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Ceratomyxa shasta infects salmonids in the Pacific Northwest (PNW) of North 
America, occasionally causing losses in wild and captive populations. Host-specific 
parasite genotypes (O, I, II, III) were previously characterized molecularly using markers 
in the ribosomal DNA and phenotypically by type host in the Klamath River, CA/OR. 
This thesis sough to re-examine the composition of the parasite population elsewhere in 
the PNW and to further evaluate the host specificity of each genotype. I surveyed 
salmonids native to the PNW primarily from the Fraser, the Columbia and the 
Sacramento River basins. I also conducted sentinel studies on the Willamette and 
Deschutes Rivers that exposed native and non-native salmonids to parasite populations 
above and below migration barriers. These studies expanded upon the known host range 
of each genotype: O was specific to rainbow/steelhead (Oncorhynchus mykiss) and 
coastal cutthroat trout (O. clarkii); I was specific with Chinook salmon (O. tshawytscha); 
II was non-specific, being detected in six species, but predominating in coho (O. kitsuch), 
chum (O. keta), and pink (O. gorbuscha) salmon; and III was also non-specific infecting 
many native and non-native salmonids. Hosts infected with genotype III were considered 
“adequate” if myxospore development occurred, and included brook char (Salvelinus 
fontinalis), brown (Salmo trutta), rainbow, cutthroat, and steelhead trout; but Chinook, 
kokanee/sockeye (O. nerka) and Atlantic salmon (Salmon salar) were less suitable. The 
distribution, life history, and phylogenetic traits of each salmonid host are factors that 
potentially explain the host specificity and the spatial and temporal patterns of each 
genotype. Data collected in this thesis provide evidence that host-specific C. shasta 
coevolved with Pacific salmonids, adapting unique host-parasite relationships over time. 
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CHAPTER 1: INTRODUCTION 
 

Myxozoans 

Myxozoans are multicellular yet microscopic organisms, with indirect life cycles 

that involve alternating myxospore and actinospore stages that mostly parasitize aquatic 

invertebrate and vertebrate hosts. There are two classes defined under Myxozoa, 

Malacosporea with relatively few species defined, and Myxosporea, which consists of 

2,180 species under 60 genera (Lom and Dyková 2006). Marine and freshwater fishes are 

the most common myxozoan hosts (Kent et al. 2001), but amphibians and reptiles (Eiras 

2005), ducks (Bartholomew et al. 2008) and shrews (Prunescu et al. 2007; Dyková et al. 

2007) are also suitable hosts. Markiw and Wolf (1983) discovered the annelid Tubifex 

tubifex was the invertebrate host for Myxobolus cerebralis, the causative agent in 

Whirling Disease. El-Matbouli and Hoffmann (1998) defined the annelid as the definitive 

host after observing parasite cells that underwent meiosis in T. tubifex. Although many 

species of myxozoans have been identified, only a small proportion have a completely 

defined life cycle, due to the difficulty in identifying the invertebrate host; only 48 

myxozoans annelid-vertebrate host life cycles described (Atkinson 2011); exceptions to 

this model include direct fish-to-fish transmissions (i.e. Enteromyxum leei; Diamant 

1997) and Malacosporea species that infect bryozoan invertebrate hosts (Canning et al. 

2000).  

In an environment where both the myxozoan and its host are native, they often 

can co-exist together in a balanced relationship that allows the parasite to persist without 

causing disease to its host (Lom and Dyková 2006). Epidemics often occur when either 

the parasite or the host are introduced into a new habitat resulting in untested interactions. 

In this thesis, hosts are defined as “sympatric” if they originated with the parasite, and 

“allopatric” if their relationship to a parasite is relatively new. Deviations in native and 

non-native host susceptibility have been observed from two salmonid myxozoans with 

different origins, Eurasian M. cerebralis and Ceratomyxa shasta of the Pacific Northwest. 

Both parasites have sympatric hosts that are less susceptible to disease, and it was not 
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until non-native species interacted with the parasite that epidemics occurred 

(Bartholomew 1998; Bartholomew and Reno 2002). When M. cerebralis was introduced 

into North America, it had severe impacts on native trout populations (Nehring and 

Walker 1996; Thompson et al. 1999), but there were exceptions, as native North 

American salmonids Arctic grayling (Thymallus arcticus; Hedrick et al. 1999) and coho 

salmon (Oncorhynchus kitsuch; Markiw 1992) were less susceptible. In a similar manner, 

non-native species introduced into C. shasta endemic waters were often highly 

susceptible to disease, although susceptibility of non-native brown trout (Salmo trutta) 

and Atlantic salmon (S. salar) was similar to native species (Zinn et al. 1977). 

Although the mechanisms of disease resistance in these non-native species are 

unknown, a plausible explanation may be that the parasite is unable to survive in hosts 

not similar enough to its primary hosts. Simply infecting a host does not constitute the 

parasite will be able to reproduce, and it is therefore important to define the host range of 

a parasite. Most host ranges of parasite are described from observations made from 

samples collected in the wild, and do not take into account the degree of development 

within a host, which can vary considerably for a parasite (Shulʹman 1966). Experimental 

studies that complete the myxozoan life cycle (fulfilling a modified version Koch’s 

postulates) can prove which hosts are suitable, but this is rare for myxozoans because 

only a few life cycles are known (Atkinson 2011). Consequently, most hosts for 

myxozoans are described based on parasite sporulation, myxospores within vertebrate 

hosts and actinospores within invertebrate hosts. 

The most common method for identifying myxozoans involves basic 

morphological descriptions of the spore type, but this has led to disagreements among 

myxozoan researchers (Kent et al. 2001). A single parasite species can have altered 

morphology in different hosts or multiple closely related parasite species can be difficult 

to distinguish by morphology alone, so defining a parasite species can be quite complex 

(see Kunz 2002). Therefore, phenotypic descriptions based on host type and tissue 

tropism are informative for defining species (Shulʹman 1966, Ferguson et al. 2008). 

Lastly, molecular data in the form of ribosomal DNA, especially the small subunit (SSU), 
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is a third method that was recently introduced and is now widely used for species 

identification (Hills and Dixon 1991).  

There are many recent examples where molecular techniques have been used to 

distinguish between cryptic species complexes. Kudoa thrysites can infect a broad range 

of marine hosts, but slight differences in myxospore morphology from a particular host 

originally classified this parasite as two species, additionally K. histolytica (Pérard 1928). 

But molecular analysis supported the view that these were the same species, K. thrysites, 

subdivided by regions (Whipps and Kent 2006). Conditions within various hosts may 

cause alterations in myxospore morphology that makes using spores measurements and 

host type to describes myxozoan species unreliable (Shul’man 1966; Kent et al. 2001). 

This is best exemplified within the genus Myxobolus, in which the 822 described species 

often have myxospores with similar morphology (Fiala and Bartošová 2010). Myxobolus 

insidiosus and M. fryeri are morphologically similar, and share the same hosts and 

geographic range making these species difficult to distinguish. But Ferguson et al. (2008) 

identified a morphological difference in myxospores from muscle fibers (ave. length 14.6 

µm and width 9.4 µm) compared to nerve bundles (ave. length 12.9 µm and width 8.6 

µm), followed by a 0.5% molecular difference in the SSU (10/2120 base pares) between 

species. Molecular techniques are not always as reliable though, as the smallest 

difference detected between two species (M. muelleri and M. exiguus) was 0.3% (3/1650 

base pairs), yet there morphologies from the same host were clearly different (Barhi et al. 

2003). It is therefore important to not rely on one criterion but use a combination to 

identify speciation of a parasite (Kent et al. 2001). 

There are other benefits of identifying host-parasite interactions, as a parasite can 

add a second layer of information about their hosts. One such application is the use of 

parasites as biological tags to identify the origin of their hosts (MacKenzie 2002). 

Criscione et al. (2006) found that molecular markers of a trematode parasite were more 

consistent than the markers from their steelhead trout host. Differences in rDNA for K. 

thrysites could identify the ocean in which a fish originated (Whipps and Kent 2006) and 

a unique genotype of P. minibicornis distinct to the Fraser River could similarly identify 
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the origin of a Fraser River salmonid (Atkinson et al. 2011). Parasites have also been 

used to define the taxonomic relationships of their hosts but this generally requires longer 

generation times (in the parasite) to develop phylogenetic trends (Nieberding and Olivieri 

2006). Co-speciation can occur because of the close association parasites have with their 

hosts; as host species diverge, so do their parasites, e.g. copepods and teleost fish 

(Paterson and Poulin 1999; see Paterson and Banks 2001). This has been suggested in a 

group of closely related Myxobolus spp. that infect cyprinids from Lake Balaton, 

Hungary as both groups have similar phylogenetic trees (Molnár et al. 2002). 

 

History of Ceratomyxa shasta 

 Rainbow trout (Oncorhynchus mykiss) within the Crystal Lake Hatchery, CA 

experienced a disease outbreak during the summer of 1948 (Wales and Wolf 1955).  

From these fish, Noble (1950) provided the first description of Ceratomyxa shasta. 

Clinical signs of the disease ceratomyxosis include inflammation, necrosis and 

hemorrhaging of the intestine; in severe cases, abdominal swelling can occur from the 

build up of ascitic fluid, and lesions can develop on organs such as the gall bladder, 

spleen, liver, kidney or muscle (Figure 1.1; Wales and Wolf 1955; Bartholomew et al. 

1989). Many early attempts to understand the epidemiology were unsuccessful because 

infections were not transmitted horizontally or vertically between fish, but involved the 

freshwater polychaete Manayunkia speciosa (Bartholomew et al. 1997). The life cycle of 

C. shasta follows this pattern: actinospores from the polychaete host can infect a 

salmonid, and myxospores from the salmonid host can infect a polychaete (Figure 1.2). 

Although M. speciosa is found in ocean draining rivers of North America and in the 

Great Lakes (Spencer 1976), the PNW is the only region where C. shasta is endemic 

(Figure 1.3; Bartholomew 1998). Salmonids native to endemic waters are generally less 

susceptible to disease compared to salmonids from non-endemic waters (Bartholomew 

1998).  

Diseases caused by myxozoans in wild fishes are rare, except when allopatric 

hosts are involved, but native hosts can become diseased when environmental conditions 
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are altered favoring the parasite or compromising the host. Native salmonids of the 

Klamath River, CA/OR, have been severely affected by the increased levels C. shasta 

(Hallett and Bartholomew 2006; Ray et al. 2010; Fujiwara et al. 2011; Hallett et al. in 

press). Dams in this system stabilized water flows, potentially increasing habitat for M. 

speciosa (Stocking and Bartholomew 2007), and elevated water temperatures (Bartholow 

2005) can affect the progression of disease in infected fishes (Udey et al 1975, Ray et al. 

in press). Fish passage and dam removal are proposed to begin in 2020 (Klamath 

Hydrologic Settlement Agreement 2010) allowing anadromous fish access to historical 

spawning grounds. However, pathogens carried by anadromous fishes could possibly 

infect isolated fish populations above the barrier. To explore the distribution of the 

parasite in the upper and lower basin, water samples were collected to determine parasite 

abundance and sentinel fish were held at locations endemic for C. shasta to determine 

susceptibility. Parasite levels of C. shasta varied throughout the system, but the highest 

levels were detected in Williamson River (10-20 spore L-1) in upper basin and near the 

confluence with Beaver Creek (>20 spore L-1) in the lower basin (Hallett and 

Bartholomew 2006). However, when Chinook salmon (O. tshawytscha) were exposed in 

the upper basin no mortality occurred, while fish exposed in the lower basin experienced 

16% mortality; rainbow trout from each basin suffered >92.3% mortality (Maule et al. 

2009). This difference in mortality led researchers to examine the composition of the 

parasite population between basins. Parasite SSU and internal transcribed spacer – 1 

(ITS-1) ribosomal DNA was sequenced from fish and water from each basin. The SSU 

only had 3/1776 (0.17%) base pair substitutions which defined two genotypes A and B; 

the more variable ITS-1 had 0.4-7.1% base pair substitutions and markers that 

corresponded to four genotypes (O, I, II, III), named according to the number of ATC 

repeats. Genotype A of the SSU defined genotype O of the ITS-1, and genotype B of the 

SSU was associated with genotypes I, II, and III of the ITS-1 (Atkinson and 

Bartholomew 2010a). The Klamath River these genotypes were shown to be host-

specific; genotype 0 associated with native redband-steelhead trout, genotype I caused 

mortality in Chinook salmon, genotype II had two biotypes specifically causing mortality 
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in either native coho salmon (O. kisutch) or non-native rainbow trout (Hurst and 

Bartholomew in press) and genotype III was not associated with any individual host 

(Atkinson and Bartholomew 2010a,b).  

The discovery of host-specific genotypes changed the way the host range of this 

parasite was viewed. As demonstrated with Chinook salmon susceptibility in the upper 

and lower basin, migration barriers that prevented anadromous fish migration also 

excluded genotypes specific to Chinook salmon (Atkinson and Bartholomew 2010a). The 

stocking of susceptible rainbow trout into endemic waters elevated parasite levels within 

that area, but only genotype II, which appears to have adapted to introduced rainbow 

trout (Hurst and Bartholomew in press). The overall management conclusions made from 

these Klamath River studies were that 1) the passage of anadromous fish populations 

beyond migration barriers would introduce extant genotypes but would not be harmful to 

resident populations, and 2) stocking of susceptible species would amplify specific 

genotypes. However, the application of these management guidelines cannot be applied 

outside of this system because it is unknown if these genotypes exist in other endemic 

areas of the PNW, or if they have similar host-specific relationships with other 

salmonids.  

Two other salmonid myxozoans have been examined for similar patterns of host 

specificity and geographic differences. Parvicapsula minibicornis is also endemic to the 

PNW and shares a common invertebrate host, Manayunkia speciosa, with C. shasta 

(Bartholomew et al. 2006). After analyzing partial SSU sequences, a unique genotype 

was isolated from the Fraser River and another unique genotype was host-specific for 

coho salmon; however the clear patterns observed for C. shasta were not as evident for P. 

minibicornis (Atkinson et al. 2011). Returning to M. cerebralis, a 1.7% variation in ITS-1 

sequence supported the theory that this parasite was only recently introduced into North 

America, as samples from Germany, Russia, West Virginia, and California were all 

similar (Andree et al. 1999; Whipps et al. 2004), but Lodh et al. (2012) suggested there 

may have been two separate parasite introductions into the United states from variation in 

the ITS-1.  
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With only a limited amount of myxozoan genes sequenced, relying solely on 

rDNA to determine phylogenetic relationships is risky. A second protein-coding gene, 

Elongation Factor-2, has strengthened the taxonomic relationships between myxozoan 

species based on rDNA data (Fiala and Bartošová 2010). However, this has not been 

done with genotypes of C. shasta, and although heat shock protein-70 was sequenced, no 

differences were observed amongst different genotypes defined by the ITS-1 (Hurst and 

Bartholomew unpublished data). Until additional characteristics (e.g. a second nuclear 

gene, morphological differences) are described for genotypes O, I, II, and III, C. shasta 

should be considered a single species, with multiple genotypes (Atkinson and 

Bartholomew 2010b).  

 

Salmonids of the Pacific Northwest 

There are seven anadromous salmonids native to the PNW: five Pacific salmon 

(Chinook, coho, pink, chum, and sockeye) and two Pacific trout (steelhead and coastal 

cutthroat). In this section I briefly describe each of these species by their population 

distribution, life history forms, and susceptibility to C. shasta. I only defined the range of 

the PNW as Southern California to the Georgia Depression (lowlands of Puget Sound, 

eastern Victoria Island, and Fraser River), and did not include populations from Northern 

British Columbia or Alaska. 

Chinook salmon (Oncorhynchus tshawytscha): Currently this species can be 

found throughout the PNW and is comprised of ~500 populations (Waples et al. 2001). 

Life history traits often differ among populations, but there are two principle behavior 

types for Chinook salmon: in the “stream-type”, juveniles emigrate after residing in 

freshwater for a year and adults begin their spawning migration in the spring, maturing in 

the stream; in the “ocean-type”, juveniles emigrate soon after hatching, and adults mature 

in the ocean, spawning soon after returning to freshwater in the fall (Groot and Margolis 

1991). The success of this species has been linked to its highly plastic life history forms 

that can buffer against environmental changes (Waples et al. 2004, Waples et al. 2008). 

Chinook salmon that originate from endemic waters are generally less susceptible to C. 
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shasta (Zinn et al. 1977; Ching and Parker 1989), but native Chinook salmon have been 

severely affected in the Klamath River (Hallett et al. in press). 

Coho salmon (Oncorhynchus kitsuch): This species is mostly found in coastal 

drainages and there are ~480 populations in the PNW (Waples et al. 2001). This species 

is described as “opportunistic” because of their ability to readily adapt to new 

environment. Although considered sister species to Chinook salmon (Crespi and Fulton 

2004), a major difference between the two is that coho salmon have a nearly fixed life 

history with adults that spend 18 months at sea and juveniles that reside in freshwater for 

12 months (Groot and Margolis 1991). This rigid 3-year cycle offers less buffering to 

environmental changes and has resulted in widespread population losses for coho salmon 

in the interior Columbia River basin (Gustafson et al. 2007). Similar to Chinook salmon, 

coho salmon from endemic waters are also less susceptible to C. shasta (Hemmingsen et 

al. 1986).  

Pink salmon (Oncorhynchus gorbuscha): Only ~65 populations exist in the PNW, 

mostly occurring in the Georgia Depression (Waples et al. 2001). Pink salmon have a 

fixed two-year life span, with juveniles that quickly emigrate after hatching and adults 

that spend 18 months in the ocean before returning to spawn (Groot and Margolis 1991). 

This often results in a biennial cycling that results in reproductively isolated odd and even 

year cycles. Data on susceptibility to C. shasta has been documented but is limited solely 

to observations from ocean caught pink salmon (Bell and Traxler 1985). 

Chum salmon (Oncorhynchus keta): The ~350 populations in the PNW are 

limited to the Lower Columbia River basin and Georgia Depression (Waples et al. 2001). 

Chum salmon are closely related to pink salmon (Crespi and Fulton 2004), and are also 

fixed to emigrate soon after hatching, but adults can spend between 2-7 years at sea 

(Groot and Margolis 1991). Because chum and pink salmon share similar habitats, chum 

salmon populations survive better in “off-years” of pink salmon, due to competition. 

Chum salmon are highly susceptible to C. shasta (Zinn et al. 1977) and infected adults 

have been document in Alaska’s Yukon River (Follett et al. 1994). 
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Sockeye salmon (Oncorhynchus nerka): This species has ~60 populations found 

in the Georgia Depression, Upper Columbia and Snake River Basins (Waples et al 2001). 

Sockeye salmon are genetically the most divergent of all the Pacific salmon (Crespi and 

Fulton 2003) and the only Pacific salmon that has a non-anadromous form, kokanee. Life 

history traits of sockeye salmon are less stringent than most other salmon as juvenile and 

adult forms spend >1 year in their respective habitats (Groot and Margolis 1991). Zinn et 

al. (1977) exposed kokanee to endemic waters with 4% mortality occurring; no 

information exists for sockeye salmon.  

Steelhead trout (Oncorhynchus mykiss): Approximately 340 populations of 

steelhead trout exist throughout the PNW (Waples et al. 2001). Adult steelhead trout 

enter freshwater year round but are separated into summer (May to October) and winter 

(November to April) runs (Busby et al. 1996). Similar to spring and fall run Chinook 

salmon, summer run populations mature in freshwater and are typically found further 

upriver then winter run populations which mature in the ocean (Busby et al. 1996). 

Although considered iteroparous, repeat spawning rarely occurs (Busby et al. 1996), but 

rainbow trout, the non-anadromous form, are truly iteroparous and this popular sport fish 

has been spread around the world (Crawford and Muir 2008). Steelhead trout have also 

been shown to be less susceptible to C. shasta if they are native to endemic waters 

(Buchanan et al. 1983; Ching and Parker 1989), but even among sympatric stocks 

mortalities of 62.5% (Cowlitz Trout Hatchery, WA; Tipping 1988) and 58% (Pelton 

Hatchery, OR; Conrad and DeCew 1966) have been reported. 

Coastal cutthroat trout (Oncorhynchus clarkii clarkii): Over 200 populations of 

these sea going trout are found in coastal streams from Northern California to the Georgia 

Depression, and in the lower Columbia Basin (Waples et al. 2001). Trotter (1989) 

characterized this species as having many life history forms; anadromous, 

potamodromous stream and lake dwellers, and headwater stream-resident. Emigration to 

the ocean primarily occurs after two years in freshwater, but these anadromous forms 

rarely spend more than three months at sea; migration patterns of potamodromous forms 

are similar to anadromous forms, except they do not enter the ocean (Trotter 1989). 
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Studies of cutthroat trout susceptibility to C. shasta are limited. Ching and Parker (1989) 

exposed a sympatric strain but no mortality was recorded, and Zinn et al. (1977) exposed 

an allopatric strain with 91-94% mortality. 

 Non-native salmonids: There are some non-native salmonid species that have 

been introduced into the PNW, but I shall only discuss only those relative to this thesis. 

Atlantic salmon (Salmon salar) are native to the North Atlantic Ocean region, but have 

been spread around the world by aquaculture and sport fishing interest. No mortality was 

recorded from Atlantic salmon exposed in the Willamette River (Zinn et al. 1977), but 

Sanders et al. (1976) found dead Atlantic salmon with clinical signs of ceratomyxosis in 

an endemic lake in Oregon. Brown trout (Salmon trutta) originate from Europe and brook 

char (Salvelinus fontinalis) are native east of the Mississippi River, but both are common 

sport fishes that have been transported to the PNW. From two separate studies, brown 

trout mortality was similar (11% and 20%), but brook char mortality was variable (24% 

and 100%; Schafer 1966; Zinn et al. 1977).  

 

Endemic Rivers of the Pacific Northwest 

Ceratomyxa shasta is known to be endemic to Fraser River, B.C. (Ching and 

Munday 1984); Chehalis River, WA (Johnson et al. 1979); Lake Washington of Puget 

Sound, WA (Stocking et al. 2007); Lewis, Washougal, Columbia and Snake Rivers, 

OR/WA/ID (Hoffmaster et al. 1988); Cowlitz River, WA (Tipping 1989); coastal 

(Nehalem) and inland rivers of Oregon (Sanders et al. 1976); Clackamas, Siletz and 

Rogue Rivers, OR (ODFW pers. comm.); Klamath River, OR/CA (Stocking et al. 2006); 

Sacramento, Pit (Schafer 1968), Feather, Butte, and Mokelumne Rivers, CA 

(Hendrickson et al. 1989). The parasite is also established in Alaskan rivers, although the 

extent of its establishment is unknown: Tanana and Naknek River systems on the 

Alaskan Peninsula; Russel Creek (Cold Bay) in the Aleutian Chain, the Togiak and Wood 

Rivers in Bristol Bay, and lower Talarik Creek, Lake Iliamna (see AFS-FHS 2010). Here 

I provide brief descriptions of river features, native salmonids, and history of C. shasta 

from three major endemic rivers (Figure 1.3). 
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Fraser River Basin 

 The Fraser River flows 1,375 river kilometers (rkm) through British Columbia, 

Canada, and its basin covers 220,000 km2. Due the rivers high sediment load and 

concerns over salmon migration, the main stem of the Fraser River has never been 

dammed (Evanden 2004). All seven anadromous Pacific salmonids are native to the 

Fraser River (Waples et al. 2001). Biennial cycling of pink salmon has created a 

dominant odd-year pink salmon run and chum salmon are higher in numbers during even-

years (Groot and Margolis 1991). The remaining species have normal migration runs. 

This river is endemic for C. shasta up to the town of Prince George at rkm 722 

(Ching and Munday 1984). Juvenile salmonids native to the Fraser River were less 

susceptible to C. shasta when exposed in the Lower Fraser River compared to allopatric 

salmonids (Ching and Parker 1989) and the infectious stage was documented from late 

April to mid-November (Ching and Munday 1984). In contrast to these studies, 

outmigrating wild and hatchery juvenile Chinook salmon collected from the Fraser River 

mouth had a low prevalence of infection (~3.3%; Margolis et al. 1992), which may be 

due to yearly variation in parasite levels or time of salmonid migration. Another 

myxozoan parasite in Fraser River, P. minibicornis has caused pre-spawning mortalities 

in sockeye salmon (St-Hilaire et al. 2002), and been shown to be pathogenic for coho and 

pink salmon (Jones et al. 2003). A unique genotype of P. minibicornis was identified in 

the Fraser River suggesting geographical differences in the distribution of this myxozoan, 

but specific virulence traits were not defined (Atkinson et al. 2011). 

Columbia River Basin 

The Columbia River is the largest river in the PNW (over 2,000 km long; ~670,00 

km2) extending into Montana, Wyoming, Utah, Nevada, Idaho, Oregon, and Washington, 

as well as Canadian provinces British Columbia and Alberta. Unlike the Fraser River, 

many dams exist on the main stem of the Columbia River. Steelhead trout, Chinook and 

coho salmon represent the largest stocks, while coastal cutthroat trout are less common, 

chum and pink salmon are rare, and only few stocks of sockeye salmon still exist 

(Williams et al. 1991). The furthest endemic location on the Columbia River was 
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documented by sentinel exposures below the McNary Dam at rkm 470, but 434 rkm up 

the Snake River, sentinel fish were positive for C. shasta below the Oxbox Dam 

(Hoffmaster et al. 1988). The parasite is endemic to many tributaries of the lower 

Columbia River Basin, but three major tributaries with migration barrier will be 

discussed individually. 

Cowlitz River - This river has a very diverse population of salmonids that include 

hatchery stocks of spring and fall Chinook salmon, coho salmon, summer, winter, late 

winter steelhead and coastal cutthroat trout that are all raised at the Cowlitz Salmon and 

Trout state hatcheries. Returns of wild salmon and trout are less than their hatchery 

equivalents, but in addition to hatchery species there also exist extremely limited runs of 

sockeye, chum and pink salmon. The Cowlitz Salmon Hatchery is located downstream of 

the Mayfield Dam (rkm 85) and Mossyrock Dam (rmk 105), and a barrier dam just below 

the hatchery serves to funnel migrating salmonids into a fish ladder that leads to the 

hatchery. All anadromous fish were passed into the upper basin from 1962 to 1966, and 

select numbers of fish were passed from 1966 until 1980 when Mt. St. Helen erupted 

(WDFW 2002). After the Cowlitz Falls Dam (142 rkm) was completed in 1994, a trap 

and haul program began that still operates today. Epidemics have occurred at the salmon 

hatchery in 1969 and again in 2009-10 (Elysa Ray, WFDW, pers. comm.). The Cowlitz 

Trout Hatchery is 13 rkm downstream of the salmon hatchery and had severe problems 

with ceratomyxosis from 1980 until 1985 when an ozone system was installed to reduce 

parasite levels coming into the hatchery (Tipping 1988). 

Willamette River – Anadromous salmonid populations in this river system are 

limited by Willamette Falls, a 460 m wide, 12 m high season migration barrier located 42 

rkm from the Columbia River. Historically, only during high water flows could 

anadromous fishes pass this barrier, but a fish ladder constructed in 1950’s by the Oregon 

Department of Fish and Wildlife (ODFW) now allows passage to occur year round. The 

Upper Willamette River (UWR) has four stocks of native spring Chinook salmon, each 

maintained by ODFW Hatcheries (Marion Forks, South Santiam, McKenzie, 

Willamette). Winter steelhead and coastal cutthroat trout are also native to the UWR. A 
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non-native summer steelhead trout stock is maintained by ODFW at the South Santiam 

Hatchery and recently coho salmon have invaded the UWR. The peak of the Chinook 

salmon migration still occurs during high flows in the spring season, and juvenile 

emigration mainly occurs during this same season (Myers et al. 2006). Tributaries of the 

Willamette River have not been tested for C. shasta, but the parasite is endemic to the 

mainstem from the confluence with the Columbia to the town of Corvallis, OR (Zinn et 

al. 1977). No major epidemics have been reported but minor outbreaks of ceratomyxosis 

have occurred at the Clackamas Hatchery, lower Willamette River basin (Antonio 

Amandi, ODFW pers. comm.). Multiple Chinook salmon strains were exposed in the 

Willamette River with 82-100% mortality for non-natives, and 0-13% mortality for 

natives, but mortality in other native and non-native salmonids was between 0-100% 

indicating a difference in susceptibility among the exposed species (Zinn et al. 1977). 

Deschutes River – The Pelton-Round Butte Hydroelectric Project (PRB), was 

built between 1956-64, with Round Butte Dam (rkm 177) being the ultimate migration 

barrier that divides the Deschutes River into upper and lower basins. Native anadromous 

spring Chinook and sockeye salmon and steelhead trout were effectively blocked from 

migrating into the upper basin, but recent modifications to the PRB now allow 

downstream migration, and when marked salmonids return, they will be trucked back to 

the upper basin to spawn. Redband trout (O. mykiss gairdneri), bull char (Salvilinus 

confluentus), and mountain whitefish (Prosopium williamsoni) are also native to the both 

basins; in addition to these fish many non-native species are present in the upper basin 

(see Figure 1.4 for list and location of species). Ceratomyxa shasta is endemic in both the 

lower and upper basins of the Deschutes River (Sander et al. 1976), and Ratliff (1983) 

described an infective period in the lower Deschutes River that initiated when water 

temperatures rose above ~7˚C. Epidemics have occurred at the Pelton Hatchery with 

native juvenile Chinook salmon and steelhead trout (Conrad and DeCew 1966), and with 

non-native salmonids in lakes located in the upper Deschutes River (Sanders et al. 1976). 

No susceptibility data exists for bull char and mountain whitefish. 
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Sacramento River Basin 

 Located entirely within the Northern half of California, the Sacramento River is 

California’s longest river (640 rkm) and the basin covers 71,000 km2. Spring and winter 

Chinook salmon, and steelhead trout are native to this basin but despite being raised at 

multiple hatcheries these fish stocks have been have been severely reduced (Myers et al. 

1998). The Shasta Dam (rkm 505) impounds Lake Shasta and is the limit to upstream 

migration in this system. The Sacramento River is endemic for the parasite at rkm 369 

and 468 but not above Lake Shasta (Hendrickson et al. 1989). The Feather, Butte, and 

Mokelumne Rivers are endemic lower basin tributaries (Hendrickson et al. 1989). The Pit 

River basin, a major tributary above Lake Shasta, is also endemic, and notably the 

location where the first epidemic of C. shasta was recorded in 1948 at the Crystal Lake 

Hatchery, with further outbreaks again in 1949, 1962, and 1963 (Schafer 1968). 

 

 Goal and Objectives 

 The overall research goal of this thesis was to further characterize the genotypes 

of C. shasta. The first objective sought to document if the genotypes described from the 

Klamath River also occurred elsewhere in the PNW, if other novel genotypes exist, or 

abnormalities in host specificity and geographic localities occurred with each genotype. 

In Chapter 2, I discuss results of genotype analysis of adult salmonids returning to 

hatcheries in major endemic river basins. The second objective specifically addressed fish 

transfer in the Deschutes River, OR, by evaluating how C. shasta genotypes maintained 

by anadromous fish in the lower basin and resident salmonid populations in the upper 

basin would affect one another after fish passage was initiated. In Chapter 3, I designed a 

sentinel fish study in which eight different salmonid species were exposed in present and 

projected salmon habitat in the Deschutes River to test for 1) differences in the parasite 

composition between basins, and 2) susceptibility of each species to genotypes endemic 

to each basin. The third objective sought to determine if any interspecies differences in 

susceptibility to C. shasta exist between four Upper Willamette River spring Chinook 

salmon populations. Appendix A describes a sentinel study that took place in the 
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Willamette River with all four fish stocks, and a Willamette River C. shasta monitoring 

study. 
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Figure 1.1: Rainbow trout with clinical signs of ceratomyxosis: external A) swollen 
abdomen and vent; internal B) swollen intestine (black arrow), C) hemorrhaging inside 
intestine and D) lesions on liver.  
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Figure 1.2: Life cycle of Ceratomyxa shasta (scale bar = 5 µm).  
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Figure 1.3: Map of the Pacific Northwest with rivers endemic for C. shasta highlighted in 
grey. Notable locations (dams, cities, hatcheries) are marked by black triangles. 
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Figure 1.4: Distribution of native and non-native salmonids in the upper Deschutes River 
basin.  
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CHAPTER 2: 
	  

CERATOMYXA SHASTA IN THE PACIFIC NORTHWEST: CO-EVOLUTION OF 
HOST-SPECIFIC GENOTYPES WITH ANADROMOUS PACIFIC SALMONIDS 

 

Matthew E. T. Stinson, Stephen D. Atkinson and Jerri L. Bartholomew 
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Abstract 

Ceratomyxa shasta is a parasite of salmonids in the Pacific Northwest (PNW). 

Since host-specific genotypes (O, I, II, III) were described from the Klamath River, 

CA/OR, the composition of the parasite population has been used to explain the 

differences in disease severity between species and locations. To determine if C. shasta 

genotypes are widely distributed, we collected samples from infected adult and juvenile 

salmonids from three PNW river basins that cover the majority of the known endemic 

range of the parasite. Our sample set was comprised of all seven anadromous salmonid 

species native to the PNW, which allowed us to document the natural host-parasite 

relationships that exist. We observed two host-specificity trends: O was specific to native 

rainbow/steelhead (Oncorhynchus mykiss) and coastal cutthroat trout (O. clarkii); I was 

specific to Chinook salmon (O. tshawytscha); II was non-specific, predominated in coho 

(O. kitsuch), chum (O. keta), and pink (O. gorbuscha) salmon; and III was also non-

specific, but predominated in mortalities of steelhead trout; no novel genotypes were 

detected. In addition to host-specificity, we observed differences in clinical signs of 

disease caused by genotype 0 and III in steelhead trout. Sockeye salmon (O. nerka) were 

the least susceptible of all salmonids sampled. We compared salmonid characteristics to 

genotype host specificity and pathological changes caused by the parasite. These data 

support the hypothesis that these host-parasite relationships are well-established and not 

recent developments.  

 

Keywords: Myxozoa, host-parasite relationships, life history, phenotypic, rDNA, ITS-1 
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Introduction 

The myxozoan parasite Ceratomyxa shasta (Noble 1950) alternates between two 

obligatory hosts: salmonids and the polychaete Manayunkia speciosa (Bartholomew et al. 

1997). Although M. speciosa is found in large river systems of both east and west coasts 

of North America, and the Great Lakes region (Spencer 1976), C. shasta has only been 

documented in the Pacific Northwest (PNW; Bartholomew 1998). In this region, seven 

native anadromous Pacific salmonids are found in C. shasta-endemic waters: Chinook 

(Oncorhynchus tshawytscha), coho (O. kisutch), pink (O. gorbuscha), chum (O. keta) and 

sockeye/kokanee (O. nerka) salmon; and coastal cutthroat (O. clarkii clarkii) and 

rainbow/steelhead (O. mykiss) trout. These fishes have different life history traits and 

genetically diverse subpopulations (Waples et al. 2001), but also varying susceptibility to 

C. shasta (Bartholomew 1998). Generally, salmonids originating from rivers endemic for 

C. shasta are less susceptible to the parasite because they have evolved in sympatry 

(Bartholomew 1998). Environmental factors such as water temperature (Udey et al. 1975; 

Ray et al. 2012) and parasite dose (Ray et al. 2010; Hallett et al. in press) can influence 

the severity of the infection, but do not always account for such differences (Atkinson 

and Bartholomew 2010a).  

 Differences in disease severity the Klamath River, CA/OR were explained by the 

discovery of multiple parasite genotypes (O, I, II, III) with different host preferences 

(Atkinson and Bartholomew 2010a). Genotypes O and I specifically infected native 

rainbow/steelhead trout and Chinook salmon, respectively, genotype II had two biotypes 

which infected either native coho salmon or non-native rainbow trout (Hurst and 

Bartholomew in review), and genotype III was not associated with any particular host 

(Atkinson and Bartholomew 2010b). These host-specific relationships emphasize the 

availability of specific host species as an important consideration when examining the 

composition of the parasite population. Ceratomyxa shasta genotypes that specifically 

infect anadromous fish populations are restricted, along with their hosts, by migration 

barriers (i.e. dams, waterfalls; Atkinson and Bartholomew 2010a; Chapter 3; Appendix 

A). Other genotypes that have adapted to non-native salmonids could greatly amplify in 
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number when these fish are stocked for sport fishing (Hurst and Bartholomew in review). 

These host-parasite relationships have not been characterized outside the Klamath River 

basin and the genetic structure of the parasite populations in other endemic PNW river 

systems is unknown. If these relationships exist only in the Klamath River, it suggests 

these genotypes have recently adapted to salmonids in that system and genotype 

evolution may have been influenced by human practices (e.g. building dams, stocking 

fish). In contrast, a consistent, geographically widespread pattern of host specificities 

would suggest an older relationship in which both the parasite genotypes and hosts co-

evolved, spreading to areas where the polychaete host was also present. 

We hypothesized that C. shasta populations in other PNW rivers have similar 

genetic structure and host preferences to those in the Klamath River. To test this, we 

collected samples from returning adult and infected juvenile salmonids from the Fraser, 

the Columbia, and the Sacramento River basins. We sequenced a section of parasite 

ribosomal DNA, the internal transcribed spacer region 1 (ITS-1), to determine genotype. 

We then compared genotypes by geographic location and host species. Our data 

confirmed the widespread presence of host-specific C. shasta genotypes and provided 

insights into the evolution of these host-parasite relationships. 

 

Methods and Materials 

Overview: Intestine samples were collected from adult salmon returning to state 

hatcheries (SH) and national hatcheries (NH) during spawning season (Figure 1). Unless 

noted, all samples were collected 2009-2011 and were intestines removed from adults 

after spawning and shipped frozen. Juvenile salmonids raised in hatcheries were sampled 

if they had clinical sings of disease; these fish were frozen whole. Multiple fisheries 

agencies contributed samples for this survey: Department of Fisheries and Ocean Canada 

(DFO), Washington Department of Fish and Wildlife (WDFW), Oregon Department of 

Fish and Wildlife (ODFW), California Department of Fish and Game (CDFG), Salmon 

River Council (SRC), and the U.S. Fish and Wildlife Service (USFWS).  
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Sample localities (Figure 2.1) 

British Columbia: Chum (15), sockeye (20), and pink salmon (3) from the Weaver 

Spawning Channel, Fraser River Basin (DFO). The pink salmon samples consisted of 

DNA extracted from kidney tissue as part of a survey for Parvicapsula minibicornis in 

2001 (Atkinson et al. 2011). An archival coho salmon liver sample (preserved in 95% 

ethanol in 1997) from Lang Creek, Georgia Basin, with clinical signs of ceratomyxosis 

was also included. 

Upper Columbia River basin: Spring Chinook salmon (15) and summer steelhead trout 

(15) from Dworshak NH, and coho salmon (15) from Kooskia NH (USFWS). 

Cowlitz River: Fall and spring Chinook salmon (10 each), coho salmon (10), winter and 

late winter steelhead trout (10 and 29 respectively), and coastal cutthroat trout (10); 

juvenile spring and fall Chinook salmon (10 each); juvenile summer and winter steelhead 

trout (10 each) from Cowlitz Salmon and Trout SH (WDFW). 

Deschutes River: Spring Chinook salmon (50) and winter steelhead trout (25) from 

Round Butte SH (ODFW). Juvenile spring Chinook salmon (10) from the Pelton Ladder 

(ODFW; all samples were transported on ice). 

Willamette River basin: Spring Chinook salmon from Willamette SH (50), McKenzie SH 

(48), Marion Forks SH (15), South Santiam SH (50), and Clackamas SH (36); summer 

steelhead trout (43 healthy spawned fish and 18 that died from ceratomyxosis) from 

South Santiam SH (ODFW). Juvenile coho salmon (24) from Clackamas SH (all samples 

were transported on ice). 

Lower Columbia River: Fall Chinook salmon (20) and coho salmon (30) from Bonneville 

SH (transported on ice). 

Coastal Oregon: Coho salmon (31) from Nehalem SH (ODFW; transported on ice). 

Klamath River basin: Spring Chinook salmon (33; preserved in 70% ethanol) from 

Salmon River during a spawned carcass survey (SRC). 
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Sacramento River basin: Fall Chinook salmon (23) from Coleman NH (USFWS). Spring 

Chinook salmon (20) from Feather River SH (CDFG). 

Sample examination: For diagnosing ceratomyxosis, we made fresh wet mounts 

from intestinal scrapes that were examined microscopically for characteristic arcuate 

myxospores of C. shasta at 100-250 × magnification for 3 minutes as recommended by 

the AFS-FHS (2010). Additionally, we noted if the intestinal samples had clinical signs 

of disease (i.e. swollen, discoloration). Samples in poor condition, or preserved in 

ethanol, were not examined for myxospores. 

Genotyping: We PCR assayed samples visually positive for C. shasta first, then 

randomly selected negative samples until we successfully sequenced ten samples per fish 

stock. DNA was extracted from a 0.5 cm section of intestine (Stocking et al. 2006) and 

the parasite genotype was determined by sequencing the ITS-1 using multiple sets of 

primers. Initially, the general myxozoan reverse primer NC13R was used in conjunction 

with a specific C. shasta forward primer Cs1482F for spring Chinook salmon from 

Round Butte SH and Willamette SH following the PCR protocol of Atkinson and 

Bartholomew (2010a). For all other samples, we used the C. shasta-specific reverse 

primer CsGenR1 in conjunction with Cs1482F and modified PCR cycling conditions of 

Atkinson and Bartholomew (2010b). To purify DNA, a Qiagen PCR Purification kit was 

used on PCR products of spring Chinook salmon from Round Butte SH and state 

hatcheries from the Willamette River basin, and DNA was quantified using a 

spectrophotometer (Nanorop Technologies, Wilmington, DE, USA). The remaining 

samples were purified with ExoSAP-IT (USB, Cleveland, OH) at a ratio of 5 µL PCR 

product to 2 µL ExoSAP-IT. All samples were sequenced in one direction with Cs1482F 

at Oregon State University’s Center for Genome Research and Biocomputing using an 

ABI Prism® 3730 Genetic Analyzer. To define each genotype, the number of ATC 

repeats was determined by analysis of sequence chromatograms using 4Peaks (v. 1.7.2) 

(Atkinson and Bartholomew 2010a). For mixed infections, the percentage of each 

genotype was estimated from the average height ratios of five coincident peaks from 

sequence chromatograms (Atkinson and Bartholomew 2010a).  
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Results 

 We obtained 272 sequences, representing 26 stocks and seven species; 127 

Chinook, 51 coho, 10 chum, 3 pink, and 1 sockeye salmon; 74 steelhead, and 6 coastal 

cutthroat trout. We found that the genotypes known from the Klamath River basin were 

widely distributed throughout the PNW; we did not encounter any novel genotypes. We 

detected mixtures of genotypes in ~15% of samples. The population structure of C. 

shasta genotypes correlated to the fish host rather than geographic locality.  

Chinook salmon were consistently infected with genotype I (127/127 cases). In 

five Chinook salmon (two from South Santiam SH and three from Coleman NH), 

genotype II was also detected (< 33%). We observed swollen intestines and myxospores 

were identified from intestinal scrapings from both fall and spring Chinook salmon. 

Juvenile Chinook salmon from the Cowlitz SH and the Pelton Ladder that died of 

ceratomyxosis were also infected with genotype I (Table 2.1).  

 Coho salmon were consistently infected with genotype II (51/51 cases). Only 

seven coho salmon from the Nehalem SH had mixed infections with genotype III (< 

30%). We observed swollen intestines and myxospores were identified from intestinal 

scrapings. Juvenile coho salmon mortalities from Clackamas SH were infected with 

genotype II, but ODFW fish pathologists also cultured the bacterium Flavobacterium 

columnare from these fish (Table 2.2).  

 The genotype isolated from steelhead trout depended on the health status of the 

fish (Figure 2.2). Those that survived to spawn (42) were often subclinical, carried few 

myxospores and were infected solely with genotype O. The 17 adult fish that died from 

ceratomyxosis had severely swollen intestines, abundant myxospores and were infected 

with mixed genotypes III and II, averaging 75% and 25% respectively. Two fish had 

atypical mixtures of genotypes O and III: one spawner with III (42%) and one mortality 

with O (36%). Both fish appeared healthy, but myxospores were detected in the mortality 

(Table 2.3). 
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 Chum salmon were infected with a mixture of genotypes; II was dominant (68-

100%) in all infections, < 29% I was detected in two fish and < 32% III was detected in 

seven fish. Intestines were swollen and myxospores were observed in samples. Sockeye 

salmon did not exhibit clinical signs or myxospore development; a mixed infection with 

genotypes II (77%) and I (23%) was detected in one fish; the remaining 19 were negative 

by PCR assay. We only had access to three pink salmon samples, from which we 

detected genotypes II (75-81%) and III (19-25); clinical signs were not recorded. Coastal 

cutthroat trout were subclinical, and six were infected with genotype O (Table 2.4).  

 

Discussion 

Our analysis of seven Pacific salmonids from nine localities confirms the host 

specific patterns of C. shasta genotypes described in earlier studies (Atkinson and 

Bartholomew 2009a,b; Chapter 3). The wide distribution of C. shasta genotypes 

throughout the PNW and the consistent specificity of genotypes for a particular host 

species support the hypothesis that these host-parasite relationships are well-established 

and not recent developments. The extensive sampling of native salmonids allowed us to 

clarify genotype host ranges, and we observed two principal parasite strategies – 

specialist and generalist. Genotypes O and I were specialists having host-specific 

relationships with Pacific trout and Chinook salmon respectively, while genotypes II and 

III were generalists infecting a broad range of hosts. The presence or absence of clinical 

signs of disease further characterized the parasite as causing a reduced disease or 

aggressive pathological changes within its host depending on the genotype. These 

relationships may be based on the genetic and typical life history characteristics of each 

salmonid species, factors that could have positively or negatively affected the 

development of genotype host specificity, and ultimately, geographic distribution. 

Specialist genotypes infected fish with highly plastic life history forms, a quality that 

provides the parasite with a persistent host. Generalist genotypes predominated in fish 

with fixed life history forms, this quality results in temporal and geographic inconsistent 
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hosts, but the non-specific strategy expands the parasite’s chances of infecting other 

available hosts when particular suitable hosts were absent (Shulʹman 1966).  

We found that steelhead and coastal cutthroat trout were the only suitable hosts 

for genotype O. Both species have either non-anadromous forms that can reside entirely 

in freshwater, or modified anadromy, in which juveniles reside in streams for multiple 

years before migrating to the ocean (Trotter 1989; Waples et al. 2001). Adult steelhead 

trout can re-enter freshwater year round having separated summer (May to October) and 

winter (November to April) runs (Busby et al. 1996). Our observations of infected adult 

and juvenile steelhead trout were generally subclinical and myxospores were rarely 

observed. The reduced disease in these specific hosts may explain previously low 

detection rates of genotype O in Klamath and Deschutes Rivers water samples, despite 

steelhead trout being the second-most abundant salmonid species in those systems 

(Atkinson and Bartholomew 2010a; Chapter 3). Thus, in a case where the host population 

is stable, fewer spores may be sufficient to perpetuate the parasite life cycle. We suggest 

that reduced spore production occurs once the parasite had specialized to its host, 

minimizing costs of continuing its life cycle. 

Genotype I also had a narrow host range, mainly infecting Chinook salmon. 

Unlike Pacific trout, Chinook salmon are typically anadromous and always semelparous 

(i.e. only spawning once, dying afterwards). Chinook salmon have two principle behavior 

types: “stream-type” juveniles emigrate after residing in freshwater for a year and adults 

begin their spawning migration in the spring, maturing in the stream; “ocean-type” 

juveniles emigrate soon after hatching, and adults mature in the ocean, spawning soon 

after returning to freshwater in the fall (Groot and Margolis 1991). We isolated 

myxospores and identified genotype I in the adult and juvenile life stages of both spring 

and fall Chinook salmon. The highly plastic life history forms of Chinook salmon provide 

genotype I with an influx of hosts during migration runs, and abundant, widespread 

populations throughout the PNW (Waples et al 2001). But specializing in infecting 

Chinook salmon is “riskier” for C. shasta, as the parasite must develop more rapidly than 

in Pacific trout. This would favor a more aggressive pathogenicity, as myxospore 
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production must occur before the salmon enters the ocean, or dies after spawning for the 

life cycle to continue. Water samples from the lower Klamath and Deschutes Rivers had 

higher levels of genotype I than other genotypes, which correlates with the dominant 

Chinook salmonid population (Atkinson and Bartholomew 2010a; Chapter 3). As 

Chinook salmon inhabit many endemic rivers of the PNW, genotype I has been 

successfully distributed along with this host. 

 Across the PNW, we detected genotype II in five Pacific salmon species and in 

steelhead trout. It was the dominant genotype in coho, chum, and pink salmon, which are 

all strictly anadromous and semelparous, and have nearly fixed life history traits (Groot 

and Margolis 1991). Coho salmon delay smolting until they reach one year of age but 

pink and chum salmon smolt soon after hatching; and adult coho and pink salmon spend 

18 months in the ocean, chum salmon between 2-7 years (Groot and Margolis 1991). The 

3-year life cycle of coho salmon have made them particularly vulnerable to extinction 

(Gustafson et al. 2007), and the biennial cycling of pink salmon can create a pink-chum 

salmon interaction that results in alternating yearly gaps of one or the other species due to 

competition (Groot and Margolis 1991). Therefore, the risks of specializing in infecting 

these hosts are far greater than Chinook salmon and steelhead trout. We suggest that the 

broader host range of genotype II buffers against temporal host absences by improving 

the chances of the parasite encountering a suitable host year after year. However, the 

parasite may not complete its life cycle in any host: Fraser River sockeye and chum 

salmon were sampled side by side from the same facility but myxospores were only 

identified in the latter species. Overall, the infection prevalence among sockeye salmon 

was the lowest of all salmonids examined in this survey. Genetically, these fish are the 

most divergent of the Oncorhynchus species (Crespi and Fulton 2004) and may be largely 

unsuitable as hosts for C. shasta, although Zinn et al. (1977) and the authors (Chapter 3) 

have observed mortalities (4% and 6%, respectively) in kokanee, the land-locked form of 

sockeye salmon. The level of parasite development within a host has been hypothesized 

to reflect the compatibility of the host-parasite relationship (Shulʹman 1966). Thus, the 

lowered susceptibility of sockeye salmon/kokanee may reflect the limited ability of C. 
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shasta to develop within this host. Coho and chum salmon were susceptible species and 

therefore suitable hosts as parasite development could be completed to sporulation and, in 

the case of coho salmon, mortality was associated with genotype II infection. 

Genotype III also infected a broad host range, although it was usually only a 

minor component of the infection and often occurred in mixed infections with genotype 

II. Steelhead trout, coho and chum salmon were all infected with genotypes II and III, but 

only in steelhead trout mortalities was the majority of the parasite composition made up 

of genotype III. These mortalities had severe clinical signs. In contrast, steelhead trout 

from the same hatchery that were infected with genotype O were asymptomatic for 

ceratomyxosis. Steelhead trout therefore appear to become infected with either genotype 

O or III, but only III causes mortalities. We observed a similar trend of infection and 

mortality from our sentinel study in the Deschutes River (Chapter 3), but this has not 

been documented elsewhere. This is the only case when two genotypes, both specific to 

one host, caused a clear difference in clinical signs of disease. 

Despite notable infections of mixed genotypes, our data support the host 

specificity of C. shasta genotypes described by Atkinson and Bartholomew (2010b). Our 

most robust data are from Chinook salmon, as we genotyped the highest number of 

samples and covered the most localities with this species. Given low straying rates of 

hosts between river basins (Quinn et al. 1991; Candy and Beacham 2000), this suggests 

that the association of genotype I with Chinook salmon is a relatively ancient adaption. 

Furthermore, our analysis of the ITS-1 DNA sequences did not reveal any differences 

among genotype I from various locations, indicating no geographical differentiation. The 

absolute timeline of when the host-parasite adaptations occurred is impossible to define 

given a paucity of parasite evidence in the fossil record. For the hosts, fossils of closely 

related pink, chum, and sockeye salmon show these distinct species existed at least six 

million years ago (Smith 1992), and it is safe to assume other Pacific salmonids had 

speciated by this time.  

Given this long timescale, a salmonid parasite with lower mutation rates and 

longer generation times could show a similar divergence pattern to its host (Nieberding 
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and Olivieri 2006). Our C. shasta genotype data corresponds with phylogenic groupings 

of Pacific trout and salmon, which suggest parasite evolution was linked to host 

evolution. Whereas the phylogeny of salmonid fishes has been extensively studied, the 

classification of these species remains debatable (Stearley and Smith 1993; Oakley and 

Phillips 1999; Crespi and Fulton 2004). Although we did not extend classification of C. 

shasta genotypes beyond single genetic markers, their characteristic host-specificities can 

be linked with salmonid clades: genotype O with the steelhead/rainbow and coastal 

cutthroat trout, genotype I with Chinook salmon, and genotype II with coho, chum and 

pink salmon, leaving sockeye salmon as an outlier being less susceptible to C. shasta 

(Figure 2.3). Currently salmonid phylogenies generally correlate with this pattern, except 

that coho salmon are considered sister species to Chinook salmon rather than chum and 

pink salmon (Crespi and Fulton 2004). Parasites have been used as biological tags to 

identify origins of fish stocks phylogeographically (McKenzie 2002; Criscione et al. 

2006); here we suggest that these patterns of parasite preferences could assist in a more 

holistic assessment of the phylogenetic taxonomy of the host Oncorhynchus species.  
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Figure 2.1: Endemic rivers (highlighted in grey) of the Pacific Northwest and locations 
(triangle) where salmonids were collected. 
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Figure 2.2: Adult steelhead trout 
from South Santiam state hatchery. 
(Above) Healthy spawning fish, 
intestine (black arrow) and other 
organs appear normal; (Right) 
mortality non-spawned fish with 
severe clinical signs of disease, 
note extremely swollen intestine 
(black arrow) and liver with 
multiple lesions.  

 

 

  



	  

	  

44	  

	  

 

 

Figure 2.3: Phylogenetic tree of Pacific salmonids (Oncorhynchus spp.) with associated 

dominant (bold) and minor (grey) genotypes isolated from adult Pacific salmonids. 
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Table 2.1: Chinook salmon: by spring and fall run, location (north to south), date of 

sampling and genotypes detected; I, II, III, 0. 

Hatchery Basin Date # Seq. I II III O 

     Spring Chinook       

Dworshak Upper Columbia Aug-10 10 10    

Cowlitz# Cowlitz May-10 5 5    

Round Butte Deschutes Aug-09 10 10       

Pelton Ladder# Deschutes Jan-11 10 10    

Willamette Willamette Sep-09 10 10       

Marion Forks Willamette Sep-09 10 10       

South Santiam Willamette Sep-09 10 10 2     

McKenzie Willamette Sep-09 10 10       

Clackamas Willamette  Sep-09 10 10       

Salmon River Klamath  Nov-10 6 6    

Feather River Sacramento Sep-10 10 10    

       Fall Chinook       

Bonneville Lower Columbia Nov-09 3 3    

Cowlitz# Cowlitz May-10 5 5    

Cowlitz Cowlitz Nov-10 10 10    

Coleman NH Sacramento Nov-09 8 8 3   
# juveniles mortalities from ceratomyxosis, underlined # are the minor genotype of mixed 

infections 
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Table 2.2: Coho salmon: location (north to south), date of sampling and genotypes 

detected; I, II, III, 0. 

Hatchery Basin Date # Seq. I II III O 

Lang Creek Georgia 1997 1   1     

Cowlitz  Cowlitz Dec-10 10  10   

Kooskia Upper Columbia  Oct-10 10  10     

Bonneville Lower Columbia  Nov-09 10   10     

Nehalem Oregon coast  Nov-10 10   10 7   

Clackamas# Willamette July-10 10  10   

 # juveniles mortalities from ceratomyxosis, underlined # are the minor genotype of 

mixed infections 

 

Table 2.3: Steelhead trout: location (north to south), date of sampling and genotypes 

detected; I, II, III, 0. 

Hatchery Basin Date # Seq. I II III O 

Dworshak Upper Columbia Oct-10 8      8 

Cowlitz# Cowlitz March-10 10    10 

Cowlitz Cowlitz Jan-Apr 10/11 19     19 

Round Butte Deschutes Feb-11 11    11 

South Santiam Willamette  Jan-10/11 8      1 8 

South Santiam* Willamette Sep-09/10 2   2 2   

South Santiam*  Willamette Oct-11 16  14 16 1 
# juveniles mortalities from ceratomyxosis, * adult mortalities from ceratomyxosis, 

underlined # are the minor genotype of mixed infections 
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Table 2.4: Other Salmonids: species, location, date of sampling, and genotypes detected; 

I, II, III, 0. 

Species Basin Date # Seq. I II III O 

Chum salmon Fraser Oct 10 10 2 10 7   

Sockeye salmon Fraser Oct 10 1 1 1    

Pink salmon Fraser Oct 01 3  3 3  

Costal Cutthroat Cowlitz Dec 10 6     6 

 underlined # are the minor genotype of mixed infections 
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  CHAPTER 3: 

CERATOMYXA SHASTA IN THE DESCHUTES RIVER, OREGON: EFFECTS OF 
FISH PASSAGE ON NATIVE AND STOCKED SALMONIDS 

 

Matthew E. T. Stinson and Jerri L. Bartholomew 
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Abstract  

The Deschutes River, OR, is bisected by multiple dams that act as migration 

barriers, segregating the river system into upper and lower basins. Fish passage between 

basins would re-unite stranded populations of native fishes and allow anadromous fishes 

access to the upper basin. This study assesses the potential redistribution of host-species-

specific genotypes (O, I, II, III) of the myxozoan parasite Ceratomyxa shasta that could 

occur with fish passage. To determine the present distribution of the parasite genotypes in 

the basin, we exposed eight salmonid species, three native and five stocked for sport 

fishing, in present and predicted anadromous salmonid habitats. We monitored fish for 

infection by C. shasta and sequenced a section of the parasite ribosomal DNA from fish 

and water samples to determine the parasite genotype. Genotype O was present in both 

upper and lower basins and detected only in steelhead trout (Oncorhynchus mykiss). 

Genotype I was spatially limited to the lower basin, was isolated predominately from 

Chinook salmon (O. tshawytscha), and was lethal for this species only. Genotype II was 

detected both basins in multiple species, but only as a minor component of the infection. 

Genotype III was also present in both basins, and had a wide host range species, causing 

mortality in native steelhead trout and multiple non-native species. Atlantic salmon 

(Salmo salar) and kokanee (O. nerka) were the least susceptible to infection by any 

genotype of C. shasta. Our findings confirm the host-specific patterns of C. shasta 

infections and indicates that passage of Chinook salmon will likely spread genotype I into 

the upper Deschutes basin but with little risk to native populations.  

 

Keywords: Myxozoa, genotype, host-parasite relationships, migration barrier, dams, 
Crooked River 
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Introduction 

 Noble (1950) first described Ceratomyxa shasta from infected hatchery trout from 

northern California. This myxozoan parasite, commonly found throughout the Pacific 

Northwest (PNW; Bartholomew 1998), causes the disease ceratomyxosis. Notable 

clinical signs of the disease include inflammation, necrosis and hemorrhaging in the 

intestine; in severe cases the accumulation of ascitic fluid results in abdominal swelling 

(Wales and Wolf 1955). The pathogenicity of the parasite depends upon the host species 

and origin, with native salmonids from endemic waters generally less susceptible than 

salmonids from non-endemic waters, which suggests co-evolution between the host and 

parasite (Bartholomew 1998). Recent studies in the Klamath River, CA/OR identified 

multiple, host-specific genotypes of the parasite (Atkinson and Bartholomew 2010a,b). In 

that river system, genotype O associates with native steelhead and redband trout 

(Oncorhynchus mykiss), genotype I causes mortality in native Chinook salmon (O. 

tshawytscha), genotype II has two biotypes that cause mortality in either native coho 

salmon (O. kisutch) or non-native rainbow trout (Hurst and Bartholomew in press), and 

genotype III infects multiple species and does not associate with any particular host 

(Atkinson and Bartholomew 2010b). These host-parasite relationships have not been 

evaluated outside the Klamath River system, and have implications for stocking and fish 

passage plans throughout the parasite’s range.  

In-river sentinel fish studies are often used to inform stocking strategies in C. 

shasta endemic waters. These natural challenges tested the susceptibility of a particular 

fish strain but were often conducted in watersheds other than where stocking was 

proposed, under the assumption that the parasite was equivalent throughout its range 

(Schafer 1968; Sanders et al. 1970; Zinn et al. 1977; Ching and Parker 1989). But 

outcomes of stocking programs have been varied as the perceived resilience of some 

species may result from the absence of a pathogenic genotype (Atkinson and 

Bartholomew 2010a). In some instances, the stocking of non-native salmonids has 

increased parasite levels with little or no consequence to the native population, because 

the genotype was specific to the introduced species (Hurst and Bartholomew in press). 
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However, the consequences of introducing susceptible species may also result in 

amplification of parasite strains with effects on native fish. To minimize disease risks, 

data on the parasite genotypes present in a river system and the host specificity of these 

genotypes, should be synthesized to develop informed stocking programs.  

Dam removal and expanded fish passage are expected to benefit salmonid 

populations by increasing fish habitat, however an unintended consequence may be the 

exposure of presently isolated fish populations to pathogens associated with the 

introduced fish species. For example, increases in ceratomyxosis at a salmon hatchery on 

the Cowlitz River, WA have been associated with passage of anadromous salmonids 

above that facility (E. Ray, Washington Department of Fish and Wildlife, pers. comm.). 

Pathogens can also exist solely above migration barriers and thus present a risk to the 

anadromous fishes being reintroduced. A survey conducted in the Elwah River, WA 

identified a myxozoan parasite in kokanee (O. nerka) that occurred only in the upper 

portion of the system and could potentially affect lower basin fish populations after 

removal of the migration barrier (S. Jones, Department of Fisheries and Oceans, Canada, 

pers comm.; see Brenkman et al. 2008). To minimize risks of introducing pathogens, 

sentinel studies can be used to inform fisheries managers of the parasite populations 

present above and below migration barriers. Zielinski et al. (2010) determined Myxobolus 

cerebralis is established in the lower Deschutes River basin, and recommended only 

marked salmonids that originated in the upper Deschutes River basin be passed beyond 

barriers. In the Klamath River, testing for ceratomyxosis-associated risks has been 

conducted prior to anadromous fish passage. Upper basin sentinel exposures of extirpated 

Chinook and coho salmon resulted in minimal mortality because host-specific genotypes 

were absent (Atkinson and Bartholomew 2010a). Stocking of susceptible non-native 

rainbow trout has amplified a genotype that recently adapted to this new host but was not 

infectious for native salmonids (Hurst and Bartholomew in press). Thus the movement of 

fishes beyond migration barriers will expose trout and salmon to different C. shasta 

genotypes, creating new host-parasite interactions with unknown effects. 
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Similar to many watersheds of the PNW, the Deschutes River, OR is partitioned 

by several dams that restrict fish migration. Improvements have been made that now 

allow downstream migration, and upstream passage will begin in the foreseeable future. 

To determine what C. shasta genotypes are present in the lower and upper basin and what 

risks these may present to native and non-native salmonid populations, we collected 

water samples and conducted upper and lower basin sentinel fish exposures using 

salmonid species currently stocked in the upper Deschutes River and those that will gain 

passage beyond the barrier. Genotype host-specificity was then determined by 

sequencing parasite DNA from infected fish. Study results revealed spatial differences 

that reflect the genotype composition across the basin, confirmed the host-specific 

patterns of genotypes observed previously in the Klamath River and further described the 

host range for genotype III. 

 

Methods and Materials 

Study Location (Figure 3.1): The Deschutes River, central Oregon, flows north 

278 river kilometers (rkm) into the Columbia River. A series of dams, collectively 

referred to as the Pelton-Round Butte Hydroelectric Project (PRB), were built between 

1956-64, with Round Butte Dam (rkm 177) being the ultimate migration barrier that 

divides the Deschutes River into an upper and lower basin. Round Butte Dam impounds 

Lake Billy Chinook, which is fed by three main tributaries. The Cascade Range feeds the 

cold waters of the 46 rkm Metolius River that once supported spring Chinook and 

sockeye salmon runs (Zimmerman and Ratliff 2003). The eastern tributary is the Crooked 

River, a 249 rkm long high desert river that supported spring Chinook salmon and 

summer steelhead trout runs (Zimmerman and Ratliff 2003). Opal Spring Dam (rkm 12) 

is the first of three dams that prevent fish migration up the Crooked River. The upper 

Deschutes River is the southern tributary, with many high elevation lakes and reservoirs 

that have been stocked with non-native salmonids. Anadromous fish are not native above 

Big Falls (rkm 212), a natural migration barrier on the upper Deschutes River 

(Zimmerman and Ratliff 2003).  



	  

	  

53	  

	  

Native salmonid species present in the lower basin include Chinook and sockeye 

salmon, steelhead and redband trout, bull char (Salvilinus confluentus), and mountain 

whitefish (Prosopium williamsoni). Native upper basin populations are currently limited 

to redband trout, kokanee (land-locked form of sockeye salmon), bull char, and mountain 

whitefish, but spring Chinook salmon and steelhead trout were historically present. 

Introduced non-native salmonids include rainbow trout, a barrier-isolated coastal 

cutthroat trout (O. clarkii clarkii), coho salmon, brown trout (Salmo trutta), Atlantic 

salmon (Salmo salar), brook char (Salvelinus fontinalis), and lake char (Salvelinus 

namaycushi). The parasite Ceratomyxa shasta is endemic to both the upper and lower 

basin (Sanders et al. 1970; Ratliff 1983).  

To reestablish historic salmonid runs to the upper basin, juvenile salmonids of 

Deschutes River origin are stocked as fry into the upper Deschutes, Metolius, and 

Crooked River tributaries. Resulting smolts may emigrate through Lake Billy Chinook to 

the lower Deschutes Basin via the Round Butte Dam downstream fish facility. At this 

facility all fish are handled and anadromous smolts individually marked. Returning 

marked adult salmonids collected at lowermost Reregulating Dam fish trap in the PRB 

will then be transported back to the upper basin to spawn naturally in the tributary where 

they reared. Eventually, plans are to eliminate stocking and allow the anadromous runs to 

adapt into locally derived sustainable wild runs. 

Sentinel sites were accessible locations known to be endemic for C. shasta and 

were within the present and the projected anadromous salmonid range: lower basin - 

Deschutes River @ rkm 76 (45°27’30’’N, 121°04’30”W), near Oak Spring State 

Hatchery but upstream of the hatchery effluent; Upper basin - Crooked River @ rkm 12 

(44°29’45”N, 121°17’15”W) below the Opal Springs dam (Figure 3.1).  

River water sampling: Triplicate 1 L river water samples were taken at the 

beginning and end of the exposure period (7 and 11 June 2010) from each sentinel site. 

Filtration, DNA extraction, and C. shasta qPCR assay was done according to Hallett and 

Bartholomew (2006) with an additional step using acetone to digest the nitro-cellulose 

filter (Hallett et al. in press). To estimate the exposure dose we compared the river water 
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quantitative cycle (Cq) results to values from previously assayed standards of one and ten 

actinospores. Water samples were genotyped similar to fish samples (see below) except 

extracted DNA was used as the template. 

Fish groups and exposure: Previous studies have shown that salmonids of a wide 

range in age and size are susceptibility to C. shasta (Zinn et al. 1977; Bjork and 

Bartholomew 2009), and we obtained eight different salmonid species (average weight 2-

10 g; age 0+) from Oregon Department of Fish and Wildlife (ODFW) state hatcheries 

(Table 1). Fifty fish of each species were transported to each site in separate coolers with 

oxygenation. Species were exposed in separate cages for five days, 7-11 June 2010, 

similar to Stocking et al. (2006) but without preventative bacterial treatments, then 

transported to the John L. Fryer Salmon Disease Laboratory, Corvallis, OR (SDL). A 

submersible temperature logger, Optic StowAway (Onset Computer Corporation, 

Pocasset, Massachusetts) was used at each site. Fifty control fish of each species were 

transferred directly from their hatcheries to the SDL.  

Exposed and control fish were held for 60 d in separate non-replicated 25 L tanks; 

tank effects are limited because C. shasta is not horizontally transmitted. Fish were 

supplied with specific pathogen free 18˚C water and fed daily an Oregon Moist Pellet diet 

with 2-4% oxytetracycline (~ 3.5 g per 45 kg of feed; TM200, Pfizer, Atlanta, Georgia). 

The antibiotic reduced incidence of bacterial infections, but presumably did not affect C. 

shasta infections. We monitored the fish daily, and any morbid fish were removed and 

killed by overdose with the anesthetic tricaine methanesulfonate (MS-222; Argent 

Laboratories, Redmond, WA).  

Infection assessment: For all fish mortalities, clinical signs of disease were noted 

and fresh wet mounts from intestinal scrapes were examined microscopically at 100-250 

× magnification for three minutes for characteristic arcuate myxospores of C. shasta 

(AFS-FHS 2010). Visually C. shasta-negative (Cs-) fish were necropsied and their 

intestines removed and stored at -20˚C until assayed by PCR. DNA was extracted from 

intestines following the methods of Stocking et al. (2006) and PCR assayed with C. 

shasta diagnostic primers Cs1 and Cs3 according to Palenzuela et al. (1999). At the end 
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of the monitoring period all remaining fish were euthanized with MS-222, and a 

subsample of ten fish per group was examined similar to mortalities to determine 

prevalence of infection.  

To determine if the infecting C. shasta genotypes were able to persist and cause 

mortality, we randomly sampled five fish from each group at 7 and 21 days post exposure 

(dpe). These fish were killed by overdose of MS-222 and portions of their intestines were 

stored at -20˚C. Chinook salmon exposed in the lower basin were sampled only at 7 dpe 

as insufficient fish remained at 21 dpe (26 fish were lost via a crack in the tank lid early 

in the monitoring period). A goal of ten visually Cs+ fish mortalities per group was 

selected for genotyping; if groups had <10 Cs+ fish mortalities, 7 and 21 dpe samples 

were genotyped. DNA was extracted similar to visually Cs- fish, but DNA was amplified 

using C. shasta genotyping primers according to the protocol of Atkinson and 

Bartholomew (2010b). These PCR products were purified using ExoSAP-IT (USB, 

Cleveland, OH) at a 5 µL PCR product to 2 µL ExoSAP-IT ratio and sequenced at 

Oregon State University’s Center for Genome Research and Biocomputing using an ABI 

Prism® 3730 DNA Analyzer. Sequence chromatograms were analyzed by the program 

4Peaks (v. 1.7.2) to determine the number of ATC repeats that define each genotype. For 

mixed infections, the percentage of each genotype was estimated from the average height 

ratios of five coincident peaks (Atkinson and Bartholomew 2010a). Fish that survived the 

60 d holding period were not genotyped. 

Percent total mortality and C. shasta cumulative mortality (visual and PCR Cs+) 

were calculated as the number of mortalities divided by the starting count (minus fish 

sampled at 7 and 21 dpe) multiplied by 100. Mean days to death (MDD) was the 

averaged number of dpe for Cs+ cumulative mortalities for each group. Kaplan-Meier 

survivorship curves show the probability of survival at a given time and were drawn 

using R (v. 2.9.2 for Macintosh), censoring visually and PCR Cs- mortalities and 

survivors. Survival of a species between basins was not compared because of differences 

in dose and genotype, or between species because of the lack of replication. 
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Results 

Water samples: Water was ~13˚C throughout the exposure at both sites. At the 

beginning of the exposure, parasite density was higher in water samples from the lower 

basin (1-10 spores L-1) than the upper basin (<1 spore L-1). When fish were collected 5 d 

later, parasite densities at both sites were ~1 spore L-1. Genotypes O (33%) and III (67%) 

were identified from three upper basin water samples at the end of the exposure period. 

The quantity of parasite DNA in earlier samples from the upper basin was insufficient for 

performing the genotyping assay. Five out of six lower basin water samples were 

genotyped with an average composition of 89% genotype I and 11% genotype III. 

Sentinel fish - upper basin: Genotype III was the dominant genotype detected in 

all eight fish species exposed in the upper basin. Genotype O was isolated from steelhead 

trout sampled at 21 dpe, but steelhead trout that died from ceratomyxosis were infected 

with genotype III. Eight fish representing six species had mixed infections with <29% 

genotype II (Table 2). The survivorship curves reflected the susceptibility of each species 

to genotypes O and III and identified categories with varying degrees of susceptibility: 

highly susceptible (non-native rainbow and cutthroat trout, brook char), moderately 

susceptible (non-native brown trout) and less susceptible (non-native Atlantic salmon; 

native steelhead trout, kokanee and Chinook salmon; Figure 3.2).  

Both rainbow and cutthroat trout were highly susceptible, with 100% Cs+ 

cumulative mortality. Clinical signs were severe and often systemic with lesions and 

myxospores observed in the liver, kidney, spleen and epidermis, and abdominal swelling 

was common. Genotype III was identified from the mortalities in both species, and two 

fish had a mixed infection with <20% genotype II. 

Brook char suffered 100% total mortality, but 15 mortalities occurred prior to the 

onset of ceratomyxosis and were presumably caused by Flavobacterium columnare based 

18˚C water temperatures and clinical signs such as erosions on skin and caudal peduncle. 

When these fish were censored from the analysis, Cs+ cumulative mortality was 38%. 

Positive brook char mortalities had typical clinical signs of ceratomyxosis (swollen 
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intestines), and only genotype III was identified from 7 and 21 dpe samples and the 

mortalities.  

Brown trout were moderately susceptible with the third highest Cs+ cumulative 

mortality (49%). Mortalities had slightly swollen intestines and we observed mostly 

underdeveloped or deformed myxospores in intestinal scrapes. Genotype III was 

identified in 7 and 21 dpe samples and the mortalities, and two fish had a mixed infection 

with <13% genotype II. We did not detect myxospores from surviving brown trout, but 

infection prevalence by PCR assay was 20%. 

Steelhead trout were less susceptible than most groups exposed in the upper basin, 

having 11% Cs+ cumulative mortality. Genotype III was identified in two mortalities and 

clinical signs observed were less apparent than other species, but included slightly 

swollen intestines. Four steelhead trout sampled at 21 dpe were positive: three with 

genotype O, one with genotype III. Steelhead trout survivors were Cs-. 

 None of the exposed kokanee, Atlantic and Chinook salmon developed clinical 

signs of disease. We assayed visually negative mortalities for C. shasta by PCR and only 

one Atlantic salmon tested positive (3% cumulative mortality); no Cs+ mortality was 

recorded for Chinook salmon. The two visually Cs+ kokanee (6% cumulative mortality) 

also had a heavy infection with an unidentified striated myxospore in the intestines and 

kidneys that resembled Myxidium minteri. Genotype III was identified from all 

individuals of each species at 7 dpe, and in Atlantic and Chinook salmon at 21 dpe. 

Kokanee were Cs- by PCR at 21 dpe. Two kokanee, one Atlantic salmon and one 

Chinook salmon also had mixed infections with <29% genotype II. Survivors from these 

groups were Cs-. 

Sentinel fish - lower basin: Genotype III was detected in every species, but 

Chinook salmon and brook char were also infected with genotype I. Steelhead trout 

sampled at 7 and 21 dpe were the only group from which we detected genotype O. As in 

the upper basin, mixed infections with <22% genotype II were detected (seven fish of 

five species; Table 2). The survivorship curves reflected the susceptibility of each species 

to genotypes I and III and identified a highly susceptible category (non-native rainbow 
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trout, cutthroat trout, and brook char; native Chinook salmon) and a less susceptible 

category (non-native Atlantic salmon and brown trout; native kokanee and steelhead 

trout; Figure 3.3).  

Again, rainbow and cutthroat trout were highly susceptible with 100% and 92% 

Cs+ cumulative mortalities, respectively. Clinical signs were severe and often systemic, 

similar to their upper basin counterparts. Genotype III was identified in mortalities from 

both groups, and two rainbow trout had a mixed infection with <17% genotype II. 

Chinook salmon suffered the second highest Cs+ cumulative mortality (79%). 

These fish had swollen intestines and genotype I was identified in mortalities. One 

mortality had a mixed infection with 14% genotype II. From 7 dpe samples mixed 

infections with genotypes I (76-82%) and III (18-24%) were identified.  

Brook char had 100% total mortality but 17 mortalities were Cs- and were due to 

an infection with Flavobacterium columnare, similar to brook char in the upper basin. 

The remaining brook char had clinical signs representative of ceratomyxosis and 

myxospores were identified, resulting in 56% Cs+ cumulative mortality. Although 

genotype III was dominant in mortalities, genotype I was detected in four fish (12-42%), 

and an additional fish had a mixed infection with genotype II (17%). From 7 and 21 dpe 

samples, genotype I comprised 4-35% (67% in one fish) of the infection, with the 

remainder being genotype III.  

The low Cs+ cumulative mortalities (15%) of brown trout grouped them with the 

less susceptible species. Clinical signs were mild and again the majority of the 

myxospores observed were underdeveloped or deformed. Only genotype III was 

identified from brown trout. We detected myxospores from 10% of surviving brown 

trout, and infection prevalence by PCR assay was 20%. 

No Cs+ mortalities were recorded for Atlantic salmon or steelhead trout, but one 

visually Cs- kokanee tested PCR positive (2% cumulative mortality). These species did 

not display any clinical signs of disease. Atlantic salmon were infected with genotype III 

at 7 and 21 dpe, one had a mixed infection with 16% genotype II. Kokanee were infected 

with genotype III (two had a mixed infection with <22% genotype II) at 7 dpe but cleared 
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the infection by 21 dpe. Six of the seven Cs+ steelhead trout from 7 and 21 dpe were 

infected with genotype O; the remaining fish with genotype III. Survivors from these 

groups were Cs-. 

Mean Days to Death: Chinook salmon exposed in the upper basin did not develop 

ceratomyxosis, unlike their counterparts in the lower basin, which had the fastest Cs+ 

mortality rate among all groups of 19 MDD. Brown trout from both exposure sites had 

the slowest mortality rate of 41 MDD. Only a single kokanee salmon exposed in the 

lower basin died at 48 dpe. For all other species, the MDD was between 24 and 33 (Table 

2). 

Controls: All control mortalities (13% of Atlantic salmon, 28.6% of brown trout, 

32.4% of cutthroat trout, and 2.4% of steelhead trout) and the ten fish subsets of each 

species were visually and PCR Cs-. 

 

Discussion  

 This Deschutes River study confirmed that different C. shasta genotypes have 

different host preferences, and these patterns were consistent with previous observations 

in the Klamath River (Atkinson and Bartholomew 2010b). In both river systems, 

genotype I had a narrow host range, predominately infecting Chinook salmon. Genotype I 

was not detected from in the upper basins of either system, presumably as a result of the 

extirpation of Chinook salmon following construction of the dams. Similar to the 

Klamath River, genotypes O, II and III persisted above and below migration barriers by 

having populations of suitable hosts in both upper and lower basins. We defined the host 

range of genotype III, which was previously unknown, and while we detected genotype 

III in all eight salmonid species, steelhead trout were the only native species to have 

mortalities resulting from genotype III infection. These results suggest native salmonids 

in the upper basin likely would be less susceptible to genotypes O and I if reintroduced 

by anadromous steelhead trout and Chinook salmon, respectively. 

Historically, spring Chinook salmon migrated into the Metolius and Crooked 

Rivers and would have carried genotype I to their spawing grounds. Our inability to 
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detect genotype I in the Crooked River suggests that without a suitable host this genotype 

was unable to proliferate after natural fish migration was blocked by construction of the 

PRB and the failure of fish passage in 1968. We predict that passing spring Chinook 

salmon into the upper basin will eventually re-establish genotype I in the Crooked River, 

but that genotype I presents a low disease risk for native upper basin salmonids due to its 

strict host specificity. In this study, the only detection of genotype I in a species other 

than Chinook salmon was as a mixed infection in brook char exposed in the lower basin. 

In these fish genotype I was present as a minor component of mixed infections at early 

sampling time points and mortalities were likely caused by genotype III. We did not 

detect genotype I in fish or water from the Crooked River, despite brook char being 

present in this river since being introduced in 1918. Thus, if brook char were a suitable 

host for genotype I we would expect this life cycle to have been maintained after the 

extirpation of Chinook salmon. Previous studies presented conflicting results on brook 

char susceptibility (Schafer 1968; Zinn et al. 1977), and this may reflect that this species 

can become infected by multiple parasite strains.  

The presence of genotype O in the Crooked River indicates that a host other than 

steelhead trout is proliferating this genotype. Atkinson and Bartholomew (2010b) 

documented native Great Basin redband trout (O. mykiss newberrii) infected with 

genotype O in the Klamath River Basin, hence we suspect that in the upper Deschutes 

basin, ubiquitous, native Columbia Basin redband trout (O. mykiss gairdneri) perpetuate 

genotype O. In this study we exposed two O. mykiss forms (native steelhead trout and 

non-native rainbow trout) and only steelhead trout became infected with genotype O; we 

did not test native redband trout. We did not observe any pathogenicity associated with 

genotype O in native O. mykiss, which was consistent with other studies (Atkinson and 

Bartholomew 2010b; Hurst and Bartholomew in press; Chapter 3), however, assays of 

water samples demonstrated that genotype O spore density was low and low exposure 

dose would have reduced pathogenic effects. Although steelhead trout were considerably 

less susceptible to infection than non-native rainbow trout, mortalities in both O. mykiss 

subspecies were predominately caused by genotype III. Interestingly, when this same 
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non-native rainbow trout stock was exposed in the Klamath River, mortality was caused 

by infection with genotype II (Atkinson and Bartholomew 2010a). Therefore, we 

hypothesize that non-native rainbow trout are susceptible to both II and III, although in 

the absence of these genotypes, they may become infected by genotype O (Hurst and 

Bartholomew in press). In contrast, native rainbow trout are typically infected with 

genotype O, even when II and III are present, but mortality is caused by the latter 

genotypes.  

Deviating from the trend of a narrow host range, genotype III had an atypical 

wide host range infecting all native and non-native salmonids tested. Although kokanee, 

Chinook and Atlantic salmon were less susceptible to genotype III, this genotype was 

detected in all groups from both upper and lower basin sites. Only kokanee appeared to 

have an effective immune response and were able to clear the infection by 21 dpe. The 

two Cs+ kokanee mortalities demonstrate these fish are not entirely refractile, which 

supports the findings of Zinn et al. (1977). In the absence of genotype I, mortality in 

native Chinook salmon is generally low (Atkinson and Bartholomew 2010a). Although 

the resilience of non-native Atlantic salmon may simply reflect that this species is an 

unsuitable host for C. shasta, previous studies reported myxospore detection from 

intestine scrapings of this species (Zinn et al. 1977; Sanders et al. 1976). However, the 

infecting genotype and exposure dose in those studies are unknown.  

Fish that succumbed to genotype III infections had varying degrees of 

susceptibility and clinical signs. Shulʹman (1966) recognized that parasites could infect a 

wide range of hosts and hypothesized that the level of development within the host is a 

measure of compatibility of the host-parasite relationship. Using this criterion, we 

considered the susceptibility of each species to genotype III reflected the compatibility of 

the host, but could not compare susceptibility between species using statistical analysis 

because of the lack of replication for the both exposure in the river and subsequent 

holding at the SDL.  However, these influences were likely minimal or non-

existent.  Regarding the exposure to river water, sentinel cages were placed near each 

other for the same time period, and hence we assumed each cage received a similar 
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exposure dose (Ray et al. 2010).  And at the SDL, the holding conditions for each fish 

species were identical. Differences in disease expression between tanks (i.e., “inter-tank 

variability”) would be of particular concern for agents that are directly transmitted and 

rapidly spread within aquaria, such as bacteria and viruses (Bricknell 1995). In contrast, 

Ceratomyxa shasta requires an alternate worm host and there is no fish to fish 

transmission. Considering these factors, here we discuss the susceptibility for each 

species regarding exposure to genotype III from the Opal Springs site. Kokanee, Chinook 

and Atlantic salmon were less susceptible, but became infectable, and thus only partially 

suitable hosts. Brown trout were only moderately susceptible, but the high MDD and 

incomplete development of myxospores suggested they also were not fully suitable hosts. 

Highly susceptible brook char, rainbow and cutthroat trout were suitable hosts but are all 

non-native salmonids, making them incidental hosts. This leaves steelhead trout as the 

only native salmonid that developed ceratomyxosis and suffered mortalities from 

genotype III. In Chapter 2 we describe mortalities of adult steelhead trout with 

ceratomyxosis that were primarily caused by genotype III. In the same study, healthy 

adult steelhead trout were infected with genotype O, similar to our observations in 

juvenile steelhead trout sampled at 7 and 21 dpe in the present study. Why some 

steelhead trout become infected with one or the other genotype is unknown, and 

potentially due to differing host or environmental conditions. Nonetheless, genotype III 

can proliferate within a suite of hosts and has expanded its host range to infect non-native 

species introduced into endemic waters.  

Although we were not able to determine the susceptibility of mountain whitefish, 

bull char, or redband trout, these Deschutes River natives reside in many endemic waters 

of both the upper and lower basins and are probably much less susceptible to C. shasta 

due to long term co-evolution with the parasite. Although mountain whitefish are 

widespread throughout the Deschutes River basin, this species may be outside the host 

range of this parasite, being in the subfamily Coregoninae. Thus far, susceptible species 

have only been described from the subfamily Salmoninae. Bull and brook char are 

closely related species, but their differences in origin (respectively native and non-native) 
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prohibit us from predicting the susceptibility of bull char based on our brook char results. 

Additionally, juvenile bull char reside in cold-water habitats, which limits the 

development of C. shasta (Udey et al. 1975). This is exemplified in the Metolius River 

where cold-water conditions have allowed introduced non-native rainbow trout to survive 

due to the reduced selection for disease resistance traits. These rainbow trout have 

interbred with the native Metolius River redband trout, resulting in progeny that are more 

susceptible than nearby Deschutes River redband trout (Currens et al. 1997).  

With regards to C. shasta, our results can inform stocking and fish passage plans 

in the Deschutes River and suggests strategies for similar river systems. The likely 

introduction of genotype I into the upper basin presents a lower risk to native salmonids 

due to its narrow host specificity, a similar conclusion made by Hurst and Bartholomew 

(in press) in the Klamath River. However, in contrast to the Klamath River, genotype III 

is widely distributed in the Deschutes River and infects a wide range of salmonids, thus 

parasite numbers could be amplified through stocking of susceptible species. We predict 

that passing steelhead trout would not introduce novel genotypes into the upper basin as 

O and III are already established in the Crooked River and are potentially present in other 

endemic areas of the upper Deschutes River basin. Ultimately, reintroduced anadromous 

salmonids will overlap with resident salmonids in major tributaries of the Deschutes 

River, but the negative effects of introduction, at least concerning C. shasta, will be 

limited by the host specificity of each genotype.  
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Figure 3.1: The Deschutes River basin showing exposure site locations (triangles), 
migration barriers (black bars) and major tributaries.  Inset A is a close up of the Lake 
Billy Chinook region, and inset B shows the location of the Deschutes River in the 
Pacific Northwest. 

  



	  

	  

68	  

	  

 

Figure 3.2: Kaplan-Meier survivorship curves of salmonids exposed at the upper basin 
site. Visually and PCR assayed negative mortalities were censored and are denoted with 
vertical tick-marks.   
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Figure 3.3: Kaplan-Meier survivorship curves of salmonids exposed at the lower basin 
site. Visually and PCR assayed negative mortalities were censored and are denoted with 
vertical tick-marks.   
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Table 3.1: The origin (relating to the Deschutes River, OR) and hatchery source of the 
salmonid species used in sentinel exposures. 
 

Species  Hatchery Stock ID Origin 
Atlantic salmon Salmo salar Wizard Falls 123.10 Non-native 
Brook char Salvelinus fontinalis Fall River 158.10 Non-native 
Brown trout Salmo trutta Klamath 68.10 Non-native 
Cutthroat trout Oncorhynchus clarkii Fall River 119.10 Non-native 
Rainbow trout O. mykiss Wizard Falls 72.10 Non-native 
Kokanee O. nerka Wizard Falls 67.10 Native 
Chinook salmon O. tshawytscha Round Butte 66.10 Native 
Steelhead trout O. mykiss Round Butte 66.10 Native 
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Table 3.2: Salmonid species from the upper and lower basin: total mortality (morts), 
Ceratomyxa shasta positive cumulative mortality (Cs+), mean days to death (MDD), 
number of PCR assayed positive 7 and 21 d samples (max 5), and genotype (0, I, II, 
III) results from mortalities and 7 and 21 d samples.  Genotypes that comprise less 
than 29% of the infection are denoted with an *. 

Species 
morts 
(%) Cs+ (%) MDD I 

   
II III 0 

 
7d 21d I II III 

 
0 

Rainbow 41 (100) 41 (100) 25   1* 9 
  

5 5         
Cutthroat 38 (100) 38 (100) 24   1* 10 

  
5 5         

Brook 39 (100) 14 (38) 25   
 

12 
  

5 5     10   
Brown 21 (57) 18 (49) 41   2* 12 

  
1 5         

Steelhead 7 (18) 4 (11) 33   
 

2 
  

1 4     1 3 
Kokanee 3 (8) 2 (6) 33   

 
1 

  
4 0   1* 4   

Atlantic 7 (18) 1 (3) 36   
    

5 5   1* 10   
Chinook 1 (3) 0 (0) -   

    
5 5   2* 10   

               
Rainbow 31 (100) 31 (100) 26   2* 10   5 5         
Cutthroat 38 (100) 35 (92) 24    12   5 5         
Brook 39 (100) 22 (56) 24 4* 1* 11   5 5 10*   10   
Brown 12 (29) 6 (15) 41    4   3 5     8   
Steelhead 0 (0) 0 (0) -       2 5     1 6 
Kokanee 4 (9) 1 (2) 48    1   4 0   2* 4   
Atlantic 8 (21) 0 (0) -       5 5   1* 10  
Chinook 19 (100) 15 (79) 19 10 1*      4 - 4   4*   
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CHAPTER 4: SUMMARY 
 

By sampling multiple species throughout the Pacific Northwest (PNW), I was 

able to confirm that the genotypes of Ceratomyxa shasta exist outside the Klamath River 

basin, and had similar host-specific properties. Genotypes of C. shasta were widespread 

throughout the PNW wherever the parasite is known to be endemic, but our ability to 

detect certain genotypes from each basin was limited to the salmonid species collected. In 

the Fraser River basin, I sequenced 18 samples from pink, chum and sockeye salmon and 

isolated genotypes I, II, and III. In the Columbia River basin I sequenced 223 samples 

from cutthroat and steelhead trout, Chinook and coho salmon, isolating genotypes O, I, II, 

and III. In the Sacramento River basin I sampled only Chinook salmon (18), isolating 

genotypes I and II. Eleven coho salmon were also sampled from two endemic coastal 

rivers, in which I isolated genotypes II and III. Our sample set mostly agreed with the 

host specificity of genotypes described by Atkinson and Bartholomew (2010a,b). I 

confirmed the host-parasite relationships with steelhead trout, Chinook and coho salmon 

with genotypes O, I, and II, respectfully (Chapter 2). However, from our extended sample 

set, I found that genotype II predominated in not only coho, but also in pink and chum 

salmon and was detected in steelhead trout, Chinook and sockeye salmon. Thus genotype 

II was not host-specific to coho salmon, but had a wide host range. Genotype O was also 

found to have a wider host range, as anadromous coastal cutthroat trout also became 

infected by this genotype. Although I consistently isolated genotype O in steelhead trout, 

when these fish died from ceratomyxosis they were infected with genotypes II and III, 

but predominately III. Chinook salmon were the largest and most consistent sample set 

that agreed with results from the Klamath River (Table 4.1). 

 

 

 

 

 



	  

	  

73	  

	  

Table 4.1: Genotypes detected from adult salmonids returning to native stream. 
Species I II II O 

Chinook salmon O. tshawytscha 107 5   

Coho salmon O. Kitsuch  41 7  

Pink salmon O. gorbuscha  3 3  

Chum salmon O. keta 1 10 7  

Sockeye salmon O. nerka 1 1   

Steelhead trout O. mykiss  16 19 57 

Cutthroat trout O. clarkii    6 

Minor genotype are underlined; steelhead trout had two dominant genotypes. 

The Deschutes River sentinel study added to this data set by confirming host-

specific patters of genotypes O and I with steelhead trout and Chinook salmon, 

respectfully, and expanding upon the host range of genotype III. The distribution of 

genotypes depended on the hosts present, as migration barriers excluded Chinook salmon 

from an area, genotype I was also absent, but the distribution of genotype O was not 

affected. Although, the spatial patterns of genotypes I and O were similar in both the 

upper basins of the Klamath and Deschutes Rivers, II and III were dominate in different 

rivers systems. In the Klamath River, genotype III was only detected in minor quantities 

(Atkinson and Bartholomew 2010a,b), but in the upper Deschutes River basin, this 

genotype was detected in all eight species exposed and caused mortality in non-native 

rainbow, cutthroat, and brown trout, brook char, as well as native steelhead trout. We 

only detected minor amounts of II in the Deschutes River, while genotype II was 

dominant in the Klamath River (Atkinson and Bartholomew 2010a,b). In both rivers, 

genotypes II and III caused mortality in non-native species, which suggests these 

genotypes are similar in having a less stringent host ranges. 

 

Management Considerations 

The passage of anadromous Chinook salmon is likely to introduce genotype I into 

the upper Deschutes River basin, but there is a low risk of this genotype affecting other 
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species because of its host specificity. Brook char were the only other species infected 

with genotype I, but a mixture of genotypes did not allow us to determine if this species 

was susceptible to this genotype. Steelhead trout would carry genotype O into the upper 

Deschutes River basin, but this genotype is already established there. Furthermore, this 

genotype was not pathogenic to steelhead trout. Kokanee-sockeye salmon are not likely 

to introduce novel C. shasta genotypes or amplify parasite levels because they were less 

susceptible to C. shasta compared to other species. 

The stocking of susceptible salmonid species, especially rainbow trout, into 

endemic waters is not recommended as this may amplify parasite levels, specifically 

genotypes II and III. At high enough levels these genotypes can be lethal for native 

steelhead trout and other non-native species. Although we did not test redband trout from 

the Deschutes River basin, this strain is closely related to steelhead trout and likely 

susceptible to similar genotypes. 

Although the introduction of C. shasta into non-endemic waters is unlikely to 

establish the parasite (due to lack of the definitive host), we cannot recommend 

transferring infected fish between endemic rivers. Genotypes isolated in specific basins 

may have adapted different virulence traits that could unbalance established host-parasite 

relationships. 

 

Future Studies 

To arrest any doubts over the validity of C. shasta genotypes, additional sequence 

analysis using a different gene should be developed to strengthen our current 

methodology of using the internal transcribed spacer – 1 (ITS-1) as the marker. Because 

the ITS-1 is a non-coding gene, a second nuclear gene with sufficient variability to 

discriminate genotypes would provide reassurance in the molecular observations. 

Myxospores of each genotype could also be examined morphometrically to provide 

further assurance that the genotypes of C. shasta are different from each other.  

We did not identify any INDELS (insertion/deletions) or SNPs (single nucleotide 

polymorphisms) in genotypes from different regions in the PNW, but our examination of 
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DNA sequences did not accounted for minor differences in chromatograms. 

Chromatograms could be examined for subgenotypes that may be unique to specific 

regions in the PNW. For example, genotype I was shown to have the most subgenotypes 

by Atkinson and Bartholomew (2010b), and we sampled 13 different stocks of Chinook 

salmon, all of which were infected by genotype I. Chinook salmon of the PNW are very 

diverse, with isolated populations separated by location and run time (Waples et al. 2004) 

that could select for equally diverse parasite populations. 

The relationship between steelhead trout and genotype O appears to be well 

adapted as clinical signs and myxospores are rarely observed. However, infections with 

genotypes II and III reflect an imbalanced relationship, as mortalities of steelhead trout 

had severe clinical signs of disease. It is unknown whether these two different 

pathologies are the result of immunological tolerance (genotype O), or a more aggressive 

parasite phenotypes (genotype II/III). Steelhead trout provide an opportunity to study 

multiple genotypes in one host, providing information on phenotypic differences in tissue 

location and in spore morphology. 

Lastly, examining the temporal pattern for genotype I in the Willamette River 

may provide further evidence for a unique host-parasite relationships: the timing of 

seasonal releases of actinospores and myxospores may be coordinated with spawning 

migration and death of early spring run Chinook salmon. By examining water samples for 

parasite levels and genotype composition, and environmental conditions (water 

temperature and flow) these parameters could be compared to the C. shasta 

epidemiological model, developed by Ray et al. (2010) in the Klamath River. 
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APPENDIX A:  

SEASONAL MIGRATION OF UPPER WILLAMETTE RIVER SPRING 
CHINOOK SALMON LEADS TO TEMPORAL PATTERNS WITH  

GENOTYPE I OF CERATOMYXA SHASTA  

Matthew E. T. Stinson and Jerri L. Bartholomew 
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Abstract 

The Willamette River supports a unique early run of spring Chinook salmon 

(Oncorhynchus tshawytscha) that can bypass Willamette Falls during high spring flows 

to access the upper river basin. The Oregon Department of Fish and Wildlife currently 

raises four stocks of these Chinook salmon, which are listed as threatened under the 

Endangered Species Act. We examined these fish for interspecies differences in 

susceptibility to the parasite Ceratomyxa shasta, which is endemic to this river system. 

Sentinel juvenile fish were exposed in the Willamette River, near the brink of Willamette 

Falls, for 14 days in September-October 2009. Susceptible rainbow trout (O. mykiss) used 

as a C. shasta control suffered 100% mortality from the exposure, but no Chinook salmon 

died from infections with C. shasta. The infectious genotype for Chinook salmon was not 

isolated from fish and water samples collected during the exposure, but this genotype was 

present in water samples collected near Corvallis, OR in May, June, and July 2009. Data 

from this study suggests the release of the host-specific parasite coincides with the 

spawning migration of adult spring Chinook salmon. 

 

Keywords: Myxozoa, genotype, host-parasite relationships, life history, life cycle, 
evolutionary significant unit, migration 
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Introduction 

 The myxozoan parasite Ceratomyxa shasta (Noble 1950) is comprised of four 

known genotypes (O, I, II, III) characterized by variable host specificity  (Atkinson and 

Bartholomew 2010a). Genotype I infects Chinook salmon (Oncorhynchus tshawytscha), 

O infects Pacific trout (coastal cutthroat trout O. clarkii clarkii and redband-steelhead 

trout O. mykiss), II and III infect multiple species (Atkinson and Bartholomew 2010a,b; 

Chapters 2 and 3). These genotypes co-occur in major rivers of the Pacific Northwest 

(Chapter 2) where C. shasta is endemic (Bartholomew 1998). As a result of these recent 

findings we are beginning to re-examine this host-parasite relationship to improve 

management strategies for C. shasta. Two studies have demonstrated spatial patterns with 

genotype I when Chinook salmon were excluded from endemic rivers with migration 

barriers (Atkinson and Bartholomew 2010a; Chapter 2). Another study demonstrated that 

stocking of susceptible rainbow trout into endemic waters increased parasite levels 

specific to that host (Hurst and Bartholomew in press).  Studies in this thesis (Chapter 2 

and 3) found the host specificity of genotypes II and III to be general, and parasite levels 

could be amplified by introduced non-native species, potentially harming native salmonid 

populations. It has become increasing apparent that, because of the host-specific nature of 

C. shasta, the genotype composition reflects the host’s distribution. This has lead 

researchers to re-examine the parasite composition of endemic rivers with distinctive 

salmonid populations. 

Ceratomyxa shasta is endemic to the Willamette River (Zinn et al. 1977) but little 

is known about parasite genotypes within this system. Spring Chinook salmon and winter 

steelhead are the only native anadromous salmonids in the Upper Willamette River 

(UWR) because a seasonal migration barrier, Willamette Falls, only allows upstream fish 

passage during high water flows (Figure A.1). This has selected for a unique early run 

spring Chinook salmonid population (Waples et al. 2004) comprised of wild naturally 

reared populations as well as native strains reared at four Oregon Department of Fish and 

Wildlife (ODFW) hatcheries. Although, a fish ladder constructed in the 1950s allows fish 

passage to occur year round, Chinook salmon still migrate en mass during the spring, and 
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spawn in their natal streams in the fall (Groot and Margolis 1991). Thus, the migration of 

adult Chinook salmon creates a temporal increase in host availability during the spring, 

which we hypothesize could affect the life cycle of C. shasta genotype I. These four 

populations are geographically isolated from one another, and may have different 

selection pressures for disease resistance traits as some populations have to migrate 

through longer stretches of endemic waters. 

The primary objective of this study was to test for interspecies differences in 

susceptibility to C. shasta among the four stocks of UWR Chinook salmon raised by 

ODFW. Although parasite levels were sufficient to cause mortality of non-native rainbow 

and cutthroat trout, the lack of Chinook salmon mortality lead us to test for a seasonal 

release component to genotype I. Parasites in water samples collected during the 

exposure and from an upstream location were genotyped to determined the parasite 

composition during the course of the adult Chinook salmon migration. 

 

Methods and Materials 

Sentinel site (Figure A.1):  The Willamette River is located in Western Oregon, 

nestled between the Coastal and Cascade Ranges, and flows north 301 river kilometers 

(rkm) into the Columbia River. Willamette Falls is a 460 m wide and 12 m high seasonal 

migration barrier, located 42 rkm from the Columbia River. For our exposure site, we 

used a 10,000 L holding tank located at Portland General Electric’s hydroelectric 

generating facility on the west side of the falls. This tank was supplied with Willamette 

River water from above the falls at a rate of 142 L minute-1. 

 Fish groups and exposure: We obtained four stocks of juvenile Chinook salmon 

and three species of Pacific trout from ODFW state hatcheries (SH). Due to the limited 

size of the holding tank, fish were separated into two exposure groups. The first group 

consisted of ~400 Chinook salmon, ~100 from each UWR stock (Willamette SH, 

McKenzie SH, South Santiam SH, and Marion Forks SH) that were freeze brand marked 

on the caudal peduncle to differentiate between stocks. These fish were combined in the 

holding tank and exposed for 14 days (10-23 September 2009).  
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The second exposure group consisted of ~100 summer steelhead trout (South 

Santiam SH), ~100 barrier-isolated coastal cutthroat trout (Fall River SH), and 40 

Roaring River rainbow trout (Roaring River SH). Steelhead and rainbow trout were 

freeze brand marked on the caudal peduncle to differentiate between species, then 

combined in the holding tank. The cutthroat trout were exposed in a 0.3 m × 1.0 m 

cylindrical cage to keep them separated from the other trout. This exposure was also 14 

days and took place from 23 September to 7 October 2009. 

All fish were transported to and from the exposure site in separate coolers with 

oxygenation, ultimately returning to the John L. Fryer Salmon Disease Laboratory, 

Corvallis, OR (SDL). Control fish of each species were transferred directly from 

hatcheries to the SDL. Marked Chinook salmon were separated into eight replicate 100 L 

tanks. Similarly, steelhead and rainbow trout were split into two replicate 100 L tanks. 

Cutthroat trout were not replicated and placed in one 25 L tank but were treated similarly 

otherwise. Exposed and control fish were held for 77 days in tanks on specific pathogen 

free 18˚C water and fed daily an Oregon Moist Pellet diet with 2-4% oxytetracycline (~ 

3.5 g per 45 kg of feed; TM200, Pfizer, Atlanta, Georgia). The antibiotic has no effect on 

C. shasta but reduces the incidence of bacterial infections. We monitored the fish daily, 

and any morbid fish were removed and killed by overdose with the anesthetic tricaine 

methanesulfonate (MS-222; Argent Laboratories, Redmond, WA).  

Infection assessment: For all mortalities, clinical signs of disease were noted; 

fresh wet mounts were made from intestinal scrapes and examined microscopically at 

100-250 × magnification for three minutes. Identification of C. shasta myxospores from 

mortalities was used to diagnose ceratomyxosis (AFS-FHS 2010); diagnostic PCR was 

not performed. UWR spring Chinook salmon are considered less susceptible to C. shasta 

(Zinn et al. 1977) so we randomly sampled five fish from each group at 7 and 21 days 

post exposure (dpe) to isolate parasite DNA before the host could clear the infection 

(Bjork and Bartholomew 2010). These fish were removed and killed with an overdose of 

MS-222 and their gills and intestines were removed and frozen at -20˚C. Survivors at the 

end of the monitoring period were recorded but not examined for C. shasta and fish with 



	  

	  

81	  

	  

unrecognizable freeze brand marks were excluded from the study. Percent total mortality 

and C. shasta positive cumulative mortality were calculated as the number of mortalities 

divided by the starting count, minus fish sampled at 7 and 21 days post exposure (dpe).   

Genotyping: DNA from 7 and 21 dpe samples and mortalities was extracted 

following the methods of Stocking et al. (2006) and assayed by a C. shasta-specific PCR 

according to Atkinson and Bartholomew (2010b). Positive PCR products were purified 

using ExoSAP-it (USB, Cleveland, OH) and sequenced at Oregon State University’s 

Center for Genome Research and Biocomputing using an ABI Prism 3730 DNA 

Analyzer.  Genotypes were determined by identifying the number of ATC repeats 

(Atkinson and Bartholomew 2010a) from sequence chromatograms using the program 

4Peaks (v. 1.7.2). We reported only the dominant genotype (>70%) if there was a mixed 

infection. 

River water sampling: During fish exposure, triplicate 1 L samples were collected 

at three time points (first-September 10th, second-September 23rd and third-October 7th) 

from the water supplying the holding tank. As part of a UWR C. shasta monitoring study, 

triplicate 1 L river water samples were collected from April 2009 to April 2010, from the 

Willamette River @ rkm 131 near the SDL. Filtration, DNA extraction, and C. shasta 

qPCR assays were completed using the methods of Hallett and Bartholomew (2006) with 

an additional step using acetone to digest the nitro-cellulose filter (Hallett et al. in press). 

To estimate parasite densities, we averaged quantitative cycle (Cq) values from the three 

water samples and compared the results to values from previously assayed standards of 

one and ten actinospores. Extracted DNA from individual 1 L water samples were 

genotyped similar to fish, except dilutions of 1:1, 1:5, and 1:10 (DNA to molecular grade 

water) were used as the template. Sequence chromatograms were examined as above. 

Willamette River temperature (Celsius) and discharge in cubic feet per second (cfs) data 

was sourced from U. S. Geological Services gage (14174000; rkm 105) near Albany, OR. 
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Results  

 Sentinel fish exposure - water conditions: Water temperature and parasite density 

fluctuated throughout the fish exposures. The initial exposure group experienced Water 

temperatures ranged from 17.5˚C to 20.1˚C during the first exposure, and from 18.2˚C to 

13.8˚C during the second exposure (Figure A.2). Parasite densities in water samples were 

estimated at <1 spore L-1 at the first collection, below detectable limits in the second 

collection, and <1 spore L-1 at the third collection. Genotypes II and III were identified in 

water samples from the first and third water collection periods.  Levels of parasite DNA 

were too low for sequencing from the second collection.   

 First exposure group – Mortality ranged from 42-52% among Chinook salmon 

strains (Table A.1). Mortality was attributed to bacterial infection (Flavobacterium 

columnare based on clinical signs) rather than ceratomyxosis. Although myxospores 

were not detected in fish, C. shasta DNA obtained from gill and intestinal tissue collected 

at 7 and 21 dpe demonstrated the exposed Chinook strains were infected with genotypes 

II and III (Table A.1). Controls were C. shasta negative. 

Second exposure group– Mortality was 100% in exposed rainbow and cutthroat 

trout strains (Table A.1).  Myxospores and clinical signs of infection were observed in 

100% of rainbow trout and 78% of cutthroat trout. In general, gill and intestinal tissue 

collected at 7 and 21 dpe demonstrated rainbow and cutthroat trout were predominately 

infected by genotype III (Table 1.A).   Only one steelhead trout mortality (1%) was 

recorded. Myxospores were observed in the intestine and spleen, but a severe bacterial 

infection was also observed. Genotype III was detected from this single mortality and 

from other steelhead trout sampled at 7 and 21 dpe. Controls were C. shasta negative. 

Monthly monitoring of Willamette River: Parasite densities in the Willamette 

River were >1 spore L-1 three times during the 12-month sampling period (Figures A.3 

and A.4); 26th May 2009 (11,700 cfs; 15˚C), 20th July 2009 (4,680 cfs; 20.5˚C), and 30th 

December 2009 (10,700 cfs; 4.5˚C). We were able to genotype parasites from water 

samples twice a month from May until September, and once in October (Figure A.5). 

Genotype I was detected in May, June and July, and genotype III was detected in August, 
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September, and October; genotype II was present throughout the sampling period, except 

October.  

 

Discussion 

The lack of Chinook salmon mortality observed during this sentinel exposure was 

similar to what has been observed in other sentinel exposures in the upper basins of the 

Klamath and Deschutes Rivers (Atkinson and Bartholomew 2010a; Chapter 3). Spatial 

patterns of genotype I follow the distribution of Chinook salmon, but temporal patterns 

may also exist as a function of the seasonal migration of adult Chinook salmon. 

Genotypes with less specific host ranges (i.e. genotypes II and III) may exhibit nebulous 

spatial and temporal patterns, as their hosts may be more readily available than Chinook 

salmon.  

To successfully infect a migrating fish host, a parasite such as C. shasta must 

release actinospores into the environment at the precise time when migration is occurring. 

This would put heavy selection pressure on the parasite to coordinate actinospore release 

with the migration period of its fish host. Our sentinel exposure took place after the adult 

Chinook salmon migration had already occurred, and we did not isolate genotype I from 

fish or water samples. We did observe parasite levels >1 spore-1 and genotype I in water 

samples from May to July when adult Chinook salmon would likely be migrating through 

the UWR. In this host-parasite relationship, genotype I likely developed an infectious 

pattern with the temporary influx of adult Chinook salmon in the UWR. 

Genotypes II and III have been documented in this thesis (Chapters 2 and 3) as 

having broad host ranges, a generalist strategy that is less reliant on the presence of one 

host. Non-anadromous salmonid forms of cutthroat and steelhead trout are more likely to 

be present in the infectious regions of the UWR than Chinook salmon. These hosts are 

susceptible to genotype O, but also to II and III (Chapter 2 and 3). We would hypothesize 

that selection pressure caused by the life histories of these hosts would result in 

coordinated release of actinospores. The consistent detection of genotype II suggests the 

host of this genotype has a consistent presence. Thus we would predict this genotype 
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would be consistently present in the water column. However, water samples collected 

from July and later were dominated by genotype III. One explanation for this shift is that 

it is associated with the later migration and spawning times of summer steelhead trout, 

which were documented to be susceptible to this genotype (Chapter 2). Given the broad 

host range of genotypes II and III, temporal patterns of these genotypes may be more 

difficult to recognize. 

The presence of genotype I is likely tightly linked to the life history of Chinook 

salmon. Previous studies have clearly documented a spatial pattern in this relationship 

(Atkinson and Bartholomew 2010a; Chapter 2) and this study provides evidence for a 

temporal pattern based on the seasonal migration of adult Chinook salmon. The 

Willamette River offers a unique opportunity to study temporal patterns of Chinook 

salmon parasites because this host has a limited presence in the system. As salmon 

migration, water temperature and flow are already recorded by state and government 

agencies, the extended monitoring of parasite levels and genotype composition via water 

samples can strengthen trends observed in this study. This information could be used in 

coordinating releases of juvenile spring Chinook salmon from hatcheries to avoid 

infection periods. 
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Figure A.1. Willamette Falls 
during spring flows (top-right) 
and fall flows (top-left). Map 
of the Willamette River Basin 
(left) showing Willamette Falls 
(bar) and ODFW state 
hatcheries (flagged building) 
where spring Chinook salmon 
originated.	   	  
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Figure A.2: Water temperature (blue line, primary y-axis) and Cq value (red triangle, 
secondary y-axis) during sentinel fish exposure at Willamette Falls. Group one was 
exposed 10-24 September and group 2 was exposed 24 September to 8 October. 
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Figure A.3: Water temperatures (blue line, primary y-axis) recorded from USGS gages 
at rkm 105, and Cq value (black diamond, secondary y-axis) from water collected at 
rkm 131. The black line represents 1 spore L-1. 

 

 

 

Figure A.4: Water flow (red line, primary y-axis) recorded from USGS gages at rkm 105 
and Cq value (black diamond, secondary y-axis) from water collected at rkm 131. The 
gray line represents 1 spore L-1. 
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# Date Cq 
1 4-May 24.27 
2 26-May 31.54 
3 8-Jun 32.60 
4 15-Jun 32.61 
5 7-Jul 34.53 
6 27-Jul 32.39 
7 14-Aug 29.29 
8 25-Aug 32.30 
9 24-Sep 31.23 
10 28-Sep 33.26 
11 28-Oct 33.06 

Figure A.5: Water samples collected at rkm 131. Bar graph (left) showing genotype 
composition (green vertical bars = I, blue zigzag bars = II, purple horizontal bars = III) by 
percentage (y-axis).  The numbers on the x-axis correspond to the table (right), with 
water sample collection date and Cq values of individual 1 L water samples that were 
genotyped. 
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Table A.1: Stock and species exposed in the Willamette River: total mortality %, 
Ceratomyxa shasta positive mortality (Cs+), and genotype (0, I, II, III) results from 
mortalities and 7 and 21 d samples.  Only the dominant genotype was reported in mixed 
infections.  

Stock and Species morts % Cs+ % I II III 0 
 

I II III  0 
Marion Fork-Chinook salmon 42 0    

  
 2   

S. Santiam-Chinook salmon 52 0    
  

 3   
Willamette-Chinook salmon 44 0    

  
  1  

McKenzie-Chinook salmon 44 0    
  

 2 1  
Skamania-Steelhead trout 1 1   1 

  
 2 2  

Westernslope Cutthroat trout 100 78  2 7 
  

 1 9  
Roaring River-Rainbow trout 100 100   10 

  
 1 4  

 

 

 

 

Mortalities	   7	  and	  21	  d	  


