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ABSTRACT: Rhizocephala is a group of unique and highly specialized parasitic crusta-
ceans. Due to specialization in endoparasitism adult rhizocephalans have lost almost all the
traits of free-living crustaceans. Despite large amount of data on different aspects of their
biology there is still insufficient knowledge of their interna morphology. The muscular
system in interna has been found and described only for Peltogaster paguri from the family
Peltogastridae. The aim of our study is to visualize and describe muscular system in the
interna of Polyascus polygenea and Sacculina pilosella (family Sacculinidae). Represen-
tatives of both species have similar type of muscular system, which is significantly different
from that in P. paguri. The muscular system of the sacculinids consists of muscular rosettes
located within the body wall of each rootlet. Muscle fibers in these rosettes are oriented in
different directions. Tiny muscular processes connect the rosettes to each other. These
contractile elements form a joint net-like muscular system. We suggest that this muscular
system provides peristaltic movement of the roots and transports nutrients within the
interna.
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PE3IOME: Rhizocephala — rpynmna BBICOKO CHENHMaIN3UPOBAHHBIX Mapa3suTHYCCKUX
pakooOpasHbIxX. B x0/1e afanrtanuii K 9HI0MApasuTU3MY B3pOCIIbIC MPEICTABUTEIH KOPHE-
TOJIOBBIX YTpaTUJIN MMOYTHU BCC YEPTHI CBOGOHHO)KI/IBYHII/IX POACTBCHHUKOB. HeCMOTpH Ha
60.]'1])[]_[0171 O6’I)eM JJAHHBIX O PA3HBIX aCIICKTax 6[/IOJ'IOFI/II/I OTHUX )KUBOTHBIX, BCC CIIIC OCTAKOT-
Cci 66.]1])13 IIATHA B 3HAHUAX, KaCarOIIUXCA MOpq)OJ'IOFI/II/I HWHTCPHBI. MpleyHasi cucteMa
HHTEPHBI BCETO OJIHAXIBI ObLTa OTMCaHa y TpeacTaBuTeseii Buaa Peltogaster paguri u3
ceM. Peltogastridae. [ToaTOMy MBI TOCTaBWIIM 11€J1b BU3yaIM3UPOBATh M ONUCATH MBIIIEY-
HYIO cucTeMmy B uHTepHE Polyascus polygenea u Sacculina pilosella (cem. Sacculinidae).
MpelieyHasi cucreMa y 00OMX BHIOB MMEET CXOXKEEe CTPOCHHE, KOTOPOE, MPU ITOM,
3aMETHO OTJIMYACTCA OT CTPOCHUA MBIIIICYHON CUCTEMBI P. paguri. MpleyHasi cucremMa
npejcraButeneii ceM. Sacculinidae cocTouT 13 3B€31000pa3HbIX MBIIIEYHBIX 3JIEMEHTOB,
pacronarafonmxcsi B CTEHKE KaXIOro CTOJNIOHA. B cOCTaB KaXIoro 3Be3000pa3HOro
MBIIIEYHOT'O 2JICMCHTA BXOAAT MBINICYHBIC BOJIOKHA, OPIraHU30BaHHBIC B Pa3HBIX HAIIpaB-
JICHUMX. COCC[[HI/IC MBIIIEYHBIC DJICMCHTBI COCITMHCHBI MEXKTY COGOﬁ TOHKHUMMH MBIIIICYHbI-
MU ¢pubpmutamMu. TakuM 00pa3oM, MBIIICUHBIC 3TEMEHTHI (YOPMHUPYIOT OOIIYIO MBIIICY-
HYI0 cucTeMy. MBI mpenmnosnaraeM, 4ro NMoAoOHasi MBIIIEYHAs cUCTeMa 00ecIieunBaeT
NEePUCTAITBTUYCCKHUE COKPAIICHHS CTOIOHOB H, TAKUM 00pa3oM, OCYIIECTBISIETCS TPAHC-
MOPT MUTATCIILHBIX BEIICCTB 11O Bcel HUHTCPHEC.
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Introduction

Parasitic crustaceans from the order Rhizo-
cephala have highly modified life cycle (Glen-
ner, 2001; Pérez-Losada et al., 2002; Heeg,
Rybakov, 2007; Heeg et al., 2012), unique
ontogeny and newly formed adult body (Glen-
ner, Hoeg, 1995; Glenner et al., 2000; Korn et
al., 2000; Korn, Rybakov, 2001). Due to deep
specialization in endoparasitism the adult rhizo-
cephalans have lost almost all the traits of free-
living crustaceans (Heeg et al., 2005). The body
of an adult female consists of two parts: interna
and externa. The internais a system of ramifying
hollow rootlets, and it is usually assumed to
perform a trophic function. The externa is a
temporarily formed structure containing the fe-
male’s reproductive system (Hoeg, 1995; Bres-
ciani, Heeg, 2001). Nowadays there are numer-
ous papers on the phylogeny, development, evo-
lution, parasite-host interactions, and others
aspects of the rhizocephalan biology (Alvarez
etal.,1995,2002; Hoeg, 1995; Bresciani, Hoeg,
2001; Graham, 2001; Bortolini, Alvarez, 2008;
Kristensen et al., 2012; Belgrad, Griffen, 2015;
Nagleretal.,2017; Pérez-Miguel, 2017; Liitzen
etal.,2018; Zacher, 2018). However, morphol-
ogy ofinterna is still poorly described, especial-
ly in the terms of the muscular system. It has
been shown that the representatives of Pelto-
gaster paguri (Rathke, 1842) (fam. Pelto-
gastridae) had striated muscular fibers in the
wall of the main trunk. These fibres were orga-
nized in an unidirectional right spiral that braids
the central lumen of the main trunk. The muscu-
lar system was heterogenecous along the main
trunk. The density of muscular fibres was lower
in the distal part of the main trunk than in its
central part. It is supposed that this muscular
arrangement provides peristaltic movements of
the main trunk and is necessary for transport of
nutrients along the interna (Miroliubov, 2017).
Bresciani & Hoeg (Bresciani, Hoeg, 2001) found
muscle elements in the interna of Sacculina
carcini (Thompson, 1836). They noticed a weak
sinuous movement of living rootlets. Ultrastruc-
tural study of the interna revealed the presence
of the muscular fibers (Bresciani, Hoeg, 2001).
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Unfortunately, the spatial organization of mus-
cular system in the family Sacculinidae has
never been described. Therefore in this study
we focus on the muscular system of two species
from the family Sacculinidae: Polyascus poly-
genea (Liitzen, Takahashi, 1997) and Sacculina
pilosella (Van Kampen, Boschma, 1925). Rep-
resentatives of the family Sacculinidae have
another type of the interna organization in con-
trast to the family Peltogastridae (Isacva, 2001;
Shukalyuk ef al., 2001; Liitzen, 2002; Shuka-
lyuk, 2002; Miroliubov, 2017). It has no central
elements, such as the main trunk in P. paguri;
all the rootlets ramify randomly and infiltrate
the whole body of the host. Thus follow anoth-
er type of interna gross morphology we expect
to find different organization of the muscular
system.

Methods

Animals

The crabs Hemigrapsus sanguineus (De
Haan, 1835) infected by Polyascus polygenea
(Liitzen, Takahashi, 1997) and crabs Pugettia
quadridens (De Haan, 1839) infected by Saccu-
lina pilosella (Van Kampen, Boschma, 1925)
were collected during the summer 2018 in the
Sea of Japan (Marine Biological Station “Vos-
tok” of National Scientific Center of Marine
Biology, FEB RAS) (N: 42.893720, E:
132.732755).

Infected crabs were dissected and parts of
the interna were taken from the hosts’ bodies.

Immunocytochemistry (ICC)

For immunocytochemical visualization of
interna, samples were fixed in 4% paraformal-
dehyde (PFA; Sigma-Aldrich) in phosphate-
buffered saline (PBS; Fluka) at 4 °C overnight.
Before immunocytochemical staining, the fixed
material was rinsed several times during 24
hours with PBT (PBS + 0.1 % Triton-X100;
Sigma-Aldrich). During the next 24 h the spec-
imens were incubated in TRITC-labeled phal-
loidin solution (200 ng/ml). After the material
was rinsed three times for 10 min in PBS, it was
stained with the DAPI nuclei stain (1 ug/ml;
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Sigma) in PBS for 1 hour, rinsed with PBS and
mounted in DABCO-glycerol. Specimens were
examined using the confocal laser scanning
microscope Leica TCS SPE in Resource Centre
“Microscopy and Microanalysis” of Research
park of Saint-Petersburg State University. The
images were processed by Imagel software
(FiJi).

Specimens for cryosectioning were rinsed
several times during 24 hours with PBT, then
incubated for 24 hours in 30% sucrose solution
for cryoprotection. Sections (40 pm) were made
by cryotome Leica CM3050S. Following that,
we used the described above protocol for immu-
nocytochemical visualization.

Transmission and scanning electron mi-
croscopy (TEM)

For transmission electron microscopy, the
samples were fixed overnight at 4 °C in 2.5%
glutaraldehyde in phosphate buffer saline with
addition of Sucrose (pH 7.4; 750 mOsM), and
postfixed in 1% OsO, in the same buffer (1 hour
at room temperature). After washing with the
same buffer, the specimens were dehydrated
through an ethanol series and acetone, and em-
bedded in Epon-812 embedding media (Fluka).
Semithin (1 pm thick) and ultra-thin (60—80 nm)
sections were cut with a Leica EM UC7 ul-
tratome. Semi-thin sections were stained with a
methylene blue and studied under Leica DM2500
microscope. Ultra-thin sections were stained
with uranyl acetate followed by lead nitrate and
examined with transmission electron microscope
JEOL JEM 1400 in the Resource Centre “Chro-
mas” and “Molecular and Cell Technologies”
of the Research park of Saint-Petersburg State
University.

Results

The interna of P. polygenea had numerous
star-like muscular rosettes in the body wall of all
examined rootlets (Fig. 1A). These contractile
elements have muscular fibers lying in different
directions (Fig. 1C, D). It is not clear if these
contractile rosettes are multi or unicellular. All
observed muscular fibers are striated (Fig. 1B).

Tiny muscular processes connect the adjacent
muscular rosettes (Fig. 2A, B). All the muscular
rosettes are incorporated into a joint muscular
system. This jointnet of muscular rosettes braids
the central lumen of each rootlet, which is clear-
ly seen on the transversal cryosections of the
rootlets (Fig. 2C). However, in some small
rootlets (presumably growing ones) we found
only a single line of muscular rosettes (Fig. 1A).
The muscular origin of these structures was
confirmed at ultrastructural level (Fig. 2D).

The muscular system of the interna of S.
pilosella has the same organization as P. poly-
genea. The muscular rosettes were found in the
body wall of all examined rootlets. These ro-
settes were connected to each other by the
muscular processes and formed joint muscular
system (Fig. 3A, B). Therefore, the muscular
system of S. pilosella is similar to that of P.
polygenea. The only difference is that the den-
sity of muscular rosettes in the interna of S.
pilosella is a little bit higher than in P. polyge-
nea (Fig. 3A, B).

Discussion

This study shows that the representatives of
the family Sacculinidae have unique type of
muscular system in a form of a joint net with
muscular rosettes in a grid points. Such type of
muscular system has never been observed inany
other animal.

The muscular system in the interna of saccu-
linids greatly differs from that has been earlier
described for a peltogastrid P. paguri (Miroli-
ubov, 2017). We suggest that such differences
could stem from the dissimilar type of interna
gross morphology. The interna of the Pelto-
gastridae is more differentiated when compared
with the Sacculinidae. Representatives of P.
paguri have the main trunk, which is the central
element of the interna and side rootlets branch-
ing from it. A special stalk connects the central
part of the trunk with the externa. So trophic
rootlets are considered to absorb nutrients and
transport them to the lumen of the main trunk.
Spiral muscular system in the body wall pro-
vides peristaltic movement that transports them
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Fig. 1. Contractile muscular structures in the interna of Polyascus polygenea. Confocal Z-stack, phalloidin
labeling. A — part of the interna with a wide, normal, and small growing rootlets; B— fragment of the rootlet
with contractile muscular elements; C, D — muscular rosettes.

Abbreviations: gr — growing rootlet; mp — muscular processes; mr — muscular rosette; nr — normal rootlet.

Puc. 1. CoxpaTtumble MBIIIEYHBIE IEMEHTHI B HHTepHE Polyascus polygenea. Z-mipoeKIust KOH(POKAIBHBIX
CHHMKOB, MeueHHe (aJUIOMANHOM. A — 9YacTh MHTEPHBI C KPYMHBIMH, HOPMAJIbHBIMH M MaJeHBKIMHU
pacTymuMu CToJoHaMH; B — ¢parMeHT cTojoHa ¢ COKpaTUMBIMHU MBIMIEUHBIMK d1eMentamu; C, D —

MBIIIIEYHBIE PO3ETKHU.

O003HaYeHUs: g — PACTYLIMH CTOJIOH; MP — MbIIIEYHbIE OTPOCTKH; MI — MBIIIEYHbIE PO3ETKU; NI — HOPMAJIbHBII

CTOJIOH.

along the channel system of the parasite (Miro-
liubov, 2017). The side branches have no con-
tractile elements. Possibly the convectional
movement of liquid in the central lumen of the
main trunk also involves liquid inside side
branches in moving.

In contrast to the peltogastrids the interna of
sacculinids has no central elements such as main
trunk. It appears as randomly ramifying rootlets
(Bresciani, Heeg, 2001). At the same time the
interna is quite abundant and the distance be-
tween the stalk of the externa and the tips of the
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Fig. 2. Muscular rosettes in the body wall of the rootlets of Polyascus polygenea. A — muscular processes
between neighboring muscular rosettes. Confocal Z-stack, phalloidin labeling; B — the fragment of the
rootlet with muscular rosettes. Confocal Z-stack, phalloidin labeling; C — the transversal cryosection of the
rootlets with muscular rosettes in the wall of the interna. Confocal Z-stack, phalloidin labeling; D —
muscular fiber with tonofillamets, TEM.

Abbreviations: ¢l — central lumen; mf — muscular fiber; mp — muscular processes; mr — muscular rosette; tf —
tonofillamets.
Puc. 2. MpImeyHbie pO3ETKH B CTEHKE CTOJNIOHOB Polyascus polygenea. A — MbIlIEYHBIC BOJIOKHA

COCTMHAIONINE COCEIHUE MBIIICYHBIC PO3ETKH. Z-TPOEKIUI KOH()OKATHHBIX CHUIMKOB, MeUeHNUE (Ao TH-
HOM; B — (pparMeHT cTOSI0HA ¢ MBIIICUYHBIMH PO3ETKAMHU. Z-TIPOCKITUS KOH(POKAIBHBIX CHUMKOB, MCUCHHE
¢damonnnaoM; C — TIONIEPEYHBIA KPUOCPE3 CTOJIOHA C MBIIICYHBIMU PO3ETKAMHU B CTCHKE WHTEPHBL. Z-
MPOEKIHS KOH(OKATBHBIX CHUMKOB, MEUeHHE (GaUIONINHOM; D — MBIIIeYHOE BOJIOKHO C TOHO(HIITIaMEH-
tamu. TEM.

O0603HaueHust: ¢l — neHTpaabHbIi KaHaa; mf — MBIIIEYHOE BOJOKHO; MP — MBIIIEYHBIC OTPOCTKH; MI — MBIILICYHBIC
posetky; tf — TOHO(GUIITAMEHTHI.

rootlets can reach several centimeters. Trans- of nutrients along the interna, and since there is
port via diffusion is not available for such dis- no big central cavity, each of the rootlet has
tances. We suggest that such net-like muscular muscular fibers that braid the lumen. Unfortu-
system is also necessary for the transportation nately we have no data to explain how such
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Fig. 3. Contractile muscular structures in the interna of Sacculina pilosella. Confocal Z-stack, phalloidin
labeling. A—B — the rootlets of S. pilosella with muscular rosettes in the body wall.

Abbreviations: mp — muscular processes; mr — muscular rosette.

Puc. 3. CokpaTuMble MBIIICUHBIE 3JIEMEHTHI B HHTepHE Sacculina pilosella. Z-ipoeKiust KOH(POKATBHBIX
CHHMKOB, MeueHne GaonanHoM. A—B — crononst S. pilosella ¢ MBIIIEYHBIME PO3E€TKAMH a CTEHKE TeJa.
O003HaYEeHUs: MP — MBbILIEYHbIE OTPOCTKH; MI' — MBIIIEYHbIE PO3ETKH.

muscular system functions and how it is con-
trolled.

We observed that on the distal parts of the
rootlets muscular rosettes were lying in a line.
This suggests possible absence of the central
lumen in young rootlets (Fig. 1A). We propose
that these rootlets are the growing parts of the
interna. Therefore, the muscular rosettes seem
to appear next to the tip of growing rootlet. The
density of muscular rosettes increases just after
the expansion of the thickness of the rootlet.

It is still unclear what is the way of innerva-
tion in both of these muscular systems (pelto-
gastrid type and sacculinid type)? Unfortunate-
ly, the nervous system associated with muscular
fibers has not been found in this study nor in the
previous description (Miroliubov, 2017). The
nervous system of the rhizocephalans is one of
the most enigmatic phenomena, as it still has
never been described. We suggest that innerva-
tion of these muscles could be carried out by a
range of ways. First of all, we tried to treat the
interna with antibodies against different neu-
rotransmitters, however we got no significant
staining pattern. It is possible that our protocols

were not appropriate enough to visualize rhizo-
cephalan neurvous system, as they could differ
from other animals by a composition of neu-
rotransmitters. Secondly, perhaps somewhere
in the interna there is a ganglion or a group of
neurvous cells that provide neural signals. These
impulses could spread along the whole interna,
through intercellular junctions, since all muscu-
lar fibers are incorporated into the joint muscu-
lar system. Thirdly, it is possible that modified
muscular cells—pacemakers could generate an
impulse, or there is another origin of a signal
that runs muscular contraction.

Structural differences between two types of
muscular system of P. paguri on the one hand
and P. polygenea and S. pilosella on another are
also very interesting in context of evolution and
phylogeny of the rhizocephalans. According to
the phylogenetic tree, P. paguri has one of the
most basal position in the rhizocephalan clade,
while P. polygenea is usually located in the
crown (Glenner, Hebsgaard, 2006; Pérez-Losa-
da, 2008; Glenner, 2010). Unfortunately only
three species are studied and it is early to make
any conclusions about the evolution of muscu-
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lar systems among the Rhizocephala. We are
unable to establish whether these two types of
muscular system appeared independently ornot.
However, we suggest that the type of muscular
system in the interna should be quite flexible
and depends on the type of the interna organiza-
tion. We need more data on the structure of
neuromuscular systems in other species and
clades of these parasitic barnacles.
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