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This study investigated how the deployment of juvenile Chinook salmon in ambient river conditions and the subsequent
exposure to and infection by pathogens was associated with the changes in the expression of genes involved in immune
system functioning, general stress and host development. Juvenile fish were deployed in sentinel cages for 21 days in the
Sacramento River, CA, USA. Gill, kidney and intestinal tissue were sampled at 0, 7, 14 and 21 days post-deployment. Pathogen
detection and host response were assessed by a combination of molecular and histopathological evaluation. Our findings
showed that fish became infected by the parasites Ceratonova shasta, Parvicapsula minibicornis and Ichthyophthirius multifiliis,
and to a lesser extent, the bacteria Flavobacterium columnare and Rickettsia-like organisms. Co-infection was common among
sentinel fish. Expression of investigated genes was altered following deployment and was often associated with pathogen
abundance. This study provides a foundation for future avenues of research investigating pathogens that affect out-migrating
Chinook salmon in the Sacramento River, and offers crucial knowledge related to conservation efforts.
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Introduction (Johnson et al., 2015; Sofonea et al., 2017; Chapman et al.,

2021; Teffer et al., 2022). This role can also be dynamic as
Exposure to pathogens (disease-causing organisms) can play rapid environmental changes disrupt the host-pathogen rela-
an important role in salmon ecology and population health  tionships for salmon, affecting pathogen species composition,
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host immune responses and overall animal performance
(Altizer et al., 2011; Evans et al, 2011). For example,
while many opportunistic pathogens may be endemic in a
watershed, diseases may only manifest when other factors,
such as poor environmental conditions, first compromise the
salmon host’s ability to fight infection (Miller ez al., 2014).

The epidemiological triad of host—environment-agent is
the core concept used to describe how these three factors
interact and determine disease dynamics (Dicker et al., 2006).
Research on these interactions, however, has often focused
on a single pathogen at a time or only looked at a single
point in time. Many times, salmon are exposed to multiple
pathogens, and these multiple exposures may synergize and
not result in simple additive effects on the host. While it
is suspected that co-infection from multiple pathogens has
important consequences for host response (Sofonea et al.,
20135; Sofonea et al., 2017), predicting outcomes of multiple
exposures remains challenging.

The health condition of a salmon prior to exposure relates
to its ability to mount an immune response to prevent, control
and eliminate pathogens. For many fish species, the gill serves
as a primary entryway for pathogens (Teffer and Miller,
2019); however, the mucosal immune system of a healthy fish
also provides protection against pathogens via an array of
interacting innate and adaptive immune cells and molecules
(Gomez et al., 2013). Therefore, gene expression, as measured
from salmon gill biopsies, can indicate whether a fish is
responding physiologically to pathogen infections and the
magnitude of that response (Connon et al., 2012; Jeffries et
al., 2014; Teffer et al.,2017). However, gills being an external
organ are not reliable indicators of systemic infections. In fish,
the kidney is a major lympho-haematopoietic organ (Zapata
et al., 2006) and is routinely sampled in fisheries pathology
procedures with the intent to determine the extent of systemic
infection (Bjergen and Koppang, 2022).

Pacific salmon populations have declined across their
ranges due to overexploitation, habitat loss, reduced prey
availability and pathogens (Rand, 2002; Ruckelshaus et al.,
2002; Kent, 20115 Bass et al., 2022). Central Valley fall-run
Chinook salmon (Oncorbynchus tshawytscha), the focus of
this study, has been designated as a ‘species of concern’ by
National Oceanic and Atmospheric Administration (NOAA),
necessitating extensive research to quantify and understand
factors threatening their survival (Buchanan ez al., 2018).
During out-migration, Central Valley fall-run Chinook
salmon may be exposed to a range of pathogens that can affect
growth, development, distribution, behaviour and predation
risk for individual survival (Myrick and Cech 2001, 2004).

Two salmon pathogens of particular concern in the Sacra-
mento River, which are often detected at a juvenile fish
monitoring station near the Red Bluff Diversion Dam (RBDD)
(Foott et al., 2017) and elsewhere (Mauduit et al., 2022), are
the myxozoan parasites Ceratonova shasta and Parvicapsula
minibicornis. Ceratonova shasta invades salmon via the gill,
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then migrates to the target tissue (Bjork and Bartholomew,
2010); how P. minibicornis enters salmon is unknown. Cer-
atonova shasta primarily infects the salmon intestinal tract,
but can also infect other tissues, while P. minibicornis pri-
marily infects the kidney. Research comparing the abun-
dance of C. shasta, P. minibicornis and gene expression pro-
files from gill biopsies following 14-day exposures in the
Sacramento River further found that the copy number of
pathogens were correlated with a significant upregulation
of a proinflammatory response gene (SAA, Mauduit et al.,
2022). However, Mauduit et al. (2022) only focused on
two pathogens detected in gill tissue during a 14-day expo-
sure, and there has been limited research related to other
pathogens known to exist in the system (Lehman et al.,
2020).

The goals of this study were to build upon the findings
from prior research in the Sacramento River and further char-
acterize pathogen infections and gene regulation in sentinel
juvenile Chinook salmon. The specific objectives were to (1)
assess weekly changes in the prevalence and abundance of
pathogens in the tissue of fish over the course of a 21-day
exposure to river conditions at the RBDD site, (2) characterize
patterns in gene regulation in both gill and kidney tissues over
this same time and (3) identify associations between measured
levels of pathogen exposure and expression of immune, stress
and development-related genes to develop a clearer picture of
salmon health.

Materials and Methods

All fish care and protocols were reviewed and approved by
the University of California, Santa Cruz Institutional Ani-
mal Care and Use Committee, protocol no. Danim1911.
We used fall-run Chinook that were spawned at Coleman
National Fish Hatchery (CNFH; near Anderson, CA, USA)
and raised at the NOAA Southwest Fisheries Science Center
(SWFSC) in Santa Cruz, CA, USA. Juvenile fall-run Chi-
nook salmon (mean fork length£+SD, 7.54+0.5 ¢cm; mean
mass = SD, 4.6 +0.9 g) were transported to the deployment
location in rotomolded coolers and monitored regularly to
maintain ~13.6°C and dissolved oxygen >90% during trans-
port.

Sentinel fish were deployed for 21 days in May 2020. We
chose this period of the year, fish of this size and length
of deployment to align with the life history of fall run in
the Sacramento River. Fall-run Chinook salmon emerge from
gravel from December to March and migrate to the ocean
from March to July, at a size of approximately 8 cm (Fisher,
1994). While it is difficult to know how long fish are rearing
near the RBDD, and while this likely varies as a function envi-
ronmental conditions and fish origin (i.e. wild vs hatchery),
data collected from acoustic tagging programmes (CalFish-
Track; https://oceanview.pfeg.noaa.gov/CalFishTrack/) of hatchery


https://oceanview.pfeg.noaa.gov/CalFishTrack/
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Figure 1: Map of the study area and fish facilities—CNFH, RBDD and
the SWFSC.

fish have recorded residence time as long as 25 days, while
the majority were observed to spend less than 7 days in this
section of the river.

Fish were held in cylindrical cages (diameter, 50 cm; height,
80 cm; N =3 cages; 54 fish per cage) at the RBDD (Fig. 1).
Cages were constructed with a welded steel rod skeleton, with
4-mm plastic drainage mesh covering the bottom and sides,
and a 6-mm-mesh polyester netting covering the tops of cages,
to allow food, such as drifting invertebrates, to enter and
exit. All cages were suspended from the water surface using
flotation devices and were fastened to the RBDD such that
cages were not directly downstream from each other. Of the
fish deployed, 95% were recovered, with the remainder lost
and assumed to escape or die and decompose rapidly.

Seventy-five juvenile Chinook salmon were sampled for
molecular analysis: Fish were sampled prior to deployment
at the SWFSC facility and used as reference samples on
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Day 0 (N=15), and at 7, 14 and 21 days post-deployment
(dpd) at the RBDD site (N =20; six to seven fish per cage).
Immediately after euthanization, gill, kidney and intestinal
tissue were collected and preserved in RNAlater before being
transported at ambient temperature to the corresponding
laboratory. Gill and kidney samples were stored at —80°C at
the University of California, in Davis, on arrival, while the
intestine samples were shipped to Oregon State University.
On Day 21 (the endpoint of the study), an additional 20 fish
that were separate from samples for molecular analysis were
collected for histopathological assessments.

Prior to extraction, gill and kidney tissues were indepen-
dently homogenized using a Qiagen TissueLyser LT (Qiagen,
Valencia, CA, USA). A QIAcube system 230 V (Qiagen)
was used to extract genomic DNA (gDNA), and total RNA
from gill and kidney tissues using the DNeasy Blood and
Tissue Kit (Qiagen) and RNeasy Plus Mini Kit (Qiagen),
respectively, according to the manufacturer’s recommenda-
tions. Extracted gDNA and RNA were assessed for quality
(A260:280 and A260:230 ratios) and concentration (ng ul™")
using a NanoDrop ND1000 spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, DE, USA). Integrity of RNA
was assessed by electrophoresis on a 1% w/v agarose gel.
A QuantiTect Reverse Transcription Kit (Qiagen) was used
to synthesize cDNA from 1 ug of total RNA following the
manufacturer’s protocol, with the exception that reaction
volumes were scaled to a final volume of 40 ul. Fish intestine
samples were digested using a modified ‘boiled-crude’ method
of Palenzuela et al. (1999): incubation at 56°C for 1-2 h with
180-ul buffer ATL (Qiagen) and 20-ul proteinase K to digest
tissue, followed by heat denaturation at 85°C for 15 min,
then dilution 1:100 prior to amplification in polymerase chain
reaction (PCR).

Probe-based quantitative PCR (qPCR) was used for the detec-
tion and quantification of eight pathogens (four parasites and
four bacteria) known to cause disease in salmon (Table 1).
Custom TagMan gene expression assays were designed for
the gene expression portion of this study. Published TagMan
assays were sourced from Miller et al. (2016) and from
Panangala et al. (2007). gPCR consisted of 6-ul TagMan
Environmental Master Mix 2.0 (Thermo Fisher Scientific),
0.9 uM each primer, 0.25 uM probe, 5-ul template gDNA
and nuclease-free water to a total volume of 12 ul. Plasmids
corresponding to each pathogen (Eurofins Genomics LLC,
Louisville, KY, USA) were used to create standard curves for
assay quality control and assurance. All DNA samples were
amplified in 384-well plates in a QuantStudio7 Flex Real-
Time PCR System (Real-time PCR Research and Diagnostics
Core Facility, University of California, Davis), with 10-fold,
serially diluted plasmid standards. All reactions were tested in
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Table 1: Pathogens screened for by quantitative polymerase chain reaction analyses in juvenile fall-run Chinook salmon (sourced from Miller et

al., 2016)

triplicate, those with Ct <40 (fluorescence in at least two out
of three wells) were considered positive; samples where two
or more wells had an undetermined Ct (>40) were below the
detection limit of the assay and interpreted as negative, under
amplification conditions: 2 min at 50°C; 10 min at 95°C;
followed by 40 cycles of 15 s at 95°C, and 1 min at 60°C.
Fluorescent signals were analysed using QuantStudio Design
and Analysis Software v2 (Thermo Fisher Scientific). While
copy number per nanogram of gDNA is not directly compara-
ble to pathogen abundance (except in the case of single-copy
genes in a bacterium or virus; reviewed by Chapman et al.,
2021), the results for each pathogen in gill and kidney were
represented by copy number per nanogram of gDNA, here-
after referred to as pathogen abundance. Extracted intestine
gDNA was assayed solely for C. shasta ITS-1 rDNA region
using conventional PCR described in Atkinson ef al. (2018).
Amplicons were visualized by gel electrophoresis, and PCR
result was given as negative and positive.

Gene expression

We examined the expression of 11 genes linked to stress,
development and immunological responses, some of which
have been the focus of recent pathogen research on salmonids
(Bjork et al., 2014; Jeffries et al., 2014). Quantitative reverse
transcription PCR was used to examine the gene expression
profile in gill and kidney tissues (Table 2). Primers for each
gene were either designed using Primer3 software from
National Center for Biotechnology Information (NCBI)
sequences or retrieved from published literature and synthe-
sized by Integrated DNA Technologies (Coralville, IA, USA).
Standard curves were generated using cDNA synthesized
from pooled RNA. Each qPCR was in a final volume of
12 pl: 6 ul of 2X PowerUp SYBR Green Master Mix (Applied
Biosystems, Foster City, CA, USA), 0.4 uM of the respective
forward and reverse primers and 5 ul of cDNA, and RNase
free water to volume. All measurements were performed in
triplicate on 384-well plates using the QuantStudio7 Flex
Real-Time PCR Systems together with QuantStudio Design
and Analysis Software v2. The cycling conditions were 50°C
for 2 min, 95°C for 2 min, followed by 40 cycles of 95°C

for 15 s, 55°C for 15 s and 72°C for 1 min. A dissociation
curve analysis was performed at 95°C for 15 s, 60°C for
1 min and 95°C for 15 s with each run to confirm specificity.
Gene expression data were normalized to the mean of three
reference genes, RPL7, Actf and GAPDH, and presented
relative to reference fish, sampled at Day 0. Quantitative
cycle is reported as the geometric mean of assay triplicate, and
relative expression of target genes was determined using the
2-84% method (Livak and Schmittgen, 2001) and is presented
as logy transformed fold change.

Histopathology

At 21 dpd, one-gill filament, posterior kidney tissue and 3—
6 mm of the distal small intestine were fixed in Davidson’s
fixative for 48 h, then stored in 70% ethanol for 24 h before
being processed into 5-um paraffin sections and stained with
haematoxylin and eosin (Humason, 1979). Each resulting
slide was examined blindly, at both low (x40) and high
magnification (x400), and each fish received a score based
on an initial tissue examination. Histological ratings for C.
shasta in intestinal tissue and P. minibicornis in kidney tissue,
the parasites’ primary infection sites, were graded on a scale
of 0 to 2, with 0=no parasites, 1= parasite present in the
respective tissue but with minimal inflammatory changes
and 2 = multifocal lesions associated with the parasite infec-
tion. Ceratonova shasta 2 rating of intestine refers to lam-
ina propria hyperplasia, necrotic epithelium/sloughing and
necrotic muscularis. Parvicapsula minibicornis 2 rating of kid-
ney refers to interstitial hyperplasia, necrotic interstitium or
tubule, interstitial granuloma, glomerulonephritis and protein
casts within the glomeruli or tubules.

Statistical analysis

We used a non-parametric Kruskal-Wallis to test whether
pathogen abundance changed in sentinel fish over the course
of the study (i.e. from 0, 7, 14 and 21 dpd) (Kruskal and Wal-
lis, 1952). We applied a significance threshold of alpha =0.05
after adjusting for multi-hypothesis testing using a false dis-
covery rate as outlined by Benjamini and Hochberg (1995).
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Table 2: Biomarkers of host immunity, stress and reference genes that were evaluated using quantitative polymerase chain reaction analyses in

Reference

juvenile fall-run Chinook salmon

Abbreviation

2Primer sequences developed in-house. See Supplementary Table S1 for details.

Pathogen abundance data were analysed as logy transformed
values to detect changes that occurred over an order of
magnitude.

To test for associations between pathogen abundance in
tissues and gene expression, we used linear regression and
model selection based on Akaike information criterion (AIC)
(Burnham ez al., 2010). Specifically, we hypothesized gene
expression would be associated with pathogen abundance,
exposure duration or both pathogen abundance and expo-
sure duration. For each gene and each tissue (i.e. gill and
kidney), we built four candidate models, where the outcome
of interest in all models was expression of a particular gene,
represented as log; transformed fold change so that we could
evaluate changes in gene expression that doubled. Model
1 (the global model) included the covariates of pathogen
abundance and exposure duration and the interaction of the
two as we assumed the effect of one may be dependent on
the other. Model 2 only included the covariate pathogen
abundance,and Model 3 only included the covariate exposure
duration. Model 4 (the null model) assumed no relation to
pathogen abundance or exposure duration. To select the most
parsimonious model describing the relationship between gene
expression and covariates, we used AIC corrected for small
samples size (AICc) (Burnham et al., 2010).

As we observed multiple pathogens in each tissue but
wanted to constrain the number of regression analyses con-
ducted, we calculated a summary pathogen abundance metric
by summing abundance (i.e. copy numbers) for all pathogen

species detected in each sample. This cumulative pathogen
abundance covariate was analysed as log1o transformed val-
ues. Exposure duration was represented as 0, 7, 14 and
21 dpd. For interpretation, only the candidate model with the
lowest AICc score was used. All analyses were performed in
R (version 4.3.1; R-CoreTeam 2023).

Results

Pathogen prevalence and abundance

Prevalence and pathogen abundance varied for each pathogen
and across sampling points, but both tended to increase
over time. Of the eight pathogens screened, three parasites
(C. shasta, P. minibicornis and Ichthyophthirius multifiliis)
and the bacteria Flavobacterium columnare and Rickettsia-
like organism (RLO) were detected in fish deployed at
RBDD (Fig. 2). Gill and kidney were negative for all assayed
pathogens in reference fish sampled at Day 0.

Ceratonova shasta and P. minibicornis were the most fre-
quently detected pathogens, with 100% prevalence (20/20)
at 7, 14 and 21 dpd for gill tissue and 14 and 21 dpd for
kidney tissue. Abundance of C. shasta and P. minibicornis also
increased significantly by 7 dpd when compared with 0 dpd
in the gill and by 14 dpd in the kidney [Fig. 2A, B; Supple-
mentary Table S2]. In the kidney, P. minibicornis continued to
increase to the endpoint of the study at 21 dpd compared with
14 dpd. Detection of C. shasta in the intestine as measured by
conventional PCR was relatively consistent with the detection
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Figure 2: Bar plots of pathogen prevalence (bars, primary y-axis) overlaid with jitter plots of pathogen abundance (dots, secondary y-axis) in
juvenile fall-run Chinook salmon at four sampling events (0,7, 14 and 21 dpd) at RBDD in gill and kidney tissues. Lowercase letters denote
significantly different (P < 0.05) ranks, and whisker plots represent mean abundance +2 standard error from the mean.

in the kidney (Supplementary Fig. S1). In the intestine, positive
samples were detected in 85% of samples (17/20) by 7 dpd,
followed by 100% (20/20) at 14 and 21 dpd.

The additional pathogens detected (I. multifiliis, F
columnare and RLO) were often near or below 50%
prevalence over the duration of the study, with pathogen
abundance staying relatively stable at different time points.
Prevalence of I. multifiliis increased above 50% by 14 and
21 dpd in gill tissue, and abundance was also significantly
higher during this time compared with 0 dpd, while
both prevalence and abundance in kidney tissue remained
relatively low during the duration of the study (Fig.2C).
Both E columnare and RLO were detected in gill and kidney
by 7, 14 and 21 dpd. However, there were no differences in
pathogen abundance, nor in prevalence in gill and kidney
between reference fish at Day 0 and RBDD-deployed fish at
7,14 and 21 dpd (Fig. 2D, E, respectively).

Results using model selection indicated that proinflam-
matory, anti-inflammatory, adaptive, general stress and
development-related genes were associated with either
pathogen abundance and/or exposure duration at varying
levels over the course of the study (Fig. 3, Supplementary
Tables S3-S13). For nearly all genes where the best supported
model was other than the null model (i.e. where an association
was found), a trend in gene upregulation was observed, except
for downregulation in a stress-related gene (HSP47).

Upregulation of pro-inflammatory genes was most often
associated with pathogen abundance (Model 2), and this was
most often in the gills (TNFa, IL-18, IL-8) as opposed to
the kidneys (IL-6). Two additional pro-inflammatory genes
were most associated with exposure duration (Model 3) in the
kidney (TNFa) and with pathogen abundance and exposure
duration (Model 1; global model) in the gill (SAA). Upreg-
ulation of the anti-inflammatory gene IL-10 was associated
with pathogen abundance and exposure duration in the gills,
but only exposure duration in the kidneys. The other anti-
inflammatory gene measured (TGFB) was associated with
pathogen abundance and exposure duration in both gills
and kidneys. Adaptive genes (IgT in the kidney and IgM
in the gill) were associated with pathogen abundance and
exposure duration, while upregulation of IgM in the kidney
was associated with only pathogen abundance. A general
trend of downregulation of the stress-related gene (HSP47)
was associated with both pathogen abundance and exposure
duration in the gill and only with pathogen abundance in the
kidney. Exposure duration was associated with upregulation
of the development-related gene BDNE.

The explanatory power of the regression models as
assessed by R* was highest for the association between the
upregulation of the anti-inflammatory gene IL-10 in both
gill and kidney tissues (i.e. R*=0.80 and 0.83, respectively).
The model relating downregulation of the stress-related
gene HSP47 in the gill and the model relating upregulation
of the pro-inflammatory gene IL-6 in the kidney also had
relatively high explanatory power of R*=0.71 and R*=0.51,
respectively. The remainder of associations often explained
much less of the variation in the data (i.e. R? < 0.30).
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Figure 3: Gene expression in juvenile fall-run Chinook salmon at four sampling events (0, 7, 14 and 21 dpd) at RBDD in gill and kidney tissues
presented as log; fold change for the gene panel outlined in Table 2. Predictions from the best supported linear regression models (colour
coded) are plotted over the gene expression data for situations where the best supported model was not the null model, with the explanatory

power (R?) of a given model printed.

By 21 dpd, the prevalence values of C. shasta in the intes-
tine and P. minibicornis in kidney samples were 95% and
100%, respectively. Most (89%, 17/19) of these infections
were deemed light and were accompanied by minimum to
no histological signs of inflammation (rating 1). Trophozoites
of P. minibicornis were detected in low numbers in kidney
glomeruli, associated with mild glomerulonephritis (Fig. 4A)
with 20% being classified as being in a diseased state (rating
2 =4/20). Trophozoites of C. shasta were observed within the
lamina propria and kidney granulomas in four fish, but there

was no inflammation or enteronecrosis in the intestinal tissue
(Fig. 4B).

Discussion

This study characterized pathogen infections, the expression
of immune, stress and development-related genes, and the
association between pathogens and gene expression in sen-
tinel juvenile fall-run Chinook salmon exposed to ambient
conditions on the Sacramento River. Our findings indicate
that (1) fall-run Chinook salmon are exposed to multiple
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Figure 4: Haematoxylin and eosin-stained histological sections of juvenile fall-run Chinook salmon at 21 dpd, arrows: (A) trophozoites of C.
shasta within lamina propria (space is an artefact of processing), (B) trophozoites of P. minibicornis within glomerulus with a moderate degree of

glomerulonephritis. Scale bars=10 um.

pathogens when out-migrating from the Sacramento River,
and (2) that gene regulation patterns were often associated
with pathogen abundance. Importantly, this study observed
that both 100% prevalence for two pathogens of concern
and changes in gene regulation occurred at least as early as
7 dpd in gill tissues with similar trends as early as 14 dpd
in kidney tissues. These gene expression findings suggest that
fall-run Chinook salmon are infected with, and responding
to, pathogens while out-migrating from the Sacramento River,
but these also highlight that further work is needed to better
connect pathogen infection risks to out-migration success.

Pathogens

We found that sentinel Chinook salmon in the Sacramento
River in spring are exposed to multiple pathogens able to
cause infection and subsequent disease. Specifically, sentinel
fish over a 21-day period at RBDD were primarily infected by
three parasites: the myxozoans C. shasta and P. minibicornis
and the ciliate I. multifiliis; and to a lesser extent, two
bacteria: E columnare and RLO. While we only discuss the
three most prevalent pathogens (C. shasta, P. minibicornis
and I. multifiliis) herein, future efforts are needed to better
understand the synergistic and/or antagonistic outcomes of
co-infection.

Previous studies elsewhere in the Pacific Northwest
have also identified that salmon likely encounter multiple
pathogens during their freshwater life stages (Jeffries et al.,
2014). More regionally, a study lower downstream on the
Sacramento River recently reported 100% prevalence of C.
shasta and P. minibicornis in gills of Chinook salmon exposed
for a 14-day period (Mauduit et al., 2022), and multiple
years of data collection at our study site has documented
frequent C. shasta and P. minibicornis infection in naturally
out-migrating salmon (Foott ez al., 2017). Our results align
with these findings and add additional information suggesting
that infection may occur as early as 7 dpd. What remains
unknown, however, is how these co-infections will impact
the ultimate out-migration survival of Chinook salmon.
Research on the dynamics between salmon and exposure

to multiple pathogens at a point in time is ongoing (Sofonea
et al., 2015), and further investigations are needed to gain
deeper insights into the interactions and consequences for
salmon populations. Incorporating pathogen transmission
and disease dynamics into population models of salmon
survival is one approach that may improve our understanding
of salmon heath in systems such as the Sacramento River and
should be explored.

For C. shasta and P. minibicornis, the two most preva-
lent pathogens, detection in gill samples collected at 21 dpd
aligned with histopathology and intestine PCR results at
21 dpd in that all had a prevalence of detections at or near
100%. It is important to note, however, that the presence of
specific pathogens in fish tissue does not always imply dis-
ease establishment and progression, especially for pathogens
that are ubiquitous in the environment. A combination of
molecular and histopathological approaches is necessary to
determine pathological significance, but still, this may not
address all questions around health outcomes from exposure
studies. For example, histology indicated that most fish in our
study were in an infected but not diseased state. It is unknown
if the infected fish we observed would have transitioned into
a diseased state over time, or if they would have cleared the
infection. Adding additional complexity to the interpretation
of pathogen detection is that there are three genotypes (0, I,
and II) of C. shasta, and only genotype I can cause disease
in Chinook salmon (Bartholomew ez al., 2022). Unpublished
data from our group screening environmental water samples
from the Sacramento River have primarily detected genotype
I by sequencing, and histology results from this study sup-
port this finding. Overall, the integration of molecular and
histopathological methods, coupled with a comprehensive
understanding of pathogen genotypes and their biological
significance, will contribute to a more accurate understanding
of disease impacts.

The third most frequently detected pathogen in this
study was I. multifiliis, a protozoan that has been detected
worldwide, but with no published detection in the Sacramento
River (Dickerson, 20125 Lehman ef al., 2020). Throughout
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the Pacific Northwest, I. multifiliis has most often been
documented during pre-spawn disease outbreaks in adult
salmon (Traxler et al., 1998; Belchik et al., 2004). Risk
factors for infection include low river discharge (Bodensteiner
et al., 2000) and elevated water temperature (Karvonen
et al., 2010). During our study period, water temperature
did not rise above 17°C, and there was a large increase in
river discharge from a natural precipitation event just prior to
deploying fish followed by a trend in increased discharge over
time associated with water management actions (Supplemen-
tary Fig. S2). Therefore, river conditions may have reduced
the risk of I. multifiliis. However, we must also consider that
the detection of I. multifiliis based on gill sampling used in
this study was an underestimate of true prevalence, as this
pathogen primarily infects the skin tissue of fish (Buchmann,
2020). Therefore, future studies should evaluate the utility of
collecting swabs over the skin of salmon to detect I. multifiliis.

Gene expression patterns in sentinel salmon revealed that
fish exposed to ambient river conditions were responding to
environmental conditions during deployment (see heat map;
Supplementary Fig. S3). While this study only focused on
pathogens, there are other stressors (e.g. contaminants, water
temperature and even other pathogens not included in our
panel) that may be associated with these expression patterns.
Therefore, the findings from this work should be grounded
within this context. However, our results do indicate that a
portion of the gene expression observed was associated with
the pathogen abundance. Furthermore, based on pathogen
copy numbers alone, the majority of these associations appear
to be driven by the top three pathogens (C. shasta, P. minibi-
cornis and 1. multifiliis) detected in this study as they made up
the majority of the pathogen abundance metric used to assess
the association (Supplementary Figs S4 and S5). These asso-
ciations highlight the potential impact of pathogens on the
physiological state of salmon and emphasize the importance
of considering pathogen-related stressors when assessing the
overall health of these populations.

Among the genes measuring pro-inflammatory processes,
all five examined were found to be upregulated and associated
with pathogen abundance in either gill or kidney tissue. In
gill samples, the expression of four pro-inflammatory genes
(TNFe, IL-18, SAA and IL-8) was positively correlated with
pathogen abundance, whereas in kidney samples, only one
pro-inflammatory gene (IL-6) was positively correlated with
pathogen abundance. This more frequent association in gill
samples could be due to the gill serving as a primary entryway
for many pathogens and represent immune-related cells that
are produced at the pathogen entry site, controlling the ability
of phagocytes to eliminate invading pathogens by driving
inflammatory signals (Bose and Farnia, 1995). Of the genes
associated with pathogen abundance in the gill, SAA had the
highest explanatory power (R?=0.36). The upregulation of
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SAA in correlation to pathogen abundance was also observed
by Mauduit ez al. (2022) for C. shasta and P. minibicornis and
may indicate that this gene is a good candidate for linking
gene expression to C. shasta and P. minibicornis exposure
in the Sacramento River. The only pro-inflammatory gene
associated with pathogen abundance in the kidney was IL-
6, which had relatively high explanatory power (R*=0.51).
Upregulation of IL-6 was not predicted to occur until 14 dpd,
which is similar to the timeline reported from gill samples in
Bjork et al. (2014) (12 dpd) where Chinook were experimen-
tally exposed to C. shasta. Why upregulation of IL-6 was not
observed in gill tissues for this study is puzzling, but differ-
ences between tissue gene expression have been observed else-
where (Hurst et al., 2019). Overall, this dataset demonstrates
elevation of the inflammatory response of salmon deployed
in the Sacramento River over the course of the study, which
may have had detrimental effects on individuals impacted by
inflammation.

The strongest association between pathogen abundance
and gene regulation was observed for the anti-inflammatory
gene IL-10 in the gill (R? =0.80). Excessive IL-10 is regarded
as a critical biomarker following pathogen infections in fish,
where moderately controlled IL-10 expression levels indicate
recovery, and overproduction is associated with severe infec-
tion (Gorgoglione et al., 2013; Bailey ez al., 2017). In the
gill, IL-10 stabilized following upregulation at 7 dpd and
may therefore indicate recovery from infection. The pattern
of IL-10 in the kidney, however, showed a persistent rise over
the study period, but was most parsimoniously explained by
the exposure duration model. Further investigation into the
model selection revealed that the exposure duration model
was only 1.2 times (AAICc=0.38; Supplementary Table S8)
more parsimonious based on evidence ratios (Burnham and
Anderson, 2004) than the global model that also included
the pathogen abundance term. To put this into context,
the global model for gill tissue and IL-10 was over 15000
times (AAICc=19.29; Supplementary Table S8) more parsi-
monious than the pathogen only model. Therefore, it may
be that the pattern of IL-10 in the kidney was responding
to pathogen exposure, but that the exposure duration model
was only slightly more parsimonious. Considering that prior
work in salmonids often (Bjork ez al., 2014; Holzer et al.,
2021), but not always (Hurst ez al., 2019), find significant
upregulation of IL-10 following infection from myxozoans
and that both myxozoans were detected at 100% prevalence
at 14 and 21 dpd, it seems plausible these patterns are in part
due to infection.

Adaptive immune response genes (IgT and IgM) were also
associated with pathogen abundance in sentinel salmon. Prior
work exploring antibody response in salmon and myxozoan
infection (the two main pathogens found in this study)
remains unresolved but generally observed that fish suscepti-
ble to infection to have less upregulation of IgT and IgM com-
pared with resistant fish (Barrett e al., 2021; Bartholomew
et al.,2022). Recently however, Taggart-Murphy et al. (2021)
unexpectedly observed that IgT and IgM were upregulated in
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intestinal tissue in susceptible rainbow trout as early as 7 days
post-exposure and suggested that in acute high mortality cases
the immune response, while mounted, may be insufficient
or be too late to protect the host. As previously discussed,
the Chinook salmon in our study are susceptible to the C.
shasta genotype observed in the study system. Therefore,
upregulation in gill and kidney tissues observed in this study
appears to align with that by Taggart-Murphy ez al. (2021) in
that an immune response was mounted but did not protect the
host as indicated by histopathological screening at 21 dpd.
What remains unknown is whether the fish in our study
would have cleared the infection if given more time or if
the immune response would have been unsuccessful and
mortality would have occurred.

Pathogen abundance was also able to describe the reg-
ulation of a heat stress gene (HSP47) in both the gill and
kidney (R*=0.71 and 0.48, respectively). Prior research mea-
suring heat stress and immune genes has observed both to be
correlated in thermally stressed salmon, but typically in the
upregulation direction (von Biela et al., 2020) We observed
immune genes to be upregulated out to 21 dpd, while heat
stress was upregulated 7 dpd followed by downregulation 14
and 21 dpd. To put this finding into context, temperatures at
RBDD were within the tolerance range of Chinook salmon
(Poletto et al., 2017), but fish did experience higher mean
temperature at 7 dpd than at 0 dpd (Supplementary Fig. S2).
Therefore, it appears there was initial heat stress in the study
population at 7 dpd, but that this stress did not continue past
the first week of exposure. Had temperatures continued to
increase over the course of the study, we may have observed
greater pathogen abundances as many pathogen—host pro-
cesses are temperature dependent (Chapman et al., 2021).

A significant gene expression pattern that was associated
with exposure duration, but not associated with pathogen
abundance, was the upregulation of the development-related
gene (BDNF) in the kidney. Similar to IL-10 in the kid-
ney, however, the exposure duration model was only 1.95
times (AAICc=1.33; Supplementary Table S13) more par-
simonious than the model than included pathogen abun-
dance, and these results should be interpreted with this in
mind. Expression of BDNF in kidney tissue has recently been
reported to be associated with nephropathy (Tao ez al., 2018),
and it has been further proposed as a biomarker for glomeru-
lar kidney injury (Endlich ez al., 2018). Considering that the
model with pathogen exposure was nearly as parsimonious
as the exposure duration model, the significant upregulation
of BDNF in the kidney of deployed juvenile salmon could be
a biomarker of kidney tissue damage, given histopatholog-
ical observation of kidney tissue damage associated with P.
minibicornis in a subset of histopathology samples.

Conclusion

Infectious diseases will remain a conservation issue as
climate change continues to reshape host-environment—
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agent dynamics in the Sacramento River and elsewhere
(Karvonen et al., 2010). To be able to predict the trajectory
of these dynamics, we will require tools outlined in this
study as well as others. For example, while we were able
to observe an association between the immune response of
salmon and pathogen abundance and tie this to histologically
observed infection states, we were not able to observe the
survival outcome of fish due to lethal sampling. Future
work should merge non-lethal sampling methods employed
in this study with observational-based approaches used to
assess out-migration survival to characterize the impact of
pathogen exposure more clearly on salmon population health
as in Jeffries et al. (2014). Additionally, while our study
focused on common pathogens in Chinook salmon, it did
not cover all pathogens or additional stressors. Therefore, as
mentioned previously, changes in gene expression could have
been linked to other pathogens and/or anthropogenic factors
(e.g. contaminants) necessitating cautious interpretation of
the current findings. Inferences from this study were also
hampered as the temporal trends of pathogen abundance
represent a group-level effect and may not be accurate for
individual fish as we did not follow the same fish over time.
Lastly, gene expression data were normalized to reference fish
sampled at 0 dpd instead of using corresponding time point
controls.

The Sacramento River is a diverse system with four runs
of Chinook salmon that exhibit a suite of life histories and
can inhabit all parts of the river at different life stages (Fisher,
1994). Our study focused on a single run (fall run) and
life stage (smolt) and found evidence that pathogens were
associated with host immune function. To better understand
the consequences of this pathogen—immune association across
the salmon lifecycle, we recommend the implementation of a
system- and life stage-wide research programme. This pro-
gramme would include routine surveillance for pathogens
throughout the system with sentinel and wild fish studies that
would culminate in data synthesis effort that is integrated
within existing fish monitoring programmes. A monitoring
and data synthesis programme that builds on the methods and
findings outlined here will allow for a more holistic picture
of salmon conservation by improving our understanding of
one of the many stressors, pathogens, affecting salmon pop-
ulations, and enhance our ability to recover declining salmon
populations in California.
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