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Although recognised as a subtaxon of Cnidaria by most 
recent phylogenetic analyses, the Myxozoa, with their 
highly aberrant life cycles, are covered separately herein.

Myxozoa
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�Introduction

Myxozoa are endoparasitic animals exhibiting 
complex life cycles that in most known cases 
involve two hosts: a vertebrate (usually fish, but 
also rarely amphibian, avian, or mammalian) 
intermediate host and an invertebrate, mostly 
annelid or freshwater ectoproct (bryozoan), defini-
tive host. Direct fish-to-fish transmission has been 
demonstrated in only one species (Diamant 1997). 
About 2,200 species are known, but only about 
100 life cycles have been completely resolved. 
Myxozoans occur in both marine and freshwater 
habitats; only few exclusively terrestrial life cycles 
are suspected. For general reviews on Myxozoa, 
see, e.g. Kent et al. (2001), Canning and Okamura 
(2004), Feist and Longshaw (2006), Lom and 
Dyková (2006), and Okamura et al. (2015).

Transmission between the two hosts is accom-
plished by microscopic spores (Figs. 7.1A–D and 
7.2B, C). The spores can have diverse shapes, 
but the principal morphology is uniform: one or 
two sporoplasms, constituting the actual infective 
agent, are encased by a layer of flattened cells 
called valve cells, which can secrete protective 
surface coatings and form elaborate floatation 
appendages. Integrated into the layer of valve 
cells are two to four (in rare cases one or up to 
15) specialised capsulogenic cells, each of which 
bears one polar capsule, an extrudable organelle 
that is used for host recognition, contact, and 
entry. Capsulogenic cells and valve cells are con-
nected by cell junctions (septate and adherens 
junctions), thus forming a sealing epithelium.

With the revelation of the first complete 
life cycles (Markiw and Wolf 1983; Wolf and 
Markiw 1984), older classification schemes, 
which, based on spore morphology, differen-
tiated actinosporeans (Fig.  7.1D), and myxo-
sporeans (Fig. 7.1C), had to be revised. Instead 
of representing different taxa, these turned out to 
be different stages of the same life cycle: actino-
sporeans are the spores released from the defini-
tive invertebrate host and myxosporeans from the 
intermediate vertebrate host (Fig.  7.3). In turn, 
only Myxosporea was continued as a taxon name 
(Kent et  al. 1994); however, “actinosporeans” 
and “myxosporeans” are still used as technical 

terms for the invertebrate and vertebrate phases 
of Myxosporea, respectively. Recently, a further 
subtaxon was erected and shown to represent the 
sister group to Myxosporea: the Malacosporea, 
consisting of only few species so far, including 
Tetracapsuloides bryosalmonae, the causative 
agent of salmonid proliferative kidney disease 
(PKD) (Canning et  al. 2000), the enigmatic 
worm Buddenbrockia plumatellae (Okamura 
et al. 2002), and few further lineages. However, 
malacosporean diversity appears highly underes-
timated (Hartikainen et al. 2014).

All known malacosporeans exclusively infect 
fresh water ectoprocts (Phylactolaemata) as 
their definitive hosts. Malacosporean spores 
(Figs.  7.1A, B and 7.2B, C) differ from those 
of myxosporeans (Fig. 7.1C, D) in the fact that 
they are uncuticularised with more or less similar 
morphology of both transmission phases. Spore 
characters are traditionally used for taxonomic 
purposes; however, molecular data increasingly 
demonstrate high levels of homoplasy in these 
traits. Thus, many traditional myxozoan genera 
and families are polyphyletic (Fiala 2006; Fiala 
and Bartosová 2010; Bartošová and Fiala 2011; 
Bartošová et al. 2013).

As opposed to the dormant spores, all myxo-
zoan trophic stages (Fig. 7.1E–J) are exclusively 
found, either inter- or intracellularly, within the 
hosts, and exhibit extremely simple morpholo-
gies, lacking any form of gut, gonads, clearly rec-
ognisable gametes, and even nervous system and 
sensory organs. In fact, even some general meta-
zoan cytological features such as cilia and centri-
oles are absent. In general, the trophic stages in 
invertebrate hosts (Fig. 7.1E, F, and H) are more 
complex, being delimited by at least one outer 
epithelial tissue layer, whereas stages in verte-
brate hosts are syncytial plasmodia (large multi-
nucleate cells, Fig.  7.1J) or pseudoplasmodia 
(large uninucleate cells, Fig. 7.1G, I). Uptake of 
nutrients from the host is in all cases facilitated 
by endocytosis via the external membrane. A 
characteristic phenomenon in many stages of the 
myxozoan life cycle is endogeny, where one cell 
(the primary cell) completely surrounds another 
cell (the secondary cell). Sometimes, even ter-
tiary cells occur.
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Fig. 7.1  Morphology of myxozoan life cycle stages. 
(A–D) Spores. (A) Malacospore (malacosporean spore 
produced in ectoproct host). The spore wall is formed by 
capsulogenic cells and flattened valve cells. These spores 
typically contain two sporoplasms, each of which encloses 
one secondary cell. (B) Fishmalacospore containing one 
uninucleate sporoplasm. (C) Myxospore (myxosporean 
spore produced in fish host) containing two uninucleate or 
one binucleate sporoplasm(s). (D) Actinospores (myxo-
sporean spore produced in annelid host) are usually trira-
diate with three valves and three capsulogenic cells. 
Sporoplasms are large uninucleate cells harbouring 
numerous secondary (germ) cells. (E–J) Trophic stages, 
schematic cross sections. (E) Saclike malacosporean (e.g. 
Tetracapsuloides bryosalmonae) with epidermis and 

spores. (F) Wormlike malacosporeans (Buddenbrockia) 
with four longitudinal muscle blocks and four rows of 
connecting cells. (G) Malacosporean pseudoplasmodium 
producing one single spore. (H) Myxosporean pansporo-
cyst with eight envelope cells and eight actinospores (the 
valve cells gain turgescence upon release and acquire the 
shape depicted in (D)). (I) Myxosporean pseudoplasmo-
dium producing one single spore. (J) Myxosporean plas-
modium with multinuclear pericyte producing multiple 
spores. cc capsulogenic cell, co connecting cell, ep epider-
mis, ev envelope cell, mb muscle block, nu nucleus, pc 
polar capsule, pe pericyte, s spore, sc secondary cell, sp 
sporoplasm, vc valve cell (© Alexander Gruhl, 2015. All 
Rights Reserved)
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Fig. 7.2  Malacosporean stages. (A) Tetracapsuloides 
bryosalmonae spore sac. Light micrograph. Scale bar: 
30  μm. (B) T. bryosalmonae spore. Light micrograph. 
Scale bar: 10 μm. (C) Scanning electron micrograph of a 
T. bryosalmonae spore. Scale bar: 5  μm. (D) Dissected 
ectoproct gut with attached early stages of Buddenbrockia 
(arrowheads). Scale bar: 150 μm. (E–J) Confocal images 
(optical sections) of early Buddenbrockia developmental 
stages. Green – F-actin, red – nuclei. (E) Attached spheri-
cal stage with beginning segregation into outer epidermis 
and inner compact tissue. Scale bar: 30 μm. (F) Attached 
elongate stage, developing cavity and inner epithelium at 
distal end. Scale bar: 50 μm. (G) Detached early worm. 
Scale bar: 50 μm. (H–J) Optical cross sections through 
(G), from proximal to distal. Scale bar: 10  μm. (K–P) 
Immature Buddenbrockia worm with developing muscle 
blocks, confocal images. (K) Whole mount specimen. 
Scale bar: 200 μm. (L) Proximal tip with cluster of undif-
ferentiated cells (arrowhead). (M) Cross section through 

central region. (N) Horizontal optical section of central 
region. (O) Maximum intensity projection of central 
region. (P) Horizontal optical section of distal tip. Scale 
bar for l-p: 30 μm. (Q–V) Light and confocal micrographs 
of a mature Buddenbrockia worm. The inner epithelium 
has disintegrated, and spores are fully developed. (Q) 
Whole-mount specimen. Scale bar: 200 μm. (R) Proximal 
tip with cluster of undifferentiated cells (arrowhead). (S) 
Partial optical cross section through central region show-
ing muscle block. (T) Optical horizontal section showing 
inner cavity filled with spores. (U) Maximum intensity 
projection of the central region showing arrangement of 
muscle fibres. (V) Optical horizontal section of distal tip. 
Scale bar for R–V: 30 μm. cc capsulogenic cell, cl central 
lumen, co connecting cell, dt distal tip, ep epidermis, ev 
envelope cell, gu ectoproct gut, ic inner compact cells, ie 
inner epithelium, mb muscle block, nu nucleus, pc polar 
capsule, pt proximal tip, s spore, sp sporoplasm, vc valve 
cell (Images (D–V) from Gruhl and Okamura (2012))

Pansporocysts (Fig.  7.1H), the intra-
invertebrate stages of myxosporeans, represent 
simple, more or less spherical sacs delimited by 
two to eight cells, the envelope cells, which are 
flat and interconnected by cell junctions, thus 
constituting an epithelial layer. In some species, 
surface extensions of the envelope cells’ apical 
and/or basal membranes occur, indicating trans-
cytotic uptake of nutrients and potential secretion 
of waste products.

Malacosporean intra-invertebrate tro-
phic stages occur inside the fluid-filled body 
cavity of fresh water ectoprocts, either as 
large sacs (T. bryosalmonae, Buddenbrockia 
allmani, Figs.  7.1E and 7.2A) or as worms 
(Buddenbrockia plumatellae, Figs.  7.1F and 
7.2Q). Both sacs and worms are lined by an 
outer epithelium. In Buddenbrockia species, a 
further, internal epithelium exists in juveniles. 
Buddenbrockia worms (B. plumatella and a few 
further, undescribed lineages) exhibit, between 
the inner and outer epithelium, four longitudi-
nal muscle blocks which span the entire length 
of the worm (Fig. 7.2K) and are used to facili-
tate helicoidal movements of the worm. The 
muscle blocks consist of individual, obliquely 
arranged elongate muscle cells (Fig. 7.2U). At 
least two cell types are discernible in the inner 
epithelium: connecting cells, which reside in 
a single line between the muscle blocks, and 

remaining cells, which are considered sporo-
gonic. When the worm matures (Fig. 7.2Q–V), 
the inner epithelium disintegrates, with the 
connecting cells remaining in place between 
the muscle blocks and the sporogonic cells 
detaching from each other and beginning 
to float freely in the internal cavity to form 
spores, a process similar to that in saclike 
malacosporeans.

Vertebrate stages of both malacosporeans and 
myxosporeans are plasmodia or pseudoplasmo-
dia bearing internal proliferative or sporogonic 
cells within them. Plasmodia can become large 
and often show differentiation into an outer and 
inner layer. The former is specialised in secre-
tion, endocytotic uptake of nutrients, and defence 
against host attacks. It differs in cytoplasmic 
composition from the inner compartment which 
bears the nuclei, most of the other organelles and 
the endogenous cells.

For a long time, myxozoans had been con-
sidered as protists, due to their simple mor-
phologies. However, with the advent of better 
microscopic techniques, their metazoan nature 
became obvious. Connections to both Bilateria 
and Cnidaria were suggested; recent molecu-
lar phylogenetic and phylogenomic analyses 
along with morphological and protein data now 
provide convincing evidence that Myxozoa are 
an ingroup of Cnidaria. Potentially due to their 
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aberrant morphology and high rates of sequence 
evolution, the exact position within the Cnidaria 
is not well resolved, the most parsimonious 
assumption being a sister group relationship to 
Medusozoa (Staurozoa, Cubozoa, Hydrozoa, 
Scyphozoa) (Nesnidal et  al. 2013; Chapter 6). 
However, rDNA data still support alternative 
positions at the base of Bilateria with a sister 
group relationship to Polypodium hydriforme, a 
further parasitic cnidarian that, however, is likely 
to be related to leptomedusans (Evans et al. 2008, 
2010). Many morphological characters support 
the metazoan nature of myxozoans, but only few 
correspondences to Cnidaria exist. Myxozoan 
polar capsules exhibit striking resemblance to 
cnidarian nematocysts (Weill 1938; Siddall et al. 
1995) that, apart from ultrastructure and genesis, 
includes molecular architecture, with the presence 
of cnidarian-specific proteins (minicollagens) 
(Holland et  al. 2011). Further evidence comes 
from the myoarchitecture of Buddenbrockia  
plumatellae, which shows tetraradial symme-
try, a pattern unique to medusozoans (Gruhl and 
Okamura 2012).

�Development

Due to the complex life cycle and the still unclear 
state of sexual reproduction, several phases of 
development can be identified that might corre-
spond to either embryological stages or forms of 
asexual development found in related cnidarians. 
Most studies of developmental stages do not have 
a high temporal resolution, thus, many inferences 
about developmental processes are based on 
observations of a few stages only and have to be 
considered with care.

�Development in the  
Invertebrate Host

�Malacosporea
Usually referred to as “sacculogenesis”, the 
development of malacosporeans in the inverte-
brate host (Fig.  7.3A–G) has been described 
ultrastructurally in a few publications (Canning 

et  al. 1996, 2000, 2007, 2008; Okamura et  al. 
2002; McGurk et  al. 2006; Morris and Adams 
2007a, b; Gruhl and Okamura 2012). The 
development differs between the species.

The simplest form of development is found in 
Tetracapsuloides bryosalmonae, where unicellu-
lar stages firstly occur in the body cavity or 
attached to the apical surface of the peritoneum 
of the ectoproct host. These can remain relatively 
inactive inside the host, facilitating a long-term 
cryptic infection or, potentially triggered by host 
condition, begin to proliferate rapidly by division 
initiating an acute overt infection. Early multicel-
lular stages are clusters of several cells, similar in 
their ultrastructure to the unicellular stages. 
These clusters are believed to arise either by 
aggregation (thus potentially being chimaeras of 
different genotypes) or by mitosis. Subsequent 
stages have developed an outer epithelial layer 
embracing a compact mass of inner cells. 
Vegetative growth leads to sacs of up to 300 μm 
in diameter. At some stage, the inner cells 
undergo sporogony, which, in contrast to the 
growth, happens rather synchronously. Thus, 
usually sacs of different sizes but at a similar 
stage of sporogony are found within one host.

The early development in sac-forming 
Buddenbrockia is essentially similar; however, 
the inner compact mass differentiates into a tran-
sitory epithelium, encompassing a central lumen. 
Prior to sporogony, this epithelium disintegrates, 
and cells detach and float freely inside the sac.

The most complex trophic stages are found in 
the wormlike Buddenbrockia. In contrast to the 
other malacosporeans, early unicellular stages 
are not free in the host coelom, but within the 
extracellular matrix (ECM), usually between 
gut epithelium and peritoneum, but also, more 
rarely, between epidermis and peritoneum. 
These stages proliferate by division and form 
clusters of cells which seem rather unstruc-
tured, invading large portions of the ECM.  At 
some point, parts of the multicellular masses 
penetrate the peritoneum towards the coelom 
(Fig. 7.2D–F). The part that lies in the coelom 
becomes bilayered (similar to early stages in 
the sac-forming species), with an outer epithe-
lial layer and an inner compact mass of cells. 
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Fig. 7.3  Malacosporean life cycle (exemplified by 
Tetracapsuloides bryosalmonae; see main text for devia-
tions in other malacosporeans). (A) Fishmalacospore. (B) 
Sporoplasm enters the ectoproct host via gut epithelium 
and epidermis. (C) Proliferation in the host coelom via 
mitoses. (D) Early cell cluster. (E) Early compact bilay-
ered stage. (F) Immature sac, sporogonic cells floating 
freely in inner cavity. (G) Mature sac, filled with spores. 

(H) Malacospore. (I) Sporoplasm germ enters the fish 
host via epidermis. (J) Endogenic stage with secondary 
cell. (K) Proliferation by mitotic division and release of 
secondary cells. (L) Proliferation by mitotic division of 
primary and secondary cells. (M) Endogenic stage with 
secondary cell. (N) Sporogonic pseudoplasmodium. (O) 
Mature sporogonic pseudoplasmodium (© Alexander 
Gruhl, 2015. All Rights Reserved)

The inner cells differentiate further into an inner 
epithelium and muscle precursor cells, which 
reside between the two epithelial tissue layers 
(Fig. 7.2G–J). At some stage, the worms detach 
from the cell mass in the ECM and swim freely 
in the host coelom, retaining their initial body 

polarity. Further growth leads to elongation, 
differentiation of the musculature, and differen-
tiation of the inner epithelium into connecting 
cells and sporogonic cells (Fig. 7.2K–P).

Sporogony has not been described in sufficient 
detail, but so far seems to be similar in all malaco-

7  Myxozoa
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sporean species. It starts from individual cells that 
float more or less freely in the internal cavity and 
are derived either from a compact mass or from the 
disintegrating inner epithelium. Two types of cells 
can be distinguished: larger cells with electron-
lucent cytoplasm, and high content of membrane-
bound vesicles and smaller, more electron-lucent 
cells. Meiosis is visible ultrastructurally by the 
presence of synaptonemal complexes in nuclei of 
the larger cells. Expulsion of polar bodies has not 
been directly observed, but in Tetracapsuloides 
bryosalmonae, tiny cells remain within the sac 
even after spore formation has been completed. 
Sporogony continues with the smaller cells form-
ing the spore hull and differentiating into capsulo-
genic cells and valve cells. The larger cells become 
the sporoplasms. Mature spores comprise two spo-
roplasms, each consisting of one larger outer and 
one smaller inner cell (endogenic cell, secondary 
cell), four capsulogenic cells and eight valve cells. 
It is currently not clear if fusion of the meiotic 
products happens during sporogony, i.e. whether 
some or all spore cells are haploid.

�Myxosporea
The development of pansporocysts (Fig. 7.4A– H), 
especially of the early stages, has been followed 
in detail only in very few cases (Marques 1986; 
Lom and Dyková 1992, 1997; Lom et al. 1997; 
El-Matbouli and Hoffmann 1998; Hallett et  al. 
1998; Oumouna et al. 2002). Most other studies 
focus on spore formation; however, occasional 
reports of early developmental stages are given 
(e.g. Bartholomew et  al. 1997; El-Mansy et  al. 
1998; Hallett and Lester 1999; Özer and Wootten 
2001; Alvarez-Pellitero et al. 2002; Meaders and 
Hendrickson 2009; Rangel et  al. 2009; Morris 
2010, 2012a; Marton and Eszterbauer 2012), 
adding bitwise information to the whole picture.

The most comprehensive study so far is by 
El-Matbouli and Hoffmann (1998) on Myxobolus 
cerebralis development in the oligochaete Tubifex 
tubifex. Tubificid worms get infected by ingestion 
of myxospores from decaying fish. Upon contact 
with the gut lining, the polar capsules discharge, 
open, and release amoeboid binucleate  sporo-
plasms, which penetrate the gut epithelium and 
undergo presporogonic proliferation (schizogony) 

by nuclear division, resulting in multinucleated 
stages. These undergo plasmotomy and, later, 
mostly unicellular stages are present. Subsequent 
stages are complexes of two uninucleate cells 
which are interpreted as beginning to fuse. Next, 
binucleate cells are formed which undergo kary-
otomy, resulting in tetranucleate stages. The initial 
pansporocysts are complexes of four uninucleate 
stages thought of having arisen from the tetra-
nucleate condition by plasmotomy. Two of these 
cells are in a more peripheral position and enve-
lope the other two cells by formation of mem-
brane protrusions and cell-cell junctions. Mitotic 
divisions lead to pansporocysts, which are lined 
by eight envelope cells and contain eight α- and 
eight β-cells. α- and β-cells differ slightly in size 
and each population is interpreted as deriving from 
one of the two initial internal cells. Subsequently, 
they undergo meiosis (as evidenced by occurrence 
of synaptonemal complexes), expelling three polar 
bodies each. Eight complexes of each one α- and 
one β-cell form which fuse and result in eight 
zygotes.

The next phase is sporogony: the envelope 
cells remain unchanged, and the zygotes divide 
twice to form clusters (sporoblasts) of one central 
and three peripheral cells. The peripheral cells 
undergo one further division, and of these six 
cells, three become capsulogenic and three valve 
cells. The central cell is the prospective sporo-
plasm and divides asymmetrically (endogeni-
cally) to form a complex of one outer and one 
inner (generative cell). The inner cell gives rise to 
up to 64 germ cells. Spores are released by rup-
ture into the intestinal tract of the tubificid worm.

Deviations from the above pattern have been 
reported. In many species, only two or four cells 
constitute the sporoplasm envelope. Early stages 
have been described differently. For an 
Aurantiactinomyxon, Lom et al. (1997) described 
no tetranucleate or four cell stages, but the pan-
sporocyst starting from an endogenic (primary/
secondary) cell. However, tetranucleate stages 
have been described for Aurantiactinomyxon and 
Raabeia (Oumouna et  al. 2002). Hallett and 
Lester (1999) described the genus Tetraspora in 
which only four spores develop in one 
pansporocyst.

A. Gruhl



173

�Development in the Vertebrate Host

Malacosporea
Malacosporean development within the verte-
brate (fish) host (Fig.  7.3H–O) has only been 
studied in Tetracapsuloides bryosalmonae (Kent 
and Hedrick 1986; Morris and Adams 2008). 

The entry portals seem to be thin parts of the 
epidermis and mucus cells (Grabner and 
El-Matbouli 2010). The earliest stages visible 
are unicellular stages, most likely representing 
the inner (secondary) cells of the sporoplasms. 
Shortly after infection, typical cell doublets 
consisting of one primary and one internalised 
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Fig. 7.4  Myxosporean life cycle (mostly adopted from 
Myxobolus cerebralis; see main text for deviations in other 
myxosporeans). (A) Myxospore. (B) Sporoplasm enters the 
annelid host via gut epithelium or epidermis. (C) 
Extrasporogonic proliferation by nuclear divisions followed 
by plasmotomy. (D) Binucleate cell. (E) Tetranucleate cell. 
(F) Early pansporocyst consisting of two internal and two 
envelope cells. (G) Pansporocyst with fusing α- and β-cells, 
resulting in eight zygotes. (H) Mature pansporocyst contain-

ing eight actinospores. (I) Actinospore. (J) Sporoplasm germ 
cell released from sporoplasm after penetration of host epi-
dermis. (K) Endogenic (primary/secondary) stage. (L, M) 
Extrasporogonic proliferation by division of secondary cells 
and formation and release of secondary/tertiary cell doublets. 
(N) Sporogonic multinucleate plasmodium containing sev-
eral secondary cells. (O) Formation of sporoblasts by divi-
sion of secondary cells. (P) Mature sporogonic plasmodium 
(© Alexander Gruhl, 2015. All Rights Reserved)
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secondary cell occur. Multiple extrasporogonic 
proliferation cycles prior to spore formation 
seem to be the norm and take place in the kidney 
interstitium with the parasite stages engulfed by 
host phagocytes. Proliferation involves division 
of secondary cells followed by division of pri-
mary cells. The maximum number of secondary 
cells found in these stages is three (Morris and 
Adams 2008), with rare findings of tertiary 
cells.

Sporogonic stages migrate into the kidney 
tubules, where larger so-called pseudoplasmodia 
are formed. These are essentially large pericytes, 
which harbour several secondary cells and sec-
ondary/tertiary cell doublets. The cytoplasm of 
the outer primary cell differs from that of the 
extrasporogonic stage in the absence of sporo-
plasmosomes, secretory vesicles characteristic 
for many myxozoan cells. Sporogony com-
mences by the secondary cells developing into 
sporoplasms and the secondary/tertiary cell com-
plexes differentiating into capsulogenic cells and 
valve cells. Each pseudoplasmodium produces a 
single so-called fishmalacospore consisting of 
one sporoplasm cell, two capsulogenic cells and 
four valve cells. The spores are released from the 
fish via the urine.

Myxosporea
Early development and sporogony of myxo-
sporeans (Fig.  7.4J–P) have been described 
extensively especially in economically important 
species. However, many studies are based on 
pathological results, and exact developmental 
sequences are sometimes difficult to infer. 

The fish host is infected by the actinospore 
attaching to the host and the sporoplasm pene-
trating the epidermis. In most cases, the outer 
cell disintegrates soon to release the sporo-
plasm (germ) cells, which then spread into the 
species-specific target tissues. In most cases, 
extrasporogonic proliferation cycles precede 
spore formation. These can happen in a range 
of different ways: one extreme would be repre-
sented by the way as described for malaco-
sporeans (i.e. by mitotic division of secondary 
cells, followed by division of the primary cells). 
The other extreme would be the formation of 

large complex stages which harbour large num-
bers of secondary cells and secondary/tertiary 
cell doublets which are either released succes-
sively or by breakdown of the large pericyte. 
Many species undergo several extrasporogonic 
proliferative cycles, each in a different host 
tissue.

Sporogony takes place in small pseudoplas-
modia that produce only one or few spores, or in 
larger multinucleate plasmodia. In the latter, two 
pathways are common. In the first, the spores are 
produced individually within so-called pansporo-
blasts, which are essentially cell doublets where 
the secondary cell undergoes several mitotic divi-
sions to form sporoplasm, valve, and capsulo-
genic cells. Alternatively, a large population of 
secondary cells is present, which separately 
develop into sporoplasms, valve cells, or capsu-
logenic cells. The differentiated cells then aggre-
gate to form the spores.

�Experimental and Gene 
Expression Studies

In situ hybridization studies focussing on devel-
opmental gene expression are lacking so far 
for myxozoans. However, a survey of genes 
expressed during spore activation has been 
conducted (Eszterbauer et  al. 2009), the first 
myxozoan genome has been published (Yang 
et al. 2014), and several transcriptome and a few 
genome sequencing projects are currently on the 
way. Light and electron microscopic techniques 
are well established and other procedures, such 
as confocal microscopy, fluorescence staining, 
and antibody labeling, have been successfully 
applied (e.g. Alama-Bermejo et al. 2012; Gruhl 
and Okamura 2012). At least for a few species, 
partial replication of the life cycle in the labora-
tory is possible (Tops and Okamura 2003; Tops 
et al. 2004; Hartikainen et al. 2009; Kumar et al. 
2013), and attempts for in  vitro culture have 
been made (Morris 2012b). Thus, although 
myxozoans are comparatively difficult to access, 
possibilities to tackle more EvoDevo questions 
using experimental and molecular techniques are 
within reach.
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�Open Questions

•	 How is the myxozoan life cycle related to that 
of free-living cnidarians/medusozoans?

•	 Where and how does sexual reproduction and 
outcrossing happen in the myxozoan life cycle?

•	 What are the mechanisms that have caused 
extreme body simplification and loss of 
cytological features in myxozoans?

•	 How do mechanisms of tissue specification 
differ within myxozoans and between 
myxozoans and other cnidarians?

•	 Is myxozoan body plan diversity underestimated?
•	 When and where are key developmental genes 

such as Hox, ParaHox, and other homeobox 
genes expressed in the various myxozoan life 
cycles, and what are their roles?

References

Alama-Bermejo G, Bron JE, Raga JA, Holzer AS (2012) 
3D morphology, ultrastructure and development of 
Ceratomyxa puntazzi stages: first insights into the 
mechanisms of motility and budding in the Myxozoa. 
PLoS One 7:e32679

Alvarez-Pellitero P, Molnár K, Sitjà-Bobadilla A, Székely 
C (2002) Comparative ultrastructure of the actino-
sporean stages of Myxobolus bramae and M. pseudo-
dispar (Myxozoa). Parasitol Res 88:198–207

Bartholomew J, Whipple M, Stevens D, Fryer JL (1997) 
The life cycle of Ceratomyxa shasta, a myxosporean 
parasite of salmonids, requires a freshwater poly-
chaete as an alternate host. J Parasitol 83:859–868

Bartošová P, Fiala I (2011) Molecular evidence for the 
existence of cryptic species assemblages of several 
myxosporeans (Myxozoa). Parasitol Res 108:573–583

Bartošová P, Fiala I, Jirků M, Cinková M, Caffara M, 
Fioravanti ML, Atkinson SD, Bartholomew JL, Holzer 
AS (2013) Sphaerospora sensu stricto: taxonomy, 
diversity and evolution of a unique lineage of myxo-
sporeans (Myxozoa). Mol Phylogenet Evol 68:93–105

Canning EU, Okamura B (2004) Biodiversity and evolu-
tion of the Myxozoa. Adv Parasitol 56:43–131

Canning EU, Okamura B, Curry A (1996) Development 
of a myxozoan parasite Tetracapsula bryozoides 
gen. n. et sp. n. in Cristatella mucedo (Bryozoa: 
Phylactolaemata). Folia Parasitol (Praha) 43:259–261

Canning EU, Curry A, Feist SW, Longshaw M, Okamura 
B (2000) A new class and order of myxozoans to 
accommodate parasites of bryozoans with ultrastruc-
tural observations on Tetracapsula bryosalmonae 
(PKX organism). J Eukaryot Microbiol 47:456–468

Canning EU, Curry A, Hill SLL, Okamura B (2007) 
Ultrastructure of Buddenbrockia allmani n. sp. 
(Myxozoa, Malacosporea), a parasite of Lophopus 
crystallinus (Bryozoa, Phylactolaemata). J Eukaryot 
Microbiol 54:247–262

Canning EU, Curry A, Okamura B (2008) Early devel-
opment of the myxozoan Buddenbrockia plumatellae 
in the bryozoans Hyalinella punctata and Plumatella 
fungosa, with comments on taxonomy and systemat-
ics of the Myxozoa. Folia Parasitol (Praha) 
45:241–255

Diamant A (1997) Fish-to-fish transmission of a marine 
myxosporean. Dis Aquat Organ 30:99–105

El-Mansy A, Molnár K, Székely C (1998) Development 
of Myxobolus portucalensis Saraiva & Molnár, 1990 
(Myxosporea: Myxobolidae) in the oligochaete 
Tubifex tubifex (Müller). Syst Parasitol 41:95–103

El-Matbouli M, Hoffmann RW (1998) Light and electron 
microscopic studies on the chronological development 
of Myxobolus cerebralis to the actinosporean stage in 
Tubifex tubifex. Int J Parasitol 28:195–217

Eszterbauer E, Kallert DM, Grabner D, El-Matbouli M 
(2009) Differentially expressed parasite genes 
involved in host recognition and invasion of the triac-
tinomyxon stage of Myxobolus cerebralis (Myxozoa). 
Parasitology 136:367–377

Evans N, Lindner A, Raikova EV, Collins AG, Cartwright 
P (2008) Phylogenetic placement of the enigmatic 
parasite, Polypodium hydriforme, within the phylum 
Cnidaria. BMC Evol Biol 8:139

Evans NM, Holder MT, Barbeitos MS, Okamura B, 
Cartwright P (2010) The phylogenetic position of 
Myxozoa: exploring conflicting signals in phyloge-
nomic and ribosomal data sets. Mol Biol Evol 
27:2733–2746. doi:10.1093/molbev/msq159

Feist SW, Longshaw M (2006) Phylum Myxozoa. In: 
Woo PTK (ed) Fish diseases and disorders, vol 1, 2nd 
edn, Protozoan and metazoan infections. Cab Intl, 
Wallingford, pp 230–296

Fiala I (2006) The phylogeny of Myxosporea (Myxozoa) 
based on small subunit ribosomal RNA gene analysis. 
Int J Parasitol 36:1521–1534

Fiala I, Bartosová P (2010) History of myxozoan charac-
ter evolution on the basis of rDNA and EF-2 data. 
BMC Evol Biol 10:228

Grabner D, El-Matbouli M (2010) Tetracapsuloides 
bryosalmonae (Myxozoa: Malacosporea) portal of 
entry into the fish host. Dis Aquat Organ 90:197–206

Gruhl A, Okamura B (2012) Development and myogene-
sis of the vermiform Buddenbrockia (Myxozoa) and 
implications for cnidarian body plan evolution. 
EvoDevo 3:10

Hallett SL, Lester RJ (1999) Actinosporeans (Myxozoa) 
with four developing spores within a pansporocyst: 
Tetraspora discoidea n.g. n.sp. and Tetraspora rotun-
dum n.sp. Int J Parasitol 29:419–427

Hallett SL, O’Donoghue PJ, Lester RJG (1998) Structure 
and development of a marine actinosporean, 
Sphaeractinomyxon ersei n. sp. (Myxozoa). J Eukaryot 
Microbiol 45:142–150

7  Myxozoa



176

Hartikainen H, Johnes P, Moncrieff C, Okamura B (2009) 
Bryozoan populations reflect nutrient enrichment and 
productivity gradients in rivers. Freshw Biol 
54:2320–2334

Hartikainen H, Gruhl A, Okamura B (2014) Diversification 
and repeated morphological transitions in endopara-
sitic cnidarians (Myxozoa: Malacosporea). Mol 
Phylogenet Evol 76:261–269

Holland JW, Okamura B, Hartikainen H, Secombes CJ 
(2011) A novel minicollagen gene links cnidarians and 
myxozoans. Proc Biol Sci 278:546–553

Kent ML, Hedrick R (1986) Development of the PKX 
myxosporean in rainbow trout Salmo gairdneri. Dis 
Aquat Organ 1:169–182

Kent ML, Margolis L, Corliss JO (1994) The demise of a 
class of protists: taxonomic and nomenclatural 
revisions proposed for the protist phylum Myxozoa 
Grassé, 1970. Can J Zool 72:932–937

Kent ML, Andree KB, Bartholomew JL, El-Matbouli M, 
Desser SS, Devlin RH, Feist SW, Hedrick RP, 
Hoffmann RW, Khattra J, Hallett SL, Lester RJG, 
Longshaw M, Palenzeula O, Siddall ME, Xiao CX 
(2001) Recent advances in our knowledge of the 
Myxozoa. J Eukaryot Microbiol 48:395–413

Kumar G, Abd-Elfattah A, Soliman H, El-Matbouli M 
(2013) Establishment of medium for laboratory culti-
vation and maintenance of Fredericella sultana for 
in vivo experiments with Tetracapsuloides bryosalmo-
nae (Myxozoa). J Fish Dis 36:81–88

Lom J, Dyková I (1992) Fine structure of Triactinomyxon 
early stages and sporogony: myxosporean and actino-
sporean features compared. J Eukaryot Microbiol 
39:16–27

Lom J, Dyková I (1997) Ultrastructural features of the 
actinosporean phase of Myxosporea (Phylum 
Myxozoa): a comparative study. Acta Protozool 36: 
83–103

Lom J, Dyková I (2006) Myxozoan genera: definition and 
notes on taxonomy, life-cycle terminology and patho-
genic species. Folia Parasitol (Praha) 53:1–36

Lom J, Yokoyama H, Dykova I (1997) Comparative ultra-
structure of Aurantiactinomyxon and Raabeia, actino-
sporean stages of myxozoan life cycles. Arch 
Protistenkd 148:173–189

Markiw ME, Wolf K (1983) Myxosoma cerebralis 
(Myxozoa: Myxosporea) etiologic agent of salmonid 
whirling disease requires tubificid worm (Annelida: 
Oligochaeta) in its life cycle. J Protozool 30:561–564

Marques A (1986) La sexualite chez les Actinomyxidies: 
etude chez Neoactinomyxon eiseniellae (Ormieres et 
Frezil, 1969), Actinosporea, Noble, 1980; Myxozoa, 
Grasse, 1970. Ann Sci Nat Zool Paris Be ser 
8:81–101

Marton S, Eszterbauer E (2012) The susceptibility of 
diverse species of cultured oligochaetes to the fish 
parasite Myxobolus pseudodispar Gorbunova 
(Myxozoa). J Fish Dis 35:303–314

McGurk C, Morris DJ, Adams A (2006) Sequential devel-
opment of Buddenbrockia plumatellae (Myxozoa: 

Malacosporea) within Plumatella repens (Bryozoa: 
Phylactolaemata). Dis Aquat Organ 73:159–169

Meaders MD, Hendrickson GL (2009) Chronological 
development of Ceratomyxa shasta in the polychaete 
host, Manayunkia speciosa. J Parasitol 95:1

Morris DJ (2010) Cell formation by myxozoan species is 
not explained by dogma. Proc Biol Sci 277:2565–2570

Morris D (2012a) Towards an in vitro culture method for 
the rainbow trout pathogen Tetracapsuloides bryo-
salmonae. J Fish Dis 35:941–944

Morris DJ (2012b) A new model for myxosporean 
(Myxozoa) development explains the endogenous 
budding phenomenon, the nature of cell within cell 
life stages and evolution of parasitism from a cnidar-
ian ancestor. Int J Parasitol 42:829–840

Morris DJ, Adams A (2007a) Sacculogenesis of 
Buddenbrockia plumatellae (Myxozoa) within the 
invertebrate host Plumatella repens (Bryozoa) with 
comments on the evolutionary relationships of the 
Myxozoa. Int J Parasitol 37:1163–1171

Morris DJ, Adams A (2007b) Sacculogenesis and spo-
rogony of Tetracapsuloides bryosalmonae (Myxozoa: 
Malacosporea) within the bryozoan host Fredericella 
sultana (Bryozoa: Phylactolaemata). Parasitol Res 
100:983–992

Morris DJ, Adams A (2008) Sporogony of 
Tetracapsuloides bryosalmonae in the brown trout 
Salmo trutta and the role of the tertiary cell during the 
vertebrate phase of myxozoan life cycles. Parasitology 
135:1075–1092

Nesnidal MP, Helmkampf M, Bruchhaus I, El-Matbouli 
M, Hausdorf B (2013) Agent of whirling disease 
meets orphan worm: phylogenomic analyses firmly 
place Myxozoa in Cnidaria. PLoS One 8:e54576

Okamura B, Curry A, Wood TS, Canning EU (2002) 
Ultrastructure of Buddenbrockia identifies it as a 
myxozoan and verifies the bilaterian origin of the 
Myxozoa. Parasitology 124:215–223

Okamura B, Gruhl A, Bartholomew J (eds) (2015) 
Myxozoan evolution, ecology and development. 
Springer International Publishing. ISBN 
978-3-319-14752-9

Oumouna M, Hallett SL, Hoffmann RW, El-Matbouli M 
(2002) Early developmental stages of two actino-
sporeans, Raabeia and Aurantiactinomyxon 
(Myxozoa), as detected by light and electron micros-
copy. J Invertebr Pathol 79:17–26

Özer A, Wootten R (2001) Ultrastructural observations on 
the development of some actinosporean types within 
their oligochaete hosts. Turk J Zool 25:199–216

Rangel LF, Santos MJ, Cech G, Székely C (2009) 
Morphology, molecular data, and development of 
Zschokkella mugilis (Myxosporea, Bivalvulida) in a 
polychaete alternate host, Nereis diversicolor. J 
Parasitol 95:561–569

Siddall ME, Martin DS, Bridge D, Desser SS, Cone DK 
(1995) The demise of a phylum of protists: phylogeny 
of Myxozoa and other parasitic Cnidaria. J Parasitol 
81:961–967

A. Gruhl



177

Tops S, Okamura B (2003) Infection of bryozoans by 
Tetracapsuloides bryosalmonae at sites endemic for 
salmonid proliferative kidney disease. Dis Aquat 
Organ 57:221–226

Tops S, Baxa DV, McDowell TS, Hedrick RP, Okamura B 
(2004) Evaluation of malacosporean life cycles through 
transmission studies. Dis Aquat Organ 60:109–121

Weill R (1938) L’interpretation des Cnidosporidies et la 
valeur taxonomique de leur cnidome. Leur cycle 
comparé à la phase larvaire des Narcomeduses cun-
inides. Trav Stn Zool Wimereaux 13:727–744

Wolf K, Markiw ME (1984) Biology contravenes 
taxonomy in the Myxozoa: new discoveries show 
alternation of invertebrate and vertebrate hosts. 
Science 225:1449–1452

Yang Y, Xiong J, Zhou Z, Huo F, Miao W, Ran C, Liu Y, 
Zhang J, Feng J, Wang M, Wang L, Yao B (2014) The 
genome of the myxosporean Thelohanellus kitauei 
shows adaptations to nutrient acquisition within its 
fish host. Genome Biol Evol 6:3182–3198

7  Myxozoa



View publication stats

https://www.researchgate.net/publication/282249669

		2015-07-25T20:05:56+0530
	Certified PDF 2 Signature




