the division between the post-molt and
inter-molt stage is arbitrarily set. Also note that there is no difference in terms of the stage of
cuticular changes between the mantle side and the visceral-mass side (A-J).

DISCUSSION

In this study, we described temporal profile of three individual cycles that occur concurrently in
the mature externa of the parasitic barnacle Polyascus planus parasitizing the shore crab
Metopograpsus thukuhar. Histological changes of the ovarian cycle, secretory cycle of the colleteric
gland, and molt cycle of the mantle cavity are registered in chronological order on the timeline of
the Y-B cycle, in relative to events that can be visualized with unaided eye from the outside of
externa (Fig. 1).

It is suggested that the three cycles are intricately coordinated by a network of control
pathways, with the cycles being initiated at various time points during the Yellow stage, progressing
through the remainder of the stage and the Brown stage so that, when returning to the next Yellow
stage, the following events occur consecutively within a span of 3 days — first, the mantle cavity
molts, refreshing the brood chamber, then mature follicles ovulate and the ovulated ova are
deposited into the mantle cavity to be fertilized (see Fig. 1).

It is further suggested that the presumptive network consists of intertwined control pathways of
the host and perhaps also those of the parasite. The notion that physiology of the parasitized host is
altered or controlled in many ways by rhizocephalans through manipulating the host's endocrine
system to fulfill the requirements of the parasites has often been advocated and widely accepted,

although none of the detailed mechanism involved in these manipulations has ever been fully
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elucidated (see Hoeg 1995; Hoeg and Liitzen 1995). For example, it has been suggested that
induction of vitellogenin synthesis in parasitized males of M. thukuhar, a feminized feature, for the
ovarian maturation of the P. planus, is a result of suppressing the hormonal activity of the host's
androgenic gland (Chen et al. 2022); a recent proteomic study of Carcinus maenas parasitized by
Sacculina carcini has suggested that the parasite may inhibit molting and reproduction in
parasitized hosts by decreasing the levels of methyl farnesoate, the crustacean equivalent of insect
juvenile hormone (Zatylny-Gaudin et al. 2023). It is conceivable that the host's endocrine pathways
had been incorporated into the presumed network regulating and coordinating these cycles of P
planaus (see below for more specific discussion). On the other hand, there is hardly any evidence
supporting the existence of an endocrine system in adult rhizocephalans, which are known for their
extremely reduced morphology (see Hoeg 1995). However, it is our contention that the lack of
relevant evidence probably reflects the scarcity of related study in this regard but not the absence of
endogenous neural or endocrine control system in adult rhizocephalans.

Like many other rhizocephalans (see Hoeg 1995), the mantle cavity of the mature externa of P
planus molts after completing larval release, creating a brood chamber for the forthcoming batch of
mature ova (eggs) to be deposited in the chamber, which is now lined by a new layer of cuticle and
freed of unfertilized eggs, dead embryos from the previous brood. The cuticular changes of the
mantle cavity of P. planus (see Figs. 1 and 6) in general agree with those originally described by
Drach and adopted by others for staging crustacean molt cycle (Drach 1939; Skinner 1962; Drach
and Tchernigovtzeft 1967; Skinner 1985). Endocrine regulation of molting in rhizocephalans
remains to be studied. Nonetheless, it has been suggested that the molt cycle of cirripedes is driven
by ecdysteroids (Clare 1978), like other groups of arthropods (Lafont 2007; Lafont et al. 2021). The
suggestion is based mainly on the combined data derived from works done in several thoracican
species. These studies showed that ecdysone and 20-hydroxecdysone (20E) are present in the
tissues of Balanus balanoides (Bebbington and Morgan 1977), 20E accelerates the molt cycle of B.
balanoides (Tighe-Ford and Vaile 1972), and ecdysone or 20E stimulates in vitro molting activity in
isolated tissues of B. amphitrite and B. eburneus (Cheung and Nigrelli 1974; Freeman and Costlow
1979; Freeman 1980).

Given the assumption that rhizocephalan molting is driven by ecdysteroids, it is interesting to
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speculate on where the responsible steroidogenic tissue is located. It is entirely probable that
rhizocephalans are capable of producing ecdysteroids that drive the molt cycle of the mantle cavity.
However, a steroidogenic tissue has yet to be identified for any cirripedes (see Clare 1978). It is also
possible that rhizocephalans had delegated the steroidogenic capacity to their hosts during the
course of adapting to a parasitic mode of life. Therefore, an alternative source of ecdysteroids
would be from the parasitized host, most likely the Y-organ, the molting gland of decapod
crustaceans (see Mykles 2021). However, the notion that parasitized hosts are blocked in an
anecdysial status as a result of parasite-induced regression of the Y-organ (hence, its impaired
steroidogenic capacity) (Chassard-Bouchaud and Hubert 1976; Zerbib et al. 1975; Andrieux et al.
1976) does not agrees well with the suggestion that the Y-organ is capable of synthesizing
ecdysteroids driving the molt cycle of the mantle cavity. Contradicting data nonetheless exist
showing that the structural integrity of the Y-organ of externa-bearing hosts could still remain intact
(Andrieux 1969) and that there are no significant differences in the levels of ecdysteroids in
hemolymph, Y-organ, and integument between unparasitized and parasitized hosts (Andrieux et al.
1981). The contradiction may stem in part from the lack of detailed information in these studies
regarding the parasitization status of the host, other than parasitized or not parasitized, with or
without externa. To fully address the issue of whether the Y-organ is functional in parasitized hosts,
providing more information with respect to the developmental stage of the parasite (e.g., the molt
stage of the externa) would be essential.

During the Y-B cycle of the mature externa, the ovary undergoes an ovarian cycle, beginning
with the formation of a new batch of mature follicles and ending with ovulation (see Fig. 1). It is
noted that oogonia, pre-vitellogenic oocytes, and early vitellogenic oocytes are present in the ovary
throughout the cycle (see Fig. 3), suggesting that oogenesis up to the stage of early vitellogenesis is
a continuous process. On the other hand, one to two days after oviposition, a batch of early
vitellogenic oocytes begins to develop in synchrony and by the time the externa is transitioning to
the Brown stage the ovary is packed with fully mature follicles. The different phases of
vitellogenesis observed in the mature externa of P. planaus resemble those of vitellogenesis in
Malacostraca crustaceans, which consists of a primary vitellogenesis and a secondary vitellogenesis

(Charniaux-Cotton 1985; Charniaux-Cotton and Payen 1985). The primary vitellogenesis is a
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continuous and endogenous process replying on intra-oocyte synthesis of the proteinaceous yolk,
whereas the secondary vitellogenesis takes place during reproduction when developing oocytes
grow in synchrony into fully mature ones through endocytotic uptake of exogenous yolk protein
precursor, vitellogenin, synthesized by extra-ovarian tissues (Meusy 1980; Charniaux-Cotton and
Payen 1985; Jaglarz et al. 2014). In this light, it is interesting to point out that vitellogenin
synthesized by both host tissues (the hepatopancreas, ovary, or both depending on the sex of the
animal) and externa contributes to the formation of the yolk proteins deposited in the ovary (the
externa) of P. planaus (Chen et al. 2022). Thus, it is probable that, for the ovarian maturation of P,
planus and perhaps other rhizocephalans, vitellogenin synthesis by the externa (i.e., endogenous
synthesis) takes place throughout the ovarian cycle, whereas the synthesis by host tissues (i.e.,
exogenous synthesis) becomes active during the rapid and synchronous growth of the oocytes, the
secondary vitellogenesis.

Studies of vitellogenesis in Malacostraca crustaceans showed that secondary vitellogenesis is
under neuroendocrine control (see Meusy 1980; Charniaux-Cotton and Payen 1985; Jaglarz et al.
2014). In decapods, it has been well established that secondary vitellogenesis is negatively
regulated by a peptide hormone, vitellogenesis-inhibiting hormone (VIH), which is synthesized and
released by a neuroendocrine complex in the eyestalk ganglia, the X-organ/sinus gland (see
Charniaux-Cotton and Payen 1985; Chen et al. 2020). In addition, it has long been suggested that
vitellogenesis-stimulating factor(s) are present in the central nervous system, in particular the brain
and thoracic ganglia; however, identity of any vitellogenesis-stimulating hormone has yet to be
determined (see Nagaraju 2011; Jayasankar et al. 2020). Evidence exists that red-pigment
concentrating hormone and serotonin function as neurotransmitters in regulating the release of
putative vitellogenesis-stimulating factor (Sarojini et al. 1994; Fingerman 1997; Tinikul et al. 2008;
Zeng et al. 2016; Chen et al. 2018; Tomy et al. 2016). These vitellogenesis-regulating signals of
host origin could be parts of the control network regulating the secondary vitellogenesis in the
externa. Recent ultrastructural studies of hosts parasitized by Peltogaster paguri, Peltogasterella
gracilis (Miroliubov et al. 2020), S. pilosella (Lianguzova et al. 2021), and Polyascus polygeneus
(Lianguzova et al. 2023) identified specialized structures in the rootlet-invaded nervous tissues that

represent host-parasite interaction sites where the parasites may alter the activity of the host’s
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nervous system via humoral factors.

In addition to secondary vitellogenesis, there are large-scale tissue rearrangements that occur
after oviposition in the ovarian tissue of the externa. The rearrangements involve two somatic cell
types, the follicle and muscle cells. The post-ovipository ovarian lobules of P. planaus appear not
well organized, containing oogonia, pre-vitellogenic oocytes, early vitellogenic oocytes, and follicle
cells, which are more or less randomly distributed within the slackened tissue. Folliculogenesis
proceeds soon after oviposition; the follicle cells begin migrating towards developing oocytes,
which are simultaneously undergoing secondary vitellogenesis. Importantly, the early vitellogenic
oocytes, as well as the yolk bodies inside, begin to significantly grow in size when the follicle cells
are establishing close contact with the oocytes, (see Fig. 3). The temporal coincidence suggests the
importance of the follicle cells for the synchronous phase of secondary vitellogenesis; most likely
these cells play the role of aiding the transportation of exogenous vitellogenin into the developing
oocytes, similar to what has been confirmed during the secondary vitellogenesis of Malacostraca
crustaceans (Charniaux-Cotton 1985). Interestingly, it is considered that the maturation of oocytes
in cirripedes does not require the involvement of nurse cells (see Anderson 1994), and a study of the
ovaries of two thoracicans (B. amphitrite and B. eburneus) concluded that there is no indication of
the presence of the follicle cells around the oocytes (Fyhn and Costlow 1977). Obviously, whether
the presence of ovarian follicle cells is a distinctive feature of parasitic barnacles among cirripedes
needs more comparative studies; but the nurturing roles of the follicle cells may be essential for the
developing oocytes in rhizocephalans, which rely heavily on resources supplied by their hosts,
including vitellogenin (Chen et al. 2022).

While folliculogenesis is taking place, the muscle cells are also being displaced towards the
developing oocytes; these muscle cells become elongated and eventually embedded in the inter-
follicular tissues at the Brown stage. These ovarian muscle cells are believed to be essential in
providing contractile forces to expel mature oocytes into the mantle cavity (Alvarez et al. 2010;
Nour Eldeen et al. 2019). The mechanism of ovulation and the regulation thereof receive relatively
few studies in crustaceans in general, and in rhizocephalans in particular. Comprehensive review of
related studies concludes that the process of ovulation in animals involves at least two steps, first

enzymatic degradation and rupture of the follicle, and then the actual movement of the oocyte out of
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mature follicle (Schroeder and Talbot 1985). In the lobster Homarus americanus, collagenase
induces in vitro ovulation in mature ovaries, which can be blocked by cysteine, a collagenase
inhibitor; the collagenase activity was suggested to be involved in inducing follicle rupture (Talbot
1981a). Furthermore, the muscle cells of the ovarian wall extend into the follicular regions of the
ovary; these contractile muscle cells likely play a role of moving the oocytes out of the ruptured
follicles (Talbot 1981b).

The secretory product of the colleteric gland is an elastic, transparent sac, which envelop the
ovulated eggs as they are deposited into the mantle cavity, where the eggs coalesce into egg masses
and are fertilized (Lange 2002). The observations made in the colleteric gland of P. planus allow us
to stage its secretory cycle (see Figs. 1, 5), including formation of the inner and outer zone, and
ovisac detachment, according to those established by an ultrastructural study of the gland of S.
carcini and Heterosaccus dollfusi (Lange 2002). Notably, there are distinctive hole-like imprints
found in the outer zone of the ovisac in P. planus immediately before the ovisac begins detaching
from the secretory epithelium. The rhizocephalan ovisacs resemble in many ways the ovisac formed
by the oviductal gland of thoracicans (see Lange 2002). Studies of the ovisacs of both groups
showed that cytoplasmic extensions of the epithelial cells make imprints in the outer zone of the
sacs, and that ovisac detachment involves degradation of the cytoplasmic extension, leaving cellular
debris in the space between the epithelium and detached ovisac (Walker 1980; Lange 2002);
subsequent degradation of the portions of the cytoplasmic extension left inside the imprints creates
holes on the surface of the ovisac, which are to be used as passages for spermatozoa to pass through
the ovisac and fertilize the ova inside (Walker 1977; Klepal et al. 1977; Walker 1980). Therefore,
the hole-like imprints we observed in the ovisac of P. planus are closely related to the process of
ovisac detachment and could be taken as a histological marker forecasting imminent ovisac
detachment and oviposition. Knowledge concerning the regulation of the secretory activity of the
colleteric/oviductal gland and oviposition in cirripedes is scarce, except several studies revealed that
environmental factors, e.g., photoperiod, food availability, and temperature, affect ovisac formation
and oviposition in S. balanoides (Walley 1965; Crisp and Lewis 1984; and see Clare 1987), the
effects of which are most likely to be transduced by neuroendocrine signals. In this respect, perhaps

one should look for neuroendocrine pathways of the parasite, rather than that of the host’s, as
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decapod crustaceans do not possess a pair of secretory glands homologous to the cirripede

oviductal/colleteric glands.

CONCLUSIONS

The parasitism and the interaction between rhizocephalans and their decapod host present
intriguing opportunities as well as challenging obstacles for interested biologists and physiologists
wishing to understand the underlying mechanism of host control manipulated by these parasitic
barnacles. In the mature externa of P. planus, occurrence of molting, ovulation, oviposition in an
orderly manner within a short span of 3 days, which is essential for successful fertilization and
hence eventual production of naupliar larvae, strongly suggests that these cycles are highly
regulated and intricately coordinated. The temporal profile of these cycles described here would
serve as a basis for studies of detailed mechanism underlying the interaction between P. planaus and

its parasitized host during the reproductive phase of the parasite.

Acknowledgments: The authors thank Ms. Pei-Chen Tsai, Ms. Yu-Hsuan Chen, Ms. River Min
Sung, Mr. Yao-Feng, Tsao of the Biodiversity Research Center, Academia Sinica for assistance in
animal collection. This research was funded by the National Science and Technology Council
(NSTC), Taiwan (111-2311-B-018-001 and 112- 2311-B-018-001 to C-YL; post-doctoral fellowship

was provided to HYC under grants 111-2811-B-018-002 and 112-2811-B-018-001).

Authors’ contributions: HYC, investigation, data analysis, resources; YC, data analysis; HCL,
resource acquisition, comments on the manuscript; JYT, resource acquisition, comments on the

manuscript; CY, funding acquisition, data analysis, writing.

Competing interests: The authors have no competing interests.

Availability of data and materials: The data that support the findings of this study are available on

request from the corresponding author, CYL.
22



Zoological Studies 64:13 (2025)

Consent for publication: All authors contributed to the article and approved the submitted version.

Ethics approval consent to participate: The animal study was reviewed and approved by
Experimental protocols involving animals employed by the present study were approved by the
Review Committee of National Changhua University of Education, in full accordance with the
recommendations (Guidelines for Management and Use of Experimental Animals) set by the

Council of Agriculture, Taiwan.

REFERENCE

Alvarez F, Bortolini JL, Heeg JT. 2010. Anatomy of virgin and mature externae of Loxothylacus
texanus, parasitic on the dark blue crab Callinectes rathbunae (Crustacea: Cirripedia:
Rhizocephala: Sacculinidae). J Morphol 271:190-199. doi:10.1002/jmor.10790.

Anderson DT. 1994. Reproductive system, mating and oviposition, p. 127—170. In: Barnacles:
Structure, Function, Development and Evolution. Chapman and Hall, London, UK.

Andrieux N. 1969. Remarques préliminaires sur la glande de mue de Carcinus mediterraneus
infestés par Sacculina carcini. Ann Parasitol Hum Comp 44:83-92. PMID: 5371168.

Andrieux N, Porcheron P, Berreur-Bonnenfant J, Dray F. 1976. Détermination du taux d'ecdysone
au cours du cycle d'intermue chez le crabe Carcinus maenas; comparaison entre individus
sains et parasités par Sacculina carcini. C R Acad Hebd Seances Acad Sci D 283:1429-1432.

Andrieux N, Porcheron P, Berreur-Bonnefant J. 1981. Etudes quantitatives et qualitatives des
ecdysteroides presents en vivo chez le crab Carcinus maenas sain ou parasite par Sacculina
carcini. Archs Zool Exp Gen 122:99-108.

Arbuzova NA, Lianguzova AD, Iliutkin SA, Laskova EP, Gafarova ER, Miroliubov AA. 2023.
Functional role of lacunar and muscular systems in the externa of Peltogasterella gracilis
(Cirripedia: Rhizocephala). J Morphol 284:¢21635. doi:10.1002/jmor.21635.

Bebbington PM, Morgan ED. 1977. Detection and identification of moulting hormone (ecdysones)
23



Zoological Studies 64:13 (2025)
in the barnacle Balanus balanoides. Comp Biochem Physiol B 56:77-79. doi:10.1016/0305-
0491(77)90225-5. PMID: 830473.

Bortolini JL, Alvarez F. 2008. Hepatopancreas alteration of the blue crab Callinectes sapidus by the
rhizocephalan barnacle Loxothylacus texanus. J Invertebr Pathol 99:354-356.
doi:10.1016/.jip.2008.08.004. Epub 2008 Sep 5. Erratum in: J Invertebr Pathol. 2010
Feb;103(2):144. PMID: 18805422.

Bresciani J, Hoeg JT. 2001. Comparative ultrastructure of the root system in rhizocephalan
barnacles (Crustacea: Cirripedia: Rhizocephala). ] Morphol 249:9—42. doi:10.1002/jmor.1039.
PMID: 11410937.

Charniaux-Cotton H. 1985. Vitellogenesis and its control in Malacostracan Crustacea. Amer Zool
25:197-206, https://doi.org/10.1093/icb/25.1.197

Charniaux-Cotton H, Payen G. 1985. Sexual differentiation, p. 217-299. In: The Biology of
Crustacea. Bliss DE and Mantel LH (eds) Volume 9, Integument, Pigments and Hormonal
Processes, Academic Press, Orlando, Florida.

Chassard-Bouchaud C, Hubert M. 1976. On the fine structure of the regressing ecdysial glands of
Carcinus maenas L. (Crustacea Decapoda) parasitized by Sacculina carcini Thompson. Cell
Tissue Res 167:351-361. doi:10.1007/BF00219147.

Chen HY, Kang BJ, Sultana Z, Wilder MN. 2018. Molecular cloning of red pigment-concentrating
hormone (RPCH) from eyestalks of the whiteleg shrimp (Litopenaeus vannamei): Evaluation
of the effects of the hormone on ovarian growth and the influence of serotonin (5-HT) on its
expression. Aquaculture 495:232-240.

Chen HY, Lee CH, Tsai CC, Liu HC, Yang SL, Lee C-Y. 2022. Interaction between the parasitic
barnacle Polyascus planus (Cirripedia: Rhizocephala) and its brachyuran host Metopograpsus
thukuhar during the development of the externa of the parasite: Control of the gonadal
development and vitellogenin synthesis of the host. Front Mar Sci 9:1073459.
doi:10.3389/fmars.2022.1073459.

Chen HY, Toullec JY, Lee CY. 2020. The Crustacean Hyperglycemic hormone duperfamily:
Progress made in the past decade. Front Endocrinol (Lausanne). 11:578958.

do0i:10.3389/fendo.2020.578958.
24



Zoological Studies 64:13 (2025)

Cheung PJ, Nigrelli RF. 1974. Ecdysterone-induced molting in isolated penis and appendages of
barnacle, Balanus eburneus Gould, kept in sterilized sea water. Amer Zool 14:1266.

Clare AS. 1987. Endocrinology of cirripedes, p. 249-266. In: Barnacle Biology. Southward AJ (ed)
AA Balkema, Rotterdam.

Crisp DJ, Lewis AH. 1984. Factors controlling cold tolerance and breeding in Balanus balanoides. J
Mar Biol Ass UK 64:125-145.

Drach P, 1939. Mue et cycle d'intermue chez les crustacés décapodes. Ann Inst Oceanogr (Paris)
19:103-391.

Drach P, Tchernigovtzeff C. 1967. Sur la methode de determination des stades d’intermue et son
application general aux Crustaces. Vie et Milieu. Serie A: Biologie Marine 18:595-610.

Fazhan H, Waiho K, Glenner H, Moh JHZ, Hassan M, Ikhwanuddin M. 2020. Gonadal
degeneration and hepatopancreas alteration in orange mud crab Scylla olivacea infected with
Sacculina beauforti (Crustacea; Rhizocephala; Sacculinidae). Front Mar Sci 7:534443.
doi:10.3389/fmars.2020.534443.

Fingerman M. 1997. Roles of neurotransmitters in regulating reproductive hormone release and
gonadal maturation in decapod crustaceans. Invertebr Reprod Dev 31:47-54.
doi:10.1080/07924259.1997.9672562.

Freeman JA. 1980. Hormonal control of chitinolytic activity in the integument of Balanus
amphitrite, in vitro. Comp Biochem Physiol A Physiol 65:13—17.

Freeman JA, Costlow JD. 1979. Hormonal control of apolysis in barnacle mantle tissue epidermis,
in vitro. ] Exp Zool 210:333-345.

Fyhn UEH, Costlow JD. 1977. Histology and histochemistry of the ovary and oogenesis in Balanus
amphitrite L. and B. eburneus gould (Cirripedia, Crustacea). Biol Bull 152:351-359.

Glenner H. 2001. Cypris metamorphosis, injection and earliest internal development of the
rhizocephalan Loxothylacus panopaei (Gissler). Crustacea: Cirripedia: Rhizocephala:
Sacculinidae. J] Morphol 249:43—75. doi:10.1002/jmor.1040.

Glenner H, Hoeg JT. 1995. A new motile, multicellular stage involved in host invasion by parasitic
barnacles (Rhizocephala). Nature 377:147—150. doi:10.1038/377147a0.

Glenner H, Hoeg, JT, O'Brien, JJ, Sherman, T. D. 2000. Invasive vermigon stage in the parasitic
25



Zoological Studies 64:13 (2025)
barnacles Loxothylacus texanus and L. panopae (Sacculinidae): closing of the rhizocephalan
life-cycle. Mar Biol 136:249-257. doi:10.1007/s002270050683.

Goddard JHR, Torchin ME, Kuris AM, Lafferty KD. 2005. Host specificity of Sacculina carcini, a
potential biological control agent of the introduced European green crab Carcinus maenas in
California. Biol Invasions 7:895-912.

Golubinskaya DD, Korn OM, Sharina SN, Selin NI. 2021. Sympatric two-species infestation by
rhizocephalan barnacle parasites in the spider crab Pugettia aff. ferox ohtsuchi & kawamura
2019 from Peter the great bay (Northwestern Sea of Japan). Zool Stud. 60:54.
do0i:10.6620/ZS.2021.60-54.

Hartnoll RG. 1967. The effects of sacculinid parasites on two Jamaican crabs. J Linn Sot (Zool)
46:275-295.

Heoeg JT. 1995. The biology and life cycle of the rhizocephala (Cirripedia). J Mar Biol Ass UK
75:517-550. doi:10.1017/S0025315400038996.

Heeg JT, Liitzen J. 1995. Life cycle and reproduction in the Cirripedia Rhizocephala. Oceanogr Mar
Biol Annu Rev 33: 427-485.

Hoeg JT, Noever C, Rees DA, Crandall KA, Glenner H. 2020. A new molecular phylogeny-based
taxonomy of parasitic barnacles (Crustacea: Cirripedia: Rhizocephala). Zool J Linn Soc.
190:632—-653. doi:10.1093/zoolinnean/zlz140.

Hsiao CJ, Wu Y1, Tung TA, Wang GY, Toullec JY, Liu ST, Huang WS, Lee CY. 2016. Metabolic
effects of parasitization by the barnacle Polyascus plana (Cirripedia: Rhizocephala:
Sacculinidae) on a grapsid host, Metopograpsus thukuhar. Dis Aquat Organ 119:199-206.
doi:10.3354/dao03000. PMID: 27225203.

Jaglarz MK, Kubrakiewicz J, Bilinski SM. 2014. The ovary structure and oogenesis in the basal
crustaceans and hexapods. Possible phylogenetic significance. Arthropod Struct Dev 43:349—
360. doi:10.1016/j.asd.2014.05.003.

Jayasankar V, Tomy S, Wilder MN. 2020. Insights on molecular mechanisms of ovarian
development in Decapod Crustacea: Focus on vitellogenesis-stimulating factors and pathways.
Front Endocrinol (Lausanne). 11:577925. doi:10.3389/fendo.2020.577925.

Klepal W, Barnes H, Barnes M. 1977. Studies on the reproduction of cirripedes. VI. Passages of the
26



Zoological Studies 64:13 (2025)
spermatozoa into the oviducal sac and closure of pores. J] Exp Mar Biol Ecol 27:289-304.

Korn OM, Shukalyuk AI, Trofimova AV, Isaeva VV. 2004. Reproductive stage of the life cycle in
the rhizocephalan barnacle Polyascus polygenea (Crustacea: Cirripedia). Russian J Mar Biol
30:328-340. doi:10.1023/B:RUMB.0000046552.07712.02.

Kristensen T, Nielsen Al, Jorgensen Al, Mouritsen K N, Glenner H, Christensen JT, Liitzen J, Hoeg,
JT. 2012. The selective advantage of host feminization: a case study of the green crab Carcinus
maenas and the parasitic barnacle Sacculina carcini. Mar Biol 159:2015-2023.
https://doi.org/10.1007/s00227-012-1988-4.

Lafont R, Balducci C, Dinan L. 2021. Ecdysteroids. Encyclopedia 1:1267—-1302.
https://doi.org/10.3390/encyclopedial 040096

Lafont R, Mathieu M. 2007. Steroids in aquatic invertebrates. Ecotoxicology. 16:109-30.
doi:10.1007/s10646-006-0113-1. PMID: 17238002.

Lange S. 2002. The colleteric glands in sacculinidae (Crustacea, cirripedia, rhizocephala): an
ultrastructural study of ovisac secretion. Contributions to Zoology 70:229-242.
doi:10.1163/18759866-07004004.

Lianguzova A, Arbuzova N, Laskova E, Gafarova E, Repkin E, Matach D, Enshina I, Miroliubov A.
2023. Tricks of the puppet masters: morphological adaptations to the interaction with nervous
system underlying host manipulation by rhizocephalan barnacle Polyascus polygeneus. Peer]
11:e16348. doi:10.7717/peer).16348.

Lianguzova AD, Ilyutkin SA, Korn OM, Miroliubov AA. 2021. Specialised rootlets of Sacculina
pilosella (Rhizocephala: Sacculinidae) used for interactions with its host's nervous system.
Arthropod Struct Dev 60:101009. doi:10.1016/j.asd.2020.101009.

Liitzen J. 1981. Field studies on regeneration in Sacculina carcini Thompson (Crustacea:
Rhizocephala) in the Isefjord, Denmark. J Exp Mar Biol Ecol 53:241-249.

Liitzen J. 1984. Growth, reproduction and life span in Sacculina carcini Thompson (Cinipedia:
Rhizocephala) in the Isefjord, Denmark. Sarsia 69:91-105.

Liitzen J, Takahashi T. 2005. Morphology and biology of Polysaccus japonicus (Crustacea,
Rhizocephala, Akentrogonida, Polysaccidae, fam. n.), a parasite of the ghost-shrimp

Callianassa japonica. Zool Scr 25:171-181.
27



Zoological Studies 64:13 (2025)

Liitzen J, Yamaguchi T. 1999. Sacculina oblonga, new species (Cirripedia: Rhizocephala), parasitic
on the grapsid crab cyclograpsus intermedius (Decapoda: Brachyura) from Japan. J Crus Biol
19:886—-890.

Meusy JJ. 1980. Vitellogenin, the extraovarian precursor of the protein yolk in Crustacea: a review.
Reprod Nutr Dev 20:1-21. doi:10.1051/rnd:19800101.

Miroliubov A, Borisenko I, Nesterenko M, Lianguzova A, Ilyutkin S, Lapshin N, Dobrovolskij A.
2020. Specialized structures on the border between rhizocephalan parasites and their host's
nervous system reveal potential sites for host-parasite interactions. Sci. Rep. 10:1128.

Miroliubov AA, Lianguzova AD, Ilyutkin SA, Arbuzova NA, Lapshin NE, Laskova EP. 2022. The
interna of the rhizocephalan Peltogaster reticulata: Comparative morphology and
ultrastructure. Arthropod Struct Dev. 70:101190. doi:10.1016/j.asd.2022.101190.

Mykles DL. 2021. Signaling pathways that regulate the crustacean molting gland. Front Endocrinol
(Lausanne). 12:674711. doi:10.3389/fendo.2021.674711.

Nagaraju GP. 2011. Reproductive regulators in decapod crustaceans: an overview. J Exp Biol 2011
214:3-16. doi:10.1242/jeb.047183. PMID: 21147963.

Nesterenko M, Miroliubov A. 2022. From head to rootlet: comparative transcriptomic analysis of a
rhizocephalan barnacle Peltogaster reticulata (Crustacea: Rhizocephala). F1000Res 11:583.
doi:10.12688/f1000research.110492.2.

Nielsen SO. 1970. The effects of the rhizocephalan parasites Peltogaster paguri Rathke and
Gemmosaccus sulcatus (Lilljeborg) on five species of paguridan hosts (Crustacea decapoda).
Sarsia 42, 17-32.d o1 : 10.1080/00364827.1970.10411160.

Nour Eldeen MF, El Gamal ME, Abdelsalam MM, Shoukr FA, Mona MH. 2019.
Histomorphological investigation of the mature externa of Heterosaccus dollfusi (Crustacea,
Rhizocephala). Zoomorphology. 138:463—473.

O'Brien JJ, Skinner DM, 1990. Overriding of the molt-inducing stimulus of multiple limb autotomy
in the mud crab Rhithropanopeus harrisii by parasitization with a rhizocephalan. J Crus Biol
10:440-445. doi:10.2307/1548333.

O'Brien J, Van Wyk P. 1985. Effects of crustacean parasitic castrators (epicaridean isopods and

rhizocephalan barnacles) on growth of their crustacean hosts, p. 191-218. /n: Wenner AM (ed)
28



Zoological Studies 64:13 (2025)

Crustacean issues. Vol. 3, Factors in Adult Growth. A. A. Balkema Press, Rotterdam, The
Netherlands.

Payen GG, Hubert M, Turquier Y, Rubiliani C, Chassard-Bouchaud C. 1981. Infestations
expérimentales de crabes juvéniles par la sacculine. Ultrastructure des racines parasitaires en
croissance et relations avec la niasse ganglionnaire ventrale de I'hote. Can J Zool 59:1818—
1826. doi:10.1139/z81-249.

Payen GG, Rubiliani C, Hubert M, Chassard-Bouchaud C. 1979. Donne es pre’liminaires relatives
aux modifications induites par les racines des Rhizoce phales sur le syste'me nerveux central
des crabes ho’tes: aspects structuraux et ultrastructuraux. C R Acad Sci Paris 288D:705—708.

Powell A, Rowley AF. 2008. Tissue changes in the shore crab Carcinus maenas as a result of
infection by the parasitic barnacle Sacculina carcini. Dis Aquat Org 80:75—79.

Reinhard EG. 1956. Parasitic castration of crustacea. Exp Parasitol 5:79—107. doi:10.1016/0014-
4894(56)90007-8. PMID: 13305598.

Rowley AF, Davies CE, Malkin SH, Bryan CC, Thomas JE, Batista FM, Coates CJ. 2020.
Prevalence and histopathology of the parasitic barnacle, Sacculina carcini in shore crabs,
Carcinus maenas. J Invertebr Pathol 171:107338. doi:10.1016/.jip.2020.107338.

Rubiliani C, Payen GG. 1979. Modalités de la destruction des régions neurosécrétrices des crabes
Carcinus maenas (L.) et C. mediterraneus Czerniavsky infestés par la sacculine. Gen Comp
Endocrinol 38:215-228. doi:10.1016/0016-6480(79)90209-0.

Rubiliani C, Rubiliani-Durozoi, M, Paye GG. 1980. Effets de la sacculine sur les gonades, les
glandes androgenes et le systeme nerveux central des crabes Carcinus maenas (L.) et C.
mediterraneus czerniavsky. Bull Soc Zool Fr 105:95-100.

Rubiliani-Durozoi M, Rubiliani C, Payen GG. 1980. Deroulement des gametogeneses chez les
crabes Carcinus maenas (L.) et c. mediterraneus czerniavsky parasites par la sacculine. Int J
Invertebr Reprod Dev 2:107-120. doi:10.1080/01651269.1980.10553346.

Sarojini R, Nagabhushanam R, Fingerman M. 1994. A possible neurotransmitter-neuroendocrine
mechanism in naphthalene-induced atresia of the ovary of the red swamp crayfish,
Procambarus clarkii, Comp Biochem Physiol C: Pharmacol Toxicol Endocrinol 108:33—38.

Schroeder PC, Talbot P. 1985. Ovulation in the Animal Kingdom: A review with an emphasis on the
29



Zoological Studies 64:13 (2025)
role of contractile processes. Gamete Res 11:191-221.

Shirley SM, Shirley TC, Meyers TR. 1986. Hemolymph responses of Alaskan king crabs to
rhizocephalan parasitism. Can J Zool 64:1774—1781.

Skinner DM. 1962. The structure and metabolism of a crustacean integumentary tissue during a
molt cycle. Biol Bull 123:635—647.

Skinner DM. 1985. Molting and regeneration, p. 43—146. In: The Biology of Crustacea, Volume 9:
Integument, Pigments, and Hormonal Processes. Bliss DE and Mantel LH (eds) Academic
Press, Orlando, Florida.

Takahashi T, Matsuura S. 1994. Laboratory studies on molting and growth of the shore crab,
Hemigrapsus sanguineus de Haan, parasitized by a Rhizocephalan barnacle. Biol Bull.
186:300—308. do0i:10.2307/1542276.

Talbot P. 1981a. Collagenase solutions induce in vitro ovulation in lobsters. J Exp Zool
216:181—-185.

Talbot P. 1981b. The ovary of the lobster, Homarus americanus. 1. Architecture of the mature ovary.
J Ultrastruct Res 76:235—248. doi:10.1016/s0022-5320(81)80055-x.

Tighe-Ford DJ, Vaile DC. 1972. The action of crustecdysone on the cirripede Balanus balanoides
(L.). J Exp Mar Biol Eco 9:19-28.

Tinikul Y, Joffre Mercier A, Soonklang N, Sobhon P. 2008. Changes in the levels of serotonin and
dopamine in the central nervous system and ovary, and their possible roles in the ovarian
development in the giant freshwater prawn, Macrobrachium rosenbergii. Gen Comp
Endocrinol. 158:250—258. doi:10.1016/j.ygcen.2008.07.009.

Tomy S, Saikrithi P, James N, Balasubramanian CP, Panigrahi A, Otta SK, Subramoniam T, Ponniah
AG. 2016. Serotonin induced changes in the expression of ovarian gene network in the Indian
white shrimp, Penaeus indicus. Aquaculture. 452:239-246.
doi:10.1016/j.aquaculture.2015.11.003

Toyota K, Ito T, Morishima K, Hanazaki R, Ohira T. 2023. Sacculina-Induced morphological
feminization in the grapsid crab Pachygrapsus crassipes. Zoolog Sci 40:36—374.
doi:10.2108/zs230022. PMID: 37818885.

Uglow RF. 1969. Haemolymph protein concentrations in portunid crabs — III. The effect of
30



Zoological Studies 64:13 (2025)

Sacculina. Comp Biochem Physiol 31:969-973.

Vega-Villasante F, Cortés-Jacinto E, Garcia-Guerrero M. 2007. Contribution to the knowledge of
moulting and growth of Callinectes arcuatus Ordway, 1863 (Brachyura, Portunidae) in Baja
California Sur, Mexico. Crustaceana 80:769-778.

Veillet A, Graf F. 1959. Degenerescence de la glande androgene des crustaces decapodes parasites
parles rhizocephales. Bull Soc Sci Nancy 18:123—128.

Waiho K, Fazhan H, Glenner H, Ikhwanuddin M. 2017. Infestation of parasitic rhizocephalan
barnacles Sacculina beauforti (Cirripedia, Rhizocephala) in edible mud crab, Scylla olivacea.
Peer]. 5:¢3419. doi:10.7717/peerj.3419.

Waiho K, Fazhan H, Zhang Y, Afigah-Aleng N, Moh JHZ, Ikhwanuddin M, Hassan M, Norainy
MH, Ma H. 2020. Gonadal transcriptomic analysis of the mud crab Scylla olivacea infected
with rhizocephalan parasite Sacculina beauforti. Genomics 112:2959—-2969.
doi:10.1016/j.ygeno.2020.05.007.

Walker G. 1977. Observation by scanning electron microscope (SEM) on the oviducal gland sacs of
Balanus balanoides at egg laying. ] Mar Biol Assoc UK 57:969-972.

Walker G. 1980. A study of the oviducal glands and ovisacs of Balanus balanoides (L), together
with comparative observations on the ovisacs of Balanus hameri (Ascanius) and the
reproductive biology of the two species. Phil Trans R Soc Lond (B) 191:147-162.

Walker G. 2001. Introduction to the Rhizocephala (Crustacea: Cirripedia). J] Morphol 249:1-8.
doi:10.1002/jmor.1038. PMID: 11410936.

Walley LJ. 1965. The development and function of the oviducal gland in Balanus balanoides. ] Mar
Biol Ass UK 45:115-128

Zatylny-Gaudin C, Hervé O, Dubos MP, Rabet N, Henry J, Liittschwager K, Fabienne A. 2023.
Differential analysis of the haemolymph proteome of Carcinus maenas parasitized by
Sacculina carcini (Cirripeda, Rhizocephala) reveals potential mechanisms of parasite control.
Fish Shellfish Immunol 141:109064. doi:10.1016/j.fs1.2023.109064.

Zeng H, Bao C, Huang H, Ye H, Li S. 2016. The mechanism of regulation of ovarian maturation by
red pigment concentrating hormone in the mud crab Scylla paramamosain. Anim Reprod Sci.

164:152—-161. doi:10.1016/j.anireprosci.2015.11.025.
31



Zoological Studies 64:13 (2025)
Zerbib C, Andrieux N, Berreur-Bonnenfant J. 1975. Données préliminaires sur l'ultrastructure de la

glande de mue (organe Y) chez le Crabe Carcinus mediterraneus sain en parasité par Sacculina

carcini. C R Acad Hebd Seances Acad Sci D 281:1167—-1169.

32



Zoological Studies 64:13 (2025)

Supplementary materials

Fig. S1. Changes in the oocyte diameter during the ovarian cycle in the mature externa of P,
planus. *** indicates significant differences from the mean oocyte diameter at 0 day post-

oviposition (p < 0.001, Tukey’s pairwise comparison; n = 3 for each group). (download)
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