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THE EFFECTS OF MYXOBOLUS CEREBRALIS MYXOSPORE DOSE ON
TRIACTINOMYXON PRODUCTION AND BIOLOGY OF TUBIFEX TUBIFEX FROM TWO
GEOGRAPHIC REGIONS
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ABSTRACT: The aquatic oligochaete Tubifex tubifex is an obligate host of Myxobolus cerebralis, the causative agent of salmonid
whirling disease. Tubifex tubifex can become infected by ingesting myxospores of M. cerebralis that have been released into
sediments upon death and decomposition of infected salmonids. Infected worms release triactinomyxons into the water column
that then infect salmonids. How the dose of myxospores ingested by T. tubifex influences parasite proliferation and the worm
host are not well understood. Using replicated laboratory experiments, we examined how differing doses of myxospores (50,
500, 1,000 per worm) influenced triactinomyxon production and biomass, abundance, and individual weight of 2 geographically
distinct populations of T. tubifex. Worm populations produced differing numbers of triactinomyxons, but, within a population,
the production did not differ among myxospore doses. At the lowest myxospore dose, 1 worm population produced 45 times
more triactinomyxons than myxospores received, whereas the other produced only 6 times more triactinomyxons than myxospores.
Moreover, total T. tubifex biomass, abundance, and individual weight were lower among worms receiving myxospores than in
myxospore-free controls. Thus, T. tubifex populations differ in ability to support the replication of M. cerebralis, and infection
has measurable consequences on fitness of the worm host. These results suggest that variability in whirling disease severity
observed in wild salmonid populations may partially be attributed to differences in T. tubifex populations.

Whirling disease (WD) among salmonid fish is caused by
Myxobolus cerebralis (Myxozoa: Myxosporea) (Hoffman,
1990) a parasite that spread from central Europe and northern
Asia to the United States by 1958. Although WD was initially
thought to be only a problem for salmonid aquaculture, it has
recently been implicated as the cause of severe declines in some
wild rainbow trout (Oncorhynchus mykiss) populations in the
intermountain west (Nehring and Walker, 1996; Vincent, 1996).
Other wild rainbow trout populations appear little affected by
WD (Baldwin et al., 1998). Such variability is to be expected
given the dynamic nature of a disease that depends on inter-
actions among the hosts, pathogen, and the environment (e.g.,
Anderson and May, 1979; May and Anderson, 1979; Hedrick,
1998; Reno, 1998). Understanding the causes of this variability
should provide greater insight into the dynamics of WD in nat-
ural ecosystems.

The life cycle of M. cerebralis alternates between salmonids
and aquatic oligochaetes (Markiw and Wolf, 1983; Wolf and
Markiw, 1984; El-Matbouli and Hoffmann, 1989). Myxospores
are released into sediments when M. cerebralis-infected sal-
monids die and decompose or perhaps through the feces of
predators that have eaten infected fish. Oligochaetes are infect-
ed after they consume myxospores; however, other modes of
parasite entry into oligochaetes have not been explored. Myxo-
spores attach to the gut lining of oligochaetes using extruded
polar filaments and the sporoplasms penetrate between the ep-
ithelial cells where they proliferate (El-Matbouli and Hoffmann,
1998). After an incubation period of about 3 mo (at 15 C),
worms release the triactinomyxon form of the parasite that is
infective to salmonids into the water column. Upon contact with
fish, the triactinomyxons inject their sporoplasms into the epi-
dermis. Sporoplasms migrate through the epidermis and ner-
vous tissue to the cartilage (El-Matbouli et al., 1995). Although
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many salmonid species can be infected by M. cerebralis (Hed-
rick et al., 1998, 1999), Tubifex tubifex (Oligochaeta: Tubifici-
dae) is the only worm species that has been shown to support
replication of M. cerebralis in studies performed to date (Wolf
et al., 1986).

Host ecology influences the spread and impact of infectious
disease in the wild (Reno, 1998). Mathematical models show
that the disease transmission rate (the efficiency of pathogen
transfer from a single infectious individual) affects disease pro-
gress in the short term by influencing characteristics such as
the incidence of disease and the duration of infection in a host
population (e.g., Anderson and May, 1979; May and Anderson,
1979; Reno, 1998). Transmission depends on factors relating to
host resistance, the pathogen, and the environment. Myxobolus
cerebralis must be transferred between 2 hosts, and thus, the
rate of indirect transmission from fish to fish (via worms) will
be influenced by the ability of T. tubifex to support M. cere-
bralis infections. The ability of T. tubifex to support infections
over a wide range of myxospore doses has not been adequately
examined using replicated laboratory experiments. Moreover, T.
tubifex collected from different geographic regions are often
genetically distinct and differ in the conditions that favor
growth, development, reproduction, and tolerance to heavy met-
als (e.g., Anlauf, 1994, 1997; Anlauf and Neumann, 1997;
Sturmbauer et al., 1999). Consequently, the proliferation of M.
cerebralis may also vary among T. tubifex populations.

Long-term effects of disease on host populations also depend
on the negative effects of disease on hosts (Reno, 1998). Neg-
ative effects of WD on salmonids, including tail-chasing be-
havior (from which the disease gets its name), skeletal defor-
mities, blackened tails, and death, have been widely docu-
mented (e.g., Hedrick et al., 1998, 1999). However, little is
known about the negative effects of the disease on T. tubifex.
In the laboratory, infected T. tubifex can live for almost 2 yr
(Gilbert and Granath, 2001), indicating that WD does not cause
direct mortality of worms. However, the intestines of infected
worms contain masses of M. cerebralis cells that cause com-
pression and hypotrophy of epithelial cells (El-Matbouli and
Hoffmann, 1998). Consequently, infection may interfere with



316 THE JOURNAL OF PARASITOLOGY, VOL. 87, NO. 2, APRIL 2001

TABLE I. Mean (61 SE) of total number of triactinomyxons produced and the mean (61 SE) number of days postexposure needed to produce
50% of total triactinomyxon production (T50) for the Mount Whitney and Madison River Tubifex tubifex populations.

Myxospore dose

Per worm Total

Mount Whitney

Numbers of
triactinomyxons T50

Madison River

Numbers of
triactinomyxons T50

50

500

1,000

5,000

50,000

100,000

228,333.3
(652,718.1)

383,416.7
(6107,864.7)

233,250.0
(615,712.9)

149.0
(60)
113.3
(64.3)
145.0

(614.7)

31,416.7
(63,873.9)

29,250.0
(611,861.2)

34,750.0
(69,148.1)

149.7
(612.7)

142.7
(615.2)

149.0
(60)

the absorption of nutrients and affect worm growth, reproduc-
tion, and ability to compete with other worms.

We examined the hypothesis that triactinomyxon production
was a function of M. cerebralis myxospore dose using 2 geo-
graphically distinct populations of T. tubifex. We also examined
the hypothesis that infection by M. cerebralis negatively af-
fected the success of T. tubifex by comparing worm biomass,
abundance, and individual growth among M. cerebralis-infect-
ed and -uninfected T. tubifex populations.

MATERIALS AND METHODS

The effect of myxospore dose on triactinomyxon production of T.
tubifex was tested using worms collected from 2 geographic regions
where WD is enzootic, the Madison River (MR) in Montana, and the
California Department of Fish and Game Mount Whitney fish hatchery
(MW) in Lone Pine, California. The MR worms were collected from
the upper Madison River below Quake Lake just north of the Montana–
Wyoming border. The MW worms were derived from an established
laboratory culture that was originally collected from settling ponds of
the water supply to the hatchery. Worms from the MW population have
been used successfully in laboratory experiments to produce triactino-
myxons for fish infection studies (e.g., Hedrick et al., 1998). In 1997,
laboratory cultures of each population were established from offspring
of worms that were positively identified as T. tubifex. Worms from these
cultures were checked periodically for the presence of M. cerebralis
using molecular markers (Andree et al., 1997). Infection was never de-
tected in these cultures.

Myxospores of M. cerebralis were extracted from rainbow trout
(mixed sources: experimentally exposed fish from Willow Creek, Mon-
tana and the Wild Trout Laboratory, Montana State University and wild
rainbow trout from the Missouri River, Montana) using the plankton
centrifuge method (O’Grodnick, 1975). Andree et al. (1999) found little
geographic variation in the genetic makeup of M. cerebralis. The re-
sulting emulsion of myxospores was thoroughly mixed and myxospore
numbers were quantified using duplicate hemacytometer counts (Mark-
iw and Wolf, 1974). We determined that 85–95% of the myxospores
were viable using the methylene blue staining technique (Hoffman and
Markiw, 1977). Moreover, myxospores were positively identified as M.
cerebralis using morphological characters and molecular techniques
(Andree et al., 1997).

Three replicates of 100 worms from each geographically distinct pop-
ulation of T. tubifex were randomly assigned to 1 of 4 treatments (0,
50, 500, or 1,000 M. cerebralis myxospores per worm) in a completely
cross-classified design. The age and developmental stages of the worms
were unknown. Myxospore densities encountered by worms in nature
are unknown; however, the doses used in the experiment spanned the
range used in other laboratory studies (e.g., El-Matbouli et al., 1998,
1999). The groups of 100 worms in each replicate were measured (wet
weight) to the nearest mg and held for 24 hr without food in declori-
nated tap water. Worms were placed in 250-ml plastic food containers
(9 3 9 3 5 cm) with 40 ml of autoclaved sand and about 200 ml of
dechlorinated tap water. Worm densities of this magnitude (ø13,000
individuals/m2) are commonly found in streams (e.g., Lazim and Learn-

er, 1986, 1987). Spore-positive treatments were inoculated with an ali-
quot of spore extract of the appropriate dose on 7 December 1998. The
spore extract was placed into the water about 5 mm above the sediment.
Negative controls were inoculated with an equivalent aliquot of an
emulsion obtained by processing M. cerebralis-free fish. Replicates
were aerated and held in dechlorinated tap water under ambient light
and temperature conditions (13–17 C). Most of the water (about 150
ml) was changed weekly, and worms were fed dehydrated Spirulina at
the same time. The treatment group of each replicate was not revealed
to the person responsible for maintaining the experiment (Stevens; i.e.,
a double-blind study).

Beginning approximately 60 days postexposure, all water drawn from
weekly water changes was filtered through 20-mm Nitex mesh to retain
triactinomyxons. Filters were back-flushed with deionized water to re-
move triactinomyxons. The triactinomyxon-containing solution was di-
luted to 10 ml. We counted all triactinomyxons in 2, 20-ml aliquots of
the filtrate (1003 magnification, phase contrast or darkfield). The mean
of the 2 counts was extrapolated to calculate the total number of triac-
tinomyxons produced by each replicate. On 20 May 1999 (164 days
postexposure), all worms in each replicate were counted and collec-
tively wet-weighed. Small aliquots of sediments (about 5 ml) from each
replicate were placed in a small white collecting pan and covered with
dechlorinated tap water. Each aliquot was searched and worms were
counted, removed, and placed in a container with declorinated tap water
and sediments were placed in another container. When the entire 40 ml
had been searched the mass of worms was weighed and the sediments
and worms were returned to the original experimental container. On 25
June 1999 (199 days postexposure), after triactinomyxon production
dropped to low levels, the experiment was concluded and worms were
counted and weighed.

Two-way analysis of variance (ANOVA) was used to determine
whether the total numbers of triactinomyxons produced (logarithmically
transformed to stabilize variances) differed between the T. tubifex pop-
ulations and among myxospore doses. The number of days (counted
from the day of first release) required for each replicate to produce 50%
of the total triactinomyxon numbers (T50) was determined to examine
temporal patterns. The Kruskal–Wallis test was used to determine if T50

differed among populations and myxospore doses. Separate, multiple
analyses of variance (MANOVA) for each sampling date were used to
determine whether total worm biomass, average individual worm weight
(calculated from biomass and worm numbers), and worm numbers (all
logarithmically transformed to stabilize variances) differed between T.
tubifex populations and among myxospore doses. Comparisons across
dates, i.e., include date as a treatment in MANOVA, were not used to
simplify analyses. If MANOVAs were significant, individual 2-way
ANOVAs and Tukey’s pairwise comparisons tests were done to eluci-
date treatment effects. Two-way ANOVA was also used to determine
if initial worm biomass (and thus, individual weights) differed among
treatments. In all statistical tests a critical a-value of 0.05 was used to
determine significant differences.

RESULTS

Both the MR and MW populations of T. tubifex started pro-
ducing triactinomyxons 87 days postexposure at all 3 dosing
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FIGURE 1. Mean triactinomyxon production beginning on day 87
postexposure for (a) the Madison River and (b) the Mount Whitney
populations of Tubifex tubifex. Means are averages of 3 replicates of
approximately weekly triactinomyxon counts. Error bars are 11 SE of
the mean for that date.

FIGURE 2. Total worm biomass of the (a) Madison River and (b)
Mount Whitney populations of Tubifex tubifex when given varying dos-
es of Myxobolus cerebralis myxospores. Tukey’s pairwise comparisons
indicated that total biomass was significantly higher in the negative
controls than all myxospore treatments on days 164 and 199 postex-
posure (P , 0.05 for all comparisons). Error bars are 61 SE of the
mean.

regimes (Fig. 1). Triactinomyxons were not observed in nega-
tive controls. As shown in Figure 1, triactinomyxon production
was highly variable over time. Exposed worms in all treatment
groups were still producing triactinomyxons, although in low
numbers, at the end of the experiment on day 199 postexposure
(Fig. 1). The MW worms produced more triactinomyxons than
MR worms by approximately 1 order of magnitude (Table I;
ANOVA, P 5 0.0001). Total triactinomyxon production did not
differ among myxospore doses (ANOVA, P 5 0.9591). The
MW worms always produced more triactinomyxons than the
MR worms in every myxospore dose treatment (interaction be-
tween myxospore dose and worm population was not signifi-
cant; ANOVA, P 5 0.3394). Although MW worms exposed to
500 spores per worm appeared to have a lower T50 than other
treatments, the difference was not statistically significant (Table
I; Kruskal–Wallis test, P 5 0.1716).

At the beginning of the experiment, the MR worms had high-
er total biomass (and thus, heavier individuals) than MW
worms (Figs. 2, 3; ANOVA, P 5 0.0001) across all myxospore
doses (interaction of dose and worm population was not sig-
nificant; ANOVA, P 5 0.4706). Total worm biomass did not
differ among myxospore doses at the start of the experiment
(Fig. 2; ANOVA, P 5 0.6426). However, by subsequent sam-

pling dates, total worm biomass, worm abundance, and individ-
ual worm weight differed among myxospore doses (MANO-
VAs: 164 days postexposure, P , 0.0001; 199 days postexpo-
sure, P 5 0.007) and between the 2 worm populations (MAN-
OVAs: 164 days postexposure, P , 0.0001; 199 days
postexposure, P 5 0.0002). The patterns were consistent across
all myxospore doses and worm populations (MANOVAs: in-
teraction effects not significant, both P-values . 0.25).

At 164 and 199 days postexposure biomasses of MW and
MR worms were highest in negative controls and did not differ
among treatments containing myxospores (Fig. 2; Table II,
spore dose effect; Tukey’s test, P , 0.05). Average weights of
individual worms tended to be higher in the negative controls
at 164 days postexposure (Fig. 3; Table II, spore dose effect;
Tukey’s test P , 0.05), but the differences were not significant
at 199 days postexposure (Fig. 3; Table II, spore dose effect).
Abundances of both MW and MR worms were higher in neg-
ative controls and did not differ among treatments containing
myxospores at 164 days postexposure (Fig. 4; Table II, spore
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FIGURE 3. Average weight of individual worms of the (a) Madison
River and (b) Mount Whitney populations of Tubifex tubifex when given
varying doses of Myxobolus cerebralis myxospores. Tukey’s pairwise
comparisons indicated that individual worm weight was significantly
higher in negative controls than in the 50 and 500 myxospores per worm
treatments on day 164 postexposure (P , 0.05); however, on day 199
postexposure weight of individuals did not differ among any treatments.
Error bars are 61 SE of the mean.

dose effect; Tukey’s test, P , 0.05). The trend in abundance
was similar at 199 days postexposure; however, significant dif-
ferences in abundance were detected only between the negative
control and the 1,000 myxospores per worm treatment (Fig. 4;
Table II, spore dose effect; Tukey’s test, P , 0.05).

At 164 days postexposure the MW population had higher
total worm biomass (Fig. 2), heavier individuals (Fig. 3), and
lower abundance (Fig. 4) than the MR population across all
myxospore doses (Table II, population effect). These trends
continued at 199 days postexposure for total worm biomass and
average weight of individuals, but not for worm abundance (Ta-
ble II, population effect).

Over time, total worm biomass of both MR and MW worms
first increased dramatically and then declined slightly in nega-
tive controls (Fig. 2), and either declined consistently (MR
worms, Fig. 2a) or remained relatively constant (MW worms,
Fig. 2b) in treatments containing myxospores. Interestingly, it
appears that the mechanism producing the higher total worm

biomass in negative controls over treatments containing myxo-
spores differed between the 2 worm populations. Worm abun-
dance first increased and then declined in MR negative controls
and consistently declined in treatments containing myxospores
(Fig. 4a). The average weight of individual MR worms declined
in all treatments including the negative controls (Fig. 3a). How-
ever, in contrast to the increase in worm abundance seen in the
MR negative controls, the abundance of MW worms remained
relatively constant in negative controls and declined in most
treatments containing myxospores (Fig. 4b). Furthermore, the
average weight of individual MW worms increased much more
dramatically in negative controls than in myxospore treatments
(Fig. 3b). The increase in the weight of individual MW worms
in the negative controls was not seen in the uninfected MR
individuals. These results suggest that M. cerebralis infection
inhibited reproduction of MR worms and growth of MW
worms. Moreover, the number of MW worms declined dra-
matically in 2 of the myxospore treatments, suggesting that M.
cerebralis infection may cause significant mortality of MW
worms.

DISCUSSION

The number of triactinomyxons produced by both T. tubifex
populations did not vary with myxospore dose, suggesting that
our lowest spore doses were above the threshold limits of max-
imum infection of the 2 T. tubifex populations. Myxobolus cer-
ebralis proliferated in both T. tubifex populations when myxo-
spore doses were low, i.e., MW worms produced about 45, and
MR worms about 6 triactinomyxons for each myxospore in-
gested (assuming all myxospores were ingested). Thus, our re-
sults support recent laboratory experiments that have docu-
mented the existence of a proliferative phase of the parasite’s
life cycle within T. tubifex (El-Matbouli and Hoffmann, 1998).
Moreover, the rate of proliferation of M. cerebralis in T. tubifex
might even be higher at myxospore doses lower than the con-
centrations we used.

Our findings may have considerable significance for the de-
velopment of the disease in river systems. In the laboratory, the
apparent ability of M. cerebralis to proliferate during parasitism
of T. tubifex suggests that the presence of relatively few myxo-
spores may quickly lead to high triactinomyxon production
among worm populations. In an area where T. tubifex is com-
mon, perhaps the death of a single infected fish that can carry
over 1 million myxospores in the cranial region (Hedrick et al.,
1999) is enough to create a significant disease condition. More-
over, in the laboratory, exposure to as few as 10 triactinomy-
xons can cause infection in rainbow trout (Hedrick et al., 1999),
suggesting that the subsequent infection of susceptible salmo-
nids could also increase rapidly.

We designed our experiments to determine if triactinomyxon
production in T. tubifex was a function of M. cerebralis myxo-
spore dose. Our laboratory results showed that within a T. tu-
bifex population, worms produced similar numbers of triacti-
nomyxons even when myxospore doses varied between 5,000
and 100,000. The similarity of triactinomyxon production
across myxospore doses suggested that most worms encoun-
tered spores and were infected under all dosing regimes. How-
ever, when T. tubifex worms were collected from streams, in-
fection rates were typically low (,5%), even in streams where
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TABLE II. Summary of ANOVA results for differences in total biomass, weights of individual worms, and worm abundance between Tubifex
tubifex populations, among doses of Myxobolus cerebralis myxospores, and with the interaction of worm population and myxospore dose.

Date
Response
variable Source of variation P

164 days postexposure Biomass Population
Spore dose
Interaction of population and spore dose

0.0034
0.0001
0.3399

Individual weight Population
Spore dose
Interaction of population and spore dose

0.0001
0.0056
0.6387

Abundance Population
Spore dose
Interaction of population and spore dose

0.0210
0.0006
0.1413

199 days postexposure Biomass Population
Spore dose
Interaction of population and spore dose

0.0003
0.0012
0.3467

Individual weight Population
Spore dose
Interaction of population and spore dose

0.0001
0.0825
0.9900

Abundance Population
Spore dose
Interaction of population and spore dose

0.9706
0.0216
0.2500

WD has caused significant reduction in the rainbow trout pop-
ulation (Rognlie and Knapp, 1998). Thus, on the large spatial
scale of a stream or stream reach, individual T. tubifex must
only infrequently encounter sufficient myxospores to cause dis-
ease.

Several mechanisms could produce this apparent discrepancy
between laboratory and field infections of T. tubifex. In streams,
low encounter rates of individual worms with myxospores
could occur if the abundance of T. tubifex was greater than the
abundance of myxospores resulting in insufficient myxospores
to infect a large percentage of T. tubifex. Alternatively, if myxo-
spores and T. tubifex were unevenly distributed within a stream
or stream reach, only those worms in close proximity to myxo-
spores were likely to encounter myxospores. Little is known
about myxospore abundance and distribution in infected
streams; however, abundance of T. tubifex can vary consider-
ably among streams and among habitats within streams. For
example, mean densities of T. tubifex in m2 sections across a
stream about 8 m wide varied between about 75,000 and
375,000 individuals·m2, and densities in individual samples were
even more variable (Lazim and Learner, 1987). Because T. tu-
bifex individuals consume only small amounts of sediment daily
(0.0018–0.0269 ml· individual21·day21 at 158C; e.g., McCall and
Fisher, 1980), small-scale unevenness of worm and myxospore
distributions within sediments could result in a few small areas
of infected worms and many areas of uninfected worms, re-
sulting in a low overall infection rate for T. tubifex within a
stream reach. Moreover, T. tubifex is often found in association
with other worm species (Brinkhurst et al., 1972; Brinkhurst
and Chua, 1973) that may consume myxospores and make them
unavailable to T. tubifex (M. El-Matbouli, pers. comm.). Thus,
interactions among worm species may also influence infection
in T. tubifex in streams. Regardless of the mechanism, our data
combined with the field data of others suggest that on stream-
reach or greater spatial scales, the encounter rate of T. tubifex

with M. cerebralis myxospores probably limits disease preva-
lence in T. tubifex in aquatic systems.

The 2 geographically distinct populations of T. tubifex pro-
duced widely different numbers of triactinomyxons when ex-
posed to similar doses of M. cerebralis myxospores. The MW
T. tubifex produced over 10 times more triactinomyxons than
the MR worms. Moreover, only the MW population produced
more triactinomyxons than myxospores received when myxo-
spore doses were high. Clearly, the transmission rate of M. cer-
ebralis from worm to fish would be higher for MW than MR
worms. If such variation in the ability to produce triactinomyx-
ons is widespread among populations of T. tubifex, differences
in the ability to transmit M. cerebralis from worm to fish might
help explain the geographic variation of effects of the disease
on fish (Baldwin et al., 1998).

The mechanism causing the lower triactinomyxon production
of the MR T. tubifex is unknown but could be related to dif-
ferences in the biology of the worm populations or in the host–
parasite interaction. Although we did not know the exact age
or developmental stage of worms at the beginning of the ex-
periment, MR worms were larger and probably in a different
developmental stage than MW worms. However, MR worms
have consistently produced fewer triactinomyxons than the MW
worms in other experiments where the initial developmental
state of the worms and the environment were different than the
conditions outlined in this experiment (data not shown). More-
over, the fact that both T. tubifex populations began producing
triactinomyxons at the same time makes the initial differences
in developmental stage an unlikely explanation for the variation
in triactinomyxon production.

Our results suggest that the host–parasite relationship may
vary among populations of T. tubifex. Using a conserved ge-
netic marker, the internal transcribed spacer region 1 of the
ribosomal RNA gene locus (ITS-1), we have shown that the 2
populations of worms used in this experiment are genetically
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FIGURE 4. Worm abundance of the (a) Madison River and (b) Mount
Whitney populations of Tubifex tubifex when given varying doses of
Myxobolus cerebralis myxospores. Tukey’s pairwise comparisons in-
dicated that worm abundance was higher in negative controls than in
myxospore treatments on day 164 postexposure; however, on day 199
postexposure worm abundance only differed between negative controls
and the 1,000 myxospore per worm treatment (P , 0.05). Error bars
are 61 SE of the mean.

distinct (data not shown). Because M. cerebralis is a recent
invader to North America, perhaps genetically distinct popula-
tions of T. tubifex are differentially preadapted to infection by
M. cerebralis. Moreover, the geographic relationships among
genetically distinct populations of T. tubifex are complex
(Sturmbauer et al., 1999; K. Beauchamp, pers. comm.), and
some T. tubifex populations could also be recent invaders. How
widespread such genetic differences in T. tubifex are, the gen-
erality of variation in triactinomyxon production among genet-
ically distinct populations and how such variation in triactino-
myxon production is related to spatial variation in disease in
salmonids warrant future research.

Growth, reproduction, and mortality were all negatively af-
fected when laboratory T. tubifex populations were infected by
M. cerebralis. Perhaps WD infection influences the ability of
T. tubifex to absorb nutrients that would be used for growth or
reproduction depending on the developmental state of the
worms. For example, the MR T. tubifex were large at the start

of the experiment, and worms in the replicates not exposed to
myxospores reproduced (abundance of worms increased) and
average weight of individual worms declined presumably be-
cause of the addition of juvenile worms. Worms in contact with
myxospores did not reproduce (abundance remained relatively
constant) and average weight of individual worms declined pre-
sumably because of M. cerebralis infection. In contrast, indi-
vidual MW T. tubifex were small at the beginning of the ex-
periment, and their abundance did not increase during the ex-
periment. However, individual MW worms that were not ex-
posed to myxospores gained more weight than those exposed
to myxospores. Moreover, abundance of MW worms declined
dramatically in 2 treatments with myxospores and remained rel-
atively constant in the negative controls, suggesting that in-
fected worms had higher mortality than uninfected ones. Why
worm abundance did not decline in the 500 myxospores per
worm treatment is unknown. Mortality might be an indirect
affect of competition for nutrients within a population because
infected T. tubifex, when held individually, can live almost 2
yr (Gilbert and Granath, 2001). Our results suggest that the
negative effects of M. cerebralis infection on T. tubifex are
complex and may depend on developmental state of worms.
We will examine these aspects in future experiments. The im-
pact of these phenomena upon wild oligochaete populations in
aquatic systems is likely to be slight, because of the low infec-
tion rates typically observed in wild T. tubifex and the potential
of other factors, such as environmental conditions, to have a
greater effect on worms. However, it is possible that the disease
will become self-limiting when prevalence is very high.

In conclusion, our work showed that T. tubifex populations
produced similar numbers of triactinomyxons when challenged
with widely varying doses of M. cerebralis myxospores. Tu-
bifex tubifex populations from different geographic regions pro-
duced different numbers of triactinomyxons when given the
same dose of M. cerebralis myxospores. Moreover, M. cere-
bralis infection had an impact on reproduction and growth of
the obligate host, T. tubifex. This work indicated that the dif-
ferential ability of M. cerebralis to proliferate in T. tubifex pop-
ulations may contribute to the variable levels of disease severity
seen among stream salmonid populations.

ACKNOWLEDGMENTS

The authors thank B. Marshall, W. Granath, J. Holloway, R. Kreuger,
J. Jannot, L. Alzner, and M. Norberg for comments on earlier drafts of
this manuscript; C. Frazier, M. Norberg, and M. Mitchell for maintain-
ing fish and worm cultures; R. Hedrick for supplying the MW worms;
E. MacConnell for confirmation of the identity of M. cerebralis myxo-
spores; R. D. Kathman for confirmation of the identity of T. tubifex; E.
MacConnell, E. Ryce, R. Vincent, G. Liknes, and C. Kaya for providing
fish as a spore source; and M. Rognlie and S. Knapp for providing
equipment. This work was partially funded by an NSF-EPSCOR/
MONTs grant to B.L.K. and grants from the National Partnership on
Management of Wild and Native Cold Water Fisheries to B.L.K. and
C.R.

LITERATURE CITED

ANDERSON, R. M., AND R. M. MAY. 1979. Population biology of infec-
tious diseases: part I. Nature 280: 361–367.

ANDREE, K. B., M. EL-MATBOULI, R. W. HOFFMAN, AND R. P. HEDRICK.
1999. Comparison of 18S and ITS-1 rDNA sequences of selected
geographic isolates of Myxobolus cerebralis. International Journal
for Parasitology 29: 771–775.



STEVENS ET AL.—M. CEREBRALIS AND T. TUBIFEX 321

, GRESOVIAC, S. J., AND R. P. HEDRICK. 1997. Small subunit ri-
bosomal RNA sequences unite alternate actinosporean and myxos-
porean stages of Myxobolus cerebralis the causative agent of whirl-
ing disease in salmonid fish. Journal of Eukaryotic Microbiology
44: 208–215.

ANLAUF, A. 1994. Some characteristics of genetic variants of Tubifex
tubifex (Müller, 1774) (Oligochaeta: Tubificidae) in laboratory cul-
tures. Hydrobiologia 278: 1–6.

. 1997. Enzyme variability of Tubifex tubifex (Müller) (Oligo-
chaeta: Tubificidae) and seven other tubificid species. Archiv für
Hydrobiologie 139: 83–100.

, AND D. NEUMANN. 1997. The genetic variability of Tubifex
tubifex (Müller) in 20 populations and its relation to habitat type.
Archiv für Hydrobiologie 139: 145–162.

BALDWIN, T. J., J. E. PETERSON, G. C. MCGHEE, K. D. STAIGMILLER, E.
S. MOTTERAM, C. C. DOWNS, AND D. R. STANEK. 1998. Distribution
of Myxobolus cerebralis in salmonid fishes in Montana. Journal of
Aquatic Animal Health 10: 361–371.

BRINKHURST, R. O., AND K. E. CHUA. 1973. Evidence of interspecific
interactions in the respiration of tubificid oligochaetes. Journal of
the Fisheries Research Board of Canada 30: 617–622.

, , AND N. K. KAUSHICK. 1972. Interspecific interactions
and selective feeding of tubificid oligochates. Limnology and
Oceanography 17: 122–133.

EL-MATBOULI, M., AND R. W. HOFFMANN. 1989. Experimental transmis-
sion of two Myxobolus spp. developing bisporogeny via tubificid
worms. Parasitological Research 75: 461–464.

, AND . 1998. Light and electron microscopic studies on
the chronological development of Myxobolus cerebralis to the ac-
tinosporean stage in Tubifex tubifex. International Journal for Par-
asitology 28: 195–217.

, , AND C. MANDOK. 1995. Light and electron microscopic
observations on the route of the triactinomyxon-sporoplasm of My-
xobolus cerebralis from epidermis into rainbow trout (Onchorhyn-
chus mykiss). Journal of Fish Biology 46: 919–935.

, T. S. MCDOWELL, D. B. ANTONIO, K. B. ANDREE, AND R. P.
HEDRICK. 1999. Effect of water temperature on the development,
release and survival of the triactinomyxon stage of Myxobolus cer-
ebralis in its oligochaete host. International Journal for Parasitology
29: 627–641.

GILBERT, M. A., AND W. O. GRANATH, JR. 2001. Persistent infection of
Myxobolus cerebralis, the causative agent of salmonid whirling dis-
ease, in Tubifex tubifex. Journal of Parasitology 87: 101–107.

HEDRICK, R. P. 1998. Relationships of the host, pathogen, and environ-
ment: Implications for diseases of cultured and wild fish popula-
tions. Journal of Aquatic Animal Health 10: 107–111.

, M. EL-MATBOULI, M. A. ADKINSON, AND E. MACCONNELL.
1998. Whirling disease: Re-emergence among wild trout. Immu-
nological Reviews 166: 365–376.

, T. S. MCDOWELL, M. GAY, G. D. MARTY, M. P. GEORGIADIS,
AND E. MACCONNELL. 1999. Comparative susceptibility of rainbow
trout Oncorhynchus mykiss and brown trout Salmo trutta to My-

xobolus cerebralis, the cause of salmonid whirling disease. Dis-
eases of Aquatic Organisms 37: 173–183.

HOFFMAN, G. L. 1990. Myxobolus cerebralis, a worldwide cause of
salmonid whirling disease. Journal of Aquatic Animal Health 2:
30–37.

, AND M. E. MARKIW. 1977. Control of whirling disease (My-
xosoma cerebralis): Use of methylene blue staining as a possible
indicator of effect of heat on spores. Journal of Fish Biology 10:
181–183.

LAZIM, M. N., AND M. A. LEARNER. 1986. The life-cycle and produc-
tivity of Tubifex tubifex (Oligochaeta: Tubificidae) in the moat-
feeder stream, Cardiff, South Wales. Holarctic Ecology 9: 185–192.

, AND . 1987. The influence of sediment composition and
leaf litter on the distribution of tubificid worms (Oligochaeta). Oec-
ologia 72: 131–136.

MARKIW, M. E., AND K. WOLF. 1974. Myxosoma cerebralis: Isolation
and concentration from fish skeletal elements—Sequential enzy-
matic digestions and purification by differential centrifugation.
Journal of the Fisheries Research Board of Canada 31: 15–20.

, AND . 1983. Myxosoma cerebralis (Myxozoa: Myxos-
porea) etiologic agent of salmonid whirling disease requires tubi-
ficid worm (Annelida: Oligochaeta) in its life cycle. Journal of
Protozoology 30: 561–564.

MAY, R. M., AND R. M. ANDERSON. 1979. Population biology of infec-
tious diseases: Part 2. Nature 280: 455–461.

MCCALL, R. L., AND J. B. FISHER. 1980. Effects of tubficid oligochaetes
on physical and chemical properties of Lake Erie sediment. In
Aquatic oligochaete biology, R. O. Brinkhurst, and D. G. Cook
(eds.). Plenum Press, New York, New York, p. 253–317.

NEHRING, R. B., AND P. G. WALKER. 1996. Whirling disease in the wild:
the new reality in the intermountain west. Fisheries (Bethesda) 21:
28–32.

O’GRODNICK, J. J. 1975. Whirling disease Myxosoma cerebralis spore
concentration using the continuous plankton centrifuge. Journal of
Wildlife Diseases 11: 54–57.

RENO, P. W. 1998. Factors involved in the dissemination of disease in
fish populations. Journal of Aquatic Animal Health 10: 160–171.

ROGNLIE, M. G., AND S. E. KNAPP. 1998. Myxobolus cerebralis in Tu-
bifex tubifex from a whirling disease epizootic in Montana. Journal
of Parasitology 84: 711–713.

STURMBAUER, C., G. B. OPADIYA, H. NIEDERSTÄTTER, A. RIEDMANN, AND
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