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ANNOTATION

This thesis is focused on the assessment of thegrretic position of the Myxozoa within
the Metazoa, study of the evolutionary relationshifthin myxosporeans and investigation
into the cryptic species assemblages of severabaporeans based on the ribosomal and
protein-coding data. The major part of this worksv@ confirm the evolutionary trends
within myxosporeans based on a single gene by atleécular markers in order to find out if
the reconstructed relationships correspond toghkearganismal phylogeny. This has been a
crucial step for future actions in solving the degancies between the myxosporean
phylogeny and taxonomy.
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PREFACE

This thesis is based on following papers that allreferred to in the text by their Roman

numerals:

BartoSova P, Fiala I., HypSa V. (2009). Concatenated SSU &ad EDNA data confirm
the main evolutionary trends within myxosporeangXtdtoa: Myxosporea) and provide an
effective tool for their molecular phylogenetiddolecular Phylogenetics and Evolutig,
81-93.

Fiala I.,BartoSova P.(2010). History of myxozoan character evolutiontioa basis of
rDNA and EF-2 dataBMC Evolutionary BiologyL0, 228.

BartoSova P, Freeman M. A., Yokoyama H., Caffara M., Fial®hylogenetic position of
Sphaerospora testicularendLatysporascomberomorn. gen., n. sp. (Myxozoa) within the
marine urinary clade and the evolution of the reatfrthe sutural line in the marine lineage

of Myxosporea (submitted ®arasitology.

Jirkd M., BartoSova P, Kodadkova A., Mutschman F. Another chloromyxitelge:
molecular phylogeny and redescriptionGifloromyxum carerdfrom amphibiar(submitted
to Journal of Eukaryotic Microbiology

BartoSova P.,Fiala I. Molecular evidence for the existence yptic species assemblages

of several myxosporeans (Myxozoa) (submitteDiseases of Aquatic organisms



ABBREVIATIONS

SSU rDNA — small subunit ribosomal DNA
LSU rDNA — large subunit ribosomal DNA
EF1, EF2 — elongation factor 1, 2

SEM - scanning electron microscopy
TEM — transmission electron microscopy
LBA — long branch attraction

LogDet — log determinant

MP — maximum parsimony

ML — maximum likelihood

Bl — Bayesian inference

HSP — heat shock protein

ITS — internal transcribed spacer



OBJECTIVES OF RESEARCH

* investigation into the evolution within myxosporsdrased on the single LSU rDNA data
and combined SSU + LSU rDNA data

e comparison of the LSU- vs. the known SSU-based mspysean phylogenies

» selection of the most informative rDNA regions wsdédr future reconstructions of the
myxosporean relationships

e comparison of the rDNA-based phylogenetic trendliwimyxosporeans with the
phylogenies reconstructed on the protein-coding dat

» utilization of the new LSU rDNA and protein-codidgta to investigate the myxozoan
relationships with metazoan groups

« study of the cryptic species assemblageSldbromyxumandZschokkellaspp. based on

rDNA data



CHAPTER 1. GENERAL INTRODUCTION

It is almost over 200 years since the first myxaezbas been reported in the musculature
of its fish host (Jurine 1825). Since then, moentB300 representatives of the phylum
Myxozoa Grasseé 1970 have been described in vatiggiges and organs of the fish or other
vertebrate and invertebrate hosts (Morris 2010gs€microscopic metazoan endoparasites
have always attracted extensive attention not aslynportant pathogens of fish, especially
in fisheries and aquacultures, but also for thescinating life cycle, morphology, putative
protozoan nature, and their enigmatic relationshipls metazoan groups. Moreover, after the
beginning of the molecular era at the end of tH& &htury, the controversies between the
traditional spore-based taxonomy of myxosporeadslaa findings of the rDNA-based

phylogenies became the subject of never-endingisissens.

1.1. Multicellular origin of the Myxozoa

Myxozoans are characterized by transmission vidioaliular spores that possess
nematocyst-like polar capsules with a coiled pblament and an infective germ
(sporoplasm) serving for the attachment to the Apdtits invasion. The multicellular nature
of myxozoan spores has firstly been suggested dlg §t899) and later confirmed not only
by TEM but also by molecular data (Smothers et 294, Katayama et al. 1995, Siddall et al.
1995, Schlegel et al. 1996). The metazoan affsiethe Myxozoa are manifested by the
multicellular spores consisting of several diffdrated cells and by cell-to-cell junctions
(including gap juntions). Moreover, the myxozoalatienships to the Metazoa are indicated
by the similarities in detailed structure of thexngoan polar capsules and the nematocysts of
non-anthozoan cnidarians (Medusozoa) (Weill 193&]&lI et al. 1995). However,
myxozoan polar capsules differ from the typical agémgysts of cnidarians in lacking chemo-
and/or mechanosensory structures and neural coongthat modulate discharge (Westfall
2004). Before the findings that Myxozoa represegllly degenerate metazoans, they were
grouped with protistan taxa (Microsporidia and Agiglexa) within the former groups
Sporozoa and Cnidospora (Butschli 1881, Dogiel 1965



1.2. Myxozoan classification and taxonomy

The phylum Myxozoa is composed of two classesclhgs Malacosporea Canning,

Curry, Feist, Longshaw and Okamura, 2000 with tldescribed species and the class
Myxosporea Butschli, 1881 with the overwhelming ondy of myxozoan species.

Members of the class Myxosporea form vegetativgestgplasmodia; coelozoic in the
body or organ cavities and histozoic in the tissaesl two types of spores (myxospores —
Fig. 1 and actinospores). The current classificatibmyxosporeans is based on the
morphology of their myxospores since their vegetastages usually do not possess sufficient
features for the classification. Important charesctge the size and shape of the myxospore
and of the polar capsules, number of shell valpe®r capsules and sporoplasms, position of
the polar capsules to a plane of the suture andltwation in the spore, the presence of the
surface ridges, projections and envelopes of sphigacter of the polar filament etc. Besides
the spore characteristics, information about thgetegive stages, development of the spore
(with/without pansporoblast), the host speciest basironment and final site of infection in
the host are important for proper determinatiothefparasite or description of a new species
(Shulman 1966, Lom and Noble 1984, Lom and Dykd@2] 2006).

Figure 1. The myxospores of (A)
Sphaeromyxa sp. from Gephyroberyx
darwinii, Java, Indonesia; (B) Ceratomyxa
sp. from Scorpaena porcus, off Croatia; (C)
Zschokkella nova from Ctenopharyngodon
idella, Czech Republic; (D) Myxidium
polymorphum from Rhinogobius giurinus,
China. Scale bar: 10 ym.

Only two generaJetracapsuloideandBuddenbrockiaare included within the class
Malacosporea. They differ from the myxosporean taxéhe production of sac-like or
vermiform stages in bryozoans and by having spergseight unhardened shell valves
(malacospores, Fig. 2). Their spores are topped fair polar capsules and include two

sporoplasms with secondary cells and dense boshesdplasmosomes). The malacosporean



spores developing in the fish host (fishmalacospagoessess four valve cells, two polar
capsules and one sporoplasm. The sporoplasm cemsfaamoplasmosomes but lacks a
secondary cell (Hedrick et al. 2004, Grabner antW&ibouli 2010). Shulman’s system

(1966) did not include criteria for the classificat of Malacosporea since this class has been
established many years later (Canning et al.
2000). The morphological differences between

both malacosporean genera rest on the distinct
shape and inner structure of their sac-like stage
spore formation, structure of polar capsules andg

pathogenicity (Canning and Okamura 2004).

Figure 2. The scheme of the Tetracapsuloides bryosalmonae
malacospore containing four capsulogenic cells (with spherical polar
capsules and internal coiled polar filaments), eight valve cells and
two sporoplasms each comprising nucleated primary and secondary
cell (McGurk et al. 2005).

The classification proposed by Shulman (1966) Wwadtise for the myxosporean
taxonomy (Lom and Noble 1984) that predominantiysisés until now. This system has been
enriched with the class Malacosporea in the magnttaxonomic revision of the Myxozoa
(Lom and Dykova 2006). The class Malacosporea epesses only one order
Malacovalvulida Canning, Curry, Feist, Longshaw &i&mura, 2000 with two already
mentioned genera. The much larger class Myxospsrmiaided into the orders Bivalvulida
Shulman, 1959 and Multivalvulida Shulman, 1959 whdcstinction is based on the number
of shell valves (two vs. three to seven) (Lom aryitd¥a 2006). Bivalvulids split into three
suborders Sphaeromyxina Lom et Noble, 1984, Variisp Lom et Noble, 1984 and
Platysporina Kudo, 1919 mainly differing by the wer of the polar filament and the
position of polar capsules in the spore. Coelopgiresentatives of Sphaeromyxina possess
two polar capsules at the opposite ends of spatgalar filament is flat, zig-zag folded and
tapering from its base to the tip. Mostly coelozgaciisporinids have two (rarely one or four)
polar capsules placed either at the opposite efifiee spore or at one pole. In the latter case,
they do not lie solely in the sutural plane or thieyperpendicularly to it. Generally two polar
capsules of histozoic platysporinids are positioo@acurrently with the sutural plane (Lom
and Dykova 2006).

The former class Actinosporea was suppressed @aeait 1994) after the groundbreaking

discovery of Wolf and Markiw (1984) who proved thia¢ representatives of this class are



actually the sexual developmental stages of theptmomyxosporean life cycle. Recently,
former genera of the class Actinosporea are nambdmthe vernacular using the collective
group names (Kent and Lom 1999). Nevertheless, thesactinospores represent the
definitive stages of the myxosporean life cycle, thternational Code for Zoological
Nomenlature does not state that sexual stagesbuusted for the taxonomic and
nomenclature purposes (Kent and Lom 1999).

Increasing number of the rDNA data on myxosporgeties induced the suppression of
some genera or even the families. Families Pensatidpe, Hexacapsulidae and
Septemcapsulidae, that include multivalvulids vimtbre than four valves and polar capsules,
have been synonymized with Kudoidae and their sigdtave been transferred to the genus
Kudoa The reason was to avoid the paraphyletic stdttleeogenududoa(Whipps et al.
2004b). The recent demise of the gebeptothecahas been impelled by the vague
boundaries among this genus and the ge@eratomyxandSphaerospord_eptotheca
species infecting the host gall bladder have besrsterred to the gen@eratomyxaand
urinary system-inhabitingeptothecaspecies were moved to the gefhaerosporaOnly
two representatives of the geriieptothecavere transferred to the genétipsomyxaand
Myxobolus(Gunter and Adlard 2010).

1.3. Hosts and life cycle of the Myxozoa

1.3.1. Malacosporean hosts and life cycle

The most common bryozoan (Bryozoa: Phylactolaenteiss of malacosporeans are
Plumatella fungosaP. rugosa P. repens Cristatella mucedgPectinatella magnificaand
Fredericella sultanaThe development begins with the infection of bingozoan epithelium
by the cryptic stages that give rise to the saevanm-like trophic stages developing in the
bryozoan body cavity into the malacospores.

Tetracapsuloides bryosalmoneeknown to form sac-like stages only. Despitadhae
some clues on the existence of the vermiform stafj@sbryosalmonaén the bryozoan hosts
(Taticchi et al. 2004), more convincing data aiélatking. The sacs of. bryosalmonaén
the bryozoan are composed of an outer layer of ingefis and incomplete inner layer. The
inner layer contains B cells and stellate cellhlmving rise to malacospores. The fish hosts
areSalmq OncorhynchusndThymallusfingerlings in North America and Europe but the
bryosamonaénfection was also observed in a non-salmonid (EesbX. This parasite is an

agent of the proliferative kidney disease (PKDy:.aell-in-cell stages are the main replicative



phase of the life cycle, proliferate in the kidneterstitium and provoke a vigorous defense
reaction. The onset of sporogony is indicated bgragulfment of one secondary cell by
another to form a secondary-tertiary doublet anthleyparasite migration to the lumen of
kidney tubules. Then, the pseudoplasmodium is fdrmeavhich a single fishmalacospore
develops (Morris and Adams 2008). Mature sporegviarnd in the urine of rainbow trout
Oncorhynchus mykigsiedrick et al. 2004) and within the pseudoplasiaadthe lumen of
kidney tubules of brown tro@almo trutta(Morris and Adams 2008). The complete life cycle
has been demonstrated by the development of PKiBhrexposed to infected bryozoans
(Feist et al. 2001) and also by the successfulraxpatal transmission of. bryosalmonae
from infected brown trout to naivéredericella sultanacolonies (Morris and Adams 2006). It
has been proved that this parasite is not transdnittrough fisheries activities (Henderson
and Okamura 2004).

Buddenbrockia plumatellaf®rms both sac- and worm-like stages in the saryeziban
host (Canning et al. 2002, Okamura and Canning 2083/ermiform proliferative stage has
an outer and inner layer of cells, a basal lammdafaur longitudinal muscle blocks. Special
B cells of the inner wall proliferate and give risethe pre-spore cells later becoming typical
spherical malacospores (Canning and Okamura 2004)successful experimental
transmission oB. plumatellaebryozoan stages to the cyprinid fisl@grinus carpioand
Phoxinus phoxinysvhere sporogonic stages in the kidney tubuledasino that ofT.
bryosalmonaeavere present, have shown tBatddenbrockialso possess a life cycle
involving a fish hos{Grabner and El-Matbouli 2010).

1.3.2. Myxosporean hosts and life cycle

The myxosporean life cycle includes the alternatibtwo hosts. The myxospore phase
takes place in the vertebrate whereas the stagbe atctinospore phase undergo their
development in the invertebrate. The typical vadtbhost is the teleost fish, but several
myxosporean species have been found in the cantilag fishes (Lom and Dykova 1992).
Other hosts from the water environment are amphshieeptiles and ducks (Eiras 2005, dirk
et al. 2006, Bartholomew et al. 2008). The recemlifigs of a myxosporean species in the
shrews demonstate that myxozoans can also infeestaal homeothermic vertebrates
(Prunescu et al. 2007, Dykova et al. 2007). A \fewy species have been reported to occur in
their myxosporean phase in invertebrates (Weidnérverstreet 1979, Yokoyama and
Masuda 2001). The invertebrate hosts of the agtioresn phase of the freshwater

myxosporeans are annelids (mainly oligochaetegamtly polychaetes). As for the marine



myxosporeans, polychaetes and rarely sipunculiesld 1912) act as hosts of the
actinosporen phase.

Vertebrates are considered as the intermediats bogte the sexual process
(gametogony) has been observed during the actinegb@se in the invertebrates (definitive
host). Up to date, the life cycles including théraxspore stages have been described in a
total number of 34 myxosporean species mainly tifgdreshwater (eventually anadromous
or catadromous) fish (Holzer et al. 2006b, Lom Brylova 2006, Caffara et al. 2009, Figs.
3A, B). Only four marine life cycles have been dlated up to date (Kgie et al. 2004, 2007,
2008, Rangel et al. 2009, Fig. 3C). However, adtlifish-to-fish transmission without the
requirement of the alternate actinosporean devetdopimas been proved in enteric
Enteromyxunspecies (Fig. 3D). In this case, not spores, iriptoliferative stages are
responsible for the transmission of the diseasanfiant 1997, Redondo et al. 2002).
However, it has been hypothesized that a heteraelife cycle involving an actinosporean
phase may exist fd. scophthalmilts fish hostScophthalmus maximusay be an
accidental host of this parasite (Redondo et &42MMoreover, the epidemiological data on
Sphaerospora testicularsuggest the possibility of the fish-to-fish tramssion, but no

successful experiments have yet confirmed this thgsis (Sitja-Bobadilla 2009).

Figure 3. The life cycles of the Myxozoa. (A)
freshhwater life cycle of Chloromyxum auratum with
the antonactinomyxon actinospore stage in the
freshwater oligochaete and the myxospore stage in
common goldfish, Carassius auratus (Atkinson et
al. 2007); (B) freshwater life cycle of Ceratomyxa
shasta with the tetractinomyxon actinospore stage
in the freshwater polychaete and the myxospore
stage in North American salmonids (Bartholomew
et al. 1997); (C) marine life cycle of Gadimyxa

bo - g ,/IO'Q atlantica with an actinospore stage in the

M
)
<

g
/‘J‘ > /3 polychaete Spirorbis sp. and the thick-walled and
thin-walled myxospore stages in Atlantic cod,
Gadus morhua (Kgie et al. 2007); (D) direct fish-to-
fish transmission of Enteromyxum scophthalmi in
turbot, Scophthalmus maximus, with ST2 to ST3
stages responsible for transmission to other fish
through the faeces (Redondo et al. 2004).




Upon contact with the skin or gills of the vertelerhost the actinospore coming out of the
annelid into the water discharges its polar capsiastening itself to the host and releasing its
sporoplasm. In the case of the terrestrial lifdeythe vertebrate host may be infected
alimentary with the actinospore stages releasead the digested terrestrial annelid
(earthworm) (Tyml 2010). Then, the presporogonietigoment based on the unique
myxosporean stage, cell-in-cell organization, fekolt is characterized by the endogenously
produced secondary cells that persist inside timgpy cell. Sometimes the tertiary or
quaternary cells develop. The internal cells westly suggested to form within a
surrounding cell by the endogenous budding (Théldt&00). However, the recent TEM
study of the formation of the actinospore sporaplédsis demonstrated that endogenous
budding does not occur and the myxozoan interri agse from cells surrounding one
another (Morris 2010). Presporogonic stages ertBereultiplication of the parasite to a
sufficient number and spread the infection througlibe host organs. Sometimes, a massive
presporogonic replication in tissues and orgarferdiht from the final site of infection
(extrasporogonic development) occur e.g. the eptnagjonic stages @phaerospora
dykovagsyn.S. renicolg), S ictaluri andS. elegansn the blood and other organs
(swimbladder, rete mirabile of the eye). They atdesively proliferative phase of the cycle
serving for an additional parasite proliferatior @preading the parasite throughout the fish
organs (Dykova and Lom 1988, Lom and Dykova 1992).

When the presporogonic stages reach the finabsitdection, they enter the sporogonic
phase of the cycle and transform in the plasmddipliozoites) in which the myxospores
develop. There are many types of plasmodia diftebiy their size, number of nuclei, number
of the generative cells and by the localizatiothie host (coelozoic or histozoic; mono-,
disporic pseudoplasmodia or polysporic plasmodi&gtozoic plasmodia of some members
of generaviyxobolus HenneguyandKudoamay be encased with host connective tissue and
appear as whitish “cysts”. The assignment of myrosgns as coelozoic or histozoic is
sometimes difficult to assess as many species oewath within the body cavities and in
various tissues e.@phaerospora dykovamdMyxidium lieberkuehniActinospores, the final
stages of the myxosporean life cycle in the inv@eee, develop within the pansporocyst.
Actinospore stages have typical triradiate symmeioynetimes possess the caudal
projections and may form a group of eight spores @&sult of the development within the
pansporocyst (Lom and Dykova 1992, 2006). Intemngbti a single actinosporean genotype
may display two different phenotypes in the sanigochaete host (Hallett et al. 2002,
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Eszterbauer et al. 2006). These phenotypes arépodssigned for different fish hosts
(Holzer et al. 2004).

1.4. Importance of the Myxozoa

Among the large number of described myxozoan speomy a fraction is known for the
diseases they cause to their fish hosts. Manyesetipathogenic species infect feral or trash
fishes, but there are also numerous serious patsagfecommercially important fishes. The
parasites may impair the growth of the fish, danmtggssues and organs or even cause the
death of the host. The pathogenic effect depende@myxosporean species, life cycle stage,
host immune reaction, temperature and intensitgfettion.

One of the best studied pathogenic myxosporeanespid/lyxobolus cerebralisausing
the whirling disease of freshwater salmonids. Disesymptoms are the destruction of
cartilage and associated tissues in juvenile f&¢her myxozoan species infect the renal
system of the fish such as the malacospofedracapsuloides bryosalmonaad many
myxosporeans e. @phaerospora dykovas. ictaluri, Polysporoplasma sparisnd
Parvicapsula minibicornisThe digestive tract of sparid or salmonid fishesy be seriously
damaged by histozoic myxospore&rgeromyxum leeandCeratomyxa shastaespectively.
The gall bladder of culture8Sparus auratanay be infected b€eratomyxa sparusaurati
Certain myxosporean species parasitize the reptiveéucact of the fish such as
Sphaerospora testiculatislenneguya testiculari@estes) an&kudoa ovivoraandWardia
ovinocua(ovaries). Muscle-invading multivalvulid myxospares of the genusudoacause
dramatic changes in the flesh (myoliquifactiongathe death of the fish. This is caused by
the effect of powerful proteolytic enzymes releabgdhe parasites after the disintegration of
the pseudocyst. Also some bivalvulid species Hiemneguya zschokkandMyxobolus
cyprini may form cysts in the muscles. The fish gills haympaired by cyst-forming species
e. g.Henneguya exiliH. psorospermicarlhelohanellus pyriformiandMyxobolus muelleri
There are also several myxosporeans causing systef@ctions of the host such as

Sphaerospora dicentrarclindKudoa lutjanugLom and Dykova 1992, 2006).

CHAPTER 2. RELATIONSHIPS OF THE MYXOZOA

Knowledge into the myxozoan phylogeny and iderdifan of the myxozoan affinities to
metazoan groups is important not only for the stofdgn early metazoan evolution but also
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from the economic point of view as it could helputalerstand myxozoan life-history patterns
and design efficient intervention strategies (Siidalad Whiting 1999). Smothers et al. (1994)
were the first to use the ribosomal DNA (rDNA) seqce analysis to investigate the
phylogenetic position of the Myxozoa within Metaz&énce then, molecular data have been
employed to reveal the phylogenetic relationshighinwmyxozoans, to study their life cycles
and to develop PCR diagnostic tests for the pathogayxozoan species.

2.1. Relationships of the Myxozoa with the metazoagroups

The discoveries of myxozoan cellular complexitiagdnimpelled many debates about
affinities of the Myxozoa to the metazoan taxau&tral similarities of myxozoan polar
capsules and cnidarian nematocysts and the parbféleen the development of myxozoan
sporoblasts and parasitic stage®olfiydriformeUssov 1885 suggested that the Myxozoa and
the Cnidaria share a common ancestor (Weill 1938).

A cnidarianPolypodium hydriforméphylogenetic position based on SSU rDNA data;
Evans et al. 2009) has a life cycle including bathacellular stages parasitizing oocytes of
acipenseriform fishes (Fig. 4A) and free-living medid stages (Fig. 4B). Besides a single
type of polar capsule/nematocyst (atrichous isadlizand the the early cell-in-cell
development, other characteristic sharedPblypodiumand theMyxozoaare fish parasitism,
loss of epidermal ciliation and mode
of attachment of the infective stages
to the host tissue by using
nematocysts (Raikova 1994).

Figure 4. Polypodium hydriforme. (A) Stolon stage
just after emerging from the host oocyte; (B) Four
specimens of free-living Polypodium with 12

tentacles (Evans et al. 2008).

Unlike myxozoan affinities to cnidarians, anothgpbthesis considers Myxozoa to be the
members of a primitive bilaterian animal lineaghisTtheory is supported by the lack of gut
and central nervous system and the triploblastrozgéion of the vermiform body of the
rediscovered enigmatic malacospor8amddenbrockia plumatellagchréder, 1910 (Fig. 5). It
has been suggested tiBatddenbrockiaepresents a missing link in the evolution of
myxozoans from a bilaterian ancestor to the degeaglasmodia characterizing most of
myxosporean species (Canning et al. 2002, Okammat&anning 2003). Contrary to this,
another interpretation of the structureBafddenbrockigs vermiform body was provided by
Jiménez-Guri et al. (2007). They claimed thatadtsrfblocks of muscles are radially
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distributed like in cnidarians. TherefoByddenbrockias a tetraradial worm with two axes
of symmetry across a transverse section. A motewform evolved independently within
cnidarians by the loss of the opening to the gaascular cavity and subsequent acquisition
of hydrostatic skeleton (Jiménez-Guri et al. 2007).

Figure 5. (A) A zooid of the bryozoan Plumatella with Buddenbrockia worms (arrow) in the body cavity. Scale bar, 40 um; (B)
Cross section of an immature Buddenbrockia plumatellae worm. Note the presence of four longitudinal muscle blocks (M) and
absence of gut. Scale bar, 20 um; (C) Scanning electron microscopy image of a Buddenbrockia plumatellae worm. Scale bar:

100 ym (Jiménez-Guri et al. 2007).

Further evidence for a cnidarian (diploblast) vkaterian (triploblast) origin of
myxozoans came from the molecular studies. Pioplegpgenetic analyses based on the
SSU rDNA data revealed the Myxozoa as a sisterpgtolNematoda/all Bilateria or a
member of the Bilateria (Smothers et al. 1994 )plbblast affinities of the Myxozoa have
later been supported by other authors (Katayarah #095, Hanelt et al. 1996, Schlegel et al.
1996, Kim et al. 1999). However, other SSU-basedyaes including the sequenceRof
hydriformeshowed that Myxozoa arRblypodiumgroup in one clade (Endocnidozoa). This
clade forms a basal lineage to all bilaterians ¢yzet al. 1998, Siddall and Whiting 1999,
Zrzavy and HypSa 2003) or it clusters within cnidas (Siddall et al. 1995, Siddall and
Whiting 1999). It has been suggested that the wbimiy results of the molecular analyses
were caused by the long-branch nature of the myamzamd many metazoan (Acoela,
MesozoaPolypodiumand a nematod€aenorhabditis elegap$SSU rDNA sequences. These
taxa have unusually high divergence rates of th8i rDNA sequences that can cause
grouping of the unrelated taxa (LBA; Siddall andi¥Mg 1999). Moreover, selection of too
distant outgroups and a poor taxonomic samplinge\weoposed as other reasons for the
discrepancy between results of the analyses (Sietdal. 1995, Kim et al. 1999).

Therefore, certain approaches were used to refiulv@roblem. Application of different
tree-building methods (Siddall and Whiting 1999¢0anbination of SSU rDNA data with
morphological characters (Siddall et al. 1995, ¥yzeat al. 1998) as well the use of the long-
branch extraction method (Siddall and Whiting 198&ye shown that the grouping of the
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Myxozoa andPolypodiumis not an artifact caused by LBA. Inclusion of manidarian taxa
(Siddall and Whiting 1999) confirmed the previoustiggested placement of the
Endocnidozoa within Cnidaria (Siddall et al. 1998h the other side, application of different
tree building methods excluded the long-branchdisi@nt outgroup artifacts as a source of
the basal clustering of the Endocnidozoa to thet8ila (Zrzavy and HypSa 2003).
Performing single analyses of another ribosomaéde®U rRNA) sequences as well as its
concatenated analyses with the SSU rDNA data shdvetdVlyxozoa cluster as a sister taxon
of bilaterians inside the Metazoa (Fiala and Banwé32007, appendix I). This placement of
Myxozoa has been supported by the recent comprigfeesusalyses of myxozoan, cnidarian
and other metazoan SSU and LSU rDNA sequencesgwityxozoa clustered as an early
diverging and well supported clade of the BilatéEaans et al. 2010). In contrast, the
phylogenetic analyses of the protein-coding datl(EF2 a-tubulin) placed Myxozoa as a
sister group to all Metazoa (Fiala and BartoSov@/2@ppendix 11). The re-investigation of
the four myxozoan Hox genes, supporting the bilateaffinities of Myxozoa, has revealed
that these sequences were derived from the host (AMAenez-Guri et al. 2007).

The relatedness of myxozoans to the Bilateria @lltMetazoa has been contradicted by

T e e the comprehensive multi-gene analyses
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Despite the conclusions of the phylogenomic studliraénez-Guri et al. (2007) seem to
be based on the convincing results, certain isskee¢he missing data, model choice and
inference methods were found to have a substaifedt on the placement of the Myxozoa
within the Metazoa. For example, the performed ym®d were only based on 50 of a total
number of 129 genes resulting in the lack of alf@dd aminoacid positions in
Buddenbrockiacompared to other taxa (Fiala 2008). Moreoves, shudy has a relatively
limited sampling of cnidarians and does not inclBdé/podium(Evans et al. 2008). Other
aspects like the long branchB@iddenbrockia’sequence in the analyses and its clustering
with the Bilateria in MP analysis should be algken into accour(Fiala 2008). In-depth re-
investigation of the phylogenomic dataset by tHecti®n of different models has changed
the position oBuddenbrockidrom within Cnidaria to the alternative hypothesighe base
of Bilateria. This demonstrates that conflictingrals exist within the phylogenomic dataset
and careful data exploration and a model selee@ienmportant when investigating the
phylogenetic placement of the highly divergent téaans et al. 2010).

New approaches such as the sequencing of the whtdehondrial genome of the
myxozoan representatives can show to be essanmtiesolve this long-time discussed topic.
The first step has begun by the most recent sutdessplification ofP. hydriformeand
seven myxosporean mitochondrial 16S sequenceseTaa may be useful for the design of
the probe targeting the myxosporean mitochondeabgne. The ML phylogenetic analysis of
these sequences with the available cnidarian 1&5(@&nkova 2010) has confirmed the close
relationships of the Myxozoa and the Hydrozoa (@na as proposed previously (Jiménez-
Guri et al. 2007) and revealed the positiofPofiydriformewithin anthozoans.

2.2. Phylogenetic relationships within the Myxozoa

The first considerations about the evolution of wgporeans but with no molecular
support were suggested by Shulman (1966). He pealibsit coelozoic urinary bladder
myxosporeans infecting the marine teleost fishedved from the myxozoans inhabiting the
gall bladder. Histozoic forms arose later from ¢belozoic ones. Shulman (1966) has also
suggested that ancestral myxozoans were variiggerithese myxosporeans gave rise to
platysporinids in the fresh water. The evolutiorite coelozoic marine bivalvulid genus
Ceratomyxawvent to the marine histozoic multivalvulids throwyilosporawith three valves
and polar capsules andKoaidoawith four up to seven valves and polar capsulésilfBan
1966). This could have happened by a geneticalfdfichange or disorder in cell division

producing supernumerary cell valves and polar dapsand by their stabilization by selective
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environmental pressures (Lom and Noble 1984). DOmérary process (suppression of one
capsulogenic cell) may have led to the evolutioriae fromMyxobolusto Thelohanellus
(Lom and Noble 1984).

As for the malacosporeanBetracapsuloides bryosalmonhas been linked to the
myxosporean genefdphaerosporandParvicapsulabased on the similarities in the
morphology of tetracapsuloid sporoblasts and spafrésese myxosporeans (Kent and
Hedrick 1986). Later, the SSU rDNA data Brbryosalmonadiave rejected its relationships
to both myxosporean species since it clusteredligdsaall myxosporeans (Kent et al. 1998).
Moreover,T. bryosalmonagrouped with another malacospore&etracapsula bryozoides
and they still created a basal lineage to all Myxoea in the SSU-based analysis (Kent et al.
2000). Latter SSU rDNA studies have shown thast®likeT. bryozoidess co-specific
with the worm-like organisrBuddenbrockia plumatellaandT. bryozoidesecame a junior
synonym of the firstly describdgl plumatellag(Monteiro et al. 2002). It has been suggested
that malacosporeans diverged from the myxozoarugwohry line before the radiation of the
numerous myxosporean genera (Kent et al. 1998,)2000

Many of Shulman’s hypotheses (1966) on the evalutibMyxosporea have later been
confirmed by the phylogenetic analyses based 05 81¢ rDNA data (Kent et al. 2000, 2001,
Fiala and Dykova 2004, Fiala 2006). It has beerethkmown fact that the classification of
Myxosporea does not reflect many biological feadusech as the life cycle characteristics
with the alternation of hosts, morphology of actipores and host and tissue preferences.
Moreover, already the very first molecular SSU-lbesealysis has revealed an important
finding that the spore-based myxosporean taxonamey dlso not reflect phylogenetic
relationships retrieved from the molecular data ¢8rars et al. 1994). This fact has later been
stressed by many authors (Andree et al. 1999b, &teait 2001, Holzer et al. 2004, Fiala
2006). The SSU-based phylogenetic studies havershmamy genera to be paraphyletic (e.g.
Kudog Myxobolus Parvicapsuld or polyphyletic (e.gHenneguyaSphaerospora
ZschokkellaChloromyxum (Smothers et al. 1994, Andree et al. 1999b, ke¢al. 2001,

Fiala 2006). Recently, the only monophyletic my>xamgan genera anteromyxum
GadimyxaandSphaeromyxaDespite the existence of significant discrepanbietween the
myxosporean taxonomy and phylogeny, there have toegrl at least some bionomical
characters (the host environment and site of irderthat are congruent with myxozoan
evolution (Andree et al. 1999b, Holzer et al. 2004hipps et al. 2004b, Eszterbauer et al.
2006, Fiala 2006). These non-morphological attebwre also very important for the species

description.
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Myxosporeans split into two main lineages, thehveaster and the marine one (Fig. 7),
according to the environment of their hosts aslfireported by Kent et al. (2001). This trend
is mostly still valid (paper 1l) but some excepsosxits like the clustering of the freshwater
specieLeratomyxa shastandParvicapsula minibicornisvithin the marine lineage and
marineSphaeromyxapp. within the freshwater lineage (Fiala 2006 )efEhis an interesting
correlation between the length of the sequenceshendost environment. The species of the
marine lineage have of about 250 bp shorter SSUAB&guences than the freshwater ones
(Fiala and Dykova 2004, Fiala 2006). These diffeesnare due to the insertions within the
variable regions of the freshwater myxosporean H3VA sequences. For example, the E43
subhelix of V7 SSU region of the marine speciesinstits basic condition as in the
malacosporeafetracapsuloides bryosalmondeeshwater species extend this subhelix by
forming various bifurcations. OnRarvicapsula minibicornisnfecting the freshwater and
anadromous fishes and clustering within the maunngary clade has significantly longer
SSU rDNA sequence than other marine myxosporedns.ig caused by the bifurcation@f
minibicornise43 subhelix (Holzer et al. 2007).

Besides the two mentioned lineages there is alsayunor group (Fiala 2006, Fig. 7)
termed as the sphaerosporid clade @Jakal. 2007). This minor clade is composed of two
subclades. The first well support8ghaerosporaensu stricto subclade encompasses only
freshwater sphaerosporids, including the type gs&ielegangFiala 2006, Holzer et al.
2007, paper lll). The second subclade includesrthene specieBipteria formosaand
Sphaerospora fug(Fiala 2006, Karlsbakk and Kgie 2009, paper lIgsBles the shared site
specificity (coelozoic in the urinary system, dirkt al. 2007) and similar sporogonic
development (Morris and Adams 2008), the featuigngnthe representatives of the
Sphaerosporaensu stricto subclade is the presence of exenssertions in the V4 and V7
regions of their SSU rDNA sequences (Fiala 2008zétfcet al. 2007, Jirtket al. 2007).
Sphaerospora elegamossesses the longest V4 region among all myxeapsr(Holzer et al.
2007). Contrary to thid. formosaandS fugudo not have such long insertions as the
representatives of the first subclade (Holzer e2@07, paper Ill). Moreoves fuguis a
histozoic parasite of the fish digestive tract (atral. 2000). Interestingly, there is also one
representative of the freshwater lineage, frog &dmfecting myxosporea@hloromyxum
careni,which possesses extensive inserts in its variablé I®NA regions. Its V7 region
contains extraordinary long insertions (paper hgttare even longer than in the members of

the sphaerosporid clade (Holzer et al. 2007).
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The sphaerosporid clade forms a basal branch toyadbsporean species in the MP
analysis where malacosporeans are used as outdfeiafzs2006). Such position may be
affected by LBA since the long branches of the spbsporid clade members could be
attracted by the outgroup sequences. Neverthehessirong support for the basal position of
this clade has also been achieved by Bl and distaagdet methods (Fiala 2006). The latter
method is theoretically able to recover the cortesxst topology by correction of base
composition inequalities (Huelsenbeck 1997). Theabposition of th&phaerosporaensu
stricto clade to all myxosporeans also supporagerinique secondary structure
characteristics of the representatives of thiseclglde presence of subhelix E23_3) shared
with malacosporeans but absent in other myxosper@édmoizer et al. 2007). Despite many
studies supported these findings (Holzer et al72@010, Jirk et al. 2007), other analyses
revealed the clustering of this clade within othet base of the marine lineage (Holzer et al.
2004, Karlsbakk and Kgie 2009). However, the nadabort for the sphaerosporid clade has
always been weak in the latter analyses.
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Figure 7. The phylogeny of Myxosporea based on the SSU rDNA data (Fiala 2006).
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The freshwater and marine lineages divide into isé\aades that follow the site
specificity (tissue tropism) of the parasites witthie hosts to a great extent (Andree et al.
1999b, Eszterbauer 2004, Holzer et al. 2004, 2BiHDa 2006, paper I, V). Histozoic
myxosporeans cluster within both the mariktyXobolusclade) and freshwater lineage
(Kudoaclade). Similarly, gall bladder-infecting parasit&an be found within the freshwater
MyxidiumandSphaeromyxalades and within the mariddyxidiumandCeratomyxaclades.
Myxosporeans infecting the urinary system of theists mainly cluster within the marine
urinary clade composed of tRarvicapsulaandZschokkellssubclades and within the
freshwateMyxidium lieberkuehnclade Enteromyxunclade includes the parasites of the
intestine (Fiala 2006, Holzer et al. 2010, papBr Tihe site and host specificity have been
shown to be a less important factor of evoluticentspore morphology in the phylogenetic
study of theMlyxobolusspecies (Salim and Desser 2000). However, betteplsag has
shown thatMyxobolusrepresentatives cluster according to their siezifigity rather than to
their spore morphology (Andree et al. 1999b, Bahal. 2003, Eszterbauer 2004).

Similarly, despite geography has been found to plagle in the evolution of fivKudoa
species (Hervio et al. 1997), larger dataset o886 rDNA kudoid sequences did not
confirm this statement (Whipps et al. 2004b, Yokogaand Itoh 2005). No correlation of the
myxosporean geographic origin with their phylogéag also been shown in other studies
(Eszterbauer and Szeékely 2004, Fiala 2006, Holzak 2006a). However, geographic origin
may be important at the population level when tifferdnces among the various geographic
isolates of one species are assessed. Such phgtagéa analyses based on the SSU, LSU
rDNA, HSP70 and ITS sequences were performed testigate the intra- and intergenomic
variability of Myxobolus cerebralikudoa thyrsitesandTetracapsuloides bryosalmonae
(Andree et al. 1999a, Henderson and Okamura 200dpW et al. 2004a, Whipps and Kent
2006).

The host specificity has also been proposed tmbmportant factor affecting the
myxozoan evolution (Hervio et al. 1997, Molnar et2802, Bahri et al. 2003). However,
most of the authors do not agree with this opirnd claim that there is no or only a little
correlation with the myxozoan phylogeny (Salim a8 2000, Holzer et al. 2004, 20064,
Eszterbauer 2004, Eszterbauer and Székely 2004, Z0a6).

The type of the host (fish, amphibian, reptiledland mammal) does not seem to be
congruent with the myxosporean phylogeny. For exampyxosporeans infecting the turtles
can be found among the fish-inhabiting speciesantylthe turtle parasitdgyxidium

chelonarumandM. hardellacluster together. The frog parasit€loromyxum carerand
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Myxidium melleniare found at the different positions in the SSiddul phylogenetic tree.
Myxosporeans infecting the homoeothermic animakstéwbirds and shrewsylyxidium
anatidumandSoricimyxum fegatdo not group together. However, their relatiopshwithin

the clade, to which these myxosporeans belongyveakly supported. One can be more
confident about the correlation between the typleost and clustering of myxosporeans, if
more myxozoan parasites of amphibians, reptiledskand mammals are sequenced. Recent
phylogenetic trees show, that all of the myxospaseaather group according to their site
specificity than to the type of host (Fig. 31 irppalV).

Despite many evolutionary trends in myxosporeang lheen revealed by the analyses of
the SSU rDNA data, certain relationships among rageoean groups have still not been
fully resolved. Under question were e.g. the imtlationships of the main clades within the
marine lineage, the position of the sphaerospdadecto other myxosporeans etc. The
insufficient resolution of the single-gene analysesften ascribed to the limited number of
alignable nucleotides (Nei et al. 1998). Moreovee, discrepancies between the myxozoan
phylogeny and taxonomy have introduced a questitheiphylogeny based on the single
SSU rRNA gene corresponds to the real organisnw@ugon.

Alternative sets of data have been shown to be kelpful to resolve these problems. The
LSU rRNA gene has a great potential as a phylogensrker for the assessment of
phylogenetic relationships of various animal groups especially advantageous in the
combined analyses with the SSU rDNA data (Medira.e2001, Winchell et al. 2004,
Moreira et al. 2007). Unlike some protein-codinge® the mechanism of concerted
evolution in the ribosomal genes eliminates thélanms linked with the presence of
orthologs (Hillis and Davis 1986). Moreover, thelLEDNA is much larger than SSU rDNA
and contains a greater number of variable regidiasgouna et al. 1984).

The first twelve myxosporean LSU rDNA data haverbpeblished in the phylogenetic
study investigating the relationships within mudiivulids. The single SSU/LSU rDNA-based
analyses yielded similar results as the combineas ¢wWhipps et al. 2004b). However, the
representatives of only two geneka@loaandUnicapsulgd were included as ingroups and
only partial LSU rDNA data have been used in thresayses. Similarly, despite the increased
number of the new LSU rDNA sequences in the mastreork of Burger and Adlard
(2010), only multivalvulid relationships were invigated. The comprehensive phylogenetic
study including 35 myxosporean species represeatirtje main clades has confirmed the
same evolutionary trends within myxosporeans basdabth complete SSU and complete

LSU rDNA data (paper I). Myxosporean species tlaaehbeen shown to possess extensive
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inserts within the SSU rDNA sequences containenlifstgnt insertions in their LSU
divergent (D) regions (papers |, IV). The most ahle LSU parts were D2, D8 and D10
domains (paper I). Similar length differences amthrggD domains have been observed in
cnidarians (Chen et al. 2000, paper I). The retdbiranch lengths of myxosporean sequences
were identical in the SSU- vs. LSU-based trees. 38E-based evolutionary trends were
confirmed by the split of myxosporeans into theln@ater/marine lineages and clustering of
myxosporeans within the same clades in the LSU-S8Id-based trees. These findings
suggested that SSU-based phylogeny correspontes trganismal phylogeny (paper I). The
only differences were revealed in the clusterin@bloromyxum cristaturandSphaerospora
ranae Surprisingly,S. ranag the representative of the sphaerosporid cladsterled basally
to the members of the freshwater lineage in the ISNA based analyses. The informative
superiority of the LSU rDNA data has been maniféstg an increase in the resolution, nodal
supports and tree indexes in single LSU and conablii$tJ+SSU rDNA analyses. The D5-
3"end has been shown as the most informative regfitme LSU rRNA gene. Since the first
half of the LSU rRNA gene mostly includes ambiguobaracters that are usually excluded
from the phylogenetic analyses the combinatiorhefdomplete SSU rDNA data with the
most informative D5-3"end LSU part has been recontled as the most effective strategy
for inferring phylogenetic relationships within ngsporeans (paper 1). However, the variable
character of the first half of LSU rDNA can be udedt the population level. For example the
variable D2 region of LSU rDNA has been shown taheseful molecular marker for the
discrimination of cryptic species assemblage€lubromyxum fluviatil@ndZschokkella
nova(paper V).

The failure of the ribosomal genes to resolve sev@anches in the phylogenetic tree or
to be subject to LBA may arise from mutational saion due to multiple substitutions,
poorly aligned regions or base frequency heterageamong taxa (Hasegawa and
Hashimoto 1993, Galtier and Gouy 1995). The lorabh nature of many myxosporean
species was observed in the rDNA-based phylogesttdies (Siddall et al. 1995, Kim et al.
1999, Fiala 2006, paper I). Several appproachds asithe use of model-based methods (ML
or Bl) instead of MP and additional taxon sampliaye been proposed as efficient tools to
avoid potential LBA problems and to resolve soméaso(Anderson and Swofford 2004).
Generating additional LSU rDNA sequences for theeidie myxosporean species should be a
next future step as the number of the LSU rDNA nsparean sequences is still low
compared to SSU rDNA data. The addition of inforimratontained in other genes may also

improve the accuracy of the phylogenetic trees é2and Carroll 2005). The protein-coding
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genes may be especially advantageous compared tdotdsomal genes since they are
considered to be less affected by mutational samréHasegawa and Hashimoto 1993).
Moreover, another advantage of the protein-codereg rests on their non-linked evolution
unlike rDNA repeats which undergo homogenizatiootlgh concerted evolution (Hillis and
Davis 1986, Rokas et al. 2003).

Protein-coding genes have widely been used to asisephylogenetic relationships of
myxozoans with the metazoans (Fiala and Barto500a,2Jiménez-Guri et al. 2007, Fiala
2008, Cinkovéa 2010) or at the population level (s and Kent 2006). Recently, the
protein-coding gene sequences have been exploiteéer the phylogeny within
myxosporeans. The attempts to obtain a represeatatimber of the HSP70 myxosporean
sequences and subsequently infer myxosporeanomaips faced the difficulties with the
successful amplification. In the positive case gsaldifferent paralogs of this gene from
cytoplasm and endoplasmic reticulum were obtaiiied.low number of obtained
cytoplasmic HSP70 paralogs was not sufficient tmnéruct the phylogenetic tree. Unlike the
cytoplasmic sequences, the analyses of endoplasticalum paralogs have shown similar
clustering of myxosporeans as in the rDNA-baseestrelowever, more HSP70 genes should
be obtained to confirm these results (BartoSovaraald 2007, appendix IIl). On the other
side, the analyses based on twelve myxosporearsé&dtiznces have verified the
evolutionary trends within myxosporeans based diAata. Congruence of ribosomal and
protein-coding data supported the relevance of £8UA as a useful marker for the
assessment of myxosporean relationships (paper Il).

The confirmation of the SSU-based phylogeny by otiwe genes provided the strong
support for the statement that the phylogenetaticiships among myxosporeans correspond
to the organismal evolution. The even more suppatiscrepancies between the
myxosporean phylogeny and taxonomy introduced atgurehow did the morphological
characters in the Myxozoa evolve. New light hasseed by the mapping of morphological
and bionomical character evolution on the SSU-based(paper Il). The performed analyses
have shown that the only synapomorphic characteesponding to both myxozoan
taxonomy and phylogeny is the character of polanfent. This structure is flat and zig-zag
folded only in theSphaeromyxapecies contrary to other myxosporeans with dpivadund
polar filament. Other morphological characters riyaialating to the spore characteristics
were homoplastic. However, certain morphologicarebters like the number of shell valves,
the relative position of polar capsules to the mltplane and the position of sporoplasm, the

ratio of spore width to thickness and the preseficirface ridges partially corresponded to
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the phylogeny. The bionomical characters suchasitk of infection and host environment
highly correlated with the phylogeny. Tracing thea@acter evolution revealed that the
ancestor of all myxozoans inhabited the freshwaest@ironment and infected the excretory
system. Then, the evolution led to the ancestonyfosporeans infecting the gall bladder of
marine hosts from which arose the lineage of fregbmmyxosporeans (paper Il). Such trend
in myxosporeans has also been previously propogethier studies (Shulman 1966, Kent et
al. 2001, Holzer et al. 2004). The spore morpholoigyhe ancestor of all Myxozoa was
similar to the current species of the geBphaerosporand this ancestor infected the renal
tubules (paper Il). This discovery supports noydhe previously suggested hypothesis about
the ancestral sphaerosporid morphotype {Jatkal. 2007) but the similar morphology of the
myxozoan ancestor with ti&phaerosporapecies clustering in the basal sphaerosporicclad
also supports the basal position of this claddltotlaer myxosporeans. The evolution of the
myxozoan ancestor with a sphaerosporid morphotyg# v theCeratomyxamorphotype in
the marine lineage and to tBdloromyxunmorphotype in the freshwater lineage and marine
C. leydigi Other morphotypes evolved by the changes ingbessshape, position, number of
polar capsules etc. (paper Il). The sphaerospooigphotype probably also occurred in the
ancestor of the marine urinary clade. This orgdimnehas been retained in a group of
Parvicapsula minibicornigmndSphaerospora testicularihat resemble to current
sphaerosporids but are different to some extemte(plh, I1). Parvicapsula minibicorrd has

an elongated shape of spore compared to the sphetibspherical or ovoid shape of all
sphaerosporid$Sphaerospora testicularis an atypicaSphaerosporaot only for its
phylogenetic position (paper Ill) but also forutsusual morphology (Sitja-Bobadilla and
Alvarez-Pellitero 1993). Many other sphaerospoansspread throughout the whole
myxosporean phylogeny. This supports the ideathi®asphaerosporid morphotype might be

a successful spore design arisen by a convergehitsn (Holzer et al. 2004).

2.3. Future steps for the myxozoan taxonomy

The knowledge into the phylogenetic relationshithivww the Myxozoa and evolution of
their morphological and bionomical characters paesithe basic information for future
taxonomic revisions that are essential to solveptrsisting taxonomic and phylogenetic
discrepancies. Since only one synapomorphic moogjcdl character has been found, the
combination of the bionomical characters with tharacters that at least partially correspond

to the myxozoan phylogeny could be used for futax@nomic changes (paper l1).
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The available sequence data on myxosporeans suggbeir mis-identification with
other myxosporean species caused by their co-iofett the samples should be re-
sequenced (Lom and Dykova 2006, paper IIl). Taxanging of certain genera for which
only a small fraction of species has been sequefBm@therosporaviyxobolus Henneguya
Myxidium CeratomyxaThelohanellustc.), should increase (Fig. 5 in paper Il). Moeo
the representatives of many genera, for which nteoutar data are available
(PolysporoplasmaentmoseriaTriangula Davisia MyxoproteusFabesporaUnicauda
Dicaudaetc.), should have their rDNA characterized. Egdlgc molecular data of the type
species of each genus should be available befgreaaonomic changes are made (Fiala
2006, Lom and Dykova 2006, Holzer et al. 2010).ttJgate, only 15 of a total number of 59
myxozoan type species have been sequenced. Thensegcharacterization of the type
species of the gen®&phaerosporand the finding of the unique features within tb&lA
sequences @& elegansand its closely related sphaerosporid specieselda® the first
definition of the myxozoan genus based not onlyh@enmorphological but also on the
molecular data (Jitket al. 2007). Recently, many species are knovatuster out of the
clades containing the type species of their cooeés genus. Therefore, there is an urgent
need for future revision of the existing polyphidetind paraphyletic genera. A whole
evidence approach based on combining biologicatphmogical (host tissue location,
morphology of sporogonic and other developmentajest) and molecular characteristics
should be applied for species description (Lom Rgkiova 2006, Holzer et al. 2010).

Moreover, other morphological and bionomical chegecshould be investigated to find
more features corresponding to the myxozoan phylpgehe incongruent results of the
cladistic analyses based on the morphological chensof the myxospore and actinospore
life cycle stages have shown that the systematiosygosporeans solely based on one of
their stages (myxospore) may result in the incarsapraspecific level groupings. It was
suggested that a more stable and predictive dleetsiin of myxozoans should be based on a
combined total evidence of both life-cycle stagéag¢ and Desser 2000). Another feature of
taxonomic value is the information about the myxazdevelopment in the host. It has been
shown that five distinct sporogonial sequencesdhatongruent with five myxozoan
phylogenetic clades, can be identified for the Mao@ (Morris and Adams 2008).

It may happen that genera established on smadirdifices likdMyxidiumandZschokkella
or MyxobolusandHenneguyawill fuse or be suppressed while some existingegemay be
split in the future e.g. the aforementioned deroisitne genuseptothecgGunter and Adlard
2010).
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CHAPTER 3.

RESEARCH PAPERS
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3.1.PAPER I.

Concatenated SSU and LSU rDNA data confirm the mairvolutionary trends within
myxosporeans (Myxozoa: Myxosporea) and provide arffective tool for their molecular
phylogenetics

BartoSova P.,Fiala I., HypSa V.

Molecular Phylogenetics and Evoluti¢2009)53, 81-93

Views on myxosporean phylogeny and systematics resantly undergone substantial
changes resulting from analyses of SSU rDNA. Heeefurther investigate the evolutionary
trends within myxosporean lineages by using 35 seguences of the LSU rDNA. We show
a good agreement between the two rRNA genes arfitradhe main phylogenetic split
between the freshwater and marine lineages. Tloenative superiority of the LSU data is
shown by an increase of the resolution, nodal stuppmd tree indexes in the LSU rDNA and
combined analyses. We determine the most suitarteopLSU for the myxosporean
phylogeny by comparing informative content in vagaegions of the LSU sequences.
Based on this comparison, we propose the D5-3(aricf the LSU rRNA gene as the most
informative region which provides in concatenatwith the complete SSU a well resolved
and robust tree. To allow for simple amplificatioithe marker, we design specific primer set
for this part of LSU rDNA.
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2. PAPERII.

History of myxozoan character evolution on the basiof rDNA and EF-2 data

Fiala I.,BartoSova P.

BMC Evolutionary Biology2010)10, 228

Background

Phylogenetic relationships among myxosporeans basedhosomal DNA data disagree with
traditional taxonomic classification: a number ofxosporeans with very similar spore
morphology are assigned to the same genera evagthbey are phylogenetically distantly
related. The credibility of rDNA as a suitable markor Myxozoa is uncertain and needs to
be proved. Furthermore, we need to know the hisibrgyxospore evolution to understand
the great diversity of modern species.

Results

Phylogenetic analysis of elongation factor 2 sufsptire ribosomal DNA-based
reconstruction of myxozoan evolution. We propose 85U rDNA is a reliable marker for
inferring myxozoan relationships, even though SBNA analysis markedly disagrees with
the current taxonomy. The analyses of charactdugen of 15 morphological and 5
bionomical characters show the evolution of indiatcharacters and uncover the main
evolutionary changes in the myxosporean spore nobogly and bionomy. Most bionomical
and several morphological characters were fouretoongruent with the phylogeny. The
summary of character analyses leads to the siroalafimyxozoan ancestral morphotypes
and their evolution to the current species. As stiehancestor of all myxozoans appears to
have infected the renal tubules of freshwater fighs sphaerosporid in shape, and had a spore
with polar capsules that discharged slightly sidgsv#fter the separation of Malacosporea,
the spore of the common myxosporean ancestor tiemged to the typical sphaerosporid
morphotype. This species inhabited the marine enviient as a parasite of the gall bladder
of

marine fish and ultimately separated into the tinegn myxosporean lineages evident today.

Two of these lineages re-entered the freshwatdara@ament, one as a myxosporean with
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Chloromyxurmand another with a primitive sphaerosporid morppetyrhe common ancestor
of all marine myxosporeans had a ceratomyxid slo&gpore.

Conclusions

We support rDNA based myxozoan phylogeny by théyarsof a protein coding gene and
demonstrate the reliability of rDNA as a markerlexpng myxozoan relationships. Our
tracing the history of myxozoan character evolutitstloses ancestral morphotypes and
shows their development over the course of evaluide point out several myxozoan
characters that are to a certain extent congrughttiae phylogeny and determined that the
discrepancy between phylogeny and current taxonmasgd on spore morphology is due to

an extreme myxospore plasticity occurring duringcagpan evolution.
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3.3.PAPER III.

Phylogenetic position ofSphaerospora testicularis and Latyspora scomberomori n. gen., n.
sp. (Myxozoa) within the marine urinary clade and he evolution of the nature of the

sutural line in the marine lineage of Myxosporea

BartoSova P, Freeman M. A., Yokoyama H., Caffara M., Fiala I.

Unpublished

An amendment of the family Sinuolineidae (Myxozbb/xosporea) is proposed in order to
include a newly described genugtysporan. gen. The type specikatyspora scomberomori
n. sp. is coelozoic in the kidney tubulesSmomberomorus guttatusatyspora lobosa.

comb. previously assigned within the ge@phaerosporéas been transferred tatyspora

In addition to the molecular characterizatiorofcomberomoriwe also present SSU rDNA
data onSphaerospora testiculatia serious parasite Biicentrarchus labraxThe
phylogenetic analyses revealed the clustering tf bpecies within the marine urinary clade.
Sphaerospora testicularis the closest relative #®arvicapsula minibicornigndL.
scomberomoris the basal species of tAschokkellssubclade. Long inserts within the
variable SSU rDNA regions were observed.iscomberomorsimilarly as in other members
of theZschokkellssubclade. Tracing the evolution of the spores’mltiine revealed several
evolutionary trends for this character within tharme urinary clade. The similarities Bf
minibicorniswith the characteristics of the gerfsighaerosporare emphasized. The
sequence data provided Srntesticulariscan help in future revisions of the strongly
polyphyletic genu$phaerosporaWe recommend re-sequencing of several sphaeidsas

an essential step before such taxonomic changeseaoeplished.
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3.4.PAPER IV.

Another chloromyxid lineage: molecular phylogeny ad redescription of Chloromyxum

careni from amphibian

Jirka M., BartoSova P, Kodadkova A., Mutschman F.

Unpublished

Infection withChloromyxum carerilutschmann, 1999 was found in Asian horned frogs
Megophrys nasutitom Malaysia and Indonesia. Kidney was the ontyaorinfected. Large
(up to 300um) coelozoic plasmodia are localized in Bowman'acgp embracing glomerulus
from all sides, or rarely in lumina of renal tulsll®lasmodia are polysporic, containing
disporic pansporoblasts. Myxospores observed Il figcroscopy are colorless, variable in
shape and size, measuring 6.0-8.5 x 5.Q415composed of two symmetrical valves joined
by meridian suture, containing four pyriform potapsules 3.0-4.0 x 2.5-3.0n and single
sporoplasm. Each valve possesses 14-24 (medidm21pngitudinal ridges clearly visible
only in SEM. Rarely, atypical spores with markeptynted posterior pole and low number
(6-10) of surface ridges might be present. Both &84/ LSU rDNA sequences possess
extremely long GT-rich inserts. In all SSU- and L-Sldsed phylogenetic analys€scareni
clustered as a distinct basal branch toMlygobolust Myxidium lieberkuehntlade, out of
the marineChloromyxuntlade containing type species of the gertidgromyxum leydigi
Morphological and phylogenetic data might sufficeation of new genus fdg. careni
lineage, but we conservatively treat itGsloromyxunsensu lato, until more information is

available.

33



34



3.5.PAPER V.

Molecular evidence for the existence of cryptic spges assemblages of several

myxosporeans (Myxozoa)

BartoSova P.,Fiala I.

Unpublished

Myxosporean&hloromyxum cristatupC. fluviatile andZschokkella novéMlyxozoa) are
common gall bladder parasites of the cyprinid fssfrequently persisting as co-infections.
Despite they are believed to be innocuous endocaorsateC. cristatumclearly displays the
potential of a serious pathogen since it may pex\vasth liver parenchyma and cause its
necrosis. Employing the comparison of genetic dista among the myxosporean rDNA
sequences and performing phylogenetic analysesewelstrate that cryptic species
assemblages exist @ fluviatile andZ. nova Sequence comparison revealed that
Chloromyxum legeyipreviously assigned as a junior synonynCofluviatile, is a valid
species. The same method is used to display tliealisn of Z. novaisolates from China and
the Czech Republic. We show titatcristatumis not an assemblage of more species and our
results support the synonymy©hloromyxum cyprinwith C. cristatum We have developed
a multiplex PCR as an effective tool for the detacand discrimination af. nova C.
cristatumandC. fluviatile. It is especially advantageous for the distincobthe non-mature
plasmodia of botiChloromyxunspecies. This method also helped to assess the exac
prevalence of these parasites in examined samptesraabled to select single infected host

samples for the intended population studies.
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SUMMARY OF RESULTS

In this Ph.D. thesis, phylogenetic analyses ofith@somal and protein-coding gene
sequences were performed to study the phylogethyedfiyxozoa at three evolutionary
levels. The higher-level phylogenetic relationstopsnetazoan groups were investigated to
clarify the widely discussed position of the Myxazawithin the Metazoa. The study of the
lower-level phylogeny within the Myxosporea aimectbnfirm the evolutionary trends based
on a single gene by other molecular markers inraé&nd out if the reconstructed
relationships correspond to the real organismalqg@ny. This has been a crucial step for
future attempts to solve the discrepancies betwleemyxosporean phylogeny and
taxonomy. At last, the relationships of myxospogeanthe population level were assessed to
reveal the presumed existence of cryptic specwsnalslages of several myxosporean species.

Study of the myxozoan relationships among the Metdmas revealed the existence of
conflicting phylogenetic signals between the ribmaband protein-coding genes. The SSU
rDNA dataset of available GenBank myxozoan sequenes enlarged with the complete
nuclear LSU rDNA data. The concatenated analyseBNA sequences placed Myxozoa as a
sister taxon to the Bilateria (appendix I). Thipgorted one of the two most prevailing
hypotheses about the position of the Myxozoa withexMetazoa (Siddall and Whiting 1999,
Evans et al. 2010). Since these rDNA-based anabméd have possibly been influenced by
LBA, we obtained protein-coding gene sequenceddf, EF2 and-tubulin and analyzed
them as concatenated data. Surprisingly, thesgsesashowed Myxosporea as an early-
branching basal metazoan lineage (appendix Il)disaigreed with the results of the rDNA-
based phylogenies. Searching for other proteinfgpdenes was terminated after the
subsequent publishing of the phylogenomic studyctvinevealed Myxozoa as members of the
Cnidaria (Jimenéz-Guri et al. 2007). Further resdeain this topic is maintained by my
supervisor, Dr. lvan Fiala, by his attempts to seqe the whole mitochondrial genome of a
myxosporean representative to shed more light empdsition of the Myxozoa within the
Metazoa.

The major part of my Ph.D. thesis was focused erirfiestigation into the myxosporean
phylogenetic relationships using the ribosomal dpéger 1). This study is the first to analyze
the comprehensive LSU rDNA dataset of the myxosgpospecies that represent a broad
taxonomic sample across the main phylogenetic slallee reconstruction of the trees is

preceded by the elimination of ambiguous regiortonty with the frequently used “by eye
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exclusion” but also with the help of the specialipgogram (GBlocks, Castresana 2000). The
latter approach creates the final dataset by apglarious parameters to eliminate poorly
aligned and divergent regions. Moreover, GBlockglection facilitates the reproduction of
the alignment preparation and subsequent phylogesredlyses by other researchers. The
analyses of the alignments prepared under theusareethods and parameters were almost
identical and the differences were only encountengiin the few nodes with low supports.
The comparison of the results based on our LSU riE#a with the results of the SSU-based
study of Fiala (2006) has revealed similar evohdiy patterns of both genes. This has been
demonstrated not only by the identical lengthseddhces between the sequences of the same
myxosporeans and the long-branch nature of seqa@&ficeentical species but mainly by the
congruent topologies of the SSU- and LSU-based spaiean trees. Higher informative
content within the LSU rRNA gene than within thelS RNA one have been shown by the
increased resolution, nodal supports and tree eglexthe single LSU-based trees and in the
trees inferred from the combined ribosomal data ddmparison of the tree statitistics and
tree topologies reconstructed from different paftdie LSU rRNA gene revealed second half
(D5-3"end) of this LSU rDNA as the most informatiegion. Moreover, we recommend the
combination of this LSU region with the completed B®NA data as the most effective
strategy to obtain a reliable and robust myxospopdgylogeny based on rDNA data. We also
develop specific myxosporean LSU primers that itaté the amplification of the D5-3"end
LSU rDNA region. The results of this study suppbet SSU rDNA is a reliable phylogenetic
marker for reconstructing myxosporean relationships the polyphyletic and paraphyletic
relationships revealed by ribosomal data most griybeorrespond to the true species
evolution.

Further aim to support rDNA-based phylogenies lgydtotein-coding data with an
independent evolution of the ribosomal genes has beached up by the amplification of the
HSP70 and EF2 data. Despite significant difficgltiath obtaining of the sequences of both
genes, we amplified seven HSP70 and twelve EF2es@gs. The phylogenetic analyses have
revealed that different paralogs of HSP70 gene baea amplified (endoplasmic reticulum
type in four myxosporean species and cytosolic tyghree species). The MP analysis of
available endoplasmic reticulum HSP70 paralogs lsheevn that the relationships among the
myxosporeans correspond to the results of the ribidged phylogenies (appendix Il). This
suggests that HSP70 gene may be a useful moleualder for the reconstruction of
myxosporean relationships. However, before thishmafully assessed more HSP70

sequences of other myxosporean species shouldt@aed (appendix Il1).
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The phylogenetic analyses of the significant nundbenyxosporean sequences of the
second protein-coding gene (EF2) confirmed evohatig trends within myxosporeans
revealed by the ribosomal data. These findingshdefy supported the statement that SSU-
based phylogeny corresponds to the organismal gaghp(paper I1).

These results provided a stable ground for theespent tracing of evolution of the
myxozoan morphological and bionomical charactertherSSU-based tree. The aim was to
search for any synapomorphies of these charadkosiing the myxozoan phylogenetic
relationships. The finding of only one such morglgital feature reflects the existence of a
huge disagreement between the myxozoan taxonomglaridgeny. This discrepancy is
explained by an extreme myxospore plasticity oéagrduring the evolution of the Myxozoa.
Certain bionomical characters congruent with th@gaenetic relationships of myxosporeans
were found, providing additional source of dataftdure taxonomic revisions within the
phylum Myxozoa that are desirable to resolve exgstliscrepancies. This may also be
facilitated by the knowledge into the evolutionneyxozoan morphotypes from their ancestral
morphologies that has also been revealed in scopaper II.

Other papers (lll, IV) were focused on the phylogfenand morphological studies of
several myxosporeans. Phylogenetic positiorfSpifaerospora testicularendLatyspora
scomberomorare assessed in paper lll. The phylogenetic plaoeorfL. scomberomori
along with its unique spore morphology impelledasgstablish a new myxosporean genus
Latyspora The comparison df. scomberomorwith its morphologically similar species has
shown thaSphaerospora loboseorresponds to the definition of the newly dessuliigenus.
Therefore, this species was transferred to the geatysporaasL. lobosan. comb.
Polyphyletic nature of the gen&phaerosporavas strengthened by the clusteringsof
testicularis a serious parasite of sea bass testes, out baga sphaerosporid clade that
encompasses the type spe@eslegans Taxonomic remarks on this genus are provided
within this paper along with critical comments b torrectness of certain sphaerosporid
sequences available in the GenBank. We also higflelijthatS. testicularisandParvicapsula
minibicornisare not typical species of their genera due tw threisual morphological and
sequence characteristics.

The assessment of the phylogenetic position ofrtgeinfecting myxosporean,
Chloromyxum carenrevealed that it neither clusters with other nspa@reans parasitizing
amphibians nor with the type species of the g&Phisromyxum(C. leydigi) and other
chloromyxids. It represents a distinct basal lireeafjthe group consisting of tivyxobolus

andMyxidium lieberkuehntlades and contains extremely long inserts withenvariable
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regions of its SSU and LSU rDNA sequences. Bestdesequence characterization, we
present detail morphological and biological data&Conarenigathered with the use of light
microscopy, histology, SEM and TEM. Moreover, we\pde some taxonomic comments on
the genuhloromyxum(paper V).

We also used the SSU and LSU rRNA genes to stuagitferent populations of three
gall bladder parasiteShloromyxum cristatunC. fluviatile andZschokkella novan order to
investigate their presumed cryptic nature. Emplgyire comparison of genetic distances
among the myxosporean rDNA sequences and perforphipiggenetic analyses we
demonstrate that cryptic species assemblagesiexXisfluviatile andZ. nova On the other
side, the application of the same method€oaristatumshowed that this myxosporean is
not an assemblage of more species and supportaegribaymy ofChloromyxum cyprinwith
C. cristatum We have developed a multiplex PCR to discrimiZateova C. cristatumand
C. fluviatile. It is especially advantageous for the distincobthe non-mature plasmodia of
both Chloromyxunspecies. This method also helped to assess tloemeaalence of these
parasites in examined samples and enabled to sahgbt infected host samples for the

intended population studies (paper V).
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ZHRNUTIE (In Slovak)

V predkladanej Ph.D. praci je Studovana fylogernémaia Myxozoa na troch evataych
arovniach prevedenim fylogenetickych analyz riboabmwich a protein-kédujuch sekvencii.
Su preskumané fylogenetickétahy na vysokej evotinej urovni medzi jednotlivymi
metazoarnymi skupinami z&&€lom odhalf poziciu kméa Myxozoa v ramci Metazoa, ktora
je v sitasnosti Siroko diskutovana. Cam Stadia fylogenézy na nizSej urovni (v ramcidyie
Myxosporea) bolo potvrdievoluiné trendy zaloZzené na jednom géne pomocou inych
molekularnych markerov. Tieto vysledky pomohli olihakutanog’ ¢i zrekonstruované
fylogenetické vPahy zodpovedaju organizmalnej fylogenéze. Uvedeak kol K’i¢ovy pre
budice pokusy o vyrieSenie nesuladu medzi fylogaméztaxondmiou myxosporei.
Nakoniec boli preskimaneé tehy myxosporei na popuiaej urovni, ktoré smerovali k
odhaleniu predpokladanej existencie kryptickychhdrmuu vybranych druhov myxosporei.

Stadiom v¥ahov myxozoi a metazoi bola odhalené existencidlikoych
fylogenetickych signalov medzi ribozomalnymi a giotkddujacimi génmi. SSU rDNA
dataset pozostavajuci zo sekvencii myxozoi dostthpryGénovej Banke bol rozSireny o
kompletné LSU rDNA data. Myxozoa sa v konkatenowiingnalyzach rDNA dat umiestnili
ako sesterska skupina bilatérii (prilohatt),podporilo jednu z dvoch najviac prevazujucich
hypotéz tykajucich sa pozicie Myxozoa v ramci MetgSiddall a Whiting 1999, Evans
a kol. 2010). Kvéli podozreniu z mozného vplyvu LBA spominané analyzy boli ziskané
sekvencie protein-kédujucich génov (EF1, E&Rybulin), ktoré boli zanalyzované
v kombinovanej matici. Fylogenetické analyzy prgkiva ukazali, Ze Myxozoa tvoriaasne
sa vetviacu bazalnu skupinu metazoi (prilohaitl)je v protiklade s vysledkami fylogenéz
zalozenych na rDNA sekvenciachl'ddlanie inych protein-kédujacich génov bolo ukeme
po naslednom publikovani fylogenomickej Studie,kpoirej bolo odhalené, Ze Myxozoa su
¢lenmi prhliveov (Jimenéz-Guri a kol. 2007). M6j SkoliteDr. Ivan Fiala, pokr&ije vo
vyskume zameranom na odhalenie pozicie myxozamneirénetazoi, pri ktorom sa pokusa
ziska’ kompletny mitochondrialny geném zastupcu myxospore
myxosporei pomocou ribozomalnych ddatok 1). Ide o prvu Stadiu analyzujucu komplexny
LSU rDNA dataset zahojuci myxosporeové druhy reprezentujuce Siroku maxoickU
vzorku naprié hlavnymi fylogenetickymi skupinami myxosporei. Reaktrukcii

fylogenetickych stromov predchadzala eliminacidbpgmatickych Gsekov z alignmentu
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nielen pomocowasto pouzivaného ,vytiénia od oka“ ale aj s vyuzitim Specialneho
programu (Gblocks, Castresana 2000). NeskorSieram&metoda aplikuje pri vytvarani
koneného alignmentu rézne parametre Zalom vylliEeniatazko alignovaténych

a variabilnych pozicii. Okrem tohdahtuje reprodukovataog’ tvorby alignmentov

a naslednych fylogenetickych analyz ostatnymi vyskikmi. Vysledky analyz alignmentov
pripravenych pomocou réznych metdd a parametrowebini podobné a rozdiely

v topoldgii stromov sa prejavili iba v niektoryatiabo podporenych uzloch. Porovnania
vysledkov analyz zaloZzenych na naSich LSU rDNA datvysledkami Studie Fialy (2006)
vychadzajlucej z analyz SSU rDNA dat odhalili podpmend v evollcii oboch génov.

Toto tvrdenie je postavené nielen na rozdieloclizkath SSU a LSU sekvencii
u rovnakych druhoch myxosporei a long-branch poyetzerovanej u sekvencii identickych
druhov, ale hlavne na zhode v topoldgiach fylogekgth stromov zaloZzenych na SSU
a LSU datach. Na zaklade vySSieho rozliSenia, gypdidpory uzlov a lepSich indexov
fylogenetickych stromov vychédzajucich zo samogtirDNA aj kombinovanych
ribozomalnych datach bolo preukazané, Ze obsamidfce v LSU rRNA géne je vySSi nez
v SSU rRNA géne. Porovnania Statistik a topoldgdrsov zrekonStruovanych na zaklade
r6znych Usekov LSU rRNA génu odhalili, Ze najviaformativna je jeho druh& polovica
(D5-3"koniec). Okrem toho kombinacia tohto LSU asskkompletnymi SSU rDNA datami
bola odpordena ako najefektivnejSia stratégia, pri ktorej @zmé ziskéspd’ahliva
a stabilnu fylogenézu myxosporei. Vyvinuli sme tigecifické myxosporeove LSU primery,
ktoré wahtuju amplifikaciu ,D5-3 koniec" LSU rDNA Useku. Vystlky tejto Stadie potvrdili,
Ze SSU rDNA je vhodny fylogeneticky marker pre nekioukciu vZahov myxosporei, a Ze
polyfyletické a parafyletické vahy odhalené pomocou ribozomalnych ddnvie
pravdepodobne zodpovedaju evolucii skatech myxosporeovych druhov.

Dalsi ci¢, ktorym bolo podpotifylogenézu myxosporei zalozent na rDNA sekvenciach
pomocou protein-kédujucich dat s nezavislou evolilcd ribozomalnych génov, bol
dosiahnuty Uspesnou amplifikaciou HSP70 a EF2Nigbriek znanym problémom so
ziskavanim sekvencii oboch génov sa nam podardmphfikova’ sedem HSP70 a dvaiias
EF2 sekvencii. Fylogenetické analyzy odhalili, B8ld k amplifikacii rozknych paralégov
HSP70 génu (paraldg z endoplazmatického retik@ginoch druhov myxosporei
a cytosolicky paraldg u troch druhov). MP analyravpdena na zaklade novo ziskanych
HSP70 paralégov pochadzajucich z endoplazmaticketiiaila a sekvencii dostupnych
v Génovej Banke ukazala, Ze zrekonstruovaralw medzi druhmi myxosporei zodpovedaju

topoldgii stromov odvodenych z rDNA dat (priloh§.IlTo naznauje, Ze HSP70 gén by
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mohol by vhodny molekularny marker pouZitey pre rekonstrukciu fylogenetickych
vztahov myxosporei. Pre potvrdenie tejto hypotézysgkwpotrebné ziskaved’a viac HSP70
sekvencii od inych druhov myxosporei.

Fylogenetické analyzy myxosporeovych sekvencii dhaohprotein-kddujuceho génu,
(EF2) potvrdili evolgné trendy v ramci myxosporei odhalené pomocou ab@#nych dat.
Tieto vysledky definitivne podporili tvrdenie, 2ddgenéza zaloZzena na SSU rDNA datach
zodpoveda organizmalnej evoluailgnok I1).

Ziskané data poskytli stabilny zaklad pre nasleédawapovanie evolucie morfologickych
a bionomomickych znakov myxozoi na strom zaloZzem$8U datach. Ciem bolo najs
také synapomorfie znakov, ktoré by zodpovedalidgioetickym vEahom myxosporei. Iba
jeden nalez takehoto morfologického znaku odraganédzi taxbnomiou a fylogenézou
myxozoi je véky nesulad. Ten vysviaijeme extrémnou plasticitou objavujucou ségso
evolucie myxozoi. Okrem toho nalez niektorych bimimzkych znakov zodpovedajucich
fylogenetickym vZahom myxosporei poskytuggalSi zdroj dat pre budice taxonomické
revizie kméa Myxozoa, ktoré su nevyhnutné pre vyrieSenie eKisich rozporov. Tento cie
moZu Faktit' poznatky o evolucii morfotypov myxozoi z morfolégih predkovgo bolo tiez
predmetom vyskumu #anku Il

DalSieclanky (lIl, IV) boli zamerané na fylogenetické a rimogické Stadium ufitych
druhov myxosporei. ¥lanku Il je ozrejmena fylogeneticka pozicia myxosg
Sphaerospora testicularsLatyspora scomberomorPoznatky o fylogenetickej pozidii
scomberomorspolu s unikdtnou morfoldgiou jej spor nas priVii@dzaloZzeniu nového
myxosporeoveho roduatyspora Porovnanim morfologickych charakteriskik
scomberomors morfologicky pribuznymi druhmi sme zistili, 3phaerospora lobosa
zodpoveda definicii novo opisaného rodu. Z tohteodd bolaS. lobosaprevedena do rodu
LatysporaakoL. lobosan. comb. Polyfyleticka povaha ro@phaerosporé&ola dokonca
posilnen& odhalenim pozictetesticularis(zavazného parazita semennikov ryby
Dicentrachus labraxmimo skupinu bazalnych sphaerosporidovi#ajiicu typovy druhS.
elegansV ¢lanku lll naviac upozdiujeme na nespravnosiektorych sekvencii sphaerospor
uvedenych v Génovej Banke. Okrem toho poukazujesre €S testicularisa
Parvicapsula minibicornigie st typickymi zastupcami svojich rodov kvoli ishzvytajnym
morfologickym a molekularnych charakteristikam.

Stadia zamerana nadanie fylogenetickej pozicie myxosporeového dr@loromyxum
careniinfikujaceho obojzivelniky odhalila, Ze tento drs& v prevedenych analyzach

nezoskupuje ani éalSimi parazitmi obojzivelnikov ani s typovym druhoodu
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Chloromyxum(C. leydigi) ani inymi druhmi tohto roduChloromyxum carenieprezentuje
samostatnu liniu s bazalnou poziciou k skupinestvejMyxobolusa Myxidium lieberkuehni
kladmi a obsahuje extrémne dlhé inzerty vo vamgtaih Usekoch svojich SSU a LSU rDNA
sekvencii. Spolu so sekvarou charackteristikou 8lanku poskytujeme aj morfologické

a biologické data €. careniziskané pomocou svetelnej mikroskopie, histologEe\

a TEM. Okrem toho uvddzame taxonomické poznamkgjéde sa rodChloromyxum
(¢lanok V).

SSU a LSU rRNA gény boli naviac pouzité k Studialiknych populacii troch parazitov
Zlcového mechdra rylzhloromyxum cristatunC. fluviatile aZschokkella nova ci¢€om
preskimé ich predpokladanu krypticki povahu. Pomocou poaona genetickych
vzdialenosti medzi rDNA sekvenciami myxosporei@pdenim fylogenetickych analyz sme
odhalili existenciu kryptickych druhov@. fluviatile aZ. nova S vyuzitim rovnakych metod
naopak ukazujeme, X& cristatumnie je zmesou viacerych druhov a podporujeme
synonymiuChloromyxum cypring C. cristatum Pre rozliSeni&. nova C. cristatumacC.
fluviatile je vyvinuta multiplex PCR, ktorej hlavna vyhodaé&iya v rozliSeni nezrelych
plazmaodii oboch druhov rodbhloromyxumnerozlisit€énych pomocou svetelnej
mikroskopie. Tato metdda okrem toho pomohlkitupresna prevalencid. nova C.
cristatumacC. fluviatile vo vySetrenych vzorkach a umozZznila vytriedenietiteliskych

vzoriek infikovanych iba jednym druhom pre zaiigr® populéné studie {lanok V).
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APPENDIX
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100 IE— Cyprinus ca
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Appendix |. The maximum likelihood tree based on the combined SSU + LSU rDNA data (5000 nt
positions) showing the phylogenetic position of the Myxozoa within the Metazoa. The numbers at the
nodes indicate the maximum likelihood bootstrap supports (500 replicates). Bootstrap percentages
with less than 50% are not shown. GenBank SSU/LSU accession numbers are provided for each
taxon. The new accession numbers are shown in bold. NA: sequence not available in the GenBank.
Scale bar is given under the tree (substitution/site).
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g1[— Danio rerio AAY85516/AAQ91234/NP_001098596
Mus musculus BAC28085/AAH60707/NP_033472

Drosophila melanogaster NP_524611/P1306!
Schistosoma mansoni CAA69721/XP.

——Monosiga brevicollis AAK27413/AAK2741

—— Proterospongia sp. NA/AAP49564/AAP49:

L Ephydatia cooperensis AAT06177/NA/AAP49546

79 os[—— Halichondria sp. NAIAAP49565/AAP49543

98‘ Suberites fuscus NA/AAP49566/AAP49
Haliclona fascigera AAT64987/NA/NA

Nematostella vectensis BAD02195/AAP4:

- Mnemiopsis leidyi NAINA/AAPA495!

L Paracentrotus lividus NA/NAICAA37680

—— Anthopleura elegantissima NA/NA/ABD

o Aurelia aurita NA/AAP49571/AAP49551

——Leucosolenia sp. AAZ30668/AAP49567/

o Sycon SP. NA/AAP49568/AAP49548

Zschokkella nova +/+/+

Ichthyophonus irreqularis AAL87078/NA/NA

Schizosaccharomyces pombe Q101

0.1 — Saccharomyces cerevisiae NP_00

Appendix Il. The maximum likelihood tree based on the combined EF1 + EF2 + a-tubulin data (955
AA positions) showing the phylogenetic position of the Myxozoa within the Metazoa. The numbers at
the nodes indicate the maximum likelihood bootstrap supports with 500 replicates. Bootstrap
percentages with less than 50% are not shown. Scale bar is given under the tree (substitution/site).
GenBank EF1/EF2/a-tubulin accession numbers are provided for each taxon. +: the newly obtained
sequences. NA: sequence not available in the GenBank. Scale bar is given under the tree
(substitution/site).
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Kudoa thyrsites 2

100 |~ Kudoa thyrsites 3

100 Kudoa thyrsites 1

Kudoa dianae

Myxidium gadi
100

Myxidium incurvatum

o Myxidium parasiluri

Appendix Ill. The maximum parsimony tree based on the amino-acid sequences of the myxosporean
HSP70 endoplasmic reticulum paralogs. The HSP70 sequences of Kudoa thyrsites were retrevied
from the GenBank under the following accession numbers: AY924198 for K. thyrsites 1, AY92419 for
K. thyristes 2 and AY924200 for K. thyrsites 3. Numbers at nodes represent bootstrap values for
maximum parsimony (1000 replicates). Scale bar is given under the tree (substitution/site).
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