Invertebrate Zoology, 2020, 17(2): 93—117 © INVERTEBRATE ZOOLOGY, 2020

Hyperparasitic spore-forming eukaryotes
(Microsporidia, Haplosporidia, and Myxozoa)
parasitizing trematodes (Platyhelminthes)

Yu.Ya. Sokolova'?, R.M. Overstreet®

! Institute of Cytology, Russian Academy of Sciences, St. Petersburg, Russia, 4 Tikhoretski Av. St.
Petersburg, 194064 Russia. E-mail: yysokolova@gmail.com

2 School of Medicine and Health Sciences, George Washington University, 2300 Eye Str NW, 20037,
Washington DC, USA.

* Gulf Coast Research Laboratory, University of Southern Mississippi, Ocean Springs, Mississippi,
USA. E-mail: robin.overstreet@usm.edu

ABSTRACT: Trematodes serve as outstanding hosts for a variety of parasites. This paper
restricts those parasites to three groups of non-related taxa parasitizing trematodes and
forming invasive spores similar in external morphology, which is why in the past these three
groups of parasitic eukaryotes were united into the taxon “Sporozoa” (Kudo, 1924). (1)
Trematode-infecting microsporidia (type Microsporidia Balbiani, 1882: Rozellomycota:
Holomycota) are represented by more than 30 species. Among those, the species with
sequenced barcode (SSU rDNA) are phylogenetically associated with either microsporidia
from invertebrates, as the species of the genus Unikaryon (7 species), or fish microsporidia,
as the species of the genera Pleistophora and Ovipleistophora or alike forms (4 species).
However, most of the species that we place in the incertae cedis group, are known only by
light-microscopy descriptions. Those were attributed by the authors to the genera Nosema
(14 species) and Microsporidium (8 species), but in fact their taxonomic affiliation,
phylogenetic position, and origin remain unknown. (2) Trematode-infecting haplosporidia
(type Haplosporida Caulleri Mesnil, 1899: Ascetosporea: SAR) are represented by only one
genus Urosporidium with a broad range of hosts among marine helminths and free-living
invertebrates. The literature describes 10 Urosporidium spp. infecting trematodes. (3)
Myxosporidia or Myxozoa (subclass Myxosporea Butchli, 1881: class Myxozoa Grasse,
1970: Cnidaria: Holozoa) infect mainly fish. All three species known from trematodes,
belong to the genus Fabespora, and, likely, switched to hyperparasitism from fish. These
three spore-forming groups demonstrate a diversity of characteristics and group-specific
physiological mechanisms in addition to common adaptations responding to similar
environmental conditions. These forms developed from genetically dissimilar material and
exemplify an amazing power of convergent evolution, a phenomenon A.A. Dobrovolskii
and other Russian scholars of parasitology demonstrated for a variety of parasitic groups.
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PE3IOME: Tpemartoasl XOpOIlIo U3BECTHHI KaK X0351€Ba Pa3HOOOPA3HBIX Mapa3uTHIECKUX
Oopranu3MoB. B HacrosiIiel cTaThe pacCMOTPEHBI MTPEACTABUTEINCH TPEX HEPOJICTBEHHBIX
TaKCOHOB 9yKapHOT, MPEJCTABUTENIN KOTOPBIX Mapa3uTHPYIOT B TpeMaToax u GopMupy-
10T MHBa3MOHHBIE CIIOPBI, CXO/IHBIC T10 BHEITHEH MOP(]OIOriH, U3-3a Yero B MPOLILIOM 3TH
TPY IPYIIIBI MAPA3UTHIYECKUX DYKApHOT 00beIuHsIHNCh B TUH Sporozoa (Kudo, 1924). (1)
Muxkpocnopuauu (tunt Microsporidia Balbiani, 1882: Rozellomycota: Holomycota) npen-
crasieHbl Oosiee yeM 30 BugaMu. Buipl ¢ oTceKBeHUPOBaHHBIM OapkoioM (ydacTtok MC
pAHK) ¢unorenernyecku cBsizaHbl MO0 ¢ MUKPOCIIOPHIUSIMU OECIIO3BOHOYHBIX, Kak
Busbl popa Unikaryon (7 BUmOB), MO0 ¢ MHKPOCIOPUAMSIMH PbIO, KaK BHIbI POJIOB
Pleistophora w Ovipleistophora (4 Buna). OnHakao OOJBIIMHCTBO BHIIOB, KOTOPBIC MBI
NIOMECTHIIU B TPYIILY incertae cedis, W3BECTHBI JIUIIB 110 CBETOONTUYECKUM OMHCAHHUSIM U
OTHECCHBI aBTOpaMH OMUCaHui Kk ponam Nosema spp. (14 BunoB) u Microsporidium spp.
(8 BunoB). (2) 'arnocnopuanu (tun Haplosporida Caulleri et Mesnil, 1899: Ascetosporea:
Sar) mpezicTaBICHBI TOJILKO OJHUM pojoM Urosporidium, AMEIONIMM ITHPOKHHA CICKTP
XO0351€B CPEJIM MOPCKUX OECHO3BOHOYHBIX, KaK Mapa3uTHYECKUX, TaK U CBOOOJIHOKHBY-
uwmx. B muteparype onucano 10 Bu10B, 3apaxkaromux TpeMaTtol. (3) Mukcocnopuanu uiu
Myxozoa (i/knacc Myxosporea Butchli, 1881: kimacc Myxozoa Grasse, 1970: tun Cnidaria:
Holozoa), 3apaxator, rmaBHbIM 00pa3om, pbi0. Bee 3 Buja, n3BecTHbIE M3 TpeMaTo,
npuHajyIexkar K poay Fabespora, 1, 04eBUIHO, TEPEILIH K THIIEPIIAPA3UTHPOBAHHIO C PBIO.
OTH TPY reHeTHUECKH HEPOICTBEHHBIE TPYIIIBI «SPOrozoay JAEMOHCTPUPYIOT Pa3HOO0pas3-
HbIC PU3HAKK W (PU3HONOTHICCKHE MEXaHU3MBbI, CIICHU(GUIHBIC TSI KaXKI0H TPYIIIIbI, HO
TaK)Ke M CXOJHBIC aJanTaluyd K MMapasuTH3My, BRIPOKCHHBIC, B YaCTHOCTH, B CXOJICTBE
MOP(}OTUIIOB M HEKOTOPBIX OCOOCHHOCTEH IMaroreHe3a. B 11eJ0M, ONMCAaHHBIE TPYIIIbI
9YKapUOTHYECKHX MUKPOOPTaHU3MOB MTPEJCTABIISIIOT COOO HATIISAHBINA TPUMEp KOHBEP-
TEHTHOH 9BOJIONMU — (DEHOMEHA, MHOTOKpATHO omucaHHOro A.A. JIoOpOBOIBCKUM M
JPYTHMH MTPEACTaBUTENSIMH POCCHICKOI MIKOJIBI Tapa3uTONIOTUH HA PA3JIMYHBIX TPYIIIax
napasuToB.

Kak murupoBath 3Ty crathio: Sokolova Yu.Ya., Overstreet R.M. 2020. Hyperparasitic
spore-forming eukaryotes (Microsporidia, Haplosporidia, and Myxozoa) parasitizing
trematodes (Platyhelminthes) // Invert. Zool. Vol.17. No.2. P.93-117. doi: 10.15298/
invertzool.17.2.01

KJIFOYEBBIE CJIOBA: kouBeprenTHas 3Bostonus, Trematoda, Haplosporidia, runepra-
pasutusM, Microsporidia, Myxozoa, Nosema, Pleistophora, Unikaryon, Urosporidium.
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Introduction

Thisreview is dedicated to Andrey Aleksan-
drovich Dobrovolskii, a brilliant university pro-
fessor having a bright personality, a man of the
highest culture and integrity, and an outstanding
parasitologist specializing in trematodes. His
fascinating lectures on protistology, inverte-
brate zoology, parasitology, and particularly on
trematode life cycles, made listeners fall in love
with the creatures that he discussed as well as
with Nature and Science in general. These lec-
tures inspired students of several generations,
including the first author of this paper, to remain
in the field of parasitology throughout their
lives. This paper contains the overview of the
current state of research on eukaryotic parasites
of trematodes, thus covering subjects that al-
ways were in the focus on Prof. Dobrovolskii’s
interests, namely the biology of trematodes and
the phenomenon of hyperparasitism. The fact
that large parasites have smaller parasites and
that they yet have smaller parasites has thrilled
biologists for centuries, possibly before pointed
out in an early poem (Swift, [1733] 1910). In
conjunction with the microscope’s invention, a
mathematician (De Morgan, 1915) developed a
rhyme based on Jonathan Swift’s poem, “Big
fleas have little fleas upon their backs to bite’em;
and little fleas have lesser fleas, and so ad
infinitum.” The first comprehensive review of
the known literature on hyperparasitic associa-
tions among helminths including parasites of
trematodes, appeared in 1946 (Dollfus, 1946).

Trematodes seem to provide an acceptable
home to a variety of eukaryotic parasites, like
microsporidia, myxozoa, haplosporidia, ciliates,
flagellates, and amoebae as well as bacteria and
viruses. Complicated life cycles of trematodes
that, in the course of their lifespans, infect
several hosts belonging to various trophic lev-
els, providing exceptional opportunities for the
parasites to hitchhike between various inverte-
brates and vertebrates, particularly those in
marine and freshwater ecosystems. Parasitizing
trematodes should facilitate host-switching,
spreading infections throughout the habitat, and
horizontal gene transfer among secondary and

primary hosts of the hyperparasites.

As an example, a parasite that we are not
treating in detail (Overstreet, 1976b), we note a
diplomonad flagellate (Hexamita sp.) in the
intestine of Crassicutis archosargi (Digenea)
but not in its fish host, the sheepshead (4rcho-
sargus probatocephalus), similar to a larger
species of Hexamita in reproductive systems
and eggs of Deropristis inflata (Digenea) in the
American eel, Anguilla rostrata, from near
Woods Hole, Massachusetts (Hunninen, Wich-
terman, 1938). Several authors (e.g., Dollfus,
1946; Overstreet, 1976b) discuss these other
protists. A few trematodes of herbivorous hosts
in Mississippi, such as the common mullet small
haploporids (< 1 mm long) Xiha fastigata (pre-
viously known as Dicrogaster f.) and Saccocoe-
lioides beauforti (recently referred to as Culu-
wiya b.) contain motile bacteria in their excreto-
ry vesicles. A couple of attempts to extract the
bacteria using capillary tubes to collect, culture,
and identify (or sequence) were unsuccessful
(RMO, unpublished data), but we encourage
others to achieve this with the same or other
hyperparasitic bacteria and techniques. The
bacteria in the haploporids seem to be non-
harmful symbionts unlike the bacterium Ed-
wardsiella ictaluri in the metacercaria of the
diplostomoid Bolbophorus damnificus, which
readily kills the hyper-host (commercial catfish,
Ictalurus punctatus) and unlike other discussed
associative bacteria (Overstreet, Lotz, 2016).

The purpose of this publication is to discuss
the non-related spore-forming, eukaryotic para-
sites in trematodes, namely 1) Microsporidia
(type Microsporidia Balbiani, 1882: Rozello-
mycota: Holomycota), 2) Haplosporidia (type
Haplosporida Caulleri, Mesnil, 1899: Asceto-
sporea: Sar), and 3) Myxosporidia or Myxozoa
(subclass Myxosporea Butchli, 1881: class
Myxozoa Grasse, 1970: Cnidaria: Holozoa). In
fact, the World Register of Marine species
(WoRMS) places them in three kingdoms (Fun-
gi, Phylum Microsporidia; Chromista, Phylum
Cercozoa; and Animalia, Phylum Cnidaria).
From recent phylogenies in the Tree of Life
(Fig. 1) joining plants and animals, the first
group (Microsporidia) shows a close relation-
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Fig. 1. Tree of Life (modified from Adl et al., 2019)
demonstrates phylogenetic position of Microsporidia
(Holomycota; Rozellamycota), Haplosporidia (SAR,
Ascetosporea), and Myxosporidea (Holozoa, Cni-
daria).

Puc. 1. JlepeBo XKuznu (o Adl et al., 2019) nemon-
cTpupyeT QUIOreHeTHIeCcKoe oJIokeHne Microspo-
ridia (Holomycota; Rozellamycota), Haplosporidia
(SAR, Ascetosporea) u Myxosporidea (Holozoa,
Cnidaria).

ship to Fungi; the second, Haplosporidia, is
associated with Foraminifera and brown algae;
and the third, Myxosporidia represents highly
reduced coelenterates (Adl et al., 2012, 2019).
However, in early phylogenies, the orders Asc-
etosporea (including Haplosporidia), Microspo-
ridia, and Myxozoa were united in the class
“Sporozoa” (Kudo, 1924), not accepted nowa-
days. From the point of ecology, “Sporozoa”
truly makes sense. The representatives of these
groups share marine (or rarely freshwater) hab-
itats, produce environmental spores that some-
times can hardly be distinguished from each
other by the naked eye, infect the same host
species, and often exhibit identical pathology.
All together, these three major taxa reflect par-
allel evolutionary adaptations to the environ-
ment, which in the case of hyperparasites in-
cludes the habitat; primary (helminth) host; and
the secondary host, or hyper-host (host of the
helminth).

Microsporidia
Therole of trematodes in host-switching and
in overall shaping the evolutionary tree of Mi-

crosporidia has yet to be established. Recent
studies based on molecular data revealed a few
peculiar phylogenetic associations of trema-
tode-infecting microsporidia from crustacean
and fish hosts with overlapping habitats, partic-
ularly marine and estuarine ones (Fig. 2). They
suggest trophic transfer of microsporidian spe-
cies, particularly those of the Clade 5 “Marino-
sporidia” (Vossbrinck et al., 2014; Stentiford et
al., 2017a; Sokolova, Overstreet, 2018; Bojko
etal.,2020). Presumably, some microsporidian
taxa from the Clade 5 might have exploited life
strategies of various parasites, including trema-
todes, to gain additional opportunities for trans-
mission either within polyxenous life cycles or
through predation of the infected host tissues by
a potential alternative host (Stentiford et al.,
2017a). However, direct evidence of a multi-
host invertebrate-fish parasite life cycle has
been demonstrated only for Paranucleospora
theridion, which uses a salmonid fish (Atlantic
salmon, Salmo salar, or rainbow trout, Onco-
rhynchus mykiss) as an intermediate host and an
ectoparasitic copepod (Lepeophtheirus salmo-
nis or Caligus elongates) as a definite host
(Freeman et al., 2003; Nylund et al., 2010;
Freeman, Sommerville, 2011). We stress that
hyperparasitism has been commonly reported
among “higher” microsporidia (Phylum Mi-
crosporidia; Class Microsporea, sensu Sprague,
1977). Noteworthy that metchnikovellids (Phy-
lum Microsporidia; Class Rudimicrosporea,
Order Metchnikovellida sensu Sprague, 1977),
the basal and diverged group of the phylum
Microsporidia, are all gregarine-infecting hy-
perparasites (Sokolova ef al., 2013, 2014). In
addition to trematodes, hyperparasitic microspo-
ridia also infect Myxozoa, both myxosporean
developmental sequences from fish (Kudo, 1939;
Diamant, Paperna, 1985) and actinosporian se-
quences from oligochaetes (Morris, Freeman,
2010); paramyxids (Stentiford et al., 2017b);
cestodes (Dissanaike, 1957; Canning, Gunn,
1984; Poddubnaya et al., 2006); and parasitic
copepods (Nylund et al., 2010; Freeman, Som-
merville, 2011). Hitchhiking in other parasites,
and particularly trematodes, may be considered
as one potential route of transmission and radi-
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Fig. 2. Phylogenetic tree combined from several SSUrDNA-based analyses (Stentiford et al., 2017a; Lovy,
Friend, 2017; Sokolova, Overstreet, 2018) of the fragment of the Clade V (Marinosporidia). This class
contains mostly fish-infecting species (fish icons), but also several peculiar phylogenetic associations
(exclamation marks) suggesting presumable role of hyper-parasites, like trematodes, in potential host
switching between fish and crustacean hosts (shrimp icons). Species parasitizing trematodes, are indicated
by asterisks. The outgroup Clade IV contains the only known microsporidium with a polyxenous fish-
crustacean lifecycle (Desmozoon lepeophtherii).

Puc. 2. ®unorpamma, 060011ar0Iass HECKOJIBKO (HUIOTCHETHUECKIX aHan30B Ha ocHoBaHuu MC p/IHK
(Stentiford et al., 2017a; Lovy, Friend, 2017; Sokolova, Overstreet, 2018), 1eMOHCTpUPYET CBA3U BHYTPU
Knanet V (kmacc “Marinosporidia”). DTa kiaja COCTOMT, B OCHOBHOM, M3 BHJIOB, 3apaKarolluX pPbIO
(n300paxkeHne PhIOBI), HO TAKKE COJMCPIKUT HECKOJIBKO CTPAHHBIX (DHIIOTCHETHYECCKUX aCCOLHaluii (BOc-
KJIMIATENbHbIC 3HAKH), KOTOPbIC MPEAINONAraloT Polib MHIEPIapa3suToB (BO3MOXHO, TPEMATO/I) B CMEHE
X035IeB C PbI0 Ha paKOOOPA3HBIX (M300paKeHHE KPEBETKU ) M 00paTHO. BU/IbI, Mapa3suTHPYIOIIKNE Y TPEMAaTO
MOMEYEHBI 3Be3/104KaMu. BHewunss rpynma, Kinaga IV, comepxuT eqMHCTBEHHBIH BUI MHUKPOCIOPHINH
(Desmozoon lepeophtherii) ¢ TONTBEPIKICHHBIM MOJIUKCEHHBIM (pbIOa—pakooOpa3HOe) KU3HEHHBIM IIHK-
JIOM.



98 Yu.Ya. Sokolova, R.M. Overstreet

ation of microsporidia (Stentiford ez al.,2017a).
Potential host-switching among infected trema-
tode hosts or between trematodes and their hosts
might have been facilitated by an exceptional
ability of trematodes to suppress host innate
immune responses. Mechanisms of this phe-
nomenon, like suppression of macrophage acti-
vation through inhibiting Toll-like receptors
(TLRs) and inhibition of inflammatory respons-
es by parasite glycans, have been recently re-
vealed and intensively studied (Mabbott, 2018).
Thus infection with trematodes potentially could
enable penetration of generally opportunistic
microsporidia by creating immune-privelage
niches.

To our knowledge, as many as 34 species of
microsporidia have been reported from digene-
an hosts (Table 1), and this number continually
grows: Victor Sprague in his comprehensive for
the time “Annotated list of species” (Sprague,
1977) mentioned only 17 microsporidia infect-
ing trematodes. Given the facts that the field has
been understudied and most findings of mi-
crosporidia in trematodes are fortuitous, such a
large number indicates that microsporidian in-
fections in trematodes are fairly common in
nature. Seven of the described species belong to
the genus Unikaryon, four belong to the two
closely-related genera of fish microsporidia,
Pleistophora and Ovipleistophora, and the re-
maining 23 species occur distributed among the
genera Nosema (14 species) and a collective
taxon Microsporidium (8 species). However,
we place them into an incertae sedis group, as
they are described on the basis of light micro-
scopic observations only that is not sufficient
for discrimination. In contrast, electron micro-
scopic observations exist for two of the four
species of Pleistophora-Ovipleistophora and
for all seven species of Unikaryon. Unfortu-
nately, GenBank-accessible SSUrDNA sequenc-
es currently exist for only two species of mi-
crosporidia parasitizing trematodes (U. legeri,
KX364285 and O. diplostomuri KY809102).
Consequently, rDNA-based phylogenetic rela-
tionships of most species infecting trematodes
remain obscure. Most described species are
known from rediae and sporocysts developing

in the first intermediate host, a mollusk, or in
metacercariac developing in the second inter-
mediate host which could be a mollusk, crusta-
cean, or fish. Microsporidia and microsporidia-
infected worms have never been isolated from
birds, the definitive host of many marine species
of trematodes (Shigina, 1986).

The genus Unikaryon Canning, Lai et Lie,
1974 with its type-species, U. pyriformis (see
Canning et al., 1974), is composed of special-
ized parasites of helminths, mostly trematodes,
but also cestodes (Sene et al., 1997). Currently,
it includes two species of trematodes known
from fishes and three species known from mol-
lusks (Azevedo, Canning, 1987). In addition,
two new yet undescribed species that share
morphological similarity and >95% of SSTDNA
sequence identify with U. legeri, have been
recently isolated from crab intermediate hosts
(RMO, YYS, unpublished) (Table 1). All spe-
cies of Unikaryon, except one, are known from
larval stages, predominantly encysted metacer-
caria (see Table 1 for references). Probably,
many species, infecting metacercariae in inver-
tebrate hosts and currently attributed to Nosema
(e.g., N. rhionica and N. strigeoideae) and to
Microsporidium (e.g., M. spelotremae), belong
to Unikaryon. The distinguishing morphologi-
cal characters of Unikaryon spp. include the
presence of prespore diplokaryotic stages in the
life cycle, disporoblastic sporogony, and uninu-
cleate spores with large posterior vacuoles.
Spores are often arranged in pairs within a
sporophorous vesicle membrane, which might
be either robust or fragile, and occasionally
reside in voluminous parasitophorous vacuoles
individually or in pairs (Canning, Nicholas,
1974) (Fig. 3).

A few microsporidia infecting trematodes
belong to the closely-related genera Pleistopho-
raand Ovipleistophora. Representatives ofthese
genera predominantly infect adult trematodes
parasitizing vertebrate hosts. Species in both
genera produce multinucleate plasmodia trans-
forming into sporophorous vesicles with multi-
ple dimorphic micro- and macrospores (Table
1). These microsporidia seem to have switched
to trematodes from fishes and potentially could
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Fig. 3. Two new microsporidia of the genus Unikaryon isolated from trematodes infecting crabs: a—e —
Uniklaryon sp.1 from encysted metacercaria of Microphallus sp. in Panopeus herbstii from Tampa Bay,
Florida, USA; f — Unikaryon sp. 2 from encysted metacercaria of Diacetabulum sp. in Pachygrapsus
transversus from Molasses Key, Florida, USA. a— the infected metacercarian cyst (IC) is much larger than
uninfected ones (UC). Unstained smear, light microscopy, DIC; b— infected (IC) and uninfected cysts (UC)
on thick sections stained with methylene blue, bright field light microscopy; ¢ — infected metacercaria in
scanning electron microscope: the parasitophorous vacuole (PV) is tightly packed with spore duplets. d —
aduplet of spores enclosed in sporophorous vesicle membrane (arrow), at higher magnification, transmission
electron viroscopy (TEM); e — parasitophorous vacuole (PV) filled with sporophorous vesicles, TEM; f—
Unikaryon sp. 2 exclusively infects submerged secretory epithelial cells in the trematode tegument. Arrow
indicates the limits of the sporophorous vesicle that encloses two spores, TEM (membranes are poorly
preserved because of initial fixation in paraformaldehyde).

Puc. 3 JlBa HOBBIX Buaa Mukpocnopuauid pona Unikaryon w3 Tpemaro, 3apaarolux KpaboB: a—e —
Uniklaryon sp.1 W3 HHIMCTUPYIOIUXCS MeTanepkapuiit Microphallus sp. B Panopeus herbstii u3 Tampa
Bay, Florida, USA; f — Unikaryon sp. 2 n3 MHOHUCTHpYIOMIHXCA MeTauepkapuii Diacetabulum sp. B
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play arole indistribution of microsporidiaamong
fishes, snakes, amphibians, and reptilians asso-
ciated with an aquatic habitat and often hosting
trematode parasites. For example, Pleistophora
danilewskyi infects the trematode Telorchis er-
colanii from the intestine of the grass snake,
Natrix natrix, but also was recorded from snake
tissues free of trematodes, as well as from liz-
ards, turtles, and frogs that share habitats with
the grass snake (Guyénot, Naville, 1924; Can-
ning, 1975). One of four species identified as
Pleistophora sp. was isolated from a gastropod
and infected encysted metacercaria (Lie et al.,
1966). Since ultrastructural studies were not
conducted, and life cycle and morphological
details were omitted from the original descrip-
tion, we strongly believe that this species was
misidentified. Authors probably mistook para-
sitophorous vacuoles containing spores of Un-
ikaryon, for sporophorous vesicles, characteris-
tic for species of Pleistophora.

Pleistophora spp., as arule, infect fish mus-
culature (Sanders et al., 2010; Stentiford et al.,
2013). In contrast, representatives of the close-
ly-related genus Ovipleistophora that are mor-
phologically and genetically similar to Pleisto-
phora spp., infect oocytes, spermatocytes, and
fibroblasts within ovaries and testes of perci-
form fishes (Summerfelt, Goodwin, 2010). The
recently described Ovipleistophora diplosto-
muriinfects fibroblasts, but only those that form
fibroblastic capsules around metacercarial cyst
walls of the diplostomoid trematode Posthod-
iplostomum minimum from internal organs of
the bluegill sunfish, Lepomis macrochirus. O.
diplostomuri clusters with trematodes infecting
ovaries of perciform fish (Lovy, Friend, 2017).
Tissue tropism similar to that of O. diplostomuri
occurred in a microsporidium infecting fibro-

Yu.Ya. Sokolova, R.M. Overstreet

blasts of metacercarial capsules of a heterophy-
id trematode (Heterophyes heterophyes) in the
thinlip grey mullet, Chelon (=Liza) ramada
(Paperna et al., 1978). The authors assigned the
microsporidium to Pleistophora sp., but more
likely it is in fact conspecific with O. diplosto-
muri (Lovy, Friend, 2017). The unique tropism
of Oviplestophora spp. may reflect the opportu-
nistic nature of microsporidia. Oviplestophora
mirandella, the type-species (Pekkarinen et al.,
2002), infects fibroblasts in ovaries and testes
that are known as immunologically privileged
organs. O. diplostomuri, in turn, infects fibro-
blastic formations encapsulating the metacer-
carial cyst wall protected by trematode-induced
immunosuppression. Hence, in some ways these
two species share similar tissue tropism, both
infecting fibroblasts in immunologically pro-
tected sites. O. diplostomuri intermediate hosts
— trematodes Posthodiplostomum minimum
and Heterophyes heterophyes parasitizing blue-
gills and mullets, respectively, produce long
lasting infections in fish with 100% prevalence
(Lovy, Friend, 2017). Long-term trematode-
fish associations might have helped creating
specialized immunoprotective niches for mi-
crosporidia. Development of fish-related Pleis-
tophora-like microsporidia in the metacercarial
cyst-wall encapsulation composed of trematode
secretion and fish host fibroblasts, exemplifies
such a niche.

More than 20 species of trematode-infecting
microsporidia have been placed in the genera
Nosema and Microsporidium. According to the
characteristics and host ranges provided by the
authors, some of those species could be provi-
sionally identified as Unikaryon spp. or Pleisto-
phora spp. None of them has been sequenced,
and hardly any of them appear to belong to the

Pachygrapsus transversus n3 Molasses Key, Florida, USA. a — mucra 3apaxennoit meranepkapuu (IC)
HaMHoTro Ooibire 4eMm HezapaxkeHHsle Metanepkapun (UC). HeokpamreHHEIH Ma30K, CBETOBass MUKPOCKO-
s, tuddepeHnnanbHbi KoHTpacT no Homapekomy; b — 3apaskennsie (IC) n nezapaxenusie mucts! (UC)
Ha ITOJYTOHKHUX Cpe€3aX, OKpallICHHbIX METUJICHOBBIM CUHUM; C — 3apaXKCHHBIC METALlEPKapHUU B CKaHUPY-
10Ul 2MEeKTPOHHBIM MHKPOCKON: TapasutodopHas Bakyodb (PV) 3amomnena nymimeramm crop; d —
CIIBOCHHBIE CTIOPBI, 3aKII0UEHHBIE B MEMOpaHy copo(OpHOTO My3bIpbKa (CTpenKa), py OOJIbIIEM yBeIH-
yenun, TEM; e — nap3utodopnas Bakyous (PV), 3amoinennas copodopubsiMu my3sippkamu, TEM; f—
Unikaryon sp. 2 3apaxaeT UCKIIOYUTEIBHO CEKPEKTOPHBIE KIETKU MOTPYKEHHOTO SIHUTENHS TETYMEHTa.
Crpenka ykasbplBaeT Ha TPaHMIBI CIOPO(GOPHOTO My3bIpbKa, B KOTOPBIH 3aKI04eHB! 1Be cropsl, TEM
(MeMOpaHbI COXpaHEHBI MJI0X0 H3-3a MEPBUYHON (uKcaluu mapadopMaibIeriaIom).
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genus Nosema. We treat those species as an
incertae sedis group (see Table 1 for the list and
associated references).

A series of experimental studies on viru-
lence, host range, and mass production of trem-
atode-infecting microsporidia was driven by a
potential ability of these hyperparasites to bio-
logically control the pathogenic trematodes
Fasciola hepatica and Schistosoma spp. that
pose a serious threat to human health and cattle
breeding worldwide. Suppressing trematode
multiplication at parthenogenetic stages in mol-
luscs by infecting the latter with microsporidia
served as the major strategy for those experi-
ments. Nosema eurytremae, with its unusually
wide trematode host specificity, successfully
propagated in lepidopteran larvae under exper-
imental conditions (Higby et al., 1979; Pilley et
al., 1978). Surprisingly, Anncaliia algerae was
selected as the most preferred microsporidian
species to be used in biological control (Lai,
Canning, 1980). The latter species with dual
natural host specificity in both mosquitoes and
humans has unique generalist properties, allow-
ing for experimental infections in a broad range
of hosts and cell lines (Sokolova et al., 2019).
Also, using N. strigeoideae against Diplosto-
mum spatheceum infecting eye lenses of com-
mercial and other fishes was explored (Palmieri
et al., 1976). However, all these biological
control studies using microsporidia in trema-
todes peaked in late 1970’s — early 1980’s
(Shigina, 1986), did not have further develop-
ment.

Overall, we conclude that microsporidia of
trematodes are drastically understudied even
though the complicated trematode polyxenous
life cycles probably played an important role in
dissemination of microsporidia among inverte-
brate and vertebrate hosts connected by trophic
chains, especially in marine habitats with low
density of inhabitants and limited transmission
options.

Haplosporidia

All the described Ascetosporea haplospo-
ridians infecting trematodes belong to the genus
Urosporidium Caullery, Mesnil, 1905. The tax-
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on seems small, including four species by
WoRMS and nine species in a recent review
(Azevedo, Hine, 2017). By examining Table 2,
one can see there are at least 14 species, includ-
ing 4 unnamed ones, and probably several more
exist.

Most species of Urosporidium infect trema-
todes, and those that do not still infect worms:
turbellarian, cestode, nematode, and evena poly-
chaete (the type species). Seven different fami-
lies of trematodes have been reported as hosts,
which indicates a wide range of hosts, especial-
ly when considering the other listed worm hosts
(Table 2). Molecular phylogenies show hap-
losporidians are cercozoans related to Foramin-
ifera and Radiolaria and probably date back to
the Cambrian (Azevedo, Hine, 2017). Strict
jackknife consensus tree of parsimony analysis
of SSU rDNA sequence data of two species of
Urosporidium show them to be sister to the
other known haplosporidian genera (Burreson,
Ford,2004), but maximum likelihood trees show
it to be nested among species of Haplosporidi-
um;however, this tree remains unresolved (Aze-
vedo, Hine, 2017).

Microscopy shows species of Urosporidi-
um to have an internal flap of wall material
covering the spore orifice as opposed to an
external hinged lid in those of Haplosporidium
and Minchinia, none of which infects trema-
todes (Azevedo, Hine, 2017). The flask-shaped
spores of most species have one or more exten-
sions, commonly referred to as tails (Table 2),
and their number and length are not consistent;
the size of spores does not necessarily present
comparable values because some preparations
are fixed, and others are fresh, under intense
pressure, in sectioned material, or in ultrastruc-
tural images. Consequently, values should be
used as a guide only and not as a taxonomic
character. As the listed and additional species
are examined more critically, including investi-
gation by molecular techniques, changes in the
characteristics of Urosporidium, other haplospo-
ridian genera, and associated nomenclature will
be made. For example, a few species of Hap-
losporidium are reported from worms, such as
Haplosporidium malacobdellae in the nemerte-



Yu.Ya. Sokolova, R.M. Overstreet

0
S
—

L961 ‘T19MoH

10q ‘pue[RIZ MIN

[re3 o[3urs ‘winl g—

DLIDIN] D2UISO

pue sysKoo1ods (oeprjeydoong)
snnu10213uo] snppydaong

BOS UBQUBLIIPD wri BIAJBAL s1s42010dls -aepiyoIouop £Lol
€L61 v 12 S21IUIQ ,omo:e ,osa.ﬂwuz . 4 MSM S.mv paynuspiun pue (sepijeydoutudn) ‘Ijovieg 10 ongeldg
dONpNeRd | LI T 0°L7SS ' v pjoo12.40u snjjpydoumls) SQIQIULIQ) 10240.41( ')
L00T -dds QBLIEOIOJBIOW PIJSAJUD PUE “DBLIEIIOD
oMSIOAQ ‘SPIRIYS . ‘sysKoo1ods ¢(eeprfreydoory) “ds
‘ c VSN 091X\ JO ‘ §ajpuouavIvd . 0v61
'8L61 RINSIAQ [rey | ‘wrl 9—¢ . | snyppydoppSapy puv 1770011y Ajqrssod . .
y . JIND pue 1se0o IS snp1dps . . SINT, o SU2252.49 )
‘Y161 Yono)d pue ‘vauviidpo vjja1uasSUINGT ‘SNp13.in}
‘ ‘ §ajooul]Iv)y a7 ¢
‘0v61 SHMnL o ‘W ‘snpppydojdjonposvq snjjpydooipy
JBLIBOISD OIUOAIqUID
spueist uojwrl Z1-01 (v1areAlq) . ; L£961

TIOMOH 2pIUDISU0D )

SIIUIIPY

Ayedoy

az1s daodg

Jsoy-1dAH

JO WO[909 Ul Opojewan) Ul JON

wisido.) anssy $33e)s A[IAD ']
1s0H

"goKe0X XMIAAY 1 YOoLreWAdL €M QI9HHBOMILIO ‘GG ] TIUSIN 10 A1d[[ne)) wnipiiodso.y) exod 19rug "z enurge],
'$JSOY] JOU)O PUB SOPOJBUIAI} UI PIQLIOSIP SAI0ads GG [IUSIIN 10 AI[[ne)) winipriodso.) *7 d[qe],

961 Jouel [BNUD Suoj wirl 07 (enuapoy) DI1LIPUIP DIUIDIOUIID)) P61

Y6l S1v6l ‘snyrod QII0T-)2-aIpu] | —9f [1e) [ ‘W G ~ | SLD3na snaniog 9P03Sad U ‘OpojewIal) Ul JON ‘sny[joq 1Gajvyd N
" o By s[rel €1 (Prapentg) saisho (epe[oAiod) “ds snyo0)dig . £661
€661 I 12 UOSIOPUY pue[sudang) o1 11w 7 eg- [RIIOUILIOD UBLIE[OQN) Ul “OpOJRWa I 10 10)S9T 19 UBWIMIN,
‘Keg UOIION i (4 UM PIIBIOOSSY HEIPqM Ut -opoy HON ‘UOSIOPUY 1UOUUDD ()

wo@ oxco_,z bS61 SBXQ], ‘UOJSIATRD) auol (e1a1eALY) JeLIBOIOOR)OW :wSc i
HoS90T "UPEIN 0} Sesuery 310 w11 01 dn rey S1qDLIDA XDUO ‘(seprjeydouwiAny) s1onuo, DUIDLIDALD, usuiou K1qeqoid :896 |
661 ‘ongderdg } v Hod I ‘wr /—9 X 9—¢ vt @ | -(oepHIEy D) 8! P ! d ONUDIN WTIDULOISD *[)
P— (saroads

S061 oouel] Suop w ¢ . o 0d£y) G061 TIUSON

TIUSIN ‘AI[[NBD ‘Jouuey)) ysi3uyg oydnqre} | ‘wr ¢ SBPHIAS) $1/10D5 $17]4S “e1eyoA[0d 19 A1oq[ne)) wnsourdyny

wnipriodso.i)

JIsered




109

Hyperparasitic Microsporidia, Haplosporidia, and Myxozoa parasitizing trematodes

¥00¢

¢ ¢ elfensny ¢ ¢
L10T “QUIH ‘OpaAdZy . : (epodoisen)) uosaung ‘saxyols
S00Z “10 12 3005 SA[EM YOS YIL6VPAY sypasny vuDyg (eepriydorsidy) 1wy p10poidis [[epDIS ‘2055
MoN “AoupAs -ds wnipriod
1priodso.an)
] (e1arearg) QBLIBIIIOBIOW S10T ‘T0UD
S10Z “Iv 12 91 muMoM JO S1509 . Mﬁoémﬁ MVE mo& wnapurddijiyd | paysAous-uou {(deprjreydoutiAn)) “red ‘Suoy ‘Suey]
Inos pueIsom wnes-eoe X eyl sadpipny 1s10qnp vuw.pavg | ‘o7 “ds wnipriodso.)
(e1a1eAIg) (epe[ok|oq) 11p.vd X2110ADAD] $00T BqIPIIIA

$00T “1v 2 [e[[eqIe)

ureds ‘MN e1I[eD

srey ¢ ‘wnl g~

2]npa DULIDPOISD.1D)

URLIE[[oQN] U ‘OPOJBWAI) UI JON

‘zelq ‘re[reqie)
“ds wnipriodso.n

129!

7s61 VSN ‘eweqery (erarearq) . . .
. . . wn /G X G—¢ s3sKoo10ds ‘oeprreydoong [0S0 ‘UIRIN
[0S0 ‘UDORIA Keq o[IQO]N DO1ULB.AIA D2AJSOSSDAD) J0 “ds wnipLiodsodn)
wi (ovprossty wndio
£961 “WNIB[0Q “eYreZ | vAS Yor[g ‘Surenin v ‘gpodonsen) | Ipal ‘OEPUNIWISK PIYNUSPIUL £961 tPIsIod

—G1 1y [ ‘wrl ¢'/—6°¢

pp1puajds possiy

19 BYIeZ wnolinwi °1)

SLGI “Ip 12 SUDYId]

VSn ‘eurjore)
YMON ‘erurSiA

wirl
LT—GT S[Te} €= ‘opim
wil 6'6—0'¢ X 6'9-8°¢

(e1aTRATq)
pulIssIp1]os vinsids

(8L6T “*1P 12 S[OJUYDIT 995)
pppopns sLwaspong Klqeqoid nq
GL61 “Iv 12 sunyIed Aq stuioad
s1sdorypsun.ivg se PIYIIudPI
AJ9A1}EIUD) OPOJBUWIOU PIOPLIBISE
S[IudAN([ ur {9pojewan ur JON

SL6I
‘SBI(] 10 IouIM7
‘suppod ynsids N

0L61 ‘ondeidg

‘ST61 ‘snped

EP61 I0UAND (9061
Jorjadey) ‘Aroqne)

dduel]
‘ouuey) ysisuyg

w1101
s[rey ¢— ‘wil §'6—G'f

(e1a[earg) vpipuvo
DaUILg ‘SNIvIJIA
' ‘Snjnoun.y Xxnuo(g

sysKooxods ‘appuroad

D1LIDI.4127) Se (JPIWOISIPO[[2])
4231200q 1231200g “(( Snuvauivy
snppydaong) sepijeydaong

(9061 “1o1712dEy)
19 A19[[NB)D))

1122uas]2d 1)

$15K0010dS CL6T
. BOG UBOUBLIOIPIN wr 4] OBPIIYOIOUOIA pPaljuapIun .
E€LOT [V Jo SARIUIQ) ‘9oue1,] Onpnesg —zi e w0 cs (B1ATRALY) DIDAO DAY pue (cepijeydoukny) Tjoyreq 3o angerdg

SAIURIIJY

Aypedoy

‘(ounxIrorodl) 7 eNMIge ]

(ponunuoo) g djqe],

3z1s daodg

Jsoy-1dAH

pjoota.ou snjppydounln)

wistdo.a) Inssn 93e)s IAI I
ISOH

‘SQIQIUI() 1924041 ()

ajiseaed




110

Yu.Ya. Sokolova, R.M. Overstreet

Fig. 4. Pepper spot disease in blue crabs caused by a Urosporidium crescens (Haplosporidia) infection in
Microphallus basodactylophallus (Microphallidae).

a — life cycle of the digenean M. basodactylophallus. The adult worm in the intestine of the racoon discharges eggs in
the host feces which are eaten by and hatch in at least six snail species serving as first intermediate hosts. From the
enclosed larva, numerous swimming cercariae are produced asexually. These penetrate the blue crab and encyst as
spherical metacercariae. When hyperparasitized by U. cresens, the encysted worm and its cyst wall enlarge to an easily
visible size (from about 350 um to over 650 um in diameter), with brownish spores giving the heavily infected
metacercaria a black appearance. Non hyperparasitized worms develop to adults if eaten by a proper bird or mammal
final host (modified from Overstreet, 1978); b — spores from hyperparasitized metacercaria on smear of tissues of the
crab with pepper disease. Haplosporidian spores stained red with Giemsa, scale bar — 5 pm; ¢ — cooked crabmeat
showing two areas with M. basodactylophallus metacercariae hyperparasitized with U. crescens (“pepper spots”,
arrows); d — live spores of U. crescens in the trematode, scale bar — 5 um.

Puc. 4. bonesup kxpaboB “Pepper spot disease”, BeI3BaHHas 3apaxenueM Urosporidium crescens
(Haplosporidia) tpematonst Microphallus basodactylophallus (Microphallidae).

a — JKM3HEHHbIN LUK TpeMaToabl M. basodactylophallus. B3pocibie 4YepBy B KMIIEYHUKE €HOTA OTKJIA/IBIBAIOT SHIIA.
TMocneane nonagaroT B (heKaanu, Ha KOTOPBIX MUTACTCSI KAK MHHUMYM 6 BHJIOB YJIHTOK — IIEPBBIX IPOMEIKYTOUHBIX
X035€B TpeMarojbl. M3 JHYMHKH aCeKCYaJbHBIM IyTeM (OPMHUPYIOTCS MHOTOYHCIEHHbIE CBOOOIHO-IIIABAIOIINE
nepkapuu. Llepkapun npoHHKAOT B Kpaba, MHIMCTHPYIOTCS W npeobpasyroTes B cdepuyeckne Mmeranepkapun. B
cllydae TUIeprapasuTHpoBaHus B HUX U. cresens, WHIHUCTHPOBAHHBIE TPEMATO/bl YBEIHYHBAIOTCS B paszmepe (C
npuMepHo 350 pum 1o Gosee weM 650 pm B auaMeTpe) M CTAHOBSTCS 3aMETHBI HEBOOPYXKEHHBIM T'OB30M 3a CUET
KOPHYHEBATHIX CIIOp, KOTOpbIE MPUIAIOT MeTalepKaphsM TeMHbIi [BeT. HeszapakeHHbIC 4YepBH Pa3BHBAIOTCS BO
B3POCIIBIX 0COOCH TIPH MONaIaHHH B XKEITy 10K OKOHYATEIILHOTO XO35IMHA, TITUIBI HIIH MIIeKomuTaroHro (o Overstreet,
1978); b — criopsl U3 rumepnapasuTHPOBAHHBIX METAllepPKapHii Ha Ma3ke TKaHel Kpada, 3apakeHHBIX “pepper disease”.
Cropsbl TaruIoCIIOPHAN# OKPAIICHBI KPACHBIM C ITOMOLIBIO OKpaInuBanus 1o ['mM3a-PomaHoBckomy, macurrad — 5 um;
¢ — BapeHoe Msico Kpaba ¢ 30Hamu 3apaxkeHus uepkapusmu M. basodactylophallus ¢ U. crescens (“pepper spots”,
crpenku); d — xuBble criopsl U. crescens B Tpemaroje, mMacmrad — 5 pm.

an Malacobdella grossa on the pholadid bi-
valve Zirfaea crispate (see Jennings, Gibson,
1968). Urosporidium crescens reported from
several hosts and from geographically disparate
localities may not all be conspecific. The taxo-
nomic problems should be alleviated once all or
most of the species are sequenced.

A few species of Urosporidium can influ-
ence commercial sales of the hyper-hosts such
as the surfclam with infected nematode and blue
crab with pepper spot-buckshot (Fig. 4). In both
cases, the spores are brownish but appear black
to the naked eye. For example, consumers of the
blue crab do not want to eat crabs with disease
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symptoms, such as the pepper spots. These
spots are metacercariae that are packed with
cysts and spores of U. crescens, which have
caused the metacercariae and cyst wall to en-
large several times that of an uninfected meta-
cercariae. As it turns out, if the consumer was to
eat infected crabs raw, the uninfected metacer-
caria could cause a human infection with the
trematode, but the hyperinfected metacercaria
would not.

Pathological responses in cercariae and
metacercariae cause mortality of the cercariae
and castration of the metacercariae. This seems
to be true for all species examined (Azevedo,
Hine, 2017).

Myxozoa

The first myxosporidian described from a
trematode was Fabespora vermicola (Fig. 5)
infecting the apocreadiid Crassicutis archosar-
gi in Mississippi (Overstreet, 1976b). The in-
fection was rare and RMO has not seen it in C.
archosargi since. Visual attempts made at the
time of original collection to encounter it in the
sparid fish host, Archosargus probatocephalus,
to determine if both the fish and trematode
contained the infection were also unsuccessful.
However, in 1980, William Font, who was on
sabbatical in RMO’s laboratory, did find what
was probably the same species of Fabespora
(Table 3) in the cryptogonimid Metadena cf.
spectanda in the sciaenid fishes Micropogo-
nias undulatus and Cynoscion arenareus in
Davis Bayou, Ocean Springs, Mississippi, from
near where infected individuals of A. proba-
tocephalus initially occurred (W. Font, R.
Overstreet, unpublished). The trematode was
identified as Metadena spectanda (Overstreet,
1971) from M. undulatus and another sciaenid
fish, with the caveat that the species may differ
from the larger Brazilian specimens used in the
original description. This problem to deter-
mine ifall trematode specimens from sciaenids
in both South and North America are conspe-
cific can now be solved with DNA sequencing.
Sequencing could also solve the question as to
whether all the myxosporidian (Fabespora)
material from Mississippi is conspecific, relat-
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Fig. 5. Fabespora vermicola, the first myxosporidian
species described from trematodes.

a — F. vermicola spores (arrows) in the tegument and
parenchyma of the trematode Crassicutis archosargi
(Apocreadiidae) collected from the sheepshead fish,
Archosargus probatocephalus, scale bar — 20 um; b —
ultrastructure of the F. vermicola sporoblast. Germinative
cell (GEM) with rich glycogen pool (asterisks). CAP cell
with mature polar capsules (PC). Note valvular sutures
(arrowheads) separating polar cap (CP) from polar capsule
(arrows), scale bar — 1 um (from Weidner, Overstreet,
1979, with permission form Springer-Verlag).

Puc. 5. Fabespora vermicola, nepBblii BUI MHKCOC-
MOpUUH, OMCAHHBII U3 TPEMATOZ.

a — cnopbl F. vermicola (CTpelnku) BHYTPH TEryMEHTa
tpemaronsl Crassicutis archosargi (Apocreadiidae) u3
pwIObI Archosargus probatocephalus, maciirad 20 um; b —
YIBTpacTpyKTypa criopobiacra F. vermicola. ' epMuHab-
Has kierka (GEM), Goraras rpaHylaMu TJIMKOTIeHa
(3BE3/109KH); KalCyJIbHasi KIIETKA CO 3PEIbIMH MOJISIPHBI-
mu kancyiaamu (PC). BanpBynsipHble BB yKa3aHbI
HAKOHEYHHKAMH CTPEJIOK. BHIHBI CTPYKTYpBI, pasjeis-
omue nosipHyo manoyky CP or mossipHO#l Karcysibt
(ctpeinku), macmrad 1 um (o Weidner, Overstreet, 1979,
¢ pasperieHus u3znateabcTBa Springer-Verlag).
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ed to another, and related to Fabespora spp. in
fishes.

Another record of infection in a trematode
was also identified as Fabespora sp., probably
a different species (Siau ef al., 1981). It oc-
curred in the opecoelid Sparicotyle chrysophrii
in Sparus aurata from the French Mediterra-
nean Sea (Table 3), and the authors described
ultrastructural aspects of sporogenesis as an
earlier paper did (Weidner, Overstreet, 1979).
The unusual presence of bundled microfila-
ments (identified as microtubules by Siau ez al.,
1981) in the extracellular space between the
valvogenic and interior cells of the sporoblast
attaching to the plasma membranes of both
capsulogenic and germinative cells apparently
allows the spores to propel themselves through
host tissues by undulating their valves (Over-
street, 1976a; Weidner, Overstreet, 1979). Ear-
ly developmental myxozoan stages occurred
within and around trematode gonads; the ma-
ture disporous spores were enclosed in mem-
brane and passed from the parenchyma to and
through the tegument. Heavily infected speci-
mens had necrotic gonads and a lack or paucity
of eggs. In M. undulatus infections were found
in 1 of 22 worms in the pyloric caeca and in 1 of
6 in the intestines, whereas in C. arenarius in 4
of 11 worms in the caeca and in 0 of 15 in the
intestine, suggesting infections typically occur
in young individual trematodes (W. Font, R.
Overstreet, unpublished). Fabespora spp. also
occur in fishes. The type-species, Fabespora
nana, for which DNA has not been sequenced,
infected the Knout goby, Mesogobius batra-
chocephalus, in the Black Sea (Naidenova, Zai-
ka, 1969) as well as the gall bladder of the cusk-
eel Ophidion rochei but not M. batrachoceph-
alus near Karadag in the Black Sea (Yurakhno,
2013). Unnamed species occurred in Merluc-
cius hubbsi in the Argentine Sea (Cantatore et
al., 2016) and in Centropomus undecimalis
from Tampa Bay, Florida (Landsberg, 1993).
Landsberg found the spores in the fish host’s
feces and questioned whether they had original-
ly come from a trematode. The relationship
between fish infections in the Black Sea and
those from trematodes needs to be established.

113

Other platyhelminths also host myxosporid-
ians (Table 3), such as Myxidium giardi being
free (not encysted) in the ventral region near the
opisthaptor of the monogenean Pseudodactylo-
gyrus bini on the branchial tissues from 1 0f 323
examined Anguilla anguilla but in none of the
related monogenean on the same fish from north-
western Spain (Aguilar et al., 2004). Myxidium
incomptavermi was reported from a gill-infest-
ing monogenean (Diplectanocotyla gracilis) on
Megalops cyprinoides in Malaysia (Freeman,
Shinn, 2011). It was also detected by PCR in the
kidney, spleen, and intestinal tract of the tarpon
fish host. Sequences of 1,702 base pairs of SSU
rDNA showed that M. incomptavermi occurred
robustly at the base of the multivalvulidan clade
(Kudoa, Sphaerospora, and Unicapsula) along-
side with another species from Japan (Freeman
et al., 2009; Table 3). These taxa were placed
distantly from the unrelated freshwater and
marine Myxidium clades. It is important to de-
termine where Fabespora spp. from trematodes
fitin that tree. All myxosporidian species infect-
ing Platyhelminthes cause severe pathological
alterations in the worm hosts.

Conclusions

Microsporidia in trematodes are common
and are represented by several species. Trema-
tode-infecting microsporidia with clarified phy-
logenetic position descend from the species
infecting invertebrates (Unikaryion) and fish
(Pleistophora and Ovipleistophora-like spe-
cies). However phylogenetic position and ori-
gin of most microsporidia recovered from trem-
atodes, remain unknown.

The representatives of only one Haplospo-
ridia genus, Unikaryon, are known to infect
trematodes, and this genus has a broad host
range among marine parasitic and free-living
marine invertebrates.

All trematode infections with myxoporidia
were recovered from fish; they are caused by
species belonging to different clades of Myxo-
zoa, and have switched to trematodes from fish
hosts.
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Parasitic “sporozoans” demonstrate diver-
sity of characters and physiological mechanisms
specific for each group, alongside with common
adaptations in response to similar environmen-
tal conditions that have created morphological-
ly alike forms from genetically dissimilar mate-
rial. Indeed, the described above microscopic
organisms exemplify an amazing power of con-
vergent evolution, the phenomenon that A.A.
Dobrovolskiy and other scholars of the Russian
school of parasitology explicitly demonstrated
on a variety of parasitic groups (Dogiel, 1962;
Ginecynskaya, Dobrovolskii, 1978).
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