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tshawytscha) of the Deschutes River, OR. Previously described genotypes of C. shasta
exhibit specificity with their salmonid hosts. As afirst step toward managing C. shastain
the Deschutes River, the spatial and temporal distribution of this pathogen and its
genotypes needed to be described. Historically, parasite prevalence was quantified by fish
mortalities from sentinel surveys at 2-3 sites at different times of year on the Deschutes
River mainstem. Herein | used water sampling and gPCR to provide a method for
determining detailed spatiotemporal information about waterborne parasite distribution
both within (Chapter 4) and between (Chapter 2) sites of the river. Ceratonova shasta
was detected throughout the upper and lower Deschutes River basins at variable positions
within sites. Though there was variation between years (average spores/L 81.0, 11.2, 46.4
in 2016, 2017, 2018, respectively), C. shasta density was 1.5x higher between rkm 48-82
than the average of all other spatial survey sites. Additionaly, sites such as DRR (rkm
116) and DWS (rkm 155) had higher than average C. shasta abundance for 63% (5/8) of
the surveys. Only low densities (< 1.5 spores/L) of C. shasta were detected in the Warm
Springs River, an important spawning tributary for spring Chinook salmon. Using linear

mixed effect models (LMEMS), parasite abundance at tempora monitoring sitesin the



lower basin appears to be positively related to water temperature but has an inverse
relationship with river discharge, supporting previously described observationsin the
Klamath River, CA/OR. The upper Deschutes basin exhibited different temporal
dynamics than the lower basin with variable peaksin July or August. In Chapter 3, |
determined that C. shasta genotype | dominated the lower Deschutes River basin below
Round Butte Dam, type I was the main genotype present in the upper basin above Round
Butte Dam, and type O was detected throughout the system at lower proportions than | or
I1. Type Il was aso identified in the lower basin, but only during August. Genotype | was
not detected in the upper basin, despite the passage of spring Chinook salmon above the
Round Butte Dam for over adecade. | identified that peak C. shasta abundance and the
Chinook salmon host-specific genotype | coincide with spring Chinook adult returns and
juvenile spring Chinook releases, although spring Chinook salmon are one of the least
abundant salmonid species. Genotype O is associated with Steelhead trout, the most
abundant species of salmonid in the upper and lower basins of the Deschutes River.
However, although genotype O was found throughout both basins, supporting earlier
hypotheses that the spatial and temporal patterns of genotypes may be explained by host
distribution, our hypothesis that the density of genotypes in water samples would be
related to salmonid abundance was not supported. Despite the high densities of C. shasta
genotype | in water samples of the lower Deschutes, only mild to moderate pathol ogy
was observed in juvenile and adult tissue samples (Appendix A). Although C. shasta was
the most common pathogen that we detected and caused enteronecrosis, pathology
associated with Renibacterium salmoninarum and Parvicapsula minibicornis was
observed aso in juvenile and adult spring Chinook salmon, respectively. Therefore,
while C. shasta may be contributing to low survival of spring Chinook salmon in the

lower Deschutes River basin, it does not appear to be the sole cause.
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CHAPTER 1: INTRODUCTION

Deschutes River basin characteristics
The Deschutes River begins at Little Lava Lake in the Cascade Mountains of

central Oregon, USA. It flows south through the Crane Prairie Reservoir to the Wickiup

Reservoir, then flows north until connecting with the Columbia River, at the border

between Oregon and southern Washington (Figure 1.1). The mouth of the Deschutesis

roughly 405 river kilometers (rkm) from its starting point (Heisler, 2012).

As asystem, the Deschutes River Basin is an intriguing subject of study across

disciplines, as highlighted in “A Peculiar River: Geology, Geomor phology, and

Hydrology of the Deschutes River, Oregon”. Published in 2003, this book documents the

geologic history of the basin, which was formed as aresult of local tectonic activity,

extreme floods, and significant
volcanism. The ensuing lava dams,
waterfalls, and lahars formed a
canyon that has made the placement
of the Deschutes River quite static
(Beebee et a., 2002). The Deschutes
River is considered athermally
stable system due to uniform springs
underneath a permeable layer of
basalt (Stearns, 1930; O’Connor €t.
al. 2003; Zimmerman and Ratliff,
2003), which resultsin a maximum
daily temperature range of 10 °C
(USGS). The springs also minimize
fluctuations in river discharge both
within and between years (USDA,
1996; Gannett et al., 2001; Heider,
2012). However, temperate river

dischargeis till influenced by
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rainfall events (Sear et al., 1999) and the Deschutes River isno exception. Therefore,
high precipitation events and large snowpack years on Mt. Hood (USDA) are reflected in
the overall discharge of the Deschutes River (USGS).

Big Fallsis well-established as a natural migration barrier for salmonids, located
at rkm 211 (Figure 1.1; Zimmerman and Ratliff, 2003). Downstream of the Big Fallsis
the Pelton-Round Butte Dam Complex from rkm 160-165. Moving downstream, the dam
complex currently includes the Selective Water Withdrawal (SWW) tower above the
Round Butte Dam (1964), followed by the Pelton Dam (1958) and then the Reregulating
Dam (1957). The Pelton Trap is below the Reregulating Dam and is where adult
salmonids are collected, enumerated, and sorted for release back to the river, trucked up
to the Round Butte Hatchery for spawning, or trucked above the Round Butte Dam for
reintroduction. The SWW tower isi.) a collection location of juvenile Sockeye salmon,
spring Chinook salmon, and Steelhead trout and ii.) responsible for regulating
temperature and river discharge to emulate pre-dam conditions (Hydropower Reform
Coalition and River Management Society, 2015). This dam complex separates the
Deschutes River into distinct upper and lower basins.

While the Pelton-Round Butte Dam complex was built to provide geographical
stability and hydropower, the Round Butte Dam was a so responsible for fish passage of
migrating salmonids. Unfortunately, this effort was deemed afailure in 1968 and the
Round Butte Hatchery was built below the Round Butte Dam at rkm 160 in 1978 to
mitigate the effects of the dam on native spring Chinook salmon and Steelhead trout
(Ratliff and Schulz, 1999).

Throughout both basins, there are five resident species of trout that comprise the
bulk of Deschutes River fish by abundance: the native Redband (Oncor hynchus mykiss
gairdnerii), Bull (Salvelinus confluentus), Rainbow (Oncorhynchus mykiss), and the non-
native Brown (Salmo trutta) and Lake (Salvelinus namaycush) trout. There are four
salmonids that migrate through the lower basin: the native Chinook salmon
(Oncor hynchus tshawytscha), Sockeye salmon (Oncorhynchus nerka), and Steelhead
trout (Oncor hynchus mykiss), and the non-native Coho salmon (Oncor hynchus kisutch).

K okanee and Mountain Whitefish reside in the upper basin (Prosopium williamsoni).



Upper basin reintroduction efforts of Chinook salmon and Steelhead trout began in 2007,
followed by Sockeye salmon beginning in 2009 (ODFW and CTWS, 2017).

Spring Chinook salmon

Chinook salmon are economically, culturally, and ecologically important species
in the Pacific Northwest. Their health is crucial for many different stakeholders,
including recreational, commercial, and subsistence fishermen such as the Warm Springs
tribe on the Deschutes River.

Spring Chinook salmon are native to the Deschutes River basin. From 1957 to
1980, adult returns of spring Chinook salmon were lower than 500 fish per year (PGE,
n.d.). With the release of hatchery fish into the system, adult returnsincreased to over
2,000 between 1981-1993. Since 2001, spring Chinook salmon abundance has been
maintained between 1,000-5,000 adult fish. In more recent years, the population has
decreased to an average 1,000 adult fish per year. Because of their high value by severa
interest groups, the low returns of the last few years have been of concern.

Chinook salmon start their lives upriver in “nests” called redds. Juvenile fall
Chinook salmon immediately migrate to the ocean, while spring Chinook salmon spend a
year in the river before migrating and then spending roughly four years maturing at sea.
When they are ready to spawn, they start the arduous journey back to their natal
spawning grounds in the spring and spawn in August. During this voyage, they stop
eating, expend a tremendous amount of energy, and overcome avariety of physica
obstacles. In-migrating salmonids also have increased stress-induced cortisol and
maturation-related testosterone, both of which decrease immune system function. This
can lead to higher predation rates and an increased risk of parasitic infections (Miller et.
al. 2014). Like all Pacific salmon, Chinook are semelparous - they spawn once and then
die

Pathogens of Deschutes River spring Chinook salmon
Pathogenic infections of Deschutes River spring Chinook salmon may include
Renibacterium salmoninarum, Tetracapsul oi des bryosalmonae, Parvicapsula

minibicornis and/or Ceratonova shasta. Renibacterium salmoninarum s the causative



agent of bacterial kidney disease (Fryer and Sanders, 1981). This pathogen can infect
juvenile salmonids at hatcheries, and high densities of juvenile fish at these facilities
exacerbate the horizontal transmission of this bacterial pathogen. Contrary to many
freshwater infections, which decrease in severity or leave the host entirely as the
salmonid enters the ocean, bacterial kidney disease continues to proliferate in infected
salmonids after they migrate (Fryer and Sanders, 1981). Due to the challenges of
effectively managing this bacterium and the severity of disease that it can inflict, the
prevalence of R. salmoninarumis closely monitored by many state hatcheries, including
the Round Butte Hatchery.

Another potential pathogen in the Deschutes River is Tetracapsul oides
bryosalmonae, a malacosporean known to cause proliferative kidney disease (Kent et al.,
2000). This parasite was responsible for adie-off of Mountain Whitefish (Prosopium
williamsoni) in the Y ellowstone River during 2017 (Carraro et al., 2018). While this
parasite has not yet been detected in the Deschutes River, the timeliness, close
geography, and dire population impacts suggest that screening for T. bryosalmonae be
considered.

Similar to T. bryosalmonae, P. minibicornisis aso amyxozoan that infects the
kidneys of salmonids and can cause organ degradation, affecting plasma osmolality
(Bradford et al., 2010). This parasite has been detected in the Sacramento, Klamath,
Fraser, and Columbia River basins (Atkinson et al., 2011) and is known to affect Sockeye
salmon populations (Kent et al., 1997). P. minibicornis is a myxozoan that shares a
polychaete host (Bartholomew et al., 2006) with another confirmed Deschutes River
myxozoan salmonid parasite of concern, Ceratonova shasta.

Viruses are also monitored in the Deschutes River. The rhabdovirus IHNV and
aquatic birnavirus IPNV have nearly global distribution and can be transferred
horizontally or vertically (Dixon et al., 2016). These viruses can be detected throughout
the fish, depending on the mode of viral entry. Therefore, Oregon hatcheries such as the
Round Butte Hatchery test the kidney, pyloric caeca, spleen, and ovarian fluid of adult
salmonids for IHNV and IPNV (AFS-FHS Blue Book, 2014). IHNV has been detected at



the Round Butte Hatchery since 1975 (Mulcahy, 1976). IPNV isroutinely tested for, but
has not been detected at Round Butte Hatchery (ODFW communications).

Myxozoans

Myxo0zoans are microscopic parasites suspected to be related to cnidarians since
the late 19" century (Stolc, 1899). Phylogenetic analyses of ssrDNA sequences and
morphological evidence revealed that members of Myxozoa are metazoans (Smothers et
al., 1994) from the phylum Cnidaria (Siddall et al., 1995; Holland et al., 2011). There are
2,200 myxozoans currently described (Fialaet al., 2015), which is an astounding 20% of
Cnidaria. Like other cnidarians, they are characterized partially by their “stinging”
components, called nematocysts, which manifest as polar capsules in myxozoans. These
polar capsules have reduced functions as parasitic attachment (Piriatinskiy et al., 2017)
and recent video documentation suggests that some myxozoans (Myxobolus cerebralis, in
this case) might be capable of projecting toxins from their extended polar capsules (Ben-
David et a., 2016). Myxozoans are unique in that they are microscopic, multicellular, and
parasitic animals with atwo-host life cycle. Their definitive host is an annelid or
bryozoan depending on whether the organism is from the class Myxosporea or
Mal acosporea, respectively. Most myxozoans have a vertebrate secondary host, whichis
commonly afish. In the case of C. shasta, that fish isasalmonid.

salmonid fish host

Ceratonova shasta

Ceratonova (syn Ceratomyxa) shastais
an endemic parasite of the Pacific Northwest of
North America and has been one of the primary
pathogenic contributors to mortality in
salmonids (Ratliff, 1981, 1983; Fujiwaraet al.,
2011, Baker and Lovtang, 2016). Ceratonova oz
shasta was first officially identified in the Ry chmeEeiva T GaE
Crystal Lake Hatchery of Northern Californiain E;%}Jéel %ﬁiggeééf?ﬁ\gs:aga life
1950 after a disease outbreak (Noble, 1950).

However, C. shasta clinical disease signs had been recorded in returning adult pacific



salmon prior to thistime (Sanders, 1967). A novel genus was erected in 2014 to
encompass freshwater, intestinal myxozoans after the ribosomal small subunit was
sequenced and shown to be distinct from other Ceratomyxa species (Atkinson et al.,
2014).

As amyxosporean, C. shasta has two spore forms; the actinospore which infects
salmonids and the myxospore which infects polychaetes (Figure 1.2). These two spore
forms are differentially resistant to degradation, with the actinospore being more fragile
and short-lived (Bjork and Bartholomew, 2010) and the myxospore being denser and
moreresilient (Hallett et al., 2012). The actinosporean stage of C. shasta proliferatesin
the epidermis of Manayunkia speciosa (Bartholomew et al., 1997). Actinospores are
released into the water column, where they penetrate the gill epithelium of the salmonid
secondary host. They then travel through blood vessels to the intestinal tract of the
salmonid, possibly causing enteronecrosis, acute ascites, and lesions (Noble, 1950; Bjork
and Bartholomew, 2010).

There are three distinct genetic types (genotypes) of C. shasta, which
differentially infect species of salmonids (Stinson and Bartholomew, 2012; Hurst and
Bartholomew, 2012; Atkinson et a., 2018, Stinson et al., 2018). These genotypes, known
astypes O, I, and I, were identified by atrinucleotide repeat (ATC)o-3 in Internal
Transcribed Spacer region 1 sequences (Atkinson and Bartholomew, 2010). While some
genotypes are able to become pathogenic with less specificity, Chinook salmon are
primarily infected and affected by genotype .

Most of our knowledge of C. shasta comes from studies in the Klamath River, in
Southern Oregon and Northern California. Our knowledge of how temperature and
degree days (Ray et a., 2012), polychaete habitat preference and distribution (Stocking
and Bartholomew, 2007), and how spatial and temporal factors affect density of the
parasite (Stocking and Bartholomew, 2007; Bjork and Bartholomew, 2009) are derived
from the Klamath system.

Ceratonova shasta abundance increases with temperature and decreases with river
discharge (Bjork and Bartholomew, 2009; Ray et al., 2012). However, the river systems

that we study this parasite in are very different from each other. While the Deschutes



River and Klamath River both have dams that affect fish migration and flow stability,
their similarities stop there. Of particular regard to parameters that may affect C. shasta
abundance, the Klamath River has higher abundance of salmonids (though fewer
salmonid species) and a higher range of water temperatures (Bartholow, 2005), whereas
the Deschutes River has salmonids in the system year-round and stable water
temperatures (Stearns, 1930; O’Connor et. al. 2003; Zimmerman and Ratliff, 2003).

In collaboration with several government and tribal agencies, the research
conducted by the Bartholomew Lab at Oregon State University has informed
management strategies for the Bureau of Reclamation on the Klamath River for the
reduction of fish pathogens, such as C. shasta. The host and water sampling techniques
used in those studies have been applied to many freshwater systemsin Oregon, including
the Deschutes River.

Ceratonova shasta in the Deschutes River

Ceratonova shasta was first identified in juvenile spring Chinook salmon and
Steelhead trout of the Deschutes River in 1965 by Conrad and Decew, just one year
before the first release of hatchery reared spring Chinook salmon into the lower
Deschutes. Ceratonova shasta related research began in the Deschutes River during the
1970s after disease outbreaks at the Round Butte Hatchery prompted investigation (Zinn
et a., 1977; Ratliff et a., 1981). Sentinel studies were conducted in the Deschutes
mainstem and Warm Springs Rivers that confirmed the presence of C. shasta (Ratliff,
1981; Hoffmaster, 1985; Stinson and Bartholomew, 2012; Vojnovich et a., 2016).

Sentinel studies conducted by Don Ratliff between 1973-1979 identified a
seasonal pattern of parasite levels and native spring and fall Chinook salmon mortalities
with increases in Spring that continue until late Fall (Ratliff, 1981). Ratliff also
determined that C. shasta spores degrade after 10 days in Deschutes River water by
exposing native and non-native juvenile rainbow trout to infective water from 0-10 days
(Ratliff, 1983).

Sentinel studies of rainbow trout from Oak Springs (native) and Roaring River
(non-native) hatchery stocks in Deschutes River water at the Pelton Trap (rkm 160) were



conducted in September 1983, with 29% mortality after 23 days of exposure and in June
1984, with 45% mortality following 14 days of exposure to Deschutes River (Hoffmaster,
1985). The seasonal mortality from studies conducted by Ratliff were also observed by
Hoffmaster, even with the longer exposure times in September. These studies were
conducted without knowledge of the C. shasta lifecycle (completed in 1997 by
Bartholomew) or that there are host specific genotypes.

Sentinel studiesin the Deschutes River basin were not conducted again until 2011
during inter-basin C. shasta distribution research by Stinson and Bartholomew. Sentinel
studies of spring Chinook salmon resulted in 79% mortality in the lower Deschutes basin
and C. shasta type | was identified as the primary genotype in water samples. Type | was
not detected in the upper basin and sentinel exposures of juvenile spring Chinook salmon
in this area had low susceptibility (0% mortality). Passage of spring Chinook salmon
above the Round Butte Dam was predicted to spread type | into the upper basin and
potentially increase infection risk of spring Chinook salmon in this region (Stinson and
Bartholomew, 2012). In studies with multiple salmonid species (Conrad and Decew,
1965; Stinson and Bartholomew, 2012), juvenile spring Chinook salmon appeared to be
the least affected by C. shasta infections. Stinson and Bartholomew proposed that while
genotype | may spread to the upper basin with spring Chinook salmon reintroduction,
they are unlikely to be strongly affected.

Juvenile mortality

From the studies done in the Klamath River, we know that spores of C. shasta
infective to salmonids (actinospores) begin to be released in late Winter/early Spring
(Bartholomew et al., 2017). During this time in the Deschutes River, juvenile spring
Chinook are held on river water at the Pelton Ladder, potentially exposing them to
actinospores and increasing their risk of C. shasta infection. Indeed, C. shasta was
detected (26-58%) in juvenile spring Chinook salmon through lethal sampling and PCR
at the Pelton Ladder from 2016-2018 (Appendix A).

The Warm Springs National Fish Hatchery (WSNFH) reported that |ess than half
of al juvenile spring Chinook salmon released from the hatchery passed over the



Bonneville Dam in 2016 (Connolly and McLean, 2017). While no juvenile spring
Chinook salmon are positive for C. shasta at the WSNFH, some of these fish are infected
by the time they reach the Bonneville Dam (USFWS, communications).

Ceratonova shasta has along evolutionary history with its salmonid hosts
(Stinson et al., 2018). Thisisreflected by the differential resistance to C. shasta
depending on the stock of fish (Johnson et a., 1975; Zinn et ., 1977). For example,
native salmonids to the Deschutes River are less likely to be strongly affected by C.
shasta infections (Johnson et a., 1975; Zinn et a., 1977). Juvenile salmonids are also
capable of clearing the infection (Holt, pers. com). However, with increasing water
temperatures and decreasing water flows due to climate change (which would increase
the parasite abundance and density of parasites in the water column, respectively), the
amount of C. shasta may surpass historical, biologically tolerated levels leading to
increased juvenile and pre-spawn mortality.

Pre-spawn mortality

During migration back to spawning grounds, salmon do not consume food. In
order to make the energetically expensive journey without incoming nutrients, their
immune systems are compromised (Dolan et a., 2016). In addition to lack of nutrients,
fish also produce stress-induced cortisol and testosterone, both of which are related to
maturation and contribute to suppression of the salmonid immune system (Slater et al.,
1994; Maule et a., 1996; Dolan et a., 2016; Connor et a., 2018). This depletion of the
immune system, warm water temperatures during migration, and increased pathogen
density due to lower flow all increase the disease risks for migrating salmon (Fenkes,
2016). The contribution of C. shasta to pre-spawn mortality of spring Chinook and Coho
salmon of the Deschutes River has been recognized since 1967 (Sanders, 1967; Sanders
et. a. 1970). Re-characterization of the temporal distribution of C. shasta after nearly 50
years, identification of the spatial distribution, and enumeration of the parasite in hosts
are necessary to inform management strategies for C. shasta in the Deschutes River Basin

today.
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Detection methods

Sentinel fish surveys were conducted to assess the presence of C. shasta related
mortality (AFS-FHS, 2014). These involve placing juvenile salmonidsin a sentinel cage
that alows flow-through of water without the escapement of fish. The caged fish are
exposed to river water for 3-7 days. After exposure, fish are brought back to alaboratory
and placed on pathogen-free water. Ceratonova shasta-associated mortality rate is
determined through gross visualization of clinical signs of enteronecrosis and wet mounts
of myxospores in the lower intestine. Disease can also be confirmed by observation of
degradation of mucosal epithelium in the lower intestine by histology (Bartholomew,
1989). While these surveys are one of the only means of determining actinospore
presence in water, they are neither time nor cost effective, require lethal sampling of fish,
and cannot fully describe the temporal or spatia distribution of C. shastain ariver
system.

The development of aDNA probe (Bartholomew et al., 1995) and polymerase
chain reaction (PCR) assay for C. shasta (Palenzuela et a., 1999) alowed for faster and
more sensitive detection of the parasite in fish tissues. Since maturation and proliferation
of C. shasta spores occurs in the lower intestine, anal swabs were considered as a non-
lethal detection method (Fox et al., 2000). Detection of C. shasta from anal swabs by
PCR was less effective than PCR of fish tissues, but more sensitive than traditional
microscopy methods.

Real-time parasite detection was made possible with the development of a
guantitative polymerase chain reaction (QPCR) assay for C. shasta (Hallett and
Bartholomew, 2006). Applying this technique to filtered, DNA extracted, 1L water
samples alowed for the non-lethal detection and quantification of C. shasta density in
spores/L. The fast collection and processing time of water samples can provide detailed
temporal and spatial distribution information regarding waterborne parasites such as C.
shasta. However, it should be noted this method cannot distinguish between actinospores
and myxospores in the water sample.

Following the hypothesis that there were multiple genotypes of C. shasta, a
sequencing protocol was developed for the delineation of these types. Ceratonova shasta
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DNA from both water and tissue samples are first processed by PCR. The PCR products
are diluted and Sanger sequenced. Sequence chromatograms are inspected by eye and
characterized for genotype based on INDEL and SNP patterns. Genotypes O, | or Il are
called based on arespective number of ATC repeatsin the ITS-1 region (Atkinson and
Bartholomew, 2010). The sequencing of genotypes and subsequent discovery of
genotype-host associations has been informative for assessing C. shasta-infection risk of

salmonids.

Control and management of Ceratonova shasta

There are two current modes of controlling and managing C. shasta infectionsin a
river system. Management can be targeted towards the parasite hosts or the water that
hosts are exposed to.

i Parasite host management

Stocking resistant strains of salmonidsis an effective management strategy for C.
shasta (Zinn et al., 1977; Buchanan et a., 1983). Resistant Deschutes River strains have
been identified (Johnson et a., 1975; Zinn et a., 1977) and only these resistant, native
salmonids are stocked in the Deschutes River (Northwest Power and Conservation
Council, 2003). Sentinel studies conducted by Don Ratliff between 1973-1974 suggest
that releasing juvenile Chinook salmon on or before May 3" of each year decreases
exposure to C. shasta (Ratliff, 1981). Ratliff also proposed that short exposuresto C.
shasta before their release provided resistance to the parasite and decreased mortalities.

The definitive host of C. shasta, Manayunkia sp., is a polychaete worm that
inhabits tubes built from fine sediment and mucus attached to a variety of benthic
substrata. In the Klamath River, high discharge in winter or spring (flow velocities that
mobilize the bed) has been linked with reduced polychaete abundance (M al akauskas et
al., 2013; Alexander et a., 2014, 2016) and are currently mandated in this system (United
States District Court for the Northern District of California San Francisco Division,
2017). Additionally, emergency dilution flows are mandated at five C. shasta spores/L as
this density has been quantified as the infective dose threshold that corresponds to 40%
mortality for Coho salmon of the Klamath River (Hallett et al., 2012). The infection dose
(density of spores and genotypes) and infective dose threshold are different for different
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species (Ray et a., 2013). In order to implement emergency flows in the Deschutes
River, these parameters would need to be defined through parallel sentinel fish and water
sample studies to determine the infective dose for spring Chinook salmon of the
Deschutes River.

ii. Water treatment

Currently, only the Cowlitz hatchery in WA treats their water for C. shasta where
they have implemented ozone disinfection of the water since 1991 (Bartholomew et al.,
2004). The original implementation of ozone disinfection involved treating the water with
2ppm of ozone for 15 minutes. Excess ozone after thistime is removed using a forced-
air, packed stripping unit. While thisinitially decreased the C. shasta prevalence of
infection, 2ppm was determined to be too low for complete removal of the parasite from
the water supply. If 0zone was to be used at another hatchery to mitigate C. shasta
infection, higher concentrations would need to be used.

Currently the only water treatment at the Round Butte Hatchery involves UV
treated water for the eggs and young juveniles. With these treatments and the use of
spring water at the hatchery, C. shasta has not been detected in juveniles while at the
hatchery (ODFW, communication). However, after the juveniles are transferred to the
Pelton Ladder, they are exposed to untreated Deschutes River water and are infected by
C. shasta (Appendix A).

Objectives

The main objective of my thesisis to analyze the pathogenic contribution on the
health of spring Chinook salmon in the Deschutes River basin through water sampling,
fish tissue collection, and molecular techniques (PCR and gPCR) (Chapter 2). This
includes monitoring waterborne C. shasta asiit relates to abiotic factors like time, space,
temperature, and water flow. The genotypes of C. shasta were observed and recorded in
Chapter 3, contributing to our understanding of C. shasta host specificity and the
geographical distribution of genotypes. Supporting materials that analyze the methods of
water collection and filtration timing effects on C. shasta detection are included in
Chapter 4. Funding for this research was provided by The Confederated Tribes of the

Warm Springs Reservation of Oregon-Pacific Coastal Salmon Recovery Fund and an
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Oregon Department of Fish and Wildlife Fish Health Graduate Research Fellowship in
Microbiology.
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ABSTRACT

Ceratonova shasta, a waterborne myxozoan parasite endemic to the Pacific
Northwest, has been a suspected contributor to mortality of juvenile and pre-spawn
spring Chinook salmon (Oncor hynchus tshawytscha) in the Deschutes River basin since
the 1970’s. Sentinel fish studies have revealed spatial and seasonal variation with the
highest mortalities of spring Chinook salmon occurring in June at the Oak Springs
Hatchery (rkm 65) compared to further upstream at the Pelton Trap (rkm 160). Finer
scale distribution information was needed to determine parasite dynamicsin the Warm
Springs and Deschutes Rivers. Using water sampling and gPCR, we described the spatial
and temporal distribution of C. shasta throughout the Deschutes River basin from 2015-
2018. Parasite density increased in Spring and declined until late Fall. Though there was
variation between years (average spores/L 81.0, 11.2, 46.4 in 2016, 2017, 2018,
respectively) C. shasta density was 1.5x higher between rkm 48-82 than the average of
all other spatial survey sites. Additionally, sites such asthe DRR (rkm 116) and DWS
(rkm 155) had higher than average C. shasta abundance for 63% (5/8) of the surveys.
Parasite density in the Warm Springs River did not exceed 1.5 spores/L in either 2017 or
2018. Ceratonova shasta abundance increased with water temperature and decreased
with river discharge. These parameters influence the spatial and temporal variation of C.

shasta in water samples within and between years.

INTRODUCTION

Ceratonova shasta has been implicated as a contributing factor to years of poor
salmonid returns in the Deschutes River due to juvenile and pre-spawn mortality (Ratliff,
1983; Baker and Lovtang, 2016). The parasite has a complex, two host, two spore life
cycle and cannot be transmitted from fish to fish. Parasite actinospores proliferate in a
freshwater polychaete and are shed into the water column, where they encounter the
salmonid secondary host (Bartholomew et al., 1997). Actinospores penetrate the gill
epithelium and travel through the blood to the intestine, where they develop into
myxospores potentially causing enteronecrosis and death of the host; severity of disease
depends on fish species, life stage, parasite dose and other stressors, including pre-

spawning condition (Noble, 1950; Bjork and Bartholomew, 2010).
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Ceratonova shasta related research began in the Deschutes River during the
1970s after hatchery juveniles residing in Lake Simtustus (between the Pelton and Round
Butte Dams, rkm 162-165; Figure 2.1) were diagnosed with ceratomyxosis (Conrad and
Decew, 1966; Ratliff, 1981). Those early studies documented C. shasta associated
mortalitiesin native fall (wild) and spring (hatchery) Chinook salmon (Oncorhynchus
tshawytscha) using a combination of fish exposed in cages (“sentinel exposures”) and
wild fish captures for rearing in the laboratory. A 7-year study suggested C. shasta
infectionsincreased in spring and continued through the fall (Ratliff, 1981). This study
was the first to report a host-parasite imbalance favoring C. shasta and to describe the
variation of C. shasta abundance within and among years in the Deschutes River.

Sentinel studies demonstrated differencesin C. shasta risk for juvenile spring
Chinook salmon for between the upper and lower basins: Stinson and Bartholomew
(2012) observed 0% C. shasta related mortality in juvenile spring Chinook salmon
exposed in the upper basin on the Crooked River (rkm 183) and 79% C. shasta related
mortality in juvenile spring Chinook salmon exposed in the lower basin near the Oak
Springs Hatchery (rkm 75) following 3 day sentinel trials. Since then, significant juvenile
and pre-spawn mortalities of spring Chinook salmon in this system have occurred (Baker
and Lovtang, 2016). Hypotheses that C. shasta was contributing to these mortalities were
explored through collaborative studies with the Oregon Department of Fish and Wildlife
(ODFW), the Confederated Tribes of the Warm Springs Reservation of Oregon
(CTWSRO), the United States Fish and Wildlife Service (USFWS), and Oregon State
University (OSU) during 2015 and 2016. These studies examined the spatial distribution
and density of C. shasta through molecular detection of the parasite in water samples
(2015-2016) as well as prevalence of infection and mortality in sentinel fish exposed in
2015. Results of these studies supported earlier findings that C. shasta was abundant in
the lower Deschutes River near the Oak Springs Hatchery and was associated with high
mortality (48% in 2015) in sentinel juvenile spring Chinook, whereas |lower abundance
and associated mortality (12%) were detected at the Pelton Trap (rkm 160; Vojnovich et
a., 2016).
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Dueto the differencein C. shasta density between the Oak Springs and Pelton
Trap, we suspected that C. shasta abundance would vary throughout the Deschutes River
basin as C. shasta density increases with temperature and decreases with river discharge
(Bjork and Bartholomew, 2009; Ray et a., 2012). We predicted that peak C. shasta
densitieswould vary i) inter-annually with higher parasite abundance in water years
having low peak discharge, ii) intra-annually (temporally) with highest parasite densities
during periods of peak water temperature, and iii) spatially with high C. shasta densities
at spawning territories due to myxospore input from perishing adult salmonids (Kent et
al., 2014). To determine the finer scale temporal and spatial distribution of C. shasta we
guantified waterborne parasite densities in water samples collected throughout the
Deschutes River basin from 2015-2018.

METHODS G
A ) Columbia River i
Study sites : .
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The separation of the river by the dams and natural hydrologic features could drive
differencesin the spatial and temporal distribution of C. shasta in the Deschutes River
through differencesin water temperatures, hydrologic disturbance regimes, and salmonid
host availability.

The upper basin water temperature and hydrology are primarily driven by
mountain snowpack and groundwater discharge that provides more than three-quarters of
streamflow for the Deschutes River (Gannett et a., 2013) whereas water in the lower
basin is controlled by the selective water withdrawal (SWW) tower (above the Round
Butte Dam). The SWW tower mixes warmer surface water of Lake Billy Chinook with
cooler water from the bottom of the lake. Water temperature in the lower basinis
regulated by this dam to mimic pre-dam temperature and hydrologic conditions (PGE,
n.d.). The Deschutes River mainstem aso receives water input from large tributaries such
as the Warm Springs River (rkm 134), White River (rkm 74), and Buckhollow Creek
(rkm 68). Salmonid distribution and densities also vary within and between the upper and
lower basin. Five species of trout comprise the largest proportion of Deschutes River
salmonids and are present in both the upper and lower basins. In the lower basin aone,
native anadromous salmonids including native spring and fall Chinook salmon, Sockeye
salmon (Oncorhynchus nerka), and Steelhead trout (O. mykiss) and non-native Coho
salmon (O. kisutch). However, reintroduction of spring Chinook salmon to the upper
basin began in 2007 (ODFW and CTWS, 2017). While wild fish of each speciesexist in
the Deschutes River, spring Chinook salmon, summer Steelhead, and Sockeye salmon are
all reared at the Round Butte Hatchery below the Round Butte Dam and the Pelton
Ladder below the Reregulating Dam (Figure 2.1). The combination of the presence of C.
shasta and the ecological complexity inherent in the Deschutes River system warrants a
clear understanding of the temporal and spatial dynamics of C. shasta in the context of
reintroduction and conservation efforts.

Warm Springs River — The Warm Springs River isamajor tributary to the Deschutes
River (at Deschutes rkm 134) and provides important spawning habitat for wild spring
Chinook salmon (Lindsay et a., 1989). No hatchery fish spawn above the Warm Springs
National Fish Hatchery (WSNFH, Warm Springs rkm 17.2).
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Temporal sampling: Deschutes and Warm Springs Rivers — To examine temporal
variation in C. shasta densities (spores/L) in the mainstem river, index sites were
established at the Pelton Trap below Pelton Dam (rkm 160) and near Oak Springs
Hatchery (rkm 75) (Figure 2.1, 2.3). In genera, water samples were collected every two
weeks from March to October from 2015 to 2018. Exceptions include samples collected
through the winter of 2015 at both sites and early termination of water sampling in July
2016 at the Pelton Trap. Datafrom 2015 and 2016 has been included for comparison
(Vojnovich et ., 2016). 1L samples were collected every 2h for 24h by an automatic
sampler (1ISCO) and pooled into a composite sample (hereafter referred to as “ISCO
samples™). Subsamples of three 1L replicates were collected from the composite, filtered
through a5 um filter, frozen, and posted to Oregon State University.

In 2017-2018, tempora sampling was expanded to include sites on the Warm
Springs River because of pre-spawn mortality and low returns reported for spring
Chinook salmon (Baker and Lovtang, 2016). In contrast to the temporal water samples
collected on the Deschutes River mainstem, samples in the Warm Springs River were
collected manually (hereafter referred to as “grabs”). Three water samples were collected
directly from theriver at three (2018) to six (2017) sites on the Warm Springs River and
one site at the confluence of the Warm Springs and Deschutes Rivers (DRV) (Figure 2.2).

The samples were processed as described above, see composite samples.
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WMC L

. 2017 & 2018 Pelton Trap

FIGURE 2.2: Tempora water sample collection sites on the Warm Springs River and at
the mouth of the Warm Springs River on the Deschutes River (DRV). Sites are
represented by open circles (2017), dark grey circles (2018), and black circlesfilled with
dark grey (2017 & 2018). The black bar represents the Warm Springs National Fish
Hatchery, amigration barrier to salmonids. The Pelton Trap located below the Pelton
Dam isincluded for reference. *Note the DRV site is on the Deschutes mainstem.

TABLE 2.2: Duration and frequency of monitoring water samples collected at each site
by year. Sums of water samples per site are provided by year and as atotal for the
project. Samples from 2015 and 2016 were processed by Vojnovich et a., 2016 and
included here for reference (Gray text).

Year Ste Sartdate Enddate Frequency of Total
collection samples
2015 | Oak 03/24/15 11/24/15 Weekly 102
Springs
Pelton Trap 04/14/15 11/24/15 Bi-weekly 51
2016 | Oak 03/09/16  12/27/16 Weekly 126
Springs
Pelton Trap 03/08/16 07/26/16 Bi-weekly 32
2017 | Oak 01/02/17 10/19/17 Bi-weekly 87
Springs
Pelton Trap 04/04/17 10/31/17 Bi-weekly 51
Warm 04/13/17 09/14/17 Bi-weekly 207
Springs
2018 | Oak 03/06/18 10/30/18 Bi-weekly 54
Springs




Pelton Trap  03/06/18
Warm 04/02/18

Springs

Deschutes River spatial surveys— To
examine spatial variation in C. shasta
density (spores/L) in the mainstem river,
grab sampling was conducted at
approximately 20 sites (including the two
temporal index sites) on the Deschutes
River mainstem as well as at the mouths of
Bakeoven (tributary site with no mainstem
influence) and Buckhollow creeks
(mainstem site with tributary influence)
(Figure 2.3, Table 2.2.). Siteswere
stratified every 6.4 km along rkms 1 to 230
to capture variation in hydrology, and
selected based on proximity to spawning
habitat and access. Spatial sampling was
conducted in 2016-2018. Surveys
conducted in 2016 (June 7th and August
30th, 2016) were collected and processed
by Vojnovich et a., 2016. 2017 spatial

surveys were conducted on roughly the

10/30/18  Bi-weekly 54
09/26/18  Bi-weekly 141
All years | 905

FIGURE 2.3: Spatia and temporal
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same dates (June 6™ and August 30", 2017) sampling sites with locality site codes that

but were collected and processed by the

correspond to Table 2.2.

author. In 2018, survey dates were selected based on peak juvenile and adult spring

Chinook salmon run timing. An average of the adult passage dates from the last 5 years
(PGE, n.d.) indicated that spatial water samples should be collected on June 5" (25%
adult spring Chinook salmon passage) and July 10" (75% adult spring Chinook salmon

passage). 2017 was the first year PGE published data on juvenile passage and this
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resulted in adding a survey on May 2", 2018 during peak juvenile spring Chinook
salmon release.

Additional sites were al'so added in 2018 to obtain higher resolution of C. shasta
densities between Round Butte Dam and Big Falls, anatural migration barrier. Lower
basin sites were chosen based on their proximity to historical spawning grounds (DZJ and
DJS, Figure 2.3; Grant et al., 2016) and upper basin sites were selected to assess potential
parasite contribution to Lake Billy Chinook. Sites on Lake Billy Chinook (above Round
Butte Dam) at the confluence of the Metolius (MBC), upper Deschutes (DRA), and
Crooked rivers (CRA) were added to pinpoint sources of C. shasta in the upper basin.
Sites |ocated near redds were chosen from gravel augmentation project publications
(Grant et al., 2016) aswell as GIS visualization of areas that matched descriptions of
suitable spawning habitat (Isaak et al., 2007), and reports from ODFW.

All spatial sampling events were conducted by collecting grab samples during a
single day but the collection approach differed slightly each year. In 2016, the approach
involved teams of collaborators collecting three 1L grab samples at 4-6 sites each, while
moving upstream in the region assigned to their team. In 2017-2018, the approach
involved asingle team collecting 3x1L grab samplesfrom all but 4-12 sites as they
worked from the lowermost site at the mouth of the Deschutes on the Columbia River
(rkm 1) to the uppermost site (rkm 230) from approximately 6:00 — 13:00. Water samples
were processed as described in “Water sample DNA extraction and parasite
quantification procedure.”

TABLE 2.2: River kilometer, latitude, and longitude coordinates for sites sampled during
gpatial surveys (grab samples) conducted from 2016-2018.

Locality sitecode River kilometer Coordinates

CCP | ColumbiaR - 324 45°39°02.40”N, 120°57°36.30"W
CBJ | ColumbiaR - 335 45°40°15.20”N, 120°50’16.90"W
DHP | 0.6 45°37°55.60”N, 120°54°47.20"W
DCY | 37.9 45°23’32.70”N, 120°52’51.10"W
DRC | 47.7 45°20°11.20”N, 120°55°51.30"W
DTS | 60.3 45°18°32.80”N, 121°00’20.00"W
DBH | 67.5 45°16°03.01”N, 121°01°08.59"W
DWR | 73.7 45°14°01.29”N, 121°04’01.49"W
DOS| 75.5 45°13°17.71”N, 121°04°49.26"W




DJS

DZJ
DPT
DPP
MBC
CRA
DRA
DBF
DCF

81.8

81.7

94.0

100.5

107.9

115.8

133.7

Warm Springs R — 0.94
Warm Springs R — 14.6
Warm SpringsR — 21.8
Warm Springs R — 30.0
Beaver Creek — 0.97
Mill Creek — 9.42
Badger Creek — 1.28
Warm Springs R — 47.6
154.7

157.7

159.3

159.6

165.1

182.6

182.9

186.4

211.2

229.6
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45°10°24.10”N, 121°04°28.60"W
45°10°26.10”N, 121°04°27.16”W
45°05’33.40”N, 121°07°49.10"W
45°03’06.81”N, 121°07°12.40"W
45°01°54.70”N, 121°04°06.05"W
44°58’26.00”N, 121°04°11.00"W
44°51°26.57”N, 121°04°04.50"W
44°51’51.00”N, 121°04°40.00"W
44°51°59.60”N, 121°13°05.20"W
44°50’12.30”N, 121°16°36.00"W
44°52°24.10”N, 121°20733.00"W
44°52’51.00”N, 121°20°18.30"W
44°51°41.00”N, 121°28°19.30"W
44°56’40.40”N, 121°26°45.90"W
44°57°35.80”N, 121°27°31.90"W
44°45’31.10”N, 121°13°39.00"W
44°44°22.80"N, 121°14°27.34"W
44°43'44.58"N, 121°14°46.32”W
44°43°32.50"N, 121°14°51.10"W
44°41°06.12”N, 121°14°22.25"W
44°35°16.21"N, 121°22°32.49"W
44°31'43.98"N, 121°15'49.37"W

44°31'31.95"N, 121°17'56.51"W

44°21'34.40"N, 121°17'39.00"W

44°16'07.60"N, 121°15'24.80"W

Water sample DNA extraction and parasite quantification procedure — The water

filtration, DNA extraction procedure, and quantitation of C. shasta DNA using a

guantitative polymerase chain reaction (QPCR) follow Hallett and Bartholomew, 2006
and Hallett et al., 2012 using a QIAGEN DNeasy Tissue Kit with minor modifications.

Namely, the use of a drying centrifuge vacuum was implemented to decrease drying time

before the acetone extraction and after the ethanol wash of the DNA extraction
procedure. Additionally, we used a new gPCR machine (StepOnePlus™ Real-Time PCR

System (ABI)), aduplex assay that incorporates internal positive control (IPC) for

inhibition testing, and total reaction volumes per well were 10pl instead of 20ul. The 10

I reaction volume comprised 800 nM of each primer (ABI), 400 nM C. shasta probe
(ABI), 5ul TagMan Universal PCR Master Mix (contains AmpliTag gold DNA



32

polymerase, dNTPs with dUTP, passive reference and optimised buffer components)
(ABI), 250nM BSA (New England Biolabs), 250 nM IPC DNA (ABI) and 500nM IPC
primer and probe (ABI) with either 2 ul of 1:4 diluted sample DNA or 2 pl molecular
grade water.

After gPCR, the duplicate wells were averaged, resulting in one value for each
sample collected. Wells that differed by more than 1 Cq value were reanalyzed. Cq
values were converted to spores/L based on reference samples with known numbers of
spores. Samples were considered positive for C. shasta if the average of the converted Cq
value was higher than O spores/L.

Statistical analyses

Mean C. shasta density was calculated for each site by averaging the values from
each of the 3 samples (ISCO or grab). Linear mixed-effects models (LMEMSs) were used
to examine relationships between mean C. shasta density and temperature and river
discharge. Because parasite densities vary depending on time of day collected (Chapter
4), we assumed there were differences between sample sets collected by ISCO versus
grab, and model datawere limited to ISCO collected water samples at the two index sites
(Pelton Trap and Oak Springs). Grab samples collected during spatial surveys were not
included in the analysis because they were only collected in spring and summer.
Additionally, Oak Springs water samples that were not processed correctly were
excluded. River discharge and water temperature data were obtained from United States
Geological Service (USGS) gage 14092500 near the Pelton Trap (Madras, OR)
(https://waterdata.usgs.gov/usalnwis/uv?site_no=14092500). Oak Springs water
temperature data were collected using an automatic temperature data logger (HOBO,
Onset Corp., MA) of which mean daily temperatures were calculated from 15-minute
records. River discharge was estimated by averaging daily discharge values for the
Madras and Biggs Junction USGS gages (no USGS gage is present at the Oak Springs
site and Oak Springsislocated in between these |ocations).

The linear mixed effects model included random effects for site and year and non-
normally distributed data were log transformed. Model fit was assessed using random
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effect adjusted r? and the Akaike information criterion (AIC) was used to evaluate model
performance relative to competing models. Model variance was examined using
Pearson’s residual plots. All statistical analyses were performed using the Ime4 package
(Bates et al., 2015), with r? values with and without random effects computed using the
MuMIn package (Nakagawa and Schielzeth, 2013) of R version 3.4.1 (R Development
Core Team, 2008).

RESULTS
Deschutes River temporal surveys

Data collected since 2015 demonstrate C. shasta densities are 19x higher near
Oak Springs Hatchery than at the Pelton Trap on the Deschutes River mainstem (Figure
2.1, 2.3, 2.4; Table 2.4). Despite the difference in density between the index sites, we
observed similar temporal patterns at both sites; C. shasta increased in spring, peaked in
late spring or early summer, and began to declinein the fall. However, there was
significant variation among yearsin i) timing of increase (when density > 1 spore/L), ii)
the maximum C. shasta density observed, and iii) in the number of peaks observed during
a season. For example, 2015 C. shasta densities at Oak Springs were already > 1 spores/L
by April 7", pesk C. shasta density (371.0 spores/L) was measured on April 28", and two
peaks (April and August) were observed compared to 2018 where first detection at >1
spore/L occurred on April 171, peak (101.0 spores/L) on July 10", and one peak at this
site (Table 2.3, 2.4).
TABLE 2.3: Summary of maximum summer water temperatures (°C) (USGS) and
maximum river discharge (m3/s) (USGS) by water year at the Madras USGS station

(14092500) and on the Deschutes River near Oak Springs Hatchery from May to
September for each year included in the present study.

Summer water temperature (°C)  River discharge (m#/s) by water year

Madras-Oak Sorings Madras-Oak Sorings

2015 | High M oder ate

Max 15.4-18.6 on 7/5/15 Max 209-279 on 12/23/14
2016 | High L ow

Max 14.5-17.7 on 6/9/16 Max 185-219 on 3/10/16
2017 | High High

Max 14.8-17.3 on 7/3/17 Max 276-328 on 3/21/17
2018 | High L ow




| Max 14.9-18.6 on 7/18/18 Max 179-210 on 11/24/17

TABLE 2.4: Summary of Ceratonova shasta dynamics each year at the Oak Springs and
Pelton Trap sites. Absences from datainclude: first C. shasta detection was missed in
2015, sampling stopped in mid-July of 2016 at the Pelton Trap, and Oak Springs water
samples were unreliable during the expected C. shasta season in 2017.

Year Ste First C. shasta Tempat first Max Max
detection C. shasta C.shasta C.shasta

(over 1 spore/l) detection (°C) (spores/L) date
2015 | Oak Springs N/A N/A 3717  4/28/15
Pelton Trap N/A N/A 134 7/7/15
2016 | Oak Springs 3/22/16 9.0 185.1  5/16/16
Pelton Trap 4/5/16 10.1 10.6 7/26/16
2017 | Oak Springs 4/24/17 10.5 N/A N/A
Pelton Trap 5/16/17 12.2 74  6/13/17
2018 | Oak Springs 4/17/18 7.8 101.1  7/10/18
Pelton Trap 5/1/18 10.8 139  6/12/18




Mean Ceratonova shasta density (spores/L)

FIGURE 2.4. Mean Ceratonova shasta density (y-axis) in the Deschutes River at the Oak Springs Hatchery (gray triangles).
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Overlays are discharge m®/s (blue, second y-axis) and river water temperature (red, third y-axis) over time (x-axis). Mishandled

samples are represented by X’s. Each point is the mean C. shasta density from triplicate water samples collected using an

automatic sampler (1SCO). Data from 2015 and 2016 were collected and processed by Vojnovich et a., 2016.
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FIGURE 2.5. Mean Ceratonova shasta density (y-axis) in the Deschutes River at the Pelton Trap (black circles). Overlays are
discharge m*/s (blue, second y-axis) and river water temperature (red, third y-axis) over time (x-axis). Each point is the mean
C. shasta abundance from triplicate water samples collected using an automatic sampler (ISCO). Datafrom 2015 and 2016
were collected and processed by Vojnovich et a., 2016.
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Warm Springs River temporal surveys — Density of C. shasta at the mouth of the Warm
Springs (on the Deschutes River mainstem downstream of the Warm Springs River
(WSR) confluence) was about 20x higher than all sampling locationsin the Warm
Springs River, where the density of C. shasta was below 2.5 spores/L (Figures 2.6, 2.7).
The C. shasta densities at the DRV site are consistent with the Deschutes River

mainstem.

Collection site Collection site

B DRV* DRV*

o WBA** ® WCF
WBE** A WLW
WMC** WMD

&= WUP**

T WLO***
WMD

(=2
=
"
(=
(=]

40+

e
f=1

Mean Ceratornova shasta density (spores/L)
[ =]
=3

Mean Ceratonova shasta density (spores/L)

- By § I T ¥ shod 04 01 8 8 A 4 1ed 4 & Ava 4
April July October April TJuly Qctober
2017 2018

FIGURE 2.6: 2017 Warm Springs River FIGURE 2.7: 2018 Warm Springs River

temporal water sample monitoring sites. tempora water sample monitoring sites.
Each data point is the mean Ceratonova Each data point is the mean Ceratonova
shasta spores/L from 3 1L replicate shasta spores/L from 3 1L replicate

samples. *Note that DRV islocated onthe samples. *Note that DRV is at the
Deschutes River at the mouth of the Warm  confluence of the Warm Springs River and
Springs River. ** 2017 sitesWBA, WBE, the Deschutes River mainstem

WMC, and WUP were combined as WCF in

2018. ***2017 site WL O was moved further

downstream and renamed WLW in 2018.

Relationships between water temperature, river discharge, and C. shasta density
(Figures 2.8, 2.9)

Interannual variation was observed in water temperature and discharge during the
study period (Figures 2.8, 2.9). Compared to the Deschutes River 10-year average peak
discharge of 252 m¥/s, river discharge was low (2016, 2018) to moderate (2015) with a
peak average of 213 m¥s and a high flow event around March 20" in 2017 (peak average
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302 m?s) (Table 2.3). Ceratonova shasta was detected at awider range of temperatures
and discharges at Oak Springs (~ 17.3-18 °C) than the Pelton Trap site (~ 14.5-15.4 °C)
(Figure 2.4, 2.5; Table 2.3). At the Pelton Trap and Oak Springs sites, peak C. shasta
density occurs at the same time as water temperatures between 15-16 °C (Figures 2.4,
2.5). However, as the temperature increased from ~ 16 to 18 °C in 2015 and 2016 at the
Oak Springs site, C. shasta density decreased (Figure 2.4).

A total of 161 samples were used to examine relationships between C. shasta
density, temperature, and discharge (n= 33, 32, 14, 18 from Oak Springsin 2015, 2016,
2017, 2018, and n= 20, 10, 17, 17 from Pelton Trap in 2015, 2016, 2017, 2018). The
dataset represented samples collected from 4.1-18.5 °C and 104-236 m®/s. Models
examined ranged from single variable to 2 variables (Table 2.5). The top model
(temperature ~ log(C. shasta), Table 2.5) explained 59.9% of the variation in C. shasta
density, with higher densities correlated with higher temperatures. Ceratonova shasta
density and river discharge were negatively correlated, and the second model (discharge
~ log(C. shasta), Table 2.5) explained 57.1% of the variation in parasite density.

TABLE 2.5: Comparison of maximal random effect model performances including
ANOVA, r?, and AIC results. Models used are highlighted in gray.

Maximal random effects models F df r> w/o r? with AIC
stat random  random score

effects effects
Temperature ~log (mean C. | 18.8 1,2 0.188 0.599 245.44
shasta density)
Temperature* Temperature? ~ | 2.54 0.235 0.608 270.38
log (mean C. shasta density)
log (discharge) ~log (meanC. | 229 1,23 0.082 0.571 283.57
shasta density)
log (discharge)*log(discharge? | 0.19 0.082 0.580 347.15
~ log (mean C. shasta density)
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FIGURE 2.8: Linear regression back transformations of temperature (x-axis) and
Ceratonova shasta density (spores/L) (y-axis). Linear mixed effect model: r2 = 0.599, F1,
7=42.76, P < 0.001
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FIGURE 2.9: Linear regression back transformations of discharge (x-axis) and
Ceratonova shasta density (spores/L) (y-axis). Linear mixed effect model: r2 = 0.571, F1,
152 = 22.95, P < 0.001
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Spatial surveys (Figures 2.3, 2.10; Table 2.6)

Higher densities of C. shasta (~ 11 spores/L) were observed downstream of the
mouth of the Deschutes River on the Columbia River, whereas few C. shasta spores
(maximum 2.6 spores/L in June 2016) were detected upstream of the Deschutes River
confluence with the Columbia River, demonstrating C. shasta input from the Deschutes
River. While sites vary between seasons and years, high C. shasta density was
consistently observed in the lower basin between rkm 38 and 135 (relative to other lower
basin sites during the same survey) in June. However, the Pelton Trap located below the
dam remained an area with low/trace C. shasta abundance during our surveys despite
being an area where high mortalities due to C. shasta during the 7-year sentinel studies
conducted by Ratliff (1981). Low densities of C. shasta were aso detected in 2018 from
the upper basin sampling sitein Lake Billy Chinook (MBC) as well as the Deschutes
(DRA, maximum 2.3 spores/L in May) and Crooked River (CRA, maximum 2.4 spores/L
in July) arm sites not affected by Lake Billy Chinook. The upper basin exhibited opposite
temporal dynamics from the lower basin with C. shasta abundance increasing in August
compared to June, except in 2018.

TABLE 2.6: Mean density of Ceratonova shasta (spores/L) in water samples between the
upper and lower basins of the Deschutes River for each month and year surveyed.

Year May June July August
Lower 2016 103.3 70.0
Basin 2017 11.4 5.0
2018 10.0 113.2 435 26.1
Upper 2016 92.3 331.6
Basin 2017 10.3 141.6
2018 55.2 7.3 44.6 5.2
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FIGURE 2.10: Resuits from all of the fongitudinal water sampiing surveys between
2016-2018. Size of the graduated symbols and color both represent Ceratonova shasta
density at each site. The black bar represents the Pelton-Round Butte Dam complex, a
migration barrier to all salmonids. Rkm are indicated on the first map for reference.
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DISCUSSION

In this chapter, the spatial and temporal distribution of C. shasta was described in
the Deschutes River basin. The only other system where this distribution has been
defined is the Klamath River (Stocking et al., 2006). We also confirmed the relationships
between C. shasta abundance, temperature, and river discharge observed in the Klamath
River and laboratory research (Bjork and Bartholomew, 2009; Ray et al., 2012;
Alexander et al., 2014; Alexander et a., 2016). In general, C. shasta abundance in the
Deschutes River increases with temperature (Figure 2.8) and decreases as discharge
increases (Figure 2.9).

Each year we have studied in the Deschutes River has been characterized based
on the last 10 years of data from USGS with high water temperatures and low to
moderate river discharge. 2017 was an exceptional year with high river discharge due to
the rain induced flow event in mid-March (Table 2.3). Thisrelatively late and high flow
event may have led to reduced C. shasta abundance in 2017, where average parasite
density in the lower basin was 19x lower than 2016 or 2018 during predicted peak
abundance in June (Table 2.4, 2.6; Figure 2.10).

Water temperatures in the Klamath River have a greater range (-5-26 °C) than the
Deschutes River (4.9-22.2 °C). Despite the higher temperatures, C. shasta was 35x higher
in the Deschutes River than in the Klamath River from 2016-2018. However, 2015 was
an exceptional year where the Klamath River had a maximum of ~1200 spores/L
compared to the 2015 Deschutes River maximum of 372 spores/L. The differencesin C.
shasta abundance between the two rivers may be related to the temperature range and
salmonid species distributions. While the Deschutes River has salmonids in the system
throughout the year, the Klamath River is void of trout and only has Coho salmon in the
system year-round as well as fall Chinook salmon from calendar weeks 41-50. The
Klamath River aso had higher average maximum discharge (751 m?/s) than the
Deschutes River (275 m®/s) from water years 2014-2017 (Bartholomew et al., 2017). In
the Klamath River, winter-spring flushing flows have been shown to reduce polychaete
aggregations (Malakauskas et a., 2013; Alexander et a., 2014, 2016) whereas emergency
dilution flows are mandated at 5 spores/L (United States District Court for the Northern
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District of California San Francisco Division, 2017) as this density has been quantified as
the infective dose threshold for 40% mortality of Coho salmon of the Klamath River
(Hallett et al., 2012). The infective dose (density of spores and genotypes) and infective
dose threshold are different for different species (Ray et a., 2013). In order to implement
emergency flowsin the Deschutes River, these parameters would need to be defined
through sentinel fish and water sample studies to determine the infective dose for spring
Chinook salmon of the Deschutes River. Additionally, the highest C. shasta densities are
at least 78 rkm downstream of the Reregulating Dam. This distance might affect the
ability of flushing flows to remove polychaetes in the target region of rkm 48-82.

In the Klamath River C. shasta increases in spring of each year. Sampling of wild
fish during spring, years of sentinel studies, and year-round water sample monitoring all
inform the assumption that actinospores are released in late winter/early spring of each
year in the Klamath River. Release timing of actinospores from polychaetes needs to be
defined in the Deschutes River to identify when juvenile spring Chinook salmon are
becoming infected. However, due to fish being in the system throughout the year in the
Deschutes River, it is possible that infection of fish by actinospores and ingestion of
myxospores by polychaetes are also occurring year-round. Therefore, polychaetes and
spores may be capable of overwintering in the Deschutes River with moderate river
temperatures, moderate discharge, and salmonid hosts in the system year-round relative
to the Klamath River.

While there was temporal variability between sites and years, the C. shasta
densities were an average of 1.5x higher between rkm 48-82 relative to other sites
sampled during each spatial survey. Additionally, DRR (rkm 116) and DWS (rkm 155)
had higher than average C. shasta abundance for 63% (5/8) surveys. Overall, spatial
distribution of C. shasta in the lower basin did not vary between years (Figure 2.10,
Table 2.6). Ceratonova shasta density at the monitoring sites informed us that the
seasonality of C. shasta is highest in June/July and low the rest of the year; these data
were supported by the spatia surveys. The monitoring sites also informed the spatial
surveys by providing evidence that there was spatial variation between sites. Parasite

density was higher (average 58.6 sporesg/L) at the Oak Springs monitoring site, which is



situated in the C. shasta hotspot between rkm 48-82, than the Pelton Trap (average 11.6
spores/L) upstream at rkm 160. Low C. shasta density was also observed at the three sites
added between the Round Butte Dam and Big Falls on the Deschutes River arm (DRA),
Crooked River (CRA), and in Lake Billy Chinook (MBC) during 2018. Ceratonova
shasta was not detected at the site in Lake Billy Chinook and was only detected at |ow
densitiesat CRA (2.4 spores/L in July) and DRA (2.3 spores/L in May). These results are
consistent with the spatial distribution described by Ratliff (1983) where no C. shasta
related mortalities were observed from fish exposed in Lake Billy Chinook.

Spatial data also supported temporal datain that high C. shasta abundance was
observed in both data sets in years where there were low winter flow events and high
river water temperatures, such as 2015 (Tables 2.3, 2.4). Peak discharge during our study
years occurred in November/December of 2018 and 2015, respectively, whereas peak
discharge was in mid-March in 2016 and 2017. Later peak discharge may cause a
decrease in summer C. shasta abundance; while the late river discharge in 2016 was
likely too low to dislodge polychaetes, the late and high flow event in early Spring of
2017 may have decreased C. shasta abundance by reducing the density of the polychaete
hosts and C. shasta spores (Maakauskas et al., 2013; Alexander et al., 2014). 2016 and
2018 were moderate temperature and discharge years (Table 2.3), which is reflected by
the moderate C. shasta abundance compared to other years with different abiotic
parameters (Figures 2.4, 2.5).

Due to the high water temperatures of 2015, the days expected for C. shasta to
completeits life cycle may have been decreased |eading to a secondary influx of parasite
DNA in August from the release of myxospores by salmonid hosts. Secondary parasite
peaks were not observed during other years or at other sites.

The unequal variability of mean C. shasta abundance across the range of values of
temperature and discharge was observed in residua plots of our linear mixed effect
models. While we had strong correlations between our variables, the residual plot results
indicate that additional data should be collected from monitoring sites over severa years
before a predictive model can be devel oped for the effects of water temperature and river

discharge on C. shasta abundance in the Deschutes River basin.
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Ceratonova shasta was observed in higher densities below the mouth of the
Deschutes River than at or above the confluence with the Columbia River. However, the
Deschutes River is not the sole contributor to C. shasta on the Columbia River (Sanders,
1967; Hoffmaster, 1985). Therefore, migrating juvenile Chinook salmon will continue to
be exposed to the parasite after they leave the Deschutes River and adult spring Chinook
salmon will be exposed before they reach the Deschutes River (Appendix A). Low
abundance of C. shasta (< 1.5 spores/L) was detected in the Warm Springs River, which
suggests that this tributary does not contribute this parasite to the Deschutes River.
Therefore, salmon that succumb to C. shasta-related pre-spawn mortalities in the Warm
Springs River likely contracted the infection during their time in the Columbia and
Deschutes Rivers. The Warm Springs National Fish Hatchery is where most of the
natural spawning occurs in the Deschutes River basin (Lindsay et al., 1989). Natural
spawning also occurs at sites chosen for gravel augmentation by PGE from rkm 157 to
159 (Grant et al., 2016). However, few C. shasta spores (3.0 spores/L) were detected at
these locations. These data contradict our spatial distribution hypothesis that high C.
shasta abundance would be related to high myxospore input from adults perishing at
spawning areas (Kent et al., 2014).

The upper basin above Big Falls exhibited opposite temporal dynamics from the
lower basin with C. shasta abundance increasing in August compared to June. However,
this did not occur in 2018 supporting our hypothesis that the upper basin does not have
the same spatial parasite dynamics as the lower basin due to the physical separation by
the Pelton-Round Butte dam complex. The separation of the basins contributes to the
differences in salmonid host abundance, salmonid species distribution (Chapter 3), and
water temperature. Water temperature was collected at each site during spatia surveys.
On average, the upper basin was 2.65°C higher than the lower basin. The higher
temperatures of the upper basin may partially explain the variance in spatial parasite
dynamics given the positive correlation between water temperature and C. shasta
abundance (Figure 2.8). Within years, the temperature threshold of 20 °C described by
Bjork (2010) may explain the variable parasite density observed in 2018 in the upper
basin. Additionally, the salmonid species abundance and distribution between the basins
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may be related to C. shasta abundance and distribution. This assumption is combined
with host genotype specificity and explored further in Chapter 3.
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CHAPTER 3: SPATIAL AND TEMPORAL DISTRIBUTION OF CERATONOVA
SHASTA GENOTYPESIN THE DESCHUTESRIVER BASIN ARE LINKED TO
SALMONID FISH DISTRIBUTION AND RUN TIMING

Kalyn Hubbard, Stephen Atkinson, Jerri Bartholomew, and Sascha Hallett
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ABSTRACT

Ceratonova shasta is awaterborne, myxozoan parasite suspected to be a primary
contributor to juvenile and pre-spawn mortality of the culturally, economically, and
recreationally important spring Chinook salmon (Oncorhynchus tshawytscha) of the
Deschutes River basin. There are three primary ITS-1 genotypes of the myxozoan
parasite Ceratonova shasta (Cnidaria: Myxo0zoa), each of which infects and causes
different levels of diseasein particular species of salmonid fishes. Genotype O is
associated with Steelhead trout, genotype | with Chinook salmon, and genotype Il isa
generalist variant that infects Steelhead and resident trout as well as Chinook salmon.
While genotype specificity and salmonid host associations were previously described in
the Deschutes River basin, we described the likely infection risk for salmonids of the
Deschutes River by analyzing the co-presence of C. shasta abundance and genotypes
with their target host species. Total C. shasta abundance (quantified with gPCR; Chapter
2) and specific genotypes (PCR and Sanger sequencing) in the Deschutes River, OR,
were determined for 116 water samples and 15 salmonid lower intestines and kidneysin
2017 and 2018 (Chapter 3; Appendix A). As proposed by earlier work, the spatial and
temporal distribution of genotypes was related to the spatiotemporal distribution of
corresponding fish hosts. We determined type | dominated the lower Deschutes River
basin below Round Butte Dam, type |1 was the main genotype present in the upper basin
above Round Butte Dam, and type O was detected throughout the system at lower
proportionsthan | or I1. Type Il was also identified in the lower basin, but only during
August of both years. Presence of type Il at that time may be related to the occurrence of
Coho and/or Sockeye salmon in the lower basin, depending on the year. Despite
Steelhead trout being the most abundant fish species, the associated genotype O was
detected at the lowest proportion. Similarly, juvenile and adult Chinook salmon are one
of the least abundant salmonid species yet genotype | was detected at the highest
proportion. Therefore, the host-parasite imbal ance described previously in the Deschutes

River appears to be genotype specific.



INTRODUCTION

The Deschutes River (OR)
beginsat Little LavalLakein the
Cascade Range, flows through the
Crane Prairie Reservoir, the Wickiup
Reservoir, and then north to the
Columbia River - roughly 405 river
kilometers (rkm) from its starting
point (Heisler, 2012). The Deschutes
River is separated into upper and
lower basins divided by the complex
of Pelton, Round Butte, and
Reregulating dams from rkm 160-
165. In addition to modern dams, Big
Falsat rkm 211 isahistorical,
natural migration barrier to
salmonids in the upper Deschutes
River basin (Figure 3.1).

Spring and fall Chinook
(Oncorhynchus tshawytscha),
Sockeye (Oncorhynchus nerka), and
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FIGURE 3.1: Map of the Deschutes River basin
including major tributaries and temporal water
sampling sites (A) with an insert of the Pacific
Northwest in North Americafor context (B).

non-native Coho (Oncorhynchus kisutch) salmon as well as Steelhead (Oncorhynchus

mykiss) trout are found in the lower Deschutes basin. Upper basin reintroduction efforts
of spring Chinook salmon and Steelhead trout began in 2007 and in 2009 for Sockeye
salmon (ODFW and CTWS, 2017). Mountain Whitefish (Prosopium williamsoni) as well
as Rainbow (Oncorhynchus mykiss), Cutthroat (Oncorhynchus clarkia), Brook

(Salvelinus fontinalis), Bull (Salvelinus confluentus) and Brown (Salmo trutta) trout are

located in both basins whereas K okanee salmon (Oncor hynchus nerka) and Lake Trout
(Salvelinus namaycush) are restricted to Lake Billy Chinook above the Round Butte

Dam. These fish can all be infected by the myxozoan parasite Ceratonova shasta (Conrad



and Decew, 1966; Gould, 1970; Ratliff, 1981; Hoffmaster, 1985; Stinson and
Bartholomew, 2012).

Ceratonova shasta has been implicated as a contributing factor to years of poor
salmonid returns in the Deschutes River due to juvenile and pre-spawn mortality (Ratliff,
1983; Baker and Lovtang, 2016). The parasite has a complex, two host, two spore life
cycle and cannot be transmitted from fish to fish. Parasite actinospores proliferate in a
freshwater polychaete and are shed into the water column, where they encounter the
salmonid secondary host (Bartholomew et al., 1997). Actinospores penetrate the gill
epithelium and travel through the blood to the intestine, where they develop into
myxospores potentially causing enteronecrosis and death of the host; severity of disease
depends on fish species, life stage, parasite dose and other stressors, including pre-
spawning condition (Noble, 1950; Bjork and Bartholomew, 2010).

The parasite has been characterized into three primary genotypes (types), each of
which have different host specificity and virulence in particular species of salmonids
(Atkinson and Bartholomew, 2010a; Hurst and Bartholomew, 2012; Atkinson et al.,
2018). In the Deschutes River, type O is carried by Steelhead and trout, type | infects
Chinook salmon, and type 11 is a generalist genotype that infects Steelhead, rainbow,
cutthroat, brook and brown trout, and Coho, kokanee and Chinook salmon (Stinson and
Bartholomew, 2012).

Studies on C. shasta in the Deschutes River basin have been conducted since the
early 1970s to define the fine-scal e spatial and temporal abundance of the parasite, and
more recently its genotype profile. Some of these studies involved caged ‘sentinel’ fish
surveys at up to three locations in the upper and lower basins (Ratliff, 1981; Ratliff,
1983; Hoffmaster, 1985; Stinson and Bartholomew, 2012; VVojnovich et al., 2016).
Genetic analyses of abundance and genotype of C. shasta in river water samples showed
type | asthe primary genotype in the lower Deschutes basin, which was confirmed by
infection of caged juvenile spring Chinook salmon (Stinson and Bartholomew, 2012).
Type | was not detected in upper basin water samples or by sentinel exposures of
Chinook salmon. This suggested that spring Chinook salmon were at an increased

infection risk only in the lower basin. The studies conducted by Stinson and
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Bartholomew, 2012 also provide evidence that type Il can develop in kokanee salmon.
While the genotype of C. shasta was sequenced from the lower intestines of eight
salmonid species (Stinson and Bartholomew, 2012), Sockeye and Coho salmon were not
available at that time.

We hypothesized that C. shasta genotypes have an abundance and distribution
similar to that of their respective salmonid hosts, as has been shown in the Klamath River
(Atkinson and Bartholomew, 2010b; Hurst and Bartholomew, 2012). We also wanted to
test the hypothesis proposed by Stinson and Bartholomew (2012) that type | would
become established in the upper basin with the reintroduction of spring Chinook salmon.
While Stinson and Bartholomew (2012) examined the distribution of C. shasta genotypes
through sentinel and water sampling surveysin the lower Deschutes and Crooked Rivers,
the goal of this study was to provide detailed tempora and spatial distribution
information at many sites along the Deschutes River. Building upon the work donein
2012, we predicted that type | would be dominant in the lower basin; type Il would be
dominant in the upper basin where resident kokanee, anadromous Sockeye, and spring
Chinook salmon passed above the dam might become infected; and type O should be
detectabl e throughout the system associated with infectionsin Steelhead, in both the
upper and lower basins. We tested this hypothesis by determining the genotype of
parasite DNA from both water samples and fish tissues. We collected water samples at 28
sites over three years, and DNA extracted fish tissue samples were provided from
USFWS collaborator (Ken Lujan, Lower Columbia River Fish Health Center). These
samples were then analyzed for parasite DNA with PCR (fish tissue), gqPCR (water
samples), and Sanger sequencing. We used these results in combination with fish passage
datafrom the Round Butte Dam, which separates the upper and lower basins, to test our

hypothesis of parasite genotype and host presence.
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METHODS
Fish tissues

67 DNA extracted and C. shasta positive (PCR) lower intestine samples from
Coho salmon were collected opportunistically from 2014-2018 and sent to us by Ken
Lujan (USFWS). We genotyped the parasite from 10 lower intestines of Coho salmon
using a specific PCR assay and DNA sequencing (see below).

Fish passage data

Portland General Electric (PGE) providestotal in-migrating adult and out-
migrating juvenile fish per day at the Pelton Trap below the Round Butte Dam through
their daily fish count monitoring webpage (Portland General Electric, n.d.). Species of
fish enumerated include summer Steelhead, spring and fall Chinook salmon, Sockeye
salmon, bull trout, and rainbow trout. We cal culated sums of anadromous fish per day per
species and plotted these over time (Figure 3.6).

Coho salmon stray from the Columbia River and while they are found in the
Deschutes River, they are not native to this system and are therefore not enumerated.
However, Coho salmon passed above the Dalles Dam are quantified each year and this
datais provided by the Columbia River Data Accessin Real Time (DART) program
(University of Washington, n.d.).

Juvenile fish passage data was only available in 2017 and 2018. In an effort to
have the most consistency between juvenile and adult fish passage data and lower
Deschutes River genotypes we used only the site at the mouth of the Warm Springs River

on the Deschutes River for comparison.



Water samples

Spatial and temporal surveys of
waterborne C. shasta abundance were
conducted at multiple localitiesin 2016,
2017 and 2018 (Table 3.1; Figure 3.2;
Chapter 2). Sites were sub-selected for
genotyping of water samples based on
regions of high C. shasta density (rkm 48-
82, DRR, DRV) aswell astempora survey
sitesincluding Oak Springs (DOS), Pelton
Trap (DPT), and the mouth of the Warm
Springs River (DRV). Siteswere aso
selected from the mouth of the Deschutes
(DHP), between the Round Butte Dam and
Big Fals (DRA, CRA), and the upper basin
(DCF) to cover all regions of the study

area. Sites with genotyped water samples :
aremarked in gray in Table 3.1 and Figure DBF
3.2

DCF

FIGURE 3.2: Spatial and temporal
water sampling sites on the Deschutes
River. Sitesin dark blue were
genotyped for Ceratonova shasta from
2016-2018.
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TABLE 3.1: 2016-2018 Deschutes River basin water sample localities, including
longitudinal surveys, periodic monitoring sites and opportunistic ‘grab’ samples. River
kilometers and | atitude/l ongitude coordinates are given for each locality (see a'so Chapter
2). Sites selected for parasite genotype analysis are marked in gray and correspond to

dark blue sitesin Figure 3.2.

Locality (site code)

River kilometer

Coordinates

CCP

CBJ

DHP

DCY

DRC

DTS

DBH

DWR

Oak Sorings (DOS)
DMP

gBO

DLG

DM4

DM8

DRR

Warm Sorings R. mouth (DRV)
DJS

DZJ

Pelton Trap (DPT)
DPP

MBC

CRA

DRA

DBF

DCF

Genotype determination

ColumbiaR - 324
ColumbiaR - 335
0.6
379
477
60.3
67.5
73.7
75.5
81.8
81.7
94.0
100.5
107.9
115.8
133.7
157.7
159.3
159.6
165.1
182.6
182.9
186.4
211.2
229.6

45°39'02.40"N, 120°57'36.30"W
45°40'15.20"N, 120°50'16.90"W
45°37'55.60"N, 120°54'47.20"W
45°23'32.70"N, 120°52'51.10"W
45°20'11.20"N, 120°55'51.30"W
45°18'32.80"N, 121°00'20.00"W
45°16'03.01"N, 121°01'08.59"W
45°14'01.29"N, 121°04'01.49"W
45°13'17.71"N, 121°04'49.26"W
45°10'24.10"N, 121°04'28.60"W
45°10'26.10"N, 121°04'27.16"W
45°05'33.40"N, 121°07'49.10"W
45°03'06.81"N, 121°07'12.40"W
45°01'54.70"N, 121°04'06.05"W
44°58'26.00"N, 121°04'11.00"W
44°51'26.57"N, 121°04'04.50"W
44°44'22.80"N, 121°14'27.34"W
44°43'44.58"N, 121°14'46.32"W
44°4332.50"N, 121°14'51.10"W
44°41'06.12"N, 121°14'22.25"W
44°35'16.21"N, 121°22'32.49"W
44°31'43.98"N, 121°15'49.37"W
44°31'31.95"N, 121°17'56.51"W
44°21'34.40"N, 121°17'39.00"W
44°16'07.60"N, 121°15'24.80"W

After quantitation, parasite genotype was determined with one sample from each
set of three. We determined the C. shasta genotype from DNA extracted from both water

and tissue samples (complete samplelist given in Appendix A). We used a published

PCR assay and sequencing protocol (Atkinson et al., 2018). Briefly, primers Cs1479F
and Cs2067R were used to target the parasite’s ITS-1 rDNA, with Titanium Taq
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(Clontech) and modified PCR thermocycling program: 95 °C for 3 min, 95 °C for 20 sec,
68 °C for 45 sec. We estimated DNA yield based on the brightness of band fluorescence
in gel electrophoresis, and used simple dilution of this product for sequencing. Samples
were Sanger sequenced with forward primer Cs1479F at the Center for Genome Research
and Biocomputing (CGRB) at Oregon State University. Sequence chromatograms were
inspected by eye and characterized for genotype based on insertion/del etion patterns and
any polymorphisms using BioEdit (Hall, 1999; Atkinson and Bartholomew, 2010a).
Genotypes O, | or 11 were determined based on the number of ATC repeats (Atkinson and
Bartholomew, 2010a). Proportions of different genotypesin mixed chromatograms were
calculated by measuring the average heights of the component co-incident peaks over 5-
10 positions, adding these together to determine the total area under the curve, then
dividing the average height of each component by this total to give the respective
genotype proportions in the sample. Chromatograms with three or more coincident peaks

were regarded as unreadable.

RESULTS
Fish tissues
All Coho salmon lower intestines sequenced for C. shasta were genotype ||
(Table 3.2).
TABLE 3.2: Summary of Deschutes River fish tissues genotyped for Ceratonova shasta

Foecies Collection Location Life Condition  Tissue Samples Genotype
Date stage genotyped

Coho | 10/21/15  Warm Wild Survey Lower 3/5 Typell
salmon Springs R Adult Capture Intestine

Coho | 12/08/15 Buckhollow  Hatchery Survey Lower 2/5 Typell
salmon Creek Adult Capture Intestine

Coho | 12/10/15 Buckhollow  Hatchery Survey Lower 1/1 Typell
salmon Creek Adult Capture Intestine

Coho | 11/08/17  Warm wild Survey Lower 11 Typell
salmon Springs R Adult Capture Intestine

Coho | 11/14/17 Warm Wwild Survey Lower 3/8 Typell
salmon Springs R Adult Capture Intestine
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Water samples (Figures 3.3, 3.4, 3.5, 3.7)

Our hypotheses for this chapter were that C. shasta genotype abundance and
corresponding salmonid host abundance would be correlated. We a so explored the
hypotheses from Stinson and Bartholomew (2012) that there would be a correlation
between the spatiotemporal distribution of genotypes and salmonid hosts with type | in
the upper basin (between the Round Butte Dam and DBF; Figure 3.2) with the
reintroduction of Chinook salmon. Using fish passage data provided by PGE (Table 3.5)
in combination with genotyped fish tissue data from Stinson and Bartholomew (2012),
the expected results of these hypotheses are displayed graphically in Figure 3.3. This
figure does not account for resident trout populations (which carry type O and 11) as they

have not been quantified in the Deschutes River.

Genotypes
[ ]o
I
Rl

Ceratonova shasta
density (spores/L)
(N 0-10

11-20

101-400

FIGURE 3.3: Expected distribution and density of the salmonid parasite Ceratonova
shasta in the upper and lower Deschutes River Basin if all proposed hypotheses are
supported. The black bar represents the Round Butte Dam complex, a migration barrier
for anadromous fish. The relative area of each pie graph indicates the density of
Ceratonova shasta in 1L water samples whereas the color in each graph represents the
genotype proportions at each site.
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We detected the three primary C. shasta genotypes in water samples from the
lower Deschutes River basin, but only types O and 11 in the upper basin. Independent of
time, the lower Deschutes River was dominated by genotype | and the upper basin was
dominated by genotype 1. Genotype O was detected throughout the system at lower
proportion than either type | or I1.

We observed a different genotype pattern in August: while the dominant
genotypes in the upper and lower basins were still type Il and I, respectively, the
proportion of type O increased in the lower basin but decreased in the upper basin, and
type Il was observed in the lower basin in August only. When type Il was detected in the
lower basin, the proportion of type Il in the water sample was low (3.8 spores/L in
August 2017 to 10.6 spores/L in August 2018) relative to other genotypes in samples
from the lower basin during the same survey (e.g. type | proportion was 5.4-22 spores/L
in August 2017; 23-90.7 spores/L in August 2018).

There were often multiple genotypes present in water samples, visible as either
polymorphic loci or offset, overlapping sequence traces. In practice, the minimum height
proportion for resolving a genotype from a mixture was around 10%. Noisein
chromatograms was around 5% and peaks below this threshold were not considered
reliable, as outlined in Atkinson and Bartholomew, 2010a. Chromatograms of 10.4%
(11/105) of the water samples spread across both basins, had three overlapping signals
and were not readable. We observed that one of these complicating signals was from a
novel C. shasta-like sequence that could not be ascribed to O, I, or 1I; and that this
unknown signal was different in upper and lower basin samples.
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FIGURE 3.4: Distribution and density of the salmonid parasite Ceratonova shasta in the
upper and lower Deschutes River Basin. The black bar represents the Round Butte Dam
complex, amigration barrier for anadromous fish. The relative area of each pie graph
indicates the density of Ceratonova shasta in 1L water samples whereas the color in each
graph represents the genotype proportions at each site.
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FIGURE 3.5: Tempora abundance of Ceratonova shasta in water samples collected from
lower basin sites at Deschutes River near Oak Springs Hatchery at rkm 75 (top), the
Warm Springs mouth on the Deschutes River at rkm 134 (middle), and the Pelton Trap at
rkm 160 (bottom). Bars show total Ceratonova shasta detected (spores/L) (y-axis) against
sample date (x-axis), with subdivisions to show genotype proportions.
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Fish passage

According to data from PGE, returning adult migration differs between species.
Summer Steelhead return to the Pelton Trap year-round with peak returnsin early
February. Spring Chinook salmon return from May to September with peak in-migration
in early July. Fall Chinook salmon return from August to late February and peak in late
November. Sockeye salmon in-migrate from July to October with a peak in mid-August.
Release of juvenile spring Chinook salmon, Sockeye salmon, and Steelhead trout occurs
from March to mid-June with peak releasesin May. Coho salmon stray from the
Columbia River in to the Deschutes River. On average, they pass through the Dalles Dam
from late August to late November each year. Fish passage timing at the Pelton Trap
(Table 3.3) and the Dalles Dam (Table 3.4) is summarized below and represented
graphically (Figure 3.6).

TABLE 3.3: Summary of fish passage timing at the selective water withdrawal tower
(juveniles) and Pelton Trap (adults) by species and life stage (PGE) for 2017 and 2018.

Soecies Life Average Averagepeak  Average
stage migration start migration date migration end
date date

Spring Chinook Juvenile March 1% May 19" June 15"
salmon
Summer Steelhead Juvenile March 2™ May 24" June 15"
Sockeye salmon Juvenile March 3 May 6% June 14
Spring Chinook Adult  May 7" July 5% September 17"
salmon
Summer Seelhead Adult Y ear-round February 5" Y ear-round
Sockeye salmon Adult  July 17" August 20" October 51"
Fall Chinook salmon | Adult  August 1% November 30"  February 26"

TABLE 3.4 Summary of adult fish passage timing at the Dalles Dam for 2017 and 2018.

Soecies Average Average peak Average
migration start migration date migration end
date date

Chinook salmon | April 7" September 3™ December 1%
Steelhead July 17t September 15" March 151
Sockeye salmon | May 28" June 27" October 9"

Coho salmon August 25" September 19" November 27"



65

TABLE 3.5: Summary of fish abundance enumerated at the Pelton Trap (PGE) by species

and year.
Species Lifestage 2015 2016 2017 2018
Summer Steelhead trout | Adults 3199 2457 2292 1873
Summer Steelhead trout | Juveniles 8100 8864
Soring Chinook salmon | Adults 1138 841 2620 1003
Soring Chinook salmon | Juveniles 26724 19408
Sockeye salmon | Adults 36 527 57 48
Sockeye salmon | Juveniles 419747 46379
Fall Chinook salmon | Adults 1383 778 196 479

Summer Steelhead make up the bulk of anadromous salmonid abundance in the
Deschutes River followed by spring Chinook, fall Chinook, and then Sockeye salmon

(Table 3.5). However, anecdotal reports suggest resident species of trout may dominate

the lower Deschutes River (John Shearholtz, local fly fisherman, pers. comm.). Despite

juvenile Sockeye salmon releases from the Round Butte Hatchery between 46,000 -

420,000, adult returns were only 36-57 fish per year with an exceptional return year in
2016 of 527 fish. Fall Chinook salmon abundance declined overall for the years

observed.

DR spring Chinook -
DR fall Chinook
CR Steelhead -

DR summer Steelhead -

River - Salmonid Species

DR Sockeye

CR Sockeye - -.—

CR. Chinook - *

Still migrating as of 1-31-19

—
..

CR Coho _._
Tul Oct Jan

Apr

2017

Date

Apr Jul Oct Jan

2018 2019

FIGURE 3.6: Fish passage at the Dalles Dam on the Columbia River (CR) and the Pelton
Trap on the Deschutes River (DR) by salmonid species. Shaded areas are estimates of
when each species of salmonid is present in the lower Deschutes River.
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DISCUSSION

We determined C. shasta abundance in 184 fish (Appendix A) and 1084 water
samples from the Deschutes River basin, and the parasite genotype from subsets of 15
fish (Table 3.2; Appendix A) and 116 water samples. These data confirmed relationships
of parasite genotypes with specific fish hosts (Hurst and Bartholomew, 2012; Stinson and
Bartholomew, 2012; Stinson et al., 2018). Genotype O was detected at low proportion in
water samples throughout the Deschutes River Basin. Genotype | was detected only in
the lower basin, and in Chinook salmon. The distribution of genotype Il was limited to
the upper basin, with the exception of low abundances (3.8 to 10.6 spores/L) detected in
the lower basin in August only. We compared these parasite genotype and abundance
data with fish passage data, and as predicted, the presence of the parasite genotypesin the
water samples were consistent with the presence of the specific host fish corresponding to
each genotype; and thiswas true in different places/times within the basin. Specifically,
genotype | was detected in the lower basin during juvenile and adult spring Chinook
migration, with type |1 detected in the upper basin, to which resident kokanee and trout
might be contributing. Temporal data also revealed genotype |1 in the lower basin in
August during adult Sockeye in-migration.

Our research provided higher spatial and temporal resolution to the patterns of C.
shasta genotype, basin locality and time of year seen previoudly (Ratliff, 1981;
Hoffmaster, 1985; Stinson and Bartholomew, 2012). We combined fish passage data with
our temporal and spatial water data to develop a representation of C. shasta genotypes

and their salmonid hosts in the Deschutes River basin.

Genotype O and its primary host O. mykiss (Steel head trout) — Juvenile Steelhead out-
migration in the Deschutes River occurred from March to July and overlaps with total
peak C. shasta abundance in the lower basin (Figure 3.7) and suggested that these
juveniles are either exposed to or contributing to the parasite abundance during this
migration. While Steelhead and trout are infected by genotype O, thistype of C. shastais
not known to cause disease in this species (Stinson and Bartholomew, 2012; Hurst and
Bartholomew, 2012; Stinson et al., 2018). However, both resident and anadromous forms

of this species are considered carriers of this genotype and this might explain the
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presence of genotype O throughout the upper and lower basins at different times.
Summer Steelhead are the most abundant anadromous salmonid in the Deschutes River.
Stinson (2012) hypothesized that the spatial and temporal distribution of salmonid hosts
would be related to the spatiotemporal distribution of the corresponding genotype. While
the distribution of type O and summer Steelhead appear to coincide, the abundance of
type O was lower than expected given the abundance of this host species. This supports
Stinson’s hypothesis that spatial distribution would be correlated, but our hypothesis that
the abundance of genotypes would correspond with abundance of fish hosts was not

supported.

However, this led us to a new hypothesis that modifies Ratliff’s (1981) proposal
that there is a parasite-host imbalance favoring C. shasta. | propose that the parasite-host
imbalance is genotype specific. In the Deschutes river, genotype O appearsto bein
balance with few observed effects on Steelhead and trout health or abundance (Table 3.5;
Stinson and Bartholomew, 2012). However, genotype | has been found in high densities
(>150 spores/L, Figure 3.5) and may contribute to the decrease in spring Chinook salmon
abundance in the Deschutes River (Table 3.5; Appendix A).

Genotype | and its primary host O. tshawytscha (Chinook salmon) — Lower intestines of
Deschutes River sentinel juvenile salmonids were genotyped in 2012 by Stinson and
Bartholomew, which confirmed C. shasta genotype host specificity observed in the
Klamath River (Atkinson and Bartholomew, 2010b; Hurst and Bartholomew, 2012). We
observed a high abundance (~80-90 spores/L) of waterborne C. shasta type | in the lower
basin during peak juvenile spring Chinook salmon out-migration in 2017 and 2018
(Figure 3.6) and C. shasta type | was detected in the 58% of the lower intestine samples
of this species and life stage a day before their release from the Pelton Ladder on April
4™ 2018 (Appendix A). C. shasta type | densities were also high during peak in-
migration of adult spring Chinook salmon (Figure 3.7), with type | detected in kidneys
and lower intestinesin 2017 and 2018 (Appendix A).

The hypothesis proposed by Stinson and Bartholomew (2012) that genotype |

would become established in the upper basin due to reintroduction of spring Chinook
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salmon was not supported (Figure 3.3, 3.4). This conclusion was surprising as the
distribution of genotypes coincided with the presence of salmonid hostsin al other
reaches. Since 100% of the adult hatchery spring Chinook salmon lower intestines
sampled in 2017 and 2018 were positive for C. shasta, we would expect that fish passed
above the Round Butte Dam would also be infected and contributing myxospores. The
area between the Round Butte Dam (rkm 165) and the natural migration barrier, Big Falls
(rkm 211), is where we would expect to see reintroduced spring Chinook salmon and
genotype I. Surprisingly, thisis aregion where low total C. shasta abundance was
detected (< 3 spores/L). It is possible that the specific locations that we sampled on Lake
Billy Chinook (MBC), Deschutes River Arm (DRA), and Crooked River (CRA) are not
representative of parasite abundance in this reach. Particularly for the Lake Billy Chinook
site, where the depth and volume may also contribute to underestimation of the parasite
due to sinking myxospores and dilution of both spore types, respectively. | propose that
C. shasta has not become established at the sites we sampled and therefore neither has
genotype |I. Moving forward, sites should be added further upstream on the Metolius,
Crooked, and Deschutes Rivers at published spawning locations to deduce the presence
of genotype | in the upper basin between the Round Butte Dam and Big Falls.

In the lower basin, we propose that the coincidence of spring Chinook salmon and
high genotype | spore levelsin water, leads to increased infection risk for juvenile and
adult spring Chinook salmon. It is exactly this concern that has led to management
actionsin the Klamath River, CA/OR. Studiesin that system showed that the infective
dose that corresponds to a 40% mortality threshold for fall Chinook in the Klamath River
is 10 spores/L of genotype | (Hallett et al., 2012; United States District Court for the
Northern District of California San Francisco Division, 2017).

Genotype |1 and its multiple host species —K okanee salmon are likely to be infected and
affected by and contributing C. shasta in the upper basin (Stinson and Bartholomew,
2012; Figure 3.4). While anadromous Deschutes River Sockeye salmon have not been
assessed for C. shasta genotype, we assume that they are infected by genotype 11, which
has been shown for Kokanee. If thisistrue, adult in-migrating Sockeye salmon are likely
to be infected by genotype Il in the lower basin during August (Figure 3.4, 3.5). Given
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there are currently efforts to re-introduce Sockeye into the upper basin and the concern
for low populations of migrating Sockeye salmon despite reintroduction (Deschutes River
Conservancy, 2018), we propose that Sockeye salmon tissues should be sampled in 2019
to confirm which C. shasta genotype can infect this species.

Given our single detection of genotype Il in the lower basin, we considered
several possible sources and reasons for this detection — both biological and related to our
methodology. We sequenced lower intestines from ten infected Coho salmon and
detected genotype Il in all ten fish. While there are no published records of Coho salmon
run numbers or timing in the Deschutes River, adult Coho salmon reached The Dalles
Dam below the mouth of the Deschutes River on August 20", 2017 and August 30",
2018 (University of Washington, N.d.). Given that Coho salmon are only detected
passing the Dalles Dam in mid-late August (Figure 3.6), they are unlikely to contribute
any type 1l signal to the August Deschutes water samples (Figures 3.4, 3.5). In-migrating
Sockeye salmon are more likely to be contributing to the presence of type Il in the lower
basin during August, as they are present in the system from mid-July to early October
(Figures 3.4-3.7; Tables 3.5, 3.6).

Alternatively, underlying parasite biology might be afactor in the lower basin,
with C. shasta production partially dependent on the relationship between temperature
and parasite genotype due to coevolution with salmonids that migrate at different times of
the year (Stinson et al., 2018). This hypothesis could be tested in the laboratory by
guantifying actinospore production from polychaetes infected with genotype O, I, and |1
at different temperatures.

An aternate hypothesis that we considered is that the increase in genotype 1 in
August was due to a general decreasein C. shasta genotype | contribution from adult
Chinook salmon, which fish passage data show were present in lower relative abundance
to other sailmonidsin August (Figure 3.7; Table 3.5); this decrease in genotype | might
have ‘unmasked’ the genotype 11 signal in our sequence chromatogram data. It is possible
that genotype 11 was present in water samples from many times of the year, but that it was
not visible on the chromatogram because it was covered by a higher density of genotype

|. However, we did not observe genotype Il at other times of the year when C. shasta
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abundance was low (Figures 3.4, 3.5, 3.7). This could be tested by assaying water
samples with a genotype-11 specific assay that is unaffected by the level of genotype .
This assay is under development in our laboratory and could be used in 2019 (Atkinson
pers. comm.).

The presence of multiple genotypes in samples was a more general problem —
10.4% (11/105) of water samples genotyped had at |east three genotypes present, which
made visual delineation between types impossible with our current methods. We suggest
several possible approaches for more accurately determining C. shasta genotypesin these
complex environmental samples. DNA could be amplified using novel genotype-specific
PCR primers, athough this would require that we correctly understand the range of
genetic variation within each “genotype” so that primers accurately detect each one.
Alternatively, we could use different detection technol ogies with the current primers to
resolve components of complex genotype mixtures. For example, we could use cloning to
generate multiple amplicons from the PCR products, and therefore sequence multiple
reads from the sample. Commercia kits exist for this process, for example, the
Invitrogen™ TOPO™ TA Cloning™ Kit with pPCR™ 4-TOPO™ Vector and One Shot™
TOP10 chemically competent E. coli cells, with post cloning purification using a
PureLink™ Quick Plasmid Miniprep Kit before sequencing. This approach would create
separate colonies that contain only a single genotype, which could then be extracted and
sequenced. However, there would be a proportional increase in labor and sequencing
costs with this method, and we suggest that a subset of mixed samples be trialed using
this method to assess whether the extra information obtained is worth the effort, and if it
would inform the higher questions of the study.

An alternate method for determining components of complex parasite
metapopulationsis to use a MiSeq or HiSeq approach to sequence thousands to millions
of parasite sequences from the environmental sample. While this would save time, it
would cost several thousand dollars per run, although samples could be multiplexed and
cost some fraction of thisindividually. This deep sequencing would help us describe the
unidentified genotype and complex genotype mixtures, but the specificity of this

technique might also identify many more genotypes, which could complicate
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interpretation. Until more subtle patterns of sub-genotypes and host infections are
determined (if they exist), we consider it sufficient to bin sequences by types O, I, Il, and
hence direct sequencing is effective, with a 10% loss of unreadable assays using current
methods.
Conclusions

Our spatial and temporal data supported our hypothesisthat C. shasta genotype
distribution is mediated primarily by the presence of specific fish hosts: We showed that
genotype | was dominant in the lower Deschutes River basin, where there are high
numbers of spring Chinook salmon, and genotype Il was dominant in the upper basin
where resident kokanee and trout predominate. These results are consistent with the host-
specific relationships described by Stinson and Bartholomew (2012) in the Deschutes
River. However, the 2012 hypothesis that genotype | would move into the upper basin
with the passage of spring Chinook salmon above the Round Butte Dam (since 2007) is
not supported by our water sample data. We identified genotype O in both upper and
lower basins, which corresponded to the presence of resident trout and summer
Steelhead. Low densities of genotype O compared to Steelhead and trout abundance and
mortality (Stinson and Bartholomew, 2012) may imply that the parasite-host imbalance
favoring C. shasta proposed by Ratliff (1981) is genotype specific and does not apply to
genotype O in the Deschutes River. One exception to the spatiotemporal pattern wasin
August 2017 and 2018 when we observed type Il in the lower basin, which may have
been related to increased Sockeye salmon returns or temperature preference of genotypes,
or simply due to type Il becoming visible in chromatogram measurements once type |
abundance had decreased. We observed unidentifiable genotypes and mixturesin 10.4%
(11/105) of the water samples spread across both basins, but with different sequencesin
each basin. Additional work, such as novel primer design or cloning, is needed to
determine if these sequences represent previously un-sequenced genotypes of C. shasta
or anew Ceratonova species.
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ABSTRACT

We examined research questions related to the logistics associated with measuring
density of the salmonid parasite, Ceratanova shasta, in Deschutes River water samples.
Although these methods have been validated and broadly applied in other systems,
sampling constraints unique to the Deschutes River warranted additional research on the
effects of site selection/position of sample collection and processing time on C. shasta
densities. We employed field and laboratory experiments to examine the influence(s) of
(i) depth, distance from shore, and water temperature, and (ii) sample processing time on
C. shasta densities in environmental water samples. We tested the first set of potential
influences in three field experiments in which water samples were collected at varying
locations in the water column. Position and depth of water sample collection had a
significant effect on the density of C. shasta (spores/L) at two of the three sites tested
(Warm Springs Bridge and Blue Hole), with the highest densities observed in the deepest
locations sampled. Water samples were collected every two hours from 6:00 to 18:00 to
test the effects of time of day of sample collection on C. shasta density. Time of day had
asignificant effect at two of the three sites (Warm Springs Bridge and Big Falls), with
the highest C. shasta densities observed in the late group (16:00-18:00). We a so tested
the effects of elapsed processing time following sample collection on C. shasta density in
water samplesfiltered at different intervals, from 1-14 days post collection. We expected
C. shasta densities would be highest in samples processed within 24 hrs. However,
results differed between Deschutes River and laboratory (mesocosm) water samples; C.
shasta densities were highest in Deschutes River water samples 7 days after collection
and lowest 14 days after collection, but highest in mesocosm samples 5 days after
collection and lowest 3 days after collection. Variability between replicates increased
with time. This result was used to set 7 days as athreshold of time before water samples
were considered unreliable (Chapter 2); however, 24 hours appears to provide the most

reliable results with lowest variation between replicates.
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INTRODUCTION

The effects of time, depth, and position (distance from the shore) of water
collection aswell astiming of filtration after collection have not previously been
described for Ceratonova shasta. Knowledge of temporal and/or spatial distributions of
parasitesis critical to effective collection and management protocols. For example, the
distribution of waterborne protozoa and Escherichia coli infectious to humansin the
Upper Shre Lake (Northwestern Luxembourg) is influenced by reservoir hydrodynamics,
with densities of both increasing with depth and proximity to the reservoir inlet (Burnet et
al., 2015). Clear spatial and temporal trends have al so been observed for the parasitic
amoeba Neoparamoeba pemaquidensis, which causes amoebic gill disease and is
problematic in Tasmanian salmonid aquaculture (Douglas-Helders et a., 2003). Regular
monitoring employed to manage infection risk has shown densities to be highest in
summer at depths of 5.5 meters. Additionally, the distribution of the fish skin fluke
Neobenedenia girellae in sun vs. shade in marine net pens indicates significantly fewer
N. girellae on fish in shaded pens vs. unshaded pens (Agawaet a., 2016). Thus,
knowledge of spatiotemporal dynamics within specific river sampling sitesis an
important component of a well-designed sampling approach. Without this knowledge, our
results run the risk of sampling bias and inaccuracies because of unknown cross-sectional
and/or diurnal spatiotemporal trends. In an effort to inform management strategies with
the most accurate water sampling results from the Deschutes River, timed experiments
were conducted at controlled depths and cross-sectional positions at three longitudinal

sampling sites along the Deschutes River mainstem.

Effects of sample collection on C. shasta density in Deschutes River water samples
Ceratonova shasta is a non-motile waterborne parasite with two spore stages
measured in water samples as spores/L. The actinospore is the infective stage to
salmonids and has neutral buoyancy in the water column (Bjork and Bartholomew,
2010). Myxospores excreted by the salmonid, are denser, and fall toward the bottom
(Hallett et al., 2012). While gPCR provides quantification of C. shasta DNA, it cannot
distinguish between the two spore forms, which exhibit different phenotypes but share

the same genotype. We expected that the river cross-sectional position (distance from the
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bank) and depth influenced the density of C. shasta DNA, with the highest abundance
being found in the deepest, most centered point in the river due mixing of actinospores
and myxospores in the water samples at greater depths.

The seasonal increase in water temperature has been linked to increased densities
of C. shasta in the Klamath (Hendrickson, 1989; Bjork and Bartholomew, 2010; Ray et
al., 2012) and Deschutes (Chapter 2) Rivers. Therefore, we hypothesized that as the time
of day (and temperature) increased, so would the density (spores/L) of C. shasta. In
particular, we expected that peak C. shasta densities would occur around 16:00, when
water temperature was predicted to peak at that time of year (USGS).

Because C. shasta abundance has been linked with seasonal increase in water
temperatures in other systems (Ray et a., 2012; Chapter 2) and occurs simultaneously
with predicted host fish passage timing (Chapter 3), three surveys were conducted from
late May to early July to test the effects of sample collection on C. shasta density in
Deschutes River water samples.

Water sampleintegrity experiments

The second half of this chapter describes the relationship between density of
spores and time in refrigerated, unfiltered samples. Laboratory protocol isto filter water
samples within 24 hours of collection to maintain sample integrity and minimize impacts,

such as spore degradation, from co-sampled microbes.

Two experiments were conducted to quantify the relationship between time post-
collection and density of C. shasta in water samples when water samples were filtered at
different times (1 day, 3 days, 5 days, 7 days, and 14 days) post-collection. We expected
that the density of C. shasta in the 1L water samples would be inversely proportional to
time: density would decrease as the filtration days post-collection increased. Laboratory
samples were collected from pooled mesocosms on August 14", 2017 at the J. L. Fryer
Aquatic Animal Health Laboratory (AAHL) in Corvallis, OR. Field samples were
collected on July 39, 2018 at the Blue Hole site on the Deschutes River. The aim of this
experiment was to observe how C. shasta density may change over timein filtered and
unfiltered river water samples. Combined, these studies provide information on proper

post-collection handling of water samples in both laboratory and field settings.



80

METHODS

Study sites The Barfles
Three sites were chosen for their accessibility,

proximity to the Round Butte Dam (upstream, downstream,

far downstream) which separates the upper and lower Blue Hole

basins of the Deschutes River, and C. shasta abundance
(Figure 4.1). Historically, Blue Hole was characterized by }4\{“?

high parasite densities and is the furthest downstream. Big Warm Springs

Bridge
Fallsis the upstream site with moderate C. shasta density Rt B B
and Warm Springs Bridge is located downstream of the

Round Butte Dam with the lowest abundance of C. shasta

(Chapter 2).

FIGURE 4.1. Spatial
distribution of diurnal,

isthe depth in the water from the surface, and location is lateral, and vertica
sampling sites.

Position is defined as distance from the bank, depth

defined as the intersection of position and depth. L ocations
and number of samples taken for the position and depth surveys were dependent on the
bathymetry, depth, and width of the river at each site and are explained below. Since the
highest water temperatures occurred around 16:00 (USGS) depth and position surveys
were performed at that time at each site to determine the distribution of C. shasta across

theriver and at multiple depths.

For al experimental sites, three 1L water samples were collected manually every
two hours from 6:00 to 18:00 from each of the three sites (Figure 4.1) and stored on ice
until filtration, within 24 hours of collection. The sampling location for diurna surveys
was the same as where water samples would be collected during spatial, longitudinal
surveys (Chapter 2). Times of day were binned as “early” (6:00 — 10:00), “mid-day”
(12:00-14:00), or “late” (16:00-18:00). These bins were selected to capture the different
water temperatures throughout the day. Temperature was recorded with a digital

thermometer in degrees Celsius.
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Big Falls— May 29", 2018 (44.359565, -121.294156) — The Big Falls site is shallow,
with a maximum depth of 0.61 meters. The width of the river is approximately 21 meters,
and sampling positions were spaced 10.5 meters apart (Figure 4.2, 4.3). Thissiteisthe
only one upstream of the Round Butte Dam and was chosen for its moderate density of C.
shasta (Chapter 2). The flow was assumed to be relatively uniform across the reach
because the water was clear and devoid of obstructions that might create riffles. Samples
were collected simultaneously from the North bank and center of the river at two depths,

and in triplicate (Figure 4.3).

FIGURE 4.2. Big Falls site located
above the Round Butte Dam. Light
blue circles represent collection

21 meters positionsin the water.

[ | P —— ﬂ.l—.—_ﬁﬂ.

(P e e P S|

10.5 meters

Center (C) North bank (N)
0.61m deep 0.32m deep

Upper (U) 15.0cm deep

_ Lower (L) 30.5cm deep

FIGURE 4.3. Measurements between each sampling location within the Big
Falssite

Blue Hole — July 3'%, 2018 (45.212999, -121.073384) — The width of the river at this site
is 47 meters (Figure 4.4). While the river proved to be flowing too fast to sampleits
entire width, a subsection was sampled to test sampling location variation within a safe
distance from the bank (9.8 m). Since the lower 82 rkm has similar hydrology, any cross
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section in that stretch of the river would have had similar safety issues. Due to safety
concerns samples were not collected simultaneously at this site. To sample the lower
depths, the volunteer dived with the sample bottle upside down and then inverted the
bottle to collect the sample at the appropriate depth; the bottle was capped at the surface.
Samples were collected in triplicate at three different positions and two depths (Figure
4.5).

47 meters

9.8 meters

=0 e immynay s sl
i

FIGURE 4.4. Blue Hole site; the farthest downstream of the three sites.
Liaht blue circles represent collection positions.

Center (C) Middle (B) Bank (B)
2.lmdeep 1.8mdeep 0.8m deep
Upper (U)
15¢m deep
Lower (L)
91cm deep

FIGURE 4.5. Measurements between each
sampling location within the Big Hole site
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Warm Springs Bridge — July 11", 2018 (44.761198, -121.228669) — The Warm Springs

Bridge site is approximately 91 meters across (Figure 4.6). We were able to sample the
entire cross section by using the bridge as an anchor point for a harnessed volunteer,

although due to the fast moving, deep water, we needed two people on the bridge to move

the rope and re-tie it safely. All location (depth and position) samples were collected in

triplicate (Figure 4.7).
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FIGURE 4.6. Warm Springs Bridge site. The middle site for these
surveys located just downstream of the Pelton trap. Light blue
circles are positions of water collection.

West (W) Center (C) East (E)
1.5m deep 2.1m deep 1.5m deep

36.0m |Q 23.5m .
® O

Upper (U)
15cm deep

Lower (L)
76cm deep

FIGURE 4.7. Measurements between each sampling location
within the Warm Springs Bridge site



Effect of water filtration timing post-collection on Ceratonova shasta density

detection in water samples

Laboratory water filtration — Polychaete mesocosms at the AAHL were plumbed into a
100L tank with an air stone for oxygenation and turbulence. On the day of sampling, the
river water being pumped through the mesocosms was 16°C. During this time,
myxospore dosing was withheld from the mesocosms to ensure that | collected only the
infective stage to salmonids, the actinospore. In order to ensure even dispersal and
suspension of the spores, | used a poleto swirl the water at four evenly spaced intervals
during water collection. There were five treatments with five 1L-replicates each: samples
were filtered within 24 hours of collection as a control and at 3, 5, 7, and 14 days post-
collection (Table 4.1). Samples were collected and randomly assigned to each treatment.
Five of the samples were labeled to be filtered within 24 hours. Twenty 1L-samples were

placed in their collection bottle in the refrigerator for subsequent sampling periods.

TABLE 4.1. Summary of laboratory water filtration treatment groups (n=5) with
specifications for where the samples (5 1L per treatment) were held after collection and
the amount of time before they were filtered.

Treatment Time of filtration
Filtered within 24 hours and stored frozen (control) <1lday
Collected and refrigerated for 3 days before filtration 3 days

Collected and refrigerated for 5 days before filtration 5 days

Collected and refrigerated for 7 days before being filtered 7 days
Collected and refrigerated for 14 days before being filtered 14 days

River water filtration — The study conducted on August 14™, 2017 from the mesocosms
in the laboratory allowed us to refine our procedure for collection of river water samples.
The second iteration of this project was performed on the Deschutes at the Blue Hole
dock on July 3", 2018, the same day and site as the 2nd DLV experiment. River water
was at 17.3°C and collected into one cooler. Twenty-five 1L samples were taken from
this same cooler. These samples were randomized and then labeled with the five different
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treatments — filtration within 1 day, 3 days, 7 days, and 14 days post-collection (Table
4.2).

Ceratonova shasta quantitation from water samples

Water samples were transported back to the laboratory on ice, filtered through a5
pum filter, and the retentate frozen. DNA from the retentate was extracted and C. shasta
enumerated using quantitative polymerase chain reaction (QPCR) (Hallett and
Bartholomew, 2006; Hallett et al., 2012). Diurnal, depth, and position samples were
filtered within 24 hours of collection whereas filtration experiment samples were filtered
according to their specific treatment (Table 4.1, 4.2).

TABLE 4.2. Summary of river water (from Blue Hole site) filtration treatment groups

with specifications for where the samples were held after collection and the amount of
time before they were filtered

Treatment Time of filtration
Filtered within 1 day and put in freezer (control) <24 hours
Collected and refrigerated for 3 days before being filtered 3 days

Collected and refrigerated for 7 days before being filtered 7 days

Collected and refrigerated for 14 days before being filtered 14 days

Statistical analyses

To test the effect of time of collection or time of filtration on C. shasta density, a
one-way ANOV A was applied. Significant differences were followed with a post-hoc
Tukey’s Honest Significant Difference (HSD) test. Values were considered significant at
a =< 0.1. The effect of location of collection on C. shasta density was analyzed using
two-way ANOVASs. In the case of significant differences, a post-hoc Tukey’s honest
significant difference (HSD) test was used. Vaues were considered significant at a = <
0.1
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RESULTS

Effects of sample collection on Ceratonova shasta density detection in Deschutes
River water samples

Big Falls— At the Big Falls site, parasite densities ranged from 11 to 122 spores/L over
the course of the day (Figure 4.8). Densities of C. shasta increased with time of day
(Figure 4.9; ANOVA: F2, 18 = 13.97, P = 0.0002).

Moving across theriver, C. shasta density did not vary significantly from bank to
center (Figure 4.10). Anincreasein C. shasta spores/L was observed with the highest
concentrations in the thalweg. However, after comparing the position in the water with
the depth at which the samples were taken, we did not detect a significant difference
(Figure 4.11; two-way ANOVA: F3 =271, P=0.12).
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FIGURE 4.10. Simplified rendition of the Big Falls river cross section with the mean
Ceratonova shasta densities from three replicates at each intersection of depth and
position, represented by color coded circles signifying high (red), medium (orange), or
low (yellow) Ceratonova shasta density at this site.
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Blue Hole — Ceratonova shasta density at this site was not influenced by time of day
(binned time-of-day groups; ANOVA: F2, 15=0.092, P = 0.91) (Figure 4.13)).

Average density of C. shasta within the water column ranged from 18 spores/L to
38 spores/L (Figure 4.14). Depth and position had an effect on C. shasta density at the
Blue Hole site (two-way ANOVA: Fs 12 = 2.958, P = 0.057(Figure 4.15)). Thisresult
was explained by the differencein C. shasta density between depths (Tukey’s HSD: P =
0.086) with the largest discrepancy between the upper and lower depths in the center of

theriver.
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FIGURE 4.14. Simplified rendition of the Blue Hole river cross section with the mean
Ceratonova shasta densities from three replicates at each intersection of depth and
position, represented by color coded circles signifying high (red), medium (orange), or
low (yellow) Ceratonova shasta density at this site.
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Warm Springs Bridge —The density of C. shasta at the Warm Springs Bridge site was
highest at 6:00 and 16:00 hours, although the water temperature steadily increased from
13.6to 17.7 °C over the course of the 12-hour day (Figure 4.16). The lowest densities
were detected during the middle of the day (Figure 4.17; ANOVA: F,, 18 =6.607, P =
0.0071) with the largest difference between mid-day and late groups (Tukey’s HSD: P =
0.038) and the highest densities observed in the late group.

Average C. shasta density was highest near the banks and lowest in the center
(Figure 4.18). On the East bank, C. shasta density was higher in the upper depths
compared to the lower depth locations. Higher densities were detected at |lower depths on
the West bank, closer to the thalweg in that cross section of the river (Figure 4.19; two-
way ANOVA: Fs 10 = 4.231, P = 0.025). However, the main difference was observed
between positions (Tukey’s HSD: P = 0.01) as opposed to depths.
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FIGURE 4.18. Simplified rendition of the Warm Springs bridge river cross section with
the mean Ceratonova shasta densities from three replicates at each intersection of depth
and position, represented by color coded circles signifying high (red), medium (orange),
or low (yellow) Ceratonova shasta density at this site.
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Effect of water filtration timing post-collection

Laboratory water filtration — Ceratonova shasta densities differed among sample time
periods (ANOVA: F4 20 = 3.095, P = 0.039) and decreased after day five. The greatest
difference in C. shasta density occurred between post-filtration days five and seven

(Figure 4.20; P = 0.045). Variation between replicate samples increased over time.
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FIGURE 4.20. Ceratonova shasta density (y-axis) as afunction of filtration days post
collection (x-axis) of pooled water from polychaete mesocosms Five replicates per
treatment. (ANOVA: F4 20 = 3.095, P = 0.039). Tukey’s HSD values considered
significant at a =< 0.1.
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River water filtration — In contrast to mesocosm water samples, we detected an increase
in C. shasta density in river water samples at seven days post-collection (Figure 4.21.
ANOVA: F3,16 = 19.49, P = < .001). Variation between replicate samples increased over

time.
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FIGURE 4.21. Ceratonova shasta density (y-axis) as afunction of filtration days post
collection (x-axis) of pooled river water from the Blue Hole site. Five replicates per
treatment. (ANOVA: F3 16 = 19.49, P = <.001). Tukey’s HSD values considered
significant at a =< 0.1.

DISCUSSION

Detection and quantification of pathogensin water samples within sites can
provide detailed distribution information. These methods are becoming more widely used
to determine parasite distribution, leading to more precise and effective management
strategies (Douglas-Helders et a., 2003; Burnet et a., 2015; Agawa et al., 2016).

To better understand the effects of time, depth, and position of water collection as
well astiming of filtration after collection, we conducted a series of field and laboratory
experiments. To determine the distribution of C. shasta within the water column and
throughout the course of one day, we conducted water sampling experiments at three sites

on the Deschutes River. In addition, environmental water samples from the river and
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laboratory mesocosms were held for 1 — 14 days after collection to examine the effects

time on water sample integrity.

Effects of sample collection on Ceratonova shasta density detection in Deschutes
River water samples

Our hypothesis that C. shasta density is dependent on the depth and position of
collection in the water column was supported at two of the three sites that were tested
(Blue Hole and Warm Springs Bridge). At the Big Falls site, there was no effect of depth
or position on C. shasta density (Figure 4.11). At the Blue Hole site, depth was the
influential parameter with higher densities at deeper depths (Figure 4.15). In contrast, the
significant parameter at the Warm Springs Bridge site was position with higher C. shasta
densities detected near the banks of the river as opposed to the center (Figure 4.19).

Similar to the study conducted by Burnet et al. (2015) assessing E. coli densities
at different depths and positionsin alarge Northwestern Luxembourg reservoir, our
conflicting results suggest that C. shasta density in the water column is influenced by
differing hydrodynamics at each of the three sites. Based on our results, further research
about the effects of depth and position on C. shasta density in the Deschutes River should
include severa sites that have similar hydrodynamics. Some of these similarity
parameters may include Froude number (Fr), local bed slope, water depth, and unit
stream power (QS) (Daraio et al., 2010). To calculate QS, it would be necessary to first
quantify the river discharge at that site using, for example, an acoustic doppler
instrument. Similar sites can be binned to provide more confidence in statistical analyses.
Using a hydrodynamic model, results can then be extrapolated for more accurate
reporting of density at sites that fit one of the pre-determined categories (Bergstein Ben-
Dan et al., 2001). To avoid safety issues on collection day, as observed with the Blue
Hole, only sites with stationary structures spanning the width of the river should be
selected.

Our second hypothesis was that the density of C. shasta increases as the
temperature and time of day increase. Thiswas true for two out of the three sites
investigated (Big Falls and Warm Springs Bridge). The time of day and C. shasta
densities appear to be closely related at the Big Falls site (Figure 4.5) with densities
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differing between all three binned groups (early, mid-day, and late). Spore density also
differed between the times of collection at the Warm Springs Bridge between the early
and late groups as well as the mid-day and late groups. In contrast, parasite density did
not differ throughout the day at the Blue Hole site.

Our resultsindicate that the time of day and C. shasta density are not directly
proportional at every site on the Deschutes River. This suggests that spatial surveys
estimating the density of C. shasta over the course of one day on the Deschutes River
may have either no effect or may be underestimating the daily density at a particular site
(Chapter 2). For the most accurate snapshot of C. shasta density on the Deschutes River,
more collaborative teams should be employed to collect spatial water samples within a 2-

hour time period, as specified by the binned time intervals (Figure 4.9, 4.13, 4.17).

Should these experiments be improved upon and reimplemented, an ISCO
automatic sampler set to collect water every 2 hours and atemperature data logger at both
of the monitoring sites (Oak Springs and Pelton Trap) over the course of one week would
provide more accurate information on how C. shasta corresponds to diurnal temperature
variation. These samples would need to be collected at the end of each day and filtered
within aweek (Figure 4.21). Results from this study would be informative for better
understanding of C. shasta temperature dynamics and this knowledge may contribute to

the development of a predictive model for C. shasta on the Deschutes River.

Effect of water filtration timing post-collection

Ceratonova shasta-DNA increased at around 5 or 7 days in both the |aboratory
and river water filtration experiments, respectively. The reason for the sharp increaseis
unclear since al samples were randomly collected from one container, randomly assigned
atreatment group, and all samples were run on the same gPCR plate (reducing variation
in reported values). Since the parasite does not replicate outside its host, we would expect

the amount of C. shasta DNA to stay the same or decrease, but not increase.

One explanation is that as the spores started to degrade, DNA was more readily
accessible during the extraction process leading to a higher perceived concentration of C.

shasta DNA. The water filtration protocol developed in 2006 used 5um filters in order to
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catch intact, viable spores as opposed to spore fragments (Hallett and Bartholomew,
2006). However, it is possible that spore fragments and DNA are caught on the filters due
to the adherent properties of DNA and/or accumulation of material on filter papers that
decrease pore size during filtration. We recommend that this hypothesis be explored in
future research by quantifying DNA from water samples with intact spores versus water

samples in which the spores have degraded.

The differences in seven-day timepoints between the river and laboratory
experiments may be related to whether or not the water samples were primarily
myxospores or actinospores. Degradation of myxospores and actinospores has been
examined in previous, laboratory-based research. Actinospores remain viable up to 18
days at 4°C (Bjork, 2010) whereas 6% of myxospores remain viable up to 175 days at an
average temperature of 7.4°C (Chiaramonte, 2013). The abundance of both spore types
decreased linearly while the myxospore variation between samples increased over time.
Within the riverine system, there is no way for us to know the exact proportion of
myxospores and actinospores and contribution of myxospores to the river water samples

may overestimate C. shasta DNA in the water sample.

While the results of the water filtration experiments did not completely support
our hypothesis that days post-filtration and C. shasta density were inversely related, we
did observe an increase in variation between samples over time. The increase in DNA
around 5 or 7 days also suggests that filtration during that window of time may
overestimate C. shasta abundance in water samples, but this conclusion should be

explored further with the small experiment mentioned above.

Conclusions

For the most consistent water sampling during spatial surveys of C. shasta in the
Deschutes River, we recommend that samples are collected at the same depth and
position at each site and within a two-hour time-frame. The collection of spatial samples
for the 230-river kilometer stretch of the Deschutes River within two hours will require
teams of collaborators. Note that while samples collected at the banks of the river are the

safest, most accessible option for water sample collection, the parasite density at the
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banks are likely to be underestimations of C. shasta in that river cross section as parasite
abundance was higher in the thalweg of the river at two of the three sites (Figure 4.15,
4.19). While samples can be refrigerated for up to seven days before filtration, they
should optimally be filtered within 24 hours for the least amount of variation between

replicate samples.
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CHAPTER 5: SUMMARY

CONCLUSIONS

The driving objective of this project wasto identify potential causes of juvenile
and pre-spawn mortality in spring Chinook salmon of the Deschutes River. The
waterborne, myxozoan parasite, Ceratonova shasta, has been suspected as a primary
contributor to these afflictions since the 1970’s. Asafirst step toward eval uating this
hypothesis, we needed to determine the spatial and temporal distribution of the parasite
(Chapter 2) and its genotypes (Chapter 3) as well as the prevalence of infection and
associated pathology within the host (Appendix A).

Ceratonova shasta was targeted during spring Chinook salmon tissue collections
at the Round Butte Hatchery, but the bacterium Renibacterium salmoninarum, two
myxozoans (Tetracapsul oides bryosalmonae, Parvicapsula minibicornis), and two
viruses (infectious hematopoietic necrosis virus (IHNV) and infectious pancreatic
necrosis virus (IPNV)) were also assayed from the kidneys and lower intestines of
juvenile and adult spring Chinook salmon. Tetracapsul oides bryosalmonae and IPNV
were not detected from any cohort sampled at the Round Butte Hatchery, though IHNV
was identified in 13% of adult spring Chinook salmon in 2018. Ceratonova shasta was
detected in 58% of juvenile spring Chinook salmon one day before their release from the
Pelton Ladder and 100% of spawning adult spring Chinook salmon in 2017 and 2018 at
the Round Butte Hatchery. Mild to moderate pathol ogy was associated with these
infectionsin al groups. Although C. shasta was the most common pathogen that we
detected, pathology associated with Renibacterium salmoninarum and Parvicapsula
minibicornis was observed in juveniles and adult spring Chinook salmon, respectively.
With the evidence of co-infections, we cannot conclude that C. shasta isthe sole

contributor to juvenile and pre-spawn mortality in the Deschutes River.

There are three known primary genetic types (genotypes) of C. shasta identified
through ATC repeats in the ITS-1 region of ribosoma DNA and they have previously
described, specific salmonid host associations (Hurst and Bartholomew, 2012; Stinson
and Bartholomew, 2012; Stinson et al., 2018). We confirmed that genotype | infects the
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lower intestines of Deschutes River spring Chinook salmon and that genotype |1 infects

Coho salmon found in the Deschutes River (Chapter 3, Appendix A).

While we were able to take fish tissue samples from the Round Butte Hatchery
and the SWW and Pelton Ladder, different detection methods needed to be explored for
the Warm Springs National Fish Hatchery (WSNFH) where lethal sampling of spring
Chinook salmon is not permitted (Appendix A). Since C. shasta proliferatesin the lower
intestine, we confirmed the use of a previously developed anal swab sampling method
(Fox et a., 2000) for implementation at the WSNFH. Anal swabs were an effective
detection method for C. shasta (100%) when the swabs had a wooden applicator and
were submerged in 100% ethanol immediately after collection.

The spatial and temporal distribution of C. shasta and its genotypes was al so
determined non-lethally through water sampling and gPCR (Hallett and Bartholomew,
2006; Hallett et al., 2012) (Chapter 2). At two temporal index sites (Oak Springs and the
Pelton Trap), parasite density increased in spring and declined until late fall from 2015-
2018. Though there was variation between years (average spores/L 81.0, 11.2, 46.4in
2016, 2017, 2018, respectively), C. shasta density was 1.5x higher between rkm 48-82
than the average of all other spatial survey sites. Additionally, DRR (rkm 116) and DWS
(rkm 155) had higher than average C. shasta abundance for 63% (5/8) surveys.

Parasite density was low in the Warm Springs River (< 1.5 spores/L), above the
mouth of the Deschutes River on the Columbia River (< 3 spores/L) compared to below
the mouth (< 6 spores/L), and at sites between the Round Butte Dam and the natural
migration barrier, Big Falls (< 2.5 spores/L). The latter results are consistent with the
gpatial distribution described by Ratliff (1983) where no C. shasta related mortalities
were observed from fish exposed in Lake Billy Chinook. The Deschutes River is
contributing spores to the Columbia River, but C. shasta has also been identified in the
Columbia River independent of that contribution (Sanders, 1967; Hoffmaster, 1985).
Therefore, migrating juvenile Chinook salmon will continue to be exposed to the parasite
after they leave the Deschutes River and adult spring Chinook salmon will be exposed
before they reach the Deschutes River (Appendix A). The low abundance of C. shastain
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the Warm Springs River suggests that this tributary does not contribute this parasite to the
Deschutes River. Therefore, salmon that succumb to C. shasta-related pre-spawn
mortalities in the Warm Springs River likely contracted the infection during their timein
the Columbia and Deschutes Rivers.

Ceratonova shasta genotype proportions were determined from spatial and
temporal water samples collected for Chapter 2. As proposed by earlier work, the spatial
and temporal distribution of genotypes was related to the spatiotemporal distribution of
corresponding fish hosts. We determined type | dominated the lower Deschutes River
basin below Round Butte Dam, type |1 was the main genotype present in the upper basin
above Round Butte Dam, and type O was detected throughout the system at lower
proportionsthan | or I1. Type Il was also identified in the lower basin, but only during
August of both years. Presence of type |l at that time may be related to the occurrence of
Coho and/or Sockeye salmon in the lower basin, depending on the year. The hypothesis
proposed by Stinson and Bartholomew (2012) that genotype | would move into the upper
basin with the passage of spring Chinook salmon above the Round Butte Dam (since
2007) was not supported by our water sample data. Though this might change with
continued reintroduction efforts. Despite Steelhead trout being the most abundant fish
species throughout the basin, the associated genotype O was detected at the lowest
proportion. Similarly, juvenile and adult Chinook salmon are one of the least abundant
salmonid species yet genotype | was detected at the highest proportion. These results do
not support our hypothesis that genotype distribution is related to salmonid host
abundance, but they do suggest that the host-parasite imbalance described previously in

the Deschutes River is genotype specific.

Linear mixed effect models that compared C. shasta density with temperature and
discharge on the Deschutes River indicated that C. shasta abundance increases with water
temperature and decreases with river discharge. These parameters influenced the spatial
and temporal variation of C. shasta in water samples both within and between years.
2015 was the hottest year of our data set with low snowpack and river discharge, leading
to the highest observed C. shasta densities at our temporal index sites. Conversely, there
was high snowpack and a high flow event in 2017 which may have decreased the amount
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of polychaetes and spores in the system as densities were lowest this year compared to
others. 2016 and 2018 were moderate temperature and discharge years, which is reflected
by the moderate C. shasta densities compared to other years with different abiotic
parameters (Chapter 2).

To optimize our water sample collection and handling techniques, laboratory and
field experiments were conducted to test the influence of time of day, location of
sampling, and sample integrity over time on C. shasta density in water samples (Chapter
4). We found that samples should be collected at the same depth and position at each site
and within atwo-hour time-frame for the most consistent spatial water sample results. In
order to accomplish this for the 230-river kilometer stretch of the Deschutes River within
two hours, teams of collaborators will be required. While samples collected at the banks
of theriver are the safest, most accessible option for water sample collection, the parasite
density at the banks are likely to be underestimations of C. shasta in that river cross
section as parasite abundance was higher in the thalweg of theriver at two of the three
sites we assessed. Additionally, while samples can be refrigerated for up to seven days
before filtration, they should optimally be filtered within 24 hours for the least amount of

variation between replicate samples.

FUTURE STUDIES
Sentinel fish studies

While Chapter 3 described the likely infection risk for salmonids of the Deschutes
River by analyzing copresence of C. shasta abundance and genotypes with their target
host species, sentinel studies need to be conducted to specifically test the disease risk to
the target species/age group at particular times and localities as informed by previous
work and thisthesis. Sentinel studies also alow usto determine if the infective stage of
C. shasta (the actinospore) is present in water samples.

We suggest that there is a particular need to assess risk to Sockeye salmon. The
reintroduction program for Sockeye salmon began in 2009 (ODFW and CTWS, 2017).
Results of this program have been mixed: despite maximum daily releases around 15,000
juvenile Sockeye salmon from the Selective Water Withdrawal tower, adult returns have
averaged only 36-57 per year. While the exceptional Sockeye run of 536 returning adults
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in 2016 and arecord 440,000 out-migrating juveniles in 2017 suggests that this program
might be working (Deschutes River Conservancy, 2018), the Round Butte Hatchery
rearing of Sockeye salmon will be discontinued in 2019 (ODFW, pers. comm.). It
remains to be seen if the population can sustain itself without hatchery supplementation.
The success of the population will partially depend on disease risk which will need to be
assessed through sentinel studies. Timing and placement of these should be informed by
our results from this Chapter 2 and 3. The genotype associated with infection in Sockeye
salmon also needs to be determined. To test our hypothesis that Deschutes River Sockeye
salmon are infected with type |1, as observed in Kokanee (Stinson and Bartholomew,
2012), lower intestines from juvenile Sockeye salmon will be sent to OSU from the
Selective Water Withdrawal tower in March 2019 and adult Sockeye salmon in August.
C. shasta-positive samples (by PCR) will be genotyped. Additionally, kokanee will
continue to be surveyed in Lake Billy Chinook in Spring and Fall, and tissue subsamples
will be sent to us for C. shasta detection and genotyping from ODFW collaborators at the
Round Butte Hatchery.

Hatchery management suggestions

Juvenile spring Chinook salmon become infected with C. shasta during their time
in the Pelton Ladder below the Reregulating Dam (Appendix A). Sentinel studies
conducted by Don Ratliff between 1973-1974 suggest that releasing juvenile Chinook
salmon on or before May 3™ of each year decreases exposure to C. shasta (Ratliff, 1981).
The seasonal patterns of C. shasta in the Deschutes River have not changed drastically
since these reports nearly 40 years ago, suggesting that the May 3" cut-off date might
still apply. Ratliff also proposed that short exposuresto C. shasta before their release
provided resistance to the parasite and decreased mortalities (Ratliff, 1983). Short
exposure of juvenile spring Chinook salmon to a genotype they are less susceptible to
(genotype 1) followed by exposure to the host specific genotype | did not reveal
increased resistance to the parasite (Hurst and Bartholomew, 2015). | propose an
experiment where juvenile spring Chinook salmon are exposed to alow dose of genotype
I, given time to pass the infection in pathogen free water, and then re-exposed to

genotype | at the same dose which would be expected in the Deschutes River (Chapter 3).
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Several treatments were considered by Sanders et al. (1972) for the Round Butte
Hatchery on the Deschutes River. In that study, 500 juvenile Steelhead were subjected to
Deschutes River water that was either filtered using MicroFLOC, a combination of
MicroFLOC and chlorination, or water that was UV irradiated. The MicroFLOC aone
was not enough to completely combat C. shasta (mortality rate of 6% due to C. shasta),
but the other two treatments were effective (up to 1% mortality rate, but not dueto C.
shasta). Currently, the only water treatment at the Round Butte Hatchery involves UV
irradiation for the eggs and young juveniles. After the juveniles are transferred to outdoor
raceways at the Pelton Ladder, they are exposed to untreated Deschutes River water
(ODFW, pers. comm.).

Since the water treatments are not feasible on alarge scale, | suggest a
combination of the strategies proposed by Ratliff, Sanders, and Fryer. A controlled
amount of C. shasta could be administered to juveniles at the hatchery followed by
exposure to water treated by MicroFLOC filtration-chlorination and UV irradiation.
Those individuals in the population which have acquired resistance might have a better
chance of clearing the infection and building immunity to C. shasta if they arein
pathogen free water prior to being released in the Deschutes River. This hypothesis
would require further testing before being implemented.

Field management suggestions

Copepods have been observed ingesting actinospores of the myxozoan parasite,
Myxaobolus pseudodispar without becoming infected (Réacz et al., 2006). Interestingly,
copepods are the most common zooplankton in the Lake Billy Chinook reservoir
(Thiesfeld, 1999), where C. shasta abundance was low throughout the summer of 2018
(Figure 2.9). Copepods only comprise 0.3-0.4% of the macroinvertebrate compositionin
the lower Deschutes River below the reregulating dam and above Shitike creek,
respectively (R2 Resource Consultants, 2000). Those percentages decrease the farther
downstream they were surveyed for with copepod abundance reaching 0% below the
Warm Springs River and beyond, where C. shasta abundance is highest (Figure 2.9). |
propose that native calanoid and/or cyclopoid copepods be examined as abiological filter
for C. shasta. To test thisideain alaboratory setting, afiltering system could be
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developed where C. shasta-laden water could be either held in or passed through atank
with copepods before fish are introduced to the water.

Warm Springs River water quality

It was revealed in April 2018 that pollution from the Warm Springs waste water
treatment facility, Kah-Nee-Taresort, and seepage from the dump have been
accumulating in the Warm Springs River for an undocumented amount of time (Cyndi
Baker, CTWSRO). USGS will be conducting soil quality surveys to assess the extent of
the damage using juvenile Lamprey as a proxy for the effects these pollutants may have

on other freshwater speciesin the area.

Water quality issuesin the Deschutes River have been noted as a potential
contributor to juvenile and pre-spawn mortality since 1989 (Lindsay, 1989). According to
that report, pre-spawn mortality was between 34-75% from 1977-1986, even with
inoculations for the suspected contributor to mortality, Renibacterium salmoninarum
from 1982-1986. Since the Warm Springs National Fish Hatchery (WSNFH) is supplied
with water from the Warm Springs River, the juvenile spring Chinook salmon reared at
that hatchery have likely been affected by the poor water quality. With the trace amounts
of C. shasta observed in the Warm Springs River and juveniles reared at the WSNFH we
suggest that the water quality issues should be investigated further as an important

contributor to juvenile and pre-spawn mortality in the Warm Springs River.

Polychaete management

The determinate host of C. shasta, Manayunkia sp., is a polychaete worm which
formsits habitat out of detritus casings in and on benthic substrate and sediment. In the
Klamath River, winter-spring flushing flows have been shown to reduce polychaete
aggregations (Malakauskas et ., 2013; Alexander et al., 2014, 2016) and are currently
mandated in this system (United States District Court for the Northern District of
California San Francisco Division, 2017). Additionally, emergency dilution flows are
mandated at 5 C. shasta spores/L as this density has been quantified as the infective dose
threshold that corresponds to 40% mortality for Coho salmon of the Klamath River
(Hallett et al., 2012). The infection dose (density of spores and genotypes) and infection
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dose threshold are different for different species (Ray et a., 2013). In order to implement
emergency flowsin the Deschutes River, these parameters would need to be defined
through sentinel fish and water sample studies to determine the infective dose for spring
Chinook salmon of the Deschutes River. Additionally, the highest C. shasta densities are
at least 78 rkm downstream of the Reregulating Dam. This distance might affect the
ability of flushing flows to remove polychaetes in the target region of rkm 48-82.

The spatial and temporal distribution of the polychaete host, Manayunkia sp., in
the Deschutes River is not well described but preliminary investigations are underway (J.
Alexander, pers. comm.). Because this host releases the C. shasta spore stages that infect
the salmonid host (actinospores), these data are important for understanding C. shasta
dynamics in the Deschutes River system. | recommend including such datain models to
describe salmonid risk of enteronecrosis as a function of variation in parasite spatia (data
available from 2015-2018), and temporal distribution (data available for parts of 2015-
2018), winter snowpack (USDA; available from 1901-2018), river discharge (USGS;
available from 1928-2018), water temperatures (USGS available from 1950-2018) fish
passage data from PGE (data avail able from 2014-2018). Following the successful
development and validation of correlative statistical models, models could then be
developed for predicting the risk of C. shasta infection for the salmonid species of the
Deschutes River in future water years.

The effects of temperature and discharge on the temporal and spatial distribution of
Ceratonova shasta

The unequal variability of mean C. shasta abundance across the range of values of
temperature and discharge was observed in residua plots of our linear mixed effect
models. While we had strong correlations between our variables, the residual plot results
indicate that additional data should be collected from monitoring sites over several years
before a predictive model can be developed for the effects of water temperature and river

discharge on C. shasta abundance in the Deschutes River basin.
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Unidentified genotype determination

We observed unidentifiable genotypes and mixtures in 10.4% (11/105) of the water
samples spread across both basins, but with different sequencesin each basin. Additional
work, such as novel primer design or cloning, is needed to determine if these sequences

represent previously un-sequenced genotypes of C. shasta or a new Ceratonova species.
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APPENDIX A: DETECTION OF CERATONOVA SHASTA IN ANAL SWABS
AND SALMONID TISSUES THROUGH PCR AND HISTOLOGICAL
ANALYSESAND CO-INFECTION WITH OTHER MYXOZOAN, BACTERIAL,
AND VIRAL PATHOGENS
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ABSTRACT

Ceratonova shasta has been a suspected contributor to juvenile and pre-spawn
mortality in spring Chinook salmon of the Deschutes River since the 1970’s. gPCR of
water samples and histology are an effective paired mechanism for detecting pathogens
related to pre-spawn mortality in adult Chinook salmon of the Willamette River. We
applied these methods in the Deschutes River to indicate contribution of C. shasta and
non-target pathogens to juvenile and pre-spawn mortality in spring Chinook salmon.
While the spatial and temporal distribution of Ceratonova shasta in the Deschutes River
was defined through parasite quantification (QPCR) in water samples (Chapters 2 and 3),
fish tissue sampling at the Round Butte Hatchery and Pelton Ladder was necessary to
ascertain pathogen related disease in the salmonid host. In addition to C. shasta,
pathol ogy associated with Renibacterium salmoninarum and Parvicapsula minibicornis
was observed in juveniles and adult spring Chinook salmon, respectively. Lethal
sampling of salmonids is not always permitted, asis the case at the Warm Springs
National Fish Hatchery (WSNFH). During C. shasta and non-target pathogen surveys
conducted at the Round Butte Hatchery in 2017 and 2018, the use of anal swabs as an
effective sampling technique for C. shasta in adult spring Chinook salmon was tested to
inform potential implementation at the WSNFH. Anal swabs were an effective detection
method for C. shasta (100%) when the swabs had a wooden applicator and were
submerged in 100% ethanol immediately after collection. Although C. shasta was the
most common pathogen that we detected and infections were pathogenic in spring
Chinook salmon, co-infection and associated pathology with other pathogens suggests
that C. shasta is not the sole contributor to juvenile and pre-spawn mortality in the
Deschutes River. However, we recommend continued monitoring of the pathogen

through opportunistic lethal sampling as well as non-lethal detection through anal swabs.
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INTRODUCTION

The myxozoan parasite Ceratonova shasta was first identified as alethal
pathogen to salmonids in the Deschutes River basin in 1965 (Conrad and Decew, 1966).
Since then, significant juvenile and pre-spawn mortalities of Chinook salmon in this
system have occurred (Baker and Lovtang, 2016). Hypotheses that C. shasta was
contributing to these mortalities were assessed through collaborative studies with the
Oregon Department of Fish and Wildlife (ODFW), the Confederated Tribes of the Warm
Springs Reservation of Oregon, and the United States Fish and Wildlife Service
(USFWS) involving water sampling surveys and sentinel fish exposures during 2015 and
2016 to assess prevalence of C. shasta. Theseinitial studies indicated that C. shasta was
abundant in certain locations in the basin and was associated with high mortality in
sentinel juvenile spring Chinook (Vojnovich et a., 2016). These studies also revea ed
that coinfections were common (up to 91%) with pathogens such as C. shasta,
Renibacterium salmoninarum, and fungi in juveniles from the Warm Springs Hatchery
and the Round Butte Hatchery exposed at the Pelton Trap and Oak Springs. In addition to
R. salmoninarum, non-target pathogens to our study might include Tetracapsul oides
bryosalmonae, Parvicapsula minibicornis, infectious hematopoietic necrosis virus

(THNV), and infectious pancreatic necrosis virus (IPNV).

Potential non-target pathogens in the Deschutes River

Renibacterium salmoninarum is the causative agent of bacterial kidney disease.
This pathogen can infect juvenile salmonids at hatcheries. High densities of juvenile fish
at these facilities exacerbates the horizontal transmission of this bacterial pathogen.
While many freshwater pathogenic infections decrease in severity or leave the host
entirely as the salmonid enters the ocean, bacterial kidney disease continues to proliferate
in infected salmonids (Sanders et a., 1992). Due to challenges of effectively managing
this bacterium and the severity of disease that it can inflict, the prevalence of R.
salmoninarum is closely monitored by many state hatcheries including the Round Butte
Hatchery on the Deschutes River.

Tetracapsul oides bryosalmonae is a malacosporean parasite known to cause

proliferative kidney disease (Kent et al., 2000). This pathogen was responsible for adie-
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off of mountain whitefish (Prosopium williamsoni) in the Y ellowstone River during 2017
(Carraro et al., 2018). Due to concern that this parasite could be in the Deschutes River,
spring Chinook salmon kidneys were assayed for this parasite.

Parvicapsula minibicornis infects the kidneys of salmonids and can cause organ
degradation (Kent et a., 1997). Within infected kidney tissues, Parvicapsula
minibicornisislocated in the renal interstitium (Jones et a., 2003), glomeruli, and rena
tubules (Bradford et a., 2010b). Clinical signsinclude breach of glomerular membranes,
eosinophic material in glomeruli (Bradford et al., 2010a), and glomerulonephritis (Foott
et a., 2006). This myxozoan parasite has been detected in the Sacramento, Klamath,
Fraser, and Columbia River basins (Atkinson et al., 2011) and is known to affect Sockeye
salmon populations (Jones et al., 2003; Bradford et al., 2010). Since P. minibicornis
shares a polychagete host with C. shasta, we tested for this parasite in kidneys of
Deschutes River spring Chinook salmon.

The rhabdovirus IHNV and aguatic birnavirus IPNV have nearly global
distribution and can be transferred horizontally or vertically (Dixon et a., 2016). These
viruses can be detected throughout the fish, depending on the mode of viral entry.
Therefore, Oregon hatcheries such as the Round Butte Hatchery test the kidney, pyloric
caeca, spleen, and ovarian fluid of adult salmonids for IHNV and IPNV (AFS-FHS Blue
Book, 2014). IHNV has been detected at the Round Butte Hatchery since 1975 (Mulcahy,
1976). IPNV isroutinely tested for, but has not been detected at Round Butte Hatchery

(ODFW communications).

Anal swabs as a non-lethal detection method in the Deschutes River

The current method for detection of C. shasta in fish involves the collection of
lower intestine from deceased and/or culled fish. While such samples can be obtained
from adult spring Chinook salmon at the Round Butte Hatchery, these methods cannot be
applied at the Warm Springs National Fish Hatchery. Since C. shasta accumulatesin the
lower intestine, we hypothesized that the non-lethal anal swabbing method described by
Fox et al. (2000) could be tested at the Round Butte Hatchery during spawning surveysin
late August of 2017 and 2018 for potential implementation at the Warm Springs National
Fish Hatchery.



117

Ceratonova shasta genotype in salmonid tissue samples

While abundance of C. shasta in water samples as well as prevalence of infection
in tissue samples are important indicators that this parasite is affecting salmonids, the
other consideration is which genotype of C. shasta the saimonid isinfected with. There
are three known primary genotypes of C. shasta: type O, I, and 11. While the genotype-
salmonid host specificity has been determined in the Deschutes River for multiple species
during sentinel surveysin 2010 (Stinson and Bartholomew, 2012; Stinson et al ., 2018),
we sought to reaffirm the presence of C. shasta genotype | in spring Chinook salmon and

describe the genotype that infects Coho salmon of the lower Deschutes River.
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Fish Tissues

Tissue collections — In the collection of both juvenile and adult fish tissues from 2017-
2018, utensils were sterilized by submersion in 10% bleach for one minute and gloved
hands were rinsed in iodine solution between fish (AFS-FHS, 2014).

Kidney and lower intestine samples were collected for histological analysis (29
fish) and molecular analysis (59 fish) as a subsample of the spring Chinook salmon stock
spawned at the Round Butte Hatchery on August 29, 2017. Kidney and lower intestinal
samples were also collected from 60 adults during a spawn at Round Butte Hatchery on
August 28", 2018 for molecular analysis. An anal swab (see below for details) was
collected from each fish at thistime to compare the non-lethal C. shasta assay devel oped
by Fox et a. (2000) with direct tissue sampling. Fish were incised from cloacato pectora
fin during the spawning process, their snouts were collected, and the fish were placed in a
large tub. The most recently deceased salmon was selected for sampling.

Intestines and kidneys were also collected for histology and molecular analysis
from 60 juvenile Chinook at the Pelton Trap on January 23", 2018 by ODFW and April
4™ 2018 by me. On April 4™, juvenile fish were bled, inspected, weighed, measured, and
split ventrally by a crew from the National Oceanic and Atmospheric Association
(NOAA) before tissue samples were taken.

For histology samples, each kidney and lower intestine sample was less than 3
mm thick and fixed in 45 ml of Dietrich’s solution at a minimum 1:10 ratio of tissue to
solution (Fournie et a., 2000). After 72 hours, the fixed tissues were cut to fit cassettes
and suspended in ajar of formalin. Sectioning and staining with hematoxylin and eosin
(H&E) were performed by the Oregon V eterinary Diagnostic Laboratory. Additional 3
mm sections of lower intestine and kidney were excised and preserved in 200 ul of 100%
ethanol in a2 ml tube, then stored at -20 °C for molecular analysis.

In addition to spring Chinook salmon tissues, 61 DNA-extracted and C. shasta-
positive (PCR) lower intestine and kidney samples from Coho salmon were collected
opportunistically from 2014-2018 and sent to us by Ken Lujan (USFWS).

Molecular analysis of fish tissues — Each 3 mm section of lower intestines and kidney

sample collected at the spawns in late August of 2017 and 2018 as well as the juvenile
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fish tissues collected in April 2018 received 180 ul of buffer ATL and 20 ul proteinase K
to break down the tissues for DNA extraction. The samples were vortexed after 10
minutes and placed in arocking incubator set to 37°C overnight (Palenzuelaet. al .,
1999).

Kidneys have more RNA than other tissues that can increase smearing during gel
electrophoresis. Therefore, an RNase treatment was applied to the kidney samples after
overnight incubation. 10 pl of diluted RNase was added to each crude kidney sample
(AFS-FHS, 2014). Either after the RNase treatment or after sitting overnight, all samples
were vortexed and placed in adry heat block set to 85 °C for at least 15 minutes. At this
point, the residual proteinase K had denatured leaving the tubes with extracted DNA.
After DNA extraction, parasite genotype was determined for a subsample of tissues (see
below).

PCR assay for C. shasta was performed with Cs1479F and Cs2067R primersto
amplify ribosomal DNA of C. shasta (Atkinson et a., 2018). The thermocycling program
involved 35 cycles of 95 °C for 3 min, 95 °C for 1 min, 66 °C for 1 min, 72 °C for 1 min.

The kidneys of both juvenile and adult spring Chinook salmon were PCR-tested
for Tetracapsul oides bryosalmonae and Parvicapsula minibicornis. The T. bryosalmonae
assay utilized the primers MALATKS5F and ERIB10 (unpublished, provided by Stephen
Atkinson). The PCR thermocycling program ran for 35 cycles at 95 °C for 2 min, 94 °C
for 20 sec, 58 °C for 1 min, 72 °C for 1:30 min (unpublished, provided by Stephen
Atkinson). The P. minibicornis PCR assay was performed using the PMATK 1f and
PMATK2r primers according to Atkinson et al. (2011).

4 ul of each amplified sample was pipetted into a 1% agarose gel well for
electrophoresis. The gelswere run at 160 mV for 15 minutes then photographed using a
GelDoc-It Imaging System (Analytik Jena). Presence of a~588 base pair (bp) amplicon
is considered a positive indication of Ceratonova shasta. Whereas positive detection of T.
bryosalmonae and P. minibicornis was a ~950 and ~934 bp amplicon, respectively.

As part of their monitoring program, ODFW uses sandwich enzyme-linked
immunosorbent assay (ELISA) to detect R. salmoninarum from salmonid kidneys (AFS-
FHS, 2014). They also take samples of pyloric caecum, kidney, and spleen aswell as
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ovarian fluid to culture for infectious hematopoietic necrosis virus (IHNV) and/or
infectious pancreatic necrosis virus (IPNV) (AFS-FHS, 2014). Results were combined for
more comprehensive screening of pathogens in spring Chinook salmon of the Deschutes
River.

Genotype determination — Ceratonova shasta-DNA from both tissue sample types was
genotyped from 10 spring Chinook salmon and 10 Coho salmon using the PCR process
described above. We estimated DNA yield based on the brightness of band fluorescence
in gel electrophoresis, and used simple dilution of this product for sequencing. Samples
were Sanger sequenced with forward primer Cs1479F at the Center for Genome Research
and Biocomputing (CGRB) at Oregon State University. Sequence chromatograms were
inspected by eye and characterized for genotype based on INDEL and SNP patterns using
BioEdit (Hall, 1999; Atkinson and Bartholomew, 2010). Genotypes O, | or Il were
determined based on a respective number of ATC repeatsin the ITS-1 region (Atkinson
and Bartholomew, 2010; Atkinson et ., 2018).

Round Butte Hatchery anal swabs

Anal swabs were collected during tissue collections at spawning surveys at the
Round Butte Hatchery in late August of 2017 and 2018 from 30 and 48 adult spring
Chinook salmon, respectively. Cotton swabs with a wooden applicator were used to
collect mucus from the anus of each fish. During the 2017 collection, fish were split
ventrally and swabs were inserted into the vent. The swab was briefly swiped on aclean,
pre-labeled microscope slide. This technique was abandoned in 2018 due to an inability
to decipher C. shasta spores from sperm and blood swab contaminants. In an effort to
mimic the collection of anal swabs from live fish, the collection method was revised in
2018 and the anal swab from each adult was taken after the fish was culled but before the
fish was opened and spawned. A numbered tag was placed on the fish, the fish was
spawned according to standard hatchery protocol, and the anal swab samples were linked

to their corresponding tissue samples by the paper tags and |abeled tubes, respectively.

Unlike the method devel oped by Fox et al. (2000) the tips of swabs were broken
off and submerged in a2 ml tube with 200 pl of 100% ethanol. In the lab, the swab tubes

were opened, placed in a heated vacuum centrifuge, and the ethanol evaporated. Using a
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crude extraction protocol (Palenzuelaet al., 1999), 180 ul of ATL buffer and 20 pl of
proteinase K was added to each tube. These tubes were vortexed, and incubated overnight
at 37°C. For full degradation of proteinase K, the tubes were incubated for an additional
25 minutes at 85°C. The samples were assayed for C. shasta by PCR directly after this
step or stored at -20°C.

Warm Springs National Fish Hatchery anal swabs

The Warm Springs Nationa Fish Hatchery staff collected 47 anal swabs from
spring Chinook salmon in the Warm Springs River during 2017 and 17 anal swabsin
2018. These samples were posted to OSU. In 2017, the swabs used had cotton
applicators. In 2018, cotton swabs with wooden applicator tips were used. The swabs

were not submerged in ethanol either year.

RESULTS

All 59 adult hatchery fish sampled at Round Butte Hatchery on August 30", 2017
tested positive for C. shasta by PCR of tissue samples (Table A.1.). However, only 78%
(46/59) of the anal swabs taken from the same fish were PCR-positive. Myxospores were
not detected visually because the samples were dominated by blood and sperm. In 2018,
100% of the 60 adult hatchery spring Chinook salmon were positive for C. shasta by
PCR of tissue samples. With the modified system of collecting anal swabs post-cull but
pre-spawn, 100% of the 48 anal swabs detected C. shasta. Despite extracting anal swabs
using the same process outlined for the Round Butte Hatchery, amplification of C. shasta
from swabs collected at the Warm Springs National Fish Hatchery did not occur in 2017
or 2018.

Histological examination of 10/29 of the adult spring Chinook salmon collected in
2017, revealed myxospores and presporogonic forms of C. shasta contributing to
deterioration of the lower intestine. The mucosal epithelium was completely sloughed
off, leaving an internal negative space between the mucosal epithelium and the basal
layer of the lower intestine (Figure A.2). Presporogonic forms of C. shasta were also
observed in the 8/10 kidney slides from this cohort.
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Kidneys and lower intestines of five juvenile spring Chinook salmon (sampled on
April 4™ 2018) that were PCR-positive for C. shasta in both organs were selected for
histology. Presporogonic forms of C. shasta were observed in histological sections of the
lower intestines of the five juvenile spring Chinook salmon collected in 2018. Juvenile
samples ranged in severity from mild (grade 2) to moderate (grade 3) (Bartholomew et
al., 2004). Mild signs of pathology included inflammatory foci surrounding parasites but
not mucosal damage or necrosis. Moderate signs are observed as inflammatory and
necrotic foci, parasites and necrotic cellsin the lumen, and slight sloughing of the
mucosal epithelium.

Sequence analysis of C. shasta infections in the intestines of juvenile spring
Chinook salmon (3) as well asthe kidneys (3) and lower intestines (4) revealed only
genotype I. In contrast, only type 1l was detected in the lower intestines of the ten Coho
salmon (Table A.2).

Parvicapsula minibicornis was detected by PCR in 76% (45/59) of kidney
samples collected from adult spring Chinook salmon at the Round Butte Hatchery on
August 30", 2017. Of the 29 histology subsamples, 8 of those were positive for P.
minibicornis by PCR and inspected for pathology related to the parasite (Figure A.3).
Presence of the parasite in glomeruli and mild glomerulonephritis was observed in all
eight tissue samples. Using the scoring system outlined by Dolan et al. (2016) these
clinical signstransated to moderate pathol ogy.

Tetracapsul oides bryosalmonae was not detected by PCR in kidney tissues of
adult or juvenile spring Chinook salmon in 2017 or 2018. Prevalence of infection with
viruses and R. salmoninarum were provided by collaborators at ODFW. Renibacterium
salmoninarum was detected at alow prevalencein 2017 and 2018 adults (0.1-1%,
respectively), however, in 2018, 16.7% of juvenilestested positive. Infection of R.
salmoninarum in juveniles was a so detected by visualization of gross pathology
including granulomatous-like lesions on the kidney (Richards et al., 2017). Viruses were
not detected in adult tissuesin 2017, but 13% tested positive in 2018 for IHNV. Fish
were not assigned a specific identifier for the R. salmoninarum or IHNV assays.

Therefore, we do not have information on which fish had dual infections with these
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pathogens and C. shasta. While the Round Butte Hatchery routinely tests for IPNV, it has
not been detected. Summaries of these pathogen assay results and tissue collection dates
are provided in Table A.1.
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FIGURE A.2: Lower intestines fixed with Dietrich’s and stained with
hematoxylin and eosin, and visualized at 400x collected from adult spring
Chinook salmon on August 29", 2017 from the Round Butte Hatchery.
Healthy adult spring Chinook salmon (upper). Necrotic lower intestine with
presporogonic forms (black arrows) and myxospores (red arrow) of
Ceratonova shasta. Lumen (L) and areas of sloughed epithelium (S) have
been highlighted.
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L FIGURE A.3: Kidneys fixed with
W& @ By Dietrichs fixative, stained with
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TABLE A.1: Summary of 2017 and 2018 C. shasta (Cs), P. minibicornis (Pm), T.
bryosalmonae (Tb), R. salmoninarum (Rs) and viral (Infectious hematopoietic necrosis
virus (IHNV), and infectious pancreatic necrosis (IPNV)) assay results for juveniles
and adult spring Chinook salmon at the Round Butte Hatchery. Results provided by
ODFW in gray text.

Cs Cs Pm Th Rs IHNV, PNV
Tissue | Lower And Kidneys  Kidneys Kidneys Kidneys,
intestines  swabs spleen,
pyloric caeca
Method | PCR PCR PCR PCR ELISA  Culture
Juveniles
1/23/18 | 27.5% ND ND ND ND ND
(8/28)
4/4/18 | 58% ND 0% 0% (0/60) 16.7% ND
(35/60) (0/60) (10/60)
Adults
8/30/17 | 100% 78% 76% 0% (0/59) 0.01% 0% (0/210)
(59/59) (46/59)  (45/59) (5/468)
8/28/18 | 100% 100%  70% 0% (0/60) 1% 13% IHNV
(60/60) (48/48) (42/60) (4/412)  (20/154)
0% IPNV

Table A.2: Summary of Deschutes River fish tissues genotyped for Ceratonova shasta

Soecies Collection Location Life Condition  Tissue Samples Genotype
Date stage genotyped
spring | 08/30/17 Round Butte Hatchery Spawned  Kidney 3/56 Typel
Chinook Hatchery Adult
salmon
spring | 7/13/18- Round Butte Hatchery Pre-spawn  Lower 4/8 Typel
Chinook | 08/27/18 Hatchery Adult mortality  Intestine
salmon
spring | 4/4/18 Round Butte Hatchery Pre- Lower 3/60 Typel
Chinook Hatchery Juvenile  release Intestine
salmon
Coho | 10/21/15  Warm wild Survey Lower 3/5 Typell
salmon Springs R Adult Capture Intestine
Coho | 12/08/15 Buckhollow  Hatchery Survey Lower 2/5 Typell
salmon Creek Adult capture Intestine
Coho | 12/10/15 Buckhollow  Hatchery Survey Lower 11 Typell
salmon Creek Adult Capture Intestine
Coho | 11/08/17 Warm Wwild Survey Lower 1/1 Typell
salmon Springs R Adult capture Intestine
Coho | 11/14/17  Warm wild Survey Lower 3/8 Typell
salmon Springs R Adult capture Intestine
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DISCUSSION

Of the six salmonid pathogens that were tested for in juvenile and adult spring
Chinook salmon of the Deschutes River, we detected four. These included the myxozoan
parasites C. shasta and P. minibicornis, the bacterium R. salmoninarum and the virus
IHNV. However, IPNV and the myxozoan T. bryosalmonae were not detected.
Ceratonova shasta was most prevalent, infecting al fish groups tested (at 27.5 — 100%).
Myxospores were observed in the lower intestines of adult spring Chinook salmon and
presporogonic forms were detected in the lower intestines of juvenile spring Chinook
salmon. In either life stage, sloughing of the mucosal epithelium was observed by
histology and these infections were confirmed to be genotype | (Table A.2).

Infection of juvenile spring Chinook salmon by C. shasta as early as January 23",
2018 is concerning, but not surprising, as these juveniles are reared at the Round Butte
Hatchery and the Pelton Ladder for a year before their release in late March/early April.
The beginning of the infective period of C. shasta in the Deschutes River has been
observed between 6.9 — 8.6 °C (Ratliff, 1981). The temperature was 7.1 °C on January
23" and the range of water temperatures at the Pelton Trap (below the Round Butte
Hatchery) during the winter of 2017 were between 6.6 and 9.0 °C. In addition to water
temperatures conducive to parasite proliferation during winter, juvenile Sockeye salmon,
adult Steelhead, adult Fall Chinook salmon, and resident trout also over winter in the
Deschutes River (Chapter 3) and potentially contribute myxospores during this time.
From what we know about degree daysin the Klamath River (Ray et a., 2012), it is
possible that C. shasta could be completing its life cycle during the winter monthsin the
Deschutes River.

The use of anal swabs as a nhon-lethal sampling technique for C. shastaisless
effective than PCR of lower intestines, but more effective than microscopy alone (Fox et
al., 2000). With the modification of submerging anal swabs in ethanol, this method was
also successful at detecting C. shasta from 100% (48/48) of adult spring Chinook salmon
that were positive for C. shasta by PCR of lower intestines at the Round Butte Hatchery
on August 28", 2018. During anal swab collection at the Warm Springs Hatchery, the
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swabs used had cotton applicators that soaked up extractable liquid in 2017. In 2018,
cotton swabs with wooden applicator tips were used. Swabs were not submerged in
ethanol during 2017 or 2018 collections. Despite extracting anal swabs using the same
process outlined for the Round Butte Hatchery, amplification of C. shasta from swabs
collected at the Warm Springs National Fish Hatchery (WSNFH) did not occur in 2017 or
2018. The addition of 200 ul of 100% ethanol to the anal swab protocol at the WSNFH
will likely bolster the efficacy of the assay.

The lower intestine samples of Coho salmon sent to us by USFWS were not
candidates for histology because they were in the form of extracted DNA. Therefore,
severity of infection could not be determined, but we were able to sequence genotype I 1.
Thisresult is complimentary to the previously observed genotype-host specificity of C.
shasta and Coho salmon (Hurst and Bartholomew, 2012; Stinson et al., 2018).

Severe P. minibicornis infections associated with pre-spawn mortality of Sockeye
salmon in the Fraser River include glomerulonephritis and presence of the parasitein
renal tubules (Jones et a., 2003). These results were observed in all eight of our histology
samples from spring Chinook salmon collected at the Round Butte Hatchery on August
30", 2017. Co-infection with C. shasta, another suspected contributor to pre-spawn
mortality was observed in al histology samplesinfected with P. minibicornis.

Parvicapsula minibicornis and its effects on Sockeye salmon have been well
studied in the Fraser River where the prevalence of infection is between 47-100% (St-
Hilaire et al., 2002). Klamath River studies of this parasite revealed clinical disease signs
in juvenile Chinook salmon as well as a similar spatial and temporal distribution pattern
to C. shasta (Bartholomew et al., 2007; Foott et al., 2007). While detections in the
Klamath River were not associated with mortality, fifteen different genotypes of P.
minibicornis have been identified anong five basins along the west coast of North
Americafrom British Columbiato Northern California which exhibit geographic and
salmonid host specificity (Atkinson et a., 2011). In the Deschutes River, P. minibicornis
was detected by PCR but not observed by histology in glomeruli of four Deschutes River
Sockeye salmon in 2002 (Jones et a., 2004). We observed Parvicapsula minibicornis and
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associated glomerulonephritis in the glomeruli of all adult spring Chinook salmon
inspected by histology (8/29) at the Round Butte hatchery in 2017. The severity of
infection observed may warrant further exploration of this parasite in the Deschutes
River.

Co-infections of C. shasta and R. salmoninarum of juvenile spring Chinook
salmon (Table A.1; Vojnovich et a., 2016), the stress associated with hatchery rearing,
(Barton et a., 1986; Olsen et al., 2005) and high winter temperatures at the hatchery may
all be contributing to low survival of juveniles before they even leave the hatchery. The
immune systems of returning adult spring Chinook salmon are compromised due to
energetics associated with migration which, among other things, are associated with the
degradation of the mucosal epithelium (Dolan et al., 2016). Co-infections of C. shasta
and P. minibicornis may exacerbate the physiological stress associated with migration
leading to an increase in pre-spawn mortality. Based on our observance of co-infections
through molecular and histological analyses, we cannot conclude that C. shastais the
sole pathogenic contributor to low returns of Deschutes River spring Chinook salmon.
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