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CHAPTER 1 

INTRODUCTION 

Whirling disease has been implicated in the recent decline of wild trout 

populations in several western states (Nickum. 1999). For example, in December of 1994 

it was reported that whirling disease was responsible for the death o f over ninety percent 

of young o f the year rainbow trout in the Madison River in Montana (Rognlie and Knapp. 

1998). The causative agent o f whirling disease is the myxosporean parasite. Myxobolus 

cerebralis. This parasite causes varying pathologies that range from a whirling behavior 

in fish, for which the disease is named, to blackened caudal regions and severe skeletal 

deformities. Heavy infections in young fish often result in death. Rainbow trout are the 

most susceptible to disease; however, the parasite can infect numerous species of 

salmonid fishes including sockeye salmon, golden trout, cutthroat trout, brook trout, bull 

trout, steelhead. chinook salmon, atlantic salmon and brown trout (O'Grodnick. 1979; 

Hoffman, 1990; Hedrick et al. 1999a; Hedrick et al. 1999b)

Myxobolus cerebralis was first described in Germany (Hofer, 1903) after 

symptoms were observed in rainbow trout that had been imported from North America.

It is believed that M. cerebralis evolved in Europe as a parasite of the brown trout (Salmo 

trutta) (Hoffman. 1970) and infections in brown trout are typically asymptomatic. Thus, 

it was the introduction of the non-native rainbow trout into Europe that led to the 

discovery o f the parasite. Myxobolus cerebralis was first discovered in the United States

1
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in 1958 at the Benner Springs fish hatchery in Pennsylvania (Hoffman et al., 1962). 

Some researchers believe that the parasite was introduced into this country via the 

importation of frozen trout from Europe (Hoffman, 1990), and the hypothesis o f a recent 

introduction is supported by sequence analysis o f 18S ribosomal genes o f M. cerebralis 

from Europe and the United States (Andree et al.. 1999). In 1966. cases o f whirling 

disease were confirmed from California and Nevada (Yasutake and Wolf, 1970). In 

1988. the parasite was found in New York and the state intentionally destroyed 170.000 

infected hatchery fish. Presently, whirling disease has been reported from a total of 22 

states and 17 different countries (Hoffman, 1990). The parasite has the potential to cause 

severe economic damage in the United States, especially in western states that depend on 

sport fishing to provide tourism revenues. For example, it is estimated that trout fishing 

generates 300 million dollars in recreation expenditures in Montana alone (1999 Montana 

Whirling Disease Task Force: Report and Action Recommendations). The potential 

threat to U.S. fisheries is so great that M. cerebralis is one of only two pathogens listed in 

federal legislation concerning the importation o f salmonid fish (Hoffman. 1990).

Unfortunately, knowledge of M. cerebralis has not kept pace with the spread of 

the parasite. Despite the fact that the parasite was described almost a hundred years ago 

(Hofer, 1903), it has been only within the last 16 years that researchers were able to 

elucidate its two-host life cycle (Wolf and Markiw, 1986). Prior to 1986. the 

actinosporean and myxosporean stages (Fig. 1) o f the parasite were believed to be two 

separate organisms, each having a direct, one-host life cycle. Thus, when a life cycle was 

proposed that united two organisms previously classified in two separate taxons. it was 

greeted with a great deal o f skepticism (Hamilton and Canning. 1987: Lorn 1987).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 1. Photomicrographs showing the two infective stages o f Myxobolus cerebralis. 

(A) Phase contrast micrograph o f the actinosporean stage (400x), because o f its three 

processes this stage is referred to as a triactinomyxon (TAM). This is the infective stage 

for salmonid fish. (B) Histological section through the head cartilage o f an infected 

rainbow trout showing numerous myxospores (200x), which are the infective stage for 

the oligochaete host Tubifex tubifex. Photographs were downloaded from the Whirling 

Disease Foundation website at www.whirling-disease.org.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The unified life cycle was not widely accepted until the experiments of Wolf and Markiw 

(1984) were repeated by other researchers (El-Matbouli and Hoffmann. 1989), and 

molecular techniques provided additional evidence to unite the myxospore and 

actinospore stages of the parasite (Markiw, 1989; Andree et al.. 1997). Similar life cycles 

have since been confirmed for other myxozoan species (El-Matbouli and Hoffmann. 

1989; Burtleetal.. 1991; Ruidisch et al., 1991; Yokoyama et al.. 1991; El-Matbouli et al., 

1992a; El-Matbouli and Hoffmann. 1993; Kent et al.. 1993; Yokoyama et al.. 1995a; 

Uspenskaya. 1995). When the life cycle of A/, cerebralis was confirmed an entire class 

within the phylum Myxozoa (class Actinosporea) was abolished. This resulted in a 

taxonomic nightmare within the phylum as attempts were made to match actinosporeans 

to their corresponding myxospore stage (Corliss. 1985; Kent et al.. 1994). Although the 

life cycle debate has been put to rest, the taxonomic situation has become further 

complicated by studies showing that myxozoans are not protists. Oddly, myxozoans have 

been traditionally classified as protozoans despite being multicellular. However, in the 

last several years 18S rDNA analysis has confirmed the suspicions of many investigators 

that the Myxozoa are in fact metazoa, although, their nearest metazoan relative remains 

an issue o f debate (Smothers et al.. 1994; Siddall et al.. 1995; Schlegel et al.. 1996). 

Officially, the phylum Myxozoa is still grouped with the protozoa, but the situation is 

under review and it appears certain that this classification will be revised (Hedrick et al..

1998).

1.1 The Life Cycle o f Myxobolus cerebralis

The phylum Myxozoa contains roughly 1200 species, all of which are parasitic

5
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(Lom, 1987). In nearly all o f the known myxozoan life cycles the parasites alternate 

between a teleost fish host and an aquatic oligochaete (Kent et al.. 1994). During its life 

cycle, M. cerebralis alternates between its obligate, oligochaete host T. tubifex and any of 

its numerous species of salmonid hosts. The life cycle starts when the myxospores o f the 

parasite are released from the cartilage o f an infected fish (Fig. 2). This occurs when the 

fish dies and decomposes or when a predator ingests the fish and subsequently releases 

the myxospores in its feces. For the life cycle to continue these myxospores must be 

ingested by T. tubifex (Fig. 2). Once inside the lumen of the oligochaete's intestine the 

spores extrude their polar filaments (Fig. 2) and attach themselves to the intestinal 

mucosa. However, the stimulus that triggers the extrusion of the polar filaments is still 

unknown. After attaching to the intestinal epithelium, the binucleate. infective germ cell 

contained within the myxospore migrates into the intercellular space where it undergoes 

reproduction and development (El-Matbouli and Hoffmann. 1998). The parasite can be 

detected as early as 24 hours after exposure to myxospores and the initial stages of 

replication (schizogony. Fig. 3) can be easily detected at 5 days post exposure (PE) 

(Antonio et al.. 1999). Although the parasite has long been known to reproduce 

asexually in the intestine of T. tubifex, recent evidence suggests that the asexual, 

schizogenic phase is followed by a sexual phase (gametogony. Fig. 3). with each schizont 

resulting in the formation of 16 (8 a  and 8P) haploid gametocytes (El-Matbouli and 

Hoffmann. 1998: El-Matbouli et al., 1998b). The discovery o f sexual reproduction in T. 

tubifex contradicted the unsubstantiated dogma that the salmonid host was the definitive 

host o f M. cerebralis. The final stage of development in the worm (sporogony. Fig. 3) is

initiated by the tusion of a  and p gametocytes to form diploid zygotes, each of which.

6
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Figure 2. A generalized life cycle o f Myxobolus cerebralis, the causative agent of 

whirling disease. See text for details. Photographs were downloaded from the Whirling 

Disease Foundation website at www.whirling-disease.org.

7
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Figure 3. Reproduced from El-Matbouli and Hoffmann (1998). Development o f 

Myxobolus cerebralis in gut epithelial cells o f  Tubifex tubifex to the actinosporean stage 

triactinomyxon (schematic diagram). (1) Ingestion o f  M. cerebralis by T. tubifex. (2) 

Extrusion of the polar filaments and anchorage o f M. cerebralis spore into gut 

epithelium. After shell valves open, the binucleate sporoplasm escapes and penetrates 

between epithelial cells. (3) Interepithelial schizogonic multiplication of the binucleate 

sporoplasm. (4) Uninucleate one-cell stages. (5) Plasmogamy o f two uninucleate cells to 

produce one binucleate stage. (6) Mitotic division o f both nuclei to produce four-nuclei 

stage. (7) Formation of four-cell stage by plasmotomy; two cells begin to envelope the 

other two cells. (8) Formation o f early pansporocyst with two somatic and two 

generative cells. (9) Following three mitotic divisions o f both generative cells and two 

mitotic divisions o f the somatic cells, 16 gametocytes (8a and 8P) enveloped by eight 

somatic cells are formed. (10) Following meiotic division o f the 16 diploid gametocytes. 

16 haploid gametocytes and 16 polar bodies result. (11) Production of eight zygotes after 

copulation of each pair of a -  and p- gametes. (12) Sporoblast formation after two mitotic 

divisions of zygote, three pyramidally arranged cells and one inner cell are formed. (13) 

Following mitotic division of the three peripheral cells, three capsulogenic and three 

valvogenic cells are produced. ( 14) The valvogenic cells extend around the capsulogenic 

cells, while internal cleavage of the developing sporoplasm cell produces one generative 

cell enveloped by one somatic cell. The sporoplasm remains naked in the pansporocyst 

until reaching the final number o f germ through repeating mitotic divisions. (15) Inflated 

mature triactinomyxon spore.

9
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Infection phase
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after subsequent divisions and cell differentiation, give rise to a single triactinomyxon 

(TAM) (El-Matbouli and Hoffmann, 1998). The development o f the parasite within T. 

tubifex to the TAM stage appears to be dependent on temperature (El-Matbouli et al..

1999). The TAM stage is released from the worm into the water column where it can 

infect the next fish host. It has been suggested that the TAMs enter the water column 

either by egestion or following the death o f the tubificids (El-Matbouli et al. 1992b). and 

have been detected in laboratory experiments anywhere from 90-120 days following the 

exposure o f worms to myxospores (Markiw. 1986: El-Matbouli and Hoffmann. 1998: El- 

Matbouli et al., 1999). However, there is no apparent correlation between the number o f 

myxospores available to a worm and an optimum production o f TAMs (Markiw. 1986). 

Susceptible salmonid fish become infected with M. cerebralis when they come into 

contact with the TAMs. which attach themselves to the fish's skin using their polar 

filaments. After a TAM attaches itself to the skin, a group of infective germ cells 

enclosed in an envelope cell (collectively referred to as a sporoplasm) actively penetrate 

the fish host as an intact unit (Fig. 2). Electron microscopy has shown that penetration 

occurs through the secretory openings o f mucous cells, most often on the epidermis (near 

the fins), the respiratory epithelium and in the buccal cavity (El-Matbouli et al.. 1998a). 

Amazingly, penetration of the epidermis can be complete as soon as 1 minute after 

exposure to TAMs (El-Matbouli et al.. 1998a). Unlike development in T. tubifex. both 

intercellular and intracellular stages o f the parasite occur in the salmonid host (Fig. 4). In 

addition, all reproduction in this host appears to be asexual (El-Matbouli et al.. 1998b) 

despite earlier reports to the contrary (Lorn. 1987). The first phase of reproduction in the 

fish occurs in the epidermis (Fig. 4) where intercellular and then intracellular stages

11
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Figure 4. Reproduced from El- matbouli et al. (1995). Life cycle o f Myxobolus 

cerebralis within the fish host (rainbow trout). (B to M) Presporogonic phase o f the life 

cycle. (N to P) Sporogonic phase. (B and C) Occuring inter-epithelial. (D to H) Intra- 

epithelial. (I and J) Intercellular in the subcutis. (K to M) In nervous tissue. (M to P) In 

the cartilage. (A) Waterborne triactinomyon spore produced in Tubifex tubifex. (B) 

Compact triactinomyxon sporoplasm between epithelial cells. (C) Interepithelial free 

sporoplasm cells, each penetrates an epithelial cell (D). (E) Intracellular, endogenous 

cell division of the parasite producing primary and secondary cells. (F) Numerous 

secondary cells resulting from mitotic divisions. (G) Endogenous division of the 

secondary cells producing cell-doublets. (H) Cell-doublets rupture the aggregate 

membrane and pierce host cell plasmalemma, then penetrate other epithelial cells or 

migrate deeper into dermis and subcutis. (I) Intercellular growth of the cell-doublets in 

the subcutis through mitosis. (J) Endogenous divisions in the subcutis. (K and L)

Similar to (I and J). but in nervous tissue. (M) Triplet in CNS and cartilage. (N) 

Plasmodium in head cartilage. (O and P) Formation of pansporoblast arising from the 

unification of two cells, pericyste and sporogonic cell. (S) Sporoblast. a - host epithelial 

cell, b - host cell nucleus, c - degenerated cell-doublet. d - vegetative nucleus, e - 

generative cell.

12
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of M. cerebralis were detected for up to two days following exposure of rainbow trout to 

TAMs (El-Matbouli et al., 1995). After two days, parasites were no longer detected in 

the epidermis but were observed in the intercellular space of the subcutis (Fig. 4 : 1 and J). 

and by 4 days PE. all of the parasites had migrated to nerve tissue (El-Matbouli et al.,

1995). Some developmental stages were seen in peripheral nerves of the trout: however, 

the majority o f the parasites were located in the central nervous system (CNS) and 

meninges (El-Matbouli et al., 1995). The parasites then migrated through the CNS to the 

associated cartilage where they first appeared as cell doublets (Fig. 4: M) at 20 days PE 

(El-Matbouli et al.. 1995). These cell doublets matured into large plasmodia containing 

vegetative nuclei as well as generative cells, that actively fed on the cartilage (El- 

Matbouli et al.. 1995). Approximately 80 days after exposure to M. cerebralis TAMs the 

fusion of generative cells initiated sporogenesis, which ultimately gave rise to the 

myxospore stage of the parasite, completing its life cycle (El-Matbouli et al.. 1995).

1.2 The Myxospore Stage of Myxobolus cerebralis

The spread of M. cerebralis throughout the U.S. has been largely attributed to the 

resistance o f the myxospore stage o f the parasite and therefore numerous studies have 

examined the resistance o f myxospores to freezing, drying and various disinfectants 

(Hoffman and Putz. 1969: Hoffman and Putz. 1971: Hoffman and Hoffman. 1972: 

Hoffman and O'Grodnick. 1977: W olf and Markiw', 1982). However, all of those studies 

were done prior to the determination o f the parasite's two-host life cycle so these data 

must be reinterpreted keeping the two-host life cycle in mind. Unfortunately, such re- 

evaluations are often inconclusive when considering the disinfection of myxospores. For

14
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example, Hoffman and Hoffman (1972) examined the effect of calcium oxide on the 

disinfection of myxospores. To do this they collected mud from a site known to be 

contaminated with M. cerebralis and treated it with calcium oxide. The mud was then 

placed in tanks that were subsequently filled with parasite-free spring water. Next, two 

week-old rainbow trout were added to the tanks and maintained for six months. After six 

months the fish were removed from the tanks and microscopically examined for the 

presence of M. cerebralis. The fact that no fish in this experiment developed M. 

cerebralis infections could have been due to a variety of reasons. First, it is possible that 

the mud used may not have even contained myxospores. Another possibility is that the 

calcium oxide treatment may have killed any T. tubifex in the mud sample or the mud 

sample may not have contained any tubifex worms. The main point is that these results 

cannot be directly attributed to the disinfection o f the myxospores. More recent studies 

have shown that myxospores can survive freezing at -20° C for at least 3 months as well 

as passage through the alimentary tract o f predators without losing infectivity (El 

Matbouli and Hoffman 1991b). However, preliminary studies in our laboratory suggest 

that myxospores are sensitive to heat disinfection (data not shown).

1.3 The Triactinomyxon Stage o f Myxobolus cerebralis

In contrast to the myxospores the waterborne TAM stage of XI. cerebralis is

fragile and relatively short-lived. The length of time a TAM is infective to the fish host

appears to be dependent on temperature. One study reported that TAMs were infective

for 2 days at 23°C and 5 days at 7°C (Markiw 1992b) while another study reported that

TAMs were infective for periods longer than 15 days at temperatures up to 20°C (El-

15
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Matbouli et al., 1999). In light o f these conflicting reports it seems likely that factors 

other than temperature are also involved (e.g. the fluid filled processes of the TAMs may 

make them extremely sensitive to changes in osmotic potential). The length o f time that 

TAMs are viable is an important aspect of the epidemiology of whirling disease that, as 

o f yet, remains unanswered. One of the reasons this question is so important is because 

TAMs are neutrally buoyant and drift with the current, in a river or stream. Therefore, 

the length o f  time that TAMs remain viable will ultimately determine how far they can 

travel from their source, while still remaining infective for the salmonid host.

Another important epidemiological factor is the number of M. cerebralis TAMs 

necessary to establish an infection in salmonid fish. One major factor appears to be the 

age o f the fish at the time o f exposure. For example, two-day-old sac fry o f rainbow trout 

became heavily infected when exposed to 10 TAMs per fish (Markiw. 1991) whereas no 

infection was established in two-month-old rainbow trout fry exposed to the same dosage 

(Markiw. 1992a). One hundred TAMs or more were needed to infect the two-month-old 

fry (Markiw, 1992a). Although M. cerebralis TAMs are able to infect trout as young as 

two-days-old. the eggs of salmonid fish do not appear to be susceptible to infection 

(Markiw. 1991). As with myxospores. the stimulus that triggers extrusion of TAM polar 

filaments remains unknown. The latest hypothesis suggests that extrusion results from a 

combination o f a mechanostimulant, such as the swimming motions of a fish, and a 

chemoreceptor that is specific for a molecule on the body of the fish (El-Matbouli et al.. 

1998a). However, it is not known if these stimuli are species specific. For example, the 

actinosporean stage of Myxobolus cultus reacted nonspecifically with numerous species 

o f fish (Yokoyama et al.. 1995b). whereas M. cerebralis actinosporeans were reported to
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exhibit some degree of host specificity (El-Matbouli et al.. 1998a).

1.4 The Fish Hosts of Myxobolus cerebralis

As mentioned above, nearly all o f the 1200 known species o f myxozoans are 

parasites o f fish at some point in their life cycle; however, the vast majority o f these 

species are relatively non-pathogenic (Lorn, 1987). In terms of the fish host. M. 

cerebralis is one o f  the most pathogenic myxozoans known (Hedrick et al.. 1998); a 

likely reason that whirling disease was the first myxosporean disease ever described 

(Lorn. 1987). The symptoms of salmonid whirling disease range from the whirling 

behavior, for which the disease is named, to blackened tails and severe skeletal 

deformities. It was once thought that the whirling behavior exhibited by some infected 

fish was due to a damaged auditory-vestibular apparatus resulting in a loss o f equilibrium 

(Hoffman et al.. 1962; Heekmann, 1992). However, other studies have shown that 

damage to the auditory-vestibular apparatus in fish results in an impaired ability to 

maintain an upright orientation o f the body (Platt. 1983). This translates to a corkscrew- 

swimming motion in fish, not the circular swimming associated with whirling disease 

(Rose et al.. 2000). It is now believed that the whirling behavior is more likely due to 

constrictions in areas of the spinal cord and lower brain stem caused by an inflammatory 

response that is triggered by the parasite feeding on nearby cartilage (Rose et al.. 2000). 

This inflammation may also cause damage to the neural cells responsible for controlling 

pigment deposition leading to the black tails that are sometimes observed. This 

hypothesis seems credible given the fact that host immune reactions are responsible for 

clinical signs of disease caused by other myxozoan parasites such as Myxidium
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lieberkuhni and Sphaerospora renicola. Sphaerospora renicola. like M  cerebralis, is 

especially lethal to young fish (Lom, 1987).

As mentioned earlier, M. cerebralis is able to infect numerous species of 

salmonids including rainbow trout, sockeye salmon, golden trout, cutthroat trout, brook 

trout, steelhead, chinook salmon, atlantic salmon, brown trout and bull trout 

(O'Grodnick, 1979; Hoffman, 1990, Hedrick et al. 1999a). However, not all fish that are 

infected with Xt cerebralis show clinical signs of whirling disease. Among those species 

that exhibit clinical signs of disease, rainbow trout suffer the worst pathology 

(O'Grodnick. 1979; Hedrick et al.. 1999a) although the severity of disease suffered by 

members of this species is dependent on the size and age at the time of exposure, as well 

as the dose o f TAMs used in the exposure (Hoffman and Byrne. 1974: Halliday 1974; 

Markiw 1991. 1992a; Hedrick, 1999a). As described above. 2-day-old sac fry of rainbow 

trout became heavily infected when exposed to 10 TAMs per fish (Markiw. 1991) 

whereas no infection was established in 2-month-old rainbow trout fry exposed to the 

same dosage (Markiw. 1992a). Further. 1-year-old rainbow trout exposed to 

approximately 20.000 TAMs/fish produced ten times as many myxospores as 3-year-old 

fish exposed to approximately 100,000 TAMs/fish. As a general rule, heavy infections in 

young fish often cause severe clinical signs o f disease and usually results in death, while 

infections in older fish, which have more highly ossified skeletons, and therefore less 

cartilage for the parasite to feed on. are less severe and such fish are often asymptomatic.

Other species o f salmonids appear to be more resistant to the parasite. As noted 

earlier, infections in brown trout are usually asymptomatic; however, brown trout 

exposed to more than 1000 TAMs/fish in laboratory studies exhibited blackened caudal
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