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INTRODUCTION

The development and severity of whirling disease
pathology in salmonids has long been known to be
dependent generally on the age or size of fish when
first exposed to Myxobolus cerebralis triactinomyxons
(O’Grodnick 1979, Markiw 1991, 1992, Thompson et
al. 1999). Fish older than about 4 to 8 mo or longer than
about 5 to 13 cm were believed to be disease resistant
(Hoffman 1961, Halliday 1976, Hoffman 1976, Wolf
1986, Lom 1987, Schaperclaus 1991, Garden 1992). We
recently demonstrated that rainbow trout become
resistant to the development of whirling disease at
about 9 wk post-hatch or older when raised at 12°C
(Ryce et al. 2004). However, ages and sizes of fish used
in that experiment were confounded and we could not

determine whether the development of resistance was
associated with increasing age or size of the fish at
time of exposure, or perhaps a co-variate of one or
both, such as skeletal ossification. The trophozoites of
M. cerebralis digest cartilage and destroy the struc-
tural framework needed for healthy bone formation
(El-Matbouli et al. 1992), leaving fish permanently dis-
figured. The abundant cartilage in the skeleton of
young trout is therefore thought to render them highly
susceptible to the effects of the disease (Halliday 1973,
Schaperclaus 1991, El-Matbouli et al. 1992, Garden
1992). In the present investigation, our objective was to
determine whether age or size governs development of
resistance to the disease. We also compared the level
of skeletal ossification in rainbow trout at time of expo-
sure to the subsequent severity of whirling disease.
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ABSTRACT: We examined the effects of both fish age and size on the development of resistance to
whirling disease in Erwin strain rainbow trout. Previously, we demonstrated that juvenile rainbow
trout became resistant to development of the disease when first exposed to triactinomyxons of the
parasite Myxobolus cerebralis at about 9 wk post-hatch when raised at 12°C, but ages and sizes of
fish used in that experiment were confounded (Ryce EKN, Zale AV, MacConnell E [2004] Dis Aquat
Org 59:225–233). In this study, rainbow trout of the same age and different sizes, and the same size
and different ages, were exposed to the parasite to distinguish the influences of age and size. Fish
were reared at 3 different water temperatures prior to exposure to produce groups with different
growth rates and were exposed to the parasite at 7 or 9 wk post-hatch. Disease severity was affected
by both age and size at first exposure, but the effects were not independent. An increase in fork
length from 36 to 40 mm among fish exposed at 7 wk post-hatch did not confer increased resistance,
but the same increase in size at 9 wk post-hatch did. Similarly, an increase in age from 7 to 9 wk post-
hatch among fish exposed at 36 mm fork length did not confer increased resistance, but the same
increase in age at 40 mm did. Rainbow trout must be both 9 wk post-hatch or older and at least 40 mm
in fork length at time of exposure to exhibit enhanced resistance to whirling disease. Resistance to
disease was not associated with the level of skeletal ossification.
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MATERIALS AND METHODS

Experimental procedures. Erwin strain rainbow
trout were hatched from eggs supplied by the Ennis
National Fish Hatchery, United States Fish and
Wildlife Service, Ennis, MT, and were maintained at
the Bozeman Fish Technology Center, Bozeman, MT,
until exposure. After hatch, the fish were reared at one
of 3 water temperatures (9.3, 12.0 or 15.4°C) to produce
3 groups of fish with different growth rates and there-
fore different accumulated degree days of develop-
ment and sizes at the same ages. The fish were
exposed to Myxobolus cerebralis triactinomyxons at
7 or 9 wk post-hatch, yielding exposures at each of
6 age-size combinations (see Table 1) including 3 sizes
(and corresponding degree days of development) at
each of the 2 ages (28, 36 and 40 mm fork length at
7 wk post-hatch and 36, 40 and 46 mm at 9 wk post-
hatch) and 2 ages (7 and 9 wk post-hatch) at each of
2 sizes (36 and 40 mm). We selected these ages and
sizes to encompass the approximate thresholds at
which enhanced resistance commences (Ryce et al.
2004). Each exposure included negative controls (3
replicates) and exposures to 1000 triactinomyxons
per fish (3 replicates). Each replicate consisted of
40 fish. M. cerebralis triactinomyxons were produced
in the laboratory from cultures of infected Tubifex
tubifex (Hedrick et al. 1999b). Exposures were con-
ducted at the Wild Trout Research Laboratory, Mon-
tana State University, Bozeman, MT. Each replicate
was exposed to M. cerebralis triactinomyxons or a
sham exposure in aerated 5 l exposure chambers for
2 h (Hedrick et al. 1999a). Following exposure, repli-
cates were maintained separately at 13°C in 38 l glass
aquaria supplied with filtered and oxygenated water
by a recirculating process system at the Wild Trout
Research Laboratory. The fish were fed a commercial
trout diet at 2 to 3% body weight d–1. Mortalities were
counted and removed daily.

Whirling disease severity was characterized using
cumulative mortality, swimming performance, clinical
signs of disease, microscopic pathology categories
and myxospore burdens at 20 wk post-exposure.
Multiple indicators were used to provide a compre-
hensive evaluation of disease severity. Clinical signs
(i.e. any combination of blacktail, skeletal deformities
or whirling behavior) were recorded for all surviving
fish in each replicate. Swimming performance, micro-
scopic pathology and myxospore burdens of 9 ran-
domly selected individuals from each replicate (i.e.
27 fish per treatment) were assessed. Swimming per-
formance was measured as the length of time a fish
could maintain its position in a stamina tunnel
(Wedemeyer et al. 1990) at a constant, pre-selected
water velocity (35 cm s–1). Swimming performance
tests are a convenient means to assess the physical
condition of fish (Wedemeyer et al. 1990) as well a
good indicator of stress (Webb & Brett 1973). Impair-
ment of swimming performance correlates to reduced
survival (Thomas et al. 1964). After testing, fish were
euthanized.

The heads of the euthanized fish were removed, cut
in half along the midsagittal plane, preserved in
Davidson’s fixative and prepared for microscopic
examination using standard histological techniques.
One head half and the tail from each fish were pre-
pared for histology. Microscopic pathology was cate-
gorized according to the MacConnell-Baldwin Scale
(Hedrick et al. 1999b), whereby cartilaginous tissue
was examined for the presence of the parasite and
associated lesions. The abundance of parasites, carti-
lage damage, inflammation, extent of lesions, involve-
ment of other tissues and bone distortion were evalu-
ated and categorized into one of 6 qualitative
categories: no infection, minimal, mild, moderate,
high or severe. In total, 2  head sections and 2 tail
sections were evaluated histologically for each fish
collected.
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Table 1. Myxobolus cerebralis infecting Oncorhynchus mykiss. Age at exposure, mean length at exposure, rearing temperature
and degree days of development prior to exposure. Results of Bonferroni’s multiple comparison tests for mean time to fatigue,
mean percentage of incidence of clinical signs, and mean myxospore burden of fish exposed to 1000 triactinomyxons per fish are
shown together with mean percentage of skeletal cartilage at exposure. Different letters denote significant differences in 

response (p < 0.05)

Age Fork length Rearing Degree Multiple comparisons Cartilage
(wk post- (mm ± SE) temperature days Time to Clinical Myxospore (% ± SE)
hatch) (°C) fatigue signs burden

7 28 ± 0.99 9.3 456 z z z y 81.03 ± 3.46
7 36 ± 0.83 12.0 588 z y z y y x 41.70 ± 2.72
7 40 ± 0.53 15.4 755 z y z y y x 47.51 ± 5.77
9 36 ± 0.47 9.3 586 z y y z 49.29 ± 3.01
9 40 ± 0.64 12.0 756 y x z 41.56 ± 2.81
9 46 ± 0.69 15.4 970 y x x 44.46 ± 3.94
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The remaining halves of the heads were used to
obtain myxospore counts using the standard plankton-
centrifuge extraction method (O’Grodnick 1975). After
extraction, myxospores were resuspended in a known
volume of deionized water and 1 ml aliquots were
placed on both sides of a standard 1 ml hemocytometer
counting chamber. Total spores per original head were
estimated by extrapolation. Three estimates were
made for each head; the mean of the 3 was used in
analyses.

Bias was reduced throughout the experiment. Fish
were randomly assigned to replicates and replicates
were assigned to tanks randomly. Mortalities and clin-
ical signs were recorded blindly for each replicate.
Sampled fish were selected randomly. Histology slides
and myxospore samples were examined blindly and in
random order. The exposure designation of each sam-
ple was not determined until all samples had been
examined and recorded.

The percentages of cartilage and ossified bone at
time of exposure were estimated in 10 randomly se-
lected fish from each of the 6 age-size groups. These
fish were not used in the experiment. They were eutha-
nized at the time of exposure, fixed in 10% buffered
formalin and preserved in 75% ethanol. Cartilage and
bone were differentially stained using alcian blue and
alizarin red S (Fritzsche & Johnson 1980, Webb & Byrd
1994, Song & Parenti 1995, Ryce 2003). A digital image
of each fish (Fig. 1) was processed using image analysis
software (Image-Pro Express 4.0). Regions of the skele-
ton were designated as blue (cartilage) or red (ossified
bone) and the area of each color was determined to
calculate the ratio of cartilage to bone in the entire
skeleton.

Statistical analyses. The experiment
was designed and analyzed as a 3-way
factorial. The 3 factors, or treatments,
were age of fish at exposure (7 or 9 wk
post-hatch), mean size at exposure (28,
36, 40 or 46 mm fork length) and para-
site dose (0 or 1000 triactinomyxons per
fish). The number of mortalities, per-
centage of fish with clinical signs, myxo-
spore counts, swimming performance
and microscopic pathology were com-
pared among the 12 treatment groups
(i.e. 6 age-size combinations and 2 para-
site dose levels). All responses were
treated parametrically except micro-
scopic pathology. Microscopic pathol-
ogy categories are ordinal but thresh-
olds across categories (i.e. the dif-
ferences between categories) cannot be
assumed to be equal. Therefore, we
used the nonparametric chi-square test

of homogeneity (Daniel 1990) to determine whether
age or size at expo-sure significantly affected micro-
scopic pathology.

Myxospore counts and swimming performance were
analyzed with random factors included in the model for
tank and fish, and the fish were treated as the experi-
mental unit. Mortality and clinical signs were analyzed
in the same way as myxospore counts and swimming
performance, with the exceptions that tanks were the
experimental units and no factor for fish was included
in the model. A mixed linear model was used that com-
bined both the fixed (age and size of fish at exposure
and parasite dose) and random (tank and fish) effects.
Type III F-statistics were used (Montgomery 1997).
The important assumptions supporting this analysis
are that the data are normally distributed and that they
are independent with constant variance. Visual inspec-
tion of residual plots of data for all responses confirmed
that these assumptions were met. The units of measure
(fish or tank) were not independent; however, this
assumption could be dropped by modeling statistical
correlation into the analysis, which assumes constant
variance and constant covariance (PROC MIXED,
compound symmetry covariance option; Littell et
al. 1996). The model used for the analysis was the
following:

where i = 1,…,a; j = 1,…,b; k = 1,…,c; l = 1,…,d; m =
1,…,e; n = 1,…,f, and parameters sybolized by Greek
letters are defined in Table 2.

yijklmn i j k ij ik jk= + + + + ( ) + ( ) + ( ) +μ α β τ αβ ατ βτ αβτ(( )

+ + +
ijk

l ijk m ijkl ijklmnγ δ ε( ) ( )
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Fig. 1. Oncorhynchus mykiss. Rainbow trout differentially stained using alcian
blue and alizarin red S. Cartilage is blue and ossified bone is red. The upper fish
was 7 wk post-hatch, reared at 12°C, 35 mm fork length and its skeleton was
52% cartilage (48% bone). The lower fish was 7 wk post-hatch, reared at 9.3°C,

29 mm fork length and its skeleton was 80% cartilage (20% bone)
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If significant differences were detected, Bonferroni’s
multiple comparison procedure was used to compare
all pairwise differences of the least-square means. For
each significance test, α = 0.05. The percentage of car-
tilage in the skeleton was compared among the 6 age-
size combinations as a 2-way factorial. Cartilage per-
centage was analyzed in the same way as the other
parametric responses with the exception that the only
treatments were age and size of the fish. All statistical
analyses were conducted with the statistical software
program SAS/STAT (SAS Institute 1996).

RESULTS

Mortality

The age (weeks post-hatch) of rainbow trout at first
exposure, size (fork length) at first exposure and level
of triactinomyxon dose did not significantly affect the
cumulative mortality of fish at 20 wk after exposure
(age p = 0.2236; size p = 0.6249; dose p = 0.0802). Mor-
tality rate was relatively low in all treatments (Fig. 2).
Tendencies were evident for more mortality among
positively-exposed fish and younger fish, but high
variability in mortality among replicates, especially

among fish exposed at 7 wk post-hatch, rendered such
tendencies insignificant.

Swimming performance

Swimming performance was significantly affected
by triactinomyxon dose (p = 0.0002) (Fig. 3). Mean time
to fatigue of sham-exposed fish exceeded that of posi-
tively-exposed fish in all age-size combinations. Size at
exposure did not significantly affect swimming perfor-
mance (p = 0.9338) (Fig. 3). Age at exposure did (p =
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Fig. 2. Myxobolus cerebralis infecting Oncorhynchus mykiss.
Mean (+SE) number of mortalities of rainbow trout at 20 wk
after exposure, exposed at different ages and sizes to either 0
or 1000 M. cerebralis triactinomyxons per fish. Numbers
above bars represent mean fork lengths of fish at exposure 

T
im

e 
to

 f
at

ig
ue

 (s
)

0

5

10

15

20

25

30

35

      0
1000 

Triactinomyxons per fish

7 7 7 9 9 9

28 mm 36 mm 40 mm

36 mm 40 mm 46 mm

Age at exposure (weeks post-hatch)

Fig. 3. Myxobolus cerebralis infecting Oncorhynchus mykiss.
Mean (+SE) time to fatigue of rainbow trout at a water veloc-
ity of 35 cm s–1, exposed at different ages and sizes to either 0
or 1000 M. cerebralis triactinomyxons per fish, 20 wk after
exposure. Numbers above bars represent mean fork lengths

of fish at exposure

Table 2. Model parameters

Parameter Definition

μ Overall mean

αi Effect of the ith level of the fixed factor
A (age of fish at exposure)

βj Effect of the jth level of the fixed factor 
B (size of fish at exposure)

τk Effect of the kth level of the fixed factor
C (parasite dose)

(α β)ij Interaction effect between the ith level
of factor A and the jth level of factor B

(α τ)ik Interaction effect between the ith level
of factor A and the kth level of factor C

(β τ)jk Interaction effect between the jth level 
of factor B and the kth level of factor C

(α β τ)ijk Interaction effect between the ith level 
of factor A, the jth level of factor B and 
the kth level of factor C

γ l(ijk) Effect of the lth level of the random factor
D (tank nested in factors A, B, and C)

δm(ijkl) Effect of the mth level of the random 
factor E (fish nested in factors A–D; this 
effect is not included in the model when 
analyzing the mortality or clinical signs 
response)

εijklmn A random error caused by sampling
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0.0318) (Fig. 3), but pairwise comparisons revealed
that only the mean time to fatigue of the 28 mm fish
exposed at 7 wk post-hatch was significantly different
from those of the 40 and 46 mm fish exposed at 9 wk
post-hatch (Table 1). No significant difference existed
between the 36 mm fish or the 40 mm fish exposed at
7 versus 9 wk post-hatch (Table 1).

Clinical signs

None of the control fish subjected to sham exposures
exhibited clinical signs of whirling disease; triactino-
myxon dose significantly affected the percentage of
fish exhibiting clinical signs (p < 0.0001). Clinical signs
were present at 20 wk after exposure among all groups
exposed to 1000 triactinomyxons per fish (Fig. 4).

Size at exposure significantly affected clinical sign
prevalence (p = 0.0132) (Fig. 4), as did age at expo-
sure (p < 0.0001), and a significant interaction effect
was present between age and size (p = 0.0030). Size
did not affect clinical sign prevalence among the fish
exposed at 7 wk post-hatch, but did among those
exposed at 9 wk post-hatch; the 9 wk post-hatch fish
exposed at 40 and 46 mm had significantly lower
prevalences of clinical signs than did the fish
exposed at 36 mm (Table 1). Age at exposure did not
elicit a significant effect on clinical signs of fish
exposed at 36 mm, but did at 40 mm (Fig. 4, Table
1). Therefore, size at age affected prevalence of clin-
ical signs only at the older exposure age (9 wk post-
hatch) and age at size affected clinical signs only at
the larger size (40 mm).

Microscopic pathology

No evidence of microscopic pathology attributable to
Myxobolus cerebralis was present in any of the sham-
exposed controls. Significant differences existed
among the frequency distributions of the microscopic
pathology category of fish exposed at different sizes
within each of the 2 age classes (both p < 0.05) (Fig. 5).
However, the differences among the 3 size groups

73

Age at exposure (weeks post-hatch)

C
lin

ic
al

 s
ig

ns
 (%

)

0

20

40

60

80

100
28 mm 36 mm 40 mm

36 mm 40 mm 46 mm

7 9 9 97 7

Fig. 4. Myxobolus cerebralis infecting Oncorhynchus mykiss.
Mean (+SE) percentage of rainbow trout with clinical signs at
20 wk after exposure, exposed at different ages and sizes to
1000 M. cerebralis triactinomyxons per fish. Numbers above

bars represent mean fork lengths of fish at exposure 

0

50

100

0

50

100

H
ig

h

S
ev

er
e

M
od

er
at

e

M
ild

M
In

im
al

N
on

e

0

50

100

0

50

100

28 mm

Fr
eq

ue
nc

y 
(%

)

0

50

100

0

50

100

Weeks post-hatch: 7

7

9

7

9

9

36 mm

36 mm

40 mm

46 mm

40 mm

Fig. 5. Myxobolus cerebralis infecting Oncorhynchus mykiss.
Frequency distributions of the microscopic pathology cate-
gory for rainbow trout exposed to 1000 triactinomyxons per 

fish at different ages and sizes



Dis Aquat Org 63: 69–76, 2005

exposed at 7 wk post-hatch suggested only a slight
shift to less severe pathology categories with increas-
ing size; modal and median categories were ‘moderate’
for all 3 sizes (Fig. 5). Among fish exposed at 9 wk post-
hatch, modal and median categories were ‘moderate’
for 36 mm fish at time of exposure, but shifted to ‘mild’
for both the 40 and 46 mm sizes (Fig. 5).

Frequency distributions of the microscopic pathol-
ogy category were significantly different between fish
exposed at the same size but at different ages (both p <
0.05) (Fig. 5). However, modal and median categories
of both groups exposed at 36 mm were ‘moderate’ and
more of the fish exposed at 9 wk post-hatch were
categorized as ‘high’ than were fish exposed at 7 wk
post-hatch. Among fish exposed at 40 mm, modal and
median categories were ‘moderate’ for fish exposed at
7 wk post-hatch, but shifted to ‘mild’ for fish exposed at
9 wk post-hatch. As with clinical signs, size at age
influenced the microscopic pathology category only at
the older exposure age (9 wk post-hatch) and age at
size influenced the microscopic pathology category
only at the larger size (40 mm).

Myxospore burdens

Myxospores were found in none of the control fish
subjected to sham exposures, but were present in all
but 2 of the exposed fish. Myxospores were not
detected in 1 fish exposed to 1000 triactinomyxons at
7 wk post-hatch and 36 mm and 1 fish exposed at 9 wk
post-hatch and 46 mm. Triactinomyxon dose signifi-
cantly affected the presence of myxospores (p <
0.0001).

Size at exposure significantly affected myxospore
burdens (p = 0.0466) (Fig. 6). Differences among sizes
were not significant for the fish exposed at 7 wk post-
hatch, but among those exposed at 9 wk post-hatch,
the mean myxospore burden of fish exposed at 46 mm
was significantly lower than in fish exposed at 36 and
40 mm (Table 1). Age at exposure also significantly
affected myxospore burdens (p = 0.0117) (Fig. 6), but
the direction of the difference was opposite of that
expected. Among fish exposed at both 36 and 40 mm,
myxospore burdens were greater among fish exposed
at 9 wk than at 7 wk post-hatch (Fig. 6, Table 1). No
significant interaction existed between effects of age
and size on myxospore burdens (p = 0.7803)

Cartilage

The percentage of cartilage present in the skeletons
of fish was significantly affected by size (p < 0.0001)
(Fig. 7) but not by age (p = 0.8287) (Fig. 7); interaction
between age and size was not significant (p = 0.0786).
Only 28 mm, 7wk old post-hatch rainbow trout (reared
at 9.3°C, 456 degree days) had a significantly higher
mean percentage of cartilage (81.03%) than all 5 other
groups (41.56 to 49.29%). No relation was evident
between the percentage of cartilage and the patterns
of whirling disease severity shown by any of the indi-
cators of whirling disease severity. For all responses,
the 28 mm group did not consistently exhibit more
severe symptoms than all 5 other groups (Table 1,
Figs. 2 to 6), which all possessed similar amounts of
cartilage. Moreover, significantly different levels of
disease severity were present among the 5 groups with
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no significant difference in the percentage of cartilage.
No change in the level of skeletal ossification was asso-
ciated with the ages and sizes at which resistance was
conferred.

DISCUSSION

Clinical signs, microscopic pathology and myxo-
spore burdens provided clear evidence that size at age
(and corresponding degree days of development)
influenced whirling disease severity. Corresponding
evidence was not apparent using cumulative mortality
or swimming performance, the results of which were
equivocal. The effect of size was evident only among
exposures at 9 wk post-hatch; increased size was inef-
fectual at 7 wk post-hatch. Similarly, clinical signs,
microscopic pathology and myxospore burdens indi-
cated effects of age at size. Effects were evident only at
40 mm using clinical signs and microscopic pathology,
and at both 36 and 40 mm using myxospore burdens,
albeit opposite of the expected direction. Thus,
increased protection was conferred only at an age of
9 wk post-hatch and sizes greater than or equal to
40 mm. Neither increased size of younger fish (7 wk
post-hatch), nor increased age of smaller fish (36 mm),
consistently altered susceptibility to whirling disease.
The mechanisms needed to provide protection against
development of the disease were apparently unavail-
able in the younger and smaller fish; however, among
older and larger fish, only a slight increase in age or
size was sufficient to induce resistance. Therefore,
both age and size affect development of resistance to
whirling disease in rainbow trout. Our earlier conclu-
sions that the development and severity of whirling
disease pathology in rainbow trout were dependent on
their age when first exposed to the parasite and that
resistance to the development of the disease was con-
ferred at about 9 wk post-hatch or older (Ryce et al.
2004) should be amended to include size as a regulat-
ing factor. Age alone does not confer resistance in the
absence of sufficient size. Erwin strain rainbow trout
must be both 9 wk post-hatch or older and at least
40 mm in fork length at time of exposure to exhibit
enhanced resistance to whirling disease, compared to
fish first exposed to the parasite at earlier stages of
development. These specific thresholds are likely not
universally applicable to all strains of rainbow trout
and certainly not to other salmonids, but the inter-
active effects of age and size may be a general
phenomenon.

It has long been hypothesized that the decreasing
severity of whirling disease with increasing age or size
of fish at first exposure occurs because of a correspond-
ing increase in ossification of the skeleton (Halliday

1973, Schaperclaus 1991, El-Matbouli et al. 1992, Gar-
den 1992). Trophozoites of Myxobolus cerebralis target
and digest cartilage (El-Matbouli et al. 1992), thereby
destroying the structural framework needed for
healthy bone formation and causing permanent skele-
tal disfiguration. Abundant cartilage in the skeletons of
young trout would therefore seem to render them es-
pecially vulnerable to such damage and we would ex-
pect whirling disease severity to decrease proportion-
ately with the conversion of cartilage to bone;
however, we found no such relation. The one treat-
ment group (28 mm, 7 wk post-hatch, 456 degree days)
that had a significantly lower level of skeletal ossifica-
tion did not differ systematically from the other groups
in severity of disease. Other factors or processes re-
lated to age and size apparently dictate disease sus-
ceptibility.

Resistance to a pathogen can be caused by reduced
penetration of the host, induction of antibody or inter-
feron production, or inactivation of the pathogen by
serum components, phagocytic cells, acute-phase pro-
teins, or killer cells (Chevassus & Dorson 1990). Rain-
bow trout develop humoral and cellular immune
responses to the whirling disease pathogen, but only
after significant cartilage damage has occurred
(Hedrick et al. 1998). Specific anti-Myxobolus cere-
bralis antibodies are not present until 12 wk after
exposure to the parasite (Ryce 2003). An induced
immune response therefore cannot be responsible for
enhanced resistance to disease at 9 wk post-hatch.
Non-specific immune mechanisms that develop onto-
genetically may instead provide resistance against
development of the disease. Development and matura-
tion of the central nervous system may also be
involved. Perineural granulomatous inflammation
caused by destruction of adjacent cartilage coincident
with rapid neural development in immature fish may
elicit neuropathology and dysfunction of the central
nervous system (Rose et al. 2000). Resistance to disease
may therefore be related directly to the stage of
development of the central nervous system.

We did not expect to find greater myxospore bur-
dens in 36 and 40 mm fish exposed at 9 wk post-hatch
than in those exposed at the same sizes at 7 wk post-
hatch. In our earlier work, we showed that myxospore
counts generally decreased with increasing age at
exposure (Ryce et al. 2004). However, we also
observed some age-specific departures from the gen-
eral trend in that study, suggesting that myxospore
burden may not correlate well with other indicators
and its variability may be relatively high. In the
absence of direct mortality, clinical signs and micro-
scopic pathology are perhaps the most direct measures
of disease severity. Myxospore burden, on the other
hand, is only an indirect indicator of whirling disease
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severity as it is a direct measure only of the success of
the parasite in proliferating within a fish, which may
not necessarily also relate to disease severity in that
fish. For example, both the 36 and 40 mm fish exposed
at 7 wk post-hatch in the present study exhibited high
incidences of clinical signs and ‘moderate’ microscopic
pathology medians, but harbored low myxospore bur-
dens (Figs. 4, 5 & 6). Fish exposed at 40 mm and 9 wk
post-hatch had a low incidence of clinical signs and a
‘mild’ microscopic pathology median, but harbored
high myxospore burdens (Figs. 4, 5 & 6). The anom-
alous relations we found among myxospore burdens
and ages and sizes of exposed fish may have resulted
from this poor correspondence between myxospore
burden and disease severity.
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