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INTRODUCTION

Whirling disease and the associated myxosporean
agent Myxobolus cerebralis were first described in
Europe in 1898 among farmed rainbow trout (Hofer
1903). Through intercontinental movements of fishes,
the agent was presumably spread from an origin in
Eurasia throughout Europe and eventually to the USA
(Hoffman 1970, 1990). The potential impacts of the
parasite on wild populations of trout initially reported

by Yoder (1972) became evident when, in 1990, fishery
biologists detected significant declines in populations
of wild rainbow trout in North America (Nehring &
Walker 1996, Vincent 1996). The severe declines in
these wild rainbow trout populations stimulated a
renewed interest in exploring the causes of whirling
disease. Building upon the initial discovery by Wolf &
Markiw (1984) of the 2-host life cycle of the parasite,
recent research has greatly increased our knowledge
of both the fish and oligochaete hosts (Hedrick 1998,
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actinomyxons (TAMs) fish–1 for 2 h. The fish were then held in aquaria receiving 15°C well-water.
Severity of infection was evaluated 5 mo after exposure by presence of clinical signs (whirling and/or
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in fewer fish. The prevalence of infection, spore numbers, and severity of microscopic lesions due to
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infection analyses showed that TL rainbow trout were more prone to infection at the lower doses than
GR trout. Mean spore counts were consistently (10- to 100-fold) less in GR than TL trout at doses of
1000 TAMs or lower. Microscopic lesions increased with increasing dose in both strains of rainbow
trout. The mechanisms underlying the greater resistance of the GR strain to M. cerebralis infections
are unknown, but are under investigation as part of a long-term project to determine the basis for
resistance and susceptibility of salmonid fishes to whirling disease.
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Hedrick et al. 1998, Bartholomew & Wilson 2002). Part
of the more recent research on whirling disease has
been the search for naturally acquired resistance to the
parasite among strains of rainbow trout in North Amer-
ica, but both field and laboratory studies have demon-
strated no more than marginal resistance to the para-
site among the many stocks of rainbow trout in North
America (Hedrick et al. 1998, 1999a,b, 2001, Thomp-
son et al. 1999, Densmore et al. 2001).

Observational and experimental studies show that
rainbow trout are one of the most susceptible species of
salmonid to Myxobolus cerebralis (Hofer 1903, Schä-
perclaus 1931, Hoffman & Putz 1969, Halliday 1976,
O’Grodnick 1979, Hoffman 1990, Markiw 1992a, Mac-
Connell & Vincent 2002). This is presumed to be in part
due to the independent evolution of the parasite and
rainbow trout. Only when rainbow trout were intro-
duced to Europe from North America in the late 19th
century did the host and parasite first come into con-
tact (Hofer 1903). The initial observations of Hofer
(1903) record the results of these first encounters that
were characterized by radical tail-chasing swimming
(whirling), darkened caudal region (black tail), skele-
tal deformities and death among young rainbow trout
raised in trout farms in Germany. This reaction
between the host and parasite was quite different from
the few or no signs observed in the native salmonid
brown trout Salmo trutta reared at the same farms.

Field and laboratory studies have demonstrated a
range in susceptibility to whirling disease among
salmonid fishes (Hoffman & Putz 1969, Halliday 1976,
O’Grodnick 1979, El-Matbouli et al. 1992, Hedrick et
al. 1998, 1999a,b, Thompson et al. 1999, Densmore et
al. 2001). Early phases of the infection, including
attachment and initial penetration of the epidermis,
occurs in all species of salmonids examined (El-Mat-
bouli et al. 1999). It is the subsequent development that
influences the ultimate fate of the parasite: this differs
greatly among salmonid species (Hedrick et al. 1998).
Differences in the host responses to the parasite offer a
unique opportunity for examining the role of host fac-
tors in the resistance and susceptibility of salmonid
fishes to whirling disease. The fact that resistance and
susceptibility to disease are not direct opposites, and
that each may possess separate genetic mechanisms
(Hawken et al. 1998) makes the study of the host
responses of salmonids to Myxobolus cerebralis even
more intriguing. In this study, we examined a popula-
tion of rainbow trout in Germany that has had pre-
sumed contact with the parasite for up to 110 yr and
that has shown empirical resistance to whirling disease
in the field. We compared the relative susceptibility of
this German strain and a representative strain of rain-
bow trout from North America to controlled laboratory
exposure to M. cerebralis.

MATERIALS AND METHODS

Fish. The TL rainbow trout were obtained as eyed
eggs from a commercial hatchery (Trout Lodge, Sumner,
Washington, USA). The GR rainbow trout were
obtained as yolk sac fry from a private hatchery in
Bavaria, Germany. Fry from the TL eggs and fry from
Germany were reared in well-water at temperatures
from 10 to 13°C until they were a similar age in degree-
days. Fish were fed a commercial trout diet and held in
20 l aquaria receiving 15°C well-water prior to experi-
mentation. Two separate experiments were conducted
with the same initial groups of fish of each strain of
rainbow trout. In Expt 1, the rainbow trout from TL were
569 degree-days and the GR strain were 572 degree-
days at the time of exposure to Myxobolus cerebralis. In
Expt 2, the TL fish were an average age of 998 degree-
days and the GR 1000 degree-days.

Experimental exposure of trout. Experimental expo-
sure of both rainbow trout strains to Myxobolus cere-
bralis was identical to that described in our prior com-
parison of the susceptibility of rainbow trout and
brown trout (Hedrick et al. 1999a), and comprised
exposure of 2 replicate groups of fish of each strain in
containers with 500 ml of 15°C well-water at each of
4 exposure doses (10, 100, 1000, 10 000 TAMs fish–1). A
total of 13 fish were added to each container; 2 addi-
tional containers for each strain of trout contained no
triactinomyxons (0 TAMs fish–1). After 2 h, the fish
were removed from each container and placed into
individual 20 l aquaria receiving single-pass (0.5 l
min–1) 15°C well-water for the duration of the experi-
ment. The fish were fed once or twice daily with a com-
mercial trout ration.

Assessments of infection. Clinical signs, histopathol-
ogy and spore concentrations were determined as fol-
lows. 

Clinical signs and prevalence of infection: The
onset of clinical signs, including a tail-chasing swim-
ming behavior (whirling), and darkening of the caudal
peduncle region (black tail) were recorded daily as
described by Hedrick et al. (1999a). The prevalence of
infection at 5 mo post exposure was calculated by
removing 10 fish from each replicate group. Each fish
was examined for the presence of black tail, eutha-
nized with 500 µg ml–1 benzocaine, and then one-half
of the head was preserved in Davidson’s solution for
histopathological analyses while the other half was
used for determining spore concentrations.

Histopathology scoring: A total of 10 fish from each
replicate group collected at 5 mo post exposure from
Expt 1 were prepared for histopathological evaluation
and scored for severity of microscopic lesions. Because
clinical signs of whirling disease were not evident in
Expt 2, tissues were not subjected to scoring. For each
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fish, a single mid-saggital section of the head was
scored for severity of microscopic lesions as described
by Hedrick et al. (1999a) and modified from that of
Baldwin et al. (2000). Lesions were scored on a scale
ranging from 4 (most severe) to 0 (no lesions).

Spore concentrations: The detection and enumera-
tion of spores after pepsin-trypsin digestion (Markiw &
Wolf 1974a) of the half-heads of 10 fish from each repli-
cate group were identical to those described by
Hedrick et al. (1999a). A fish was scored as infected if
any spores were observed. The prevalence of infection
(number of fish in which spores were detected divided
by the total number of fish examined) was then deter-
mined at each dose of exposure. In addition, mean
spore concentrations were calculated for the replicate
groups at each exposure dose. In this study, fish in
which no spores were detected were included in the
calculations of the mean spore concentrations for com-
parison. Analytic methods evaluating effects of dose,
species, and age of fish (Expt 1 vs Expt 2) on mean
spore concentrations were performed using conserva-
tive estimates that included zero values in calculations,
as well as methods previously conducted by Hedrick et
al. (1999a) which calculated means conditional on fish
infection-status.

Statistical analyses. To evaluate differences in sus-
ceptibility between strains at various doses, a ratio of
the prevalence of infection in TL rainbow trout over
the respective prevalence in GR rainbow trout for each
dose of exposure was constructed. Because all fish in
the sample were free from infection at the beginning of
the experiment and were all exposed to a selected
dose, the prevalence of infection at each dose repre-
sented the risk of infection at 5 mo post exposure.
These calculated prevalence ratios are referred to sub-
sequently as risk ratios (RR). Risk ratios and the respec-
tive 95% confidence intervals (CI) were calculated
using a statistical software package (SPSS® Version
10.0 for Windows, Chicago, Illinois USA). For compari-
son of all treatments, a 5% level was used to determine
significance. Comparisons of spore numbers were con-
ditional on the fish having undergone exposure to tri-
actinomyxon stages; therefore, the unexposed control
group was excluded. A general linear model approach
was used to assess the effects of species, dose, and age
of first exposure (Expt 1 vs Expt 2) on the number of
spores present at 5 mo post exposure. To satisfy statis-
tical assumptions of the procedure, spore numbers
were log10-transformed to make their distribution more
normal. Interaction effects between strains, dose, and
age were investigated using a linear model. Subse-
quently, main effects of strain, dose, and age were
assessed separately using Mann-Whitney non-para-
metric tests. Mann-Whitney tests were also used to
compare the median number of spores in TL to those in

GR rainbow trout at each dose level. Additionally,
polynomial contrasts in the general linear model analy-
sis were used to evaluate the trend in log number of
spores recovered for each fish strain over increasing
infection doses.

RESULTS

Clinical signs and prevalence of infection

There were no indications of whirling disease among
control rainbow trout (non-exposed) of either strain in
Expts 1 or 2. In Expt 1 with the younger fish, black tail
occurred among TL rainbow trout at the 2 highest doses
of exposure to Myxobolus cerebralis (1000 and 10 000
TAMs fish–1) and only at the highest dose in the GR
strain (Table 1). Differences between the 2 trout strains
were most remarkable at the 1000 TAMs dose, where
30% of the TL fish compared to no GR fish showed clin-
ical signs. At the highest dose of parasite exposure, all
TL fish showed clinical signs compared to only 56% of
the GR fish. None of the fish in Expt 2 had clinical signs
(Table 1). Whirling behavior was detected among TL
rainbow trout at the 2 highest doses of exposure in Expt
1, but in only 1 fish in the GR trout at the highest dose.
Several fish of both strains of trout in Expt 1 at the high-
est dose of exposure had significant deformities, con-
tracted secondary infections, and died before the 5 mo
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Strain Expt 1 Expt 2
Dose No. of fish infected No. of fish

(no. with signs) infected
Rep 1 Rep 2 Rep 1 Rep 2

TL
0 0 (0) 0 (0) 0 0
10 7 (0) 5 (0) 1 0
100 2 (0) 0 (0) 6 6
1000 10 (4) 10 (2) 10 10
10 000 10 (10) 10 (10) 10 10

GR
0 0 (0) 0 (0) 0 0
10 0 (0) 0 (0) 0 0
100 1 (0) 0 (0) 0 0
1000 4 (0) 3 (0) 3 9
10 000 10 (7) 6 (2)* 9 10

*Only 6 fish remained in this replicate group at 5 mo and
all were infected

Table 1. Oncorhynchus mykiss. Number of infected fish and
number showing first onset of clinical signs (black tail,
recorded at 5 mo post exposure) of whirling disease among
strains TL (Trout Lodge) and GR (German) after exposure to
graded doses of triactinomyxons of Myxobolus cerebralis
(TAMs fish–1). Fish ages were ca. 570 and 999 degree-days in
Expts 1 & 2, respectively. 10 fish were examined in each case. 

Rep: replicate
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sampling date. Two other pathogens were found during
necropsy evaluations of these dead fish, Flavobac-
terium psychrophilum and Ichthyobodo necatrix. All
groups of fish were treated for 10 d with fluorfenicol
(10 mg kg–1 fish d–1), 5 d with nitrofurazone (10 ppm,
1 h, once daily) and 3 times with formalin (1:6000 for
1 h) beginning at 1 d and then again at 42 d post expo-
sure in Expt 1 and at 14 d post exposure in Expt 2.
Losses due the bacterium and flagellate resulted in only
6 fish being collected from 1 of 2 replicate groups at the
highest exposure dose of GR trout in Expt 1.

Black tail and whirling were first detected among TL
rainbow trout in the highest exposure groups at 6 wk
post exposure and at 7 wk in the 1000 TAMs dose.
Black tail and 1 whirling fish were evident in GR trout
at the highest exposure dose at 7 wk post exposure. No
quantitative assessments of the prevalence of several
observed skeletal deformities, which included a short-
ened operculum, sunken cranium, bent tail and mal-
formed jaws, were made due to the subjective nature
of the evaluation criteria. These deformities however,
were most prominent in TL fish exposed to the 2 high-
est doses and GR trout only at the highest exposure
dose in Expt 1.

The prevalence of infection at 5 mo post exposure
was greater at each exposure dose among groups of TL
than among GR rainbow trout (Table 1). At the highest
dose of exposure to Myxobolus cerebralis, all TL fish
examined at 5 mo were infected in Expts 1 & 2. At the
same dose, 100 and 95% of the GR rainbow trout were
infected in Expts 1 & 2, respectively. Greater differ-
ences between the 2 trout strains in the prevalence of
infection were observed at the lower doses. At a dose
of 1000 TAMs, 100% of the TL rainbow trout were
infected in both Expts 1 & 2. In contrast, at the
1000 dose, only 35 and 60% of the GR trout in Expts 1
& 2 were infected, respectively. Only 1 GR trout was
infected at doses below 1000 TAMs, and that was in
Expt 1. Infected TL rainbow trout were detected at
doses of 100 and 10 in both Expts 1 & 2. In Expt 1, a
greater prevalence of infection was detected at the 10
compared to the 100 dose of exposure (Table 1) with
the TL trout. We are uncertain why this occurred, and
laboratory records did not suggest that there had been
an unapparent switch in the samples of the 2 groups.

Differences in risk ratios demonstrated that the overall
susceptibility (prevalence of infection) between TL and
GR rainbow trout was statistically significant in Expt 1
(p = 0.011) and borderline significant (p = 0.130) when
results for both experiments were combined (Breslow-
Day χ2 test for homogeneity of effect across strata [SPSS
1999]). Therefore, we may infer that the observed risk ra-
tios vary for each dose level. The dose-specific risk ratios
showed that TL rainbow trout were considerably more
prone to infection than the GR rainbow trout at the chal-

lenge dose of 10 TAMs fish–1 (RR = 13.3; 95% CI = 1.8
to 96.8), and this difference in risk between trout strains
decreased as challenge dose increased.

Microscopic pathology 

Myxobolus cerebralis-associated lesion scores were
greater in the TL than in the GR strain at all exposure
doses (Fig. 1). Indeed, GR trout exposed to the 2 lower
doses (100 and 10 TAMs fish–1) had no microscopic
lesions associated with M. cerebralis. Some TL fish had
microscopic lesions (particularly in cranial and gill car-
tilage) at all exposure doses (Fig. 1). In general, the
severity of lesions increased with increasing dose of
exposure in both strains of trout, with the exception of
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Fig. 1. Oncorhynchus mykiss. Severity of microscopic lesions
in North American (TL) and German (GR) rainbow trout from
Expt 1, 5 mo after exposure to graded doses of infectious
stages of Myxobolus cerebralis. Lesions were scored as none
(0), minimal (1), mild (2), moderate (3), or severe (4). Maxi-
mum lesion score for each fish was the greatest value from the 

5 anatomical regions scored. TAMs: triactinomyxons
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the TL fish at doses of 10 and 100 TAMs in Expt 1
(Fig. 1). The mean lesion scores of the TL rainbow trout
were 2 to 4 times greater than those of the GR strain at
the 1000 TAMs dose, a dose at which lesions were
detected in both groups of fish. There were few quali-
tative differences between the microscopic lesions
observed in the 2 strains of trout, with the most severe
lesions usually in the cranium and gill arches. Addi-
tional sites of infection included the vertebrae, fin rays,
and ribs. The microscopic features of the parasite
found in these tissues, including extrasporogonic and
spore stages and accompanying cartilage degenera-
tion and inflammation, were similar to previous
descriptions (Halliday 1974, El-Matbouli et al. 1996,
Baldwin et al. 2000). Eosinophilic granular leukocytes
(EGLs) were common in cranial nerve ganglia and
nerve roots of both rainbow trout strains, and mean
scores were consistently greater in the TL strain
(Fig. 2). However, scores for EGLs were not associated
with exposure dose in either strain. Scored changes in
hepatocellular glycogen had no clear patterns associ-
ated with fish strain or exposure dose.

Spore concentrations in exposed fish

Spores were detected among rainbow trout of both
strains at the 2 highest doses of exposure in Expts 1 &
2. At doses of 100 TAMs and lower, only 1 GR trout
examined had spores and this was in Expt 1. In con-
trast, spores were found in TL fish at doses of 100 and
10 TAMs in both Expts 1 & 2 (Table 2). The concentra-
tions of spores ranged from none detected to 1.2 × 106

per half-head in TL rainbow trout and none to 4.0 × 105

in GR trout in Expt 1. The mean spore concentrations
between strains of trout were different (p ≤ 0.001) at
the 10 and 1000 exposure doses in Expt 1 (Table 2) and
different (p ≤ 0.002) at doses of 100, 1000, and
10 000 TAMs in Expt 2. The effect of age at exposure
(Expt 1 vs Expt 2) was not significant when included in
the linear model (p = 0.258), suggesting that this was
not an important predictor of spore concentration at
5 mo post exposure. This non-significant experiment
effect allowed the valid combination of data from both
Expts 1 & 2, which showed that mean spore counts
were different between the strains of trout at all doses
of exposure (Table 2).

DISCUSSION

Graded experimental exposure to triactinomyxon
stages of Myxobolus cerebralis revealed striking dif-
ferences in the susceptibility of 2 strains of rainbow
trout to infection and subsequent development of gross
and microscopic signs of whirling disease. The GR
strain was clearly more resistant than TL rainbow trout
with respect to the onset and severity of clinical signs,
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Fig. 2. Oncorhynchus mykiss. Mean scores for eosinophilic
granular leukocytes (EGLs) in the cranial and spinal ganglia
and nerve roots of TL and GR rainbow trout from Expt 1, 5 mo
after exposure to graded doses of Myxobolus cerebralis tri-
actinomyxons. Relative abundance of EGLs was scored as
none (0), minimal (1), mild (2), moderate (3), or abundant (4).

TAMs: triactinomyxons

Challenge Risk ratio Mean spore count
dose (95% CI) TL GR p
(TAMs fish–1)

Expt 1
0 .nd 0.0 0.0 .nd
10 12.4 (1.8, 86.7) 15 312.5 0.0 0.001
100 2.0 (0.2, 20.3) 1750.0 187.5 0.799
1000 2.7 (1.5, 4.9) 400 855.3 3881.6 <0.001
10 000 .nd 232 312.5 250 312.5 0.582

Expt 2
0 .nd 0.0 0.0 .nd
10 1.9 (0.2, 19.5) 750.0 0.0 0.792
100 11.4 (1.6, 79.4) 12 437.5 131.6 0.002
1000 2.9 (1.6, 5.2) 220 250.0 2687.5 <0.001
10 000 1.1 (1.0, 1.2) 343 947.4 39 562.5 <0.001

Combined
0 .nd 0.0 0.0 .nd
10 13.3 (1.8, 96.8) 8031.3 0.0 <0.001
100 6.8 (1.7, 28.1) 7093.8 160.3 0.001
1000 2.8 (1.8, 4.2) 308 237.2 3269.2 <0.001
10 000 1.0 (1.0, 1.1) 286 698.7 133 229.2 <0.001

Table 2. Oncorhynchus mykiss. Risk of infection analyses and
mean spore counts of Trout Lodge (TL) and German (GR)
strains of rainbow trout exposed to Myxobolus cerebralis in
Expts 1 & 2 (fish ages ca. 570 and 999 degree-days, respec-
tively). 1 indicates an equal risk of infection, greater values
show increased risk in TL compared to GR rainbow trout.
TAMs: triactinomyxons; p: exact p-value based on 2-sided
Mann-Whitney non-parametric comparison of mean ranks;
nd: not determined, because of complete agreement between 

strains
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risk and severity of infections, and production of
spores. The differences in the responses of these
2 trout strains to experimental infections with M. cere-
bralis in laboratory trials, combined with empirical evi-
dence collected from the field, provide the most con-
vincing evidence to date that some rainbow trout are
more resistant to whirling disease.

Studies to date have failed to identify strains of rain-
bow trout present in North America that demonstrate
significant resistance to whirling disease (O’Grodnick
1979, Markiw 1992a, Hedrick et al. 1998, 1999a,b,
2001, Thompson et al. 1999, Densmore et al. 2001,
MacConnell & Vincent 2002). This may be due in part
to a shorter period of co-evolution of the host and par-
asite. The parasite was presumed to have been intro-
duced to the east and west coasts of the USA in the
early 1950s and mid-1960s, respectively, with frozen
rainbow trout from Europe (Hoffman 1970, 1990,
Modin 1998). Therefore rainbow trout in the USA have
had only 50 yr of effective contact with the parasite. In
contrast, at sites in Europe (including Germany) up to
110 yr of co-evolution between the parasite and rain-
bow trout has occurred. Rainbow trout surviving under
these hatchery conditions have subsequently been
used for brood stocks (Schäperclaus 1986). We have
considered that differences in the virulence of the par-
asite, as found in Europe and the USA, may explain the
absence of whirling disease outbreaks in recent years
among rainbow trout stocks from Germany. Initial
studies of conserved and variable regions of the ribo-
somal genes of a limited number of Myxobolus cere-
bralis isolates from North American and Germany
however, have not shown appreciable differences
(Andree et al. 1999). Furthermore, the recent practice
in Germany of reintroducing eggs of rainbow trout
from North America to local trout farms, has demon-
strated that these fish contract M. cerebralis infections
and severe whirling disease (El-Matbouli unpubl.
obs.). Together, these studies and observations suggest
that changes in the host resistance, not parasite viru-
lence, are the principal factors responsible for the lack
of whirling disease among rainbow trout from certain
German brood stocks.

Our experimental trials with the GR strain of rain-
bow trout clearly show its greater resistance to infec-
tion and subsequent disease. In Expt 1, conducted with
younger age-matched groups of each trout strain, both
infections and disease, as determined by gross signs
and microscopic lesions, were pronounced in the TL
compared to the GR rainbow trout. However, resis-
tance can be overwhelmed by high doses of parasite
exposure, as shown in the current study at the 10 000
TAMs dose in Expt 1, and as previously shown with
brown trout at the same dose (Hedrick et al. 1999a).
The effects of increasing age and greater resistance to

the gross clinical signs of whirling disease were evi-
dent in comparisons of Expts 1 & 2. The same doses of
triactinomyxons that induced whirling and black tail in
Expt 1 failed to induce any clinical signs in either trout
strain in Expt 2. Despite the absence of clinical signs,
an increased prevalence of infection and greater mean
spore concentrations, as found in Expt 1, were again
evident in TL compared to GR rainbow in Expt 2.
These results demonstrate that the age-related resis-
tance known for susceptible strains of rainbow trout in
North American trials (Hoffman & Byrne 1974, Markiw
1991) also occurs with the GR trout strain.

The mechanisms underlying the greater resistance
of the GR strain compared to more susceptible strains
of rainbow trout are currently unknown. Our micro-
scopic pathological comparisons did not demonstrate
readily detectable qualitative differences in the lesions
found in infected trout of either strain. This contrasts
with studies comparing brown trout to rainbow trout
following natural or experimental exposure to
Myxobolus cerebralis that have demonstrated both
quantitative and qualitative differences in the re-
sponse to infection (Hedrick et al. 1999a, Baldwin et al.
2000). Baldwin et al. (2000) found that juvenile brown
trout exposed in live cages in an enzootic stream in
Montana, USA and examined 3 mo later had a lower
prevalence of infection (5%) and much milder lesions
(0.06 on a scale of 0 to 4) than exposed age-matched
rainbow trout (prevalence 85%, lesion severity 3.28).
Similar results were obtained in comparisons of brown
and rainbow trout in experimental exposures to graded
doses of triactinomyxons in laboratory trials (Hedrick
et al. 1999a). In both field and laboratory trials, the
principal lesions in rainbow trout were in cranial (ven-
tral calvarium) and gill arch cartilage; lesions were also
found in vertebrae, jaws, opercula, and fin rays. In con-
trast, cranial and vertebral infections were rare and the
most severe lesions were found in the gill arches of
brown trout. These differences in the tissue sites and
severity of infection explain why rainbow trout experi-
ence increased clinical signs of black tail and whirling
(Rose et al. 2000) compared to brown trout. Increased
numbers of eosinophilic granular leucocytes (EGLs) in
root nerve ganglia have been found in brown trout and
coho salmon, both fish species with resistance to M.
cerebralis (Hedrick et al. 1999a,  2001). These EGLs
are mast-like cells found in teleostean fishes princi-
pally in mucosal tissues of the gut and nares (Holland
& Rowley 1998, Reite 1998). Although their numbers
can increase during chronic parasitic infections, their
function in the immune response is unknown. There
was no indication that EGLs increased in the GR trout
following infection as found with more resistant brown
trout and coho salmon. We presume that the GR trout
limit the number of parasites that reach the cartilage,
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thus minimizing cartilage lysis and the numbers of
spores formed later in development. We are examining
the expression of cytokines that may increase the effi-
ciency of the host cellular responses involved in para-
site elimination in the GR trout as 1 potential mecha-
nism that is known to influence the resistance to
diseases in other animals (Hawken et al. 1998).

Spore concentrations in infected TL fish reached
1.2 × 106 per half-head at the 1000 TAMs exposure
dose in Expt 1. This concentration is equivalent to the
highest reported spore concentrations detected in both
experimentally and naturally infected rainbow trout
(Markiw 1992b, Hoffman & Byrne 1974, Markiw &
Wolf 1974b, O’Grodnick 1979). This spore concentra-
tion must represent an upper limit, as exposure of rain-
bow trout to even higher doses of triactinomyxons both
in our study and that of Markiw (1992b) failed to
approach or exceed this value (Table 2). This upper
threshold in TL fish occurred at the 1000 TAMs dose in
Expt 1 and at the 10 000 TAMs dose in Expt 2 (Table 2).
Differences between the upper threshold in Expts 1 &
2 are presumed to reflect the increased resistance with
age, thereby requiring greater doses of exposure to
obtain similar spore production in infected fish. In con-
trast to the TL fish, spore concentrations in the GR trout
showed a dose-dependent response, with the upper
limit only obtained at the 10 000 TAMs dose (Table 2).
The greatest spore concentration of 4.5 × 105 per half-
head was found in a GR trout exposed to the
10 000 TAMs dose in Expt 1. Overall, the numbers of
spores in infected GR trout were significantly less,
sometimes over 100-fold less the number of spores in
TL fish at the same exposure dose (Table 2).

Reduced spore production following infection of GR
trout with Myxobolus cerebralis has important implica-
tions for the perpetuation of the parasite in both cap-
tive and wild fish populations. If fewer fish in the pop-
ulation become infected and those fish produce
reduced numbers of spores, there should be reduced
opportunities for infections in the oligochaete host.
Depending on the aquatic system, this might signifi-
cantly influence overall parasite burdens in the envi-
ronment pushing the equilibrium in favor of the host
rather than the pathogen. How stocking more resistant
trout in more-complex aquatic ecosystems might influ-
ence the parasite burden and subsequent impacts of
whirling disease on wild trout is unknown, although
experiments stocking older and more-resistant rain-
bow trout have been conducted in several states in the
USA. It is important to understand that resistance to a
single disease is only 1 of many critical criteria that
need to be considered when moving plants and ani-
mals from one geographic region to another (Hawken
et al. 1998). The broader ecological implications of
movements of plants and animals should be consid-

ered. If not, greater harm than good may result, a les-
son learned years ago with the introduction of nonna-
tive salmonids throughout the USA (Allendorf et al.
2001).

The experiments reported in this study clearly show
that the GR strain of rainbow trout has acquired an
increased resistance to whirling disease compared to
strains from North America. This resistance was
demonstrated under laboratory conditions, in which
doses of exposure and subsequent environmental
parameters were controlled. The mechanisms that
underlie the observed resistance are currently being
studied with the aim of providing useful data for poten-
tial fisheries management of rainbow trout in waters
where whirling disease is endemic. A second phase of
our studies with the GR trout will be to explore their
resistance to experimental infections with commonly
occurring pathogens found in North America that
might differ from those found in Europe. In addition,
these trout will be thoroughly examined to determine
if pathogens unknown in North American trout are
potentially transmitted with them via eggs. It is our
view that such studies are critical before further dis-
cussions on the potential applications of these fish in
North America can proceed.
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