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ABSTRACT: The article describes the architecture and ultrastructure of the excretory
system (protonephridial system) of the plerocercoid Pyramicocephalus phocarum
(Fabricius, 1780), a parasite of the liver of the cod Gadus morhua Linneaus, 1758. The
excretory system consists of cyrtocytes and a syncytial excretory epithelium, which forms
the protonephridial funnels, the canal system, and the excretory bladder. Our immunocy-
tochemical studies have shown that cyrtocytes are immunoreactive to a-tubulin, the
protonephridial complexes are reactive to fibrillar actin. The excretory epithelium consists
of differentiated apical cytoplasm specializing at secretion and reabsorption, and sub-
merged cytons/perikarya. Architecture of the excretory system includes syncytial canals of
various diameters and positions within the body. The 1% and the 2" order canals form a
complex three-dimensional peripheral network. The longitudinal central (main) excretory
canals branch dichotomously at the posterior end of the body and flow into the excretory
bladder. The main excretory canals possess a thick muscular wall innervated by the central
nervous system. In addition, the ultrastructure of the excretory bladder, nephropore,
terminal excretory pore are described. A close connection between the excretory and
nervous systems occurs in the plerocercoid body. In the scolex, the main excretory canals
and transverse excretory anastomoses pierce the brain, and underlie the transverse cerebral
commissure. Neurites of the main nerve cords innervate the main excretory channels. Apart
from this, there are unciliated sensory organs in the wall of the terminal excretory pore. The
functional significance of the described structures is discussed. Based on the obtained
ultrastructural and immunocytochemical data, we support the hypothesis of primary
ultrafiltration through a molecular sieve of the glycocalyx, covering the weir ribs of
protonephridia.
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PE3IOME: N3yueHo cTpoeHHME W YIABTPACTPYKTypa BBIACIUTEIBHON CHCTEMBI
(npoToHepuIHATTEHOM CHCTeMBI ) IIeporiepkouna Pyramicocephalus phocarum (Fabricius,
1780), mapasura neuenu Tpecku Gadus morhua Linneaus, 1758. BeinenurenbHas cucrema
COCTOMT M3 LUPTOLMTOB M CHHIUTHAILHOTO SKCKPETOPHOIO SIUTENHs, 00pa3yromero
npoToHepuaAHATbHBIE BOPOHKH, CHCTEMY KaHallOB M JKCKPETOPHBIN MY3bIPb.
VMMYyHOIMTOXUMHUYECKHE HMCCICAOBAHUS IMOKAa3alld, YTO LHUPTOLMUTHl 00JIaNa0T
UMMYHOPEAKTUBHOCTBIO K 0-TYOYJIMHY, TPOTOHE()PUANAIBHBIN KOMILJIEKC PEaKTHBEH K
GUOPWIISIPHOMY aKTHHY. DKCKPETOPHBII AMHUTEINN COCTOUT U3 TU(GEPEHIIMPOBAHHON
anMKaJIbHON [UTOIUIA3MBbl, CIICHUAIN3UPOBAHHON Uil CEKpeluu M peadcopOouuu, u
NOTPY>KEHHBIX [IMTOHOB/TIEPUKAPHOHOB. APXUTEKTYPa BbIJICIUTEILHON CHCTEMBbI BKITFOUAET
CHHIUTHAIIbHBIC KaHAJIbI PA3JIMYHOIO JUaMETpa U MOJI0kKEHHst B oprannzmMe. Kananesr 1-ro
U 2-ro nopsiaKa 00pas3yroT CIOKHYIO TPEXMEpHYIo nepudepuueckyto cets. [IpononbHbie
LEHTpaJIbHbIE (TJIaBHbIE) DKCKPETOPHBIE KAHAIIBI TIMXOTOMHYECKH PA3BETBISIOTCS HA 33/ IHEM
KOHIIE TeJla M BHAJAl0T B MOYEBOW Iy3bIpb. [ JIaBHBIE SKCKPETOPHBIC KaHAJIbI UMEIOT
TOJICTYIO MBIIIEYHYIO CTCHKY, HHHEPBUPYEMYIO LIEHTPaJIbHOI HepBHOH cucTeMoi. OnrcaHa
YIBTPACTPYKTYpa MOUYEBOTO ITy3bIps, HE(POIopa, TEPMHUHAILHON SKCKPETOPHOM MOPBHI.
TecHass cBs3bp MEXJy BBIACIUTEIBHONM M HEPBHOW CHCTEMaMH OTMEUEeHa B TeJje
iepouepkona. B ckoiekce, yepe3 MO3r IMPOXOAST IVIaBHbIE SKCKPETOPHBIC KaHAJbI U
HOMNepeyHbIe IKCKPETOPHBIE aHACTOMO3bI, KOTOPbIE MOJICTUIIAIOT MEHaHHYI0 MO3TOBYIO
KoMuccypy. HelipuThbl r1aBHBIX HEPBHBIX CTBOJIOB HHHEPBUPYIOT MYCKYJIATYypPy INIAaBHBIX
BBIJICJINTENILHBIX KAaHAJIOB, B CTEHKE TEPMUHAIBLHOW IOPHI UMEIOTCS Oe3peCHUYHBIC
ceHcopHble opranbl. O0cyxaaeTcs (yHKIMOHAILHOE 3HAYEHHUE OIMCAHHBIX CTPYKTYp. Ha
OCHOBAHMU IMOJIYYCHHBIX YIBTPACTPYKTYPHBIX U UMMYHOLIUTOXMMUAYCCKUX TAHHBIX, MBI
NOJJICP)KUBAEM THUIIOTE3y TEPBUYHOHN YIbTpadUIbTPAlMU Yepe3 MOJICKYJISIPHOE CHTO
TIIMKOKAJIMKCA, TTOKPBIBAIOIIEr0 MUKPOBOPCUHKH BEPIIN MPOTOHE(PPUAHS.
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ultrastructure of diphyllobothriid tapeworm Pyramicocephalus phocarum (Cestoda) with
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Introduction

Neodermatan flatworms Cestoda lack a co-
elom, digestive, blood-vascular, and respirato-
ry systems. The neodermis (or tegument), mus-
cular and excretory systems have a syncytial
organization (Kuperman, 1988; Korneva,2013).
The excretory system (protonephridial system)
has an epithelial lining and forms a closed
vascular system. The excretory system (proto-
nephridial system) of cestodes is important for
the comparative morphology of tapeworm taxa,
as well as for the system functioning in parasitic
lifestyle (Malmberg, 1971; Lindroos, Gardberg,
1982; Kuperman, 1988; Korneva et al., 1998;
Poddubnaya et al., 2020).

Cestoda protonephridial filtration apparatus
consist of two cells, the flame cell and the first
canal cell (Wilson, Webster, 1974; Xylander
1987, 1992; McCullough, Faiweather, 1991;
Biserovaetal.,2021). At the same time, there is
an opposite hypothesis, which rejects the bicel-
lularity of the filtration apparatus in some spe-
cies of tapeworms. According to data of B.I.
Kuperman, in lower cestodes the flame cell and
canal epithelium forms a united syncytium of
the protonephridia (Kuperman, 1988).

During ontogeny of cestodes, the excretory
system is formed several times. Oncospheres of
cyclophyllid cestodes lack cyrtocytes (Coil,
1991; Swiderski, Tkach, 2002), whereas there
are 2 cyrtocytes in free-living licophores of
amphilinids or gyrocotylids, and coracidia of
Pseudophyllidea sensu lato. Each of the cyrto-
cytes contacts the excretory canal, which in turn
contacts the cell that forms the excretory pore of
the larva (Korneva, 1994, 2001, 2004; Swider-
ski, Mackievicz, 2004). Thus, three cells from
each side build the primary excretory system of
coracidia. The primary excretory system is de-
stroyed in procercoids in the first intermediate
host, and then the secondary excretory system is
formed. Thus, the secondary excretory system
develops de novo from undifferentiated cells
and functions independently of the primary ex-
cretory system (Malmberg, 1971, 1972, 1974;
Korneva, 2004). The secondary excretory sys-
tem is inherited by plerocercoids, the next stage
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developing in a second intermediate host, and is
passed on to adult cestodes. The excretory sys-
tem of plerocercoids and adult cestodes is high-
ly complicated due to a large size of the body. It
is represented by the extended canals of various
architecture in different taxa (Dubinina, 1982;
Rohde, Watson, 1991; Rohde et al., 1992; Xy-
lander, 1992; Korneva et al., 1998; Poddubnaya
et al., 2020). A significant part of excretory
system has syncytial organization (Kuperman,
1988; Pospekhova et al., 1993; Kabbany, 2009;
Korneva, 2013).

The canal part of the excretory system con-
sists of longitudinal main canals and a peripher-
al net of smaller canals in different representa-
tives of lower cestodes (Malmberg, 1974; Lin-
droos, Gardberg, 1982; Lindroos, 1983; Kuper-
man, 1988). In the plerocercoids of Diphyllobo-
thrium dendriticum* (Nitzsch, 1824) (Diphyl-
lobothriidea) the excretory system consists of a
peripheral net of canals, a central system con-
sisting of two main longitudinal canals which
communicate with each other via transverse
canals, as well as a dorsal and ventral capillary
plexus in the scolex and a 4-lobated bladder
with an excretory pore at the posterior end of the
plerocercoid body. Cyclophyllidea possess four
main longitudinal canals (two dorsal and two
ventral); the ventral pair is connected by regular
transverse anastomoses (Coil, 1991; Rozario,
Newmark 2015). Though currently there is a lot
of contradictory data and conflict terms con-
cerning the structure, position, and interconnec-
tion of the caudal parts of the cestode excretory
system, there are several questions to be studied
thoroughly. The issue to be primarily consid-
ered is what the bladder in cestodes actually is
and whether or not the cestode bladder can be
regarded as a structure with a tegumental lining
(Malmberg, 1972) or as a reservoir with excre-
tory epithelium lining (Korneva et al., 1998).
Another issue to consider is that the connection

* For citation, we use the species name as noted in the
references; for example, Diphyllobothrium dendriticum
and D. latum instead of current suggested name Dibothri-
ocephalus dendriticus and D. latus, although genus Di-
phyllobothrium was divided into two genera: Dibothrio-
cephalus and Diphyllobothrium (Waeschenbach et al.,
2017).
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between the main longitudinal canals and the
excretory bladder is not reliably shown in di-
phyllobothriidean tapeworms (Lindroos, Gard-
berg, 1982). Furthermore, there is no clear def-
inition of such structures as nephropores (or
nephridiopores), and excretory pores (Xyland-
er, 1992; Korneva et al., 1998; Lindroos, Gard-
berg, 1982). Functional significance of the above
mentioned structures also seems to be a contro-
versial issue (Wilson, Webster, 1974; Lindroos,
Gardberg, 1982; Lindroos, 1983; Pospekhova
et al., 1993; Korneva et al., 1998).
Pyramicocephalus phocarum (Fabricius,
1780) studied in this work belongs to the order
Diphyllobothriidea and is the only representa-
tive of the genus. Diphyllobothriids are wide-
spread in natural habitats parasitizing at their
adult stage on warm-blooded animals and hu-
mans. The plerocercoids of P. phocarum infect
the liver of the White Sea cod Gadus morhua
(Linnaeus, 1758), a valuable human food prod-
uct. The P. phocarum larvae enter along with
the food the digestive tract of their definitive
hosts — seals (Delamure, 1961; Rausch et al.,
2010). In addition, the plerocercoids themselves
significantly harm the organism of the interme-
diate host, i.e. commercial fish. Importantly,
there is very little information on the morphol-
ogy and ultrastructural organization of a tegu-
ment, glandular and nervous system of the P.
phocarum plerocercoid (Mustafina, Biserova,
2017; Mustafina, 2017, 2021; Biserova et al.,
2021, 2022). Thus, the aim of this research is to
study the architecture and fine structure of the
excretory system of the P. phocarum plerocer-
coid in order to resolve the contradictions in the
literature on the topic and critically review the
data in terms of possible functional significance.

Material and methods

Plerocercoids of P. phocarum were obtained
from the body cavity of Gadus morhua (White
Sea, the WSBS MSU, Russia), fixed in 2.5%
glutaraldehyde and post-fixed in 1% OsO, in
PBS, dehydrated and embedded in Araldite
resin at 60 °C (Biserova, 2013; Biserova et al.,
2022). Semithin sections were stained with
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methylene blue; and ultrathin sections were
stained with 4% uranyl acetate and 0.4% lead
citrate and examined under a Jeol JEM-1011
(TEM). For scanning electron microscopy
(SEM), specimens were fixed and dehydrated
as noted above and then, undergone critical-
point drying, coated with gold, and examined
under a scanning electron microscope JSM35S
JEOL. To undergo confocal microscopy, the
specimens were fixed in 4% paraformaldehyde
(PF) in 0.1 M phosphate buffer (PBS), washed
in 0.1 M PBS + 0.03% sodium azide (NaN,).
Subsequently, the specimens were embedded in
Tissue-Tek (Sakura Finetek, Torrance, Califor-
nia) and cut with a cryotome (LeicaCM1850UV,
Leica Microsystems GmbH, Wetzlar, Germa-
ny). Sections at a thickness of 8§10 um were
placed on poly-L-lysine slides, treated with 1%
Triton X100 in 0.01M PBS, for 1-2 hr and pre-
incubated in a mixture of 1% Triton X100+ 1%
bovine serum albumin (BSA)in 0.01 M PBS for
3 hr. The prepared tissue was incubated in a
solution of monoclonal antibodies against acety-
lated tubulin (a-Tub, product number: T6793).
Part of the material was additionally stained
with Phalloidin TRITC (Sigma P1951).

The following protocols (Biserova, 2013)
were used for incubation in primary antibodies
at4°C on a shaker: anti-tubulin mouse 1:1000 in
0.01 M PBS + 1% TritonX100 + 1% NGS +
0.003% NaN3. The incubation time in primary
antibodies varied from 10 to 25 h. Washing after
incubation with primary antibodies: 0.1 M PBS
+1% TritonX 100+ 1% NGS, 6 times for 15 min
on a shaker at 4°C. As secondary antibodies, we
used Alexa 488, 532, 635 against mouse in
various combinations at a 1:800 dilution in
0.01 M PBS + 1% Triton for 2 hat4°C; followed
by staining with Phalloidin-TRITC. Phalloidin
TRITC 1: 1000 in 0.1 M PBS + 1% Triton
X100, 1h. Sections were washed in 0.1 M PBS,
6 times for 15 minutes. The obtained prepa-
rations were embedded in glycerol adding
0.1 M PBS (1: 1), edged and stored at —20°C.
The samples were examined under MSU Nikon
confocal laser system (Japan).

The terminology of the cestode excretory
system used in our article is presented in the
Table 1.
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Table 1. List of terms of the excretory system elements using for Pyramicocephalus phocarum

plerocercoid.

Tabmuma 1. CiuCOK TEPMUHOB, MCIIONB3yEMBIX JJISl ONTUCAHUS BBIICIUTEIBHON CUCTEMBI IIEPOLIEPKOMIA

Pyramicocephalus phocarum.

Terms Definition
Cyrtocyte Flame cell is characterized by multiple cilia forming ciliary tuft
Leptotriches Long thin cytoplasmic outgrowths of the cyrtocyte membrane

Protonephridial funnel

The initial part of an excretory funnel-shaped canal. The extended
part of a funnel has long finger-shaped outgrowths (ribs, see
below) forming an ultrafiltration complex

Ribs (cyrtocyte ribs,
funnel ribs)

Long finger-shaped outgrowths of cyrtocyte cytoplasm and a
funnel cytoplasmic membrane. Ribs form an ordered
ultrafiltration structure

Weir funnel ribs

Ordered ultrafiltration structure formed by cyrtocyte ribs and

Zip-contact
membranes

Connection of superficial extracellular structures of ribs in a form
of a closed ‘zipper’, which connects of the opposite ribs

Excretory epithelium
cytons

Syncytial epithelium with apical surface possesses microvilli.
Basal membrane of epithelium has a varying degree submerged

Excretory canal
system

Canal part of the excretory system, including the protonephridial
funnels, canals of the 1* and ond orders, central canals,
anastomoses, and the excretory bladder (see below). Excretory
canal system is formed by excretory syncytial epithelium

Excretory bladder

Lobular reservoir in the caudal body part associated with the
main canals and formed by the excretory epithelium. The
excretory bladder connects with the reservoir of the terminal
excretory pore through the nephropore (see below)

Nephropore

Contact of the excretory epithelium with the tegument, supported
by the annular septate junction

Terminal excretory

pore nephropores

An opening at the posterior end of the body, formed by a fold of
the tegument and connected to excretory canal system through

Excretory pore
reservoir

Tegumental canal / invagination, into which the nephropores of
the bladder and peripheral canals open

Results

Series of semi-thinand ultrathin sections show
that the excretory system of the P. phocarum
plerocercoid consists of two independent struc-
tural elements: cyrtocytes, or flame cells, and an
excretory epithelium. The excretory epitheli-
um, in turn, forms the protonephridial funnels,
system of canals of various orders and the excre-
tory bladder (Fig. 1A—E). The weir consists of
the cytoplasmic ribs of cyrtocytes and the cyto-

plasmic ribs of the protonephridial funnel (Fig.
2A). The terminal pore is the final part of the
excretory system. It is an opening at the poste-
rior end of the body formed by a deep fold of the
tegument (Fig. 1D, E).

Cyrtocytes and protonephridial complex.
Cyrtocytes, or flame cells, are found along the
entire length of the P. phocarum body. Confocal
microscopy and staining with phalloidin and -
tubulin, reveal numerous cyrtocytes located



164 A.R. Mustafina, N.M. Biserova

pc

tp

Fig. 1. The excretory system architecture of Pyramicocephalus phocarum plerocercoid. A — frontal view
of the excretory system; B—D — cross section at the level of scolex (B), middle body (C) and posterior end
(D); E — the excretory bladder and terminal excretory pore with numerous nephropores; F —ultrastructural
organization of the nephropore; arrows mark the septate junction between excretory epithelium (ep) and
tegument (T).

Abbreviations: ap — apical part of the scolex; bo — bothria; ep — excretory epithelium; mc — main canal; mv —
microvilli; mt — microtriches; n — nephropore; pc — peripheral net of the 2™ order canals; rt — reservoir of the
terminal pore; sc — scolex; T — tegument; tp — terminal excretory pore; eb — excretory bladder. Scale bars: A—D —
1mm, E—20 pm, F — 5 pm.
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mainly in the subtegument and cortical paren-
chyma of'the plerocercoid. The nucleus is locat-
ed at one pole of the cyrtocyte; at the other pole
there is the bundle of cilia (Figs 2A; 3A; 4A).
Generally, flame cells lie with their nucleus
oriented towards the tegument. Their ciliary
flame, intensely stained with o-tubulin, is di-
rected into the protonephridial funnel formed
by the excretory epithelium. An intense f-actin
reactivity of flame cells is exhibited (Fig. 3G).
The soma, ciliary rootlets of the flame cell and
weir ribs are brightly colored with Phalloidin-
TRITC. The protonephridial funnel was less
intensively stained with Phalloidin-TRITC.
Cyrtocytes are scattered in loose intercellu-
lar matrix of the parenchyma. The diameter of
the cyrtocyte soma is noticeably smaller than
the diameter of the surrounding cells. The cyr-
tocyte is cylinder-shaped (diameter about 3 um)
with a conical bundle of cilia inside, which
gradually narrows towards the protonephridial
funnel. The cyrtocyte nucleus is surrounded by
a small layer of cytoplasm that contains mito-
chondria, vesicles, the Golgi apparatus, and a
set of basal bodies (Fig. 3A, B). The outer
cytoplasmic membrane of the perikarya forms
irregular outgrowths protruding into the sur-
rounding parenchyma. Among other elements
are free ribosomes, vacuoles with light hetero-
geneous content and those with dark homoge-
neous content sized (together with the out-
growths) up to 120 nm. These processes some-
times form short gap junctions with the cells of
the surrounding parenchyma; in particular, a
certain connection between cyrtocytes and the
muscle cells accumulating glycogen was re-
vealed. The membrane of cyrtocytes forms a
regular row of long finger-shaped ribs and thin
internal leptotrichia surrounding cilia bundle at
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the ciliary pole (Fig. 3A—E). The cilia have a
normal axoneme with 9 + 2 microtubule ar-
rangement about 9 microns long and 270 nm in
diameter, covered with an outer cytoplasmic
membrane (Fig. 3A). Internal leptotrichia, thin
(70 nm) cytoplasmic outgrowths of the outer
membrane of the cyrtocyte, form two rows (Fig.
3D). Leptotrichia are surrounded by a row of
long finger-shaped ribs of regular cylindrical
shape, 140—150 nm in diameter. The ribs con-
tain thin filaments or fibers in cytoplasm and
probably include one central microtubule, which,
though, can be seen in large magnification sole-
ly (Fig. 3D). The superficial ribs membrane
bears a pronounced layer of fine extracellular
filaments lying 22 nm deep (Fig. 3F).

The protonephridial funnel is the second
structural unit of the protonephridium. The pro-
tonephridial funnel has a widened end with a
row of long finger-like ribs 180—-190 nm in
diameter, and a narrowed thin-tubule part ex-
tending into the canal system (Figs 3H, I, 4A).
The ciliary flame of the cyrtocyte is located
inside the funnel. The walls of the protonephrid-
ial funnel continue into the walls of the canals
and are formed by the excretory epithelium. The
outer row of the protonephridial funnel ribs
adjoins the inner row of cyrtocyte ribs, so they
both form the weir, or filtration apparatus of the
protonephridium. An electron-dense material is
located in the ribs cytoplasm at the contact
points of opposite ribs (Fig. 3D, E). A 22 nm
thick layer of extracellular filaments covers the
opposing membranes. Filaments are located in
acrisscross pattern along the zipper-like contact
with the opposing membrane (Fig. 3F). As Phal-
loidin-TRITC staining shows, fibrillar actin
collar is present in this area of the protonephrid-
ium (Fig. 3G).

Puc. 1. ApxuTekTypa BBIICIUTEIbHON CHCTEMbI Iuieporiepkouna Pyramicocephalus phocarum. A —
(GpoHTANBHBIH BHJ BBLICIUTENBHON cucTeMbl; B-D — momepeunslii cpe3 Ha ypoBHe ckosiekca (B),
cepenunsl Tenbl (C) v 3agHero konna tena (D); E — MoueBoii my3bIpb 1 TepMHHAIBHAS SKCKPETOPHAs ITopa
C MHOTOYHCIIEHHBIMU Hedporopamu; F — ynbTpacTpyKTypHas opraHusaiys He)poropa; CTpeiky yKa3bl-
BAIOT Ha CENTHPOBAHHBIE KOHTAKTHI MEXK/y SKCKPETOPHBIM 3rutenueM (ep) u terymentom (T).
O06o3HauCHMS: ap — anuKajJlbHas 4aCTb CKOJICKCA, bo — 60TpI/I$[; ep — 3KCKPCTOpHBII>'I BHHTCHHﬁ; mc — TJIaBHBII
KaHaJ; MV — MHKPOBOPCHUHKH; Mt -— MHKPOTPUXHUH; N — He(ppomop; pc — mHepudeprudeckas ceTb KaHAIOB 2-TO
TopsiaAKa; t— pe3epByap TCpMHHaJ'II;HOfI IIOPBI; SC — CKOJIEKC, T — TET'YMCHT, tp — TE€PMHUHAJIbHas SKCKPETOPHAas
nopa; eb — ModeBoii my3slps. MacmTtab: A-D — 1 mm, E — 20 um, F — 5 um.
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Fig. 2. Illustration of cyrtocyte and protonephridial funnel of Pyramicocephalus phocarum plerocercoid. A —
protonephridium longitudinal section; B-E — cross sections; B— perikarya; C —weir; D —protonephridial
funnel; E — the 1% order canal.

Abbreviations: ¢ — the 1* order canal; cy — cytrocyte; ci — cilia; cr — cyrtocyte ribs; ep — epithelium of the excretory
canal; f — protonephridial funnel; fr — funnel ribs; lep — leptotriches; m — mitochondria; mv — round microvilli in
the excretory canal; nu — nucleus; r — rootlets; w — weir. Scale bar 2 pm.

Puc. 2. MnmocTpanust qUPTOMUTA U IPOTOHEGPUINATEHON BOPOHKH IuIepoliepkonna Pyramicocephalus
phocarum. A — nipogonbHeIi cpe3 npoToHegpuans; B-E — monepeunsie cpessr; B — nepukapuon; C —
Bepia; D — npoToHedpuananbHas BOpoHka; E — kaHan nepBoro nopsaka.

O6o03HaueHHs: ¢ — KaHaJ MEPBOTO TNMOPSJIKA; Cy — IUPTOIMUT; Ci — PECHWYKH; Cr — MHUKPOBOPCHHKH IIMPTOINTA;
€p — AKCKpETOpHbIii snurenuii; f — npoToHedpuanansHas BOPOHKA; fI — MHKPOBOPCHHKHM BOPOHKHM; lep — sentot-
PUXUH; M — MUTOXOHJAPUA; MV — MUKPOBOPCHHKH B SKCKPETOPHOM KaHAJIC; NU — sAPO; I' — KOPCIIKU PECHUYCK;
w — Bepma. Macmrab 2 pm.
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The electron-dense cytoplasm of the proto-
nephridial funnel contains a lot of fibrils located
concentrically (Fig. 3H); sometimes single small
mitochondria may occur in the basal layer of the
funnel epithelium. The surface membrane of the
funnel is smooth in the broad part. Deeper in the
canal, the membrane bears round microvilli up
to 100 nmin diameter with electron-dense round-
ed particles (Fig. 31). The protonephridial fun-
nel continues into the canal of the 1% order.

The architecture of the canals of the ex-
cretory system. We examined a series of histo-
logical frozen sections with phalloidin his-
tochemical and immunocytochemical staining
for CSLM for reconstruction of the plerocer-
coid canal system; we also examined series of
semi-thin cross-sections and a series of frac-
tures for scanning electron microscopy in the
longitudinal and cross direction.

We were found that the excretory system
includes the canals of various diameters and
positions in the body of the plerocercoid (Figs
1A-E;4;5;6;7; Tab. 1). In the present study we
distinguish between the canals of the 1% order
and those of the 2" order, which form a complex
three-dimensional peripheral network in the
subtegument and cortical parenchyma, on the
one hand, and longitudinal central (main) excre-
tory canals connected by the transverse anasto-
moses, on the other hand. In the scolex, the main
canals pass through the lateral lobes of the brain,
proximal to the neuropils. The transverse anas-
tomosis of the excretory system underlies the
nerve fibers of the median brain commissure
(Fig. 6D). The longitudinal main excretory ca-
nals branch dichotomously at the posterior end
of the body and flow into the excretory bladder
(Figs 1C, E; 7A). The excretory bladder is
connected by a nephropore with a long, convo-
luted tegumental reservoir of the terminal excre-
tory pore. The excretory pore opens at the poste-
rior end of the plerocercoid (Figs 1E; 4G). In
addition, the canals of the 2" order in the poste-
rior end of the body open into the reservoir of the
terminal pore by multiple nephropores (Fig. 1F).

A pair of main canals is located at the border
of the muscle layers of the medullary and corti-
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cal parenchyma (Fig. 6A). The main canals are
closely associated with the main nerve cords,
which run distally, closer to the tegument (Fig.
6A). The diameter of the lumen of the main
canal reaches up to 22 pm in the body of the
plerocercoid. Several layers of muscle fibers
were revealed in the wall of the main canals
using histochemical Phalloidin TRITC stain-
ing. Muscles are oriented mainly longitudinally
and cover the canal in a spiral (Fig. 6A). Round-
ed perikariya of excretory epithelium of the
main canals are located under the layers of
myofibrils (Fig. 6B). In addition to fibrillar
actin reactivity, we found a-tubulin reactivity in
the muscle layers of the wall of the main excre-
tory canal. The intense immunoreaction to o-
tubulin is found in the nerve processes closely
associated with Phalloidin TRITC stained mus-
cle fibers around the main canals wall (Fig. 6A).
On ultrastructural level, the processes of neu-
rons are found in the vicinity of the main excre-
tory canal and transverse anastomosis (Fig. 6D);
their neurites terminate in the canal wall. Inner-
vation of the canal wall muscles suggests the
possibility of coordinated contraction of the
lumen/diameter of the excretory canals under
the control of the nervous system. No phalloidin
staining label was found in the peripheral canals
of the 1* and 2" orders. Thus, the only main
canals are capable of peristaltic contractions
due to the musculature of the wall and innerva-
tion from the main nerve cords, while the pe-
ripheral canals change their diameter only pas-
sively, ensured by contractions of the subtegu-
mental musculature.

Ultrastructure of the excretory epitheli-
um. All canals of the excretory system includ-
ing protonephridial funnel, canals of various
orders, and the excretory bladder are lined with
syncytial excretory epithelium. The 1%-order
thin canals are located in different areas of the
body and can be of irregular shape, size, and
direction (Fig. SA). They are formed in epithe-
lial cells expanded processes as small intracel-
lular vacuoles with round microvilli inside. The
wall thickness does not exceed 0.5 um. The
basal surface of the 1*-order canal wall is the
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Fig. 3. Ultrastructure of the cyrtocyte and protonephridial funnel of Pyramicocephalus phocarum (TEM).
A — longitudinal section through protonephridial filtration complex; B — longitudinal section of cilia with
rootlets; C — cross section through cilia; D — cross section of the weir; E — cross-oblique section of
protonephridial filtration complex at the level of weir; F — longitudinal section of the weir ribs, frame shows
the spot where weir ribs are interconnected by zip-contact; G — immunocytochemistry of the protonephridium
in subtegument (tubulin — green, phalloidin — gray; confocal microscopy; full colour version see online);
H — cross section of the protonephridial funnel with cilia tuft, arrowheads note actin filaments in the
cytoplasm; I — cross section of the canal part of the funnel.
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outer basal plasma membrane of the excretory
syncytial epithelium. The basal plasma mem-
brane forms folds and contacts with other cells
and lack morphological distinct electron-dense
layer of lamina densa (Figs 31; 5A). Filamen-
tous extracellular matrix (ECM) adheres to the
basal plasma membrane ofthe canal wall. Round
microvilli are located on the surface of the
membrane facing the lumen of the 1%-order
canal (the apical membrane) (Fig. 4B). Round
microvilli (up to 100 nm in diameter) contain
electron-dense rounded particles up to 60—70
nm in size. The nuclei of epithelial cells are rich
in the euchromatin that are surrounded by dense
cytoplasm, including mitochondria and glyco-
gen granules; closer to the apical membrane,
rare rod-shaped dense bodies may sometimes
be found. As the diameter expands, the 1%-order
canal cytoplasm is divided into 2 layers: the
apical layer of the cytoplasm is homogeneous,
electron-dense, without organelles; the basal
layer of the cytoplasm is thin, light and contains
a large number of organelles (mitochondria,
rare rod-shaped dense bodies, various size ves-
icles, ribosomes).

The 2" order canals continue the 1% order
canals. They are located predominantly along
the body. The 2" order canals have frequent
anastomoses among themselves (Fig. 1A). In
bothria, the canals of the 2™ order form an
ordered network: there are strictly longitudinal
and strictly transverse anastomosing ducts (Fig.
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4E). In the scolex, the 2" order canals occasion-
ally connect to the main protonephridial canals
(Figs 1A; 6D). At the posterior end of the body,
the 2™ order canals are most numerous: they are
secularly widened and make contacts with the
tegument of the terminal pore (Figs 1F; 5D, E).

The nuclei of the excretory epithelium of the
2" order canals are slightly immersed in paren-
chymaand connected to the canal wall by means
of short cytoplasmic processes (Fig. 5B). The
ultrastructure of the perikarya is similar to the
structure of the 1* order canals perikarya. Dif-
ferences in ultrastructure between the apical
cytoplasm in the 1% and the 2™ order canals wall
were revealed. The wall of the 2" order canals
is differentiated into 3 layers with different
contents: basal, medial, and apical layer (Fig.
5C). The basal layer (about 0.8 um thick) is
light, rich in organelles, including mitochon-
dria, ribosomes, glycogen granules, and small
light vesicles up to 50 nm in diameter. The
medial layer (0.3 um thick) contains numerous
rod-shaped dense bodies oriented along the
apical surface of the canal. The apical layer of
the cytoplasm (about 0.3 pm thick) is homoge-
neous, electron-dense, and does not contain
organelles; the apical membrane forms round
microvilli like those described above. Occa-
sionally, some areas of the smooth-surfaced
membrane epithelium without microvilli can be
detected. In the lumen of the canal there are rare
protrusions of the apical cytoplasm layer with-

Abbreviations: c¢i— cilia; ¢f — surface membrane filaments; cr — cyrtocyte ribs; dm — dense material in ribs
cytoplasm; f — protonephridial funnel; fr — funnel ribs; lep — leptotriches; m — subtegumental muscles; mv — round
microvilli; nu — nucleus; r — ciliary rootlets; w — weir. Scale bars: A— 5 pm, B, H,1— 1 um, C,D — 0.5 um, E —
2 pm, F— 500 nm, G — 10 pm.

Puc. 3. YipTpacTpyKkTypa IMPTOLHMTA U TPOTOHE(PPHIHATBEHON BOPOHKH Iuepoliepkonia Pyramicocephalus
phocarum (TOM). A — npomonbHEINA cpe3 4epe3 NMPOTOHE(PPHIHATBLHBIN (HIBTPAIIMOHHBIH KOMILIEKC;
B — npononbHslii cpe3 pecHudek ¢ kopenkaMmu; C — nonepeuHslii cpe3 pecHuuek; D — nonepeuHslii cpes
Bepi; E — momepeuHo-kocoli cpe3 GUIbTPaIMOHHOTO KOMILIEKCAa Ha YPOBHE BepIld; F — mpo1oabHBbIi
cpe3 BepIld, paMKOil OTMEYEHO MECTO, IJI€ MUKPOBOPCHHKH BEPIIH COMKHYTHI C IIOMOIIBIO Zip-KOHTAKTa;
G — UMMYHOTHCTOXUMHUS IpoTOoHeYpHans B cyoTerymenTe (TyOyiInH — 3eNeHbli, (autonnH — Cepblii;
KOH(OKaTbHAsT MUKPOCKOITHS; IIBETHYIO BEPCUIO CM. OHJIaiH); H — momnepeunslii cpe3 mpoToHedpuanaib-
HOI BOPOHKHU C MyYKOM PECHHYEK, CTPEJIKH YKa3bIBAIOT HA aKTHMHOBBIC (DMIIAMEHTHI B IUTOMIa3Me; | —
MOTIePEYHbIN Cpe3 KaHaIbHON YacTH BOPOHKH.

O6o3HaueHus: ci — pecHuuky; cf — (HIaMEHTHl Ha ITOBEPXHOCTH MEMOpPAHBI; CI — MHKPOBOPCHHKH LHPTOLIUTA;
dm — IUIOTHBIN MaTepHan B MUKPOBOpCHHKaX Bepmd; f — protonephridial funnel; fr — MUKPOBOPCHHKH BOPOHKU;
lep — menTorTpuxmu; m — CyOTeryMeHTalbHAs MYCKYJIaTypa, mv — OKPYTJIble MHKPOBOPCHHKH; NU — SIAPO; I —
KOpEIIKU pecHuueK; w — Bepira. Macmrad: A — 5 um, B,H,I— 1 um, C, D — 0.5 pm, E — 2 um, F — 500 nm, G
— 10 pm.
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Fig. 4. Elements of excretory system of Pyramicocephalus phocarum (SEM). A — the protonephridium
located in the parenchyma; B — the 1% order canal; C — the peripheral 2™ order canal with microvilli (mv)
and secretory vacuoles (sv); D — peripheral 2" order canals in subtegument; E — mutually perpendicular
2™ order canals in the scolex; F — the main excretory canal with muscular sheath; G — terminal pore.
Abbreviations: pc — 2" order canals; cy — cyrtocyte; f — protonephridial funnel; fr — funnel ribs; lu — lumen; m —
muscles of the main excretory canal; mv — microvilli; sv — secretory vacuole; T — tegument; tp — terminal pore; w —
weir. Scale bars: A-C, E—2 pm, D — 50 um, F — 5 pm, G — 1 mm.
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out organelles and numerous detached vacuoles
(which sometimes may be very large, up to4 pm
in diameter). The basal plasma membrane of the
epithelium of the 2™ order canals is folded.
ECM adheres plasma membrane; it consists of
thin fibers and forms a thick layer (0.8-2 pm)
which may be noted as lamina reticularis. The
lamina densa are not observed. Thin irregular
muscle bundles are found under the basal plate.

At the posterior section of the body the 2™
order canals open into the reservoir of the termi-
nal pore. At this point, the membranes of the
excretory epithelium and the tegument of the
terminal pore form an annular septate junction
surrounding each excretory pore (nephropore)
(Fig. 5D, E). Each canal permeates the tegu-
ment, from which it is separated by an annular
septate junction contact. The 2" order canals
pour their contents through nephropores into
the reservoir of the terminal pore. From this
pore the liquid is excreted into the host.

Two main excretory canals occupy a lateral
position at the border of the central parenchyma
and extend along the entire body of the plerocer-
coid (Fig. 6A, B). In the scolex, the central
canals are interconnected by rare transverse
anastomoses (Figs 1A; 6D). The central canals
are closely associated with the nerve cords and
the brain (Fig. 6A, D): they are always located
medial to the nerve cords. The neurons of the
brain lobes may adjoin the canal wall in the most
anterior part of the scolex. The lumen of the
central canals varies from 4 to 22 pm in diame-
ter, has an oval shape and thickened walls. The
apical surface of the canal is folded.

The nuclei of the excretory epithelium of the
central canals are immersed in the parenchyma
up to 5 um in depth, and have long cytoplasmic
processes connecting them with the apical cyto-
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plasm (Fig. 6E, F). The cytoplasm of cytones
contains rod-shaped electron-dense bodies, mi-
tochondria, glycogen granules, ribosomes, and
vesicles. Cytoplasmic processes are filled with
rod-shaped electron-dense bodies. Perikaryon
cytoplasm give rise numerous basal processes
of different diameters, which form the extended
gap junctions with parenchymal cells.

The anuclear cytoplasm of the canal wall is
differentiated into two distinct layers, apical
and basal (Fig. 6F). The apical cytoplasmic
layer is electron-dense, homogeneous, 0.16—
1.1 umthick. The basal layer contains numerous
rod-shaped electron-dense bodies oriented par-
allel to the basal membrane. The thickness of
basal layer is about 0.5 um. The apical mem-
brane forms round microvilli; at the same time,
in many areas of the apical membrane round
microvilli are absent.

The basal membrane of the epithelium is
slightly folded. ECM is represented by loose
fibers and filaments and forms the 0.3 pm thick
layer of lamina fibroreticularis. The lamina
densa is not observed. Several layers of myo-
fibrils are located under the basal lamina; the
myofibrils diameter varies from 1 to 7 pum.
Muscle fibres contain thick myosin fibrils and
thin actin filaments. The actin myosin ratio is
not regular; moreover, there are only actin fila-
ments in some myocytoplasm areas.

At the posterior end of the body, the main
excretory canals lose part of the myofibrils, the
epithelium of the canal wall is surrounded by
irregular and loose muscle bundles (Fig. 7A, B).
The cytones of the excretory epithelium in the
caudal zone are submerged to a depth of 2-3 pm
from the canal wall. The posterior canal cyto-
plasmis also differentiated into 2 layers as in the
anterior or central body parts (Fig. 6A).

Puc. 4. DneMeHTHI SKCKPETOPHOH CHCTEMSBI IIepouepkonna Pyramicocephalus phocarum (COM). A —
nporoHepuauii B mapenxume; B — kanan 1-ro mopsinka; C — nepudeprdeckuii KaHai 2-To IMopsiika ¢
OKPYTJIBIMH MUKPOBOPCHHKaMH (IMV) U CeKPETOPHBIMU BakyoJsiMu (sv); D — nepudepnueckne kaHaibt 2-
ro TopsiAKka B cyOTerymente; E — B3amMonepneHANKYISIpHbIE KaHATBI 2-TO MOpsAKa B cKoiekce, F —
TJIaBHBIN KCKPETOPHBIN KaHANI ¢ MBIIIEYHONH 00KIaaKoi; G — TepMUHANbHAs MOpa.

O6o3HaueHus: pc — nepudepuyeckuil KaHan 2-ro mopsijaKa; ¢y — HUPTOHUT; f— npoTroHedpuananbHas BOPOHKA,
fr — MUKpOBOPCHHKM BOPOHKH; lu— NpOCBET KaHaja; m — MBbIIIIBI [JIABHOTO AKCKPETOPHOTO KaHajia; my —
MHUKPOBOPCUHKH; SV — CEKPETOpPHAsi BaKyollb, T — TeryMeHT; tp — TepMHUHaJIbHAs 1opa; W — Bepiia. Macirad: A—

C,E—2um,D—50 pm, F— 5 pm, G — 1 mm.
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Fig. 5. Ultrastructure of the peripheral canal net in the middle and caudal body parts of Pyramicocephalus
phocarum (TEM). A — the narrow 1% order canal with thin epithelial wall and numerous microvilli; B —
the perikarya of the 2" order canal; C — the stratification of the wall cytoplasm into the apical (1), medial
(2) and basal (3) layers in the 2™ order canal; D — the nephropore ultrastructure: the connection between
the peripheral canal and terminal pore reservoir tegument; E — the septate junction of the nephropore.
Abbreviations: db — rod-shaped dense bodies; ecm — basal plate; ep — excretory epithelium; lu — lumen; m —
mitochondria; mv — round microvilli; nu — nucleus; P — cells in parenchyma; rt — terminal pore reservoir; sj —
septate junction; T — terminal pore tegument. Scale bars: A-B — 2 pm, C — 1 yum, D — 5 um, E — 50 nm.
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Excretory bladder. The main excretory
canals are connected to the excretory bladder in
the posterior part of the body (Fig. 1E). Syncy-
tial epithelium lines the wall of the excretory
bladder (Fig. 7C). The cytoplasm of the excre-
tory bladder is differentiated into 2 layers: the
basal layer contains numerous rod-shaped elec-
tron-dense bodies; the apical layer is homoge-
neous, electron-dense, lacking organelles and
occasionally containing round microvilli. There
are extended areas without microvilli, with a
smooth apical membrane. Thin layer of ECM
occurs beneath a basal plasma membrane; lam-
ina densa is not observed. The nuclei of the
excretory epithelium lie at a depth of 1-2 um;
they are less deeply immersed in the parenchy-
ma than the nuclei of the main canals. There is
no regular muscular sheath.

The excretory bladder opens with a nephro-
pore into a folded reservoir of the terminal pore
(Figs 1E; 7D, E). The excretory epithelium of
the bladder contacts with the tegument of the
terminal pore through the annular septate junc-
tion surrounding the nephropore.

Terminal excretory pore. There is one
terminal pore (Fig. 4G) at the posterior end of
the P. phocarum plerocercoid. The terminal
pore leads into a dilated terminal reservoir lined
with tegument (Fig. 7D). The observation of
live plerocercoids revealed that the excretory
bladder and the terminal reservoir can expand
significantly, once getting filled with liquid, and
then shrink tightly freeing itself from it. The
terminal pore can tightly close and separate the
reservoir from the external environment (Fig.
4G). The inner surface of the reservoir is folded.
The tegument has numerous cylindrical microt-
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riches (filitriches) and rare conical hook-shaped
ones (spinithrix microtriches). The distal cyto-
plasm of the tegument has a typical structure,
including rod-shaped and disc-shaped electron-
dense bodies. However, the reservoir tegument
lacks mitochondria and vacuoles. The tegument
of the terminal pore often forms cytoplasmic
protrusions into the reservoir lumen, about 0.3—
0.6 um in size, devoid of any organoids.

A sensory organ was found in the tegument
of the terminal pore (Fig. 7F). The unciliated
receptor has an expanded bulb, a kinetosome, a
wide complex root, and mitochondria. The mem-
brane of the receptor bulb forms a septate junc-
tion with the basal membrane of the tegument.
There is a thick supporting ring under the sep-
tate junction.

Discussion

Cyrtocytes. Cyrtocyte, ora flame cell, is the
initial segment of the protonephridial excretory
system in the cestodes. Cyrtocytes have a com-
mon structure within different groups of neo-
dermata (Wilson, Webster, 1974; Rohde, 1990;
Xylander, 2001; Swiderski et al., 2007; Pod-
dubnaya et al., 2020; Biserova et al., 2021);
however, at the ultrastructural level the degree
of plasticity is high. Previous investigations
(Biserova et al., 2021) showed that the cyrto-
cytes of the P. phocarum plerocercoid have one
bundle of cilia, as in other diphyllobothriids, for
instance D. dendriticum (Lindroos, 1983; Kuty-
rev et al.,2017), D. latus (Barcak et al., 2019).
Single ciliary complexes are described in ces-
todes of Pseudophyllidea sensu lata (Kuper-
man, 1988), Bothriocephalidea (Korneva, 1994),
Tetraphyllidea (McCullough, Faiweather, 1991),

Puc. 5. YnbrpactpykTypa nepudepuueckoii ceTu KaHaloB B CpeiHel 1 3aaHel yacTsx Tena Pyramicocephalus
phocarum (TOM). A — Menkue KaHaybl 1-ro MOpsKa C SMUTENTNATBHOW CTEHKOW M MHOTOYHMCICHHBIMU
MHKPOBOPCHHKaMH; B — nepukaproH kaHana 2-ro nopsjaka; C — crpaTuduKanus UTOIUIa3Mbl CTEHKH
KaHaja 2-ro mopsjika Ha anukanbHbI (1), MeaumaneHblid (2) u GasanbHbIi (3) cmon; D — crpoenue
Hedporopa: cBs3b MEXIY NepupepuIeckuM KaHaJIoM U TEryMEHTOM pe3epByapa TePMHHAIBHOH MOpBI;

E — cenTupoBaHHbBIi KOHTAKT Hehpomopa.

O6o03nauenust: db — ManOYKOBHAHBIC IIOTHBIE Tella; ecm — Oa3alabHas IUIACTHHKA; ep — 3KCKPETOPHBII dIUTENHI;
lu — mpocBeT kaHana; M — MHTOXOHAPHUS; MV — OKPYTJIble MUKPOBOPCHHKH; NU — SIAPO; P — KIIeTKH mapeHXuMEL;
It — pesepByap TePMHUHAIBHOU MOPBL; Sj — CENTHPOBAHHBINA KOHTAKT; T — TeryMeHT TepMHHAIbHOI NOpsl. Macmra6:

A-B—2um,C— 1 pm, D— 5 um, E — 50 nm.
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Fig. 6. Structure of the main excretory canals of Pyramicocephalus phocarum plerocercoid. A — muscular
(grey) and nervous (green) fibres in the wall of the main canal in the scolex (phalloidin — grey, tubulin —
green, confocal microscopy, maximum projection; full-colour version see online); arrows mark neurites
innervating main canal muscles; B — the wall structure; note muscle fibres and nuclei of epithelial
syncytium (arrowheads) of the main canal (DIC light microscopy); C — cross section of the main excretory
canal with thick muscular fibres in the wall (TEM); D — the transverse anastomosis underlying the median
brain commissure in the scolex with numerous neurites in the wall (TEM); E-F — ultrastructure of the
excretory epithelium with bilayered apical cytoplasm (1,2), submerged cytones with long processes, the
basal plate and muscular fibres (TEM).
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Litobothriidea (Gallagher et al., 2017), and
Cyclophyllidea (Howells, 1969; Coil, 1991;
Swiderski et al., 2007; Valverde-Islas et al.,
2011; Rozario, Newmark, 2015). Cyrtocytes
with several ciliary complexes are found in the
basal groups of cestodes. For example, Khawia
armeniaca (Caryophyllidea) has cyrtocytes with
4 ciliary complexes (Poddubnaya, 2003). In
adult Amphilinafoliacearegular cyrtocytes with
one ciliary tuft can be found (Xylander, 1992)
and those with star-like cyrtocytes, which have
up to 6 ciliary complexes per cell (Poddubnaya
etal.,2020). Significant differences in the struc-
ture of cyrtocytes of different cestode taxa mainly
concern the set of organelles in the soma, the
structure of the rootlet system, the number and
length of cilia, the presence or absence of exter-
nal and internal leptotriches (Xylander, 1992;
McCullough, Faiweather, 1991; Pospekhova et
al., 1993; Poddubnaya, 2003; Poddubnaya et
al.,2020). Cyrtocytes of some cyclophyllids are
located in groups (Pospekhova et al., 1993).
Cyrtocytes of P. phocarum plerocercoid are
located separately; each cell forms one weir
with one ciliary tuft. No differences in the ultra-
structure of cyrtocytes were found in anterior
and posterior body parts of P. phocarum. The
presence of cyrtocytes with several ciliary com-
plexes was interpreted some authors as a ten-
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dency towards organ polymerization (Poddub-
naya, 2003). Given the ability of tapeworms to
constantly grow and increase the linear dimen-
sions of both larvae and adult worms, the mech-
anism of doubling the basal bodies and ax-
onemes of ciliary cells should be kept in mind.

Currently, the main subject for scientific
debate is the way the cyrtocyte is connected to
the protonephridial canal. For the Moniezia
expansa (Cyclophyllidea), Howells (1969) have
showed, that the weir ribs are interconnected by
desmosomes, and in the same time, between the
duct ribs and the surface of the cyrtocyte velum
there is atriangular pore, or nephrostome, which
extends from the intercellular space of the pa-
renchyma to the lower limit of the velum, and
hence into the terminal chamber. These pores
may be considered nephrostomes and the sys-
tem therefore is not protonephridial as defined
before (Howells, 1969). In more recent studies
of the protonephridial complex ultrastructure in
other cestodes do not have data on nephrosomes.
Septate junctions have been described in Gyro-
cotylidea (Poddubnaya et al., 2020) and Cyclo-
phyllidea (Pospekhova et al., 1993). In contrast,
in the weir of the P. phocarum plerocercoid lack
the septate junctions and desmosomes. The in-
tercellular connection of the weir ribs is ensured
by zip-like connected fibrillar components on

Abbreviations: 1 — apical layer of cytoplasm; 2 — basal layer of cytoplasm; db — rod-shaped dense bodies in excretory
epithelium; dvm — dorso-ventral muscles of the scolex; ecm — basal plate; lu — lumen; Im — longitudinal muscles
of the scolex; mv — rounded microvilli; m — canal muscles; N — neuron; nu — nucleus of epithelial cyton; np —
neuropile of the nerve cord; NT — neurites of the brain commissure; pr — epithelium cyton processes; tm — transverse
muscles of the scolex. Scale bars: A, C— 10 um, B, D, E— 5 um, F — 1 pm.

Puc. 6. CtpoeHue riaBHBIX 3KCKPETOPHBIX KaHAJIOB Iuieporiepkouna Pyramicocephalus phocarum. A —
MBIIICYHBIC (CEePbIC) U HEPBHBIE (3€/ICHBIC) BOJIOKHA B CTCHKE TJIABHBIX KAHAJIOB B CKOJICKCE ((haIOuInH —
Cepblif, TyOyJTHH — 3eJeHbIH, KOH(pOKaTbHAS MHUKPOCKOIMHUS, MAaKCUMaJbHAs MPOCKIUS, CM. IBETHYIO
BEpPCUIO OHJIAIH); CTPENKU yKa3bIBAIOT Ha HEWPHUTHI, MHHEPBUPYIOIIME MBILIIBI INIABHBIX KaHaloB; B —
CTPOCHHUE CTCHKH; M300pa’KCHBI MBIIIICYHBIC BOJIOKHA M SIIPa STHUTEINAILHOTO CHHIUTHS (CTPEJIKU) TI1aB-
Hbix kaHanoB (DIC cerosast mukpockonus); C — MmonepeyHbli ¢pe3 IIIaBHBIX KCKPETOPHBIX KaHAJIOB C
TOJICTBIMH MBILICYHBIMH BOJIOKHamMH B cTeHke (TOM); D — mnomnepeuHslii aHacTOMO3, MOJCTHIIAFOLINI
MEAMaHHYIO MO3TOBYIO0 KOMUCCYPY B CKOJIEKCE C MHOTOUUCIICHHBIMU HelipuTamu B cteHke (TOM); E-F —
YIIBTPACTPYKTYPa SKCKPETOPHOTO SMUTEIHS C IBYCIIONHOM anMKaIbHOM 1uToNa3Moii (1, 2), morpyKeHHbI-
MU IIUTOHAMH C JJIMHHBIMU OTPOCTKAaMH, 0a3aIbHOW MTACTHHKOM M MBIIICUHBIMU BoJoKHamMu (TOM).
O0o3HaueHus: | — amUKaIbHBIA CIOM IUTOIUIA3MbI, 2 — 0a3aabHBIM CIOW IUTOILIA3MbI; db — MalIOYKOBHIHEIE
IIJIOTHBIE TEJIa B DKCKPETOPHOM DIUTEIINN, dvm — JAOPCO-BEHTPAJIBHBIE MBIMIIBI B CKOJIEKCE, €Cm — OasanpHas
IIACTUHKA; Iu— IIPOCBET KaHaa, Im — TIPOAOJIBHBIE MBIIIIBI B CKOJIEKCE; MV — OKPYIJIbIE MUKPOBOPCUHKH, M —
MBIIINBI KaHaia, N— HeﬁpOH; nu — AApO OUTOHA SKCKPETOPHOT'O SHMUTEIINS; Np — HeﬁpOHHJ’IL HEPBHOTO CTBOJIA;
NT — HCﬁpPITBI MO3rOBOI KOMHCCYPBI; pr — OTPOCTOK HUTOHA SKCKPETOPHOI'O SIIUTEIINS; tm — TIOTIEPEYHBIC MBIIIIIBI
ckonekca. Macmtab: A, C— 10 um, B, D, E— 5 um, F— | pm.



176 A.R. Mustafina, N.M. Biserova

Fig. 7. Caudal (terminal) part of the excretory system of Pyramicocephalus phocarum plerocercoid (TEM).
A—B — main excretory canal above fusion with excretory bladder; cytoplasm has two layers with rare
microvilli and poorly developed muscles in the canal wall; C — epithelium of the excretory bladder,
differentiated into 2 layers; D — reservoir of the terminal pore on cross section; E — magnified part of figure
7D, two nephropores (arrows) in the tegument; F — unciliated receptor with electron dense supporting ring
(arrowhead) and rootlet in the tegument of the excretory pore;

Abbreviations: 1 — apical layer of cytoplasm; 2 — basal layer of cytoplasm; db — rod-shaped dense bodies in excretory
epithelium; ecm — basal plate; lu — lumen; m — muscles; mv — rounded microvilli; nu — nucleus; pc — the 2" order
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the membrane surface (Biserova et al., 2021).
This fibrillary layer (22 nm) forms the so-called
zonula adherens between the ribs membranes
and correspond an actin ring of the protonephrid-
ium (Fig. 3G). Actin ring in protonephridium
was found also in D. dendriticum (Wahlberg,
1998). Zonula adherens was found between the
flame cell and adjoining duct in Trilocularia
acanthiaevulgaris (McCullough, Fairweather,
1991) and Gyrocotyle urna (Poddubnaya et al.,
2020). The abovementioned data confirm that
cyrtocytes are separate cells and that the proto-
nephridial complex is bi-cellular, which contra-
dicts the syncytial hypothesis by Kuperman
(1988).

Cyrtocyte function. The mechanism of ces-
tode cyrtocyte functioning has not yet received
all the attention it deserves. According to Val-
verde-Islas and co-authors (Valverde-Islas et
al., 2011), who studied Taenia solium larvae,
fluid gets transported from the parenchyma to
the excretory canal directly through the cyto-
plasm of cyrtocytes. The authors suggested that
the excretory vesicles are released into the
space between the basal bodies of the cilia. In
P. phocarum cyrtocytes, vesicle exocytosis into
the weir cavity has been observed neither from
the surface of leptotrichia nor from the surface
of the ribs. Since there is no free membrane
space between cilia, and the bundle of axonemes
has a very dense arrangement, the existence of
exocytosis at the base of the cilia is physically
unlikely. Therefore, the mechanism of cyrto-
cyte functioning described by Valverde-Islas et
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al. (2011) does not seem viable. Another point
to be considered is the active beating of the cilia
located inside the weir. At the same time, sero-
tonin contributing to the functioning of cyrto-
cytes (Biserova et al., 2021) and the actin collar
surrounding the weir allows us to suggest a
different mechanism. According to our hypoth-
esis, the cyrtocytes of P. phocarum are located
freely in the intercellular space of parenchyma;
intercellular fluid filters through a 22 nm thick
molecular sieve of the glycocalyx, covering the
ribs of the weir (Biserova et al., 2021). That
mechanism is quite consistent with the previous
hypothesis concerning ultrafiltration of the in-
tercellular fluid through the weir presupposing
the separation of water and low-molecular-
weight compounds from macronutrients (Wil-
son, Webster, 1974; Ruppert, Smith, 1988;
Swiderski et al., 2007). Such an ultrafiltration
mechanism presupposes that the weir cavity
should be completely isolated from the extra-
cellular space, which is achieved by closing the
opposed membranes of the ribs on the principle
of zip-connection. The collar of polymerized
fibrillar actin appears to maintain the diameter
of the protonephridial funnel unchanged inde-
pendently from the active ciliary flame beating.
Obviously, the main function of the constant
volume of the weir and protonephridial funnel
preserves the negative fluid pressure, which is
created by the cilia’s beating. The immunoreac-
tivity of cyrtocytes to serotonin is probably
associated with the role of serotonin in ensuring
the movement of the cilia, which is typical
mainly of invertebrates. Apart from that, we

canal; pr — epithelium cyton processes; r — rootlet; rt — terminal pore reservoir; sj — septate junction; t — terminal
pore tegument. Scale bars: A, B—2 pm, C, F— 1 ym, D — 20 um, E— 5 pm.

Puc. 7. KaynanbHas (TepMUHalIbHAsI) YaCTh 3KCKPETOPHOU CHUCTEMBI ILIepolepkouaa Pyramicocephalus
phocarum (TOM). A—B — riaBHBIIl SKCKPETOPHBIN KaHAI HaJ MECTOM CIIHSHUS C MOYEBBIM Iy3BIPEM;
LUTOIUIA3Ma JIBYCJIOMHAS C PSIKUMH MHKPOBOPCHHKAMH ¥ CJIa00 Pa3BUTON MYCKYJIaTypOil CTCHKH KaHaJja,
C — snuTenuii MOYEBOTO My3bIPsl C LMTOIUIA3MOMH, AnddepeHrpoBanHoil Ha 2 ciost; D — pesepByap
TEPMHUHATIBLHOI MOPHI HA TIOTIepedHOM cpe3e; E — yBenmuueHHbli pparmeHT uzodpakenus 7D, nBa Hehpo-
nopa (CTpenku) B TeryMeHTe; F — Oe3pecHUYHBIN PErenTop ¢ JICKTPOHHOIIOTHBIM OTMIOPHBIM KOJIBIIOM
(cTpenka) U KOPEIIKOM B TETYMEHTE SKCKPETOPHOM MOPBHI.

O6o3HaueHusT: | — anmuKaIbHBINA CJI0N UTOIUIA3MbI; 2 — 0a3aJIbHBIN CJI0M IUTOILIA3MbI; eCm — 0a3ajibHasl INIACTHHKA;
db — manOYKOBHIHBIA IUIOTHBIE TeNa B KCKPETOPHOM SMHUTEINH; lu— MPOCBET KaHaia; M — MBI, MV —
OKpYTJIble MHPOBOPCHHKH; NU — SIAPO; PC — KaHANBl 2-T0 HOPSIAKA; Pr — OTPOCTKH IUTOHOB; I — KOPEIIOK; It —
pe3epByap TEPMHHAIBHOI IIOPBI; Sj — CENTHPOBAHHBIN KOHTAKT; t — TEryMEHT TePMHHAIBHON HOpbl. MacmTad: A,
B—2pm C,F—1pm, D—20 um, E — 5 pm.
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hypothesize that prostaglandins found in D.
dendriticum cyrtocytes (Kutyrev et al., 2017)
can act as a vasodilator and contribute to an
increase in the lumen of the small 1% order
canals. The actin filament collar in the proto-
nephridium has also been described in D. den-
driticum (Wahlberg, 1998; Kutyrev et al.,2017)
and T solium (Valverde-Islas et al., 2011).

Canal architecture. In the basal groups of
cestodes, there is no common architecture of
large canals. In amphilinids, a very complex net
of anastomosing canals is observed throughout
the body. Though the main longitudinal canals
are not distinguished, in different genera there is
both a network of canals (4. foliacea) and a set
of longitudinally oriented canals of excretory
system (Schizochoerus liguloideus); at the same
time, in the Gephyrolina paragonophora two
lateral canals are connected by transverse ca-
nals (Dubinina, 1982; Xylander, 1992). G. urna
also lacks main canals: its canal system consists
of two types of position and ultrastructure. The
superficial (peripheral) network of canals is
characterized by the presence of lateral ciliary
tufts in the epithelial wall (Xylander, 1992;
Poddubnaya et al., 2020). The deeper (proxi-
mal) network of canals has terminal flame cells,
and there are lamellae on the inner surface of the
canal epithelium. Thus, the canal system of
gyrocotylids differs significantly from amphil-
inids and eucestodes, which lack the ciliated
epithelium at every stage of development. The
structure of the excretory system was distin-
guished by some authors as one of the cestodes
autapomorphies (Xylander, 1992, 2001).

According to Coil (1991), the simplest type
of the excretory canal architecture among euc-
estodes was found in cyclophyllids. In the adult
M. expansa, longitudinal, transverse, and pri-
mary collecting canals, as well as thin terminal
tubules were described (Howells, 1969). In
Cysticercus taeniae-taeniaeformis (larvae of
Taenia taeniaeformis), dorsal and ventral ex-
cretory canals and transverse canals in the body
were outlined (Rees, 1951). In the scolex, the
longitudinal canals are interconnected and form
a complex network. In cysticercoid bladder the
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ventral and dorsal canals branch also to form a
network. In Hymenolepis diminuta transverse
anastomoses were found to connect only the
ventral longitudinal canals. The ventral canals
connect with a network of thin terminal tubules,
each terminal tubule ends with a flame cell
(Rozario, Newmark, 2015). Paired ventral and
dorsal canals were found in representatives of
different orders of eucestodes, such as Trypan-
orhyncha (Rees, 1988), Tetraphyllidea (Rees,
1953; McCullough, Fairweather, 1991) and Lito-
bothriidea (Gallagher et al.,2017). They branch
in the scolex into a network of smaller canals.
The degree of development of small canals
network is associated with the development of
attachment organs in a particular group of ces-
todes. The connection of the ventral and dorsal
canals in the scolex can be carried out by both
transverse and dorsoventral anastomoses. D.
dendriticum plerocercoid includes three com-
partments of the canal system at the macrolevel:
the peripheral network of canals, the capillary
network in the scolex, and the main excretory
canals connected to the excretory bladder (Lin-
droos, Gardberg, 1982). The canal system of the
P. phocarum plerocercoid is also represented
by the capillary network of the 1% order canals,
a peripheral network of the 2™ order canals, and
longitudinal main canals, and, in general, exhib-
its an architecture typical of diphyllobothriids.
Thus, diphyllobothriidean tapeworms have a
more differentiated excretory system as com-
pared to the basal groups of cestodes (Amphil-
inidea and Gyrocotilidea); moreover, this group
has both a peripheral network and longitudinal
main excretory canals with a muscular support.

Caudal elements of the excretory system.
Caudal parts of the excretory system include the
excretory bladder, nephropores, and terminal
excretory pore. Various terms are used in the
literature to refer to the caudal parts of the
excretory system: nephropores (Biserova et al.,
2021) or nephridiopores (Xylander, 1992; Ko-
rnevaet al., 1998), as well as terminal excretory
pore and bladder (Lindroos, Gardberg, 1982,
1983; Biserova et al., 2021). Moreover, these
terms are defined differently in different arti-
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cles. In cestodes, for instance, different struc-
tures are called the excretory bladder. Thus, the
excretory bladder of the procercoids of D. la-
tum”, D. dendriticum, D. osmeri (Malmberg,
1972) indicates the fold/invagination of the teg-
ument at the posterior end of the body. At the
same time, however, in the procercoid of 77i-
aenophorus nodulosus, the excretory bladder is
a saccular dilatation of the excretory system
canals lined with excretory epithelium (Korne-
vaetal., 1998). The term nephropore or nephrid-
ioporeisalso ambiguous. For example, Xyland-
er (1992) describes nephropores as openings on
the surface of the body and considers them
synonymous with excretory pores. Lindroos and
Gardberg (1982) in their descriptions confine
themselfby using the term excretory pore, which
isunderstood as an opening on the surface of the
body. In early larvae (coracidium) nephropore
is a canal formed by a special cell, in procercoid
itis an opening on the body surface (Korneva et
al., 1998). Several representatives of diphyllo-
bothriids (D. latum®, D. osmeri, D. dendriti-
cum) studied by light microscopy have several
nephropores described (Malmberg, 1971).

The present study shows that the caudal
parts of the excretory system of the plerocercoid
of P. phocarum are more complex than it was
previously thought. The research proves that the
excretory bladder is asaccular expansion formed
by the excretory epithelium at the posterior end
of the plerocercoid body. The nephropore, or
nephridiopore, is the point where the excretory
epithelium and the tegument contact with each
other. The terminal excretory pore is a terminal
opening at the posterior end of the body, formed
by deep invagination of the tegument. The ex-
cretory bladder and nephropores open into the
reservoir of the terminal pore.

The number and position of terminal excre-
tory pores vary in different groups of cestodes.
For example, gyrocotylids have a pair of excre-
tory pores protruded onto the surface of the
tegument near the anterior end of the body
(Malmberg, 1974; Xylander, 1992). Amphilin-
ids (4. foliacea) have only one excretory pore at
the posterior end of the body. The plerocercoid
of D. dendriticum has the excretory pore at the

179

posterior end of the body (Lindroos, Gardberg,
1982). According to G. Rees, Cysticercus tae-
niae-taeniaeformis lacks the terminal excretory
pore; instead, the dorsal and ventral canal net-
works communicate with the exterior by a few
small irregularly placed excretory pores (Rees,
1951). The procercoid of 7. nodulosus, which
has its secondary excretory system formed, has
only one single nephropore near the cercomer
(Korneva et al., 1998). Malmberg (1971) has
shown that procercoids of diphyllobothriids (D.
dendriticum, D. latum”, D. osmeri), once get-
ting their secondary excretory system complet-
ed, acquire several canals that communicate
with the lateral and medial surfaces of the body.
The excretory bladder is not yet formed at the
procercoid stage; it forms at the plerocercoid
stage (Lindroos, Gardberg, 1982). If the same
mechanism of the formation of the secondary
excretory system takes place in the procercoid of
P. phocarum, it could be assumed that after the
cercomer is separated during the plerocercoid
development, the nephropores that were initially
located on the caudal surface may become invag-
inated inward together with the tegument. As a
result, a reservoir of terminal excretory pore with
several nephropores on the inner surface could be
formed. The invagination of the caudal tegument
with the formation of a reservoir is also found in
other cestodes (Malmberg, 1972).

The excretory epithelium. The epithelium
of the protonephridial funnel, peripheral and
central excretory canals of the P. phocarum
plerocercoid is a common syncytium. We have
not found any evidences of intercellular con-
tacts within the canal system of P. phocarum
plerocercoid as it was shown in D. denriticum
(Lindroos, 1983). It is known that the canal
epithelium of 7. nodulosus is formed in a pro-
cercoid from separate undifferentiated cells with
cell contacts. These cells subsequently fuse with
each other and form the syncytial layer of the
canal epithelium (Korneva et al., 1998). The
question whether cell contacts in the excretory
epithelium in plerocercoids and adult cestodes
do take place still remains controversial. Am-
philinids (Xylander, 1992), tetraphyllides (Mc-
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Cullough, Fairweather, 1991), and bothrio-
cephalids (Kuperman, 1988; Korneva, 2007,
2013) have a syncytial lining of canals with
nuclei submerged under the basement mem-
brane. Some adult cyclophyllidean cestodes
have intercellular contacts between different
canals (Pospekhova et al., 1993), while other
authors, on the contrary, state the absence of
such contacts (Kabbany, 2009). The canal ep-
ithelium of plerocercoid D. dendriticum is syn-
cytial, although some authors note that desmo-
somes are located at the fusion of small canals
with larger ones; this fact can be explained by
larval growth (Lindroos, 1983). It is to be
suggested that such differences in structure of
the excretory epithelium at different stages of
development may indicate a high level of tis-
sue plasticity of cestodes (Korneva, 2007). On
the other hand, during larval growth enlarge-
ment of the protonephridial duct can either
happen by extending a syncytium or by integra-
tion differentiating stem cells into the syncy-
tium. The latter would require cell junctions, at
least for a short while, before cell membranes
initiate integrating stem cells, that differentiat-
ed into protonephridial canal cells, into the
syncytium. We have never seen undifferentiat-
ed cells in the wall of the 2" order or main
excretory canals of P. phocarum plerocercoid.
Cell junction, thus, may therefore be only tem-
porary structures that are related to growth in
early plerocercoid development.

The cytoplasm of the excretory epithelium
of the P. phocarum plerocercoid is vertically
stratified. Moreover, the nature of the vertical
stratification of the cytoplasm in the plerocer-
coid P. phocarum changes from the proto-
nephridial funnel to the nephropore. In addition,
along with the vertical stratification of the cyto-
plasm, the contents of the canal lumen and the
density of the round microvilli on the canal
surface are gradually changing. Microvilli may
take place in all parts of the excretory epitheli-
um yet largely concentrate in the 2" order canals
in the rostral part of the body. Our study reveals
ahigh secretory activity of the epithelium; in the
caudal segment of the canal system, there are
detachable vacuoles that are located freely in
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the lumen of the canal. The immersion depth of
perikarya in the parenchyma also changes; the
most distant cytons are located in the central
longitudinal canals; such a location depends on
the development of the multilayer muscular
sheath of the canals.

Excretory epithelium function. It has been
shown that the contents of the canals of H.
diminuta have a high concentration of lactic
acid, which proves the excretory function of the
canal epithelium (Webster, Wilson, 1970). Ac-
cording to the abovementioned authors, the ex-
cretory system has lost its ability to osmoregu-
lation because no evidence of hypoosmotic flu-
id was found in the system. It might correlate
with the osmotically constant environment of
the host, which a plerocercoid inhabits. The role
of osmoregulation is provided by the tegument
(Vinogradov et al., 1982). The way distribution
(Lindroos, Gardberg, 1982; Kuperman, 1988)
or the drainage function of the epithelium (Pos-
pekhova et al., 1993) are performed has also
been put forward. The analysis of the ultrastruc-
ture of the canals suggests that the excretory
epithelium may combine several different func-
tions. They could replace each other as the fluid
moves from protonephridium to the excretory
bladder. This assumption is supported by the
histochemical studies of various parts of the
excretory system. Thus, the collecting tubules
of Raillietina cesticillus show an intense reac-
tion to alkaline phosphatase and ATPase (Por-
shad, Guraya, 1977). In addition, the absorption
of glucose and the transport of lactate and uric
acid in various parts of the excretory system has
been described by Webster (1972). Change of
function during fluid moves through the canals,
associated with the structure of the walls of
these channels, has also been shown for other
types of animals — primarily for vertebrates
(Gambarian, 1985; Ojeda ef al., 2006).

In addition, the importance of circulatory
function of the excretory system should be
highlighted (Kuperman, 1988). The pair of
main longitudinal canals of the plerocercoid
P. phocarum has a well-developed muscular
wall. The main canals are suggested to play the
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role of the main distribution pathways creating
a directed flow to the excretory bladder. The
muscular sheath formed by several layers of
subtegumental muscles is present close to neph-
ropores, as well as under the tegument of the
terminal pore. The lumen of the terminal excre-
tory pore gets compressed and then released
from the contents owing to the contraction of
subtegumental muscles. Plerocercoid of D. den-
driticum is also characterized by powerful mus-
culature of the central longitudinal canals, and
poorly developed musculature in the wall of the
peripheral excretory canals (Wahlberg, 1998;
Biserova et al., 2014).

Innervation of the excretory system. In
the course of our study free nerve endings in the
form of unciliated receptors were found in the
tegument of the P. phocarum terminal pore.
Similar structures were detected in the scolex
tegument (Mustafina, Biserova, 2017; Biserova
et al., 2022) which may act as mechano-tactile
sensory organs sensitive to tegument stretching.
The musculature of the central canals apparent-
ly may be immediately regulated by the central
nervous system. For example, a GABA-like IR
was found in the wall of the main canals of D.
dendriticum (Biserova et al., 2014; Biserova,
Kutyrev, 2014). In P. phocarum plerocercoid
the musculature of the main canals gets inner-
vated by the neurites of the main nerve cords
(Fig. 6D). A close relation of the main canals
with the nervous system and brain architecture
was found in many cestodes (Rees, Williams,
1965; Rees, 1966, 1988; Biserova, 1997; Bise-
rova, Salnikova, 2002; Biserova, Gordeev, 2010;
Biserova, Korneva, 2012). The basal processes
of excretory epithelium pericarya often sur-
round nerve cells, participate in brain metabo-
lism and serve as glia-like structures in the
nervous system of some cestodes (Biserova et
al., 2010).

Thus, the excretory system of the P. pho-
carum plerocercoid contains two types of struc-
tures at the cytological level. It includes cyrto-
cytes (flame cells) and the syncytial excretory
epithelium. The excretory system is isolated
from other cells by a layer of loose extracellular
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matrix. Filtration begins in the protonephridial
two-cell complex. The flame cell and the proto-
nephridial funnel are separated by intercellular
filaments forming the zonula adherens. The
filtration fluid moves through the canals of
different diameters and orders into the excreto-
ry bladder, which opens with a nephropore into
the terminal excretory pore at the posterior end
of the body and is discharged outside, in the
host. The characteristic feature of the excretory
system of P. phocarum plerocercoid is the pres-
ence of independent nephropores of the 2
order peripheral canals. All detected nephro-
pores are separated by annular septate junctions
from the tegument. The close connection be-
tween the excretory system and the central ner-
vous system is observed throughout the body.
Transverse anastomoses and the main excretory
canals pass through the lateral brain lobes and
underlie the median brain commissure in the
scolex. The main nerve cords are co-localized
with the main canals in the body. The processes
of neurons innervate the muscular wall of the
main canals. There are sensory organs in the
form of unciliated receptors in the wall of the
terminal pore. Thus, several functions, such as
reabsorption, circulation, secretion, and excre-
tion, might be presented in the protonephridial
system of P. phocarum.

Acknowledgements

We are grateful to the staff of the Laboratory
of Electron Microscopy and that of the Confocal
Microscopy Laboratory, Faculty of Biology,
Lomonosov Moscow State University. We are
cordially thankful to the staff of the Electron
Microscopy Center for Collective Use, IBIW
RAS (Borok). We want to express our special
gratitude to Vladimir Malakhov for numerous
valuable recommendations. We are also deeply
grateful to Pertsov White Sea Biological Station
providing us with the collection of the material
used in this study.

This study was supported by the Russian
Foundation for Basic Research, project no. 19-
34-90047 and the Ministry of Education and
Science of the Russian Federation project no.
121032300121-0.



182

References

Barc¢ak D., Yoneva A., Sehadova H., Oros M., Gustinelli
A., Kuchta R. 2019. Complex insight on microanato-
my of larval “human broad tapeworm” Dibothrio-
cephalus latus (Cestoda: Diphyllobothriidea) // Para-
sites Vectors. Vol.12. No.l. P.1-17.

Biserova N.M. 1997. Structure of a scolex nervous system
of the Triaenophorus nodulosus (Cestoda: Pseudo-
phyllidea) // Parazitologiia. Vol.31. P.249-259.

Biserova N.M., Sal’nikova M.M. 2002. [Ultrathin struc-
ture of the main lateral nerve cords and accompanying
elements of Triaenophorus nodulosus (Cestoda:
Pseudophyllidea)] // Tsitologiia. Vol.44.No.7.P.611—
622 [in Russian].

Biserova N.M., Gordeev L.I. 2010. Fine structure of ner-
vous system in plerocercoid Ligula intestinalis (Ces-
toda: Diphyllobothriidea) // Invert. Zool. Vol.7. No.2.
P.133-154.

Biserova N.M., Gordeev 1.I., Korneva J.V., Salnikova
M.M. 2010. Structure of the glial cells in the nervous
system of parasitic and free-living flatworms // Biol.
Bull. Vol.37. No.3. P.277-287.

Biserova N.M., Korneva J.V. 2012. [Reconstruction of the
cerebral ganglion fine structure in Parachristianella
sp. (Cestoda, Trypanorhyncha)]// Zool. Zhurn. Vol.91.
No.3. P.259-272 [in Russian].

Biserova N.M. 2013. [Methods for visualization of biolog-
ical ultrastructures. Preparation of biological objects
for the electron microscopy and confocal laser scan-
ning microscopy. A practical guide for biologists].
Moscow: KMK Scientific Press. 104 p., 24 plates [In
Russian]

Biserova N.M., Kutyrev I.A. 2014. Localization of pros-
taglandin E 2, y-aminobutyric acid, and other poten-
tial immunomodulators in the plerocercoid Diphyllo-
bothrium dendriticum (Cestoda) // Biol. Bull. Vol.41.
No.3. P.242-250.

Biserova N.M., Kutyrev I.A., Jensen K. 2014. GABA in
the nervous system of the cestodes Diphyllobothrium
dendriticum (Diphyllobothriidea) and Caryophyllae-
us laticeps (Caryophyllidea), with comparative anal-
ysis of muscle innervation //J. Parasitol. Vol.100.
No.4. P.411-421.

Biserova N.M., Mustafina A.R., Malakhov V.V. 2021.
Structure of the Excretory System of the plerocercoid
Pyramicocephalus phocarum (Cestoda: Diphyllobo-
thriidea): Proof for the Existence of Independent Ter-
minal Cells // Dokl. Biol. Sci. Vol.496. P.17-20.

Biserova N.M., Mustafina A.R., Raikova O.I. 2022. The
neuro-glandular brain of the Pyramicocephalus pho-
carum plerocercoid (Cestoda, Diphyllobothriidea):
immunocytochemical and ultrastructural study // Zo-
ology. Vol.152. https://doi.org/10.1016/j.z001.2022.
126012

Coil W.H. 1991. Platyhelminthes: Cestoidea // F.W. Har-
rison, B.J. Bogitsh (eds.). Microscopic anatomy of
invertebrates: Volume 3. Platyhelminthes and Nem-
ertinea. New York: Wiley-Liss. P.211-283.

A.R. Mustafina, N.M. Biserova

Delyamure S.L. 1961. Ecological and geographical survey
of helmintofauna of the northern fur seal // J. Helmin-
tol. Vol.3. P.73-79.

Dubinina M.N. 1982. [Parasitic worms of the class Am-
philinida (Platyhelminthes)]// Trudy Zoologicheskogo
Instituta AN SSSR. Leningrad. Vol.100. 143 p. [In
Russian]

Gallagher K., Caira J., Cantino M. 2017. Ultrastructure of
cell types within the scolex and cephalic peduncle of
the litobothriidean tapeworm, Litobothrium aenig-
maticum // Invert. Biol. Vol.136. No.3. P.243-259.

Gambarian S.P. 1985. [Ultrastructure of the kidney of the
newt] // Arkhiv anatomii, gistologii i embriologii.
Vol.89. No.7. P.75-79 [in Russian].

Howells R. 1969. Observation on the protonephridial
system of the cestode, Moniezia expansa (Rud., 1805)
// Parasitology. Vol.59. P.449-459.

Kabbany A. 2009. Ultrastructural studies of the tegument
and excretory system of the cestode Nematotaenia
kashmirensis (Fotedar, 1966) infecting the toad Bufo
regularis in Egypt // Egypt. J. Aquat. Biol. Fish.
Vol.13. No.4. P.17-34.

Korneva J.V. 1994. [Cell compound and ultrastructural
organisation of the coracidium of 7riaenophorus nod-
ulosus (Cestoda: Pseudophyllidea)] // Parazitologiya.
Vol.28. P.276-282 [in Russian].

Korneva Z.V. 2001. Cellular composition of parenchyma
and extracellular matrix in ontogenesis of 7riaeno-
phorus nodulosus (Cestoda) // Biol. Bull. Vol.28.
No.1. P.7-17.

Korneva J.V. 2004. Fine structure and development of
Triaenophorus nodulosus (Cestoda) during metamor-
phosis: areview // Acta Zool. Vol.85. No.1. P.59—68.

Korneva Z.V.2007. [Tissue Plasticity and Morphogeneses
in Cestodes]. Moscow: Nauka. 186 p. [In Russian]

Korneva Z.V. 2013. Characterization of Cestoda Tissue
Organization // Biol. Bull. Vol.40. P.146-157.

Korneva J.V., Kuperman B.I., Davydov V.G. 1998. Ultra-
structural investigation of the secondary excretory sys-
tem in different stages of the procercoid of Triaenopho-
rus nodulosus (Cestoda, Pseudophyllidea, Triaeno-
phoridae) // Parasitology. Vol.116. No.4. P.373-381.

Kuperman B.I. 1988. [Functional morphology of lower
cestodes. Ontogenetic and evolutionary aspects]. Len-
ingrad: Nauka (Leningradskoe Otdelenie). 167 p. [In
Russian]

Kutyrev I.A., Biserova N.M., Olennikov D.N., Korneva
1.V, Mazur O.E. 2017. Prostaglandins E2 and D2—
regulators of host immunity in the model parasite
Diphyllobothrium dendriticum: Animmunocytochem-
ical and biochemical study // Mol. Biochem. Parasi-
tol. Vol.212. P.33-45.

Lindroos P. 1983. The excretory ducts of Diphyllobothri-
um dendriticum (Nitzsch 1824) plerocercoids: ultra-
structure and marker distribution // Z. Parasitenkd.
Vol.69. No.2. P.229-237.

Lindroos P., Gardberg T. 1982. The excretory system of
Diphyllobothrium dendriticum (Nitzsch 1824) plero-
cercoids as revealed by an injection technique // Z.
Parasitenkd. Vol.67. No.3. P.289-297.



Excretory system ultrastructure of Pyramicocephalus phocarum

Malmberg G. 1971. On the procercoid protonephridial
systems of three Diphyllobothrium species (Cestoda,
Pseudophyllidea) and Janicki’s cercomer theory //
Zool. Scr. Vol.1. No.l. P.43-56.

Malmberg G. 1972. On the early development of the
protonephridial systems in some species belonging to
the genera Diphyllobothrium, Triaenophorus and
Schistocephalus (Cestoda, Pseudophyllidea) // Zool.
Scr. Vol.1. No.4. P.227-228.

Malmberg G. 1974. On the larval protonephridial system of
Gyrocotyle and the evolution of Cercomeromorphae
(Platyhelminthes) // Zool. Scr. Vol.3. No.2. P.65-81.

McCullough J.S., Fairweather I. 1991. Ultrastructure of
excretory system of Trilocularia acanthiaevulgaris
(Cestoda, Tetraphyllidea) // Parasitol. Res. Vol.77.
No.2. P.157-160.

Mustafina A.R. 2017. [Excretory system of plerocercoid
of Pyramicocephalus phocarum (Cestoda) from the
liver of White Sea cod] // Sovremennye problemy i
perspektivy razvitiya rybohozyajstvennogo komple-
ksa. Materials of conference. P.199-201 [In Russian].

Mustafina A.R. 2021. [Where excretory bladder in Pyrami-
cocephalus phocarum (Cestoda: Diphyllobothriidea)
is located?] / “Lomonosov — 2021”. Materialy kon-
ferentsii. [in Russian].

Mustafina A.R., Biserova N.M. 2017. Pyramicocephalus
phocarum (Cestoda: Diphyllobothriidea): the ultra-
structure of the tegument, glands, and sensory organs
// Invert. Zool. Vol.14. No.2. P.154-161.

Ojeda-Cervantes M., Barrera-Chimal J., Albert J., Pérez-
Villalva R., Morales-Buenrostro L.E., Bobadilla N.A.
2013. Mineralocorticoid receptor blockade reduced
oxidative stress in renal transplant recipients: a dou-
ble-blind, randomized pilot study // Am. J. Nephrol.
Vol.37. No.5. P.481-490.

Parshad V.R., Guraya S.S. 1977. Comparative histochem-
ical observations on the excretory system of helminth
parasites // Z. Parasitenkd. Vol.52. No.l. P.81-89.

Poddubnaya L.G., Mackiewicz J.S., Kuperman B.I. 2003.
Ultrastructure of Archigetes sieboldi (Cestoda: Caryo-
phyllidea): relationship between progenesis, develop-
ment and evolution // Folia Parasitol. Vol.50. No.4.
P.275-292.

Poddubnaya L.G. 2003. [Polymerization related to size of
monozoic cestodes (ultrastructural analysis)] // Zool.
zhurn. Vol.82. No.l. P.3—12 [in Russian].

Poddubnaya L.G., Kuchta R., Scholz T. 2020. Ultrastruc-
tural patterns of the excretory ducts of basal neoder-
matan groups (Platyhelminthes) and new protonephrid-
ial characters of basal cestodes // Parasites Vectors.
Vol.13. No.1. P.1-12.

Pospekhova N.A., Krasnoshchekov G.P., Pospekhov V.V.
1993. [Scolex protonephridial system in cyclophyl-
lidea] // Parazitologia. Vol.27. No.l. P.48-53 [in
Russian].

Rausch R.L., Adams A.M., Margolis L. 2010. Identity of
Diphyllobothrium spp. (Cestoda: Diphyllobothriidae)
from sea lions and people along the Pacific coast of
South America // J. Parasitol. Vol. 96. No.2. P.359—
365.

183

Rees G. 1953. Some parasitic worms from fishes off the
coast of Iceland. I. Cestoda // Parasitology. Vol.43.
No.1-2. P.4-14.

Rees G. 1951. The anatomy of Cysticercus taeniae-tae-
niaeformis (Batsch 1786) (Cysticercus fasciolaris Rud.
1808) from the liver of Rattus norvegicus (Erx.),
including an account of spiral torsion in the species
and some minor abnormalities in structure // Parasi-
tology. Vol.41. P.46-59.

Rees G. 1966. Nerve cells in Acanthobothrium coronatum
(Rud.) (Cestoda: Tetraphyllidea) // Parasitology.
Vol.56. P.45-54.

Rees G. 1988. The muscle, nervous and excretory systems
of the plerocercoid of Callitetrarhynchus gracilis
(Rud 1819) (Pinter 1931) (Cestoda: Trypanorhyncha)
from Bermuda fishes // Parasitology. Vol.96. P.337—
351.

Rees G., Williams H.H. 1965. The functional morphology
of the scolex and the genitalia of Acanthobothrium
coronatum (Rud.) (Cestoda:Tetraphyllidea) // Parasi-
tology. Vol.55. P.617-651.

Rohde K. 1990. Phylogeny of Platyhelminthes, with spe-
cial reference to parasitic groups // Int. J. Parasitol.
Vol.20. No.8. P.979-1007.

Rohde K., Watson N. 1991. Ultrastructure of the flame
bulbs and protonephridial capillaries of Prorhynchus
(Lecithoepitheliata, Prorhynchidae, Turbellaria) //
Zool. Scr. Vol.20. No.2. P.99-106.

Rohde K., Watson N., Roubal F. 1992. Ultrastructure of
the protonephridial system of Anoplodiscus cirrusspi-
ralis (Monogenea Monopisthocotylea) // Int. J. Para-
sitol. Vol.22. No.4. P.443-457.

Rozario T., Newmark P.A. 2015. A confocal microscopy-
based atlas of tissue architecture in the tapeworm
Hymenolepis diminuta // Exp. Parasitol. Vol.158.
P.31-41.

Swiderski Z., Mackiewicz J.S. 2004. Ultrastructural stud-
ies on the cellular organisation of the coracidium of
the cestode Bothriocephalus clavibothrium Ariola,
1899 [Pseudophyllidea, Bothriocephalidae] // Acta
Parasitol. Vol.2. No.49. P.116-139.

Swiderski Z., Miquel J., Mlocicki D., Georgiev B., Eira C.,
Grytner-Zikcina B., Feliu C. 2007. Post-embryonic
development and ultrastructural characteristics of the
polycephalic larva of Taenia parva Baer, 1926 (Cy-
clophyllidea, Taeniidae) // Acta Parasitol. Vol.52.
No.1. P.31-50.

Swiderski Z., Tkach V. 2002. Ultrastructure of embryonic
development of Inermicapsifer madagascariensis
(Cestoda, Anoplocephalidae) with emphasis on the
cellular organization of the infective eggs // Acta
Parasitol. Vol.47. No.2. P.105-120.

Valverde-Islas L., Arrangoiz E., Vega E., Robert L., Vil-
lanueva R., Reynoso-Ducoing O., Ambrosio J. 2011.
Visualization and 3D reconstruction of flame cells of
Taenia solium (Cestoda) // PloS One. Vol.6. No.3.
Art.e14754.

Vinogradov G.A., Davydov V.G., Kuperman B.I. 1982.
[Morphophysiological investigation of adaptation
mechanisms to various salinities in pseudophyllidean



184

cestodes] // Parazitologia. Vol.12. No.5. P.377-383
[in Russian].

Waeschenbach A., Brabec J., Scholz T., Littlewood D.T.J.,
Kuchta R. 2017. The catholic taste of broad tape-
worms—multiple routes to human infection // Int. J.
Parasitol. Vol.47. No.13. P.831-843.

Wahlberg M.H. 1998. The distribution of F-actin during
the development of Diphyllobothrium dendriticum
(Cestoda) // Cell Tissue Res. Vol.291. P.561-570.

Webster L.A. 1972. Absorption of glucose, lactate and urea
from the protonephridial canals of Hymenolepis diminu-
ta // Comp. Biochem. Physiol. Vol.4. P.861-868.

Webster L.A., Wilson R.A. 1970. The chemical composi-
tion of protonephridial canal fluid from the cestode
Hymendepis diminuta // Comp. Biochem. Physiol.
Vol.35. No.1. P.201-209.

A.R. Mustafina, N.M. Biserova

Wilson R., Webster L. 1974. Protonephridia // Biol. Rev.
Vol.49. No.2. P.127-160.

Xylander W.E.R. 1987. Ultrastructure of the lycophora
larva of Gyrocotyle urna (Cestoda, Gyrocotylidea).
III. The protonephridial system // Zoomorphology.
Vol.107. P.88-95.

Xylander W.E.R. 1992. Investigations on the protonephrid-
ial system of postlarval Gyrocotyle urna and Amphil-
ina foliacea (Cestoda) // Int. J. Parasitol. Vol.22.
P.287-300.

Xylander W.E.R. 2001. Gyrocotylidea, Amphilinidea and
the early evolution of Cestoda // D.T.J. Littlewood and
R.A. Bray (eds.). Interrelationships of the Platyhelm-
inthes. London: Taylor and Francis. P.103—111.

Responsible editor E.N. Temereva



