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Abstract

The muscle cells and extracellular matrices (ECMs) of two teleost-infecting blood flukes
belonging to distinct evolutionary lineages of the Aporocotylidae (Digenea) were examined
using Transmission Electron Microscopy. Four morphotypes of muscle cells were found in
the freshwater species Sanguinicola sp., but were considered to be various different
developmental stages of a single cisternic type. In the marine species Aporocotyle simplex,
three types of muscle cells were apparent, one of which is cisternic. The first ultrastructural
evidence is presented for the exocytosis of the moderately dense contents of dilated cisternae
of cisternic muscle cells into the extracellular space in both Sanguinicola sp. and A. simplex.
The basal matrices of aporocotylids support various types of epithelia. In Sanguinicola sp.,
beneath the distal tegumental cytoplasm, there is a thin lamina densa, whereas the intestinal
epithelium is supported by a lamina reticularis. In A. simplex, both a thin lamina densa and a
thick lamina reticularis underlie the distal cytoplasm of the tegument and are present at the
periphery of the ovary, but beneath the epithelial lining of the caeca and both genital and
excretory ducts there is only a lamina reticularis. Significant variation in the development and
amount of the ECM in marine and freshwater aporocotylids is described, since A. simplex has
a much better developed ECM than occurs in Sanguinicola sp. Moreover, thin myofilaments
of muscle fibres participate in the ECM formation in A. simplex and represent its dominant
component. The presence of two mechanisms for ECM formation in A. simplex, as opposed to
a single mechanism in Sanguinicola sp., may represent further evidence for the affiliation of
these two taxa to divergent evolutionary lineages. The data presented are discussed in relation

to available information on these structures in other neodermatan groups.

Key words: TEM, Aporocotylidae, muscle cells, extracellular matrix, freshwater

Sanguinicola, marine Aporocotyle simplex
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1. Introduction

Traditionally, the parenchymal body of flatworms (Platyhelminthes) contains, beneath
their surface epithelia, a number of different types of mesenchymal cells embedded in the
extracellular matrix (ECM) that appear to act as a structural substitute for true connective
tissue (Pedersen, 1991). The ECM of flatworms can be divided into basal matrices which
occur beneath various epithelia and those matrices, which occur between the mesenchymal
cells (Conn, 1993). Great variation in the structure of both types of matrix has been revealed
in different species of free-living and neodermatan platyhelminths (Pedersen, 1991; Conn,
1993). Pedersen (1991), Conn (1993) and Ehlers (1995) have summarized the ultrastructural
data available at that time on mesenchymal cells in both free-living and parasitic flatworms
and noted that the heterogeneous muscle cells (myocytes) of flatworms comprise one
component of their “parenchyma’. In relation to this, Lindroos and co-authors have provided
data on the ultrastructural, cytochemical and immunocytochemical features of the ECM in
both free-living and parasitic flatworms (Lindroos, 1984; Lindroos and Wikgren, 1987;
Lindroos and Still, 1988; Lindroos and Reuter, 1991). In the case of the Digenea, there is only
fragmentary ultrastructural information on muscle cells, parenchyma and the ECM
(Threadgold and Gallagher, 1966; Lumsden and Foor, 1968; Wilson, 1969; Abbas and Cain,
1987; Stitt et al., 1992; Fujino et al., 1996; Stoitsova and Gochilova, 1997; Poddubnaya et al.,
2020a; Poddubnaya and Gibson, 2020).

The typical morphological features used in flatworm taxonomy and systematics
differentiate families, genera and species; however, those features are seemingly less
informative regarding deep phylogenetic relationships among flatworm lineages.
Investigations of the morphological diversity of muscle cells and the ECM in a wide variety

of digeneans are important for any understanding of the evolutionary origin of the so-called



10

11

12

13

14

15

16

17

18

19

20

21

22

cytoskeletal components in members of the Neodermata. The acquisition of such knowledge
is especially relevant in the case of members of the most basal groups in each neodermatan
class. The present study is the first to explore patterns in the cytoskeletal components of two
quite different species of the Aporocotylidae, one of the most basal digenean families (Olson
et al., 2003; Orélis-Ribeiro et al., 2014; Cribb et al., 2017), i.e., the marine species
Aporocotyle simplex Odhner, 1900 and freshwater species Sanguinicola sp.?, and their
correlation with known information on this type of structure in other neodermatan groups. In
this respect, the fine structural details of muscle cells are relevant in terms of any discussion

on the origin of the ECM.

2. Materials and methods

Specimens of Sanguinicola sp. were collected from the branchial arteries leading from
the heart of naturally infected pike Esox lucius (Linnaeus, 1758) (Esocidae) from the small
Sutka River in the Upper Volga River Basin, Russia. Specimens of Aporocotyle simplex were
obtained from the branchial arteries of the long rough dab Hippoglossoides platessoides
(Fabricius, 1780) (Pleuronectidae) trawled from the Norwegian Sea off Tromsg, Norway. For
transmission electron microscopy (TEM) live specimens were fixed using 3% glutaraldehyde
in 0.1 M sodium cacodylate buffer (pH 7.2) for 7 days at 5°C, rinsed three times for 10 min
periods in the same buffer and postfixed in 1% osmium tetroxide for 1 h. Fixed specimens
were dehydrated in a graded ethanol series, with a final change to absolute acetone and then

critical-point dried with liquid CO.. Later, specimens were embedded in Araldite/EMbed-812

1 This taxon is the same species as that referred to as Sanguinicola inermis Plehn, 1905 in a previous paper
(Poddubnaya et al., 2020b). Subsequent work on this parasite has suggested that this material may represent a
new species. Morphometrical and molecular studies are currently under way with a view to describing this
taxon.
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EM Embedding kit (EMS). Ultrathin sections were then stained with uranyl acetate and lead

citrate, and examined using a JEM 1011 microscope operating at 80 kV.

3. Results

3.1. Muscle cells of Sanguinicola sp.

Different morphotypes of muscle cells can be distinguished based on their shape, size
and cytoplasmic composition (Fig. 1). The first cell morphotype observed is associated with
the tegumental musculature. These cells have the morphological characteristics of
undifferentiated cells, i.e., a large nucleus surrounded by a thin area of dense perinuclear
cytoplasm (Fig. 1A, B). Dense areas of central and peripheral heterochromatin are present
within the nucleus (Fig. 1A, B), numerous ribosomes are scattered throughout the perinuclear
cytoplasm and a solitary mitochondrion may be present (Fig. 1A, B). These elongate-oval
cells can be seen to possess one or two sarcoplasmic extensions containing muscle fibres (Fig.
1A, B).

Another muscle cell morphotype occurs well below the tegumental layer, occupying a
medial region of the worm’s body. The large, ovoid nucleus of this type contains uniformly
scattered euchromatin and a little heterochromatin (Fig. 1C, D, E). Three morphological
modifications of these cells are apparent. The first variation is characterized by the presence
of a few dilated cisternae of the granular endoplasmic reticulum filled with a substance of
moderate electron density (Fig. 1C). An additional cell variation can be distinguished by a
greater volume of perinuclear sarcoplasm, an accumulation of mitochondria and the presence

of both oval and rounded dense vesicles in an expanded region of cytoplasm. A sarcoplasmic
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extension, containing muscle fibres, arises from this expanded region of cytoplasm (Fig. 1D).
Dictyosomes of the Golgi complex occur in the muscle cell cytoplasm, close to which small,
dense vesicles (~ 0.2 um in diameter) congregate (Fig. 1D, insert). Sarcoplasmic extensions
of the muscle cells contain muscle fibres, large mitochondria, sarcotubules, a small number of
lipid droplets and a few glycogen granules (Fig. 1F, G). Glycogen, stained by uranyl acetate,
is found in a small area among the myofilaments (Fig. 1F, G). A third muscle cell variation is
elongate in outline and has a large volume of perinuclear sarcoplasm, within which pale areas
devoid of ribosomes appear, but sarcoplasmic extensions with muscle fibres are absent (Fig.
1E). In these cells, numerous vesicular cisternae of the sarcoplasmic reticulum occupy a

peripheral position close to the sarcolemma of the cell (Fig. 1E).

3.2. Extracellular matrix of Sanguinicola sp.

As in all neodermatans, the body of the worm is bounded by a distal tegumental
cytoplasm limited by both surface and basal membranes (Fig. 2A, D). The basal membrane is
supported by a basal matrix (also commonly referred to as a ‘basement membrane’). In
Sanguinciola sp., it represents a thin, closely packed network of dense fibrils (often referred
to as the lamina densa) (Fig. 2A, C, D). Beneath this are outer and inner muscle fibres
running in circular and longitudinal directions, in addition to diagonal muscle fibres localized
along the dorso-ventral axis of the worm (Fig. 2A, D). All multidirectional muscle fibres are
delimited by a sarcolemma, close to which large mitochondria are apparent (Fig. 2A, D). In
one section, the distal cytoplasm of the tegument and the muscles lie in close proximity (Fig.
2A, C); in others, large gaps are observed between them (Fig. 2D). The extracellular spaces
beneath the tegumental layer, which are present between the tegumental muscles and between

various other kinds of the cells within the body of the worm, appear almost empty (Fig. 2A,
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D, E) apart from occasional membranous whorls (Fig. 2G), vesicles and some other
moderately-dense material (Figs. 1A, 2G, H, I). Infrequently distributed hemidesmosomes
occur on opposite sides of the body at positions where the diagonal muscles are connected
directly to the basal matrix of the tegumental cytoplasm by anchoring fibrils (Fig. 2B, D). A
basal matrix occurs around the epithelial lining of the digestive and genital ducts and
resembles a thin, loosely packed network of fibrils (often referred to as a lamina reticularis)
(Fig. 2F). Separate sarcoplasmic extensions filled with muscle fibres surround the nerve cords
(Fig. 2J). There is evidence of exocytotic activity from muscle cells into the extracellular
spaces (Fig. 2G, H, 1) as the contents of dilated cisternae of the sarcoplasmic reticulum are

released (Fig. 2G, H, I).

3.3. Muscle cells of Aporocotyle simplex

The first of three types of muscle cells occupies a central position in the body of the
worm (Fig. 3A — D). These cells are elongate, irregular in outline and have an irregularly
ovoid nucleus containing aggregates of dense heterochromatin (Fig. 3A, B). The perinuclear
cytoplasm includes many free ribosomes and dilated, sac-like cisternae of the sarcoplasmic
reticulum which are filled with a moderately dense, amorphous material. These dilated
cisternae are distributed both along the periphery of the perinuclear cytoplasm and close to the
sarcolemma (Fig. 3A, B). A fusion between the cisternae and the sarcolemma is readily
observed, and the exocytosis of their moderately dense contents into the extracellular space is
clearly apparent (Fig. 3A — D). The thin sarcoplasmic extensions of these cells contain
numerous ribosomes and a collection of myofibrils in their expanded areas (Fig. 3A, B).

The second type of muscle cell occurs in the region of the cerebral ganglia, nerve

cords and oesophagus. Their irregularly shaped nuclei contain aggregates of dense
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heterochromatin, and their dense, perinuclear cytoplasm can be distinguished by the presence
of large, dense areas exhibiting a typical, linear patterned, crystalline structure
morphologically similar to the filamentous form of actin in digenean spines (Fig. 3F, G). The
sarcoplasmic extensions of such cells contain a few muscle fibres, and their sarcoplasm
includes an accumulation of moderately electron-dense lipid droplets surrounded by
membranous whorls (Fig. 3E, G). Additionally, close to the oesophagus, their muscle fibres
are surrounded by a narrow, branching region of dense, homogeneous sarcoplasm (Fig. 5G).

Muscle cells of the third type are visible beneath the tegument, lying adjacent to the
organs and ducts of the body (Fig. 31). Their large nuclei are irregular in outline and contain
numerous clumps of central and peripheral heterohromatin (Fig. 31). The perinuclear
cytoplasm contains an electron-dense sarcoplasm filled with free ribosomes. Dilated cisternae
of the sarcoplasmic reticulum are absent (Fig. 31). Associated sarcoplasmic extensions have a
fairly electron lucent sarcoplasm, within which are muscle fibres, a few lipid droplets and
mitochondria (Fig. 31). These extensions may be greatly flattened in the narrow spaces
between vitellocytes and may give rise to long, lamellate projections, the accumulation of
which is apparent in the extracellular space surrounding the reproductive ducts (Fig. 4E, G,
H).

The sarcoplasmic extensions of all three types of muscle cell fill the body regions
between the different organs and ducts. Fig. 3H shows an area between the testes containing
tightly packed sarcoplasmic extensions from different types of muscle cell, all of which are

surrounded by a moderately dense extracellular matrix.

3.4. Extracellular matrix of Aporocotyle simplex
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The ECM is extensive in this species and continuous throughout the body of the worm
(Figs. 4, 5). It consists of an amorphous substance in which abundant filaments are distributed
(Figs. 4C, 5A - G). A large extracellular zone, richly supplied with ECM (Fig. 4B), occurs
beneath the distal tegumental cytoplasm and around the tegumental muscles. Immediately
beneath the basal plasma membrane of the distal tegumental layer, a dense, narrow lamina-
like network of ECM may also be apparent; this is identified as a lamina densa (Fig. 4C).
Between the lamina densa and the neighbouring circular muscles, a wide zone of ECM occurs
in the form of a thick network, which is itself surrounded by the tegumental muscle fibres of
circular and longitudinal muscles (Fig. 4B, C). Diagonal muscles situated along the dorso-
ventral axis of the body are not apparent; instead, numerous muscle bosses occur laterally
throughout the length of the body, each of which bear tegumental spines embedded in the
diagonal muscle bundles (see Poddubnaya et al. 2019). At the tapering ends of these diagonal
muscle fibres are hemidesmosomes connecting them to the lamina densa (Fig. 4F). An
extensive ECM surrounds the epithelial lining of the intestinal caeca, genital organs,
reproductive ducts and excretory ducts, and also fills the extracellular zone between various
kinds of cells within the body of the worm (Fig. 4D —J). The nucleate epithelium of the
intestine, the epithelial lining of the male and female reproductive ducts and that of the
excretory ducts are supported by large areas of ECM, within which a few muscle fibres can be
seen (Fig. 4D, E, G, H). Numerous flattened sarcoplasmic extensions arranged in parallel
rows are present beneath the ECM close to the reproductive ducts (Fig. 4E). The ECM has a
similar appearance in the different regions of the body. In addition to the large ECM zone, a
thin lamina densa occurs only in association with the ovary (Fig. 41, J).

A connection between the musculature and the ECM occurs around muscle fibres (Fig.
5A - D). Myofibres of the subtegumentary circular and longitudinal layers are surrounded by

closely adhering extracellular filaments, so the outline of the sarcolemma is obscured (Figs.
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4B, C, 5A, B, D, G). Our TEM observations showed that dense, oval concentrations of
myofilaments are present along the margins of the muscle fibres (Fig. 5B, C, G, H). Gradually
these aggregations bud off from the muscle fibres and independent clusters are visible in the
extracellular zones between the myofilaments (Fig. 5B — D, G, H). In such places, these
aggregations gradually become loosely packed and break down into separate filaments which
are morphologically similar to those that fill the extracellular matrix (Fig. 5C, D, H). Areas
with a small number of thin myofilaments can also be seen within the muscle fibres (Fig. 5E);
here degenerating muscle fibres containing a few myofilaments and empty areas are also

present (Fig. 5F).

4. Discussion

4. 1. Muscle cells of aporocotylids

The present study has shown that various types of muscle cells occur in both
freshwater Sanguinicola sp. and marine Aporocotyle simplex. We suggest that the four
apparent muscle cell morphotypes in the freshwater aporocotylid Sanguinicola sp. represent
different developmental stages of a single type of muscle cell (i.e. the cisternic type of Conn,
1993). These morphotypes are distinguishable by their degree of development, ranging from
those possessing the morphological characteristics of undifferentiated cells (myoblasts) to
those having degenerating areas in their sarcoplasm. The development of these cells is
accompanied by successive morphological modifications to the volume of the sarcoplasm, the
number of dilated cisternae in the sarcoplasmic reticulum and the production of electron-

dense vesicles associated with the Golgi complexes.

10
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Nevertheless, in the marine aporocotylid A. simplex, three distinct types of muscle
cell are apparent, one type of which is cisternic, similar to the fully-formed muscle cells of
Sanguinicola sp., but differing in that the sarcoplasm lacks both Golgi complexes and
electron-dense vesicles. The second type of muscle cell in A. simplex is especially interesting
due to the presence in the sarcoplasm of large, dense areas of a linear patterned, crystalline
structure morphologically similar to the filamentous form of actin in digenean spines (Cohen
et al., 1982; Abbas and Cain, 1987; Stitt et al., 1992; Poddubnaya et al., 2019). It is also worth
noting that actin in a filamentous form is associated with the actin filaments of flatworm
smooth muscle fibres (Reger, 1976; Stitt et al., 1992; Sulbaran et al., 2015; Grano-Maldonado
et al., 2018). Actin is a common protein in muscle cells, and hexagonally packed actin
filaments have been shown to occur in the spines of both schistosomatid and fasciolid
digeneans (Cohen et al., 1982; Abbas and Cain, 1987; Stitt et al., 1992). The concentration of
such muscle cells around nerve ganglia and nerve trunks and within the muscular sheath of
the oesophagus in A. simplex indicates a role in the support of and/or isolation of the functions
of these structures. Our previous study on glial cells in A. simplex suggested a possible
switching of glial functions to muscle cells containing actin (Poddubnaya and Gibson, 2020).
In the case of the third type of muscle cell in A. simplex, both broad and flattened
sarcoplasmic extensions occupy areas between different organs and ducts in the worm’s body,
and contain a sarcoplasm with sporadic areas of muscle fibres and a few lipid droplets.
Similar flattened sarcoplasmic extensions of muscle cells, with long, narrow processes, have
also observed in tapeworms (Conn, 1988; Swiderski and Tkach, 1997; Willms et al., 2003;
Poddubnaya et al., 2005; Poddubnaya and Mackiewicz, 2009; Korneva et al., 2016). In
cestodes, such flattened sarcoplasmic extensions have been described around movable
attachment organs, reproductive ducts with an accumulation of reproductive material and the

terminal regions of the male and female reproductive system. According to Conn (1993),
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three types of muscle cells occur in flatworms, i.e., secretory, storage and secretory/storage,
and the sarcoplasm of the latter two types contains glycogen and lipid droplets. Glycogen-rich
sarcoplasmic extensions with two forms of glycogen (single granules and rosettes) have been
recorded for a number of tapeworms (Lumsden and Byram, 1967; Kuperman, 1988; Conn,
1988, 1993). On the other hand, monogenean muscle cells appear to store only small amounts
of glycogen (Halton, 1967). In the freshwater and marine aporocotylids studied, glycogen was
found to be stored only within the muscle fibres. The same type of glycogen storage has also
been reported from a polyclad turbellarian by MacRae (1965). In digeneans, two kinds of
‘parenchymal cell’ with morphologically and functionally different types of mitochondria and
different types of peroxidase activity have been found in the paragonimid Paragonimus ohirai
by Fujino et al. (1996). Based on the ultrastructural features of the muscle cells described in
P. ohirai, we can assume that one cell type has a tegumental localization and contains
mitochondria with an aerobic metabolism. This type is comparable with the first
developmental stage of muscle cells in Sanguinicola sp., considered by us to be
undifferentiated cells. The second type of muscle cell in P. ohirai occupies a large proportion
of the body volume and has anaerobic metabolism; this type corresponds morphologically to
the fully-formed muscle cells of Sanguinicola sp. A single type of muscle cells (referred to as
‘parenchymal cells’) has been shown to occur in the fasciolid digenean Fasciola hepatica by
Threadgold and Gallagher (1966). Pedersen (1991), Conn (1993) and Ehlers (1995) have all
commented on the absence of true parenchymal cells in platyhelminths and their functional
replacement by muscle cells, the multifunctional nature of which includes a fibroblastic
activity and a role in the production of an extracellular matrix. Conn (1993) supported the
idea that this fibroblastic activity is a characteristic of the cisternic type of muscle cell. In
such muscle cells, the dilated cisternae of the sarcoplasmic reticulum have a sac-like shape

and are filled with an amorphous material of moderate electron density. They are encountered
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immediately beneath the sarcolemma (Conn 1993). Such a position for dilated sarcoplasmic
cisternae has also been demonstrated in tapeworms (Lumsden and Foor, 1968; Conn and
Rocco, 1989) and now in the aporocotylid digeneans (Present study). Furthermore, we have
presented the first ultrastructural evidence for the exocytosis of the moderately dense contents
of dilated cisternae into the extracellular zone in both the freshwater Sanguinicola sp. and the

marine Aporocotyle simplex.

4.2. Extracellular matrices of aporocotylids

Basal matrices, widely referred to as basement membranes, of members of the
Platyhelminthes are extracellular structures organized to support epithelia. In reviews on the
structure and composition of the basal matrix system in both free-living (Pedersen, 1991) and
parasitic (Threadgold, 1984; Conn, 1993) flatworms, the basal matrix is described as
comprising a lamina densa (i.e. a dense basal lamina) and a lamina reticularis (i.e. an
interstitial filamentous layer). A similar basic pattern is found in the basal matrix of a
digenean in a detailed study of Fasciola hepatica by Stoitsova and Gorchilova (1997). In
aporocotylid digeneans, we found that, in the freshwater Sanguinicola sp., a thin lamina
densa is present beneath the syncytial distal cytoplasm of the tegument, whereas the intestinal
epithelium is supported by a lamina reticularis. In the marine Aporocotyle simplex, a thin
lamina densa and a thick lamina reticularis underlie the distal cytoplasm of the tegument and
on the periphery of the ovary, but beneath the epithelial lining of the caeca and both genital
and excretory ducts only a lamina reticularis is present. It is worth noting that Lindroos
(1984) assumed that the fibrous basal lamina of the tegument in the cestode Diphyllobothrium
dendriticum forms a large extracellular ‘compartment’ which also penetrates the muscle

layers and is continuous throughout the worm. Subsequently, this view was supported by
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Conn (1988, 1993), who suspected a myofibroblast origin for both the basal matrices and the
ECM in neodermatans. This view is in full agreement with our own data on the ECM of the
marine A. simplex. As we have shown in this species, a filamentous substance similar to the
contents of a lamina reticularis fills the extracellular space and has a close relationship with
subtegumentary circular and longitudinal muscle fibres. Moreover, for the first time, we have
demonstrated morphological evidence indicating the participation of myofilaments in the
formation of the ECM via the release of small aggregations of thin (actin) filaments from
smooth muscle fibres and their subsequent breakdown into separate filaments, the fine
morphology of which is identical to those of the ECM. In this respect, it is worth noting that,
in the digeneans Schistosoma mansoni and Fasciola hepatica, the cytoskeletal protein actin
has been demonstrated to occur beneath the distal cytoplasm of the tegument in the circular
and longitudinal muscle layers (Abbas and Cain, 1987; Stitt et al., 1992).

The present study has shown the existence of significant variation in the
development and amount of ECM in marine and freshwater aporocotylids, such that
Aporocotyle simplex has a much better developed ECM than occurs in Sanguinicola sp.
However, it is difficult to determine the reason for this difference, although in flatworms
ECMs are known to be dynamic and structurally diverse units which depend not only on the
species but also on the life-cycle stage (Pedersen, 1991; Conn, 1993). It is interesting that, in
tapeworms, Conn and Rocco (1989) suggested a possible correlation between the abundance
of dilated cisternae in the sarcoplasmic reticulum and the number or type of ECM
components. For example, gravid specimens of the cestode Oochoristica anolis exhibited
very few ECM components and lacked muscle cells with dilated cisternae (Conn and Etges,
1984). However, in the adult aporocotylid species studied here, both have muscle cells with
dilated sarcoplasmic cisternae, but in Sanguinicola sp. the ECM components are scarce and

only basal matrix components have been observed, whereas the ECM of A. simplex is well
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developed and contains abundant filamentous components. The exocytosis of the contents of
dilated cisternae into the extracellular zone occurs in both aporocotylids. Additionally, in A.
simplex, thin myofilaments of muscle fibres participate in ECM formation and represent its
dominant component. The presence of two mechanisms for ECM formation in the marine A.
simplex and a single mechanism in the freshwater Sanguinicola sp. may be explained by the
affiliation of these species to two different evolutionary lineages within the Aporocotylidae
(i.e. marine teleost-infecting and freshwater teleost-infecting blood fluke lineages, as
suggested by Cribb et al., 2017). Nevertheless, more investigations of a greater number of

species from a wider range of aporocotylid genera are needed to confirm these ideas.

5. Conclusions

The present TEM study supports current opinions on the role of muscle in the ECM
production of neodermatan worms, providing for the first time ultrastructural evidence for the
participation of muscle cells in the formation of the ECM in two fish blood flukes belonging
to different evolutionary lines of the Aporocotylidae. Two mechanisms for EMC formation
are shown to occur in the marine teleost-infecting species Aporocotyle simplex, as opposed to
a single mechanism in the freshwater teleost-infecting species Sangiuinicola sp. This finding
may represent further evidence for the affiliation of these two taxa to divergent evolutionary
lineages and may also explain different variations in the muscle cells of marine and

freshwater aporocotylids.
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Figure captions

Fig. 1. Ultrastructural characteristics of the muscle cells (myocytes) of Sanguinicola sp. (A,
B) Tegumental muscle cell with a sarcoplasmic extension filled with muscle fibres. (C)
Muscle cell showing a few dilated cisternae of the sarcoplasmic reticulum in the perinuclear
cytoplasm and one sarcoplasmic extension filled with muscle fibres. (D) Muscle cell showing
an accumulation of mitochondria and dense vesicles plus a sarcoplasmic extension containing
muscle fibres; insert, detail of the sarcoplasm showing a Golgi complex and dense, rounded
vesicles. (E) Muscle cells with pale areas of perinuclear cytoplasm and the absence of any
sarcoplasmic extensions. (F, G) Sarcoplasmic extensions showing muscle fibres, large
mitochondria, lipid droplet and a few glycogen granules, note the membranous whorls in the
extracellular zone. Abbreviations: dc, dilated cisternae of sarcoplasmic reticulum; dv, dense
vesicles; ez, extracellular zone; gc, Golgi complex; gl, glycogen granules; h, heterochromatin;
Id, lipid droplet; m, mitochondrion; mf, muscle fibres; mw, membranous whorl; n, nucleus;
pa, pale areas; pc, perinuclear cytoplasm; se, sarcoplasmic extension. Scale bars: A—E =2

pm, insert = 0.5 um; F, G =1 pm.

Fig. 2. Extracellular matrix (ECM) of Sanguinicola sp. (A) Sagittal section of the tegument
showing the distal tegumental cytoplasm, beneath which are circular muscle fibres in close
vicinity, note the large extracellular zones between the muscle layers. (B) Hemidesmosomes
connecting diagonal muscle fibres to the basal matrix. (C) Basal region of the distal
cytoplasm of the tegument showing its basal membrane, a thin layer of basal matrix (lamina
densa) and closely situated muscle fibres. (D) Transverse section of the tegument showing a
thin basal matrix beneath the tegumental cytoplasm and both longitudinal and diagonal

muscle fibres which are attached to the basal matrix by hemidesmosomes. (E) Extracellular
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zone between the muscle and vitelline cells. (F) Basal matrix (lamina reticularis) around the
epithelial lining of an intestinal caecum. (G, H, I) Exocytosis of the contents of dilated
cisternae through the sarcolemma into an extracellular zone. (J) Region of the nerve cord
surrounded by muscle fibres. Abbreviations: bm, basal membrane; cm, circular muscles; dc,
dilated cisternae of sarcoplasmic reticulum; dm, diagonal muscles; edc, exocytosis of contents
of dilate cisterna; ez, extracellular zone; hd, hemidesmosome; ie, intestinal epithelium; Id,
lamina densa of basal matrix; Im, longitudinal muscles; m, mitochondrion; mf, muscle fibres;
mm, moderately dense material; mw, membranous whorl; nc, nerve cord; pc, perinuclear
cytoplasm; tc, tegumental cytoplasm; v, vesicles. Scale bars: A—F, | =1 um; G, H,J=0.5

pm.

Fig. 3. Muscle cells of Aporocotyle simplex. (A — D) First type of muscle cell. (A, B) Muscle
cells, note the sac-like cisternae of the sarcoplasmic reticulum distributed along the cell
periphery. (C, D) Exocytosis of the contents of sac-like cisternae into the extracellular zone.
(E - G). The second type of muscle cell. (E) Sarcoplasmic extensions showing lipid droplets
surrounded by membranous whorls. (F) Linear pattern in the structure of the perinuclear
sarcoplasm. (G) Large, dense areas of the perinuclear sarcoplasm with a linear patterned
structure. (H) Extracellular zone between the testes, note the sarcoplasmic extensions of the
second and third muscle cell types which are surrounded by the moderately dense contents of
the ECM. (I) Third type of muscle cell showing sarcoplasmic extensions with electron-lucent
cytoplasm and muscle fibres. Abbreviations: dc, dilated cisternae of sarcoplasmic reticulum;
ecm, extracellular matrix; edc, exocytosis of contents of dilated cisternae; h, heterochromatin;
Icp, linear patterned crystalline structure; Id, lipid droplet; m, mitochondrion; mf, muscle
fibres; mw, membranous whorl; n, nucleus; pc, perinuclear cytoplasm; se, sarcoplasmic

extension; se2, sarcoplasmic extension of second type of muscle cell; se3, sarcoplasmic
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extension of third type of muscle cell. Scale bars: A,B,G—-1=2um; C,D=05um; E, F=

1 pm.

Fig. 4. Extracellular matrix (ECM) of Aporocotyle simplex. (A) Section through a spine boss,
note the network of diagonal fibres surrounding each spine within the boss. (B) Area beneath
the distal tegumental cytoplasm, the extracellular zone of which is filled with abundant,
evenly distributed filaments. (C) ECM network beneath the thin lamina densa. (D) ECM
beneath the caecal epithelium of the intestine. (E) Flattened sarcoplasmic extensions filling
the zone between two female reproductive ducts, note the extracellular matrix and small
number of muscle fibres surrounding one duct. (F) Hemidesmosomes connecting the diagonal
muscle fibres of a boss to the lamina densa. (G) ECM surrounding a female reproductive
duct. (H) Thick EMC, sparsely distributed muscle fibres and flattened sarcoplasmic
extensions around an excretory duct. (1) Muscle cells close to the ovary, note the lamina
densa and thick EMC. (J) Lamina densa and thick EMC network surrounding the ovary.
Abbreviations: bm, basal membrane; cm, circular muscles; dm, diagonal muscle fibres; ecm,
extracellular matrix; ede, excretory duct epithelium; fse, flattened sarcoplasmic extensions;
gde, genital duct epithelium; hd, hemidesmosome; ie, intestinal epithelium; Id, lamina densa
of basal matrix; Im, longitudinal muscles; mc, muscle cell; mf, muscle fibres; mw,
membranous whorl; n, nucleus; ov, ovary; pc, perinuclear cytoplasm; se, sarcoplasmic
extension; sl, surface lamellae; tc, tegumental cytoplasm. Scale bars: A=5 um; B, D, H, 1 =2

pum; C E, F, G,J =1 pm.

Fig. 5. Connection between the tegumental musculature and the ECM in Aporocotyle simplex.
(A) Circular and longitudinal tegumental muscle fibres closely surrounded by ECM. (B) Two
concentrations of myofilaments along the margin of a muscle fibre and one similar

concentration in the extracellular zone. (C) Concentration of myofilaments budding off from a
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muscle fibre, note the loosely packed aggregation of myofilaments degenerating into separate
filaments in the extracellular zone. (D) More detail of an aggregation of myofilaments
degenerating into separate filaments. (E) Muscle fibre with a region of sparsely distributed
independent myofilaments. (F) Muscle fibre with degenerating myofilaments. (G) Margin of
muscle fibre with an oval aggregation of myofilaments. (H) Muscle fibre with a marginal
aggregation of myofilaments, note two additional aggregations in the extracellular zone with
independent filaments around them. (I) Muscle fibre surrounded by a dense, narrow,
branching region of homogeneous sarcoplasm around oesophagus. Abbreviations: bne,
narrow, branching sarcoplasmic extensions; dmf, degenerating muscle fibre; ef, extracellular
filaments; fc, filamentous concentration; mf, muscle fibre; sf, isolated filaments. Scale bars:

AE,F=1um;B-D,G,H=0.5pum; | =2 pm.
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