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Abstract
1.	 Anadromous Atlantic salmon (Salmo salar) populations have declined across their 

Southern distributions in North America. While river temperature has been iden-
tified as a central factor influencing migration behavior and over-winter survival, 
little research has addressed the prevalence of infectious agents in wild Atlantic 
salmon populations. Further, current understanding of how temperature may in-
teract with fish condition to influence infection outcomes in the wild is limited.

2.	 The objective of this research was to characterize the change in individual condi-
tion and pathogen dynamics as salmon acclimatized to the freshwater environ-
ment during the spawning migration. Serial individual sampling (non-lethal gill 
biopsy and microwave fatmeter readings) was accomplished by repeated capture 
and release of 27 marked individuals, which revealed how lipid content, infectious 
agent prevalence and relative loads, and stress and osmoregulatory transcripts 
changed during the initial month of their annual spawning migration.

3.	 Relative infection burden (a composite metric representing the overall patho-
gen profile) and transcription profiles were modeled with freshwater residency, 
river temperature, and lipid content. Infectious agents Tetracapsuloides bry-
osalmonae, Candidatus Branchiomonas cysticola, Flavobacterium psychrophilum, 
Paranucleospora theridion, and Piscichylamidia salmonis were detected in the 
population. Relative infection burden and microbial pathogen species richness in-
creased over the course of the study.

4.	 Water temperature and time since fresh water entry were related to salmon tran-
scriptional response, but not relative infection burden, highlighting the metabolic 
cost associated with warming temperatures and dynamic nature of pathogen in-
fection profiles in migratory fish species.

5.	 This work is the first to provide a comprehensive screening of microbial pathogen 
species in wild Atlantic salmon in the region, and the first to employ a unique 
study design that facilitates serial sampling without imposing holding stress. The 
high prevalence and relative load of T. bryosalmonae observed may demonstrate 
increased exposure to transmission pathways as a result of migratory barriers or 
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1  | INTRODUC TION

Infectious agents are ubiquitous across ecosystems and species, yet 
very little is known about their natural distributions and prevalence 
in wild populations (Walton et al., 2016). This is particularly true for 
aquatic organisms because outbreaks and disease related mortality 
events are not easily observable. Typically, it is not until major mor-
tality events occur that infectious agents are studied (e.g. whirling 
disease Myxobolus cerebralis; Nehring and Walker 1996). Migratory 
species in particular present a major challenge for understanding dis-
ease dynamics because of their typically large distributions, complex 
life-histories, and use of multiple environments (Altizer et al., 2011). 
As a result, there is comparatively little known about infectious dis-
ease ecology in populations of migratory animals (McVicar,  1997; 
Miller et al., 2014).

Atlantic salmon (Salmo salar) populations have experienced 
a marked decline throughout the majority of its range over 
several decades, and conservation efforts limiting harvest 
have had little impact (Forseth et al., 2017; ICES, 2020; Parrish 
et  al.,  1998). Despite numerous hatchery programs, moratori-
ums on fishing, and habitat restoration, populations in Atlantic 
Canada, including those that were previously considered sta-
ble, have experienced unprecedented decline (ICES,  2020). 
While clear links between temperature and marine survival 
have been identified in Pacific salmon (Siegel & Crozier, 2019), 
factors that mediate Atlantic salmon survival remain poorly 
understood (Russell et  al.,  2012; Soto et  al.,  2018). Recent 
work suggests environmental conditions associated with the 
freshwater phases of Atlantic salmon life-history play a much 
larger role in marine survival than previously thought (Gregory 
et  al.,  2019). For anadromous species already facing demand-
ing physiological changes related to changes in osmoregulation, 
the metabolic cost imposed by warming water temperatures 
may induce changes in energy allocation. At the same time, en-
vironmental stressors, including increased temperature, have 
been demonstrated to negatively impact fish immune function 
and increase infectious disease outbreaks in fishes (Adlard 
et  al.,  2015; Snieszko,  1974). Increased temperature can also 
influence the proliferation and development of infectious 
agents through both direct (e.g. shorter generation times) and 
indirect (e.g. changes in vector abundance) pathways (Adlard 
et  al.,  2015), further complicating potential outcomes of in-
creased water temperatures. The effects of infectious agents 
are now being considered as a potential factor influencing 
population declines, however the majority of this research ad-
dresses transfer of specific infectious agents from aquaculture 

facilities to wild populations (reviewed in Lafferty et al., 2015; 
Olivier, 2002) rather than investigating infectious agent preva-
lence and loads in wild populations. As a result, researchers are 
not able to make comparisons over time or predict how changes 
to environmental conditions and species distributions may im-
pact infectious agent infection dynamics and consequent wild 
fish survival.

While experimental studies address fine-scale responses 
of host/pathogen systems to increasing temperatures (e.g. 
Strepparava et al., 2018), in situ studies are required to understand 
how multiple factors interact to influence infectious agent com-
munities and host condition in wild fish. A protocol for assessing 
the presence and relative load of infectious agents has recently 
been developed using high-throughput molecular nanofluidic qPCR 
(Miller et al., 2016). This platform can assess host gene expression 
in numerous biomarkers simultaneously to characterize transcrip-
tion profiles, as well as the presence and productivity of infectious 
agents as determined by RT-qPCR amplification (Miller et al., 2014). 
This protocol has been used to better understand infectious agent 
community dynamics within and between populations (Bass 
et al., 2017), investigate shifts in genetic profiles associated with 
shifts in salinity and smoltification (Houde, Schulze, et  al.,  2019) 
and temperature (Jeffries et  al.,  2012; Teffer et  al.,  2019), and 
characterize genetic profiles indicating the early stages of disease 
development and viral infection in salmonids (Miller et al., 2017). 
This screening technique requires only a small amount of tissue, 
facilitating non-lethal and repeated sampling in wild salmon and 
allowing the investigation of natural changes to infectious agent 
communities and host response in the face of environmental and 
anthropogenic pressures (Bass et  al.,  2017; Jeffries et  al.,  2012; 
Miller et al., 2014).

This study sought to characterize the progression of adult 
Atlantic salmon condition and infectious agent prevalence and 
relative loads during up-river migration. Using a Fisheries and 
Oceans Canada counting fence as a barrier to migration, Atlantic 
salmon were intercepted and returned to the downstream side of 
the fence to create a naturalized in-river holding area. Study fish 
underwent repeated non-lethal sampling to quantify the devel-
opment of infectious agent prevalence across time along with the 
relative load, host transcriptional profiles, and fat content for a 
period of 32 days before fish were passed upstream to continue 
migration to spawning grounds. Our objectives were to (a) to de-
termine infectious agents present in the population; (b) assess 
changes in infectious agent burden and salmon condition over 
time spent in freshwater; (c) assess relationships between in-river 
temperature and infectious agent burden; and (d) characterize the 

elevated susceptibility to infection during spawning migrations in anadromous 
species.
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relationship between infectious agent burden and host transcrip-
tional profiles.

2  | METHODS

Twenty-seven anadromous Atlantic salmon were intercepted 
at a Fisheries and Oceans Canada (DFO) counting fence at 
the Campbellton River enumeration facility in Campbellton, 
Newfoundland, Canada during the up-river migration after ocean 
feeding between 16 June and 20 July 2017. The Campbellton River 
Atlantic salmon population is a small population (total count of 2,751 
grilse and 226 large salmon in 2016; Fisheries and Oceans 2017) that 
is not augmented by hatchery stock. All salmon included in the study 
were maiden one sea winter fish, also termed grilse, which make up 
a vast majority of individuals in this population and are easily iden-
tifiable by size class (Downton et  al.,  2001). The fence is located 
approximately 150 m up-river from the estuary and beyond tidal in-
fluence as a result of the system's relatively high grade in the lower 
reach. The river below the counting fence is high flow and made 
up of large boulder riffles and several smaller pools, approximately 
1.5 m depth at the deepest areas. On the first day of the study, fish 
were individually dip netted out of the counting trap, transferred 
to an aerated cooler, and walked approximately 100 m down river 
to a release site (Figure  1). Here, they were quickly sampled for 
2 × 2 mm of gill tissue from the second gill arch on the left side of 
the fish. Gill tissue has been demonstrated to be transcriptionally 
responsive to both environmental stressors and infectious agents 
(Miller et al., 2014), and for use in non-lethal pathogen screening in 
salmonids (Teffer & Miller, 2019). Samples were immediately trans-
ferred to RNAlater® in 1.5 ml microtubes using sterilized tools. An 
anterior and posterior muscle lipid measurement was taken with a 
Distell microwave Fatmeter Sensor (Fish Fatmeter Model-FM 692, 
Distell) as per manufacturer's instructions, and fish were tagged 
with unique identification codes using highly visible white Floy® 
spaghetti tags for clear identification of tagged fish. The counting 
fence trap is video monitored and includes a live-stream to a cabin 
adjacent to the fence. The gate to the trap is connected to a switch 
in the cabin that remotely closes the fence, or it can be shut manu-
ally at the fence. Consequently, we were able to monitor the trap for 
tagged fish and immediately process individuals observed to enter 
the trap. The sampling process was repeated each time a tagged fish 
entered the counting fence trap during the study period (32 days). 
Microtubes containing gill samples were transferred to 4°C for 24 hr 
and then frozen at −20°C prior to transfer to −80°C and shipped to 
the DFO Molecular Genetics Laboratory in Nanaimo, BC on dry ice 
for analysis.

The microwave fatmeter was used to take a measurement 
along the anterior and posterior of the fish's body (Crossin & 
Hinch,  2005) and the measurements were subsequently aver-
aged to yield a single fat content estimate at each sampling event. 
Water temperature was obtained from a monitoring station lo-
cated at the counting fence approximately 0.5 m below the water 

surface at the time the fish was sampled. All fish handling was 
conducted under Animal Care Protocol 101057 issued to Carleton 
University, and Fisheries and Oceans Canada Scientific Collection 
Permit NL-3235-16.

2.1 | RT-qPCR to quantify infectious agent 
loads and salmon biomarker expression

Gene expression and infectious agent prevalence and relative loads 
were examined in gill tissue collected from study salmon using high-
throughput qPCR on the Fluidigm BioMark Dynamic Array™ Gene 
Expression platform. All assays were run on isolated RNA after ex-
traction, purification, normalization, and amplification. TaqMan™ as-
says used in screening were designed to target microbe RNA to allow 
identification of RNA viruses and microparasites in active states. 
Consequently, qPCR quantification represents infectious agent pro-
ductivity rather than absolute quantification, described hereafter 
as relative load. Details on sensitivity and specificity of each assay, 
sequence sources, and repeatability of the following RNA extrac-
tion, normalization, targeted amplification, and final HT-RT-qPCR 
using this platform are outlined in the Canadian Science Advisory 
Secretariat validation of disease screening in salmonids (Miller 
et  al.,  2016). To determine what infectious agents were present 

F I G U R E  1   Schematic of study site at the Campbellton River, 
Newfoundland
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within the sample population, a subset of amplified product from all 
samples was pooled and screened for the presence of 46 infectious 
agents found in both marine and freshwater environments (Table 1). 
Based on this initial screen, all positively detected agents were in-
cluded in the final assay panel, and selected host biomarkers were 
added (Table 2). Infectious agent assays were run in duplicate against 
each sample, while biomarkers were run as singletons. Assays with 
efficacies <80% were considered failed and removed from analy-
sis. All samples were processed as per methods outlined in Miller 
et al. (2016) and Teffer et al. (2017).

In brief, RNA extraction was completed using mechanical 
abrasion in a MM301 mixer mill (Restch Inc.) and Tri-reagent™ 
followed by addition of 1-bromo-3-chloropropane and purified 
using Magmax™-96 Microarrays Kits on a Biomek FXP auto-
mated liquid handler. Purified RNA quantity and quality was as-
sessed using a Beckman Coulter DTX 880 Multimode Detector 
and sample RNA concentrations were normalized to 62.5 ng/µL. 
RNA was then converted to cDNA using SuperScript® VILO™ 
DNA synthesis kit (Life Technologies) following manufacturer's 
instructions. Specific amplification of target transcripts was per-
formed using primer pairs corresponding to all assays using 1x 
TaqMan Pre-amp MasterMix as per manufacturer's instructions 
(Applied Biosystems). Unincorporated primers were removed 
using Exo-SAP-IT™ (Affymetrix) and sample was diluted 1:5 with 
DNA suspension buffer. The effect of this pre-amplification step 
on final quantification has been investigated thoroughly and was 
not found to influence the interpretation of results (for exten-
sive detail see Miller et al., 2016). The resulting sample material 
and assays were loaded directly on to Fluidigm 96.96 Dynamic 
Array™ integrated fluidic circuit chip for qPCR. 5:1 serial dilu-
tion of pooled sample was used to track biomarker efficiency, 
while combined serial dilutions of artificial construct controls 
for infectious agent sequences with known copy number were 
added to the Dynamic Array last and used to track efficiency of 
each assay on each run. Artificial construct controls contained 
an extra probe to track potential contamination (see Miller 
et  al.,  2016). A series of negative processing controls for RNA 
extraction, cDNA synthesis, and pre-amplification were also in-
cluded, as well as a pooled positive control sample of all samples 
used in the study.

Cycle threshold (Ct) is reported for each biomarker assay using 
relative expression in the form of 2−ΔΔCt using the averaged expres-
sion of three housekeeping genes and the Ct value of a pooled control 
sample (Livak & Schmittgen, 2001). Infective agents are presented 
as relative load by subtracting the observed Ct value from the total 
PCR cycles for each qPCR run (i.e. 40-Ct). Infective agents were only 
considered detected if their Ct was above the assay-specific limit 
of detection (LOD; 95% level of confidence) as described in Miller 
et al. (2016), and detected in both duplicate samples. If an infective 
agent was known to be in the sample population based on detections 
above the LOD and detected within an individual in subsequent sam-
ples, visual assessment of amplification curves was used to confirm 
positive detections below the LOD.

An index of relative infection burden (RIB) was used to sum-
marize the infective agent load and diversity of agents detected 
within each individual for each sample. Using this index, both high 
loads and common and rare pathogens contribute to the burden as 
follows:

where the relative load of ith infectious agent Li is divided by the 
maximum load for that agent observed within the population (i.e., 
L maxi), and then summed across all agents found in the sample.

2.2 | Statistical analysis

Each fish was sampled at any point it was captured in the counting 
fence during the 32 day study period. Consequently, samples range 
from one to six per individual. To visualize changes in infectious 
agent relative loads and fat content over time, line plots for each in-
dividual by study day were constructed. For all subsequent analyses, 
the study was broken into three periods to facilitate data reduction 
techniques without pseudoreplication. Period 1: tagging; period 2: 
8–20 days from release; and period 3: 21–32 days from release. In 
cases where more than one sample from an individual fell within the 
same period (n = 11), only the last sample within a period was in-
cluded in analyses. Not all fish were sampled in each study period.

R statistical software version 3.6.1 was used for all data analy-
sis and visualizations. Data were analyzed by constructing statisti-
cal models according to each specific research question. Changes 
in fat content and RIB across study periods was assessed inde-
pendently by repeated measures ANOVA. Change in infectious 
agent species richness was tested by chi-squared test of indepen-
dence. To investigate whether temporal variation and fish con-
dition was related to RIB, a generalized mixed effect model was 
constructed with RIB as the response and fat content, tempera-
ture (log transformed), study period, and their interaction as fixed 
effects, and fish id as a random effect. Nonmetric multidimen-
sional scaling with Bray-Curtis dissimilarity distances with 95% 
confidence ellipse centered on study period was used to visualize 
patterns in expression of 49 immune, stress, and osmoregulatory 
associated genes across the three time periods. Significance of 
separation of transcription profile was investigated using Analysis 
of Similarity (ANOSIM), and the relationship of RIB, temperature, 
and fat content was run to visually assess global trends in gene 
expression using the Envfit functions using the vegan package (ver-
sion 2.5-6; Oksanen 2015). To model transcriptional responses to 
fish condition, infection dynamics, and temperature within each 
study period, permutational multivariate analysis of variance using 
based on Bray-Curtis dissimilarity matrices was used (adonis func-
tion in vegan). This function performs a permutated MANOVA to 
investigate the variation in matrices attributable to specified fac-
tors. Ordinations based on biomarker expression for all genes were 

RIB =

m
∑

i∈m

Li

Lmaxi

,
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modeled with temperature, fat content, relative infection burden, 
and infectious agent species richness, with study period included 
as a constraining strata for permutations. Heat maps of biomarker 
expression within each study period were constructed to further 
investigate gene-specific associations with each factor.

3  | RESULTS

On average, displaced salmon re-entered the fish counting trap 
after 11.7 days, with a range of 0.17–28 days between entries. Fish 

remained in good external condition with no visible abrasions, how-
ever demonstrated morphological changes typical of migratory 
salmon, primarily darkening from bright silver to darker brown to-
wards the end of the study. Based on data collected by DFO fence 
staff, all fish survived for the duration of the study and continued 
migration up-stream after being passed through the counting fence. 
Study fish were observed holding in freshwater areas downstream 
of the fence, moving between higher flow areas and deeper pools. 
It is unknown if any individuals fell back to the marine environment 
in between sampling events. River temperatures were variable and 
ranged from 13.1°C to 21.7°C with an average of 17°C (Figure  2). 

F I G U R E  2   Water temperature of the 
Campbellton River over the course of the 
study represented as daily average (black), 
maximum (red), and minimum (blue). 
Average temperature for samples taken 
from Atlantic salmon for gene expression 
and infectious agent screening during 
each study period are indicated by vertical 
dashed lines

F I G U R E  3   line plots of infectious agent relative loads from individual adult Atlantic salmon collected from the Campbellton River in 
Newfoundland, Canada. Each fish was externally tagged with an identification code and released downstream of a counting fence after 
each sample. Samples were opportunistically taken over the course of 32 days study period when fish re-entered a passive trap. Each line 
represents an individual fish (n = 27), with each point as a sample (1–6 per individual). Dashed line represends the 95% confidence limit of 
detection for each assay

0

10

20

0 10 20 30
study day

re
la

tiv
e 

lo
ad

 (4
0−

C
t)

Flavobacterium psychrophilum

0

10

20

30

0 10 20 30
study day

Candidatus Branchiomonas cysticola

0

10

20

0 10 20 30
study day

re
la

tiv
e 

lo
ad

 (4
0−

C
t)

Tetracapsuloides bryosalmonae

0

10

20

0 10 20 30
study day

Paranucleospora theridion

0

10

20

0 10 20 30
study day

re
la

tiv
e 

lo
ad

 (4
0−

C
t)

Piscichlamydia salmonis



2096  |     CHAPMAN et al.

A total of 70 samples from 27 grilse were included in analysis: 26 
unique samples from individual fish were included in the first study 
period (samples taken at initial release, with one excluded due to low 
RNA yield), 21 in the second, and 17 in the third. All but two salmon 
screened positive for the presence of infectious agents upon initial 
sampling, and both of those individuals tested positive in subsequent 
samples. Infectious agents present in the sample population included 
the bacteria Candidatus Branchiomonas cysticola (associated with 
epitheliocystis) and Flavobacterium psychrophilum (causative agent of 
bacterial coldwater disease), and parasites Paranucleospora theridion 
(associated with proliferative gill disease), Piscichlamydia salmonis 
(associated with proliferative gill disease), and Tetracapsuloides bry-
osalmonae (causative agent of proliferative kidney disease; Table 1). 
Prevalence and relative loads of infectious agents increased through-
out the duration of the study (Figure 3), reflected by increases in rich-
ness and RIB (X2 = 18.037, p = 0.0210; repeated measures ANOVA 
F2,40.2  =  12.223, p  <  0.0001; Figure  4). Species richness per host 
ranged from 0 to 4 species, and relative infection burden ranged 
from 0 in uninfected individuals to 3.04 in the most burdened indi-
vidual (Figure 5). Ca. B. cysticola was the most prevalent infectious 
agent, present in 92% of fish at the beginning of the study, followed 
by F. psychrophilum. Co-infection was common among fish sampled; 
69% of fish screened positive for two or more infectious agents upon 
initial sampling and co-infection increased to 100% of the population 
in study periods 2 and 3 (Figure 4). The most drastic change in preva-
lence and relative load was seen in the myxozoan T. bryosalmonae, 

where the prevalence increased dramatically over the course of the 
study. In comparison, Ca. B. cysticola prevalence and load remained 
relatively consistent, while F. psychrophilum demonstrated a clear in-
crease during study period 2. Finally, fat content decreased on aver-
age for all individuals (F2,37.9 = 32.563, p < 0.0001; Figure 5). Mixed 
effect models found RIB to be significantly related to fat content but 
not in-river temperature or study period (Table 3).

Gene expression profiles were dissimilar among study periods, 
with a significant separation observed between initial sampling and 
subsequent samples in study periods 2 and 3 (ANOSIM R = 0.27; 
p  <  0.001; Figure  6). Differences in gene expression within each 
study period were significantly associated with river tempera-
ture and not associated with lipid content or RIB (Table 4). Genes 
positively correlated with temperature were not specific to any 
single functional group, and the temperature effect was insignif-
icant during the first study period. Transcriptional response over 
time suggests an up-regulation in genes associated with stress and 
immune function (hsp90a, MMP13, IL-15 and IgMs), and a down-
regulation of genes associated with viral disease response (Mx, 
RSAD, DEXH, IFI44a), oxygen transport (HBA), and transcriptional 
regulation of protein biosynthesis (EEF2; Figure 7a). Transcriptomic 
response to river temperature was strongest in study period 2, when 
the average temperature upon sampling was 19.8 C (Figure  7b). 
Strong positive correlations were observed in the thermal stress as-
sociated molecular chaperones HSP90a and PDIA4. Innate immune 
associated inflammatory cytokine IL-15, inflammatory regulators 

F I G U R E  4   Infectious agent relative load, prevalence, and overall species richness from Atlantic salmon non-lethal gill tissue samples 
taken from spawning migrants in the Campbellton River, Newfoundland
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MMP13 and MMP25, and genes associated with adaptive immu-
nity including the immunoglobulin IgT and T-cell stimulating kinase 
ZAP70 and associated TCRa receptor as well as antigen CD8a were 
positively correlated with temperature. Observed relationships 
shifted in study period 3, where temperature was more consis-
tently associated with stress and osmoregulatory transcripts, how-
ever, observed correlations were not as strong as in study period 
2. Expression of transcription factor EEF2, hemoglobulin compo-
nent HBA, ribosomal protein RPL6, and sodium potassium ATPase 
component NKA-a3 were negatively associated with temperature, 
while molecular chaperones HSP90ab1, HSP90a and PDIA4, struc-
tural protein Tuba1a, and transcription factor JUN were positively 
correlated with temperature. Negative association with tempera-
ture were seen in inflammatory cytokines IL-17D and IL-15 and ri-
bosomal protein RPL6. Individual genes were only associated with 
RIB in study period 3, predominantly represented by weak positive 
correlations of HBA, MHC1, and osmoregulatory sodium-potassium 
ATPase isoforms (Figure 8).

4  | DISCUSSION

This study was the first to assess temporal changes in infectious 
agent dynamics and broad scale transcriptional response in free-
ranging migratory adult Atlantic salmon. Increase in relative infec-
tion burden, infectious agent richness, and decrease in fat content 
are consistent with previous work on migratory adult salmon upon 
freshwater re-entry (Jonsson, Jonsson, & Hansen, 1991, 1997; Miller 
et al., 2014). Infectious agents observed were known to be endemic 
to the region and have been detected in wild salmon in previous re-
search (Kambestad, 2019; Starliper, 2011; Sterud et al., 2007; Teffer 
et al., 2020), however the prevalence of T. bryosalmonae observed 
was extremely high compared to recent work on Atlantic salmon in 
North America and Greenland (Teffer et al., 2020) and a potential 
association with rearing facilities should be further investigated.

4.1 | Fish condition and infectious agent 
communities

Decreased fish condition, reflected in fat content, is linked to meta-
bolic shifts associated with energy allocation in adult salmon dur-
ing spawning migrations (Bombardier et al., 2010). Migratory adult 
Atlantic salmon cease feeding upon re-entering freshwater. As a re-
sult, survival is dependent on available energy stores to be adequate 
to support up-river migration, gonadal maturation, spawning behav-
ior, over-winter survival, and subsequent out-migration (Jonsson 
et  al.,  1991). Considering that investment in defense against in-
fectious agents may reduce fecundity (Baalen,  1998), and the low 
probability of survival post spawning, down-regulation of immune-
associated transcripts is a potential tradeoff that reallocates en-
ergetic resources towards reproduction and survival. Significant 
decreases in body condition and lipid reserves are related to the 
onset of anorexia and freshwater residency (Bombardier et al., 2010; 
Kadri et al., 1995), limiting the energy available for cellular mainte-
nance and immune functions. This strategy is similar to that used 
by semelparous species (e.g. Pacific salmon; Bass et al., 2019) how-
ever may leave individuals more vulnerable to opportunistic infec-
tion. Increase in infectious agent species richness during exposure 
to freshwater is typical of migratory salmonids, but the decrease in 
F. psychrophilum observed in some individuals may indicate more im-
mune activity than what is observed in semelparous species, where 
F.  psychrophilum typically increases with time in freshwater for 
Pacific salmon (Bass et al., 2017; Teffer et al., 2017).

The increase in within-host infectious agent species richness ob-
served over the course of the study corresponds to an increase in 
co-infection over the course of freshwater residency. The order in 
which infectious agents infect a host can determine the outcome 
of infectious agent-host interactions due to either synergistic or an-
tagonistic interactions between or among pathogens. Opportunistic 
co-infection can occur as a consequence of decreased host immu-
nocompetency in response to a present agent allowing for opportu-
nistic infection by additional pathogens (Figueroa et al., 2017; Kotob 

F I G U R E  5   Change in relative infection burden (RIB) and fat 
content collected from individual Atlantic salmon sampled in three 
time periods over the course of a 32 day study
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et al., 2016). In other cases, an antagonistic relationship may exist, 
where the presence of an infectious agent inhibits the infection or 
virulence of another (Sofonea et al., 2017). Here, the relative loads 
of F. psychrophilum and Ca. B. cysticola decreased alongside a major 
increase in the prevalence and relative load for T.  bryosalmonae. 
Whether this change represents a true antagonistic relationship be-
tween T. bryosalmonae and F. psychrophilum and Ca. B. cysticola or is 
a result of increased exposure to T. bryosalmonae, or decreased host 
immunocompetency requires further investigation.

4.2 | Transcription profiles

In the present study, salmon transcription profiles were more 
closely associated with river temperature than time spent in 
freshwater or RIB, likely driven by the strong response to elevated 
river temperatures observed during study period 2. The con-
current up-regulation of genes associated with stress and both 
adaptive and innate immunity in response to temperature may be 
linked with temperature stimulated metabolic activity, priming of 

immune defenses in response to stress, or in response to elevated 
infection (Sigh et al., 2004). Up-regulation of molecular chaper-
ones such as HSP90 and PDIA4 has previously been observed 
in adult (Teffer et  al.,  2019) and juvenile (Houde, Akbarzadeh, 
et  al.,  2019) Pacific salmon experimentally exposed to thermal 
stress (also see Akbarzadeh et  al.,  2018), and Atlantic salmon 
post-smolts reared in high temperature conditions (Akbarzadeh 
et al., 2018; Jensen et al., 2015). However, heat shock proteins 
have also been associated with infection in Atlantic salmon 
exposed to sea-lice infestation (Provan et  al.,  2013). Higher-
temperature conditions were also related with significant up-
regulation of the majority of mRNA transcripts compared to 
low-temperature conditions (Jensen et al., 2015). The reduction 
of temperature-dependent expression observed in study period 
3 may represent chronic temperature stress and metabolic shift, 
indicated by the observed down-regulation of transcription fac-
tors EEF2 and HBA. Reduced expression of transcription fac-
tors may indicate a reduction in protein synthesis as fish begin 
to shift metabolic activity under fasting conditions (Bombardier 
et al., 2010). The concurrent positive association between HBA 

F I G U R E  6   NMDS ordination using 
Bray-Curtis dissimilarity distances 
of expression of immune and stress 
associated transcripts non-lethally 
sampled from adult migratory Atlantic 
salmon. Ellipses represent each study 
period as follows: study period one, black 
dashed line; study period 2, solid black 
line; study period 3, solid gray line
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TA B L E  4   Results from Permutational 
Multivariate Analysis of Variance model 
with study period as strata for biomarker 
expression based on Bray-Curtis distances
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with RIB in study period three may suggest metabolic shifts in 
response to infection. Taken with the coinciding positive asso-
ciation of adaptive immune complex MHC1 and biomarkers of 
genes associated with osmoregulation and ion balance (NKAa1-a, 
NKA-b1, and NKAa1-b; Shrimpton et al., 2005; Houde, Schulze, 
et al., 2019), high infection burden may be causing disruption in 
osmoregulation that could be exacerbated by chronic thermal 
stress (Akbarzadeh et al., 2018).

Elevated water temperature is known to result in metabolic stress 
in adult Atlantic salmon (Wilkie et  al.,  1997), and river tempera-
tures are anticipated to rise across Atlantic salmon distributions in 
the coming years (Poesch et al., 2016). Here, temperature was more 
closely associated with transcription profiles than freshwater resi-
dency and relative infection burden, demonstrating the metabolic 

responsiveness and corresponding energy use imposed on fish 
under thermal stress. Adult anadromous Atlantic salmon have been 
shown to behaviourally thermoregulate at temperatures between 17–
19°C during holding phases of their spawning migrations (Frechette 
et al., 2018; Moore et al., 2012). Barriers to migration such as dams 
and waterfalls can cause migration delay in Atlantic salmon (Thorstad 
et al., 2003; Twardek et al., 2019), however the high survival rate of 
fish in this study indicates that the barrier created by the fish fence 
does not represent a substantial immediate physiological challenge 
to the population. The fish counting fence restricted salmon to rela-
tively high-flow habitat with extensive hydrological mixing and thus 
limited access to deep pools where cooler water would be available. 
Consequently, the observed transcriptional response may not repre-
sent the physiological status of fish able to access a larger diversity of 

F I G U R E  7   Heat maps of gene expression for transcripts associated with immune function and stress in Atlantic salmon. (a) Average fold 
change expression observed in each study period; (b) correlation of river temperature with gene expression for each transcript
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habitats, providing insight for future conditions where thermal refu-
gia may not be available. Broad scale behavioural responses to tem-
perature have already been observed in the study region, as timing of 
Atlantic salmon migrations in Newfoundland has shifted in response 
to climactic changes; River entry is now 12 days earlier in warm con-
ditions, and later in years where ocean conditions are cooler and 
there is a higher amount of in-shore sea-ice (Dempson et al., 2017). 
The cumulative effects of reduced time at sea for feeding, potentially 
leading to reduced condition, and elevated metabolic stress associ-
ated with temperature, warrant further study to understand how wild 
fish are able to adjust both physiologically and behaviourally to a nar-
rower energetic scope.

4.3 | Tetracapsuloides bryosalmonae

Recent surveys of infectious agents from Atlantic salmon collected in 
three systems in New Brunswick revealed no positive detections in 
the Restigouche and St. John's rivers, however aquaculture escapees 
collected at the mouth of the Magaguadavic River carried T. bryosal-
monae (Teffer et al., 2020). Similarly, hatchery screening of brook trout 
Salvelinus fontinalis detected T.  bryosalmonae both in a facility dedi-
cated to stock enhancement and in wild brook trout from Star Lake 
(DFO unpublished data), suggesting the myxozoan is present in the 
region however the majority of sampling to date has found the agent 
to be associated with fish rearing facilities. Whether or not T. bryosal-
monae is endemic to the region or a result of intensifying aquaculture 
and stock enhancement facilities requires further investigation.

T. bryosalmonae is a myxozoan endoparasite of mainly salmonids 
that is the causative agent of the potentially fatal proliferative kid-
ney disease (PKD). First attributed to mass mortalities in aquacul-
ture, PKD has been associated with large-scale mortality events in 
wild juvenile Atlantic salmon (Sterud et al., 2007) and population de-
clines of wild brown trout Salmo trutta in Europe (Wahli et al., 2002). 
A freshwater bryozoan is the primary host and thus required to 
complete the life cycle (Okamura et al., 2011). Bryozoans are ben-
thic, clonal organisms that grow on the substrate. Infection with 
T. brysalmonae occurs when spores released from bryozoans come 
in to contact with fish gills and/or skin, using amoeboid cells to infil-
trate fish tissue (Longshaw et al., 2002). The main site of infection is 
the kidney, however extrasporogenic stages undergo proliferation in 
the blood stream and can infect other organs, and spores passed in 
urine are infective to bryozoan hosts (Hedrick et al., 2004). The sud-
den increase in T. bryosamonae may be the result of study fish being 
constrained to habitat that held infective bryozoans, artificially in-
creasing exposure risk compared to fish that are able to quickly tran-
sit the system.

Clinical pathology of PKD such as kidney hyperplasia and ane-
mia and physiological impairment is positively associated with in-
creased temperatures (Bruneaux et  al.,  2017; Morris et  al.,  2005). 
Consequently, anthropogenic factors associated with the spread and 
proliferation of T. bryosalmonae such as climate warming and barri-
ers to migration have the potential to increase infection rates and 
pathogen distribution in wild fish (Harris et al., 2011). All fish sam-
pled remained in high condition for the duration of the study, how-
ever clinical signs of disease are often not observed in adult salmon 
(El-Matbouli & Hoffman, 1994). Inter and intraspecific variation in 

F I G U R E  8   Heat map of correlation between gene expression 
and relative infection burden (RIB) from transcripts associated with 
immune function and stress in adult Atlantic salmon
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Model term Mean Sq df ddf F value p value

Fat content 2.12 1 53 9.22 0.00371**

Log(temperature) 0.0655 1 53 0.278 0.600

Study period 0.216 2 53 2.86 0.0660

Log(temp)*study period 0.642 2 53 2.79 0.0706
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adaptive immunity to T. bryosalmonae has been demonstrated, how-
ever survivors appear to develop resistance to subsequent infection 
and/or disease (Cauwelier et al., 2010). Further, reinfection has the 
potential to cause decreased immunocompetency and leave individ-
uals susceptible to secondary infections. Adult salmon may also act 
as vectors, transferring from the bryozoan host to more susceptible 
juveniles (Sterud et  al.,  2007). Given the recent declines in popu-
lation observed in the Campbellton River, the high prevalence of 
T. bryosalmonae observed here indicates this pathogen is present in 
the population, and whether or not the disease is contributing to 
population decline warrants further research.

5  | CONCLUSION

This is the first study to use a repeated measures sampling design 
to ascertain the progression of disease in wild salmonids. Many re-
cent studies have illuminated the prevalence of various pathogens in 
wild populations (e.g. Bass et al. 2017; Teffer et al., 2020; Twardek 
et al., 2019) from a single timepoint to describe pathogen profiles. 
Study of changes in pathogen dynamics over time in wild fish is lim-
ited and over larger time scales (e.g. Chapman et al., 2020) or in cap-
tive settings (e.g. Teffer et  al., 2017). We show that the pathogen 
profile can shift relatively rapidly as fish continue their migration 
and up- or down-regulate immune-related genes. Given the high 
pathogenic potential of T. bryosalmonae, additional monitoring and/
or surveys should be executed to determine regional prevalence and 
potential location of bryozoan vectors. The association between 
RIB and fat content suggests that fish condition may play a central 
role in immunocompetency in the wild, however research reducing 
confounding environmental factors is required to corroborate this. 
Given the transcript responsiveness to elevated temperatures, fu-
ture work investigating the potential immunological consequences 
of thermal shock and chronic thermal stress in wild Atlantic salmon 
under natural conditions where habitat such as thermal refugia is 
present is warranted. While the barrier associated with the fish 
fence may have created an artificial stressor, field research of this 
kind should be preferred over experimental holding studies, where 
confinement stress and artificial environments reduce the applica-
bility of data to natural environment (Portz et al., 2006). Future field 
programs may also benefit from combining remote sensing methods, 
such as biotelemetry, and genetic screening molecular methods to 
understand the broad-scale impact of microbial pathogens on fish 
health, behaviour, and survival (Chapman et al., 2021).
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