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Abstract

The present study provides an overview of the structures linked to fish host finding, recognition, and invasion of one of the
most commonly occurring morphotypes among trematodes, furcocercariae. For this, we use free-swimming cercariae of the
strigeid Cardiocephaloides longicollis (Rudolphi 1819) Dubois, 1982. Their elongated cercarial body and bifurcated tail
are covered by a tegument with an irregular surface, showing numerous folds arranged in different directions and a typical
syncytial organization. Both the body and the bifurcated tail are covered with short spines, rose-thorn shaped, as well as four
types of sensory papillae, distinguished by the presence or absence of a cilium, its length, and their position on the cercarial
body. These papillae are especially important for free-living stages that rely on external stimuli to locate and adhere to the
host. A specialized anterior organ is located at the anterior part of the cercariae and is encircled by a triangle-shaped group
of enlarged pre-oral spines followed by a transverse row of enlarged post-oral spines that, together with the sensory papillae,
allow active finding, recognition, and penetration into fish. The ventral sucker, covered with inner-oriented spines, sensory
papillae, and cilia, helps during this process. The cercariae of C. longicollis possess three types of gland cells (a head gland
and two types of penetration glands), each containing different types of secretory granules that play a role in host invasion.
The protonephridial excretory system consists of an excretory bladder, a system of collecting tubules, flame cells, and two
excretory pores in the middle of each furcae, which serve to control osmoregulation in their marine environment, as well
as to eliminate metabolic waste. Together with the four types of sensory endings, the central ganglion forms the nervous
system. Our results add novel information on the ultrastructure of strigeid furcocercariae, being essential to interpret these
data in relation of their functional role to better understand the transmission and penetration strategies that cercariae display
to infect their fish hosts.
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Introduction

Trematode parasites are ubiquitous organisms in aquatic
ecosystems (Poulin and Morand 2004), with digenean
trematodes typically having complex life cycles involving
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next intermediate hosts (Brachs and Haas 2008; Cohen
et al. 1980; Haas, 2003; Haas et al. 2008). Many of the
organ systems of the adult worm are already formed, in
miniature, in cercariae. However, in their relatively short
life span (< 24-72 h, Combes, 2001), swimming cercar-
iae need specific structures, as well as recognition and
penetration structures, to reach, recognize, and penetrate
potential hosts (Denisova and Shchenkov 2019; Haas and
van de Roemer 1998; Haas 2003; Paller and Uga 2008).
Most ultrastructural studies on trematodes to date
have largely focused on either species of medical or
veterinary importance, such as schistosomes or liver
flukes, with descriptions sometimes limited to certain
areas of the organism. Some structures in trematodes
have attracted more attention; for example, sensory
receptors are well-documented in several families, i.e.,
diplostomids (Bibby and Rees 1971; Conn et al. 2008;
Czubaj and Niewiadomska 1996), opecoelids (Abdul-
Salam and Sreelatha 1998; Bogéa and Caira 2001a),
and schistosomes (Cousin and Dorsey 1991; Dorsey
et al. 2002; Gobel and Pan 1985; Morris 1971; Nittman
1971; Sakamoto and Ishii 1978; Short and Gagné 1975;
Yi-Xun and Mi 1994). However, little attention has been
paid to others, particularly in trematode cercariae, even
though they exhibit a variety of structures related to host
finding and recognition (e.g., Kgie 1992; Pekkarinen
1986). While some literature exists on the ultrastructure
of miracidia, metacercariae, and adult strigeids (Abdel-
Aal et al. 2004; Born-Torrijos et al. 2017; Poddubnaya
et al. 2010), studies on these cercariae are so far limited
to the study of their tegument by SEM (Bell et al. 1996;
Ferndndez and Hamman 2017; Gordy et al. 2017; Halton
2004). This study is thus an attempt to provide an overall
view of the ultrastructure of a commonly occurring
morphotype among cercariae, namely furcocercariae,
which have a bifurcated tail to actively swim in the water
column to encounter and infect their next intermediate
host, fish. For this, we used cercariae of the strigeid
Cardiocephaloides longicollis (Rudolphi 1819) Dubois,
1982, whose first general description was provided by
Prévot and Bartoli (1980), lacking any SEM or TEM
information. This trematode species is widely distributed
along European coasts, especially in the Mediterranean,
and its complex life cycle is embedded in local marine
food webs (Born-Torrijos et al. 2016). While their
miracidial structures have been described in a previous
study (Born-Torrijos et al. 2017), we expect numerous
differences compared to C. longicollis miracidium given
the structural changes that digeneans undergo during
their life cycle and development. Our aim is therefore to
investigate the ultrastructural features of C. longicollis
cercariae in relation to the transmission and penetration
strategies that strigeid cercariae develop to swim, to find
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and infect their fish hosts, and to place this in context with
closely related taxa.

Materials and methods
Specimen collection and fixation

The snail Tritia reticulata (L.), natural host for Cardio-
cephaloides longicollis (Born-Torrijos et al. 2016), was
collected by hand during spring months at the “Beach of
the Eucalyptus” (40° 37’ 35.0" N, 0° 44’ 31.0" E) in Els
Alfacs Lagoon (Ebro Delta, Spain). After acclimatization
to laboratory conditions, snails were screened for infections
by incubating them individually for 24 h at 25 °C, 12:12 h
light:dark cycle, and 35 psu salinity. Only freshly released
active cercariae (< 6 h) were used for their morphologi-
cal examination by scanning and transmission electron
microscopy (SEM, TEM). Identification of the cercariae
was confirmed morphologically following the descriptions
by Prévot and Bartoli (1980) and molecularly as described
in Born-Torrijos et al. (2016). Amplification and sequenc-
ing of ITS2 rDNA from a single cercaria revealed 99.79%
and 100% similarity over 486 bp and 497 pb when com-
pared to previously published records from C. longicollis
adult and eggs, respectively (GenBank accession numbers
KT454991, KT454991). The sequence was deposited as a
GenBank accession number (OL362210).

Scanning and transmission electron microscopy
preparations (SEM, TEM)

The cercariae used for SEM and TEM were fixed in 2.5%
glutaraldehyde in phosphate-buffered saline (PBS, 0.1 mol
L, pH 7.4) and preserved at 4 °C for 24 h. For SEM, sam-
ples were later dehydrated in an ascending series of acetone
and then critical point dried with liquid CO2. The speci-
mens were mounted on stubs, sputter-coated with gold grids.
Specimens used for TEM were washed three times in PBS
(15 min each), post-fixed in 2% osmium tetroxide for 2 h,
washed three times in phosphate buffer (PB), and dehydrated
in a graded series of acetone. After this, specimens were
infiltrated and embedded in Epon resin. First, semithin sec-
tions (400 nm) were cut using a glass knife, stained with
toluidine blue, and observed using a light microscope. Then,
ultrathin sections (60-90 nm) were cut through selected
regions using a diamond knife on a Leica Ultracut UCT
ultramicrotome. These were placed on copper grids, stained
with uranyl acetate and lead citrate according to Reynolds
(1963).

Specimen observations were carried out under the
JEOL JSM 7401F scanning electronic microscope (JEOL,
Tokyo, Japan) at an accelerating voltage of 4 kV, and the
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JEOL JEM-1010 transmission electron microscope (JEOL,
Tokyo, Japan) operating at 80 kV, equipped with a CCD
digital camera Mega View III (both at the Laboratory
of Electron Microscopy, Institute of Parasitology, Biol-
ogy Centre of the Czech Academy of Sciences, Ceské
Budéjovice, Czech Republic).

Fig. 1 a-f Scanning electron
micrographs of Cardiocepha-
loides longicollis cercariae. a
Dorsal view of the cercaria.

b Section showing the rows

of spines, uniciliated and
nonciliated sensory papillae on
the anterior organ showing the
spines and moderately long uni-
ciliated sensory papillae. Inset:
Detail through the long unicili-
ated sensory papillae. ¢ On the
tip of the anterior organ are sen-
sory papillae with a single short
cilium and spines. d Ventral
view of cercarial body showing
anterior organ and acetabulum.
e Acetabulum armed with two
rows of spines oriented on the
inner surface and the uniciliated
sensory papilla with a mod-
erately long cilium. f The tail
covered with spines and unicili-
ated sensory papillae with long
cilium. /nset: Detail showing
rose-thorn shaped spines with
broad base located at the middle
of the furcae. Abbreviations:

A, acetabulum (ventral sucker);
AO, anterior organ; EP, excre-
tory pore; MO, mouth opening;
OPG, opening of penetration
gland; Sp, spines; I, uniciliated
sensory papilla with a long
cilium; II, uniciliated sensory
papilla with a moderately long
cilium; III, uniciliated sensory
papilla with a short cilium; IV,
nonciliated sensory papilla.
Scale bars: a = 100 pm; b =3
pm, Inset = 1 pm; ¢ =5 pm; d
=20 pm; e =8 pm; f = 10 pm,
Inset =5 pm

Results

The general structure of the cercariae of C. longicollis,
shown in Fig. 1, consists of a specialized anterior organ in
the anterior part of the body, an elongated cylindrical body
and a bifurcated tail (Fig. 1a). A ventral sucker is located in
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the mid-posterior region of the larval body. The body of cer-
cariae contains glands of different types, a protonephridial
excretory system, nerve system, and sensory organs repre-
sented by tegumental uniciliated and nonciliated sensory
papillae (Figs. 1d, e, 2b, 3b, 4c, 6a, ).

Cercarial tegument

The cercarial body is covered by a tegument with an irregu-
lar surface, presenting numerous folds arranged in different
directions, i.e., dorsally, ventrally, and transversely (Fig. 1b,
d), and containing numerous electron dense granules, spheri-
cal electron lucent vesicles, and mitochondria (Fig. 2d).

Fig.2 a—f Transmission
electron micrographs of
Cardiocephaloides longicollis
cercariae. a, b, and ¢ General
view of a cercaria showing the
acetabulum and the penetra-
tion glands. Labelled are large
lipid droplets, flame cells and
collecting tubule cells and
spines. d Detail of the outer
syncytial layer of the tegument
with electron-dense granules,
electron-lucent vesicles and
mitochondria. e Section through
the cytoplasmic bridge con-
necting the outer layer of the
tegument to the nucleated cell
bodies. Note the basal lamina
and the circular and longitudinal
muscle layers. f A region of the
tegument showing the spines
that cover the tegumental sur-
face, longitudinal and circular
muscle layers and the nuclei of
the cell bodies. Abbreviations:
A, acetabulum; BL, basal lam-
ina; BM, basal membrane; CB,
cytoplasmic bridge; CG, central
ganglion; CM, circular muscles;
CT, collecting tubule; DG,
dense granules; FC, flame cell;
L, lipid droplets; LM, longitudi-
nal muscles; Mt, mitochondria;
N, nucleus; PoG, postacetabular
gland; PrG, preacetabular gland;
Sp, spines; V, vesicles. Scale
bars:a,b,c =7 pm; d =0.7
pm; e, f = 0.2 pm
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Relatively short spines, rose-thorn shaped (broad base and
single curved pointed tip), are found over the entire surface
of the cercarial tegument (Figs. 2f, 3a). These spines present
a different distribution depending on the area. From anterior
to posterior, there is a triangle-shaped group of enlarged
pre-oral spines (16 spines arranged in 4 rows) surrounded
by a transverse row of enlarged post-oral spines that encir-
cle the mouth opening (Fig. 1c). The spines are densely
concentrated on the cephalic area, separating towards the
body, where they transversely encircle the entire body sur-
face. Thereafter, the spine distribution on the body trunk can
be divided into two sections: (i) while the anterior spines
are sparsely distributed, and arranged in nine transversely
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Fig.3 a-h Transmission elec-
tron micrographs through the
tegument of the anterior organ
and acetabulum of C. longicol-
lis cercariae. a A longitudinal
section through the tegument.
Note the spines on the surface,
the circular muscle layer and the
nucleus of the subtegumental
cell. b Longitudinal section
through the anterior organ
showing head gland, spines

and uniciliated sensory papil-
lae. ¢ A section showing the
acetabulum, muscle layers and
subtegumental cells with large
euchromatic nuclei. d Detail of
acetabulum showing the tegu-
mental surface and the circular
and longitudinal muscle layers
subjacent to the tegument. e and
f TEM of the sections through
the anterior organ containing
ducts of head gland and postac-
etabular glands. g Preacetabular
gland. Shown are part of the
acetabulum, a large lipid droplet
and osmoregulatory tubules. h
A longitudinal section through
the postacetabular gland and the
central ganglion. Abbreviations:
A, acetabulum; CG, central
ganglion; CM, circular muscles;
DG, dense granules; HG, head
gland; dHG, head gland duct; L,
lipid droplet; LM, longitudinal
muscles; Mt, mitochondria; N,
nucleus; NP, nerve processes;
PoG, postacetabular gland duct;
PrG, preacetabular gland; Sp,
spine; UP, uniciliated sensory
papilla. Scale bars: a, c, f, g =
0.2 pm;b=7pm;d,e =2 pm;
h=5pm

encircling single rows, being denser on the flanks (Figs. 1b,
2b, c), (ii) the spines posterior to the ventral sucker are
numerous and small, and transversely encircle the surface,
being less numerous on the ventral side and absent on the
dorsal side (Fig. 1d). The tegument consists of a syncytial,
anucleated cytoplasm connected by cytoplasmic bridges
crossing the muscle layers to nucleated cell bodies lying
in the medullary parenchyma. Its outer layer is delimited
from the underlying longitudinal and circular muscle layers

by a thin basal lamina. A basal membrane lines the surface
of the outer layer of the tegument and separates it from the
basal lamina. Below the basal lamina are arranged the cir-
cular and longitudinal muscle layers, with numerous mito-
chondria scattered below them (Fig. 2e). Large nuclei of
the transversely arranged subtegumental cells were observed
(Figs. 2b, c, f, 3a). The ducts of the penetration glands
run laterally in the anterior middle of the body (Fig. 2f).
The anterior part of the body is a specialized head region
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Fig.4 a—f Transmission
electron micrographs of C.
longicollis gland ducts and pro-
tonephridial excretory system.
a Collecting tubules containing
cilia attached to the luminal
surface. b Section through

the postacetabular gland. ¢ A
longitudinal section showing
part of osmoregulatory system
with a flame cell and collect-
ing tubule cells. Shown are
circular muscles and areas of
preacetabular and postacetabu-
lar glands. d Preacetabular and
postacetabular ducts reinforced
by microtubules and surrounded
by lipid droplets and collecting
tubules. e A section through the
small collecting tubules show-
ing mitochondria and vesicles
in tubule cell cytoplasma. Note
septate junctions attaching the
tubules to the adjacent cells.

f Cross section through flame
and capillary cells. Abbrevia-
tions: BB, basal body; C, cilia;
CC, capillary cell; CM, circular
muscles; CT, collecting tubule;
PoG, postacetabular gland;
dPoG, postacetabular gland
duct; PrG, preacetabular gland;
dPrG, preacetabular gland duct;
ER, endoplasmic reticulum;
FC, flame cell; L, lipid droplet;
LM, longitudinal muscles; Mt,
mitochondria; N, nucleus; SD,
septate desmosome; V, vesicle.
Scale bars: a, b, c,d, e, f=0.2
pm

containing the head gland and the ducts of the penetration
glands (Fig. 3b). It is encircled by transverse rows of spines
and sensory papillae, each with a single cilium (Fig. 1b,
Inset, ¢). The ventral sucker (acetabulum) is located on the
ventral surface of the mid-posterior half of cercarial body
(Figs. 1d, 2a). It is a well-developed round structure covered
with tegument, similar to the tegument covering the rest of
the body (Fig. 3c). Below the tegument of the sucker, the
muscles are arranged at various angles (Fig. 3c, d). Bundles
of circular muscle are attached to the connective tissue that
joins the ventral sucker to the body (Fig. 3d). Also, nerve
fibers from the body enter the ventral sucker (Fig. 3d). The
acetabulum, which is slightly pedunculated, is armed with
two rows of spike-like spines oriented to the inner surface
(Fig. le). Its tegument is connected to the subtegumental
cells, which possess large euchromatic nuclei and numerous
granules (Fig. 3c, d, g). The tail stem is straight, covered
with two parallel rows of rose-thorn spines with a broad base
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along the dorsal side of the tail (Fig. 1f, inset). It bifurcates
into two broad furca, the edges/margins of which are covered
with tegumental spines. All spines on the cercarial body,
tail stem, and furcae are directed posteriorly. Two types of
uniciliated sensory papillae were observed on the surface
of the cercarial body, the tail stem, and the furcae (Fig. 1f).

Cercarial glands

The glandular system of C. longicollis cercaria consists of
three different types of unicellular glands and their corre-
sponding ducts. These are a head gland located in the center
of the muscular anterior organ and two types of penetra-
tion glands, located in the vicinity of the acetabulum and
designated as preacetabular gland around the acetabulum
(Figs. 2a, b, 3g) and postacetabular lateral penetration gland
(Figs. 2b, c, 3h). All three types of gland cells are packed
with distinctive types of secretory granules that differ in
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size, shape, and electron density (Figs. 3b, 4a, b). The head
gland is densely packed with large, irregularly oval granules
filled with lightly dense homogeneous material (Fig. 3f). The
ducts open into the tegument at the anterior end of the head
region (Fig. 3b), with openings visible around the pre-oral
spines (Fig. 1¢). The content of preacetabular gland is com-
posed of abundant, densely packed elongated electron dense
granules (Figs. 2b, 3g, 4a). Another type of gland, which
runs in the middle of the body beneath the acetabulum, is the
postacetabular gland (Figs. 2a, c, 3h). The secretion of this
type of gland cells consists of dense granules that are smaller
than those of the preacetabular glands and are embedded
in a more electron-lucent matrix (Fig. 4a, b). The secretion
granules are concentrated in ducts that run as lateral bundles

Fig.5 a-f Sections through

the excretory system of C.
longicollis. a A section showing
the fusion of main collecting
tubules and the circular muscles
underlying the tegument. b Dis-
tal parts of the main collecting
tubules which merge and form
the thin-walled excretory blad-
der. ¢ A cross section through
the collecting tubule cells
surrounded by a large nucleus
of perikarya. d, e and f Sections
through the excretory pores.
Abbreviations: CM, circular
muscles; CT, collecting tubule;
DG, dense granules; EP, excre-
tory pore; LM, longitudinal
muscles; Mt, mitochondria; N,
nucleus; SD, septate desmo-
some. Scale bars: a= 2 pm; b=
lpm;c,e =0.2 pm; d = 0.6
pm; f = 0.1 pm

in the middle of the body (Fig. 4c). They open to the exte-
rior at the surface of the tegument (Fig. 2f). Large droplets,
which could be composed of lipid, are observed around the
acetabulum and between the penetration glands (Fig. 4a).

Protonephridial excretory system

The excretory system of C. longicollis cercariae consists
of an excretory bladder, collecting tubules, flame cells, and
excretory pores. The small excretory bladder, located at the
posterior end of the body (Fig. 5a, b), is divided into col-
lecting tubules. The collecting tubules are composed of large
cells wrapped around the lumen and exhibit numerous cilia
adjacent to the luminal surface, thus increasing its surface
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area (Figs. 4f, 5c). The anterior and posterior longitudinal
collecting tubules, situated on both sides of the cercarial
body, are connected to small tubules that possess a well-
defined large nucleus with condensed chromatin, a thin layer
of homogeneous cytoplasm containing mitochondria and
vesicles, and are connected to the adjacent cells by septate
desmosomes (Fig. 4e). The terminal cells of the protone-
phridial excretory system are located in the body periphery
near the external surface. They consist of flame cells and
capillary cells, which are continuous with the small collect-
ing tubule cells (Figs. 2b, c, 4f). The flame cells are irregu-
larly shaped cells bearing a tuft of hexagonally arranged
cilia. Inside the ciliary tuft, there is a bundle of long cilia
with the typical 9 + 2 arrangement of microtubules that ter-
minate in the capillary cells. The cilia of each flame cell
are anchored to its cytoplasm by basal bodies (Fig. 4f). The
capillaries of the flame cells are connected to the small col-
lecting tubule cells (Fig. 4c). The cytoplasm of the capillar-
ies contains mitochondria, a rough endoplasmic reticulum,
and free ribosomes (Fig. 4f). Two excretory pores are visible
in the middle of the two furcae (Fig. 1a). The excretory pore
appears to be circular and attached by a septate desmosome
to the tegument (Figs. 1f, 5d, e, f).

The nervous system

The nervous system of C. longicollis cercariae consists of a
central ganglion (a neuropile), from which nerve processes
run longitudinally through the body, and tegumental sensory
papillae (Figs. 6a, 3b). The neuropile is centrally located
in the anterior region of the body and is surrounded by
irregularly shaped cell bodies. The cell bodies have large,
prominent heterochromatic nuclei and a small amount of
cytoplasm filled with mitochondria and vesicles (Fig. 6a, b).
The neuropile is composed of a dense network of unsheathed
nerve fibers that possess numerous mitochondria and vesi-
cles. Most of the nerve fibers contain spheroidal electron-
dense vesicles approximately 150 nm in diameter (Fig. 6c¢).
In the neuropile, there are numerous synapses between the
NErve processes.

Based on the morphology observed with SEM, four
types of sensory papillae were distinguished on the cercar-
ial tegument. These types are distinguished by the presence
or absence of the cilium, its length and its position on the
cercarial body. The first type of sensory receptor, with a
long cilium (Fig. 1b, Inset, d) and a high tegumental collar
(Fig. 1b, Inset), is found mainly on the anterior part of the
cercarial body, while the type surrounded by a low tegu-
mental collar (Fig. 1f,) is situated on the tail stem and the
furca, especially in the posterior half. The second type, with
a moderately long or intermediate cilium, occurs on the ante-
rior organ of the body, including the ventral sucker, outside
the rows of spines (Fig. 1b, e). The third type, each with a
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short cilium, is concentrated on the anterior organ (Fig. 1c),
and the fourth nonciliated type is present dorsally on the
anterior, unarmed body (Fig. 1b). Each uniciliated sensory
structure consists of a bulbous nerve ending attached to the
tegument by septate desmosomes and electron-dense rings.
A septate desmosome forms almost a complete ring around
the cilium at the level of the basal body (Fig. 6e). Another
type of inclusion, observed mainly in the cytoplasm of the
nerve bulb of the ciliated sensory papillae, are electron-
lucent vesicles, ca. 100 nm in diameter (Fig. 6d). The termi-
nal cilium projects from the bulb beyond the tegument and
is not covered by a sheath of tegumental material (Figs. 1b,
Inset, 3b). The cilium contains both central and peripheral
microtubules in a typical 9 + 2 pattern (Fig. 6f). Nonciliate
sensory endings, situated on the anterior end of the body,
contain a sensory bulb without a cilium, a basal body and
electron-dense rings. Their cytoplasm is filled with electron-
lucent vesicles of various sizes (Fig. 6 Inset).

Discussion

The present study provides detailed information on the
ultrastructural features of C. longicollis cercariae, and
describes the diversity of structures required by swimming
strigeids to actively locate, recognize, and infect their fish
intermediate host. Our results revealed that C. longicol-
lis cercariae possess a tegument with an irregular surface,
with numerous dorsally and ventrally located folds and a
syncytial organization. A mouth opening was found in C.
longicollis cercariae, probably non-functional at this stage
as cercariae do not actively feed, but rely on their limited
glycogen energy reserves, which are concentrated mainly
in the tail and are depleted if a suitable next intermediate
host is not found (Anderson and Whitfield 1975; Lawson
and Wilson, 1980). Nevertheless, the tegumental ridges
observed in regions of close contact with the host, such as
the strigeoid adhesive organs (Erasmus 1970), likely evi-
dence a tegumental absorptive function (Lumsden 1975).
According to Goater et al. (2005) and Conn et al. (2008),
the tegumental folds described in other strigeoids could
also be preliminary structures that transform into microvilli
involved in nutrient acquisition in metacercariae. Moreover,
during larval development, the tegument fills with numerous
secretory inclusions that are synthesized in the cytons and
exported to the cytoplasmic surface layer. This indicates an
intense metabolic activity, including protection from exter-
nal damage, osmoregulation and excretion, and evasion of
the host’s immune system (Lumsden 1975; Halton 2004;
Smyth and Halton 1983). The absence of an alimentary
tract in the cercariae of C. longicollis contrasts with what
has been described in other digeneans, although descrip-
tions of intestinal differentiation/digestive tracts in cercariae
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Fig.6 a-f Sections through the tegumental surface and the central
ganglion of C. longicollis. a and b Longitudinal sections showing the
heterochromatic nuclei of perikarya surrounding the neuropile. The
cytoplasm around the nucleus contains mitochondria, and vesicles
and flame cells. ¢ Cross section through the central ganglion showing
nerve processes with electron dense neurosecretory vesicles. Synap-
tic junction and mitochondria are shown. d Longitudinal section of a
uniciliated sensory papilla containing electron-lucent neurosecretory
vesicles. Shown is the excretory pore. e Detail through the uniciliated
sensory papilla attached to the tegument with septate desmosomes.

are scarce (e.g., Cheng and Bier 1972; Halton and McCrae
1985; Podvyaznaya 2006, 2011). The existence of few indi-
viduals could also explain that this structure was not local-
ized in our material. In addition, the non-functionality of a
rudimentary canal, as described by Dorsey et al. (2002) in
schistosome cercariae, probably argues for the non-existence
of such structures in non-feeding larval stages.

Swimming furcocercariae require specific structures that
enable them to actively find and infect their next suitable
host, with the bifurcated tail being the main propulsion
organ. The well-developed musculature not only allows the
cercariae to swim, but can also help during the vigorous

Shown are electron-dense rings. f A section showing the cilia lying
above the surface tegument. Inset: Section through the nonciliated
sensory papillae containing electron-lucent vesicles. Abbreviations:
BB, basal body; C, cilia; CG, central ganglion; CM, circular mus-
cles; DG, dense granules; DR, electron-dense rings; EP, excretory
pore; FC, flame cell; LM, longitudinal muscles; LV, lucent vesicles;
Mt, mitochondria; N, nucleus; NP, nerve processes; S, synapses; Sp,
spine; SD, septate desmosome; V, vesicles. Scale bars: a, =2 um; b =
0.1 pm; c, £ =0.2 pm, Inset = 0.6 pm; d = 1 pm; e = 0.4 pm

movements to crawl on the host surface, when cercariae
also use their bodies and suckers to adhere to the host body
(Dorsey et al. 2002; Haas 2003; Haas and van de Roemer
1998). The spines distributed over the entire body surface
aid in this process, facilitating the burrowing into the host
(Conn et al. 2008; Whitfield et al. 2003). Spine distribution
and morphology have been described in various cercariae,
including schistosome cercariae (Abdul-Salam and Sreela-
tha 1998; Choi et al. 2006; Conn et al. 2008; Paller and
Uga 2008; Sakamoto and Ishii 1978; Whitfield et al. 2003),
but to our knowledge, there are few detailed descriptions in
strigeids (Bakry et al. 2018; Ferndndez and Hamman 2017,
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Gordy et al. 2017). In contrast to Prévot and Bartoli (1980),
our results show only nine rows of spines in the anterior
body (instead of 10), but the distribution of spines on the
tail and furcae is consistent with their description. While
most caudate cercariae shed their tails during host penetra-
tion (Erasmus 1972; McKerrow and Salter 2002), Whitfield
et al. (2003) suggested that human schistosome cercariae
retain their tails during skin invasion, thanks to numerous
backward-pointing spines that prevent retrograde movement.
Even if this is not the case for C. longicollis, the function of
the spines along the tail margins of C. longicollis, which are
also posteriorly directed, remains unclear, apart from possi-
bly serving as anchors while crawling on the fish’s body sur-
face once cercariae are there (Fernandez and Hamman 2017;
Gordy et al. 2017). Thus, this tail, which the cercariae use as
a temporary locomotion organ, loses its function after pen-
etrating the host, as it detaches during this process (Erasmus
1972; Haas and van de Roemer 1998). Once the host is local-
ized, the cercariae need to actively penetrate into it, by first
attaching to the body surface with help of a stylet or adherent
substances and then burrowing into the skin (Erasmus 1972;
McKerrow and Salter 2002). In furcocercariae, the penetra-
tion apparatus, in which the anterior organ is transformed
into an oral sucker in adults, has a strong musculature that
allows this area to be everted/elongated or retracted (Czubaj
and Niewiadomska 1997; Ginetsinskaya 1988). The power-
ful rose-thorn spines enable the cercariae to break open the
fish skin and push themselves into the host, using the hooks/
spines as anchors, as described in Diplostomum spathaceum
(Hoglund 1991). Bartoli and Prévot (1980) mentioned the
presence of penetration spines, including three rows each
staggered with 4 or 5, 6 or 7, and 4 or 5 spines. This partially
agrees with our observations, as we observe an additional
frontal row of two spines, forming a triangle-shaped group
of pre-oral spines similar to that described by Niewiadomska
and NaSincova (1990) for a diplostomid. The penetration
structures of furcocercariae bear a group of 8—12 anteriorly
directed penetration spines arranged in front of the oral aper-
ture (Ginetsinskaya, 1988), confirming this as a common
feature for this cercarial type.

The pre- and postacetabular glands of C. longicollis
cercariae provide secretions with proteolytic activity and
mucus-like substances involved in host skin penetration and
adhesion, similar to other species (Dorsey 1976; Dorsey and
Stirewalt 1971; Ligasova et al. 2011; McKerrow and Doen-
hoff 1988; Stirewalt and Austin 1973; Stirewalt and Walters
1973). Penetration glands have openings on both sides of the
oral sucker, and the acetabulum probably also aids in host’
surface exploration and penetration by helping with attach-
ment thanks to secreted mucous substances (Ligasova et al.
2011; Stirewalt and Dorsey 1974).

Sensory papillae are particularly important for dige-
nean free-living stages (miracidia and cercariae) that rely
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on external stimuli. Their function is likely related to host
localization and penetration site selection and involves
photo-, chemo-, tango-, thermo-, and mechanoreception
(e.g. Brachs and Haas 2008; Cohen et al. 1980; Dorsey et al.
2002; Dunn et al. 1987; Niewiadomska and Czubaj 1996).
Since no eyespots were observed in cercariae of C. longicol-
lis, their behavior of swimming and finding and penetrating
the host could rely on their sensory papillae, which are in
direct contact with the environment. In trematode species,
numerous types of sensory endings have been described
based on ultrastructural studies distinguishing various gen-
eral features mentioned previously (e.g. Bell et al. 1996;
Bogéa and Cairo 2001a; Czubaj and Niewiadomska 1996;
Zdarska 1992). The present study has revealed the presence
of four types of putative sensory structures scattered over
the body and tail surfaces of the cercariae of C. longicol-
lis. From our results, they are distinguished by the presence
or absence of a cilium, its length, and their position on the
cercarial body, the latter likely reflecting the motility and
function of this area. These four types of sensory endings in
C. longicollis cercariae resemble some of those described
for other furcocercariae (e.g., Czubaj and Niewiadomska
1996) and follow a pattern similar to that in other strigeids
(Bell et al. 1996). No multiciliated receptors were observed
in C. longicollis cercariae, even if present in miracidia of the
same species (Born-Torrijos et al. 2017) or in other cercariae
(Abdul-Salam and Sreelatha 2004). According to Czubaj
and Niewedomska (1996), the ultrastructural diversity of
sensory endings demonstrated in different systematic groups
as well as in different generations of a species may be the
result of localization on the cercarial body and motility of
the respective body part or tail. In addition, Bell et al. (1996)
suggested that the lateral tail stem sensilla may have taxo-
nomic value at a subgenus/genus level, possessing C. lon-
gicollis papillae distributed along the entire length of the
tail stem and the posterior half of the furcae. The unicili-
ated receptors located in the anterior region of the cercarial
body and the tail stem and furcae (type I) have long cilia,
which correspond to receptors with low mechanical stimuli
such as water currents (Bogéa and Caira 2001a, 2001b).
This is probably indicative of the locomotor function of the
tail during swimming periods of C. longicollis cercariae,
which could use these receptors to orient themselves in the
water column by alternating between swimming and rest-
ing periods (Prévot and Bartoli 1980). Receptors with a
long cilium could also serve as drag anchors during resting
periods, as suggested for other furcocercariae (Czubaj and
Niewiadomska 1996). In addition, the presence of vesicles
in the space around the cilium could indicate an additional
secretory function of these cells (Czubaj and Niewedomska
1988). Those with moderately long cilia (type 1I), located
around the anterior organ and body, including the ventral
sucker, are likely intended to locate and recognize suitable
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sites for host penetration. Furthermore, sensory papillae with
hairs/moderately long cilia and concentrated at the end of the
anterior body and also on the acetabulum (type II) help also
to settle on the host to find the most suitable site for penetra-
tion, usually soft areas such as those around the eyes or oral
cavity or with easy access to the target organ (e.g., Erasmus
1959; Paller and Uga 2008; van Beest et al. 2019). Sensory
papillae with shorter cilium, found on the anterior organ in
C. longicollis (type 1II), may be more sensitive to different
pressures, suggesting a tango-/mechanoreceptive function
to perceive of the host once the cercariae touch the host
(Denisova and Shchenkov 2019). The nonciliate sensory
endings (type IV) are suggested to serve as mechanorecep-
tors. Their subsurface localization, and the electron-dense
collar at the tip, may be an adaptation that enables responses
to stretch and contraction in different directions (Czubaj and
Niewedomska 1996). The nonciliate receptors observed in
the tegument of C. longicollis cercariae resemble the recep-
tors previously described in cercaria of Echinostoma revolu-
tum (Zdarska 1992). Together with the tegumental sensory
papillae, the central ganglion forms the nervous system of
cercariae, being its largest component. The central ganglion
of C. longicollis is located in the anterior area of the body,
similar to other cercariae (Denisova and Shchenkov 2019;
Niewiadomska 1994).

The protonephridial system of C. longicollis cercariae
is composed of multiple functional units, i.e., flame cells
bearing a tuft of cilia, a system of collecting tubules and
an excretory vesicle that opens into the external environ-
ment through the two excretory pores in each furcae. These
cercariae spend their short lives in a marine environment
searching for their next suitable host, using their protone-
phridial system to control their osmoregulation. This func-
tion complements the role of protonephridia in the elimina-
tion of waste products from the organism, thus being this
system involved in both osmoregulation and removal of met-
abolic waste (Dorsey et al. 2002; Smyth and Halton 1983;
Wilson and Webster 1974). Cercarial stages of C. longicollis
do not possess germinal material at this stage, unlike the
earlier larval miracidial stages (Born-Torrijos et al. 2017).

Cercariae are critical for the continuance of trematodes’
life cycle, and given their wide range of transmission strate-
gies involving different morphotypes, swimming behaviors,
attachment, and penetration structures, detailed studies on
these cercarial traits are fundamental. Our results add novel
data on the morphological structures of furcocercariae, a
commonly occurring morphotype among trematodes. The
combined analysis of the ultrastructural data and the func-
tional role of these structures provides a better understanding
of the behaviors exhibited by cercariae after their emergence
from molluscan hosts, reflecting the transmission and pen-
etration strategies displayed by strigeid cercariae to infect
fish hosts.
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