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INTRODUCTION

Ceratomyxosis is a disease of salmonid fish that
results from infection by the myxozoan Ceratomyxa
shasta. In susceptible fish, clinical disease signs in-
clude lethargy, darkening of the body surface, ab-
dominal distension and hemorrhaging in the area
of the vent (Conrad & Decew 1966, Schafer 1968,
Bartholomew et al. 1989a). These signs develop as the
parasite invades the intestinal tract, causing an inflam-
matory reaction and necrosis. Similar to the described
life cycles of other myxozoans (reviewed by Kent et al.
2001), C. shasta requires 2 hosts in which alternating
spore stages develop. The actinospore stage develops

in a freshwater polychaete worm, Manayunkia spe-
ciosa (Bartholomew et al. 1997), while most species
of the family Salmonidae can serve as hosts for the
myxospore stage (Bartholomew 1998).

The geographic range of Ceratomyxa shasta is lim-
ited to the Pacific Northwest region of the United
States and Canada, where it has been documented
in several major river drainages, including the Sac-
ramento, Klamath, Rogue, Columbia and Fraser
(Bartholomew et al. 1989b, Hendrickson et al. 1989).
Salmonids native to these waters have a decreased
susceptibility to ceratomyxosis relative to strains of the
same species from nonenzootic waters, and thus are
considered ‘resistant’.
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The Cowlitz River, Washington, USA, is a tributary of
the lower Columbia River, and Ceratomyxa shasta is
enzootic throughout its lower 105 river kilometers
(RKM). Construction of 2 major hydroelectric dams and
a barrier dam, completed in 1968, impacted anadro-
mous fish runs on the Cowlitz. To supplement the nat-
ural production and mitigate the effects of the dams, 2
hatcheries were built. At the Cowlitz Salmon Hatchery,
located just above the barrier dam (RKM 80.5), C.
shasta infection caused an epizootic during the first
years of operation in the late 1960s. Since then, C.
shasta spores have been found only occasionally dur-
ing post mortem examinations, and mortality related to
the infection has not been significant. At the Cowlitz
Trout Hatchery (CTH), located 13 km downstream
from the dams (RKM 69.2), C. shasta infections have
been severe. From 1980 to 1985, mortality among the 3
stocks of steelhead Oncorhynchus mykiss and sea-run
cutthroat trout O. clarki ranged between 38 and 90%
annually, and many survivors were undersized and
likely had poor ocean survival (Tipping 1988). With the
implementation of an ozone system at the CTH in
1991, mortality attributed to ceratomyxosis declined to
between 6 and 14% in the 2 years following operation.

A comprehensive study to document the effects of the
Cowlitz River hydroelectric projects on hatchery and
wild salmonid populations in the Cowlitz River was
initiated in 1998. This provided an opportunity to test a
Ceratomyxa shasta-specific polymerase chain reaction
(PCR) assay (Palenzuela et al. 1999, Fox et al. 2000,
Palenzuela & Bartholomew 2002) as a tool for monitor-
ing hatchery populations, and to examine the effects of
prolonged exposure to C. shasta in fish that have a high
level of genetic resistance to the disease.

MATERIALS AND METHODS

Fish rearing. Three stocks of steelhead (summer,
early winter, late winter) and sea-run cutthroat trout
are raised at the CTH. Summer steelhead and sea-run
cutthroat hatch by January, winter steelhead hatch in
early February and late winter steelhead hatch in late
May. For all stocks, fertilized eggs and fry are incu-
bated and reared on well water until river water tem-
peratures exceed 10°C, typically in May. From May
until river temperatures are consistently less than 10°C
(November or December), the fish are reared on river
water treated with ozone at 2 ppm. After a 15 min
retention time, residual ozone (0.1 to 0.2 ppm) is
removed in a forced-air, packed tower stripping unit
prior to entering the raceway. After water tempera-
tures drop, fish are reared on untreated river water
until they are released as yearlings in late April or
early May (Table 1). 

Sample collection. For the 1999 brood year, 60 fish
of each stock were sampled once prior to ozone water
treatment, twice during rearing on river water treated
with ozone, twice after ozone treatment, then at
approximately 2 mo intervals until their release
(Table 1). At collection, fish were euthanized by over-
dose with tricane methanesulfonate (500 mg l–1) and
each fish was weighed and measured. The visceral
cavity was opened and a small piece of the intestine
(approximately 2 to 5 mm) was cut from the posterior
region for PCR, using a new razor blade for each fish.
The tissue was transferred to a 2 ml screw cap vial con-
taining 500 µl of DNA extraction buffer (100 mM NaCl,
10 mM Tris-Hcl, 25 mM EDTA, 1% w/v SDS, pH 8)
(Palenzuela et al. 1999). For histological analysis, a
portion of the intestine anterior to that collected for
PCR was excised and transferred to a tube containing
10% neutral buffered formalin. All samples were
coded so that individual fish could be identified.

PCR analysis. Prior to PCR assay, samples were fur-
ther digested by addition of 200 µg ml–1 Proteinase K to
the DNA extraction buffer and incubation at 37°C for
at least 8 h on a rotational rocker. Pancreatic RNase A
(5 Prime 3 Prime) was added to a final concentration of
100 µg ml–1 to each sample and samples were rotated
at 37°C for 1 h. After enzymatic treatment, samples
were boiled for 5 min, diluted 1:100 with HPLC grade
water and assayed for presence of Ceratomyxa shasta
DNA using conditions for the single round PCR (Palen-
zuela et al. 1999, Palenzuela & Bartholomew 2002).
Samples from rainbow trout Oncorhynchus mykiss
reared on well water at the Oregon State University
Salmon Disease Laboratory, Corvallis, were inter-
spersed with samples from exposed fish to monitor
cross-contamination and false-positives. Ten µl of each
reaction product was electrophoresed in a 1% agarose
gel containing ethidium bromide, and visualized with
UV illumination. An amplification product of 638 bp
indicated presence of C. shasta DNA.

Histological analysis. For each sample period, 8 to
10 fish were selected for histological analysis. Selec-
tion was based on PCR results, to include at least 1
negative sample, with the remainder of samples from
fish that were PCR-positive. Tissues from fish of 1 stock
at a sample period were processed together using stan-
dard histological methods, with no attempt to retain
the original fish identification code. Three 5 µm
sections cut from each tissue block were mounted
separately. One slide was retained for staining with
a Ceratomyxa shasta-specific monoclonal antibody
(Bartholomew et al. 1989c); the other 2 were stained
with hematoxylin and eosin or May-Grünwald Giemsa
and examined microscopically to determine lesion
severity. Lesions were scored from 0 to 5 (Fig. 1) using
the following guidelines: (0) no parasites or inflamma-
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tory response; (1) minimal—parasites localized, in-
flammation minimal or absent; (2) mild—multiple dis-
crete inflammatory foci surrounding organisms, no
mucosal damage, no necrosis; (3) moderate—multiple
confluent inflammatory and necrotic foci, minimal
mucosal involvement, parasites and necrotic cells in
lumen; (4) moderate-severe—multiple confluent in-
flammatory and necrotic foci, severe mucosal involve-
ment; (5) severe—diffuse transmural inflammation
and necrosis, organisms and necrotic cells occlude
intestinal lumen, sporogenesis may be evident. 

Indirect fluorescent antibody technique (IFAT). Tis-
sue sections were stained using a monoclonal antibody
specific for trophozoite stages of Ceratomyxa shasta as
described by Bartholomew et al. (1989c). Briefly, sections
were deparaffinized in two 15 s changes of xylene and
hydrated in three 15 s changes of 95% ethanol, followed
by 5 min in phosphate-buffered saline (PBS). Sections
were incubated with monoclonal antibody for 1 h at
room temperature, rinsed with PBS, and incubated with
a fluorescein-conjugated anti-mouse immunogolobulin
(Sigma Chemical) for 30 min. Methyl green dye (1% in
distilled water) was used as a counterstain. Sections
were examined using a Zeiss standard microscope with

an IV Fl epifluoresence condenser. Numbers of parasites
were recorded for each tissue section.

Condition factor. Lengths and weights were re-
corded for each sample to determine the condition fac-
tor (Piper et al. 1982). t-tests were performed to evalu-
ate the statistical significance of differences in mean
condition factor between fish determined to be Cerato-
myxa shasta-positive and C. shasta-negative by PCR.
A 1-sided t-test was used to test the hypothesis that
condition factor would decrease in diseased fish.
Within each stock, results were grouped by sample
date. For data groups where there were too few results
in 1 category to conduct the statistical analysis, the t-
test was not performed (for example, if 4 or fewer fish
were negative for C. shasta). A statistical significance
level of 5 % was used.

RESULTS

Infection prevalence

Ceratomyxa shasta infection prevalence, as deter-
mined by PCR assay, was low during rearing on well
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Species/ Sample date Water % PCR Parasite Lesion
stock (mm/dd/yy) source positive numbers score

Summer steelhead 05/10/99 Well 0 0 0
07/09/99 Ozone 5 0 0
09/21/99 Ozone 90 0–>200 2.0
12/09/99 Untreated 83 0–<100 2.0
02/29/00 Untreated 97 0–>200 2.5
04/17/00 Untreated 95 >20–>200 3.5

Early-winter steelhead 05/10/99 Well 42 0 0
07/13/99 Ozone 8 0–<10 0.5
09/29/99 Ozone 67 0–>200 1.5
12/09/99 Untreated 77 0–>200 3.0
02/29/00 Untreated 100 0–>200 2.8
04/18/00 Untreated 95 0–>200 3.0

Late-winter steelhead 07/09/99 Well 0 0 0
08/27/99 Ozone 0 0 0
10/25/99 Ozone 28 0–>200 1.0
01/19/00 Untreated 70 0–>200 2.5
03/21/00 Untreated 100 <50–>200 2.5
04/16/00 Untreated 93 <50–>200 3.5
05/01/00 Untreated 100 >200 3.8

Sea-run cutthroat trout 05/10/99 Well 8 0 0
07/14/99 Ozone 15 0–<10 0
09/29/99 Ozone 82 0–<50 2.1
12/09/99 Untreated 73 ND ND
02/29/00 Untreated 97 0–<10 2.0
04/17/99 Untreated 93 <20–<200 3.0

Table 1. Percent of steelhead Oncorhynchus mykiss and cutthroat trout O. clarki positive for Ceratomyxa shasta by polymerase
chain reaction and severity of infection as determined by parasite number and lesion severity score. Fish stocks reared at Cowlitz
Trout Hatchery during the 1998–99 brood year. Number of parasites were determined by examination of histological sections
from 8 to 10 fish using the indirect fluorescent antibody technique. Average lesion scores of fish that were infected were based 

on a scale of 0 to 5. ND = not determined
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water, except among early-winter steelhead from the
May sample (42%) (Table 1, Fig. 2). However, the
decreased incidence of infection in the subsequent
sample (8%) and the inability to detect infection by
histology or by IFAT suggests that contamination of
these samples may have occurred. If this data point is
discounted, then all stocks follow a similar pattern.
Infection prevalence remained low through the first
sample period on ozone-treated water (July for sum-
mer and early-winter steelhead and cutthroat trout;
August for late-winter steelhead). In subsequent
samples, taken in September and October, prevalence
rose to 90% for summer steelhead, 67% for early-
winter steelhead, and 82% for sea-run cutthroat
despite ozone treatment of the water supply. Infection
prevalence among late-winter steelhead remained
low through November (28%), when the water supply
was no longer treated. The percent of fish infected
continued to increase during the winter sampling
periods when water was untreated, and in February
and March infection prevalence was greater than

95% for all stocks. Infection prevalence remained
high through release.

Infection severity

Ceratomyxa shasta infection severity was inferred
from 2 measures: parasite number, as assessed by
IFAT, and lesion severity (Table 1, Fig. 1). For early-
winter steelhead and sea-run cutthroat trout, infection
was first detected by IFAT from fish sampled in July.
Infection prevalence in July was low for these groups
(8% of early-winter steelhead; 15% of cutthroat trout),
and numbers of parasites per tissue section were fewer
than 10. Histologically, parasites were present on the
surface of the epithelial cells and infection was not
associated with a host response (Fig. 3A). By Septem-
ber, parasites were present on the surface of epithelial
cells and in the intestinal lumen (Fig. 4). Parasite
numbers per tissue section were variable, but were
generally higher in the steelhead (0 to >200) than in
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Fig. 1. Histopathology of Ceratomyxa shasta in Oncorhynchus mykiss. Longitudinal sections of intestine showing representative
lesions for Grades: (A) 0, normal intestine; (B) 2, focal areas (✽) of inflammation; (C) 4, multiple sites (✽) of inflammation and 

parasite proliferation; and (D) 5, extensive parasite proliferation and necrotic host cells (✽) occluding intestinal lumen
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cutthroat trout (0 to <50). Signs of granulomatous
inflammation was evident in each stock, but was lim-
ited, and much of the tissue appeared normal (Fig. 3B).
The average lesion score for each stock reflected the
limited tissue response: summer steelhead 2.0, early-
winter steelhead 1.5, cutthroat trout 2.1. Parasite num-
bers remained high in fish sampled during winter
(Table 1). Infection severity increased to moderate
(lesion score 2.8 to 3) with a multifocal inflammatory
response throughout the mucosa, areas of epithelial
cell sloughing, and parasites and necrotic host cells
present in the lumen (Fig. 3C). 

Infection in late-winter steelhead followed the same
pattern, but was delayed. A mild inflammatory re-
sponse (average lesion score 1.0) was first noted in fish
sampled during late October. Over subsequent sample
periods, abundance of parasites on the mucosal sur-
face remained high, and lesion severity increased. 

At release, the average lesion severity for all stock
ranged from 3.0 to 3.8. Presporogonic parasite stages
were generally abundant (20 to >500 per section), but

there was no evidence of further development to sporo-
gonic stages. The inflammatory response in many fish
was extensive, with severe tissue necrosis and mucosal
damage (Fig. 3D), although in each stock there were
individuals with tissue that appeared normal.

Condition factor

There was a significant difference (p < 0.05) in mean
condition factor between PCR-positive and -negative
fish. 

DISCUSSION

The use of molecular technologies for monitoring
purposes remains controversial. One advantage is that
these sensitive techniques allow detection of low num-
bers of parasites, often in the absence of clinical dis-
ease. However, it is not always clear what the presence
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Fig. 2. Prevalence of Ceratomyxa shasta infection in 3 stocks of steelhead Oncorhynchus mykiss and sea-run cutthroat trout 
O. clarki reared at the Cowlitz Trout Hatchery
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of low pathogen numbers means biologically, or how
this information should be used. The present study
relates data on infection prevalence by PCR with other
measures of infection and describes the biological
significance of the infection. At the same time, this
study also provides an example of how PCR methods
can be used in a monitoring situation to inform hatch-
ery operations.

For all 4 stocks of fish followed through their hatch-
ery-rearing phase, detection of Ceratomyxa shasta
infection using the PCR assay could be confirmed
using serological methods and standard histological
procedures, except at the earliest sampling periods.
Infections during rearing on well water were detected
by PCR at a low prevalence (with the exception of the
anomalous result from the first assay of winter steel-
head) and these findings could not be confirmed by
histology or IFAT. Infection prevalence remained low
(8 and 15%) during the first sample period after fish
were transferred to ozone-treated river water, but par-
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Fig. 3. Histological sections showing progression of infection associated with Ceratomyxa shasta in summer steelhead
Oncorhynchus mykiss: (A) July sample, Grade 0 lesion; (B) September sample, Grade 2 lesion showing focal inflammation and
fibrosis (✽); (C) February sample, Grade 3 lesion showing diffuse inflammation, fibrosis (✽) and numerous parasites (arrows); 

(D) April sample, Grade 4 infection showing severe inflammation and mucosal involvement

Fig. 4. Ceratomyxa shasta in summer steelhead Oncorhynchus
mykiss. Histological section of posterior intestine showing
detection of parasites on the surface of intestinal epithelial cells 

using an indirect fluorescent antibody technique
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asites were detected serologically in these groups. This
suggests that at the lowest infection levels PCR is more
sensitive than other methodologies, and that PCR
results can be used as an early indicator of infection. 

A criticism of PCR-based detection methods is that
they do not provide information on the biological sig-
nificance or predicted outcome of pathogen detection.
In this study, results of the PCR assay continued to
correlate with histological and serological detection of
Ceratomyxa shasta through the fall as the numbers of
parasites and the lesion severity increased. Over the
winter, when temperatures were below 10°C, all mea-
sures of infection remained relatively stable, likely
reflecting a low level of parasite proliferation at colder
water temperatures. By release in the spring, infection
prevalence among all stocks was greater than 90%,
and lesion scores were increased over the winter
levels. Infection severity was similar for all stocks at
release, despite the fact that late-winter steelhead
were reared longer on well water. These findings are
in contrast to data on infection prevalence collected
prior to the advent of molecular technologies, when C.
shasta was considered to be at low prevalence in these
stocks. The increasing prevalence of infection as deter-
mined by PCR did correlate with the progression of the
infection as measured by other methods in this study.
However, increased mortality during rearing could not
be directly attributed to these infections.

Development of clinical ceratomyxosis is dependent
on a variety of factors, including strain susceptibility
(Bartholomew 1998). Descriptions of the disease from
susceptible and resistant strains of rainbow trout
exposed to the parasite by a natural infection route for
3 d showed a marked difference in the response of the
hosts (Bartholomew et al. 1989a). In the susceptible
strain, parasites were detected between epithelial cells
of the descending intestine as early as 7 d post-expo-
sure. Lymphocytes infiltrated the tissue in response to
the rapid proliferation of the parasite throughout the
tissue layers. Necrotic host cells and parasites
occluded the intestine in the late stages of infection,
myxospores developed and mortality was high. In con-
trast, out of 150 individuals of a resistant strain of rain-
bow trout challenged simultaneously in that study,
only 2 manifestations of Ceratomyxa shasta infection
were noted, each in a single fish. In 1 fish, a presporo-
gonic stage of the parasite was detected in the lumen
of the posterior intestine, with no associated host
response. The second fish was severely infected, with
lesions similar to that described in the susceptible
strain. In another study, Ibarra et al. (1991) noted gran-
ulomas surrounding degenerative parasite stages in a
resistant strain of rainbow trout infected by intraperi-
toneal injection of parasite stages. These descriptions
suggest that a variety of responses may contribute to

resistance, including prevention of the parasite from
invading and more efficient containment. Although
these observations are limited, they support a hypoth-
esis proposed by Ibarra et al. (1994), whereby resis-
tance depends on 2 interacting mechanisms, the first
exerting control over the initial stages of invasion or
establishment, and the second involving the ability of
the fish to mount an immune response. This study pro-
vided an opportunity to re-examine this hypothesis in
resistant strains of 2 species having chronic C. shasta
infections. 

For both steelhead and cutthroat trout, infection was
characterized by large numbers of parasites on the
mucosal surface and by multiple foci of inflammation.
Unlike Ceratomyxa shasta infections described from
susceptible strains, the parasite did not migrate
through the tissue layers, sporogenesis was not
observed and there was little mortality associated with
the infection. These observations support the hypothe-
sis of a primary resistance mechanism that limits inva-
sion. Support for the second part of this hypothesis, the
ability of the fish to mount an immune response, is less
clear. For all stocks, lesion severity progressed over the
course of the study and there did not appear to be
resolution of the infection. 

Several studies have reported increased mortality
among resistant strains with increasing exposure fre-
quency (Ratliff 1981, Ibarra et al. 1994), indicating that
disease resistance may be overcome when the infec-
tious dose is high or exposure is prolonged. This may
explain the high mortality (38 to 90% annually; Tip-
ping 1988) that occurred among the Cowlitz steelhead
and cutthroat trout stocks prior to the installation of the
ozone treatment facility. The increased survival follow-
ing installation of the ozone treatment facility demon-
strates that the infectious dose has been reduced to a
level that allows the fish to resist overt disease. How-
ever, the marked host response to parasite infection
present in these fish at release would be an obvious
contributing factor to the diminished body condition in
PCR-positive fish. Severe granulomatous enteritis
causes a disturbance in absorption and transport func-
tions of the intestine, an event well described for a
variety of diseases of several animal species (Barker et
al. 1993). Protein-losing enteropathy, wasting and
ascites are commonly associated with these debilitat-
ing lesions, and would negatively impact growth of the
affected animal. As a result, Ceratomyxa shasta may
affect post-release survival during migration and sea-
water acclimation either indirectly by decreasing fit-
ness or directly as the disease progresses. 

The pattern of Ceratomyxa shasta infections de-
tected by PCR throughout the rearing cycle suggested
that exposure occurs at more than 1 point. Detection of
a low infection prevalence during rearing on well
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water indicated that some contamination of the water
supply occurred, either through seepage from the
adjacent river, or from the water distribution lines.
Subsequent studies conducted at the hatchery demon-
strated leakage of untreated river water into the well-
water pipeline. The high prevalence of infection dur-
ing rearing on ozone-treated water also indicated
failure of this system, which may occur during power
outages, or as a result of high turbidity that decreases
the effectiveness of the treatment. During subsequent
investigations on the efficacy of ozone treatment at the
hatchery, C. shasta infection was detected at a low
prevalence (10%) among susceptible cutthroat trout
held for 50 d on treated water coming directly out of
the stripping towers. This finding suggests that ozone
treatment levels of 2 ppm (15 min retention; 0.2 ppm
residual) may be below what is effective for complete
removal of infectious parasite stages. Ozone treatment
levels for the hatchery were based on a study by Tip-
ping (1988), in which infection was determined by
visual detection of the parasite, whereas in this study
infection was determined using more sensitive molec-
ular methods. Thus, in addition to providing informa-
tion on the health status of the population, this study
also demonstrates how molecular methods can be used
to inform and improve hatchery operations.
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